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About the OECD

The Organisation for Economic Co-operation and Development (OECD) is an
intergovernmental organisation in which representatives of 36 industrialised countries in North
and South America, Europe and the Asia and Pacific region, as well as the European
Commission, meet to co-ordinate and harmonise policies, discuss issues of mutual concern,
and work together to respond to international problems. Most of the OECD’s work is carried
out by more than 200 specialised committees and working groups composed of member
country delegates. Observers from several countries with special status at the OECD, and from
interested international organisations, attend many of the OECD’s workshops and other
meetings. Committees and working groups are served by the OECD Secretariat, located in
Paris, France, which is organised into directorates and divisions.

The Environment, Health and Safety Division publishes free-of-charge documents in eleven
different series: Testing and Assessment; Good Laboratory Practice and Compliance
Monitoring; Pesticides; Biocides; Risk Management; Harmonisation of Regulatory
Oversight in Biotechnology; Safety of Novel Foods and Feeds; Chemical Accidents;
Pollutant Release and Transfer Registers; Emission Scenario Documents; and Safety of
Manufactured Nanomaterials. More information about the Environment, Health and Safety
Programme and EHS publications is available on the OECD’s World Wide Web site
(www.oecd.org/chemicalsafety/).

This publication was developed in the IOMC context. The contents do not necessarily
reflect the views or stated policies of individual IOMC Participating Organizations.

The Inter-Organisation Programme for the Sound Management of Chemicals (IOMC)
was established in 1995 following recommendations made by the 1992 UN
Conference on Environment and Development to strengthen co-operation and
increase international co-ordination in the field of chemical safety. The Participating
Organisations are FAO, ILO, UNDP, UNEP, UNIDO, UNITAR, WHO, World Bank and
OECD. The purpose of the IOMC is to promote co-ordination of the policies and
activities pursued by the Participating Organisations, jointly or separately, to achieve
the sound management of chemicals in relation to human health and the environment.
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Foreword

The Working Party on Manufactured Nanomaterials (WPMN) is a subsidiary body of the OECD
Chemicals and Biotechnology Committee (CBC). This programme concentrates on human health and
environmental safety implications of manufactured nanomaterials (limited mainly to the chemicals
sector), and aims to ensure that the approach to hazard, exposure and risk assessment is of a high,
science-based, and internationally harmonised standard. It promotes international co-operation on the
human health and environmental safety of manufactured nanomaterials, and involves the safety testing
and risk assessment of manufactured nanomaterials.

This document presents the current state of science on the risk assessment of manufactured
nanomaterials and highlight priorities for research toward specific risk assessment issues.

This document is published under the responsibility of the Chemicals and Biotechnology Committee.
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Executive Summary

This document, Important Issues on Risk Assessment of Manufactured Nanomaterials, provides the
current practices, challenges and strategies for assessing risk of manufactured nanomaterials in
circumstances where data is limited, and there is a necessity for more research on specific risk
assessment issues. As such, the document presents an overview of the chemical risk assessment
paradigm and describes how various member-countries have adapted existing regulatory frameworks
to the assessment of nanomaterials. It also presents the state of science on nanomaterials risk
assessment (as of May 2021), and highlights priorities for research toward specific risk assessment
issues.

It should be noted that this document is a living document. As such, it remains subject to refinement as
research affords further understanding of how to assess and manage nanomaterials. It is not to be
construed to imply scientific and/or policy endorsement of any specific risk assessment methods or
models.
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1 Background

1. Regulatory decisions are risk-based and must be informed by the best available scientific
evidence fulfilling the legislative and regulatory requirements of member countries. The OECD
recommendation on manufactured nanomaterials (OECD, 2013b) states that: “to manage the risks of
manufactured nanomaterials, [country members should] apply existing international and national
regulatory frameworks or other management systems, adapted to take into account the specific
properties of manufactured nanomaterials”. As such, an overview of the traditional risk assessment
paradigm, which is the basis for most regulatory frameworks for chemicals, is provided here, followed
by a description of member-country-specific frameworks and their adaptations for the characteristics of
nanomaterials.

2. The classical risk assessment framework includes four main steps: hazard identification, hazard
characterisation, exposure assessment, and risk characterisation (NRC, 1983). These steps are
informed by research that includes laboratory and field observations of adverse effects and exposures.
The research is supported by the use of models and analogues.

3. Risk assessment outputs can include qualitative descriptions (such as ‘negligible, ‘moderate’ or
‘severe’), and quantitative estimates of various levels of sophistication from semi-quantitative and
deterministic-quantitative to probabilistic-quantitative (NRC, 2009). Risk estimates should identify a level
of precision, uncertainty of mathematical derivations, and subjective interpretations that may underlie
the base evidence. Quantitative estimates of risk should always be accompanied by a description of the
associated uncertainties. The output of a risk assessment (qualitative vs. quantitative) may depend on
the availability and the quality of the supporting science, evidence, and analysis, as well as the needs
of the end-user. The evidence base, including uncertainties and assumptions used to estimate risk
quantitatively, should be adequate to support the level of precision in those estimates.

4, In 2009, the National Research Council (NRC) re-evaluated its 1983 risk assessment framework
and made recommendations for improvements (NRC, 2009). In its report the NRC recommended
retaining the four basic steps of the risk assessment as the central phase of the process, while adding
an initial problem formulation and scoping phase and a final risk management phase (Figure 1.1). The
updated NRC framework identifies options to reduce hazards or exposures and to evaluate the merits
of the various options (NRC, 2009). Various elements proposed in the framework are currently
implemented in legislation such as EU’s regulation on Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH; European Commission, 2006) (e.g. iterative risk assessment,
formulation of testing proposals, stakeholder involvement).
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Figure 1.1. A framework for risk-based decision-making that maximizes the utility of risk
assessment, adapted with modifications from NRC (2009).
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1.1. Health / Environmental Risk Assessment Framework for Chemicals

5. The assessment of the effects of chemical exposure on human health and organisms in any
environment involves the consideration of a range of properties and characteristics. Traditionally, the
starting point for risk assessment of chemicals is an assessment of the physico-chemical properties and
possible exposure pathways. This is essential as it determines not only the extent to which various
organisms (in environmental risk assessment) or tissues/(sub)populations (in human health risk
assessment) might be exposed, but also indicates the different exposure routes, and therefore which
toxicity data are most relevant.

6. The human health risk assessment may include one or more types of effect, or endpoints. These
include potential evaluation of acute toxicity, repeated dose toxicity, irritancy, sensitisation potential,
genotoxicity, carcinogenicity and reproductive toxicity. Assessment regularly also includes evaluation of
toxicokinetic properties as well as mechanistic studies. The routes of exposure used in the testing
regime and the specific tests conducted are governed by the physico-chemical properties of the
substance, as well as its likely use and human exposure scenarios. Potential exposure routes used in
animal testing include oral (delivered in the feed, drinking water or by gavage), dermal, inhalation and
parenteral routes.

7. Environmental risk assessment encompasses an understanding of how the substance behaves
in different compartments of the environment, including consideration of its persistence, bioavailability,
distribution and bioaccumulation. Studies may include the assessment of
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transformation/(bio)degradation, hydrolysis, bioconcentration, adsorption/desorption, short- and long-
term aquatic ecotoxicity, testing algal growth inhibition, secondary poisoning and effects on terrestrial
and micro-organisms. Potential environmental compartments include surface water, sewage treatment
plants, soil, sediment and groundwater.

1.2. Country-Specific Chemical Risk Assessment Frameworks and
Adaptations for the Characteristics of Nanomaterials

1.2.1. Harmonization and Common Information Requirements

8. Regulatory approaches for chemicals and manufactured nanomaterials differ among OECD
countries. However, all are based on the basic risk assessment paradigm (Fig. 1) and the use of similar
technical or scientific information to assess risks. With regard to defining, classifying and communicating
hazard information, international cooperation has resulted in the Globally Harmonized System of
Classification and Labelling of Chemicals (GHS), first published in 2002 and regularly updated, which
now provides common and consistent criteria replacing various different standards (UN, 2019). The
applicability of the GHS criteria to nanomaterials was reviewed for four nanomaterials and selected
health hazard classes (Larsen et al., 2019), concluding that in general the GHS classification criteria are
considered applicable for the data on the selected nanomaterials. Nevertheless, the United Nations
continues to monitor the applicability of the GHS criteria to nanomaterials.

9. Frameworks require information to identify the chemical, and in the case of nanomaterials this
includes physico-chemical properties to enable their physical characterisation. International risk
assessment frameworks for chemicals across the OECD also consider in conjunction the physico-
chemical characteristics of the chemical and its toxicological and environmental effects. Although the
exact legal requirements differ between countries, all require a certain degree of hazard identification
and assessment. Adaptations for nanomaterials generally involve inclusion of additional requirements
(i.e. added to the general requirements for chemicals). Such nanomaterial-specific requirements may
include:

e Physico-chemical properties — e.g. dissolution kinetics (in addition to water solubility),
particle size distribution, particle size, shape, surface area, surface chemistry (OECD, 2008);

e Toxicological information — evaluation of toxicokinetics, mutagenicity in mammalian cells,
different exposure routes in toxicity studies (potentially with additional endpoints or organs
of interest);

e Ecotoxicological information — evaluation of additional environmental fate parameters,
e.g. dispersion stability and dissolution rate as well as transformation under environmental
conditions.

1.2.2. Australian Risk Assessment Approach

10. The Australian Industrial Chemicals Introduction Scheme (AICIS) replaced the National
Industrial Chemicals Notification and Assessment Scheme (NICNAS) on 1 July 2020 as the national
regulator of industrial chemicals in Australia (https://industrialchemicals.gov.au). Under AICIS, the
decision to assess a chemical introduction pre-market is based on the potential for exposure of workers,
the public, and the environment and this is called ‘Categorisation’ (https://industrialchemicals.gov.au).
A chemical importation or manufacture (introduction into Australia) must be categorised into 5
categories:
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e Listed (chemicals listed on the Australian Inventory within the terms of listing);
o Exempted (very low risk to human health and the environment);

e Reported (low risk to human health and the environment);

e Assessed (medium to high risk to human health and/or the environment); or

e Commercial evaluation.

11. Under AICIS, nanomaterials will be categorised as being at the nanoscale based on the
proportion of particles present in the nanoscale size range (1-100 nm), the solubility of the chemical,
and whether the nanoscale particles are intentionally produced. New nanomaterials assessment will
follow the framework for conventional chemicals, using the internationally harmonised risk assessment
paradigm. Standard information requirements apply equally to bulk chemicals and nanoforms and
generally depend on their introduction volume and hazard characteristics. Substances that are
considered to be at the nanoscale may be subject to additional data requirements, determined on a
case-by-case basis. Listed chemicals including their nanoforms will be subject to post-market
evaluation, based on health and/or environmental concerns.

1.2.3. Canadian Risk Assessment Approach

12. Chemical substances, including nanomaterials, are assessed and managed as part of Canada’s
Chemicals Management Plan, under the authority of the Canadian Environmental Protection Act, 1999
(CEPA)!. Under the CEPA framework, chemical substances are either “new” or “existing”. New
substances are those that are not listed on the domestic inventory called the Domestic Substances List
(DSL). CEPA requires the notification and pre-market assessment of “new” substances prior to their
import into or manufacture in Canada. Using available information, including that required of notifiers
under the New Substances Notification Regulations (Chemicals and Polymers), Environment and
Climate Change Canada and Health Canada jointly conduct pre-market risk assessments and may
impose control measures on notified substances if concerns are identified (using instruments such as a
Significant New Activity Notice, Ministerial Condition, Ministerial Request for Additional Information, or
Prohibition).

13. Following assessment, a substance may be added to the DSL. When that substance could be
manufactured at the nanoscale, a SNAc Order may be published to require nanoforms to be notified
and information provided to help fill nanomaterial-specific data gaps for risk assessment. Existing
substances are those that are listed on the DSL and available for commerce in Canada. Canada is
developing an approach to address existing nanomaterials that entered Canadian commerce without
prior assessment, as described in the 2016 consultation document: “Proposed Approach to Address
Nanoscale Forms of Substances on the Domestic Substance List”. As part of this approach, a mandatory
information gathering survey under s.71 of CEPA was published in 2015, which required reporting on
206 nanomaterial substances, of which 53 were identified as being in commerce. Canada has since
been identifying data gaps, setting priorities for information gathering and assessment, and developing
a risk assessment framework (RAF) for manufactured nanomaterials under CEPA.2

L For more information about Canada’s risk assessment approach, visit: https://www.canada.ca/en/health-
canada/services/chemical-substances/canada-approach-chemicals/risk-assessment.html

2 Canada’s ‘Proposed Approach to Address Nanoscale Forms of Substances on the Domestic Substance List’
document is available at: https://www.canada.ca/en/environment-climate-change/services/canadian-
environmental-protection-act-registry/publications/approach-nanoscale-forms-substances-list.html
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1.2.4. Japanese Risk Assessment Approach

14, The revision in 2009 of the "Chemical Substances Control Law" introduced an approach towards
the risk of all existing and new chemicals for industrial use in Japan. Authorities of the law prioritize
chemicals based on available information on hazard and environmental releases estimated from the
manufactured amount and usages using a risk prioritization matrix based on conservative assumptions
("Screening" process). A risk assessment is then conducted of those prioritized chemicals while
collecting further information. This approach is expected to enable efficient risk assessment. A risk
assessment approach for chemical substances used in the workplace is also implemented under the
"Industrial Safety and Health Law". The Law obliges employers to investigate risks due to chemical
substances and take necessary measures to prevent health impairment of workers. In addition, for
chemical substances of high concern, employers have been obliged to investigate the risks since June
2016. The Authority undertakes the risk assessment for high priority substances (highly hazardous
substances) in order to enact rational regulations or measures.?

1.2.5. Korean Risk Assessment Approach

15. “Korea’s Act on the Registration and Evaluation, etc. of Chemical Substances”, enforced in
January 2015, is legislation on chemical registration and evaluation, and safety management of
chemical products stipulating matters on producing and utilizing hazard and risk dossiers. Any person
who intends to manufacture or import a new substance in quantities of more than 100 kilograms per
year, or an existing substance in quantities of more than 1 tonne per year, should submit risk dossiers
including physico-chemical data, toxicology and scenarios of exposure to the environment based on
manufacture/import volumes. The risk/hazard assessment should be conducted based on the technical
dossiers. New substances must be registered prior to manufacture or import. However new substances
less than 100 kg per year only require notification and do not need to go through hazard evaluation.
Chemicals that are considered hazardous in a hazard assessment would be designated as toxic
chemicals. And if chemicals are regarded as of risk/concern they would be designated as substances
subject to authorization, restriction and prohibition according to risk levels. These substances subject to
authorization, restriction, and prohibition are managed by the “Chemicals Control Act”. The term
‘nanomaterials’ has been defined and nano-specific risk assessment approaches are currently being
developed.

1.2.6. United States’ Risk Assessment Approach

16. Statutory risk assessment controlling the importation and manufacture of new chemical
substances in the United States of America is currently controlled under the Toxic Substances Control
Act (TSCA). TSCA requires the US Environmental Protection Agency (EPA) to assess and regulate
risks to human health and the environment before a new chemical substance is introduced into the
market. Any available data on a new chemical substance (specifically including chemical structure,

3 For more information about Japan'’s risk assessment approach, visit the following websites:
Regarding risk assessment under the "Chemical Substances Control Law":

- http://www.meti.go.jp/english/policy/safety security/chemical _management/index.html

- http://www.meti.go.jp/policy/chemical_management/english/index.html

- http://www.meti.go.jp/policy/chemical_management/english/cscl/files/about/02Progres.pdf
Regarding risk assessment under the "Industrial Safety and Health Law":

- https://www.mhlw.go.jp/new-info/kobetu/roudou/gyousei/anzen/dl/180815-01.pdf

- https://www.jisha.or.jp/english/act/index.html
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name, and health and safety data) must be submitted as a Pre-Manufacture Notification (PMN) to the
EPA. EPA classifies chemical substances as either “new” chemicals or “existing” chemicals, which are
listed in the TSCA Chemical Substances Inventory“. Occupational risk assessment research is
conducted by the National Institute for Occupational Safety and Health (NIOSH) as a basis for
developing recommended occupational health and safety measures. NIOSH transmits its
recommendations to the Occupational Safety and Health Administration (OSHA), which is responsible
for promulgating and enforcing occupational health and safety regulations in the U.S.

1.2.7. European Union’s Risk Assessment Approach

17. The REACH Regulation (European Commission, 2006) concerning chemicals together with the
Classification, Labelling and Packaging (CLP) Regulation (European Commission, 2008) provide an
advanced and comprehensive regulatory instrument for the risk assessment of chemicals in Europe.
REACH includes the requirement for registration of substances (including their forms and states)
manufactured or imported by a company in quantities of 1 or more metric tonne per year. A technical
dossier must be submitted and, at volumes of 10 or more metric tonnes per year, a chemical safety
assessment is to be performed and reported by the registrant. Its provisions are underpinned by the
precautionary principle. While nanomaterials have always been covered by the definition of substance®
under REACH, with the adopted changes to the REACH Annexes in December 2018, REACH now
includes specific provisions for nanomaterials (European Commission, 2018). Provisions are introduced
for nanoforms®, specific forms of a substance that fulfil the conditions in the modified REACH Annex VI,
taken ad verbatim from the Commission Recommendation (2011) on the definition of nanomaterial.

18. The Recommendation was developed for the explicit purpose of ensuring a consistent approach
to regulate nanomaterials across different areas of EU legislation. While the substance remains the
principal subject of the requirements under REACH, the amended REACH annexes introduce specific
requirements when the substance covered by the registration is in nanoform. REACH obliges registrants

4 A description of the US EPA approach to controlling the risks of nanoscale materials including whether a
nanoscale substance is a “new” chemical for the purposes of the TSCA inventory is available at:
https://www.epa.gov/reviewing-new-chemicals-under-toxic-substances-control-act-tsca/control-nanoscale-
materials-under

5 A substance = A chemical element and its compounds, in the natural state or obtained by any manufacturing
process, including any additive necessary to preserve its stability and any impurity deriving from the process
used, but excluding any solvent, which may be separated without affecting the stability of the substance or
changing its composition.

6 Definition of a nanoform and a set of similar nanoforms:

On the basis of the Commission Recommendation of 18 October 2011 on the definition of nanomaterial (1), a
nanoform is a form of a natural or manufactured substance containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50 % or more of the particles in the number size distribution,
one or more external dimensions is in the size range 1 nm-100 nm, including also by derogation fullerenes,
graphene flakes and single wall carbon nanotubes with one or more external dimensions below 1 nm.

For this purpose, “particle” means a minute piece of matter with defined physical boundaries; “agglomerate”
means a collection of weakly bound particles or aggregates where the resulting external surface area is similar
to the sum of the surface areas of the individual components and “aggregate” means a particle comprising of
strongly bound or fused particles.

A nanoform shall be characterised in accordance with section 2.4 below. A substance may have one or more
different nanoforms, based on differences in the parameters in points 2.4.2 to 2.4.5.

A “set of similar nanoforms” is a group of nanoforms characterised in accordance with section 2.4 where the
clearly defined boundaries in the parameters in the points 2.4.2 to 2.4.5 of the individual nhanoforms within the set
still allow to conclude that the hazard assessment, exposure assessment and risk assessment of these
nanoforms can be performed jointly. A justification shall be provided to demonstrate that a variation within these
boundaries does not affect the hazard assessment, exposure assessment and risk assessment of the similar
nanoforms in the set. A nanoform can only belong to one set of similar nanoforms
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to ensure that their registrations demonstrate that all forms of the substance covered by that registration
can be used safely. The focus of attention should therefore be on ensuring that the submitted data are
applicable/appropriate for all the form(s) covered in a dossier(s) in question and on ensuring that the
registrant has provided all relevant information to allow the safe use of the substance by the downstream
users and consumers. Standard information requirements as they are described in the Annexes VII - XI
apply equally to nanoforms and bulk forms. The registrant must ensure that test results are
representative of the form(s) of the registered substance.

19. Alternatively, when read-across is used between the forms, the registrant has to make sure that
this is scientifically justified. To ensure transparency regarding the coverage of the different nanoforms
by the individual registration dossiers, REACH requires registrants to characterise all nanoforms. The
dossier must document this in the information on substance composition for each nanoform individually
or jointly as part of sets of similar nanoforms?3. The required characterisation includes information on
particle size distribution, shape, area and surface chemistry including functionalization. When a set of
nanoforms is used as an assessment entity, the boundary intervals of all characterisers must be clearly
provided and the similarity between the included nanoforms regarding hazard, exposure and risk
justified in advance.

20. Further in the dossier, all of the compiled information on use, hazard and safety assessment
has to be associated with thus defined entities. Other amendments aim to clarify how to fulfil REACH
information requirements including nanomaterial-specific tonnage triggers (e.g. for mutagenicity),
emphasis on specific exposure routes (e.g. inhalation for acute toxicity) and endpoints (e.g.
toxicokinetics), and the requirement to perform chemical safety assessments of substances in nanoform
including downstream uses. The amendments also address, for example, the need for adequate
characterisation of test samples, responsible use of specific test methods (e.g. mammalian cell assays
such as the comet assay) and adaptation possibilities such as waivers.

21. The European Chemicals Agency (ECHA) has published guidance on how to fulfil the REACH
requirements for nanomaterials in 2012, 2017, 20197 and a manual in 20208. The ECHA guidance
provides advice, inter alia, on how to distinguish between nanoforms of a substance and how to meet
the information requirements set out in Annexes VI-XI to the REACH Regulation; including how to justify
the use of hazard data between nanoforms of the same substance.

22. Arisk assessment approach for chemical substances used in the workplace is also implemented
under the European Framework Directive on Safety and Health at Work. Since June 2016, the directive
requires employers to investigate risks arising from chemical substances in the workplace and to take
necessary measures to prevent impairment of the health of workers from these chemicals. The Authority
undertakes the risk assessment for high priority substances (highly hazardous substances) in order to
enact rational regulations or measures.

23. In 2018 the European Food Safety Authority (EFSA) updated the Guidance document for
assessing the risk assessment for consumers through dietary exposure. The guidance highlights the
need for an extensive physico-chemical characterisation of nanomaterials and for adapting the design
of the toxicity tests when the rate of dissolution in the gastrointestinal track confirms that particles will
reach the intestinal epithelia. In addition, the guidance highlights that from the risk assessment
perspective, the consideration of characteristics at the nanoscale is not limited to materials
manufactured as nanomaterials and should be also considered when assessing materials that, although
not covered by the legal definitions, contains a fraction at the nanoscale.

7 https://lecha.europa.eu/de/-/updated-guidance-for-registering-substances-in-nanoform

8 https://echa.europa.eu/manuals
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24. This need has triggered a mandate from the European Commission to EFSA. Following the
mandate, EFSA has prepared a guidance with Technical Requirements applicable to conventional
materials in the food and feed area that require assessment at the nanoscale. In parallel EFSA has
updated again the risk assessment guidance for nanomaterials.
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Issues in Risk Assessment on
Nanomaterials

25. General risk assessment principles are applicable to both chemicals and hanomaterials. These
include: i) substance identity; ii) physico-chemical properties; iii) industrial and consumer uses and
environmental releases; iv) environmental fate and behaviour; and v) Absorption, Distribution,
Metabolism, and Excretion (ADME) and the potential toxicity of the nanomaterial. Likewise, the basic
steps in the risk assessment paradigm also apply, including hazard identification, dose-response
assessment, exposure assessment, and risk characterisation (NRC, 1983; NRC, 2009). However, there
are areas of uncertainty that present challenges to nanomaterial risk assessment (Canady, 2010;
OECD, 2010). This chapter discusses a range of important issues that should be considered to enhance
nanomaterial risk assessments, especially in a context of limited data availability, as well as progress
made in the last decade (2010-2020) in addressing key research questions and issues.

26. As progress is made in collecting relevant data sets, validating methods, and updating
regulatory requirements, it is expected that uncertainties associated with risk assessments for
nanomaterials may decrease. Additionally, some progress has been made with regard to predictive
modelling. For example, a proof-of-concept predictive model used physico-chemical property data to
predict relative acute pulmonary inflammation response in rodents (Drew et al., 2017). Others have
shown that Quantitative Structure-Activity Relationship (QSAR) modelling can help establish the
relationship between a nanomaterial’s behaviour in biological systems and its physico-chemical
properties (Burello and Worth, 2011).

27. In terms of a risk assessment strategy, developed during problem formulation, the following
pose significant challenges:

o identifying the availability of reliable and relevant data, and in particular quality physico-
chemical, fate and effect data, and exposure information;

e lack of information evaluating the uncertainty associated with describing the fate and
distribution of the nanomaterial in the environment, as well as in occupational settings or
consumer settings;

e understanding the limitations of effects characterisation, and extrapolating to chronic no-
effect or benchmark concentrations;

e selecting appropriate methods for quantitatively or qualitatively determining whether the
nanomaterials will pose a risk; and

e examining the implications of possible risk management actions which may help limit the
scope of the risk assessment (i.e. to focus the risk assessment toward providing the data
needed to choose among the available risk management options).

28. It has also been suggested that, in the absence of specific guidelines, it would be critically
important to review the problem formulation with stakeholders and decision makers before advancing in
the assessment process.
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2.1. Problem Formulation and Scoping

29. In the context of risk assessment, problem formulation is a systematic approach that identifies
factors critical to risk assessments and formulates risk hypotheses considering the purpose of the
assessment, the required scope and depth of analysis, resources and outcomes of the assessment, and
the overall risk management goal(s). Problem formulation requires a precise definition of relevant
sources and targets of suspected harm and for nanomaterials, the often limited depth of information
(qualitative and quantitative) on sources and targets may represent a challenge in the process. Problem
formulation provides a clear definition of the minimum data required to demonstrate safety. Problem
formulation evaluates the level of generalisation required in the assessment and defines a scientifically
sound approach, including appropriate methods and reporting, for use of information from dissimilar
materials (OECD, 2014a). The Report of the Workshop on Risk Assessment of Manufactured
Nanomaterials in a Regulatory Context (OECD, 2010) included the following recommendations, which
remain relevant:

e Consider the “particle nature” of the material, such as the size, surface properties and interactions,
the relation of metrics used, and the characteristics of the material (i.e. particle-by-particle
characterization);

e Assess and accommodate approaches with regard to the effects of test methods and exposure
matrix (e.g. dispersion methods) on testing outcomes and on inter-comparability of the data used in
the assessment; and

¢ Include particular attention to the complex nature of the material (e.g. variation in size, surface
properties, and composition that create a heterogeneous range of particle types) and its interaction
with environmental and biological components as well as transport or translocation mechanisms in
exposure and toxicity contexts.

30. In the scoping of the risk assessment during problem formulation, it should be determined
whether exposure to nanomaterials from natural and incidental sources is relevant to the assessment.
Nanomaterials are known to be unintentionally produced and released into the atmosphere by natural
phenomena and as a by-product of many human industrial and domestic activities such as in the
transportation sector from internal combustion and jet engines. The scope should define whether the
contribution of these sources (e.g. to aggregate exposure for the nanomaterial being assessed) is of
relevance to the assessment. The WPMN is primarily concerned with the safety of manufactured
nanomaterials, such as those that are intentionally produced for use as nanoscale components of
consumer products and in advanced technologies. So far, the focus of the toxicology community has
been on investigating the safety of first-generation MNs and their products, the properties of which have
not been subject to change during their use. However, there is an increase in growth of next generation
materials and products (Roco 2011). These include second-generation materials and products, the
properties and functions of which may be intentionally tailored to change during their use or in response
to the environment in which they are used. The third generation of MNs and products involve
nanosystems consisting of both first- and second-generation nanomaterials (e.g. synthetic organs,
engineered microbes, self-assembling materials) and are expected to change and evolve. Lastly, the
fourth generation of nanomaterials and products involve molecular nanosystems with specific functions.
In a more recent publication two additional generations were added to capture the latest developments
in the field, i.e. immersion of nanotechnology with other emerging and established technologies (Roco,
2017). Thus far, the risk assessment procedures explored for nanomaterials have not considered this
changing landscape of the nanomaterial universe.

31. Another aspect that is considered in the problem formulation stage is the adversity of potential
effects. OECD Test Guidelines refer to adverse effects and define them in the following manner:
“Change in the morphology, physiology, growth, development, reproduction or life span of an organism,
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system, or (sub) population that results in an impairment of functional capacity, an impairment of the
capacity to compensate for additional stress, or an increase in susceptibility to other influences” (OECD,
2003). For MN, there is debate about the definition of adversity for specific effects. One example is, all
MN induce tissue inflammation and whether this should be considered as an adverse response or simply
a defence mechanism, is not clear. Another example is whether the presence of nanoparticles in the
brain is an adverse event as such, or if there should be (indication of) proof that the brain function or
structure is negatively affected by the presence of the nanoparticles before it can be regarded as an
adverse effect. It is also important to note that some of the responses observed following exposure to
nanomaterials in animal experiments (e.g. tissue inflammation or lung fibrosis) are currently not
considered in risk assessment of chemicals. As a result, internationally harmonised methodologies for
their assessment do not exist.

32. The problem formulation should also consider the approach for assessing conventional
materials, not covered by the legal definitions for nanomaterials, containing a fraction of particles at the
nanoscale. This need follows regulatory decisions such as the consideration of nanomaterials as
“nanoforms” of the same substance in REACH (European Commission, 2018) or EFSA’s establishment
of Technical Specifications for conventional materials containing a “nanofraction”.

2.2. Considerations Regarding the Information for Use in a Nanomaterial Risk
Assessment

33. Considering the lack of high quality reliable and relevant empirical data, other methods for filling
data gaps may be considered. These may include read-across, grouping, comparative potency, or
estimation of Occupational Exposure Bands for use in control banding (Kuempel et al., 2012; OECD,
2012a; Gordon et al., 2014; ISO/TR 18637: 2016; ISO/TR 12901-2: 2014; NIOSH, 2017; Dunn et al.,
2018).

2.2.1. Quality, Adequacy and Reliability of Data

34. Experimental data identified for use in a risk assessment should be evaluated for reliability
based on whether or not the data has been generated according to an accepted testing or measurement
protocol (e.g. OECD Test Guidelines). Test methods, which are internationally recognised for chemicals,
have been evaluated for their applicability to nanomaterials. OECD Test Guidelines (TGs) specific to
nanomaterials for three endpoints: dispersion stability, subacute inhalation toxicity and subchronic
inhalation toxicity were published in 2017 and 2018 (OECD, 2017; OECD, 2018a; OECD, 2018b),
accompanied by an updated Guidance Document on inhalation toxicity (OECD, 2018c). For physico-
chemical property characterisation two documents were published in 2019 (OECD, 2019a; OECD,
2019hb). In 2020 new OECD Guidance Documents (GDs) 317 for Aquatic And Sediment Toxicological
Test and 318 for the testing of Dissolution and Dispersion Stability of Nanomaterials were also published
(OECD, 2020c; OECD, 2020d). A number of other TGs for physico-chemical property characterisation
are in preparation®. Rasmussen et al. (2019) presents an overview of OECD TGs under development
that are applicable to testing nanomaterials. Nanomaterials present particular challenges in terms of
behaviour. For example, agglomeration/aggregation impacts the exposure characterisation (including
deposition and distribution of nanomaterials) making it difficult to derive dose-response relationships
and interpret analytical measurement results. Most published studies lack adequate physico-chemical

% The OECD is developing a number of TGs addressing physico-chemical endpoints of nanomaterials, i.e. on
surface area, particle size and size distribution, dissolution rate in biological media, surface chemistry, surface
hydrophobicity, and dustiness. See the Work plan for Test Guidelines Programme,
https://www.oecd.org/chemicalsafety/testing/Test_Guidelines_Workplan_2020.pdf
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characterisation information for nanomaterials in their pristine form, in exposure media and in various
biological or environmental compartments of their life cycle. Also, the form of the nanomaterial tested is
often not representative of the form to which cells and organisms are exposed. As a consequence, risk
assessors should ensure that the test material being examined: a) has been adequately characterised,
b) represents a realistically conservative form of the material to which an individual or organism has
been exposed; and c) is adequately representative of the test material used in effects testing. In addition,
multiple dose groups and sufficient dose ranges are needed to adequately characterize the dose-
response relationship.

35. A number of steps have been taken to ensure that data is of high quality in risk assessment.
For example, the German BMBF project DaNa2.0 (2013-2019) built a Literature Criteria Checklist10 to
serve as quality criteria for the toxicological publications used as a knowledge basis of the project. In
addition, Card et al. (2010) built a two-step system based on the ToxRTool for assessing the quality of
toxicity studies with nanomaterials, and Hartmann et al. (2017) built the NanoCRED web tool for the
evaluation of ecotoxicity studies with nanomaterials for regulatory purposes on the basis of reliability
and relevance criteria (http://www.scirap.org/). More recently, as part of the OECD WPMN project on
‘Advancing Adverse Outcome Pathway (AOP) Development for Nanomaterial Risk Assessment and
Categorisation’, a systematic process for searching and mining the toxicity literature was established to
identify key events (KEs) and adverse outcomes of relevance to nanomaterials. This project also
established a database called NanoAOP, to enable gathering of biological plausibility or weight of
evidence specifically for assessing tissue inflammation and tissue injury KEs induced by nanomaterials
(OECD, 2020a; OECD, 2020b; Halappanavar et al., 2019; Halappanavar et al., 2021). These studies
also demonstrated the challenges associated with using the existing toxicology data derived from in vitro
and in silico methods as these methodologies are not formally validated for MNs.

2.2.2. Analogues, Grouping and Read-across

36. When experimental data for the NM being assessed are not available or limited, existing data
from one or more analogous nanomaterials may be considered (i.e. the “read-across” approach). Read-
across from one MN to another (nano-to-nano) or from a bulk substance to a MN requires strong
evidence and justification. In view of the diversity of MNs (or ‘nanoforms’) possible within one chemical
composition or molecular identity, there is a need for valid approaches to categorise or otherwise group
nanomaterials in order to allow read-across or bridging of data for assessment (and decision making).
It is important to develop an understanding, and demonstrate the relationship between, biological effects
and the physico-chemical properties (e.g. size, dissolution, surface property and functionalization,
shape, aspect ratio), toxicokinetics, and toxicodynamics of the MN to build categories and enable QSAR
approaches (OECD, 2016a; OECD, 2016b; Afantitis et al., 2018; Varsou et al., 2019; European
Commission, 2014).

37. The OECD published guidance in 2014 for grouping of chemicals with general principles that
can be followed when assessing the validity of an analogue (OECD, 2014a). This includes a Section
(6.9) specific to MNs titled ‘initial considerations applicable to manufactured nanomaterials’. A workshop
was held in Brussels in 2016 to discuss among experts in the field the specific aspects to be considered
in a regulatory context when applying grouping and read-across to the hazard assessment of MNs
(OECD, 2016b). The field of grouping for MNs has advanced significantly since 2014 and it is widely
recognized by industry and regulators that grouping strategies for MN are urgently needed (European
Commission, 2019).

10 hitps://nanopartikel.info/en/knowledgefliterature-criteria-checklist/
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38. The EU REACH as amended in 2018 introduces the concepts of “nanoform” and “sets of
nanoforms”. It requires manufacturers and/or importers to submit the necessary information on certain
intrinsic and extrinsic properties for each registered nanoform, whether on its own or for a set of similar
nanoforms to which it belongs. It also expects that the information requirements under REACH are
fulfilled for all nanoforms covered by the registration, with the relevance of the data provided explicitly
established. A guidance document Appendix R.6-1 for nanoforms applicable to the Guidance on QSARSs
and Grouping of Chemicals, Version 2.0 (ECHA, 2019a) was published in order to assist users in
complying with their obligations under the amended REACH Regulation. The guidance addresses
important considerations regarding grouping and read-across for NMs and aims to provide scientifically
justified approaches and guidance for read-across between nanoforms under REACH. It describes a
tiered strategy to justify read-across between different nanoforms of the same substance and outlines
six steps: 1) identification of the nanoforms according to physico-chemical parameters; 2) initial grouping
according to similarities in physico-chemical parameters, fundamental behaviour and reactivity; 3)
identification of available data and data gaps; 4) identification of possible source of NMs to fill in data
gaps; 5) definition of a testing strategy to validate the hypothesis; and 6) performance of additional
experiments, where needed.

39. The EFSA guidance on Technical Requirements (TR) for conventional materials containing a
fraction of particles at the nanoscale is published in 2020. This guidance provides technical details for
assessing under which conditions safety studies conducted with conventional materials can be
extrapolated and used for assessing the risk of the fraction of nanopatrticles.

40. Information from microscale particulate materials can be used as a reference point in
comparative potency assays with nanoscale materials. While use of microscale materials may be
informative to the size-dependency of effects, they typically cannot be used in place of information
specific to the MN. However, in circumstances where hazard data on the non-nanomaterial indicates a
concernt! it may be possible to use data for read-across to the nanomaterial. In cases of soluble
materials, if it is established that the observed toxicity is due to the particle solubility, then information
on related bulk material may be used in read-across. Furthermore, if a relationship is established to
describe the dose-response relationship for nanoparticles and larger particles, it may be feasible to
convert dose metrics (e.g. from mass to particle surface area, volume, or number). For some subclasses
of nanomaterials a relationship between the responses of nanopatrticles and larger particles has been
identified (e.g. particle surface area dose of poorly soluble low toxicity particles and pulmonary
inflammation or tumours) (Dankovic et al., 2007; NIOSH, 2011; GRACIOUS??). Using the available data
on such a relationship may assist in the risk assessment for those specific subclasses.1?

41. The state-of-the-art in grouping approaches for the hazard assessment of MN is included in a
review by Lamon et al. (2019). The aim of this review was to classify the different existing approaches
with respect to REACH that consider grouping for the purposes of read-across, and identification of
relevant physico-chemical properties for the different approaches. Giusti et al., (2019) reviewed
available approaches to grouping and read-across. Their recommendations include a focus on the
importance of harmonized data storage systems, the application of harmonized scoring systems for
comparing biological responses, and the use of high-throughput and other screening approaches.

1 An example of important properties are solubility and aspect ratio.

12 see https://www.h2020gracious.eu

13 A good example of this approach is the substance evaluation of the environmental effects of nano silver
performed by the Netherlands.

See: https://echa.europa.eu/documents/10162/13628/SEV-231-131-3-
2 _conclusion_and report_public 15577 en.pdf/
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42. In addition, a comprehensive review of EU legislation addressing the safety of chemicals, and
possibilities within each piece of legislation for applying grouping and read-across approaches for the
assessment of nanomaterials was also performed (Mech et al., 2019a). This review considers both the
overarching regulation of chemical substances under REACH and CLP and the sector-specific pieces
of legislation for cosmetic, plant protection and biocidal products, and legislation addressing foods, novel
foods, and food contact materials.

43. Tools or frameworks for grouping of NMs have also been developed:

e DF4nanoGrouping **: decision-making framework for the grouping and testing of
nanomaterials, is a functionality-driven concept to group and test nanomaterials. Overall, the
DF4nanoGrouping aims to group NMs by their specific mode-of-action that results in an
apical toxic effect (Arts et al., 2015; Arts et al., 2016);

e NANOREG Il project: ended in February 2019 and was funded under EU Horizon 2020
(H2020). The project has further developed grouping concepts and explored coupling of
them with safe-by-design principles to the NM regulatory process (EU Commission, 2019);

e GRACIOUS Framework: GRACIOUS is a project funded under EU H2020 establishing
governance frameworks to guide read-across and grouping of nanomaterials for the
purposes of supporting risk assessments and to inform safe-by-design principles for industry
and regulatory stakeholders. The GRACIOUS 5> project has developed the framework
“based on physico-chemical, release, exposure, environmental fate, toxicokinetic and
toxicological information...[and] builds upon currently available approaches by collating,
curating and assimilating existing and new knowledge on intrinsic and extrinsic physico-
chemical properties in relation to their (environmental) health risk” (European Commission,
2021). “The initial collection of basic information allows selection of an appropriate pre-
defined grouping hypothesis and a tailored Integrated Approach to Testing and Assessment
(IATA), designed to generate new evidence to support acceptance or rejection of the
hypothesis” (Stone at el., 2020);

e ECETOC NanoApp: helps registrants follow ECHA’s new registration requirements for
nanomaterials under the EU’'s REACH legislation. It does this by creating and justifying ‘sets
of similar nanoforms’ for a joint human health and environmental hazard, exposure and
safety assessment (Janer et al., 2021).

2.2.3. Nanoinformatics and QSAR

44, Quantitative structure activity relationships (QSARSs) are mathematical relationships that link the
structure of a chemical compound to an activity of interest (e.g. toxicity) in a quantitative manner. QSAR
and computational informatics approaches are used to fill gaps in physico-chemical, environmental fate
and biological effects data and advance our ability to categorize and group nanomaterials for decision
making and predict toxicity. With respect to nanomaterials, attempts have been made to leverage the
predictive capability of QSAR modelling for toxicity screening, prioritisation of nanomaterials for more
advanced testing and for correlating the characteristics of nanomaterials to their biological responses
(Chen, 2017; Oksel, 2017). The published nano-QSAR models to date are mostly relevant to metallic
nanomaterials (i.e. metals and metal oxides), owing to the large amount of toxicity and characterization
data that is available for modelling (Chen, 2017; Oksel, 2017). Cellular uptake and cell death are the
two endpoints routinely used in QSAR modelling (Zhang et al., 2012; Singh and Gupta, 2014; Shin et

¥ The DF4nanogrouping framework focuses on human inhalation toxicity only

15 See www.h2020gracious.eu
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al., 2017). While these studies demonstrated the possibility of QSARSs to predict biological activity for
nanomaterials, it is recognized that this field is still in its infancy.

45, A recent study performed within the H2020 project ProSafe reviewed more than 20 QSAR
models for their potential to be used in regulatory assessments of nanomaterials. The study concluded
that QSAR techniques can be applied for read-across, analysing the outcome of functional assays,
outlining AOPs and Modes of Action (MoA) and for supporting the design of safe nanomaterials during
the Research and Development (R&D) phase. However, the study also concluded that the majority of
models analysed do not fully comply with all five of the OECD validation principles and/or do not consider
relevant endpoints. As such, the use of QSAR models for regulatory purposes is currently proposed only
as part of a weight of evidence approach in conjunction with in vitro and in vivo information (Burello,
2017).

46. Another study by Furxhi et al., 2020a compared the results of machine learning models with
data from published empirical studies for nano (eco)-toxicological endpoints. It was concluded that these
machine learning techniques were applied in the field of nano(eco)toxicology with very encouraging
results. Machine learning was demonstrated to be effective in identifying the features of nanomaterials
affecting toxicity and for predicting possible adverse effects (Furxhi et al., 2020b).

47. Before QSAR models can be used in risk assessment processes, some challenges have to be
overcome. Among these are the urgent needs for empirical physico-chemical, mammalian toxicity and
ecotoxicity datasets for robust model development. The available datasets currently used for
development of nanomaterial QSARSs are limited and lack quality and reliability (Afantitis, 2020; Chen,
2017; Oksel, 2017) and so current QSAR models are not highly robust. There is a need to generate
structure-activity data and organize them into databases to categorize and group materials for decision-
making. These databases will facilitate the prediction of toxicity and support the weight-of-evidence to
validate other empirical data being generated. Proof of concept models have been developed (e.g.
Gernand and Casman, 2014; Gernand and Casman, 2016; Drew et al., 2017) for QSARs, but physico-
chemical data are generally still too limited across a range of MN to predict hazard potency based on
physico-chemical information alone. In addition, information on mode of action may facilitate
development of category-based hazard and risk characterisation (OECD, 2014a).

48. Another important consideration is available nano-QSAR tools under common analysis
platforms (Afantitis et al., 2020). This will allow for benchmarking and validation of available models
which is crucial for their adoption for risk assessment purposes.

49. A major effort was made towards developing and implementing databases for NMs — both in
terms of structuring the information and the data itself to support the application of in silico methods. For
physico-chemical characterisation and toxicological studies, data and knowledge bases have been
created and are currently in use (e.g. eNanoMapper® and NanoCommons??). Besides their role in long
term storage of research data from EU-funded projects, they play an active role in the implementation
of FAIR (Findable, Accessible, Interoperable and Reusable) data principles. FAIR principles relate to
the reuse of data in nanoinformatics to maximize information generated as well as standardizing data
collection and storage. The various nano governance projects play an important role in advancing the
FAIR principles, tool development and promotion (e.g. AdvancedNano Implementation Network18).

50. Progress has been made by different projects internationally to develop QSARs, modelling
frameworks and IATAs for nanomaterials, such as by NanoSolvelT and NanolnformaTIX, and by the
US National Toxicology Program’s (NTP) Integrated Chemical Environment (ICE). Within H2020-

16 https://search.data.enanomapper.net/

17 hitps://www.nanocommons.eu/

18 hitps:/iwww.go-fair.org/implementation-networks/overview/advancednano/
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NanoSolvelT nanomaterial knowledge bases described above, which include data generated from
OECD test guidelines and the scientific literature, were ‘analysed for their suitability for integration with
nanoinformatics approaches and for the development of NM-specific IATAs for human and
environmental risk assessment’ (Afantitis et al.,, 2020). These data have been integrated with
nanoinformatics methods to model the relationships between NM properties and their adverse effects
and to predict the effects of other NMs for which less data is available (Afantitis et al., 2020). The first
iteration of the NanoSolvelT cloud platform is expected to be released in 2023. In the NanolnformaTIX
project, a modelling framework for exposure & toxicity of nanomaterials is expected. This framework will
incorporate PBPK modelling, nano-QSARs, systems biology modelling, and in vitro/in vivo extrapolation
to predict biological effects of nanomaterials at various stages in their life cycles.

51. All of these initiatives, platforms and tools are supporting computational modelling, AOPs and
IATAs development, grouping and read-across approaches and finally the risk assessment and
decision-making processes.

2.2.4. Metrics

52. Preparation of samples and dose administration are critical considerations for tests involving
nanomaterials. The OECD has published ‘Guidance on sample preparation and dosimetry for the safety
testing of manufactured nanomaterials’ (OECD, 2012b). Empirical test results for chemicals are primarily
expressed in mass-based metrics (e.g. mg/L, mg/m3, mg/kg body weight), which is also the conventional
unit used to describe dose in particle toxicology and is currently used to set the occupational exposure
limits for nanomaterials. As described by Donaldson and Poland (2013), mass explains the delivered
dose, but not necessarily the biologically active dose. While increasing mass suggests an increasing
delivered dose, only a fraction of it may be biologically effective in inducing adverse effects such as
tissue inflammation and cell death. Although the necessary analytical methods for accurately measuring
the biologically effective dose in experiments are still being developed, where possible, attempts must
be made to differentiate between the delivered dose, the tissue retained dose and the biologically
effective dose. To describe dose-response relationships across a range of particle sizes, the use of
mass-based concentration alone may be insufficient if size-specific particle number or surface area
metrics are more closely related to the biological effect (Aitken et al., 2011; Hankin et al., 2011; Huk et
al., 2014; Oberdorster, 2018). The OECD recommends that dose is represented by mass, particle
number and surface area (OECD, 2012b). While surface area and particle number per unit mass may
be the more appropriate dose metrics for nanomaterials, uncertainties associated with their use should
be considered in risk assessment.

53. Dose and exposure estimates need to be expressed in the same metric to enable quantitative
risk characterizations, so the choice of metrics for hazard require consistency with metrics used for the
corresponding exposure and risk estimation (Simko et al., 2014). As such, careful consideration must
be given to the choice(s) of metric(s) for definition of the limit value for effects, exposure measurements
or estimates, and to reliable methods for conversion of units/metrics if required (OECD, 2009a). For
example, some studies show that the use of a particle number basis for expressing concentrations in
air may be relevant for inhalation of nanofibres for systemic and local effects. In contrast, particle volume
may be the most appropriate dose metric to describe effects of coated metal and metal oxide NPs in
aquatic organisms and mammalian and piscine cell lines (Simko et al. 2014; Verschoor et al. 2019).
NIOSH determined that the higher toxicity of nano titanium dioxide (TiO2) particles compared to larger
TiOz particles may be related to differences in surface area. NIOSH bases their recommended airborne
exposure limits on mass (2.4 mg/m?3 for fine TiO2 and 0.3 mg/m?3 for ultrafine TiO2) with a lower
permissible limit for the smaller particle (ultrafine size range) (NIOSH 2011). This provides an example
of how particle surface area is a factor in toxicity and potency, supporting its use as a metric (e.g. cm?/g)
in risk assessment. In any given case, to support use of surface area as a dose metric, additional
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considerations are necessary to determine its appropriateness as not all biological responses can be
explained by particle surface area.

54. Although dose units other than mass may better describe the dose-response relationships
across a range of particle sizes, the airborne concentration (e.g. pg/m3) remains the metric generally
used in airborne particulate exposure monitoring and OELs. Knowledge about the mechanisms
underlying the observed effect would assist in identifying the most scientifically appropriate dose metrics
for MNs or groups of MNs. Implications of using nonstandard dose metrics should be also considered,
including consequences for the international Mutual Acceptance of Data, classification and labelling of
substances, and reporting in risk assessments. If empirical results are reported in terms of mass-based
units, risk assessments may need to include a discussion of any limitations this metric may present.

2.3. Issues Related to Nanomaterial Identification, Characterization and
Physico-chemical properties

2.3.1. Physico-chemical Properties and Characterization

55. Identification and characterization of NMs is required at the outset of a risk assessment to
determine if it fits within the definition of a nanomaterial and to inform the scope of the assessment.
Nanomaterials are described by their physical as well as their chemical properties, which are not the
same as those relevant for conventional chemicals, and often have variable compositions with and
between production batches in one or more of these properties. Properties of relevance for
nanomaterials include size (and size distribution), shape, chemical composition, crystallinity, surface
treatments and coatings, and morphology (ECHA, 2019b1%, OECD, 2009b; Stefaniak et al., 2013).

56. The OECD WPMN has published several reports arising from expert discussions and completed
projects, including the results of the testing programme initiated in 2007 that involved testing of 11
representative nanomaterials. The OECD examined possible physico-chemical properties in published
dossiers of the WPMN Testing and Assessment Programme (OECD, 2016c). Properties examined
included: agglomeration/aggregation, chemical composition, water solubility/dispersibility?°, crystalline
phase, dustiness, crystallite size, particle size distribution, specific surface area, zeta potential (surface
charge), surface chemistry (where appropriate), photocatalytic activity, porosity, octanol-water partition
coefficient (where relevant?t), redox potential, radical formation potential, biodurability and shape (of
individual and agglomerate particles). Several important conclusions were drawn from the Testing and
Assessment Programme, which include: 1) more than one method may be required for characterizing
different types of nanomaterials (e.g. carbon based materials such as graphene, metal oxides, etc.); 2)
standardized and non-standardized methods are available for different endpoints, and 3) a detailed
description of the methodology and sample preparation should be included when reporting physico-
chemical endpoints.

57. As an outcome of the WPMN Testing and Assessment Programme, detailed descriptions of the
relevant physico-chemical endpoints for nanomaterials were published, including available OECD and
non-OECD test methods to measure them (OECD 2016c; Rasmussen et al., 2018). The OECD has also

19 |n the EU, REACH defines chemical composition, particle size number distribution, shape and other
morphological characterisation, surface area, and surface chemistry as properties to be determined to be able to
identify one nanoform and distinguish it from other nanoforms of the same substance.

20 water solubility has been proposed to be substituted with solubility in different media

21 OECD WPMN has concluded that Kow is not pertinent for MNs, but other parameters such as hydrophobicity
may
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published Guiding Principles and a corresponding Decision Framework providing details on the steps
required to identify physico-chemical properties and material characteristics most needed for testing and
interpretation of toxicity results and the most relevant test methods for measuring them for a given
nanomaterial (OECD, 2019a; OECD, 2019b). The framework is intended to provide a process to enable
decision-making on data needs in consideration of the purposes for which the data is generated, and to
support fit-for-purpose risk assessments by reducing uncertainty in the applicability of test methods or
strategies (OECD, 2019b). In addition, the EU project NanoDefine has developed a methods manual for
size determination to assist in their identification and characterization (Mech et al., 2019b; Mech et al.,
2020).

58. Gao et al. (2018) comprehensively reviewed the progress towards standardisation and
validation of methods used to characterise MNs for risk assessments, including limitations and
accessibility for each method. The methods evaluated include OECD test guidelines, US EPA
documents, and technical reports, SOPs or protocols developed within the EU projects NanoDefine,
NanoValid, NanOximet or NANOREG, and protocols and methods included in peer-reviewed
publications. In this paper the authors assessed the reliability of the available tools, methods, and
protocols to characterize nanomaterials produced as powders, or when dispersed into aqueous and/or
biological media for environmental fate and toxicity testing.

59. Additional guidelines and platforms are available, supporting the generation of high-quality
physico-chemical characterisation data (e.g. “Guideline for Method and Protocol Standardization
(physico-chemical characterisation methods)” (Cornelis et al., 2018) and the toolbox developed within
Horizon 2020 project ACEnano (https://www.acenano-project.eu/acenano-toolbox) that aims to support
the work on nanomaterial analytics. This toolbox consists of a Decision Tool for the choice of optimal
analytical techniques and a Knowledge Infrastructure for the storage and retrieval of SOPs, coupled
with data from interlaboratory comparison studies, and in selected cases demonstrations of the use of
techniques through video protocols.

60. While the methods and tools for accurately characterizing NMs are now in place, a large number
of published studies available in the public domain cannot be used for regulatory oversight. This is due
to incomplete characterisation and inconsistency in how the results are recorded and reported. In
addition to describing the properties of the primary pristine nanoparticles, interactions between
nanoparticles and the matrix or media they are situated in for a given environment or formulation must
also be considered. As such, nanomaterials should be characterized in their dry state, in suspension in
relevant media, and in tissues and cells post-exposure. While dry particle characterisation reporting is
improving, a lack of harmonization remains in sampling and preparation methods for characterisation of
particles in media relevant to the exposure system (e.g. cell culture medium) and to the biological system
studied (e.g. gut fluid, lung fluid, etc.). Moreover, the nanotoxicology field still has an incomplete
understanding of which physico-chemical properties are relevant for specific adverse outcomes. Moving
forward, a fit-for-purpose list of characteristics specific to the type of NM or to the adverse outcomes
that they induce, should be developed.

61. In the food and feed area, the EFSA (2018) guidance already provides details for performing
the physico-chemical characterisation of nanomaterials and their residues in food. An update of the
guidance has been published in 2021.

62. During the life cycle of a nanomaterial, its properties may change depending on the conditions
of the environmental and biological media or formulation they are situated in (Abbott et al. 2014). Such
changes would depend on the size/shape of the particle as well as on the local environmental and
cellular conditions (ionic strength, acidity, viscosity, etc.). Physico-chemical characteristics subject to
change may include agglomeration and aggregation, surface charge, surface modification (e.g. capping
agents, coatings, functionalisations, bioconjugations, etc.), dissolution, degradation, adsorption of
different species, among others. Therefore, methods used in hazard identification and assessment may
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also need to be augmented to include the above considerations. Information on the state of the
nanomaterial in situ and the specific form that causes the observed effect could potentially reduce the
degree of uncertainty (Mitrano, 2015).

63. For soluble particles, the determination of particle dissolution or solubility is key as it is integral
to biopersistence or tissue retention and clearance of soluble nanomaterials. This information is critical
for regulators as some nanomaterials that dissolve rapidly and completely may no longer fall under
nano-specific regulation.

64. Another life cycle aspect is nanomaterials being coated by proteins and other biomolecules in
suspension forming what is referred to as a corona. The composition of the corona is complex and
dynamic, meaning that the number, types and relative amounts of proteins or other biomolecules on the
surface of the nanomaterial change across different environmental and biological media or
compartments. The surface adsorption of biomolecules such as proteins alters the intrinsic properties
of the NM and plays an important role in the interaction between NMs and biological structures, and
their uptake and fate in cells and tissues. This adsorption may either increase their bioavailability and
reactivity within biological systems or dampen it. While it has been postulated that knowledge of the
corona can aid in identifying a Molecular Initiating Event (MIE), which can then be used to build predictive
models of toxicity, it has been difficult to generate such data because of the complexity of these
interactions.

2.3.2. Material Heterogeneity, Batch-to-Batch Variation and Nanoform Variants

65. It may be identified during the nanomaterial characterization step that there is substantial
variation in the properties of a given material from producer to producer and/or from batch to batch??
(Izak Nau et al., 2015; Mulhopt et al., 2018). Such variations are important to understand for risk
assessment, because of the influence of material properties on toxicity. For example, for multi-walled
CNTs variation in length, metal content, aggregation and surface chemistry is known to influence toxicity
(Johnston et al., 2010; Allegri et al., 2016) and for fullerenes, heterogeneity in the degree of surface
modification and/or aggregation was reported to influence their toxicity (Chae, 2010). Variability in the
composition or properties of the specific nanomaterial may occur between batches or formulations due
to changes in manufacturing processes. Such variability may cause (quantitative) differences in
toxicological effects and affect the outcome of hazard characterizations.

66. The amended European REACH regulation (European Commission, 2006; European
Commission, 2018), as discussed above (section 2.2.2), has introduced the concept of sets of similar
nanoforms in which “almost identical” characterizers, as well as forms that differ beyond batch-to-batch
variation, can be grouped together as a single entity given appropriate justification and clearly defined
boundary criteria in which hazard, exposure and risk assessment can be performed jointly for all
endpoints and exposure scenarios. In this context under REACH, a modification in process parameters
(e.g. starting materials, solvents, temperature, order of manufacturing steps, purification steps, etc.) is
within batch-to-batch variation to the extent that variability of these parameters is minimized. Any other
modification in these or other parameters results in a different nanoform and would be considered to
differ beyond batch-to-batch variation (ECHA, 2019b).

2 n principle, this consideration is not limited to nanomaterials and applies to any other form of chemical
substances, but the typical spectrum of properties affected would be expected to be different (see also section
2.3.1).
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2.3.3. Adverse Abiotic Effects

67. In the context of nanomaterial interaction with the abiotic environment (non-living components
of the environment or the environment on which life depends), the release of a nanomaterial may affect
the environment in a physico-chemical property dependent manner. Adverse abiotic effects can include
altering the chemical make-up of natural waters, e.g. metal content, pH changes, or in soil, chemical-
mediated compaction, etc. Considerations can include the potential reactions and interactions of the
nanomaterial in the environment. These effects may adversely impact the ability of organisms to inhabit
the environment.

2.4. Issues Related to Exposure Assessment

2.4.1. Exposure Assessment

68. Exposure assessment provides an evaluation of the extent to which humans and/or the
environment are exposed to nanomaterials. Ideally, exposure assessments are quantitative, but in
certain cases may be qualitative with descriptors (e.g. “no exposure”, “negligible exposure”, “minimal
exposure” or “significant exposure”). Exposure assessments should consider all relevant sources of
potential exposure, including indirect exposure (e.g. from exposure to materials released into the
environment from manufacturing, disposal or use of consumer products containing nanomaterials) and
direct exposure (e.g. exposure to workers in manufacturing facilities or to consumers using products).
The general population may be continuously exposed to MNs over their lifetime. The increasing market
for MNs adds to the potential for higher and more widespread exposures to occur, leading to the need
for consideration of risks from cumulative and aggregate nanoparticle exposure.

69. For many applications, the principal route of potential human exposure to nanomaterials is by
inhalation. Inhalation is also generally regarded as the route with the highest potential for concern from
nanomaterial exposure due to observed effects to the lung and pulmonary system from poorly soluble
particulates (Oberddrster et al., 2005; ECHA, 2016). MNs are increasingly being used in consumer
products, pharmaceutical preparations and food technology where dermal, gastrointestinal, and
parenteral routes of exposure are becoming more significant. Studies examining
migration/leaching/release of the MN from relevant matrices (e.g. in products or during
disposal/incineration, etc.) improves the current level of knowledge on the relevance of exposure
sources and routes, and biomonitoring studies inform our understanding on the levels of aggregate or
cumulative exposure to nanomaterials (Kendall and Lynch, 2016).

70. During exposure assessment, information on how a nanomaterial comes into contact with the
body or is released into the environment is integrated with information on its fate in order to establish
the degree of exposure that occurs, or may occur, for the receptor. As with chemical risk assessments,
the main steps are:

e Considerations on exposure pathway, release and contact potential (Entry or release
characterisation) — to understand if, how, and in what quantities a nanomaterial may come
into contact with the human body or is released into the environment throughout its life cycle
(from manufacture or importation through to disposal);

e Characterisation of fate and transport/distribution — to determine a nanomaterial’s fate in
different environmental or biological compartments and to understand how an organism
comes into contact with a nanomaterial entering a particular medium; and

e Quantification of exposure — to estimate exposure levels of human tissues/(sub)populations
or the environment and to determine either derived exposure doses or Predicted
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Environmental Concentrations (PECs) or exposure distributions for relevant human organs
(e.g. liver, kidney, brain) or environmental compartments (e.g. air, water, soil, sediment,
terrestrial wildlife).

2.4.2. Entry or Release Characterisation

71. Entry or release characterisation involves identifying where and how a nanomaterial may be
released to the environment (e.g. via industrial processes, or in consumer products) and characterization
of the quantity, frequency, and duration of these releases. This information is critical for determining the
relative significance of a source of release and the scale (in terms of both time and space) of potential
exposures. Understanding where a nanomaterial enters the environment (e.g. whether it is released to
water or to air) is also essential for determining its fate in the environment.

72. Characterization of human exposure involves identification of the relevant route(s) and extent
(e.g. quantity, frequency, duration) of exposure. A critical source of nanomaterial exposure to consumers
is through the use of consumer products. In products materials may be embedded in solid matrices, or
they may be dispersed in liquids (e.g. for spray application) or exist as powders. Nanomaterials may be
released during product use/application, or from physical and chemical processes (e.g. due to
mechanical abrasion, UV irradiation, rain or wash water leaching) during their life cycle.

73. Koivisto et al. (2017) conducted a review of 96 peer-reviewed scientific publications reporting
release of inorganic and carbon-based nanomaterials from products and articles to form the basis of a
release library to support quantitative exposure assessments and modelling. The review includes
studies examining the effects of artificial weathering (UV irradiation, rain leaching), mechanical
treatment, spraying, washing and incineration on release of nanomaterials from textiles, thermosets,
thermoplastics, coated surfaces, sprays/aerosols and other products (Koivisto et al., 2017). The studies
showed releases of ions, free nanomaterial, matrix associated particles (e.g. matrix with protruding NM)
and matrix particles with fully embedded NMs. The studies further showed that nanomaterials were
mainly released embedded in or associated with the matrix or in ionic from; and to a lesser degree as
free nanoparticles (Halappanavar et al., 2015; Koivisto et al. 2017 referencing Nowack et al., 2012;
Nowack et al. 2013; Schlagenhauf et al., 2014; Shandilya et al., 2014; Kingston et al., 2014; Froggett et
al., 2014; Duncan and Pillai, 2015; Duncan, 2015; Mackevica and Hansen, 2016). Quantitative release
rates are reported in the Koivisto et al. (2017) review in a harmonized format with consistent units that
serve as critical inputs to particle exposure models to support human exposure assessments from
products and articles. The review included recommendations for information that should be reported
and considered in release studies including the properties of the matrix and nanomaterial released, the
technique for incorporation of the NM in the matrix, the concentration and level of dispersion of the NM
in the matrix, the release scenario and process parameters and concentration gradients in the sampling
volume.

74. Kovochich et al. (2018) conducted another significant literature review and compiled published
data on release of carbon nanotubes from nanocomposites to support gquantitative exposure
assessment and human risk assessment. The review included 21 published studies evaluating airborne
release of CNTs subjected to mechanical (sanding, cutting, etc.) and physical (weathering, combustion,
etc.) stressors. The authors found that methods used across the studies varied greatly, and factors such
as composite type, CNT functionalization and energy input may affect release. Similar to the review by
Koivisto et al. (2017), the Kovochich et al. (2018) review found that most studies reported release of the
CNTs mainly associated with or fully embedded in the matrix, but that release of free fibres under
reasonable conditions also occurred and is possible.

75. Both reviews (Koivisto et al. 2017 and Kovochich et al. 2018) identified the need for better and
more consistent experimental sampling and design, reporting and improved analytical techniques in
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release studies to support nanomaterial exposure and risk assessment. Such studies should
characterize and quantify the amount of free versus matrix-bound nanoparticles and provide sufficient
detail on the experimental conditions leading to release as well as the characteristics of the base matrix.

76. The ISO has developed a Technical Report (ISO/PFR TR 22293) under Technical Committee
(TC) 229 Nanotechnologies, which reviews methods for assessing the release of nanomaterials from
commercial nanomaterial-containing polymer composites. The work is in recognition of the importance
of understanding release for safe development and use of products containing manufactured
nanomaterials. The report provides guidance on the use of methods for the identification and evaluation
of NM release from matrices as a framework to support decision making. It also identifies opportunities
for further development of standards in this area.

2.4.3. Environmental Fate and Exposure

77. Over the past decade, the understanding of sources, fate, and effects of NMs in the environment
has made significant progress. The achievements in the field of nano-ecotoxicology in both aquatic and
terrestrial systems refer to the pathways, measurements and predictions of NMs in natural ecosystems,
as well as their environmental fate, transformation, stability, mechanisms of toxicity and their effects on
individuals and populations (Bundschuh et al., 2018). A review by Lead et al. (2018) examines the
progress gained since 2008 in the knowledge of nanomaterial environmental fate and exposure,
particularly in aquatic and terrestrial systems, and discusses new questions arising from the research.
The review covers wide-reaching developments in the research on nanomaterial fate and behaviour,
metrology, transformation, bioavailability, mechanisms of toxicity and environmental impacts. A review
by Baun et al. (2017) addresses the regulatory relevance and reliability of methods and data for
determining the environmental fate of manufactured nanomaterials. A review by Quik et al. (2020)
funded by EFSA evaluates the environmental risk assessment principles, focusing on feed additives
and pesticides, highlighting the needs for updating the current guidance documents in order to cover
the specific characteristics of nanomaterials. In addition, the H2020 NanoFASE project?? includes a rich
collection of publications that cover several aspects of NMs fate in the environment and GRACIOUS
has developed IATAs for environmental compartments.

Transformation, Degradation and (Bio)durability

78. As with chemicals, MN transformation can influence distribution within an organism or in the
environment. Transformation, degradation and dissolution are determinants of a MN’s (bio)durability,
which is analogous to persistence, in biological and environmental media. Assessing transformations
will need to consider the core material, as well as any influences functionalization or surface coatings
may have on the MN’s properties, and consequently its transformation or distribution pattern.
Transformation includes the impact of aggregation/agglomeration on the biological and environmental
fate of MNs and the degree to which dis-aggregation/dis-agglomeration is likely to occur in tissues or
compartments. Transformation of MNs is also viewed in the context of corona formation within biological
fluids because protein, lipid or other (bio)molecule coronas can influence their behaviour and toxicity
(Canady, 2010). The potential for aggregation/agglomeration and corona formation should be
considered in designing or evaluating experimental conditions in in vitro and in vivo tests. Transformation
of MNs can also occur through dissolution (by release of ions and molecules) in biological and
environmental media (OECD, 2018d). When generating degradation information on MNs, biotic
degradation tests based on organic carbon should only be considered in instances where the MN can

23 https:/icordis.europa.eu/project/id/646002/results
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serve as an “organic” carbon source, and their application to inorganic materials should be approached
with caution.

79. Abiotic degradation tests should also be examined. Hydrolysis testing provides meaningful
insight where chemical structure of the material or surface coating suggests a potential for such a
reaction to occur.

80. Several cases on copper oxide (nano-CuO; included in pesticides formulations and relevant for
agriculture applications) were developed within ERA-NET SIINN-NanoFARM that demonstrated the
application of different techniques for determination of properties on dissolution rates (Vencalek et al.,
2016), persistence and bioavailability (Gao et al., 2017) and ageing processes (Sekine et al., 2017)
under environmentally relevant conditions.

Distribution and Compartmentalisation

81. The distribution and compartmentalization of MNs in environmental and biological media can
be predicted based on their physico-chemical properties and media-specific factors such as hardness,
pH and presence of humic acids. However more work is needed to develop the knowledge and tools to
facilitate this. Risk assessors are encouraged to use existing knowledge linking properties and
conditions to environmental and biological fate as part of a weight-of-evidence. However, in the absence
of such data, assessments should assume a reasonable worst-case behaviour; for example, that
materials are agglomerated during transport, but dissociated or deagglomerated once present in a
compartment or organism.

Bioaccumulation

82. For neutral organic chemicals (that may partition to lipids) there is a direct relationship between
its octanol water partition coefficient (Kow) and bioaccumulation or bioconcentration factors (BAF/BCF).
Evidence suggests that particles in dispersion do not exhibit this relationship (Isaacson et al., 2017:
Utembe et al., 2018). Kow is generally not applicable to MNs as non-soluble particles are not subject to
equilibrium partitioning and cannot reach thermodynamic equilibrium when distributed between two
phases (ECHA 2019c). Consequently, it is not recommended that risk assessors make attempts to
predict MN bioaccumulation on the basis of existing chemical modelling programmes using Kow as an
input parameter. Empirical BAF/BCF tests may be conducted for MN, considering their potential for
transformation (e.g. corona effects), however these tests are still considered to be flawed as they also
are based on the assumption of equilibrium partitioning (Hou et al., 2013; van den Brink, 2019).
Dynamically derived bioaccumulation factors, based on Kkinetic exposure experiments (e.g.
physiologically based pharmacokinetic- PBPK or biodynamic models), may be more appropriate,
because they are not based on equilibrium between the organism and exposure medium (Isaacson et
al., 2017; Utembe et al., 2018; van den Brink, 2019). Empirical bioaccumulation studies should further
consider the relevance of the MN’s uptake and potential to cross cellular membranes, embed in tissues,
release ions and be excreted. To this effect, Petersen et al. (2019) mentions that for many multicellular
organisms, it is essential to differentiate between the MNs adsorbed to external surfaces or in the
digestive tract and the amount absorbed across epithelial tissues.

83. Considerable knowledge gaps remain with respect to the effects of agglomeration on
bioavailability, uptake and intracellular compartmentalization (von Moos et al., 2014). There is also a
critical need for further analytical method development to identify and quantify MNs in complex matrices
for bioaccumulation studies (Petersen et al., 2019). Finally, Utembe et al. (2018) recommend taking
biotic and abiotic factors into considerations when modelling bioaccumulation and interpreting
bioaccumulation results. In the absence of some or all of this information, reasonable worst-case
assumptions based on the size and chemistry might provide some insight into the potential for
bioaccumulation.
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84. Traditionally bioaccumulation testing under OECD TG 305 is carried out using chronic exposure
of fish over about a four-week period via the water or food where steady-state uptake and water and
tissue concentrations are measured to calculate a BCF. However, Kow is used to trigger or waive BCF
tests and is not a relevant physico-chemical property for sparingly soluble and insoluble nanoparticles.
Under the current OECD TG 305, if the Kow test is not practical or feasible, the work proceeds directly
to the in vivo fish test. Discussions are ongoing internationally within the EU-project NanoHarmony?*
and the OECD to explore modification of the bioaccumulation testing strategy, for example as proposed
in Handy et al. (2018). The proposal and discussions include alternative triggers for TG 305 when log
Kow is not appropriate, the use of earthworm or other invertebrate bioaccumulation tests as alternative
tests to in vivo fish tests and the possible use of in vitro alternative tests for screening. In addition
alternative physico-chemical triggers, such as size, aggregation state and dissolution are being explored
to replace Kow for MN bioaccumulation testing.

2.4.4. Human Exposure

Occupational exposure

85. A research need identified in 2010 was related to exposure of workers at different stages of the
materials life cycle and progress has been made in this regard. Several systems for monitoring
occupational exposure, data reporting and databases with information on occupational exposure to MN
have been developed. For example the Nano Exposure & Contextual Information Database (NECID)
was developed by the German IFA (Institut fir Arbeitsschutz) in conjunction with the occupational health
and safety institutions of the Partnership of European Research in Occupational Safety and Health
(PEROSH) group to systematically capture, process and store scientific data on nanomaterial exposure.

86. NanoMONITOR (LIFE project) “developed an integrated approach to overcome current data
gaps on the concentration of manufactured NMs in indoor workplaces and urban areas by combining a
long series of robust data measures by a new wireless sensor network of monitoring stations and a
tailor-designed data management application” (NanoMonitor, 2018). The project includes:

e “An online software application to support data processing in real-time;

¢ Adatabase containing information on the concentration of manufactured MNs, designed and
structured according to the information requirements laid down in REACH and relevant
monitoring programs:

e A proven low-cost monitoring station prototype; and

e A complete guidance on the use of environmental monitoring data under REACH, including
detailed decision trees to support the use of monitoring data.” (NanoMonitor, 2018).

87. In 2015, the OECD ‘Harmonized tiered approach to measure and assess the potential exposure
to airborne emissions of MNs and their agglomerates and aggregates at workplaces’ was published
(OECD, 2015a). This three-tiered approach is based on a systematic evaluation of previously proposed
and used strategies, which mainly aims to deal with the problem that many of the instruments used for
nanoparticle measurement are non-specific (i.e. cannot distinguish engineered MNs from ambient
nanoparticles). Other studies concluded that safe(r)-by-design (SbD) approaches are considered
important tools for risk mitigation and prevention for workers, and, potentially, also for consumers
exposed to manufactured NM (Bianchi et al. 2019).

88. In the case of carbon nanotubes (CNT) exposure, work has begun to harmonize occupational
exposure assessment and results reporting and there is a recognized need to identify companies for

24 hitps:// nanoharmony.eu

IMPORTANT ISSUES ON RISK ASSESSMENT OF MANUFACTURED NANOMATERIALS
Unclassified


https://nanoharmony.eu/

ENV/CBC/MONO(2022)3 | 35

where exposure and health can be assessed and monitored in real-life settings. This will enable the
risks from occupational exposure of MNs to be evaluated objectively and realistically, supporting
appropriate risk management (Canu et al., 2020). See Annex for a case study on CNT that provides
further context on occupational risk assessment.

89. The Safe Nano Worker Exposure Scenario (SANOWORK) project which ended in February
2015 and was funded by the European FP7-NMP was designed to identify safe occupational exposure
scenarios in real conditions and at all stages of the MN life cycle including product manufacture, use
and disposal. The project identified factors contributing to MN release in workplaces and proposed
remediation strategies.

90. Dustiness is a key parameter in occupational exposure assessments, providing critical
information about the potential for movement of powders to the air and inhalation as well as the
identification of hazards such as dispersion, fire and explosion. Existing dustiness tests (e.g. EN 17199,
EN15051) were not specifically designed for particles at the nanoscale. There are two ongoing projects
funded by EU H2020 under NanoHarmony to develop the scientific basis for dustiness testing of highly
reactive and high aspect ratio nanomaterials (HARN) and under Gov4Nano for non-HARN MN. It is
expected that this work will result in two new guidance documents, one for use of dustiness data in
exposure assessment modelling and one for its use in industrial risk analysis for explosive
atmospheres. A new OECD TG is expected as well for generation of dustiness data and method-
specific dustiness ranking schemes for regulatory risk management of powder. An official call for intra-
and inter-laboratory comparison of dustiness test methods for HARN has been launched.

Consumer exposure

91. A critical source of exposure of the general population to MNs is through the use of consumer
products. The nanotechnology industry continues to see rapid growth with a total global market of $39.2
billion in 2016, 54 billion in 2020 and a projected 126.8 billion by 202725, MNs are used in a wide range
of applications and consumer products including medicinal products, textiles, paints, food packaging
and personal care products (Mackevica and Hansen, 2016). Consumer exposure assessment requires
clearly defined exposure scenarios including identification of relevant uses and types of exposure with
reliable information on who is exposed, how often and via which routes. This information can be used
to estimate exposure for different populations (Mackevica and Hansen, 2016).

92. One of the important issues in consumer exposure assessment is identification and inventorying
of consumer products that contain MNs, including the concentration of the MN in the product, the manner
in which it is embedded or dispersed in the product matrix and how the product is used. Unless
disclosed, this information is not available and high throughput techniques that allow screening of
products for the presence of MNs can help fill gaps in this area. Standard methods for product
monitoring/surveillance of MNs are lacking, however some studies have attempted to identify MN in
subsets of products. For example, a recent study by Boyadzhiev et al. (2020) used enhanced darkfield
hyperspectral imaging to detect MN in consumer personal care products available in the Canadian
market.

93. Inhalation is a particularly relevant route of exposure for MNs from the perspective of toxicity
and exposure potential. Consumer exposure can happen through the inhalation of sprays, aerosols or
powders that may occur in air as a result of direct product use or application (e.g. hair spray, dry
shampoo or spray products intended for skin application) or as a result of release from solid coatings or
articles later in the life cycle due to mechanical or physical process (e.g. sanding a cured paint containing
MN, weathering, incineration of waste, etc.).

2Shttps:/iwww.globenewswire.com/news-release/2020/07/16/2062964/0/en/Global-Nanotechnology-Industry.html
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94. Consumers are also exposed to NMs through the oral and dermal routes. Dermal exposure of
consumers can occur through direct contact of the skin with products or articles containing the NM,
through particle or aerosol deposition on the skin from the air or contact with residues after product use
(Mackevica and Hansen, 2016). Consumers may also be exposed orally to MNs from their presence in
household products, books, textiles, and in food and food packaging (Mackevica and Hansen, 2016;
Bianchi et al., 2019). A number of studies have looked at release of MNs from food packaging (e.g. Su
etal., 2017; Liu et al., 2016; Lin et al., 2014; Simon et al., 2008; Diaz et al., 2013; Doudrick et al., 2012;
Xia et al., 2017 reviewed in Yan et al., 2019). Studies have found differing mechanisms of release from
food packaging, either from the interior of the packaging or from the surface/interface. A better
understanding is needed about the mechanisms of migration (Yan et al. 2019).

95. Release measurement and estimation is a critical component for consumer exposure
assessments of MNs, and over 100 peer-reviewed scientific studies have been published reporting
release of MNs from products at different stages of their life cycle (Koivisto et al., 2017; Kovovich et al.,
2018). As also discussed in Section 2.3.2. the evidence is showing that the majority of released MN are
fully or partially embedded in matrix particles, but release of free MN is also possible and product release
studies should take these differences into account and provide sufficient detail on the experimental
conditions of the study and characteristics of the MN and matrix particles as exposed/released.

2.4.5. Models and Tools for Quantifying Exposure

96. Traditionally for exposure assessments of conventional chemicals, models are frequently used
to estimate exposures to the environment (e.g. EUSES), consumers (e.g. ConsExpo) and workers (e.g.
ECETOC'’s Targeted Risk Assessment (TRA) tool?6). Methods for quantifying exposure to MN follow the
same general paradigm employed in chemical risk assessments, utilizing both monitoring (directly
measured) and modelled data. For either type of data it is important to understand the form of the MN
(e.g. free particles, aggregates or agglomerates, ions, etc.) and ensure that the units are in the same
metrics as other parts of the assessment (i.e. for hazard/effects assessment). Recent activities within
the OECD and other projects, such as the EU H2020 CaLIBRAte?” are addressing the evaluation,
validation and applicability of currently available tools and models used for occupational, general
population/consumer and environmental exposure assessments of MN.

97. The NANOREG Toolbox (Jantunen et al, 2017; Jantunen et al. 2018) provides an overview of
available exposure tools and where to find them. The toolbox, developed with support from the EU FP7
project, lists tools that are primarily publicly available with links to webpages or other sources where the
tool can be downloaded or otherwise accessed. These tools include those for characterizing
environmental, occupational and consumer exposure to MNs, including available models, guidance,
reports, experimental methods and data management and decision support tools. The tools in the
toolbox are not to be considered validated by their presence there, rather it is a compilation of available
tools. However, Jantunen et al. (2018) indicate that a fraction of tools have undergone validation.

98. The OECD WPMN has been working on three complementary projects?® under its Steering
Group on Exposure Measurement and Exposure Mitigation, which are: i) Assessing the global readiness
of regulatory and non-regulatory models for assessing occupational exposure to MNs (led by Denmark);
if) Compilation of Available Tools and Models Used for Assessing Consumer Exposure to MNs and
Evaluation of their Applicability in Exposure Assessments (led by Canada); and iii) Compilation of

26 https://www.ecetoc.org/tools/targeted-risk-assessment-tra/

2 http://www.nanocalibrate.eu/home

28 The three projects address occupational, consumer and environmental exposure tools/ models, respectively,
and were finalised in 2021
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Available Tools and Models Used for Assessing Environmental Exposure to MNs and Evaluation of their
Applicability in Exposure Assessments (led by Canada). These projects focused on existing tools and
models with a view to evaluate their regulatory applicability for exposure assessments of MNs for three
target population groups: workers, consumers and the environment. The National Research Centre for
the Working Environment (NRCWE) in Denmark and Health Canada were collaborating on the
occupational and consumer projects, because about one-third of the tools and models compiled in these
respective projects were determined to be mutually applicable to both occupational and consumer
exposure. In order to conduct the evaluations of the models, the WPMN collected/generated exposure
data in a structured format. At the WPMN meeting held in February 2019, the group discussed ways to
structure the exposure data so that it can be collected by existing OECD Harmonised Templates(OHTS),
as well as potential areas of work to be considered in collaboration with the OECD Working Party on
Exposure Assessment (WPEA). Results from the three projects were published in 2021 (OECD, 2021a,
2021b, 2021c, 2021d).

Environmental exposure models

99. Due to the difficulties in analysing MNs in complex environmental matrices, environmental fate
assessment continues to be largely based on modelling. Many of the stages/pathways of fate (e.g.
behaviour, persistence, transport, transformation pathways/products, bioaccumulation, and effects) for
conventional chemicals are quite well predicted in existing models. However, most of these models were
not designed for MNs and some of their assumptions, such as the amount of time a particle remains
airborne or its solubility/insolubility in environmental media, may have to be adjusted for MNs2°,

100. To define conceptual environmental models for MNs it is necessary to understand their intrinsic
physico-chemical properties and how these relate to their interaction with the surrounding environment.
Properties such as chemical composition, particle size range, surface charge and others are
fundamental starting points for understanding the exposure scenario for any given MN. MN-specific
processes represented in existing aquatic fate models are mainly limited to aggregation and dissolution,
and mostly ignore or exclude transformation processes, the role of manufactured coatings and particle
dimensions (Williams et al.,, 2019). In addition, inputs for environmental exposure models for
conventional chemicals are often based on Quantitative Structure Property Relationship (QSPR)
calculations using physico-chemical properties of the substance, mainly Kow and Kp values, and these
properties are not relevant for sparingly soluble and insoluble MN.

101. In addition to understanding the relationship between physico-chemical properties and MN fate,
the following information is essential in adapting environmental exposure models:

e understanding of the life cycle of the specific MN, especially for the nanoform to which
humans or the environment may be exposed (e.g. ‘as manufactured’, ‘as used’, ‘pristine’,
‘transformed’, ‘in situ’, etc.);

e the distribution of different nanoforms among different environmental compartments (i.e.
partition coefficients for sediment/water, soil/water and air/water may have to be measured);

o fraction of particles absorbed.

102. The development and subsequent validation of conceptual models of MN exposure can
contribute to reducing uncertainty in the assessment of exposure and risk. An example of a conceptual
model, for a dynamic multimedia environmental fate and transport model (‘nanoFate’) for MN is
illustrated in Figure 2.1 below (Garner et al., 2017). Different models may consider different processes.
Some conceptual models may be underpinned by a life cycle assessment approach that considers
sources and pathways of exposure during production, use and end-of-life (e.g. MN waste disposal;

29 More information may be obtained from the website and publications of the Research Project
NANOTRANSPORT (NMP4-CT-2006-033371): http://research.dnv.com/nanotransport/index.htm
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Kohler et al., 2008). Others can be used to develop emission scenarios and predict mass flows of MNs
in the environment (Blaser et al., 2008). Such models should, however, be developed with the
acknowledgement that MN behaviour in natural systems is complex and hypotheses should be
established for empirical testing and research to support model validation.

Figure 2.1 Conceptual model with compartments, major transfers, and transformations used in
‘nanoFate’. Reprinted (adapted) with permission from Garner et al. (2017). Copyright (2017)
American Chemical Society.
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103. The OECD WPMN project to collect and evaluate available tools and models for MN
environmental exposure assessment (described above) has undertaken a functional assessment of the
compiled models involving an uncertainty analysis using Monte Carlo Simulations and a sensitivity
analysis using a systematic one-at-a-time approach. The work of the project is presented in a report that
discusses the results of these analyses and presents recommendations on the usage of the tools and
models evaluated (OECD, 2021d).

104. SimpleBox4nano (SB4N; RIVM, 2019), one of the models evaluated in the WPMN
environmental model project, is a modification of the multimedia mass balance model SimpleBox that
includes nano-specific processes like aggregation. SB4N estimates long-term MN concentrations in air,
surface waters, deep waters, sediments, soils, and other biological compartments. SB4N tracks three
different species of MN: (i) freely dispersed, (ii) heteroaggregated with natural colloids (< 450 nm), and
(iii) heteroaggregated with coarse natural particles (> 450 nm). The model's steady state functionality is
easy-to-use in a well-designed spreadsheet that includes default parameters for a number of MNs. The
model also offers dynamic functionality through R scripting (RIVM, 2019).

105.  Van den Brink et al. (2019) have reviewed the available approaches for modelling the uptake of
NMs by biota under environmentally relevant conditions. The authors evaluated current modelling
approaches, including underlying assumptions and their applicability to MNs, for the uptake of solutes
by organisms. Also, exemplification within case studies as well as guidance for the selection of modelling
approaches is provided.
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Occupational and consumer (human) exposure models

106. The main objective of quantifying exposure is to determine the concentrations or amount of the
nanomaterial that reaches the target organism, system, or (sub)population in a specific frequency for a
defined duration. Methods for quantifying human exposure to MNs follow the same general paradigm
employed in chemical risk assessments, utilizing both monitoring (directly measured) and modelled
data. For either type of data it is important to understand the form of the MN (e.g. free particles,
aggregates or agglomerates, ions, etc.) and ensure that the units are in the same metrics as other parts
of the assessment (i.e. for hazard/effects assessment).

107.  Exposure models depend on, as key inputs, either predicted or measured release rates of the
MN from its matrix under specified conditions (see Section 2.2.1 and 2.4.2). The ConsExpo Nano model
estimates inhalation exposure to low or non-volatile substances released as an aerosol in consumer
spray products. It is based on the normal ConsExpo spray model which is adapted to combine it with
the International Commission on Radiological Protection (ICRP) deposition and clearance model. This
enables it to estimate inhaled and deposited (alveolar load) doses which may be expressed using
different metrics (RIVM, 2021). ConsExpo Nano is being evaluated under the WPMN project described
above. It also has been recently evaluated against measured data by Delmaar and Meesters (2020) in
a peer reviewed study where they found that the spray model in the regular ConsExpo and ConsExpo
nano describe experimental (chamber) air concentrations reasonably well, especially for air space
applications and less-so for surface applications where there were more uncertainties (Delmaar and
Meesters, 2020). The authors identify uncertainties in the model and its assumptions and provide
recommendations where improvements could be made.

108. Inhalation exposure of consumers to manufactured MNs in consumer products often happens
in indoor environments. Models for particle dynamics in outdoor and indoor air taking into account air
flow and particle transport have been developed, both conceptually (e.g. Nazaroff et al., 1989; Nazaroff
et al., 2004) and in the area of particulate matter/ultrafine particles and air quality (Jacobson, 1994; Rim
et al. 2013). NIST in partnership with the US Consumer Product Safety Commission has developed two
models that predict air concentrations for nanoparticles (expressed as mass and other metrics): a single
size particle tool and a size-resolved tool (NIST, 2018). The single size tool is based on the CONTAM
multizone modelling software®, which has a history of use in whole-building indoor air quality analysis.
The size-resolved tool accounts for changes in behaviour of particles in air from interacting with other
particles of different number and size. For the latter, an important component is consideration of
coagulation and its effect on removal rates associated with deposition and air change. Inputs to the
models include parameters on the zone geometry (room dimensions), ventilation system (air flow, etc),
particle properties, particle source, particle deposition and resuspension velocity. It calculates air
concentrations, initial zone concentrations and surface loadings over a defined exposure time and
24-hour period when released as a burst or constant release (NIST 2018). The NIST model is an
example of air exposure model for nanoparticles that can be used for a wider range of scenarios than
releases from spray application, given that a meaningful release rate and particle characteristics can be
defined as inputs.

109. As described above, the OECD WPMN project to collect and evaluate available tools and
models for MN occupational and consumer exposure assessment (described above) has been finalised
in 2021 (OECD, 2021a, 2021b, 2021c).

30 hitps://www.nist.gov/services-resources/software/contam
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2.5. Issues Related to Hazard Assessment

110.  The overall objective of effects characterisation is to identify the type and severity of adverse
effects to human health or the environment. Following exposure to a MN or its transformation product(s),
effects can occur either directly or indirectly. SCENIHR (2006) considered the first priority in hazard
assessment to be identification of the toxic principle of a given MN. The toxic principle describes the
constituent, property or substructure of a given material that is responsible for the toxic effects of that
material. Examples of toxic principles of MNs may include:

¢ the toxicological properties of the chemical(s) that comprise the core of the nanoparticle, or
the influence of functionalization of the nanoparticle surface;

e the aspect ratio, surface charge, or surface area of a nanoform that may have greater
reactivity potential than bulk substances;

e the potential for other chemicals of concern to be absorbed onto the nanoparticles due to
the enhanced surface area and possible surface reactivity; and/or

e impurities and/or by-products related to nanoparticle production (e.g. metal catalysts).
111.  Four important issues identified for effects characterisation include:

o the appropriateness of test species
o the appropriateness of test methods

o where there is an adverse effect, the use of uncertainty factors (also called ‘adjustment
factors) or extrapolation factors to estimate a no-effect level associated with long-term
exposure, and

¢ Accurate and comprehensive characterisation of the material tested.
112.  Additional considerations when characterizing MNs in toxicity studies are:

e their stability — how material properties change with time (dynamic stability), storage,
handling, preparation, delivery, etc., including solubility, and the rate of material release
through dissolution; and

e context/media — how material properties change in different media.

113. A generic overview of nanotoxicity following exposure to experimental animals that relate to
human health focuses on inflammation, oxidative stress and cytotoxicity (see Figure 2.2). The interplay
between these three effects is causal to injury at the tissue level and eventual tissue dysfunction. At the
cellular level, acute interaction of MNs with cells (mechanical, physical, receptor-mediated, etc.) can
lead to cellular injury, which activates host defence mechanisms involving immune and pro-inflammatory
responses. The metabolic activity of pro-inflammatory cells and the action of some enzymes and
cytokines secreted during this process leads to the synthesis of Reactive Oxygen Species (ROS),
imbalances in anti-oxidant/oxidant levels and oxidative damage of biomolecules, resulting in
propagation of cell injury and eventually to cytotoxicity. At the tissue level, persistent cell injury can result
in tissue dysfunction. The surface reactivity of MNs can directly activate oxidative stress mechanisms.
The entire process is driven by the concentration and duration of exposure, and specific physico-
chemical properties of MNs, which affect the extent of response.
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Figure 2.2. Schematic of the known key events and underlying mechanisms of MN-induced toxicity
(modified from Halappanavar et al. 2021). The solid arrows indicate the main sequence of events
leading to tissue injury. Dashed arrows represent parallel events and cyclic arrows represent
feedback loops.
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2.5.1. Factors influencing toxicity

114.  There is a significant body of evidence in the literature attributing higher toxicity to smaller
nanoparticles (Fujirawa et al., 2008; Kim et al., 2010; Lipovsky et al., 2011; Park et al., 2011; Osborne
et al., 2013; Lopes et al., 2014; Schultz et al., 2014; Bhuvaneshwari et al., 2015; Li et al., 2016; Kim et
al., 2017). This holds true for both human health and ecological (environmental) receptors for various
types of MNs, especially metals and metal oxides. Mechanistically, their smaller size enables easy
cellular uptake, deeper tissue access and translocation to other organs. The large relative surface area
enhances their reactivity and interaction at the molecular level with metabolites, proteins, and individual
structures of cells (such as lipids and nucleic acids, in particular, DNA), by which they can potentially
cause damage (Tomilina, 2011; Huang et al., 2017). An additional explanation may be that the increase
in the rate of solubility with decreasing size might result in an increased concentration of ions, i.e. a
bigger dose. If the ions are toxic the bigger dose will have a greater effect.

115. In addition to size, other factors such as shape, aspect ratio, surface chemistry and surface
charge also play a role in toxicity (McCracken et al., 2016; Sukhanova et al., 2018; Forest et al., 2019).
A combination of the aspect ratio of the fibre (or shape) i.e. length and width, and the durability or
biopersistence of the nanofibre, in the context of the physiological response in the airways and the
macrophages in the lung (i.e. clearance), are the critical determinants of subsequent toxicity and
pathology (Schinwald et al., 2012). This demonstrates the need to understand such complex interactions
when predicting toxicity and pathogenicity for MNs. Without such knowledge, the descriptors chosen for
MN identification may be unsuitable, leading to under- or overestimation of hazard and consequently,
mislabelling of MNs for their potential to induce hazards.

116.  Abiotic factors may play critical roles in the bioavailability, distribution, bioaccumulation and,
ultimately, toxicity of MNs when exposure occurs in natural settings, in particular. One factor in
determining particle behaviour is how the particular natural environment or biological fluid influences
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important physico-chemical characteristics such as surface charge or agglomeration and aggregation.
In some cases, MNs stably adsorb specific environmental or biological components, such as small and
large biopolymers to the particle surface (Handy, 2008). This phenomenon is referred to as the formation
of a “protein corona” (Cedervall et al., 2007; Maiorano, 2010) or “lipid corona” (Raesch et al., 2015;
Olenick et al., 2018). A number of abiotic and biotic factors that influence nanoparticle toxicity may be
variable themselves as well, depending on the (receiving) environment, which can be highly complex
(e.g. estuaries where pH and ionic strength can vary considerably; Handy, 2008). In principle, this is an
issue not exclusive to MNs, but the specific factors of relevance and their variability and effect may be
different from non-particulate chemicals.

2.5.2. Internal Exposure

117.  Internal exposure is dependent on many factors including the route of exposure, toxicokinetics,
and toxicodynamics of a MN. For human health hazard assessments, the inhalation route of exposure
is of primary concern because of potential airborne exposure at the production facilities during synthesis,
packaging, etc. or later in the life cycle of the MN. The general pathways for the mechanical clearance
of insoluble particles deposited in the pulmonary region typically involve either phagocytosis by alveolar
macrophages and clearance via the mucociliary escalator into the gastrointestinal tract or alternatively,
active or passive transport through the respiratory epithelium (Schlesinger, 1995; SCENIHR, 2006). This
knowledge could be used for derivation of refined adjustment factors in risk assessment of particulates,
as described by Pauluhn (2010a) and Pauluhn (2010b). For improved quantitative hazard assessment,
methods and mathematical tools similar to PBPK/TK3! models for “conventional” chemicals to describe
pathway(s) as a whole have been proposed (Carlander et al., 2018). The OECD Inhalation Toxicity Test
Guidelines 412 (Subacute Inhalation Toxicity) and 413 (Subchronic Inhalation Toxicity) were updated in
2018 to accommodate MNs. The main focus of the revisions was to include: i) Bronchoalveolar lavage
(BAL) measurements; ii) Particle-size distribution for test atmospheres; iii) Post-exposure recovery
period; and iv) Lung burden measurements (OECD, 2018a; OECD, 2018b).

118. Presently, the understanding of the molecular and cellular barriers as well as the potential for
translocation of MNs across such barriers is limited. It is acknowledged, however, that body fluids play
a key role in modulating the behaviour and toxicity of MNs in the body, although the stability of MNs in
various fluids in situ is still unclear. Evidence suggests that absorption of MNs by the oral routes is
possible with potential disruption of the small intestine from their presence in these tissues. Dermal
studies demonstrate a high potential for MNs to penetrate the skin, however their penetration is mostly
limited to crossing the epidermis though follicles or damaged skin (ECHA, 2020).

119. The rapidly increasing use of manufactured nanoparticles in e.g. consumer products,
pharmaceutical preparations and food technology implies that dermal, gastrointestinal, and parenteral
routes of exposure are becoming more significant. It may be expected that migration studies and human
biomonitoring approaches would improve the current level of knowledge on the relevance of these
pathways.

120. Studies indicate that translocation of MNs from the site of exposure to secondary organs is
possible; however, it is not very significant. For example, less than 1% of total applied inhalation dose
of insoluble particles is expected to translocate to other organs. Translocation of particles deposited in
lungs by other modes of deposition is high; ~ 10% of administered dose is suggested to translocate to
other organs after intratracheal instillation and pharyngeal and intranasal aspiration. However, the
results from studies using the latter techniques for depositing particles are not used to support risk
assessment decisions. Translocation of MNs deposited in lung to the lung interstitium and other distal
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organs (including the liver, spleen and possibly to the foetus in pregnant females, as well as to the brain),
have been noted and the translocation processes described (MacNee et al, 2000; Oberddrster et al,
2000; Oberdorster et al, 2002; Semmler-Behnke et al., 2014). Following oral or parenteral exposure,
MNs can be detected in blood, liver, spleen or kidneys (Chen, 2009; Wang, 2007). Nanoparticle
translocation to the brain is suggested to occur via neuronal transport, a “novel” pathway relative to the
processes known for translocation of larger particles (Oberdoérster et al., 2004). There are limited
qualitative and quantitative data available on these pathways. In biodistribution studies using isotope-
tagged or fluorescence labelled particles, less than 1% of nano-gold (2—40 nm), nano-TiOz (22 nm),
ultrafine iridium (15 and 80 nm), and carbon (25nm) particles deposited in lungs were shown to
translocate to systemic circulation and reach distal organs including heart and liver (Kreyling et al., 2002;
Nemmar et al., 2002a; Nemmar et al., 2002b; Oberdorster et al., 2002; Geiser et al., 2005; Muhlfeld et
al., 2007; Sadauskas et al., 2007; Sadauskas et al., 2009; Geiser & Kreyling, 2010). A study by Husain
et al. (2015), showed traces of nano-TiO: in the blood and heart following intratracheal instillation in
mice.

121.  Current OECD Test Guidelines in principle enable the assessment of different possible target
organs affected by an exposure to a MN (OECD, 2009c). Toxicokinetic studies may provide useful
information in this context, including for example on barrier penetration that can inform the degree of
similarity between MNs or between MNs and bulk materials. More specifically, given that some
nanoparticles have the potential to migrate from the respiratory tract to circulation and on to the brain
(or translocate directly via the olfactory nerves), there is a need to develop quantitative assays to
determine the presence of nanoparticles in different human and animal tissues. To date, toxicokinetic
studies have usually relied on measurement of the primary matter, bound residues of metal catalysts or
radiolabelling rather than the MN as such (e.g. Ti for nano-TiOz or cobalt for Baytube CNTs; Chen, 2009;
Pauluhn, 2010). Taking into account the slow body clearance observed for some MNs (e.g. Chen, 2009;
Pauluhn, 2010, Gustafson et al., 2015), local accumulation may play an important role. ISO provides a
review of issues to consider for performing toxicokinetics studies with MNs (ISO/TR 22019, 2019).

2.5.3. Representative Test Species and Populations

122.  The selection of relevant test species for human health and environmental risk assessment
requires consideration. For MNs, not many studies have investigated strain or species-specific effects.
The strains and the species recommended in standard test guidelines may be a good place to start;
however, the sensitivity of these to assessing nano-specific toxicological effects is questioned. For
human health effects, most studies have used mice or rats. The rat is usually considered as the most
sensitive species for inflammatory changes in the lung in repeated dose inhalation toxicity testing of
MNs (Becker, 2011; Bevan et al., 2018). Other species may include guinea-pigs and hamsters. For the
environmental effects, two possible avenues exist — either to use the most sensitive species or the
species most frequently exposed to MNs (e.g. filter, suspension, or ‘conveyor-belt' feeders including
daphnids and earthworms) (Quik et al. 2020). The choice of species may also influence the number of
animals and dose groups that can be examined with reasonable effort as well as the number of
endpoints included and the level of confidence with which these can be assessed. How (qualitatively
and gquantitatively) respective findings from inhalation toxicity studies of MNs in animals should be
extrapolated to humans, is a question that is actively debated in the field.

123.  Adverse environmental effects of a substance can occur at an individual, species, sub-
population, community, or ecosystem level (e.g. reduced survival and reproductive impairments in
ecological risk assessment). Clarification of the scope of risk to target species or populations may help
in information gathering of the MNs life cycle and potential hazard. Information on persistence and
bioaccumulation will inform on the potential for transfer from aquatic species to mammalian wildlife (and
further to humans). However, predictive models in turn do not currently exist to describe how to quantify
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the transfer of MNs between species. Empirical trophic transfer experiments may be necessary to
measure food chain exposure to MNs. For uses with potential for residues in food (e.g. pesticides, feed
additives, veterinary medicines) the identification of the nature and amount of residues should cover not
only the chemical composition, but also determine if the residues are expected to be in ionic or molecular
form or as particles. EFSA provides some guidance for facilitating this assessment (EFSA, 2021a).

124.  Generation of epidemiological data as a basis for hazard identification and assessment requires
development and follow-up of MN worker cohorts and exposure registries. Practical experience
suggests that case reports need timely validation to corroborate exposure conditions and material
identity in order to be useful for risk assessment purposes.

2.5.4. Appropriateness of Test Methods

125.  For regulatory purposes, hazards are commonly identified based on standard acute and chronic
toxicity tests. Such standard requirements may need adaptation for MNs, as in the revised annexes of
the EU REACH Regulation32, to ensure that relevant data pertinent to MNs enabling robust risk
assessment is made available. Of importance, the annexes include the following provisions for
nanoforms:

e registering the nanoforms characteristics (e.g. size, shape, surface chemistry);

e requirements and consideration for appropriate sample preparation, route of exposure and
characterisation of test material, including the level of dispersion/agglomeration;

e consideration of appropriate metrics for reporting results and specific physico-chemical
properties to support safety assessments (e.g. dissolution rate, dispersion stability of
nanoforms)

e qualification of existing adaptation options for test methods and modification of information
requirements where the test method is not applicable/informative for nanoforms (e.g. OECD
TG 117 and TG 123 octanol-water partition coefficient tests (Kow), OECD TG 471 Bacterial
reverse mutation (Ames) test).

126. In 2017, the “Malta Initiative”3 (MI), led by Germany, triggered the development of a number of
OECD TGs and Guidance Documents for a number of endpoints relevant to MNs, including physico-
chemicals endpoints, as well as their environmental and human health toxicity. In some cases, OECD
Test Guidelines have been modified to account for MNs and in others further modification is still needed
(OECD, 2017, 2018a, 2018b; See Table 2.1). Specifically, the OECD has already updated test
guidelines for subacute and subchronic inhalation toxicity testing (TG 412 and TG 413) to include
considerations specific to MNs. In other cases, e.g. for genotoxicity assessment, the Ames test TG
(OECD TG 471) was not deemed a good indicator of genotoxicity for MNs (OECD, 2014c). An overview
of on-going work to adapt OECD test guidelines is given in Rasmussen et al. (2019). Using standard
toxicity test methods has the additional benefit that it can allow for comparisons between chemical and
MN hazard. Specific adaptations for conducting oral studies on MNs, including the integration of
toxicokinetics in the 90 days repeated dose oral study are provided in the EFSA guidance (EFSA,
2021a). In addition, a new TG on toxicokinetics to accommodate testing of nano-particles is under
development.

32 gee https://echa.europa.eu/guidance-documents/guidance-on-information-requirements-and-chemical-safety-
assessment

33 See https://www.nanosafetycluster.eu/international-cooperation/the-malta-initiative/ and
https://www.nanosafetycluster.eu/international-cooperation/the-malta-initiative/
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. Section of RA Publication Stage
Number TG Name (link) (media/details) (estimate)

TG 318 Test Guideline 318:_D|sper5|on Stability of Nanomaterials in Simulated Published 2017

Environmental Media ;
= . : . : Fate (Environmental

GD for the Testing of Dissolution and Dispersion Media)

GD 318 Stability of Nanomaterials and the Use of the Data for Further Published 2020
Environmental Testing and Assessment Strategies

TG 412 Test Guideline 412: 28 days (Subacute) Inhalation Toxicity Study Published 2018

Hazard (Human Health)

TG 413 Test Guideline 413: 90 days (Subchronic) Inhalation Toxicity Study Published 2018

Project 1.3 New TG on Determmaﬂon of the (Volume) Specific Surface Area of Expected in 2022
Manufactured Nanomaterials

Project 1.4 New Test Guideline on qutlcle Size and Size Distribution of Expected in 2022
Manufactured Nanomaterials

Proiect 1.5 GD on Determination of Solubility and Dissolution rate of NMs in Water Ongoin

J ' and Relevant Synthetic Biological Media Physico-chemical going
. GD on Identification and Quantification of the Surface Chemistry and Properties (NA) Ongoing — laboratory

Project 1.6 . < . )
Coatings on Nano- and Microscale Materials testing step

Project 1.7 New TG on Determination of Surface Hydrophobicity of Manufactured Expected in 2023
nanomaterials

Project 1.8 TG on Determination of the Dustiness of MNs Ongoing

WPMN Adaptation of OECD Test Guidelines 201, 202, and 203 for the Hazard (Environmental, Ongoin
Determination of Ecotoxicity of MNs Effects on Biotic Systems) going

34 Previously published GD can be found in the Series on the Safety of Manufactured Nanomaterials.
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Number

TG Name (link)

Section of RA
(media/details)

Publication Stage
(estimate)

GD 317

GD on Aquatic and Sediment Toxicological Testing
of Nanomaterials

Published 2020

Project 3.10

TG on Dissolution Rate of NMs in Aquatic Environment

Study Report on a test for removal in wastewater treatment plants of
gold manufactured nanomaterial

Project 3.12

GD on Assessing the Apparent Accumulation Potential for NMs

GD 342

GD to Support Implementation of TG 312 for NMs Safety Testing

Project 3.16

GD Environmental Abiotic Transformation of NMs

Project 3.17

TG on Hyalella azteca Bioconcentration Test (HYBIT)

Project 3.18

Anaerobic Transformation of Chemicals in Liquid Manure

Scoping Review for a Tiered Approach for Reliable Bioaccumulation

Fate and Behaviour
(Environmental)

Ongoing

Published 2021

Ongoing

Published 2021

Ongoing — planning and
determining methods step

Ongoing — laboratory
testing and analysis step

Ongoing — ad hoc expert
group formation step

WPMN Assessment of MNs in Environmental Organisms Minimising Use of Ongoing
Higher Tier Vertebrate Tests

. GD on the Adaptation of In Vitro Mammalian Cell Based Genotoxicity :
Project 4.95 TGs for Testing of MNs Ongoing
Project Applicability of Key Event Based TG 442D for In Vitro Sensitisation .
4133 Testing of NMs Hazard (Health Effects) Ongoing
Project R : : .
4.146 TG on Toxicokinetics to Accommodate Testing of nanopatrticles Ongoing
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2.5.5. Dose Descriptor

127.  With sufficient dose-response data available, benchmark dose (BMD) estimation is a standard
risk assessment method used to identify and more statistically rigorous point of departure compared to
a no or lowest observed adverse effect level (NOAEL or LOAEL respectively; Crump, 1984; Crump,
1995; EPA, 2005). BMD methods have been used in cancer and noncancer risk assessments, including
for pulmonary responses to inhaled nanoscale (ultrafine) particles (Kuempel et al., 2006; Dankovic et
al., 2007; NIOSH, 2011; NIOSH, 2013; Weldon et al., 2016; NIOSH, 2018). A benchmark dose lower
confidence limit (BMDLX) is defined as “a statistical lower confidence limit for the dose corresponding to
a specified small increase [of x %] in level of (adverse) health effect over the background level” (Crump,
1984). The BMDLXx can be used as an alternative to a NOAEL as a point of departure to extrapolate to
lower doses to estimate risk (EPA, 2005). Advantages of the BMD method are that it takes appropriate
statistical account of the sample size and of the shape of the dose-response relationship. In contrast,
NOAELSs tend to be larger in smaller experiments, and complete information about the dose-response
relationship is not used (NRC, 2009). BMDLXx estimates tend not to be dependent on the choice of the
dose-response model (since they are computed within the range of the data), whereas a NOAEL or
LOAEL approach assumes a threshold model regardless of the shape of the dose-response relationship.
BMD methods may provide a more accurate estimate of the true risk given the dose-response data, and
also allow (or require) an explicit discussion of acceptable or achievable risk levels for specific responses
given the known or estimated exposures. BMD methods may have advantages for risk managers and
regulators by providing estimates of significant risk associated with specific exposure scenarios, as well
as exposures associated with minimal, acceptable or achievable risk levels (NRC, 2009). Consequently,
this approach should be considered in jurisdictions where permitted. For example, using this approach
of estimating BMDs, in addition to NOAEL or LOAEL values as the critical effect level in animals, U.S.
NIOSH has published a Reference Exposure Limit (REL) of 1 ug/m3 for carbon nanotubes and
nanofibers (NIOSH, 2013), and also proposed a draft REL for nano-silver of 0.9 pg/m3 (NIOSH, 2018).
Thus, standard methods for dose-response modelling that are used in general risk assessment methods
are also applicable to the risk assessment of MNs.

2.5.6. In vitro/Alternative Approaches

128.  New approach methodologies (NAMs) are rapidly being developed as alternatives to animal
testing. “Both the EU and other OECD member states have understood the increasing need for
dedicated research focussed on assessing the potential environmental and health risks of commercial
MNs. As a result, significant amounts of funding have been allocated in Europe by national governments
as well as the Commission on an EU level, while the US have promoted EHS integration in its NNI
programme since its inception.” (Steinhduser et al., 2018).

129. In 2018, the United States (US) Interagency Coordinating Committee on the Validation of
Alternative Methods (ICCVAM) published "A Strategic Roadmap for Establishing New Approaches to
Evaluate the Safety of Chemicals and Medical Products in the United States." It describes a framework
for safety testing that will provide more human-relevant toxicology data while reducing the use of
animals.

130. In 2018, OECD (2018e) published a Guidance Document on Good In Vitro Method Practices
(GIVIMP) No. 286. However, it is important to determine how valid these alternatives are for safety
evaluation and for human health risk assessment.

131.  In order for their acceptance as animal replacements, the NAMs have to be able to provide an
equivalent level of protection to that derived from animal testing and their performance in terms of
sensitivity, specificity and predictive value, has to be evaluated, which is not currently met. Since in vitro
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assays are not sophisticated enough to assess the complex adverse outcomes manifested at a tissue
level, they are instead used to predict an adverse outcome by targeting the key biological events at
lower levels of biological organisation (e.g. molecular, cellular) responsible for the initiation and
manifestation of an adverse outcome.

132.  ltis acknowledged that one single in vitro test or measurement may not be enough to predict a
tissue or an organism level response and that multiple in vitro tests targeting multiple key events involved
in a disease process may be needed to achieve the required predictive efficiency. For this, a thorough
understanding of the in vivo biology perturbed and the underlying mechanisms leading to such
perturbations is necessary.

133.  As stated above, a large number of in vitro endpoints are routinely assessed to understand the
toxicity potential of a MN; however, their relevance to in vivo toxicity observed following exposure to the
same material is seldom defined (Halappanavar et al., 2021). There is a clear disconnect between what
is observed in vivo and what is assessed in vitro. At present, not all adverse outcomes induced by MNs
are known. So, before an in vitro method is considered for toxicity testing, its relevance, purpose or
usefulness to describing an in vivo toxicity endpoint has to be described. In other words, in vitro tests
have to be anchored to an observed effect in vivo before using them as in vivo test replacements.

134.  The other issue with current in vitro test methods is that a single in vitro toxicity end point is
assessed by several different assays and methods, which may be mainly based on the expertise of the
specific laboratory and resources and the accessibility to the assay protocols. For example, in vitro
cytotoxicity is assessed using a wide variety of cell types and assays targeting different mechanisms or
stages of cytotoxicity. Some assays measure membrane permeability as indicative of loss of cell viability
and others measured expression levels of enzymes such as caspases as markers of cell death.
However, the relevance of the positive disruption of the cellular survival pathways resulting in cell death
to what is observed in vivo for that material is not made clear in these studies. Also, the methodology
used for the same assay in a given cell type differs widely. Assay heterogeneity is observed for almost
all in vitro endpoints analysed, which can pose a serious impediment to establishing an in vitro method
(Halappanavar et al., 2020).

135.  From the literature review, it is likely that a number of in vitro methods to assess specific adverse
outcomes induced by MNs already exist; however, selection of the most appropriate and complete
assays that exhibit the best predictive efficiency is a prerequisite for their further development and
validation, which has been challenging.

136. Itis also important to define the MN domain of application, the MNs for which the in vitro assays
are applicable. For example, more than one type of cytotoxicity assay may be needed to cover the
different MN types; some MNs interfere with the components of certain colorimetric assays and thus,
one specific assay may not be applicable to all.

137.  As part of the EU FP7 Nano-Valid project, in a pan-European inter-laboratory study, Piret et al.
(2017) evaluated three different cell viability assays including MTT, ATP content and Caspase3/7 activity
with absorbance, luminescence and fluorescence readouts, respectively, for their suitability and
reliability for the assessment of nanosafety using three different cell types reflecting lung, liver and gut
organs. The study investigated nanoparticles of silver and copper oxide. The authors concluded that
MNs interfere with the assay readouts and therefore testing for MN interference should be routine for all
methods. MTT and ATP content assays showed little variability. In contrast, Caspase 3/7 activity showed
high inter-laboratory variability (Piret et al., 2017). Similarly, many other studies have investigated the
suitability of in vitro assays for application in nanosafety assessment with different goals of establishing
standard operating protocols, evaluation of suitability of cell types, variability in readouts, in vivo — in
vitro response correlations, determination of in vitro dose metrics, in vitro exposure protocols and others.
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138. A recent EU Horizon2020 project PATROLS aimed to develop advanced in vitro models for
predicting nanomaterial-induced adverse effects in lung, liver and the gut, and developed standard
operating protocols for the selected methods. Thus, a large database of in vitro studies with details on
specific in vitro assays already exists.

139. The articles compiled in the Nanolmpact special issue on Reliability of Methods and Data for
Regulatory Assessment of Nanomaterial Risks3® shows a set of available methods for endpoints. These
methods are either validated to be used for regulatory decisions, or at least have some degree of
demonstrated reliability and are therefore promising for near-term regulatory use (Steinhduser et al.,
2018), e.g.:

¢ Functional assays that are relevant for the characterisation of MNs (surface affinity, ROS
generation, dissolution rate, etc.), but also to predict their fate and effects;

e Assessment methods for nanomaterials' ecotoxicity and toxicity, including the aquatic and
sediment toxicity;

e Methods for mammalian hazard assessment by using in vitro assays (Drasler et al., 2017)
or by applying in silico approaches.

140. Progress has been made at the OECD where work is underway to investigate how certain
TGs/GDs may not be appropriate to test NMs compared to bulk material. Work is being developed to
see how alternate testing can be done so that whole organisms do not have to be used to test each
individual NM, which is not cost effective and does not keep in line with the 3Rs for animal testing
(Replacement, Reduction and Refinement).

141. ISO/TR 21624:2020 provides information regarding the systems available for exposure and
assessment of nano-objects and their aggregates and agglomerates (NOAA) for in vitro air exposure
studies. It provides an overview of the various exposure systems and in vitro cell systems used to
perform in vitro studies that simulate an inhalation toxicology study design.

142. However, unlike for chemicals, a reliable database of in vivo studies is not available for MNs.
The question then is how one should go about performing formal validation of an in vitro test method in
the absence of reference gold standard animal toxicity data. While the nanotoxicology community is
actively engaged in developing in vitro methods, it may be necessary for the community to come
together to agree upon the validation process for in vitro test methods lacking in vivo data.

2.5.7. Adverse Outcome Pathways

143.  Adverse Outcome Pathways (AOPs) are disease or toxicity road maps (see Figure 2.3). They
reveal the complex biology at play at different levels of biological organisation starting from molecular
and cellular levels to organism and population levels, and they enable visualisation of how these various
levels are interconnected. AOPs enable systematic and modular presentation of diverse historical and
new data including data derived from novel assays involving key events (KEs). This organization of
information helps identify knowledge gaps, data needs and guide future research priorities. AOPs
provide a means of anchoring mechanistic information to human and environmental health effects.

144. In the context of animal alternatives, AOPs help anchor in vitro tests and measurements to in
vivo outcomes. By providing the biological and mechanistic context, they aid in the selection and
development of the most relevant in vitro tests targeting KEs progressing to an adverse health or
environmental outcome. In this way, AOPs support the strategic design and development of evidence-

35 hitps://www.sciencedirect.com/journal/nanoimpact/special-issue/1I0MHRPK1HMK
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based testing tools and strategies, for the targeted generation of ‘fit for purpose’ data and their
interpretation.

Figure 2.3. Example of Generic AOP Pathway and Networks and their Connections

This figure presents a generalised AOP (Panel A) and an example of an AOP network showing shared MIEs or KEs
(Panel B), representing the complex mechanism and progression of toxicity processes. KEs are used to develop
targeted bioassays and endpoints, potentially predictive of the eventual adverse outcome. Single or multiple assays
can be developed for measuring individual KEs. As stated above, AOPs represent mechanistic biological processes
leading to an adverse outcome and therefore, are not substance specific (Villeneuve et al., 2014). However, future
development of AOPs that contain KEs relevant for MNs in support of MN risk assessment, are needed. This figure
is adopted from Halappanavar et al., 2019.
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145. By providing the mechanistic backbone, they support the novel approaches and strategies in
risk assessment including Integrated Approaches to Testing and Assessment (IATAs) and Intelligent
Testing Strategies (ITSs). Some principles of AOPs include:

e AOPs are chemical agnostic and multiple chemicals may initiate one AOP. They allow
grouping of substances or MNs by the adverse outcomes they induce.
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e AOPs are linear and depict one sequence of KEs. AOPs describe the relationship that an
individual KE shares with another KE upstream or downstream to it, enabling the derivation
of dose-response relationships and determinations of toxicity thresholds, which can then be
used to build predictive models.

e Multiple linear AOPs can be connected in a network, revealing complexity of the toxicity
process (Figure 2.3), which can help build quantitative and predictive models®®. A list of
AOPs that are endorsed by OECD or currently under development is available®’.

146. In the context of nanotoxicology, the role of AOPs in furthering risk assessment activities is
appreciated. The chemically agnostic paradigm of AOPs still needs to be confirmed for relevance to
MNSs. The physico-chemical properties of MNs may induce deviations in the known pathways, especially
in creating new molecular initiating events (MIES). A recent publication by Halappanavar et al. (2020)
listed a number of linear AOPs describing the mechanisms of adverse outcomes relevant for inhalation
toxicity of MNs. A network of linear AOPs highlighted shared MIEs and KEs across these AOPs.
Furthermore, how multiple KEs from an AOP can be used to inform a tiered testing strategy in support
of screening MNs for lung toxicity was shown. The role of AOPs in regulatory risk assessment continues
to be developed, with challenges due to the lack of quality data or limited mechanistic knowledge of all
adverse outcomes induced by MNs.

2.5.8. Historical Data

147.  Similar to existing chemicals, some MNs have been on the market for decades, including for
example the use of nanosilver for their antibacterial properties and their toxicity has been previously
tested, as reported in the scientific literature or provided to meet regulatory requirements (OECD, 2010).
It is generally agreed that the accumulated historic safety information should be taken advantage of, but
it remains to be determined how to integrate this data in current hazard assessments. As concluded at
the Risk Assessment of Manufactured Nanomaterials in a Regulatory Context Workshop, the
relationship is often not clear between current and older data sets on nanoscale materials as different
methods may have been used or measurements may have had different degrees of precision (OECD,
2010). Today’s techniques and equipment for determining nanoparticle properties (e.g. BET surface3,
zeta potential, Scanning Mobility Particle Sizing (SMPS), etc.) and dosage (e.g. Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS), particle counting) may not have been available or as sensitive
at the time, which could hamper identification of dose equivalence and whether the historical and recent
data were determined for the same material. Even if a certain historical MN is still on the market today
and so can be analysed with today’s techniques, one cannot be certain that the techniques to
manufacture the nanomaterial are still the same. Approaches to provide adequate scientific proof for
equivalence may be developed.

148. A similar uncertainty can be expected with regard to the historic equivalence of toxicity data
collected for such a material. When it is established (or can be reasonably assumed) that the tested
material is equivalent to the material under assessment, some validation will be needed to ascertain that
historically determined toxicity levels are similar to those that can be established with modern
techniques. This issue is not specific to MN, but it should be taken into account, that measurement
endpoints with particular relevance for MN toxicity (e.g. BAL parameters, parameters indicative for

36 hitps://www.oecd.org/chemicalsafety/testing/adverse-outcome-pathways-molecular-screening-and-
toxicogenomics.htm

37 https:/laopwiki.org/

B A technique to determine specific surface area using the physical adsorption of gas molecules on a solid surface,
first described by S. Brunauer, P. H. Emmett and E. Teller (BET) (J. Am. Chem. Soc., 1938, 60, 309-319).
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immunotoxic effects, or measurements of lung burden providing clarity on the retained dose3?) may have
been included at a different schedule than other enhancements. For the applicability of OECD TGs
reference is also made to the “Preliminary Review of OECD Test Guidelines for their Applicability to
Manufactured Nanomaterials” (OECD, 2009c¢) as well as to Rasmussen et al. (2019).

2.5.9. Extrapolation and Use of Uncertainty Factors

149.  The use of chronic data is generally recommended, however, maintaining stable concentrations
of MNs is a practical challenge leading to scarce chronic and multigenerational toxicity data (Quik et al.,
2020). If these data are not available, uncertainty factors (also called adjustment factors, assessment
factors etc.) can be used and reported in the risk assessment. Agency or jurisdiction-specific procedures
and practices may also be applicable to risk assessments of MNs. Generally, uncertainty factors can be
used to identify no effect levels by:

e extrapolating temporally (i.e. estimating chronic toxicity based on the results of acute toxicity
testing, acute to chronic toxicity value ratios (ACRS));

e accounting for intra- and interspecies extrapolation (e.g. animal to human dose
extrapolation); and

e accounting for laboratory to human or field conditions.

150. ACRs are often used for extrapolation from acute (single, high dose) effects to chronic
(repeated, lower dose) effects in environmental risk assessment. The same applies to subacute-to-
subchronic and subchronic-to-chronic extrapolation in human health risk assessment. A lack of
understanding of the acute and the chronic mechanism of action of specific MNs is a challenge for
determining ACRs and can lead to testing on a case-by-case basis (Quik et al., 2020).

151.  Use of uncertainty factors is widely accepted when data are scarce or poor in quality and has
been applied in scientific reviews of the health and environmental safety of different classes of
nanomaterials (EPA, 1993; Chapman et al., 1998; WHO, 2005; Blaser, 2008; ECHA, 2019d; ENRHES,
2010; Dankovic et al., 2015; ). A number of options are available to account for additional uncertainties
in risk assessment of nanomaterials, drawing from experience with conventional chemicals. One option
is to derive safe levels (e.g. derived no effect levels (DNELS), tolerable daily intakes (TDIs) or predicted
no effect concentrations (PNECS)) by applying a higher overall assessment factor (on a case-by-case
basis) depending on the information available (e.g. up to x1000 instead of x100).

152. Empirical studies have yet to examine the scientific basis for the use of uncertainty factors in
nanomaterial risk assessments. Considering the unique properties of certain classes of nhanomaterials
such as toxicokinetics (e.g. possible slow clearance), formation of protein coronas, etc., there is a need
for additional research on the use of these factors. Some of the standard adjustment factors used in risk
assessment to account for variability and uncertainty in the data are also considered to be relevant to
nanomaterials. In 2010, the OECD proposed that there is no current need for a separate additional
nano-specific uncertainty factor, as uncertainty factors are best employed for specific area of
uncertainty, rather than trying to compensate for a broad unknown (OECD, 2010; Canady, 2010). More
recently, the Canadian Risk Assessment Framework on Manufactured Nanomaterials has suggested
that there may be additional considerations when assessing NMs, such as uncertainties associated with
read-across of NMs (within different nanoforms or bulk to nanoscale). Qualitative approaches could also
be used until supporting empirical data becomes available for evidence-based adjustment factors for
specific classes of nanomaterials.

39 Included in revised OECD TG 412 and 413: Guideline for the Testing of Chemicals: Sub acute/chronic
Inhalation Toxicity: 28/90-Day Study, updated in 2018)
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153. Extrapolation can occur from one nanomaterial to another (nano-to-nano), from a bulk
substance to a nanomaterial, inter- or intraspecies, or time related. Each extrapolation requires strong
evidence and justification for nanomaterials and may be quantified by uncertainty factors. Between
substances, reliable chemical-specific data, accompanied by a good understanding of the biological
response to the material in the form of physico-chemical properties, toxicokinetics, and toxicodynamics,
are needed for read-across and to predict hazard. An initiative to advance grouping approaches for
nanomaterials is the H2020 EU funded project GRACIOUS#.

154.  For some materials (e.g. poorly soluble low toxicity particles), the surface area of the particles
has been related to the lung response, such that nanoparticles induced more inflammation than the
same mass of larger particles of the same chemical composition (Bermudez et al., 2002; Bermudez et
al., 2004; Elder et al., 2005). In these cases, hazard/risk grouping strategies may be considered for
particles with the same mode of action. For example, approaches to determine Chemical-Specific
Adjustment Factors have been suggested for CNTs (Nakanishi, 2009a; Pauluhn, 2010). Interspecies
extrapolation (e.g. rodents to humans) factors are typically established based on in-depth knowledge of
the mechanisms influencing dosing and toxicity of conventional chemicals. Further research into
potential differences between species in deposition (pattern), clearance (including capacity), and
sensitivity are needed for nanomaterials.

155. Standard intraspecies extrapolation assessment factors between 3 and 10 have been
established to account for inter-individual differences in workers and the general population (ECHA,
2012a; ECHA, 2012b; ECHA, 2019d; EPA, 1993). The Scientific Committee of the European Food
Safety Authority (EFSA) concluded that the scientific literature current as of 2011 and 2018 does not
indicate a need for different assessment/uncertainty factors for nanomaterials (EFSA, 2021a). A
challenge identified regarding intraspecies extrapolation is that expensive and time-consuming
vertebrate tests typically use inbred animals, for which non-animal alternatives are not identified.

156. Large assessment factors have implications for risk management. The use of large assessment
factors to derive limit values may prove to be over-precautionary, and such low PNECs or Maximum
Residue Levels (MRLs) may require the development and optimisation of highly challenging analytical
measurement methods with very low limits of detection (this is also an issue for some conventional
chemicals, where experience suggests that analytical challenges can pose significant feasibility
concerns).

2.5.10. Considerations for Manufactured and Transformed Nanoforms

157.  The interactions between nanomaterials and exposure factors are complex. Recommended
standard test protocols (e.g. a daphnid test with exposure to a single nanoform in standardised de-
ionised water) may have only limited relevance when compared with the natural environment. Abiotic
and biotic environmental factors can affect the structure, form, behaviour and fate of nhanomaterials.
Transformed nanomaterials can affect bioavailability and toxicity that may not be easily predictable from
standard tests for bulk substances. The relevance of abiotic and biotic factors is likely to vary with both
the method chosen (in vitro / in vivo) and exposure route (e.g. water, air). An example is the enhanced
uptake and retention of nanoparticles by Daphnia magna in the presence of secreted corona (Briffa et
al., 2018; Nasser and Lynch, 2016). Test conditions can be altered to provide a more realistic exposure
scenario. For example, filter feeders may need to be fed during the exposure to displace previously
ingested NMs providing a more realistic quantity of NMs retained.

158.  Poor or inadequate material physico-chemical characterisation has been a major barrier to
interpreting and comparing studies addressing the human or ecological toxicity of MNs. In response to

40 See www.h2020gracious.eu
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this, a number of international organisations have proposed indicative materials characterisation
parameters, which should be determined when toxicity tests are undertaken (OECD, 2012a; OECD,
2019b; ISO/TR 13014:2012; Stefaniak et al., 2013). REACH was amended to take into account the
characterisation of nanoforms for a number of physico-chemical parameters (European Commission,
2018).

2.6. Risk Assessment Strategies

2.6.1. Exposure Minimization

159.  Minimizing*! or eliminating potential exposure is one means of focusing the scope of a risk
assessment in cases where there is limited toxicological information. This approach is limited to
circumstances where exposure is controllable from the point of import or manufacture until end usage.
In particular, this approach focuses on an assessment of the use patterns of the nanomaterial, and the
likelihood of human or non-human species interaction. Examples of applicable circumstances may be
where the material:

e is manufactured and processed at facilities which are designed to avoid release to the
environment, and where exposure to workers is minimized or eliminated through the use of
engineering controls (first priority) and personal protective equipment (as needed where
exposures are not adequately controlled), recognizing that environmental monitoring is
needed to confirm release measures are effective.

e has a use pattern that is limited to products where the nanomaterial is embedded into a
matrix minimizing or eliminating exposure to consumers as well as to the environment, after
considering possible release if material is modified (e.g. weathering or aging processes or
by grinding or sawing the composite material).

160. Minimizing or eliminating exposure may need to be assured using risk management measures.
Risk management practices are traditionally employed in many fields of regulation only when a critical
mass of evidence supports the necessity of such action. However, given the limited state-of-science,
jurisdictions may consider employing risk management actions in the absence of a standard weight-of-
evidence approach — essentially basing risk management on the understanding that the specific
nanomaterial may exhibit enhanced or unique properties, which may lead to unexpected effects. As
more data become available, the scope of the risk assessment could be extended to evaluate potential
risk under other conditions of use.

2.6.2. Lack of Bioavailability or Toxicity

161. Another strategy for addressing risk involves developing weight-of-evidence addressing
bioavailability. For example, characterisation data may show substantive and unequivocal evidence that
nanomaterials will rapidly and irreversibly form large aggregates that are not easily internalised by the
cells. Then for aerosols, the size of the aggregates should be evaluated to determine if they are
inhalable. In addition, stability of MN suspension must be verified. If a MN rapidly and completely
dissolves, it may be investigated as a non-nano substance. This characterisation information in
combination with biological effects data showing no evidence of toxicity for the aggregated MN, may

41 The term minimize will need to be considered in the context of individual assessment/regulatory programs. The
spirit of this term suggests that any exposure or release is minimal in the context of a particular assessment.
However, caution is needed in evaluating the definitions of exposure and release, which may not be acceptable
for nanomaterials that are more bioactive on a mass basis than non-nano materials.
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lead to a conclusion that the material will not cause biological effects at those doses. These data can
be used to identify NOAELs and develop exposure limits for those materials.

162. Alternatively, circumstances may exist where an exposure assessment based on
comprehensively derived exposure scenarios is not possible or practical but where there is considerable
weight-of-evidence showing a lack of toxicity, including in chronic toxicity testing which is supported with
ADME evidence indicating no concerns regarding biopersistence and bioaccumulation. This may
indicate that the material would not pose a risk under reasonably anticipated exposure scenarios, if
those exposures are considerably lower than the exposure concentration at which no toxicity is observed
(after application of appropriate uncertainty factors). Furthermore, the lack of toxicity can be identified
by an absence of effects at the appropriate "limit" doses as described in the relevant OECD TGs. For
example, in OECD TG 407 (oral repeat dose test), the limit test is described as follows:

163.  “If a test at one dose level of at least 1000 mg/kg body weight/day or, for dietary or drinking
water administration, an equivalent percentage in the diet, or drinking water (based upon body weight
determinations), using the procedures described for this study, produces no observable toxic effects
and if toxicity would not be expected based upon data from structurally related compounds, then a full
study using three dose levels may not be considered necessary. The limit test applies except when
human exposure indicates the need for a higher dose level to be used."

2.6.3. Quantifying Risk

164. Some applications of MNs have an inherently dispersive use (e.g. paints, fertilizers, wastewater
treatment) where release/exposure is difficult to be determined. Risk characterization might be
gualitative and quantitative for various uses. Where such dispersive materials have a potential for
biological effects, then quantification of risk would be appropriate.

165. As discussed above, risk quantification may require the use of uncertainty factors. Currently
there is policy support for use of existing default uncertainty factors for risk assessments of MNs (EFSA,
2021a), although, there is a lack of empirical evidence supporting the application of these standard
uncertainty factors to MNs. Consequently, the use of standard uncertainty factors should be explained
given the data available. Alternatively, a comparison of a valid no-effect-concentration or a specified
effect value (adjusted to human-equivalent effect level as appropriate) with the exposure concentration
(i.e. determination of a margin of exposure) can provide a point of comparison where there is a high
degree of uncertainty in the appropriate adjustment factors.

2.6.4. lterative Risk Assessments

166. One approach addressing limited data is “adaptive management”, based on a plan-do-check-
act (PDCA) cycle (Nakanishi 2009b). In this approach, the substance is produced and used under a
certain set of conditions based on a preliminary assessment, while additional data are collected to
periodically evaluate the initial assessment and to modify the conditions as needed. There is broad
recognition of the use of tiered risk assessment frameworks to inform risk management and identify
necessary research (FAO WHO, 2009). Incorporating product life cycle considerations into these
frameworks prioritizes risk assessment needs for occupational, consumer and environmental receptors
(Royal Society, 2004; Shatkin, 2008; Davis, 2007; NNI, 2011). This approach could be compatible with
a precautionary approach if the initial set of conditions and level of caution based on the preliminary
data is related to the degree of uncertainty. That is, extra precaution could be taken when there is
uncertainty in quantification of hazard or exposure (Schulte and Salamanca-Buentello, 2007).
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§ Research and Risk Assessment

167. Manufactured nanomaterials are becoming ubiquitous in consumer products and as a
consequence, in the environment. There are different types of nanomaterials synthesised for different
applications that vary in size and physico-chemical properties. At the start of the nanotechnology
development, a single type of nanomaterial was incorporated in consumer products such as paints,
textiles, food packaging, skin care products, etc., which are now referred to as first generation
nanotechnology enabled products. In the last two decades more sophisticated applications have been
found for nanomaterials, where more than one type of nanomaterials of different properties are
combined to manufacture more complex nanomaterials and incorporated into nanostructures and
nanosystems. The latter are sometimes categorised into second, third and fourth generation products.
Some examples include, smart fertilisers, synthetic organs, self-assembling materials, gene therapy
devices and others. However, human/environment population exposure and toxicity are not entirely
characterised.

168.  Toxicologically, it is well acknowledged that their small size and larger surface area renders an
advantage over bulk materials of similar chemical composition with respect to evading biological
surveillance, deeper infiltration of tissues, translocation across barriers and reactivity with surrounding
medium. Although new adverse outcomes unique to nanomaterials are not identified so far, they do
induce effects in tissues and organisms that are not routinely captured under the current regulatory
system. For example, tissue inflammation and tissue fibrosis are frequently reported after exposure of
animals to different types of nanomaterials, which are not routinely targeted in regulatory decision-
making. Moreover, apart from size, how unique physico-chemical properties of nanomaterials affect
individual exposure outcomes in experimental models is not completely revealed. Even though
significant progress has been made in the context of generating toxicological data for human and
environmental health risk assessment, the ‘gold standard’ data used in risk assessments, including
ADME and dose-response data are not available for nanomaterials. Because of their versatility, sheer
number and the current toxicology testing system that is long and animal laborious, it may not even be
possible to generate such data for all of the different types of nanomaterials that are presently in use.
As a result, to date, effective risk assessment of nanomaterials has not been conducted.

169. Development of risk assessment and risk management decisions in the absence of complete
and comprehensive datasets or in-depth scientific understanding of underlying toxicity mechanisms is
not a scenario unique to nanomaterials. However, the issue at hand requires switching from traditional
animal-based bioassays to novel toxicology paradigms involving non-animal approaches for
investigating exposure, hazard identification and risk assessment. Moving forward, effective cooperation
between risk assessors and researchers is necessary to progress nanomaterials risk assessment.
Chapter 3 addresses critical research needs that are required to improve risk assessment and to reduce
the uncertainty for effective occupational, public health, and environmental risk management of
nanomaterials. Specific research needs pertinent to physico-chemical properties characterisation and
reporting, exposure assessment, dose metrics, predictive computational models; toxicokinetics, animal
alternatives, novel approach methodologies, nanoinformatics needs, non-standard data, ecological
effects and other topics are presented below. This Chapter is not intended to be exhaustive and does
not cover all areas of research conducted in the field of nanotoxicology. This is a living Chapter and is
expected to change as the identified needs are met and new ones arise.
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3.1. Physico-chemical properties characterisation and reporting (For
details, refer to Sections 2.2.1, 2.2.2, 2.3, 2.5.4, and 2.5.10)

In the context of nanomaterials, their potential to induce harm is determined by their physico-chemical
parameters such as, size, shape, chemical structure, surface properties including charge and their
ability to interact with the surrounding milieu (biological or environmental). In addition, route, level and
duration of exposure play an important role in determining the effects. Although research conducted
so far has identified some characteristics of nanomaterials that can be used to group them based on
their structural or chemical properties, a clear understanding of how any modification to the original
material may induce changes in its biological or toxicological behaviour has not fully been considered
in the interpretation of results. Such changes include changes in post-exposure fate and
toxicokinetics. This is due to lack of detailed physico-chemical data on the nanomaterials tested and
inconsistency in reporting standards. As a result, there is a critical need for research to identify the
necessary measurands to assess in a context-specific manner and need for establishing harmonised
reporting standards.

Research needs

e The development of a repository of reference nanomaterials reflective of real-life applications,
for investigation in toxicological studies. Consideration of next generation nanomaterials or
advanced materials for inclusion in this repository as their uses in products is steadily
increasing. Current repositories of JRC and Fraunhofer consist of a wide variety of
nanomaterials that are accessible by all researchers. However, these may not be reflective
of nanomaterials in the environment.

o |dentification of ‘fit for purpose’ physico-chemical properties, generation of thorough and
complete data on physico-chemical properties of nanomaterials prior to exposure, during the
exposure in the relevant medium of exposure and post-exposure in the biological or
environmental matrices. For example, characterisation of aerosol, degree of agglomeration
in the associated medium, etc. Where necessary, this should also include characterisation of
temporal stability of materials through storage, handling, preparation, etc.

¢ Identification of the most relevant (specific to nanomaterials and/or exposure conditions, type
of endpoints), and reliable techniques for characterisation. The choice of techniqgue may
depend on how widely a method has been used for characterising nanomaterials, for which
a large literature base exists and/or analytical techniques that have well developed protocols,
are validated in interlaboratory studies and applicable to a broad variety of nanomaterials
classes.

o Development of standardised protocols for characterization techniques and harmonised
standards for reporting physico-chemical data (e.g. templates for recording similar level of
details and type of information). Where possible, inclusion of strategies to compare results
from different techniques measuring the same measurand.

3.2. Nanomaterial exposure assessment —workers, consumers,
environment (For details, refer to Sections 2.4 and 2.6.1)

In general, exposure assessments in realistic conditions are lacking; exposure of workers at the
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production facilities during different stages of the materials life cycle, population exposure via releases
to the environment from industrial facilities, and data on nanomaterials present in nano-enabled
products as well as on their potential exposure.

Owing to lack of labelling requirements, it has been challenging to identify products containing
nanomaterials. High throughput techniques that allow screening of multitude of products for
nanomaterials’ presence are lacking as well. In addition, data on concentrations in and releases from
consumer products into environment and transportation, translocation and persistence of
nanomaterials in the environmental media, is lacking.

Therefore, understanding how nanomaterials’ physico-chemical properties (e.g. morphology,
heteroagglomeration, surface chemistry, size, etc.) impact their transformation, translocation and
clearance during its journey through different environmental and biological media, and how this
compares to non-nanomaterials, is an important area requiring immediate attention.

Moreover, the detection limit of currently available conventional methods to measure particles in the
environment and workplace is limited. Thus, development of more sensitive and reliable
methodologies to measure and characterize nanoparticles with lower detection limits is required. In
addition, decision on logic models for exposure assessment based on particle morphology needs to
be developed; and new or improvement of existing simulation approaches is also needed.

Research needs

e For humans, the occupational setting is the most likely situation in which (low-dose) chronic
exposure to nanomaterials occurs, usually through inhalation. To date, no occupational
nanomaterial-related diseases has been reported, however reliable exposure biomarkers still
have to be identified, and also robust methodologies to characterise exposure have to be
implemented.

o Development of tools and models to estimate, predict and quantify release or emission of
nanoparticles to the environment and, human (workers and consumers) and environmental
exposure during the normal use of products and across the life cycle of products, is an urgent
need to comply with regulatory requirements. While generalisation in methodologies is
preferred, for now, for nanomaterials a case-by-case approach is envisioned.

e Generation of data for model validation which will support environmental exposure
assessments; development of trends in behaviour of nanomaterials including: i) comparing
how specific properties of hanomaterials relate to biological effects; and ii) how different
media affect these properties.

e Studies characterising and quantifying free versus matrix-bound nanomaterials are needed.
These studies should detail the experimental conditions that lead to release of nanomaterials
and the characteristics of the matrix.

Example: better understanding of nanomaterials release from food packaging and
understanding of mechanisms of migration to inform product and process design.

o Development or optimisation of techniques for rapid screening of products on the market that
may contain nanomaterials is needed. An inventory of products that potentially contain
nanomaterials will help guide the research priorities.

e |tis assumed that substantive human exposures to nanomaterials is in its early stages. It is,
therefore, important to identify the likelihood of population exposure to evaluate and validate
initial risk estimates, e.g. confirm that estimated no-effect scenarios indeed do not lead to
adverse impacts. This requires advancing epidemiological approaches and developing
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biomonitoring techniques.

e Although not necessary for risk assessment, development of tools and techniques to
characterise bio-corona and understanding the ways that secreted biomolecules or
NOM may alter the stability, identity and toxicity of nanomaterials towards organisms.
A question could be whether a bio- or eco-corona increases or decreases toxicity of
nanomaterials towards organisms, e.g. by impacting passive uptake, active uptake
by consumption, cell-mediated endocytosis, etc.

3.3. Toxicity assessment, Dose metrics and dosimetry (For details, refer to
Section 2.2.4)

Mass is the universal metric used for describing chemical exposure. For nanomaterials, this can be
tricky, and mass may not be sufficient to describe the dose for different nanomaterials of the same
chemical composition. Other metrics have been suggested, which include particle number or surface
area. However, sensitive analytical methods are not available to effectively measure the particle
number, and surface area may not be applicable to all nanomaterials. Thus, as stated in the previous
chapter, the metric used may be subjected to the type of experiment or nanomaterial used and, in
some cases, a combination of different metrics may be necessary. For example, mass may be the
correct unit of measurement for soluble metal oxides, while particle number may be relevant for high
aspect ratio fibres. Moreover, understanding of delivered versus biologically active dose is also critical
for risk assessments. Effective methods/techniques to measure these are not available at present.

Research needs

e Comparison of different dose metrics (e.g. mass, particle number, surface area). This is
particularly important where exposure metrics differ from those used in hazard assessment.

e The required analytical methods for effective measurement of biologically active dose are still
under development. Research in this area is needed as differentiating between the delivered,
tissue retained and biologically active dose is important.

3.4. Toxicity assessment, Toxicokinetics — study design (For details, refer
to Sections 2.5 and especially 2.5.1, 2.5.2, and also 2.6.2)

The preliminary results from the nanotoxicology research conducted so far suggest that ADME of
nanomaterials differs from that of chemical substances. ADME of chemical substances is governed
by diffusion, active transport, metabolism by enzymes and excretion. In contrast, the ADME of
nanomaterials is dependent on their interaction with cells and internalisation, surface
adsorption/opsonisation or binding to biomolecules and size-associated properties. An OECD
workshop on toxicokinetics suggested that OECD TG 417 for chemicals may be applied to
nanoparticles, but provides several specific recommendations for consideration. A new TG is under
development to specifically address minimum requirements of the study design, which will be based
on the expected presence or retention of nanomaterials in the different target tissues and the ability
to detect the nanomaterials, or in case of labelled nanomaterials, detection of the radiolabel,
fluorescent functional group or chemical components of the nanomaterials in tissues.

Many factors, such as dissolution kinetics of the particles and sensitivity of the techniques used for
the detection, will influence the interpretation of results.

In a recent review, Oberdorster and Kuhlbusch further elaborate on specific biokinetics study design
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requirements for nanomaterials that should be included in the specified new TG as well as in TGs
412 and 413. Key considerations for the study design will include dosing regimen, duration of the
recovery period and critical samples for the analysis. In addition, the study design will include
minimum material characterisation requirements, which may be tailored to different nanomaterials
and their properties.

Research needs

e Understanding the properties of nanomaterials, including particle kinetics in biological
systems (i.e. absorption, distribution, metabolism, and excretion — ADME), which influence
the internal dose, biopersistence and bioaccumulation. This will assist risk assessors in
interpreting results from toxicology studies and can be used to inform predictive toxicokinetic
modelling.

e Quantitative analysis of nanomaterials post-exposure in different biological compartments
including tissue, organs, and excretes to determine the distribution, fate and clearance of
nanomaterials.

o Clarification on the dependence of persistency and tissue concentration in time on the
dissolution rate in physiological media.

o Clarification of the impact of administration mode (inhalation vs. intratracheal, diet vs. gavage)
on toxicokinetics.

¢ Clarification of the impact of dispersion and characteristics of MNs within the administration
matrix on the toxicokinetics of MNs.

3.5. Ecological Effect Research Needs (For details, refer to Sections 2.5
and especially 2.5.3 and 2.5.9)

For environmental risk assessment lack of knowledge on the behaviour and fate processes (including
transformations) of nanomaterials in the environment induce the main uncertainties. This lack of
knowledge extends to all levels, including fate and behaviour towards and in the different
environmental compartments, fate and behaviour in test systems, and in environmental organisms.
For specific effect assessments this should be taken into account, including the choice of test species.

Research needs

o |dentification of representative species for use in species sensitivity distributions for different
compartments, including lower trophic species (e.g. mycorrhizal fungi) which are potentially
different from the current fish, daphnia, algae paradigm. The purpose of this research is to
determine which species are the optimal representative test species for use in quantifying
risk. In identifying the representative test species, exposure frequency (related to
environmental compartment and organism’s behaviour), and any differences in sensitivity in
different life stages should be considered as well.

o Development of methods for predicting bioaccumulation and the potential for food chain
transfer to occur. Identify mechanisms of bioaccumulation within a whole organism and
working towards quantifying relevant ADME processes.

e Generation of data to support validation of extrapolations and uncertainty factors for
regulatory decision-making, potentially including acute-to-chronic ecological toxicity or
chronic toxicity data considering trophic levels and environmental habitat zones.
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3.6. Predictive computational models - Validated models for predicting
properties of nanomaterials responsible for harm and for prediction of
adverse effects (For details, refer to Sections 2.4.5, 2.5.6, and 2.5.7)

At present, generation of nanomaterial structure and activity models, development of databases to
facilitate modelling, QSAR and computational approaches that enable categorization and grouping of
materials for prioritisation for toxicity testing or for decision-making, is not fully achieved. This is mainly
due to the lack of a minimum number of physico-chemical and toxicological datasets representing
several nanomaterial variants. One example where progress is made, is the National Toxicology
Program’s Integrated Chemical Environment (ICE). These tools will facilitate the prediction of toxicity
and provide weight-of-evidence to validate other empirical data being generated.

Research Needs

e Further standardisation of methodologies and protocols for toxicity testing, which will further
improve generation of high-quality data.

¢ Alarge database with high-quality data for a wide variety of materials with diverse properties.
Design of individual in vivo or in vitro studies involving a number of materials varying in one
or two physico-chemical properties to understand how biological or toxicological behaviour of
nanomaterial is influenced by their properties. Detailed measurement and consistent
reporting of various physico-chemical properties is very critical for such studies, which is
linked to research needs described above.

e Studies involving life cycle analysis of nhanomaterials. Life cycle analysis in this context refers
to the journey of nanomaterials from the stage of their preparation for exposure to the stage
of excretion from the organisms in in vivo experiments or subcellular localisation in in vitro
cellular models.

e One crucial knowledge gap for (Q)SARs is the lack of computational methodologies for the
calculation of nano-specific descriptors. For example, due to the size and structural
complexity of nanomaterials and the presence of heavy atoms, it is currently difficult to obtain
a realistic description of a nanomaterial surface structure that is supposed to play a role in
toxicity and fate mechanisms (Burello 2018). Given that determination of surface
characterisation for umpteen number of nanomaterials is not feasible in the short term,
prioritisation of nanomaterials for inclusion in such studies is needed. Prioritised
nanomaterials could be those that pose the highest risk or have highest economic benefit.

o Collection and organisation of the available nano-QSAR tools under common analysis
platforms (Afantitis 2020), which enables benchmarking and validation of available models.
This is crucial for their adoption for risk assessment purposes.

o Development of strategies and models that allow inclusion of non-standard data (e.g. high-
content omics data) and integration of heterogeneous types of data (combination of standard
and non-standard data from different sources) in predictive modelling.

3.7. Animal alternatives, novel approach methodologies (For details, refer
to Sections 2.1, 2.5.6, and 2.5.7)

The investment and time required to test the number of nanomaterials that require assessment
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necessitates consideration of non-testing or tiered testing approaches involving in vitro, in silico and
in chemico approaches. Unlike for chemicals, a reliable database of in vivo studies is not available
for nanomaterials. The question then is how to perform formal validation of a test method or an
approach in the absence of gold standard animal toxicity data. Risk assessors are encouraged to stay
informed of on-going developments in this field, in particular the increasing number of validated non-
animal methods, e.g. the European Union Reference Laboratory for alternatives to animal testing
(EURL-ECVAM), the Interagency Coordinating Committee on the Validation of Alternative Methods
(ICCVAM), or the latest OECD Test Guidelines for the latest updates.

Approaches such as Intelligent Testing Strategies (ITSs) are proposed and are expected to promote
efficient assessment of nanomaterials without the need for testing each size or variant individually.
A research need is to implement ITSs in case studies to a set of representative nanomaterials and
demonstrate its effectiveness in decision making. Similarly, Integrated Approaches for Testing and
Assessment (IATAs) form another approach that integrates and weights information from multiple
and all available sources (properties, in silico models, in vivo and in vitro data, epidemiology data
and other sources) to derive conclusions on the hazard of substances. Significant work is underway
for use of IATAs in informing grouping of nanomaterials. However, more case studies are needed to
evaluate IATAs in regulatory decision making for nanomaterials.

For these approaches to be successful, the foundation has to be mechanisms based. Integration of
AOP thinking in research at the stage of problem formulation is critical as it will enable grounding of
the scientific issue being investigated and provide an experimentally supported decision backbone.
Construction of AOPs identifying the KEs at the molecular, cellular and tissue level organisation that
are predictive of effects in vivo at the organism and population levels is important. These AOPs will
help identify lower-tier in vitro tests that can be used to predict higher-tier in vivo results, eliminating
the need to use organisms/animals during testing. Anchoring endpoints, assays or tests to KEs will
allow evaluation of test relevance to assessing in vivo effects of nanomaterials.

Research needs

¢ Identifying nanomaterial-specific and nanomaterial relevant toxicological endpoints, or nano-
specific considerations for the toxicological endpoints employed to assess chemicals. This
line of research will ensure that risk assessors are identifying all appropriate biological
responses that may lead to adverse outcomes (OECD, 2019a; OECD, 2019b). While there is
consensus in the field that nanomaterial-specific adverse outcomes may not exist, the
underlying mechanisms of toxicity induced by nanomaterials may be different from those
known for chemicals. Moreover, as stated earlier, some toxicity endpoints are not routinely
investigated for chemicals.

¢ Development and implementation of AOPs in nanomaterial safety screening

e A standardised template for recording and communicating data that uses consistent
terminology should be developed. Data interpretation standards must be developed. Although
in vitro assays have been routinely used for testing chemicals and nanomaterials alike, they
were mainly employed for the purposes of identifying toxicity mechanisms. However, for the
data to be relevant in regulatory decision making, the test and the results have to be anchored
to a regulatory endpoint, which is traditionally a disease or an adverse outcome. Thus, all in
vitro experimental designs must be prepared to answer questions such as,

» What do the selected endpoints assess? Are the in vitro endpoints anchored to a Key
Event or multiple Key events in an AOP?
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= What is the endpoint predicting in the context of a response at the organism level or
toxicity of interest?

= What are the most appropriate assays available to measure the endpoint?
* How is the new assay comparable to an old assay?

= Are harmonised protocols and readily available? What are the limitations of the approach
and methodology?

» How do exposure (duration and quantity), selection of test systems and models impact
the mechanism depicted in an AOP?

= Does reporting of in vitro study results address questions such as, why is the in vitro study
being conducted and what is the scientific problem being investigated?

= Who are end users? Who should be involved/ Are the right experts identified?

e The future research should focus on further evaluating the assays for their predictive
performance (sensitivity, reproducibility and reliability) and establish data interpretation
strategies for each of the assays/endpoints developed. A base dataset using representative
nanomaterials must be generated for each of the methods to assess the reproducibility and
reliability of each of the assays developed. The results can be verified against a benchmark
in vivo dataset (where available), or by conducting limited in vivo experiments for a targeted
set of nanomaterials that were positive hits in the in vitro testing.

e Strategies and guidance need to be developed for formal validation of a test method in the
absence of gold standard animal toxicity data.

3.8. Nanoinformatics (For details, please refer to Sections 2.2.3, and 2.5.8)

With the urge to reduce or replace animal tests with mechanisms-based lower-tier animal alternatives
or computational methods, more and more studies are generating data that is non-standard such as
high content (omics), high throughput, use of organoids, etc. However, interpretation of such data for
regulatory uptake has been challenging. It is important to note that these types of data will become
more and more common.

Research needs

e Standard operating protocols (SOPs), and data reporting and data analysis, quality control
including suitable standards or benchmarks, and analysis algorithms have to be developed,
established, standardised and/or harmonised. The regulatory acceptance criteria have to be
developed and areas of regulatory applications have to be identified. Appropriate training
courses to analyse these novel non-standard data in a consistent manner must be
established.

e Appropriate data management strategies are a fundamental requirement for efficient nano-
bioinformatics. For example, databases for storing omics data in standardised formats are
available and provide access to nanomaterials associated omics data. However, metadata
and associated toxicological and physico-chemical data requires nanomaterial specific
databases capable of linking to the external omics databases. In addition, sustainable plans
to store and share data widely for the common good (i.e. FAIR data), have to be
established.
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e Consistent ontology and reporting standards: Many different types of instruments, methods,
and protocols are employed to generate data and inconsistent terminology is used to
interpret and describe results. This poses challenges in integrating data from diverse
sources and studies towards deriving a unified interpretation. This has also resulted in
inconsistent ontology, which makes cross comparison of study results and methods
challenging. There is a need for standardised data collection and reporting templates in
hazard assessment.
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Annexes

Annex 1. Case Studies on Risk Assessment of Manufactured
Nanomaterials: Carbon Nanotubes

170.  This section presents risk assessment case studies on CNTSs, including a review of available
data, knowledge gaps, and risk assessment results.

171. This section aims to provide further context on issues in hazard, exposure and risk
assessments and monitoring in real-life settings by presenting risk assessment case studies. It currently
presents risk assessment case studies on CNTs that were originally published as part of the first version
of this document on “Important Issues on Risk Assessment of Manufactured Nanomaterials®
[ENV/IM/MONO(2012)9]. In the future new risk assessment case studies may be added to this Annex.

Risk Assessment for Carbon Nanotubes.

172.  Carbon nanotubes (CNTs) are an example of manufactured nanomaterials that have been the
subject of several recent risk assessments (e.g. Aschberger et al, 2010; Amenta & Aschberger, 2014,
Fatkhutdinova et al, 2015). CNTs can have wide variations in structure, size, shape and chemistry
(including impurities) affecting their hazard properties, exposure potential and ultimately risk. To
facilitate risk assessment of carbon nanotubes through modelling approaches, research is needed to
correlate such variations with hazard and exposure potential. For practical purposes, it would be useful
to determine the minimum differences that would make the properties of two CNT materials or samples
of the same material distinct (i.e. variations from batch-to-batch, process-to-process, plant-to-plant,
etc.). The OECD workshop on inhalation toxicity testing (OECD, 2012a) included presentations on acute
and subchronic inhalation studies to form the basis for assessing risk. The issue of dose metric was
raised at the workshop, where data were presented showing dose-response relationships with CNT
particle mass or specific density (Pauluhn, 2010b). Other studies suggest that particle surface area or
fibre number may be more relevant to the biological effect (OECD, 2010). Until this issue is resolved, it
is often recommended to extend the characterisation of CNT material in hazard and exposure studies
in a way that allows for conversions between different metrics if necessary.

Occupational Exposure Limit for specific CNTs

173.  An approach to derive an OEL was published for a specific multi-walled CNT (produced by
Bayer and marketed under the trade name Baytubes) (Pauluhn, 2010). This type of CNT had been
examined in single and repeated (subchronic) rat inhalation studies, also addressing kinetic endpoints,
the time course of pulmonary inflammation in response to treatment, as well as reversibility of effects
during a 3- and 6-month post-exposure period (Pauluhn, 2010b). On this basis, a mechanistic
(conceptual) model was developed that formed the basis for interspecies extrapolation. When
accounting for differences in alveolar deposition, ventilation parameters and particle clearance, the
authors derived an overall extrapolation factor of 2 and a value of 0.05 mg/m? was considered to be
reasonably protective as an OEL. Uncertainty factors, for example to account for intraspecies variability,
however, were not applied.
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Estimation of a “no effect” concentration for a multi-walled CNT

174.  Another risk assessment on a multi-walled CNT produced by Nanocyl for BASF was also based
on a 90-day inhalation study in rats (following OECD 413 guidelines) (Ma-Hock et al., 2009; Nanocyl,
2009). Starting from a LOAEL of 0.1 mg/m3, an assessment factor of 40 was applied, resulting in an
estimated “no effect” concentration in air of 0.0025 mg/m? for 8-hr/day exposure (Nanocyl, 2009,
Lecloux and Luizi, 2009).

Derivation of a Reference Exposure Limit for CNTs

175. NIOSH in the U.S. published a Current Intelligence Bulletin (CIB) on Occupational Exposure to
Carbon Nanotubes and Nanofibers which included a risk assessment and a Reference Exposure Limit
(REL) of 1 pg/m3 (8-hr time-weighted average (TWA) concentration) for CNTs and CNFs (NIOSH,
2013). The quantitative risk assessment included estimation of benchmark doses using dose-response
data from the two subchronic inhalation studies of two types of MWCNTs (Ma-Hock et al., 2009;
Pauluhn, 2010b), as well as dose-response data from several studies of SWCNTs and other MWCNTSs
in rats or mice by intratracheal instillation or pharyngeal aspiration. Response endpoints included
pulmonary granulomatous inflammation and fibrosis.

176. Risk estimates were derived by assuming either no clearance of the estimated deposited lung
dose of CNT or normal clearance based on spherical particle overload models, which was considered
to bound the uncertainty associated with CNT lung dose estimation. There was considerable variability
in the risk estimates, although all estimates were associated with low airborne mass concentrations
relative to other poorly soluble particles. The variability was due, in part, to the differences across
studies including the type of CNT, rodent model, route of exposure, duration, and response endpoint.
The data were insufficient to discern a role of the physico-chemical properties of the various CNT types
and the lung responses. The NIOSH REL of 1 pug/m3 (8-hr TWA concentration) was set at the limit of
guantification (LOQ) of the analytical method to measure the airborne CNT in the workplace (NIOSH
method 5040 for elemental carbon) (NIOSH, 2013). The risk estimates indicate a greater than 10%
excess risk of early-stage lung effects if exposed at the LOQ over a working lifetime.

177. Based on a study in mice showing similar pulmonary response to carbon nanofibres (CNF),
and workplace exposure data showing mixed exposures to CNF and CNT, NIOSH included CNF in the
REL for CNT and CNF. NIOSH described areas of uncertainty in the risk assessment and research
needs. Among these, the need for data on potential chronic effects, including cancer, was noted.

IARC classification of MWCNT-7

178. Since that time, the International Agency for Research on Cancer (IARC) published an
evaluation of cancer hazard based on data published through October 2014. Based on that evidence,
one type of MWCNT MWCNT-7) was classified as possibly carcinogenic to humans (IARC Group 2B).
Most types of CNTs were considered to be not classifiable as to their carcinogenicity to humans (IARC
Group 3) (IARC, 2017), i.e. there is insufficient evidence to permit a conclusion on carcinogenicity*2.
Later, a 2-year inhalation study was published that showed an increased incidence of lung cancer in
rats following exposure to MWCNT-7 (Kasai et al., 2016).

42 It should be noted that ‘not classifiable’ is related to a lack of data and should not be interpreted as ‘not carcinogenic’.
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a)
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d)

180.
development of tools supporting risk assessment of nanomaterials. For example: guidance on
inhalation toxicity testing (OECD, 2018a, 2018b, 2018c), workplace exposure (OECD, 2015a), sample
preparation and dosimetry (OECD, 2012b), methods for determining physico-chemical properties
(OECD, 2014b; OECD, 2016c), genotoxicity (OECD, 2014c), toxicokinetics (OECD, 2016d),
interspecies variability in life cycle assessment (OECD, 2015b), human health assessment (OECD,
2015c) and use of dissolution as a function of surface chemistry to evaluate environmental behaviour
(OECD, 2015d).
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Annex 2. Conclusions from the WPMN Workshop on Risk Assessment
of Manufactured Nanomaterials in a Regulatory Context

This workshop was held in Washington DC in 2009. The following conclusions were produced

The risk assessment paradigm for chemicals will continue to guide approaches to the risk
assessment of nanomaterials, and no fundamental changes to this paradigm are envisioned.
However, because of the limited amount of empirical data on nanomaterials, many of the
assumptions and estimations employed in chemical risk assessments (e.g. acute-to-chronic
ratios, estimation of bioaccumulation potential, estimation of persistence) need to be evaluated
for nanomaterials;

As with any risk assessment, extrapolation approaches for nanomaterials should be based on
mechanistic data whenever available and additional research is needed to support the validity
of default assumptions. Furthermore, limiting exposures and releases of nhanomaterials should
be encouraged wherever possible as an interim measure in order to compensate for the current
limitations in the science;

Although the basic risk assessment paradigm for nanomaterials is essentially the same as for
traditional chemicals, research is needed to determine what characteristics of nanomaterials
may pose unique hazards;

There does not appear to be a scientific rationale to justify employing a risk assessment
uncertainty factor specifically addressing materials at the nanoscale. In addition, application of
standard risk assessment uncertainty factors in nanomaterial risk assessments should undergo
validation; justification should also be provided when using invalidated uncertainty factors in
risk assessments. Identification of a “margin of exposure” may be an alternative approach to
understanding likelihood of risk; and

Itis recognised that there is uncertainty concerning the units of measurement (i.e. metrics) used
to generate test results employed in risk assessments. It is expected that empirical results will
continue to be reported in terms of mass-based units; however, risk assessments should
include discussion of any limitations this metric may present (e.g. limit of detection, specificity).
Characterisation of nanomaterials by various dose metrics (e.g. particle surface area, number
concentration, etc.) would facilitate evaluation of the metrics most closely associated with
mechanism of action and improve risk estimation.

The conclusions from the workshop triggered a number of OECD projects, which allowed the
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181. In addition, many international regulatory projects have advanced our readiness to assess risk
of manufactured nanomaterials, including ProSafe 43, NANoOoREG %4, NanoReg245, GRACIOUS*¢,
SmartNanoTox*”, NanoFASE“8, calLIBRAte*?, DF4nanoGrouping5®, nanoGRAVURS5? , NanoMILE,
ACEnano.

43 Promoting the Implementation of Safe by Design (https://www.rivm.nl/en/international-projects/prosafe)

44 A common European approach to the regulatory testing of Manufactured Nanomaterials (Promoting the
Implementation of Safe by Design) (https://www.rivm.nl/en/international-projects/nanoreq)

45 Development and implementation of Grouping and Safe-by-Design approaches within regulatory frameworks
(http://www.nanoreg?2.eu/)

46 Grouping, Read-Across, Characterlsation and classificatiOn framework for regUIlatory risk assessment of
manufactured nanomaterials and Safer design of nano-enabled products (https://www.h2020gracious.eu/)

47 Smart Tools for Gauging Nano Hazards (http://www.smartnanotox.eu/)

48 Nanomaterial FAte and Speciation in the Environment (http://nanofase.euy/)

49 performance testing, calibration and implementation of a next generation system-of-systems Risk Governance
Framework for nanomaterials (http://www.nanocalibrate.eu/home)

S0 A Decision-making framework for grouping and testing of nanomaterials (ECETOC, European Centre for
Ecotoxicology and Toxicology of Chemicals) (https://doi.org/10.1016/j.yrtph.2015.03.007)

51 Nanostructured materials - Grouping for occupational health and consumer and environmental protection and
risk mitigation. (http://nanofase.eu/)
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