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Abstract

The physico-chemical properties of manufactured nanomaterials (NMs) can be fine-tuned to obtain
different functionalities addressing the needs of specific industrial applications. The physico-chemical
properties of NMs also drive their biological interactions. Accordingly, each NM requires an adequate
physico-chemical characterization and potentially an extensive and time-consuming
(eco)toxicological assessment, depending on regulatory requirements. Grouping and read-across
approaches, which have already been established for chemicals in general, are based on similarity
between substances and can be used to fill data gaps without performing additional testing.
Available data on “source” chemicals are thus used to predict the fate, toxicokinetics and/or
(eco)toxicity of structurally similar “target” chemical(s). For NMs similar approaches are only
beginning to emerge and several challenges remain, including the identification of the most relevant
physico-chemical properties for supporting the claim of similarity. In general, NMs require additional
parameters for a proper physico-chemical description. Furthermore, some parameters change during

a NM'’s life cycle, suggesting that also the toxicological profile may change.

This paper compares existing concepts for NM grouping, considering their underlying basic principles
and criteria as well as their applicability for regulatory and other purposes. Perspectives and
recommendations based on experiences obtained during the EU Horizon 2020 project NanoReg?2 are
presented. These include, for instance, 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. We also include references to other ongoing EU

projects addressing some of these challenges.

Keywords: grouping, read-across, nanomaterials, toxicity prediction, risk assessment, category

approach, analogue approach



Introduction

Due to their enhanced or unique functionalities, nanomaterials (NMs) find applications in a wide
range of industrial sectors such as building and construction, electronics, energy storage, packaging,
paints, adhesives, textiles, consumer products, as well as health care (Forster et al. 2011). The
physico-chemical properties of manufactured NMs can be modified and fine-tuned, e.g. via alteration
of the surface chemistry, resulting in an extensive variety of NMs. In this paper, the term
“nanomaterial” (NM) follows the recommended definition of the European Commission (EC) in which
a “‘nanomaterial’ means a natural, incidental or manufactured material 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”
and in which fullerene, graphene and carbon nanotubes that may have minimum diameters below
1 nm, are included by default (EU 2011/696). The physico-chemical characteristics and properties of
NMs determine their functionality and affects their environmental distribution, biological uptake,
bio-distribution, potential dissolution and transformation and (eco)toxicity. Thus, each NM requires
extensive characterization of its physico-chemical characteristics and properties, and a proper
(eco)toxicity assessment, rendering hazard and risk assessment time-consuming and costly.
Accordingly, in the last decade the development of grouping approaches for NMs has attracted huge
interest among researchers, industry and regulators. Several NM grouping concepts have already
been published, sharing some commonalities but also showing differences, e.g. in the grouping

criteria considered or in the purpose for which the concepts have been developed.

Grouping of chemicals

Grouping and read-across can be applied for different purposes (ECHA 2017a, Bossa et al. 2018).
They are most commonly used for regulatory purposes, where they may justify waiving specific tests
or allow filling in of data gaps by read-across. Indeed, different European chemical legislation allow
for grouping and read-across (Mech et al. 2018) as an alternative approach to provide data. For
example under the overarching, horizontal legislation on the Registration, Evaluation, Authorisation
and Restriction of Chemicals, REACH (EC 1907/2006), which broadly covers almost all chemicals,
grouping and read-across are among the most commonly used alternative approaches (ECHA 2017a
and ECHA 2017b). Sector-specific legislation addressing specific uses of chemicals, such as the EU
regulations on cosmetics (EC 1223/2009) and biocidal products (EU 528/2012), also allow for the use

of grouping and read-across.

For chemicals in general the concept of grouping is well defined and established, being “the general
approach for considering more than one chemical at the same time” (OECD 2014; ECHA 2008).
Grouping can be achieved by following the category or the analogue approach (OECD 2014, ECHA



2008, 2017a). A chemical category is a group of chemicals, the physico-chemical and
(eco)toxicological and/or environmental fate properties of which are likely to be similar or follow a
regular pattern as a result of structural similarity. Categories are usually established on the basis of
coherent trends in physico-chemical properties that result in trends in (eco)toxicological and/or
environmental fate properties. It is assumed that if several consistent trends can be identified within
a category, the underlying category hypothesis is valid. Thus, it is important to include a sufficient
number of chemicals to establish a category. If the number of chemicals is limited, the analogue
approach can be used. In that case, trends in properties are not apparent. Based on structural
similarity, read-across may still be applied but strongly depends on expert judgement and should
therefore be substantiated by additional information. It should be noted that the distinction between
the analogue and the category approach is not well-defined, being loosely based on the number of

available chemicals in a group.

Once a category has been established or analogues have been identified on the basis of a specific
grouping hypothesis, existing data must be linked to members of the group. Data gaps may then be
filled by e.g. read-across, trend analysis or by establishing quantitative structure-activity relationships
(QSARs). The term read-across is used when existing data, typically concerning one particular
(eco)toxicological endpoint, linked to one or several source chemicals are used to estimate the same
property of one or more target chemical(s). Read-across is more robust when applied in a category
approach, as more data are available and apparent trends facilitate the read-across. Several in silico
tools have been developed for supporting grouping and read-across (Patlewicz et al. 2017). However,
fully automated chemical grouping is not possible. Several crucial steps rely on expert judgement,
e.g. the identification of the key properties for decisions on similarity. Importantly, similarity should
not be regarded as an absolute feature. Chemicals may be similar with respect to some, but not all,

key properties. In addition, exceptions may exist even within an established group.

Structural similarity, which is the basis of grouping, may be based on various principles. Structural
similarity for chemicals can rely on common functional groups, common precursors and/or the
likelihood of common breakdown products or on a constant incremental change of the properties of
interest across the group (OECD 2014, ECHA 2017a). In addition, the OECD definition explicitly

mentions the common mode or mechanism of action (OECD 2014).

General considerations on the grouping of NMs

As summarized by Mech at al. 2018, the currently most advanced regulatory framework concerning
NM grouping exists within REACH (EC 1907/2006), under which the European Chemicals Agency
(ECHA) has already released a guidance document for NM grouping (ECHA 2017c). Within REACH,

NMs are considered special forms of a chemical substance. The term 'nanoform' is used to



distinguish different NMs of the same registered substance (ECHA 2017d). For the purpose of clarity
and in the absence of a harmonized nomenclature across different EU chemical legislation we will
use the term “nanoform” consistently in this manuscript as introduced in REACH on the 3™ of
December 2018 via the amended REACH annexes that specify information requirements concerning
nanoforms of chemical substances (EU 2018/1881). The first two case studies of the practical process
of grouping and read-across of nanoforms, concerning TiO, and multi-walled carbon nanotubes
following the workflow proposed by ECHA have been published (Lamon et al. 2018, Aschberger et al.

2019). Nevertheless, several challenges remain for the grouping of NMs.

The most urgent challenge to overcome is the unambiguous identification and characterization of
nanoforms for the purpose of grouping. Defining a nanoform is much more complex than defining a
non-nanoform of a chemical, as many more properties related to chemical identification and physical
characterization are needed. For chemicals in general, chemical identification comprises the chemical
composition, structural formula, degree of purity, and quantitative information on impurities or
additives (EC 1907/2006) and might be challenging in some cases as well (ECHA 2017d). The
description of nanoforms additionally requires information on the number based particle size
distribution, surface functionalization or treatment, shape (aspect ratio, particle morphology) and
specific surface area (EU 2018/1881). Furthermore, certain physical properties such as dissolution
rate, state of agglomeration/aggregation and changes in surface chemistry are of specific interest as
well but other properties such as surface reactivity may also be relevant (EU 2018/1881). The
properties of NMs may be intrinsic, i.e. they depend on the NM itself, or extrinsic, i.e. they depend
on the NM'’s interaction with the system or media in which it is tested. Therefore, NMs also need to

be characterized in the relevant biological and environmental media used for toxicity testing.

The identification of key physico-chemical properties driving the toxicity of NMs, which is the basis
for establishing grouping, is challenging for several reasons as recently summarized (Ribeiro et al.
2017, Drasler et al. 2017). Several physico-chemical properties have been identified as the most
relevant ones for (eco)toxicity, i.e. surface area, chemical composition, surface chemistry, particle
size and size distribution, surface charge, agglomeration state and crystalline structure (e.g. Orts-Gil
et al. 2013, Ribeiro et al. 2017, Drasler et al. 2017). However, correlating specific physico-chemical
properties to toxicity is not straightforward as a change in one property can influence NM fate,
uptake, toxicokinetics and/or (eco)toxicity in a non-trivial manner. For instance, in several studies,
smaller NMs have been found to be more toxic than larger size NMs (e.g. Pan et al. 2007, Karlsson et
al. 2009), but opposite relationships have been found in some ecotoxicological studies (e.g.,
Ellegaard-Jensen et al. 2011) and generic interpretation of such findings still remains challenging. Size
may directly affect toxicity and result in a higher surface area and surface reactivity per mass unit for

smaller particles. Size and surface properties may also indirectly affect toxicity through altering
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toxicokinetics/dynamics, cellular uptake (often smaller NMs are more efficiently taken up by cells) or
dissolution behaviour, in the case of partially soluble NMs (Shang et al. 2014). Care must be taken
when interpreting in vitro studies, as size may also influence dosimetry and often only mass-based
doses are compared, which results in the smaller particle sizes being dosed as higher particle
numbers per mass unit (Drasler et al. 2017). Some studies have also found smaller particles to be
agglomerated to a larger extent than their larger counterparts, which then resulted in a decreased
cellular uptake (Halamoda-Kenzaoui et al. 2017). Therefore, carefully made decisions on test item
preparation and exposure characterization are critical (Hartman et al., 2015) and projects like
NANOREG made substantial effort to harmonize such procedures to improve comparability between

laboratories (refer to: https://www.rivm.nl/en/about-rivm/mission-and-strategy/international-

affairs/international-projects/nanoreg/work-package//wp-2-synthesis-supplying-and-

characterization).

Thus, establishing grouping approaches for NMs remains laborious and conventional structure-
activity relationships based on one or only a few structure properties are, generally speaking, not

applicable to NMs (Landsiedel 2016).

To identify and select the most useful and promising approaches for grouping to be applied and
possibly extended within the EU H2020 NanoReg2 project, which worked on the “Development and
implementation of Grouping and Safe-by-Design approaches within regulatory frameworks”, we
performed a systematic literature search in PubMed, yielding 273 publications (as per 25" of January

2019) using the following keywords:

1) “grouping” and “nanomaterials” or “nanoparticles”

2) “categorization” and “nanomaterials” or “nanoparticles”
3) “read-across” and “nanomaterials” or “nanoparticles”
4) “QSAR” and “nanomaterials” or “nanoparticles”

The most relevant publications, in order to develop and implement grouping and Safe by Design
(SbD) approaches within regulatory framework, were identified based on expert judgment of
NanoReg2 partners. This resulted in a list of 37 papers, which were subsequently assessed in detail

considering the following criteria:

1) Does the approach clearly describe the criteria and parameters for grouping? What are these
criteria/parameters?
2) Has the approach been tested, verified or validated? How?

3) Why is this approach relevant? How and for which purpose can it be applied?

It should be noted that to date only a few large and comprehensive frameworks for NM grouping

have been developed. However, there are a larger number of grouping approaches and conceptual
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papers available that provide useful input for how to approach NM grouping. In our screening
process we identified 20 different published strategies, approaches, frameworks and opinions on
how NM grouping should be constructed that will be discussed in detail below. We summarize the
criteria used, the advantages and disadvantages of each approach, including a statement of the
applicability for regulatory purposes. It is worth noting that each of the comprehensive frameworks
can be applied according to a category or analogue approach, depending on the number of available

source materials.

Strategies for NMs risk assessment including NM grouping

Many of the current concepts for NM grouping have evolved from general strategies for NM hazard
and risk assessment. Thus, the publications that are discussed in this section concern NM testing and
risk assessment strategies in general but also include information that is relevant and useful for NM
grouping. Oomen et al. have published a comprehensive review on risk assessment frameworks for
NMs (Oomen et al. 2018) and evidenced the needs for efficient NM risk assessment. The NM hazard
and risk assessment strategies most relevant for grouping purposes (according to expert judgment of

NanoReg2 partners) are summarized in Table 1.

Table 1 Overview of NM hazard and risk assessment strategies

Strategy

Focus

Key Features

RCC 2014

Prioritization Strategy
Human health

Exposure route
Physico-chemical
aspect ratio)

identity (solubility, shape,

Stone et al. 2014
Developed in the EU FP7
ITS Nano project

Testing Strategy
Human health

Physico-chemical identity
Exposure identity
Hazard identity

Bos et al. 2015
Developed in the EU FP7
MARINA project

Risk assessment strategy
Human health
Environment

Physico-chemical identity
Exposure

Fate/Kinetics

Hazard (human and ecotoxicity)

Dekkers et al. 2016
Developed in the EU FP7
NANOREG project

Risk assessment strategy
Human health

Physico-chemical identity
Exposure potential

Dissolution

Transformation

Accumulation

Hazard (human and ecotoxicity)

Hund-Rinke et al. (2015)

Risk assessment strategy
(following a tiered life cycle
oriented approach)
Environment

Physico-chemical identity
Exposure

Dissolution
Transformation
Accumulation

Hazard (ecotoxicity)

Siegrist et al. (2018)
Developed in the EU
H2020 NanoReg2
project

Hazard assessment strategy
Human health

(Pre-clinical safety evaluation of
injectable nanoparticles)

Physico-chemical identity
Bio-interaction capacity
Hazard (human)




The U.S.—Canada Regulatory Cooperation Council (RCC) developed an approach to identify novel
NMs of concern for human health considering different exposure routes (RCC 2014). This approach

suggests that solubility, shape and aspect ratio are important triggers for toxicological concern.

The EU FP7 project ITS-NANO (2012-2013) was one of the first projects that aimed to develop an
overarching Intelligent Testing Strategy (ITS) for the risk assessment of NMs (Stone et al. 2014). The
outcomes of ITS-NANO describe three elements of NM risk assessment — physico-chemical, exposure
and hazard — and connect to each of them a corresponding "identity", generated by the information
required for that element of the assessment. The physico-chemical, exposure and hazard identities
are defined respectively as “the dynamic pattern of physical and chemical characteristics associated
with one or several specified NMs during their life cycle”, “the pattern of concentrations of one or
more NMs in different matrices (air, liquid or solid) and as a function of duration and variability over
time during their life cycle”, and “the pattern of biological responses associated with one or several
specified NMs” (Stone et al. 2014). Grouping based on such identities was postulated. Furthermore,
for each of the elements, research needs for the short-term (< 5 years), mid-term (5-10 years), long-
term (10-15 years) and distant (> 15 years) future were identified. The ITS-NANO approach laid the

basis for many other grouping approaches, including what are now known as the “what they are”,

“where they go” and “what they do” pillars used in several NM grouping approaches.

The MARINA risk assessment strategy (RAS) (Bos et al. 2015) built upon and extended the ITS-NANO
approach to establish a general and flexible strategy for obtaining data to satisfy specific needs. It
consists of two phases. In the “problem framing phase”, all available data are collected and
evaluated, relevant exposure scenarios are identified and the goals of the second phase are set. In
the “risk assessment phase”, an iterative risk characterization is performed. For risk characterization,
data gaps are identified and filled using defined tools and the obtained data is evaluated. Tools for
data gathering are collected in three toolboxes, focusing on exposure, fate/kinetics and hazards,
respectively. The tools support data evaluation in both phases and data gathering in the second
phase. A fourth toolbox on risk characterization can be used to identify relevant exposure scenarios
in the first phase and for risk characterization in the second phase. Within the MARINA RAS, several
possibilities for NMs grouping based on similar physico-chemical properties, exposure (justified for
example by similar applications and/or processes), or hazard (using for example the groups derived

by Arts et al. 2015) are suggested, as reported later on.

The NANOREG risk assessment strategy (Dekkers et al. 2016) proposes a strategy that refers to
several nanospecific properties influencing exposure to and hazards of NMs. Six major elements for
NM risk assessment are identified: the exposure potential, dissolution (including dissolution rate),

NM transformation, NM accumulation in the human body, genotoxicity and immunotoxicity of NMs.



This approach has two main objectives, 1) to prioritize the most hazardous NMs, which is done in the
first phase, and 2) to identify the most important information needed for risk assessment, which is
addressed in subsequent phases. In the first phase, NMs are categorized according to their physico-
chemical properties (such as size, shape and dissolution rate in water) into three categories: category
1 containing potentially hazardous NMs for which a detailed nano-specific assessment needs to be
performed, category 2 containing NMs that can be addressed using a non-nanospecific risk
assessment strategy, and category 3 containing NMs that need further evaluation. The NMs in
category 3 will enter the second phase. In a second step of the first phase, the applications of NMs
are prioritized according to exposure potential (exposure ranking) and hazard potential (hazard
ranking). The exposure ranking is obtained by considering the production volume of the NM, the
processes and operational conditions relevant for occupational exposure, or whether/how NMs are
embedded in a matrix throughout the entire life cycle relevant to consumer exposure. The hazard
ranking is based on a) the classification of NMs concerning carcinogenic, mutagenic and reprotoxic
(CMR) properties, allergenic potential or irritation and b) potential NM reactivity, as predicted by
band gap analysis (metals and metal oxides) or by assays that measure NM reactivity (e.g. the
potential of a NM to form reactive oxygen species, ROS). The exposure and hazard rankings are then
combined to categorize NM applications in subgroups indicating a high, medium or low potential to
cause harmful effects. In the second phase, more detailed information for NMs that need further
evaluation is collected, involving exposure pattern, physical form and NM aerosol concentrations (for
occupational exposure) or amounts available for exposure (for consumer exposure), dissolution rate
in relevant media, translocation and absorption into the body, aggregation and agglomeration,
cellular uptake, in vitro cytotoxicity, ROS generation, cytokines induction, in vitro skin and eye

irritation, cell transformation assay and in vitro genotoxicity.

The frameworks described above mainly focus on human health risk assessment, although some of
them, such as the MARINA RAS (Bos et al. 2015), to a certain extent also cover environmental risks.
Hund-Rinke et al. 2015 established the currently most advanced framework for assessing
environmental risks. This is a tiered, life cycle oriented approach considering production, transport
and distribution to the user, use, and waste management. The specific environmental compartment
in which the NM could be released is first identified. Tier 0 consists of the assessment of durability: if
the NM preserves its nano-properties in the specific environment compartment, Tier 1 in which fate
and effects must be determined is performed. The result of Tier 1 is a risk quotient. If the risk
quotient is below 1, acceptable risk for the initial compartment can be assumed and no further (more
sophisticated) risk assessment for the initial compartment is needed. For a risk quotient exceeding 1,
the risk for the initial compartment may not be negligible and, thus, a refinement at Tier 2 is needed.

If there is a possibility of NM transportation to a secondary compartment, further evaluation of fate



and effect in that compartment is also required. In addition, Hund-Rinke et al. have developed a
concept for the grouping of NMs according to their ecotoxicological effects on algae, daphnids and

fish embryos (Hund-Rinke et al. 2018), which will be discussed later.

Siegrist et al. 2018 published a preclinical hazard evaluation strategy (HES) for injectable
nanoparticles with intended medicinal use. This strategy proposes a three-tiered approach for
hazard classification by mainly considering physico-chemical characterization and the nano-bio-
interactions. Four hazard categories based on cellular uptake and intracellular persistence of a
nanoparticle are described: low persistence, low uptake (class ), low persistence, high uptake (class
1), high persistence, low uptake (class Ill), and high persistence, high uptake (class V). Although some
examples with published data on several nanoparticles are given in the publication, the approach still

needs testing and validation with a larger set of particles to prove its applicability.

NM categorization/ grouping approaches for occupational safety

Several grouping approaches for NMs have been developed specifically in the context of
occupational safety. They focus on inhalation exposure, which is of highest concern for occupational
settings, and allow for quick prioritization, screening and ranking of NMs (Table 2). Strictly speaking,
these approaches are not grouping approaches as defined by OECD or ECHA in which data gaps are
filled in an endpoint-specific manner (OECD 2014; ECHA 2008), but categorization approaches: they

arrange NMs in pragmatic groups for which different control strategies are proposed.

Table 2 Overview of NM grouping approaches for occupational safety

Approach Groups Key criteria Benchmarks
BSI i) fibres NM solubility
(BSI 2007) ii) toxic (CMAR)* particles toxicity of bulk

i) insoluble, non-CMAR* particles | counterparts
iv) soluble particles (not assigned
to other group)

NIOSH i) soluble, toxic particles NM solubility i) ZnO, CuO

(Kuempel et al. ii) poorly soluble, low toxicity toxicity of bulk ii) TiO2, carbon black

2012) particles counterparts iii) crystaline silica, NiO,
iii) poorly soluble, toxic particles Mode of Action Cr203
iv) fibres iv) carbon nanotubes,

carbon nanofibres

BAuA i) soluble particles NM solubility

(BAUA 2013, ii) biopersistent toxic particles biopersistence

Gebel et al. 2014, | iii) biopersistent non- toxic toxicity of bulk

BAUA 2015) particles counterparts

iv) biopersistent fibres

* carcinogenic, mutagenic, asthmagenic or reprotoxic

The British Standards Institution (BSI) categorization scheme categorizes NMs into four groups,
taking into account solubility and toxicological effects of the corresponding non-nano (i.e. bulk)

materials (BSI 2007). It distinguishes between i) fibrous NMs, ii) NMs whose non-nanosized
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counterparts are already classified as carcinogenic, mutagenic, asthmagenic or reprotoxic (CMAR),
iii) insoluble or poorly soluble NMs that are categorized neither as fibrous nor as CMAR, iv) soluble
NMs not assigned to any other category. For each group a control strategy is suggested to limit
exposure during generic tasks such as deliberate aerosol formation, transferring, mixing, scooping of
dry material, filling of suspensions or maintenance and cleaning (BSI 2007).

A similar categorization approach has been proposed by the National Institute for Occupational
Safety and Health (NIOSH) (Kuempel et al. 2012). It extends the BSI approach by taking into account
the Mode of Action (MoA). For each MoA, the hazard is evaluated and benchmark materials are
identified for which full quantitative risk assessment, occupational exposure limits (OELs) and
exposure control bands are available. NMs with limited data are then classified based on
comparisons to the benchmark materials (Kuempel et al. 2012). The NIOSH categorization approach
distinguishes between 1) NMs with higher solubility that release toxic ions (benchmarks: e.g. ZnO and
Cu0), 2) poorly soluble particles of low toxicity, which are NMs whose surface area determines their
toxicity after inhalation (benchmarks: e.g. TiO, and carbon black), 3) poorly soluble NMs with high
toxicity whose surface reactivity determines their toxicity (benchmarks: e.g. crystalline SiO,, NiO and
Cr,03), 4) fibrous NMs whose toxicity is determined by the biopersistence of the fibres and their
migration to the pleura, either by interference with normal cell division or by genotoxicity
(benchmarks: e.g. carbon nanotubes and carbon nanofibres). When a NM fits into one of these
groups the OELs of the benchmark material can be applied and the control banding system can be

used to reduce exposure.

The German Federal Institute for Occupational Safety and Health (BAuA) follows a very similar
approach (BAuA 2013 and 2015, Gebel et al. 2014). It classifies NMs in the following four groups used
for determining the protective measures: i) soluble NMs, ii) biopersistent NMs with specific
toxicological properties (e.g. release of toxic ions), iii) biopersistent NMs without specific

toxicological properties, and iv) biopersistent, fibrous NMs.

Control Banding Tools and their NM categorization approaches

Like the categorization/grouping approaches for occupational safety, risk categorization and control
banding tools are not grouping approaches according to the definitions by OECD or ECHA (OECD
2014; ECHA 2008). They categorise the scale of estimated risk and place it in one of several levels or
bands. Liguori et al. (2016) made a comprehensive analysis of the input and output parameters in the
current risk categorization and control banding tools intended for occupational risk management.
Some tools also consider consumer and environmental exposure scenarios. To give examples of
different approaches, this paper summarises four fundamentally different risk tools (see Table 3). It is

important to note that the input parameters in control banding tools were selected to provide
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automated risk scaling. It means that risk scaling procedures are made for grouping and that they are

relevant for the identification of parameters significant for regulatory accepted NM grouping

approaches as described in the following section.

Table 3 Overview of selected control banding tools and NM categorization approaches

(Jensen et al.
2014; Liguori

Environment

H4: Very high toxicity

Approach Focus Categories Key criteria
NanoSafer Occupational 4 Hazard bands (HB) Hazard: physico-chemical properties
V1.1 Consumer H1: Very low toxicity (water solubility, aspect ratio,

presence of coatings), hazard and OEL
of NM or the nearest bulk analogue,

2012)

(Riediker et al.

HB1: Very low - no significant
health risk

HB5: Very high- severe hazard

et al. 2016) specific surface area, skeletal density.
5 Exposure bands (EB): Exposure: Estimation of near-field and
EB1: No or very low exposure | far-field exposure potential based on
potential measured or default dustiness data,
use rates or release rates and
EB5: Very high exposure contextual information
potential
5 risk levels (RL),
RL1: Very low toxicity and low
exposure potential
RL5: Very high toxicity and/or
very high exposure potential

ANSES Tool Occupational 5 Hazard bands (HB), Hazard: CLP* classifications (NM &

bulk) Emission potential:

Four categories defined:

Solid: materials containing NMs;
Liquid: suspension of nanoobjects or
aggregates/agglomerates;
Powder: nano-objects
aggregates/ agglomerates;
Aerosol: liquid or solid suspension.

and/or

Swiss
Precautionary
Matrix

(SMP 2013,
2018)

Occupational
Consumer
Environment

Class A: no further/ specific
actions needed

Class B: specific precautionary
measures needed

Hazard: NM stability (dissolution rate
in physiological, environmental
media), reactivity (i.e. redox, catalytic
activity, ROS formation, inflammation)
Human exposure: carrier/matrix
material, NM amounts, frequency of
handling

Environmental release: carrier/matrix
material, NM amounts in products, in
waste

NanoRiskCat
(Hansen et al.
2011, 2014)

Occupational
Consumer
Environment

Coloured dots (five
categories)

- worker exposure

- consumer exposure
- environ. exposure

- human hazard

- environ. hazard

Colour code

- red (high)

- yellow (medium)
- green (low)

use (as
and NM

Exposure: categories of
defined in  REACH)
incorporation in products
Hazard: CLP* classification (NM &
bulk)
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| | | - grey (unknown) | |
* Regulation on classification labelling and packaging of substances and mixtures (EC 1272/2008)

NanoSafer is a web-based control-banding and risk management tool for manufactured NMs (Jensen

et al. 2014) available at www.nanosafer.org. The tool was developed for assisting small and medium-

sized companies with limited or no experience of producing or working with NMs and/or with
insufficient resources to perform a full precautionary risk assessment. The input parameters cover
categories such as identification data (material name and other identifiers), physico-chemical
properties from technical data sheets (size, morphology, coating, specific surface area, relative
(skeletal) density, water solubility, dustiness if applicable), bulk or NM safety data sheet information
(OEL or limit values and hazard phrases) and the contextual information (process and activity
information, room size, ventilation rate) for exposure assessment (Liguori et al, 2016). In several
cases default values can be used when users do not have the information required. Case-specific
exposure scaling is combined with specific NM hazard grouping and scaling and the resulting risk
levels are expressed as control bands. Five risk levels (RL) are described, ranging from RL1 with very
low hazard and low exposure potential to RL5 with very high hazard and/or moderate to very high
exposure potential. Bulk similarity is considered for hazard when the NM is water-soluble (solubility
>1 g/L) while the volume-specific surface area is used for scaling of the bulk OEL, if no NM-specific
limit value is known. Fibres complying with the WHO definition of insoluble fibres are by default
considered compounds with potential high toxicity. Lack of information results in increased
precaution in the scaling of potential risk, but a minimum level of information is required. Each RL is
associated with standard guidance on risk management and further recommendations via e-learning

tools, and good practice guidance.

ANSES has also developed a Control Banding tool aimed at small and medium-sized enterprises. It
builds on a hazard classification developed from a few very fundamental physico-chemical and
toxicological properties of NMs (Riediker et al. 2012). The input data can be collected at the
workplace through observation of actual work and as available toxicology data, material and matrix
properties and process characteristics. Four categories of physical forms were defined for the
purpose of this approach: Solid materials containing NMs or having a surface that is nanostructured
or covered with nanoparticles; Liquids, suspensions of free nano-objects or aggregates /agglomerates
of nano-objects smaller than 100 nm in a liquid medium; Powders, free nano-objects and/or
aggregates/agglomerates of nano-objects; and Aerosols of liquid or solid suspension (free nano-
objects or aggregates/agglomerates of nano-objects smaller than 100 nm in a gas including air). The
hazard bands are related to existing technical documentation (labelling, product classification) or to

various criteria for toxicity described in the literature.
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The Swiss Precautionary Matrix (SMP 2013, 2018) is a web-based tool for identifying potential risks
to workers, consumers and the environment arising from NMs through their whole life cycle,
including the research and development phase, production, use and disposal. The aim is to highlight
needs for specific actions, i.e. precautionary measures, not to perform a full nano-specific risk
assessment. The user is guided through different input queries to collect information about the NM
of interest, including the potential effects, exposure and release into the environment. In order to
determine potential NM effects, the stability (dissolution rate) in physiological and environmental
media and the cell-free (redox potential, photocatalytic reactivity and biological oxidative damage) as
well as the cellular reactivity (ROS formation, inflammation, glutathion reduction, protein
carbonylation) is evaluated (SPM 2018). The potential human exposure is estimated by taking into
account the carrier/matrix material, the amount of NMs handled by employees or downstream users
and the frequency of handling. The potential release into the environment is evaluated by taking into
account the carrier/matrix material, the total amount of NMs in specific products, and the NM
amount in waste (i.e. wastewater, exhaust gases, solid waste). Based on the estimated risks, the NMs
are classified in two categories: NMs which do not need further or specific actions (class A) and NMs
for which specific precautionary measures should be taken (class B). Even if this matrix does not
provide a full risk assessment, the results are indicative of risks and support decision-making in a very

simple and quick manner.

NanoRiskCat (NRC) was initially developed for the Danish Environmental Protection Agency (DEPA)
as a risk categorization tool to identify nano-enabled products, which would require further
information and documentation (Hansen et al. 2011, Hansen et al. 2014) and is available at

www.nanodb.dk/da/nanoriskcat/. The tool can assist companies and regulators in making a first-tier

assessment of the hazard and exposure potential of products containing NMs. It uses information
obtained from the scientific literature. Instead of calculating a risk, the tool visualizes the results in
five colour-coded dots: the first three represent the potential exposures for professional end-users,
consumers, and environment, and the last two the hazard potentials for humans and the
environment. The potential exposure is evaluated by a simple yes/no answer to the applicability of
the 27 work processes, 40 product categories and 51 technical functions defined and described by
REACH (Hansen et al. 2007). Hazard potential is primarily evaluated on the basis of the classification
according to the regulation on Classification Labelling and Packaging (EC 1272/2008), of the NMs and
their corresponding bulk materials, where available. When considering hazard potentials for humans
and the environment nano-specific qualifiers are then considered. Four different colours are used for
each of the five dots to classify the potential for exposure or hazard as high (red), medium (yellow),
low (green), or unknown (grey). The exposure potential assessment builds on and extends a

categorization approach published by Hansen et al. (2007), which distinguishes three product
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categories: nanostructured materials (category 1), nanostructured surfaces (category IlI) and solid
materials containing nanoparticles (category lll). These categories can be further sub-divided in 9
sub-categories. The hazard potential is derived from nine physico-chemical properties: chemical
composition, size, shape, crystal structure, surface area, surface chemistry, surface charge, solubility
and adhesion. When lack of data is prominent, the result is a “grey” dot indicating unknown hazard
or exposure. NanoRiskCat assessments have been made on more than 3000 products in the Danish

Nanodatabase (http://nanodb.dk/). Thus, a user or a manufacturer can easily find their product or a

similar one and quickly see a preliminary score.

NM Grouping frameworks

Five specific and comprehensive frameworks (Table 4) for NM grouping according to the definition of
grouping of OECD and ECHA (OECD 2014; ECHA 2008) have been identified and are discussed in
detail in this section. In addition, a joint ECHA/ JRC/ RIVM publication, synthesising several
approaches, is also discussed. This publication was the basis for the guidance document on NM

grouping released by ECHA (ECHA 2017c).
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Table 4 Overview of specific frameworks developed for NM grouping

Approach Categories Key criteria Opportunities Limitations
RCC (RCC 2013) 1) Carbon nanotubes, Chemical identity It stresses the role of chemical identity in the | The categories are identified by
. identification of similar NMs; it identifies expert-judgement and not by
2) Inorganic carbon, . . o .
categories easy to understand and to apply to | well-defined criteria; hybrid
3) Metal oxides and metalloid real cases; it identifies some important NMs (i.e. NMs of multiple
oxides, intrinsic properties identifying NMs with a composition) are not considered
. imilar behaviour in the analysis; a an
4) Metals, metal salts, metalloids, similar behaviou : e analysis; assays and
threshold values are not
5) Semi-conductor materials, addressed; extrinsic parameters
quantum dots, and MoA are not taken into
6) Organics, account
7) Other classes (e.g. metal alloys,
nanoclays, tubes of metals/
metalloids, bionanomaterials)
RIVM (Sellers et al. Chemical identity, intrinsic | It identifies important intrinsic and extrinsic It does not define specific

2015)

and extrinsic properties,
reactivity

properties; it takes into account that the NMs
properties vary with the medium considered;
it suggests measuring properties, such as
dissolution and reactivity, in relevant
biological media; it proposes a testing
strategy based on hypotheses; it applies the
testing strategy to several human health
endpoints relevant for REACH regulation

groups, but rather presents a
general strategy; threshold
values are not included;
grouping is limited to specific
toxicological endpoints, verified
only in 2 theoretical case studies

DF4nano Grouping
(Arts et al. 2015)

1) Soluble NMs,

2) Biopersistent HAR NMs,
3) Passive NMs

4) Active NMs

Intrinsic and extrinsic
properties; Use, release,
exposure route;
Biopersistence;

Uptake, biodistribution;
reactivity (cellular and
apical toxic effects)

It identifies important intrinsic and extrinsic
properties of NMs; it suggests unambiguous
criteria for grouping; it clearly defines groups;
it indicates suitable assays for a testing
strategy and suggests threshold values; it has
been applied in several case studies

Limited to inhalation route of
exposure; active NMs are not
deeper investigated and
assigned to subgroups; the
groups do not correlate to
human health endpoints
relevant for EU regulations

MARINA grouping and
read- across approach

Chemical identity; intrinsic
and extrinsic properties;
reactivity

It identifies important intrinsic and extrinsic
properties of NMs; it integrates the concepts
of grouping and read-across in several steps

No assays and threshold values
are suggested such that
applicability remains unclear




(Oomen et al. 2015)

of the risk assessment process

Hund-Rinke et al. 2018

1. lon releasing NMs with
DMPO*/CPH** reactivity and other
morphology.

2. lon releasing NMs with
DMPOQ/CPH reactivity, wire

3. lon releasing NMs without
DMPOQ/CPH reactivity, wire

4. lon releasing NMs without
DMPO/CPH reactivity, other
morphology:

5. Non-ion releasing NMs, with
DMPO/CPH reactivity and other
morphology

6. Non-ion releasing NMs, without
DMPO/CPH reactivity and other
morphology

Ecotoxicity of bulk
material, lon release,
Reactivity and
Morphology/Size

Only environmental approach for grouping of
NMs. The scheme is based on a set of
systematically acquired data. It is verified with
a different set of NMs.

Specifications and threshold
values with regard to the
properties solubility, reactivity
and morphology need to be
determined. Scheme valid only
for metal and metal oxides

ECHA, JRC and RIVM
joint document (ECHA,
JRC, RIVM 2016)

ECHA guidance for NM
grouping (ECHA 2017c)

Conceptually all substances in

nanoform

Intrinsic and extrinsic
properties;

Reactivity (Biological and
Photoreactivity)

It provides a general strategy for sharing data
between nanoforms; it indicates key physico-
chemical parameters which should be
considered. There is a direct link to existing
EU-regulation (REACH).

It is just a conceptual approach,
without any practical
information on assays and
thresholds

1 *DMPO: Hydroxyl radical generation measured according to Shi et al. (2003) and after UV irradiation according to Lipovsky et al. (2009) and Lipovsky et al. (2012).
**CPH: a possible (surface) reactivity
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The approach developed by the U.S.-Canada Regulatory Cooperation Council (see

https://www.canada.ca/en/health-canada/corporate/about-health-canada/legislation-

guidelines/acts-regulations/canada-united-states-regulatory-cooperation-council.html)  categorizes

NMs based on similar chemical compositions (RCC 2013). It aims to distinguish between NMs, which
can be assessed as chemicals in general due to sufficient similarity to the corresponding non-
nanomaterial, and NMs, which require a closer examination based on their differences from the
corresponding non-nanomaterial or NMs, which do not have a corresponding non-nanomaterial. The
grouping approach focuses on the latter group of NMs and categorizes them on the basis of chemical
composition (see Table 4). These categories are not fixed and can be changed or refined if necessary.
The relevant intrinsic physico-chemical parameters, which allow identifying similar materials that can
be used to obtain analogue or read-across information, are defined and reported in Table 5. Extrinsic

parameters are not taken into consideration in this categorization scheme.

Table 5 RCC categorization scheme based on similarities in chemical composition

Categories Relevant intrinsic parameters defining similar NMs

Carbon nanotubes Number of walls, diameter, length, capped/uncapped, chirality,
surface chemistry and surface modification

Inorganic Carbon Number of layers, size, shape, chemical modifications, surface
chemistry, surface modification

Metal oxides and metalloid oxides Size and shape, composition, solubility, crystal structure, surface
chemistry, surface modification

Metals, metal salts, metalloids Size and shape, composition, solubility, oxidation states, surface
chemistry, surface modification

Semi-conductor quantum dots Size and shape, core-shell composition, solubility, surface chemistry,
surface modification

Organics Size and shape, surface chemistry, surface modification, crystallinity

Other classes e.g. metal alloys, nanoclays, tubes of metals/ metalloids,
bionanomaterials

The approach proposed by the Dutch National Institute for Public Health and the Environment
(RIVM) takes into account the transformation of the NMs by measuring their stability and reactivity
in relevant biological media (Sellers et al. 2015). The first step of this approach focuses on assessing
the intrinsic physico-chemical characteristics of the material as required by REACH (“chemical
identity”) as well as a few additional particle-related properties (“particle characteristics”). In the
second step, the stability and reactivity of the NM in the relevant biological medium are assessed.
Two behaviour categories are defined and several key parameters are identified, although not all of
them can be easily measured, e.g. “transport behaviour” and “activity and reactivity”. The properties
considered for category assignment are summarized in Table 6. The authors propose a testing
strategy consisting of four steps: analysis of known information, hypothesis building, testing and

assessment.




Table 6 Overview of criteria for grouping used in the RIVM approach (Sellers et al. 2015)

Key criteria

Phase | Chemical identity Composition

Crystalline structure

Surface characteristics (coating, functionalization, capping agents)
Impurities

Particle characteristics Particle size and range
Shape

Porosity

Surface area

Phase Il Transport behaviour Solubility (dissolution, concentration)
Hamaker constant

Zeta potential

Dispersibility

Dustiness

Activity and reactivity Physical hazards (flammability, autoflammability, explosivity)
Reactivity
Photoreactivity

The Decision-making Framework for the grouping and testing of nanomaterials (DF4nano Grouping)
developed by the European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) (Arts et
al. 2015) categorizes NMs into four groups, focusing on inhalation. To that end, intrinsic and extrinsic
properties, use, release, exposure route, biopersistence, uptake, biodistribution and cellular and
apical toxic effects are considered and evaluated in three tiers, assigning NMs into the following
groups (Table 7): 1) soluble NMs, 2) biopersistent high aspect ratio NMs, 3) passive NMs and 4) active
NMs. The first group comprises NMs whose solubility in water or medium is higher than 100 mg/L.
The possible toxicity of soluble NMs is not determined by their nano-nature per se, but mainly by
their chemical composition and released ions. In contrast, the possible toxicity of “biopersistent high
aspect ratio NMs” (group 2) is determined by their morphology and biopersistence in the organism.
Criteria for assignment of NMs to “biopersistent high aspect ratio NMs” are a particle aspect ratio of
3:1 or higher, a length greater than 5 um, a diameter less than 3 um and a solubility of less than
100 mg/L, or a pulmonary half-life greater than 40 days. The third group comprises NMs with an
absence of significant specific cellular effects and/or with no apical toxicity, which is indicated by the
absence of effects in the alveolar macrophage assay, and the absence of significant surface reactivity,
with a somewhat arbitrary limit of 10 % of Mn,05 reactivity as measured in the Ferric Reducing ability
of Serum assay (FRAS) or in the cytochrome C assay. The hazard of these “passive NMs” is very low,
even if inhalation of very high doses may induce adverse reactions. In contrast, “active NMs” (group
4) comprise NMs that elicit apical toxic effects even at low doses. This group encompasses all the
NMs that could not be classified in the other groups. The first tier of testing, which aims to classify

the NMs in the Group 1, considers three essential intrinsic material properties: water solubility,
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particle morphology (primary particle size, shape, aspect ratio and surface area) and chemical
composition. The second tier of testing is used for classifying NMs into the groups 2 to 4, assessing
the following extrinsic properties: dissolution rate, surface reactivity, dispersibility and cellular
effects as measured in vitro. A third tier of testing may be added if needed, and involves short-term
in vivo inhalation studies (STIS). Three further parameters, use, release and route of exposure, are
considered as qualifiers for waiving on basis of exposure scenarios and are used for justifying such

waiving.

Table 7 Overview of criteria used in DF4nano grouping approach (Arts et al. 2015)

Key criteria
Tier | Group 1: solubility (NM with a solubility (water) higher than 100 mg/L)
Soluble NMs
Tier Il Group 2: - particle aspect ratio of 3:1 or higher

Biopersistent HAR NMs - a length greater than 5 um

- a diameter less than 3 um

- solubility of less than 100 mg/L

- pulmonary half-life greater than 40 days

Group 3: Passive NMs absence of significant specific cellular effects and/or no apical toxicity
(alveolar macrophage assay, Ferric Reducing ability of Serum assay -
FRAS, cytochrome C assay)

Group 4: Active NMs NM that elicit apical toxic effects even at low doses (all NMs that could
not be classified in any other group)
Tier Il Group 3: Passive NMs (only if needed, to distinguish between passive/ active NMs)
Group 4: Active NMs based on short-term in vivo inhalation studies

The MARINA grouping and read-across approach is based on the MARINA RAS, as already described
above (Oomen et al. 2015). It is based on the consideration that NMs can be grouped based on their
chemical and physical identity (referred to as “What they are”, including chemical composition,
impurities, surface functionalization, size, shape and surface area), fundamental NM behaviour
(“Where they go”, including solubility, hydrophobicity, dispersibility and dustiness) and NM
reactivity, i.e. the potential hazards (“What they do”, including physical hazards, biological reactivity
and photoreactivity), see Table 8. The MARINA risk assessment strategy (RAS) highlighted five
possibilities for applying grouping and read-across within the RAS. In the first application (“to design
a testing strategy whose results cover an entire group of NMs”), grouping is used for limiting the
amount of testing, i.e. within a group of nanoforms, only a limited number of NMs need to be tested,
and the results can then be considered representative for the entire group. For this purpose, NMs
are grouped together according to their physico-chemical properties (“what they are”) and their
intended use. In the second, third, and fourth application, grouping is used for facilitating the risk
assessment process. The second application uses the grouping approach “to indicate possibility for
read-across early in the risk assessment”. This applies, for example, to “soluble NMs”, for which data

on the corresponding ion(s) can be used. The third application uses grouping “to highlight
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information needs based on hazard”. This applies e.g. to “NMs with a high aspect ratio”. The fourth
application is “grouping to highlight information needs based on exposure”, which is useful for
determining relevant exposure scenarios. The fifth application is “scientifically justified read-across
for a specific endpoint or test”, i.e. predicting one or more endpoints for a target NM by inter- or

extrapolating data from one or several source NMs.

Table 8 Overview of criteria used in MARINA approach (Oomen et al. 2015)

Key criteria

What they are Chemical and physical identity (chemical composition, impurities,
surface functionalization, size, shape, surface area)

Where they go Fundamental NM behaviour (solubility, hydrophobicity, dispersibility,
dustiness)

What they do Hazards (physical hazards, biological reactivity, photoreactivity)

Hund-Rinke et al. (2018) developed a grouping concept for the ecotoxicity of NMs with similarities to
the DF4nano Grouping approach. They considered the ecotoxicological effects on algae, daphnids
and fish embryos and a set of intrinsic and extrinsic physico-chemical properties. These properties
were assessed for a set of ion-releasing and non-ion releasing metal and metal oxide NMs. To
account for the shading effect following the sorption of NMs to the algae, they also proposed to
assess the sorption tendency of NMs. In order to achieve better regulatory compliance, the proposed
ecotoxicity testing strategy is based on OECD test guidelines and statistical approaches were used to
establish relationships between observed effects and intrinsic and extrinsic properties. The grouping

concept has been applied for a different set of NMs.

In 2016 ECHA, JRC and RIVM published a joint document, which addresses important considerations
regarding grouping and read-across for NMs. It aimed to provide scientifically justified approaches
and guidance for read-across between nanoforms under REACH (ECHA, JRC, RIVM 2016). The joint
document describes a tiered strategy to justify read-across between different nanoforms of the same
substance. It consists of 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 NMs to fill in data gaps; 5) definition of a testing strategy to validate the hypothesis; and 6)
performance of additional experiments, where needed. This joint paper was the basis for the ECHA
Appendix R.6-1 for nanomaterials applicable to the guidance on QSAR and Grouping of Chemicals

(ECHA 2017c), which describes a very similar approach.
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Applicability of NM grouping frameworks for regulatory purposes

The state of the art for NM grouping and categorization has been discussed at two OECD expert
meetings, one on “Categorization of Manufactured Nanomaterials” (OECD 2016a) and one on
“Grouping and Read-Across for the Hazard Assessment of Manufactured Nanomaterials” (OECD
2016b). The focus of the latter meeting was to provide initial input for a possible update of the OECD
Guidance on Grouping of chemicals (OECD 2014). Although NMs are explicitly cited in this general
OECD grouping guidance among specific types of chemical categories (chapter 6), to date only “initial
considerations” are available in the dedicated section (section 6.9). A general conclusion at the OECD
expert meeting confirmed the adequacy of applying grouping and read-across for data-gap filling for
NMs and also concluded that section 6.9 needs to be revised, taking NM specificities into account
(OECD 2016b). In September 2018 the OECD jointly with two European H2020 research projects,
NanoReg2 and GRACIOUS, organized a scientific workshop on NM grouping to discuss recent
progress. The workshop concluded that case studies are urgently needed to demonstrate the
applicability of the various NM grouping concepts in practice. Indeed, although significant progress
has been made to establish general and comprehensive frameworks for NM grouping, none of the
approaches published has been formally validated and only very few of them have been
demonstrated using a limited set of case studies due to lack of comprehensive data sets for

validation. This results in uncertainty about their applicability.

In the following the regulatory applicability of each of the comprehensive NM grouping approaches
under REACH is addressed, including a brief summary of whether they have been applied in case
studies. This assessment is done only for the REACH regulation, which has been identified as the
most important EU legislation for implementing NM grouping as it broadly covers nearly all chemicals
(Mech et al 2018). Moreover, there is a specific guidance document on NM available (ECHA 2017c) to

which the different grouping frameworks for NMs can be easily compared (Table 9).

Table 9 Comparison of the comprehensive NM grouping frameworks to the ECHA guidance

RCC 2013 | RIVM DF4nano | MARINA Hund- ECHA guidance
approach (Arts et | (Oomen et | Rinke et al. | (ECHA 2017c)

(Sellers et | al. 2015) | al. 2015) 2018
al. 2015)

Different pieces of X X X X X X
information considered
in addition to physico-
chemical properties

Initial Grouping X
Hypothesis required to
enter the framework

Strategy described for
how to establish
Grouping Hypothesis

Assign available data in X X X X
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a data matrix/ Identify
data gaps

Strategy for how to fill X
data gaps (i.e. specific

assays proposed)

Clear threshold values to X

assign NM in groups

Iterative Process

Going a little more into detail, we next assessed the specific information requirements. Each

framework starts with assessing physico-chemical similarity based on sets of physico-chemical

properties, which are overall very similar between the different frameworks and to a large extent

also in line with the physico-chemical properties suggested in the ECHA guidance (see Table 10).

Table 10 also includes the NANOREG approach for comparison reasons, even though this is not a

specific grouping framework.

Table 10 Physico-chemical properties considered in the different grouping approaches

RIVM DF4nano MARINA | NANOREG Hund- ECHA
approach (Arts et al. | (Oomen (Dekkers Rinke et | guidance
(Sellers et | 2015) et al. | etal.2016) | al. 2018 (ECHA 2017c)
al. 2015) 2015)
Chemical composition X X X X X X
Impurities X X X X X
Crystalline structure X X X X X
Surface characteristics X X X X X X
(coating,
functionalization,
capping)
Surface charge X X X X X
Primary particle size X X X X X X
and range
Shape/aspect ratio X X X X X X
Rigidity X X
Surface area/Porosity X X X X X X
Hydrophobicity X X X
Dustiness X X X
Explosivity, X
flammability
Dispersibility X X X
Aggregation/ X X X
agglomeration
Water solubility X X X X X
Dissolution, X X X X X
relevant media
Acid dissociation X
Biopersistence X X X
Hamaker constant X (X)
Dispersibility X X X
Dustiness X X X
Hydrophobicity X X X
Explosivity, X

flammability
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Conduction band X

energy/
band gap

Toxicological endpoints and toxicological data considered in the RIVM, MARINA and NANoOREG
approaches comprise legal information requirements laid down in REACH (e.g. genotoxicity) and
additional information obtained with other test methods than OECD test guidelines. Thus, these
approaches are relevant for regulatory purposes. In contrast, both tier 2 and 3 of the DF4nano
grouping framework uses only data from non-OECD test guidelines and are thus currently of limited

applicability for regulatory purposes.

The RIVM approach describes two hypothetical case studies mainly to better illustrate the proposed
grouping approach (Sellers et al. 2015). However, hypothetical cases cannot be considered

validation, which was also noted by the authors.

The DF4nanoGrouping approach was applied in four case studies involving 25 different NMs and
DQ12 quartz as a thoroughly studied bulk material (Arts et al. 2016). These case studies concern
carbonaceous materials, metal oxides and metal sulphates, amorphous silica and organic pigments,
including different particles, flakes, and fibres/tubes as well as un-coated and coated NMs. In each
case, the tiered classification approach was applied and the materials were each assigned to a group.
The classification was then compared to the results of short-term inhalation studies. Overall, the
outcome of the grouping based on the proposed criteria matched the in vivo results, showing the

accuracy and value of the approach.

A few more case studies are summarized in the OECD meeting report “Grouping and Read-Across for

the Hazard Assessment of Manufactured Nanomaterials” (OECD 2016b).

The largest uncertainty for these approaches remains the fact that they have not, or have only to a
limited extent, been applied in specific grouping case studies, except for the DF4nanoGrouping
approach. Thus, the shortage of comprehensive data sets for specific grouping case studies clearly is

one of the biggest bottlenecks when putting NM grouping into practice.

Finally, although the ECHA guidance (ECHA 2017c) presents the most comprehensive approach,
which for the first time describes the process of NM grouping as iterative in a clearly structured
manner, it is simply guidance and lacks details and clarity in some aspects. For instance, the guidance
states that a specific grouping hypothesis is needed to enter the framework but does not describe
how such a grouping hypothesis should be established, which is actually linked to the question on
how to establish similarity and how to link physico-chemical properties to adverse effects. On the

other hand, this guidance is a special case, as under REACH it is up to the REACH registrants to define
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their grouping principles and groups and to be able to defend them. Thus, the ECHA guidance is not

prescriptive with respect to this.

It becomes obvious that improving existing NM grouping approaches is urgently needed for
applicability in real practice. A few interesting concepts have already been published that could

prove useful for improving the existing approaches as described in the next section.

Interesting concepts to be considered in further development of NM

grouping approaches
Several conceptual approaches have been published that can provide useful input for further
developing or extending NM grouping aproaches. In the following we briefly summarize four useful

conceptual approaches (see Table 11) .

Table 11 Conceptual approaches useful in further development of grouping approaches for NMs

Approach Aim Key criteria Opportunities Limitations
Toxicological Prioritization and | Weighted Strategy to integrate High amount of
Prioritization Hazard Ranking of | combination of and analyse different | data needed
Index (ToxPi™) endocrine disruptors data from high- type of data, ranking
(Reif et al. 2010) throughput
screening, Omics,
Physico-chemical
characterization,
Exposure
Nel et al. (Nel et | Predictive toxicology | High-throughput Establish structure Limited to specific
al. 2013) approach screening, activity types of materials
Structure-activity relationship(s) (chemical
relationship composition)
Lynch et al. Categorization based Modes of action Strategy to combine | Plausibility unclear,
(Lynch et al. on Mode of Action 1) Dissolution, descriptors to | no proof
2014) using different input 2) Surface effects, | describe MoA mechanism that
parameters and 3) Structure effects combination of
Principal Component 4) Trojan horse descriptors are
Analysis effect truly linked to
toxicity
Landsiedel Use  grouping to | Source-to-adverse- | Grouping is applied in | Not always possible
(Landsiedel 2016) | identify NMs of | outcome pathway | different steps of NM | and efficient
concerns (SAOP) life cycle

The Toxicological Prioritization Index (ToxPi™) is a tool developed by the U.S. Environmental

Protection Agency (EPA, see https://www.epa.gov/) within the ToxCast program for ranking and

prioritization of chemicals (Reif et al. 2010). It aims to integrate different types of information on
chemicals, introducing a dimensionless index score, the so-called Toxicological Priority Index (ToxPi),

which is calculated as a weighted combination of all data sources, including data obtained from high-
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throughput screening (HTS), omics technologies, physico-chemical characterization data and
exposure data. The authors have also developed an interactive ToxPi Graphical User Interface

application, which supports the sharing of data across different platforms (Reif et al. 2013).

Nel et al. have developed a two-phase approach for the testing of NM toxicity (Nel et al. 2013). In the
first phase, data from HTS in-vitro testing is used to determine the most relevant properties of the
NMs that are responsible for the onset of a specific outcome. This approach identifies four main
research needs: the generation of libraries with high data content to overcome the lack of standard
or reference materials, the use of HTS for a quantitative assessment of dose- and time-response
relationships, the determination of underlying mechanistic pathways and the development of a data
analysis framework. In the second phase of the approach, the results are confirmed by targeted in-
vivo experiments and structure-activity relationships (SARs) are established. The authors considered
two case studies: metal oxide NMs and multi-walled carbon nanotubes. A regression model was used
to develop a SAR for metal oxide NMs. Four physico-chemical parameters, which are essential for
describing the in vitro induction of oxidative stress toxicity were determined: atomization energy,

periodic table number of the metal, nanoparticle volume and primary particle size.

Lynch et al. proposed that NM toxicity can be explained by four different MoAs, 1) NM dissolution, 2)
NM surface effects, 3) NM structure effects and 4) a Trojan horse effect (Lynch et al. 2014a). The four
MoAs were justified by considering three principal components (based on intrinsic properties,
extrinsic properties and composition aspects) and several descriptors, which can influence the
principal components. Examples of intrinsic properties include NM structure, shape, porosity,
structural configuration and bandgap. The extrinsic properties depend on the NM surface area and
its interaction with the NM’s biological environment. Examples include surface interactions and
transformations of the surface. The composition aspects include properties such as inherent toxicity,
charge, hydrophobicity and coating. This strategy takes into consideration that while a specific MoA
is determined by a specific property, it can also be influenced by other factors. As an example the
authors use the dissolution of a NM, which is mainly determined by its chemical composition (an
intrinsic property) but also modulated by extrinsic properties, such as the presence of strongly

binding ligands on the surface, and by other intrinsic properties such as structural configuration.

Landsiedel has published an opinion paper outlining different possibilities for NM grouping, following
a so-called source-to-adverse-outcome pathway (SAOP) and emphasizing that NM grouping should
not be restricted to the determination of nanostructure-activity relationships (Landsiedel 2016). The
author suggests a multi-perspective grouping approach according to (i) production, use and release

of NMs over the entire lifecycle; (ii) physico-chemical properties of NMs, which may change during
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the life cycle; (iii) uptake, biodistribution and biopersistence of NMs in an organism and (iv) early,

apical biological effects of NMs. A specific NM can belong to several different categories or to none.

NM Grouping: The NanoReg2 contribution

The specific aim of the NanoReg2 project was to establish and verify NM grouping strategies, which
comply with regulatory needs most importantly for REACH, in order to support a framework that can
be applied within NM risk assessment. At the same time, the approach should allow to support Safe
by Design (SbD) concepts. The NanoReg2 team identified the MARINA grouping strategy (Oomen et
al. 2015) as the most suitable starting point, since it is best in line with the ECHA guidance (ECHA
2017c) (Tables 9 and 10). Moreover, the MARINA approach is the most general one, applicable both
for regulatory purposes and for supporting SbD by taking into account different stages of the NM'’s
life cycle, which was important for NanoReg2. Importantly, within NanoReg2, the MARINA grouping
strategy was further modified by a) extending the NM physico-chemical characterization (according
to the NANOREG physico-chemical characterization scheme, see NANOREG deliverable D2.5,

www.nanoreg.eu), b) focusing further on transformations of NMs in biological media (in particular

by taking into account specific interactions between NMs and proteins), c) integrating ecotoxicity
and d) integrating computational tools at different stages. The adaptations are explained in the

following in more detail. The resulting NanoReg2 grouping strategy is summarized in Figure 1.
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Figure 1: Scheme summarizing the most important parts of the NanoReg2 NM grouping approach

Building on the MARINA approach, NanoReg2 suggests starting from the analysis of the three pillars,
“What they are”, Where they go” and “What they do” for characterizing NM intrinsic, extrinsic and

hazard properties respectively.
What they are

The “What they are” pillar of the original MARINA approach was significantly extended in the
NanoReg2 project in two ways: i) by more precisely specifying the measured physico-chemical
properties in order to describe a NM’s physico-chemical identity and ii) by including additional
calculated descriptors that may be useful for grouping. Thus, NanoReg2 took into account the further
knowledge on NM physico-chemical characterization developed in the EU FP7 project NANOREG. The
proposed properties cover the minimum physico-chemical information needed to describe the
intrinsic characteristics of NMs. To that end, the NanoReg2 approach relies on the regulatory
definition of a "nanomaterial" as recommended by the EC (EU 2011/696). The NanoReg2 approach
starts by collecting the following data for the characterization of the pristine materials (i.e. as
synthesized): primary particle size (distribution), shape, surface area, chemical composition, purity,
impurities, atomic structure, surface chemistry/coating, structural complexity, zeta potential,
stability, solubility and compartment specific solubility. Furthermore, dustiness is important in the

context of inhalation toxicity, where it can be used as measured according to the EN15051 standard
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or as modelled (e.g. Levin et al. 2014; Koivisto et al. 2015; Fonseca et al. 2018). However, dustiness
can also be used for the assessment of physical hazards such as for explosivity. Moreover, physical
parameters such as smouldering temperatures, Self Ignition temperatures, Minimum Ignition
temperatures, Minimum Ignition Energy, Lower Explosion Limits, Maximum explosion pressure,
Explosion severity should be considered for flammability and explosivity, as new SOPs (standard
operating procedures) for NMs have recently been proposed and approved at the CEN

nanotechnology level (CEN/TS 17274:2018, Bouillard et al. 2018).

Importantly, the NanoReg2 approach also suggests to include theoretical, i.e. calculated descriptors
for NM characterization in addition to the measured ones. These comprise easily computable and
interpretable parameters calculated for metals, metal cations and nanoclusters that have been
widely used in a number of nano-QSAR models developed for inorganic nanoparticles, e.g. standard
enthalpy of formation of gaseous metal ions, ionization potential energy, highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies, band gap energy, liquid drop
model descriptors and periodic table-based descriptors (Puzyn et al. 2011, Kar et al. 2014, Sizochenko et al.
2014, Sizochenko et al. 2015, Mikolajczyk et al. 2015). In particular, HOMO and LUMO values are
guantum-mechanical properties that strongly depend on the structure of a nanoform. The
dominating structural parameter can be either its size, or its crystalline phase (for instance anatase or

rutile), or other properties (Gajewicz et al. 2011).
Where they go

This pillar includes all parameters suggested by the MARINA approach. It has been extended by the
characterization of the bio-nano interface by Isothermal Titration Calorimetry (ITC), as described in
more detail below. Regarding the MARINA parameters, solubility and dissolution are considered
particularly important in this context. The solubility of substances and rates of dissolution vary with
media compositions and other extrinsic parameters such as presence of pH-buffering, atmosphere
composition, temperature, material concentration etc. (e.g. Utembe et al. 2015; Bove et al. 2017;
Koltermann-Jilli et al. 2018). Different parts of the particle (e.g. the coating and the core) may also
have different solubilities and dissolution rates in which a coating may function as a protective
capping on the NM. Characterisation of NMs at different points of their life cycle and in different
systems is important, as some properties of the NMs may depend on the system and on the stage of
the life cycle (system-dependent properties), thereby also changing the group relevant to the NM.
Apart from solubility and dissolution, the NanoReg2 approach also emphasizes inclusion of zeta-
potential, NM stability, and in particular NM surface reactivity, which could belong to “where they
go” as well as to “what they do”. Surface reactivity can be assessed by different assays even if in the

absence of validation their reliability remains unknown. NanoReg2 focused explicitly on the ability of
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NMs to produce reactive oxygen species (ROS) in acellular assays. We will address this issue in the
following “what they do” section, as the ROS production is related to the induction of oxidative stress
in cellular assays and thus to toxicity. Another unique feature of the NanoReg2 approach is the
characterization of the bio-nano Interface by using Isothermal Titration Calorimetry (ITC), which
measures the interactions between the NM surface and selected model proteins that are
representative of the protein corona of that NM. The issue related to the interaction of NM with
proteins was also addressed in NANoREG by an in-depth study of protein interaction with ZnO NMs
using in vitro toxicity methods (Da Silva et al., 2019a; 2019b), but not included in the NANOREG
grouping approach. The tendency of NM to interact with biomolecules is considered to be the result
of their need to reduce their surface energy (Lynch et al. 2014b, Walczyk et al. 2010). The
thermodynamic profile/signature (i.e., changes in enthalpy, entropy, free energy) measured by ITC
provides clues to understanding these binding driving forces/factors and could be correlated with
cellular uptake ((Fleischer and Payne 2014; Mosquera et al. 2018, Zhu et al. 2012). Based on ITC

measurements NMs can be categorized in three categories.

Category |: AH<0, AS<0: Bindings with favourable enthalpy, AH, and unfavourable entropic changes,
AS. This thermodynamic signature indicates a predominant enthalpic binding, driven by van der

Waals and/or electrostatic forces.

Category Il: AH>0, AS>0: Bindings occurring with low unfavourable enthalpy, AH, and high favourable
entropic changes, AS. This thermodynamic profile is specific for an interaction dominated by

hydrophobic forces.

Category lll: AH<0, AS>0: Bindings with both favourable enthalpy, AH, and favourable entropy, AS,
were also detected, which show that those bindings were dominated by hydrophobic forces, but
characterized by slightly electrostatic forces, suggesting that the inorganic particles establish a

number of bonds with the proteins.

Thus, the changes of enthalpy (AH) and entropy (AS) of binding are being considered as the driving
factors for protein—NM binding, their contributions to the free energy of binding (AG) being closely
related. The identification of specific energy parameters driving the binding interactions at the bio-
nano interface, i.e. describing the interactions between a NM and several selected relevant proteins,
is an important step within the NanoReg2 grouping approach. Thermodynamic data have been used
for the analysis of some case studies taking into account the effect of different variable e.g. NM type,
particle size, crystalline structure, hydrophobicity on the binding characteristics. It was shown that
within individual groups of NMs, the thermodynamic profile is depending on different
physicochemical features and compositional variables. At the same time, these data allow for an

analysis of the correlation between thermodynamic parameters at the bio-nano interface and the
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outcome of toxicological results (Tanasescu et al 2014). This provides a novel aspect for NM
grouping, contributing to the effort for validation of some previously proposed grouping criteria and

supporting the selection and prioritization of NMs for further testing.
What they do

NanoReg2 considers all endpoints related to physical hazards and to human health effects of the
MARINA approach and extends them in two ways, firstly by providing novel SOPs specifying precisely
how the physical hazards can be assessed and secondly by substantially extending the MARINA
approach with respect to environmental hazards. Thus, the NanoReg2 is the first truly
comprehensive approach that covers both human and environmental hazards. NanoReg2 suggests
establishing groups of NMs by primarily considering data obtained in in vitro studies that followed
OECD test guidelines (TGs), where available. However, NanoReg2 also considers data obtained by
following SOPs established in other EU projects, in particular, SOPs from NanoGenoTox, NANOREG
and MARINA were considered relevant and sufficiently reliable. In addition, some SOPs were
developed within the NanoReg2 project, such as the SOPs for characterizing physical hazards (CEN/TS
17274:2018). Physical hazards were already mentioned in the MARINA approach but clarity with

respect to the underlying test methods were lacking.

When developing case studies for the NanoReg2 approach, available data was used as much as
possible, thus limiting experimental efforts. Taking into account the availability of data in the
NanoReg2 database, consisting of data from NANOREG, MARINA, Nanotest, NanoGenotox and
ENPRA projects, the developed approach proposes to assess the hazard of NMs by using in vitro
assays considering Cytotoxicity/Cell viability/Cell proliferation, Genotoxicity and Oxidative stress.
Since currently no guidance is available for NMs on the usefulness and reliability of the various

assays, NanoReg2 suggests and considers a selection of assays for each endpoint.

Cytotoxicity/Cell viability/Cell proliferation is suggested to be assessed using the following assays:
Alamar Blue (AB), MTS assay, neutral red (NR) uptake, impedance measurement, Colony Forming
Efficacy (CFE). SOPs exist for each of these assays and are available on NANOREG website (see

deliverable D5.7, www.nanoreg.eu) and relevant information could be retrieved from the NanoReg2

database (https://search.data.enanomapper.net/about _nanoreg2.html).

Genotoxicity is suggested to be assessed using the following assays: comet assay (with/without 8-
oxoguanine DNA glycosylase (Fpg) that detects oxidised or ring-opened purines resulting from
breakdown, oxidised or alkylated purines, among them 7,8-dihydro-8-oxoguanine (8-oxoguanine)
and 8-oxoadenine DNA modifications (Boiteux et al. 1992, Dusinska et al. 1996)), mammalian gene
mutation assays, and the micronucleus assay. SOPs for each of those assays were established within

the NANOREG project and are available online (see deliverable D5.7, www.nanoreg.eu).
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Oxidative stress may be addressed by using various acellular assays that assess the potential of the
NM to produce ROS, such as electron paramagnetic resonance (EPR) or the acellular
dichlorofluorescein assay (DCFH,-DA). In addition, various cell-based assays can be included that also
assess ROS formation but in a biological environment, employing dyes such DCFH,-DA or
dihydroethidium (DHE). Furthermore, we suggest to measure DNA damage by using the Comet-Ffg
assay and protein damage by assessing protein oxidative carbonylation. It should be noted that
currently, very few and tentative SOPs exist for assessing oxidative stress (see for example

NANoREGdeliverable D5.7, www.nanoreg.eu).

Ecotoxicity was not considered in detail within the MARINA approach but elaborated in the
NanoReg2 grouping approach. Ecotoxicity is assessed in vitro using mussel hemocyte cells and fish
cell lines with assays such as the MTT assay, Alamar Blue assay, neutral red uptake or plasma
membrane integrity assessment with the CFDA-AM staining method. In vivo approaches utilizing the
freshwater microalgae Pseudokirchneriella subcapitata growth inhibition test (OECD TG 201) and the
Daphnia magna acute immobilization test (OECD TG 202) are also used to assess ecotoxicity of NMs,
although Hund-Rinke et al. (2016) indicate that these OECD TGs may need supporting guidance
before they can be applied to NMs.

Challenges faced during NM Grouping Case Studies

The NanoReg2 NM grouping approach was applied in NM grouping case studies. Here we highlight
the general strategy applied to establish the case studies and specifically the most important
challenges. First of all, it was important to establish case studies demonstrating variations both
within and between chemical substances. NanoReg?2 therefore selected several material classes each
with several nanoforms, based on industrial relevance and data availability. Then, an exploratory
approach was followed, aiming at linking physico-chemical properties (intrinsic or extrinsic;
measured or calculated) to specific hazard profiles, based on cellular responses connected to
toxicological endpoints specifically covered by the REACH regulation. The overarching goal was to
provide guidance on how to establish a group of NMs, especially in the absence of a specific starting
hypothesis. During establishment of these case studies we faced three main challenges: a) limited
availability of data, b) non-harmonized experimental methods for NM testing and c) serious
concerns regarding the data quality, as already reported by others as a crucial issue (e.g. OECD
2016b). Below we briefly describe these challenges and provide some recommendations on how to

address them.

a) To meet the first challenge, i.e. to face the scarcity of data, all original data derived from publicly

funded research projects should be stored in publicly accessible databases, in line with the EU US
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Roadmap Nanoinformatics (EU US Roadmap Nanoinformatics 2030, 2018),. Enhanced data
availability would help to overcome the fact that scientific publications and project reports generally
do not contain all the details required for the re-use of the data for e.g. meta-analysis, grouping or
other purposes. In ideal nano-databases, all experimental parameters should be reported as
metadata alongside with the original datasets in order to enhance the usefulness of the datasets, to
allow data conversion and re-analysis (e.g. for harmonization of dose units pg/mL or pug/cm?) and to
address concerns regarding data quality. The eNanoMapper model (Jeliazkova et al. 2015) can serve
as a best-practice example of building such data collections and is currently being implemented in
several EU projects, including NanoReg2. Ideally, such a database will be robust enough to contain
most forms of toxicological and physico-chemical data and it would appear that the ontologies
developed so far in eNanoMapper make it one of the best candidates to become a universal
repository. However, a few hurdles remain before its use can be enforced for future EU funded
projects; this includes the incorporation of different dataset specific annotations, such as omics data,
and environmental exposure data. Currently, the EU H2020 nanoCommons project is working on a
data management plan towards the development of standard ontologies and a repository of
protocols and associated metadata templates. Full implementation of these ontologies and metadata
would make eNanoMapper the logical choice to become the standard repository for NMs related
data. Further standardisation of this process, together with the implementation of FAIR (findable,
accessible, interoperable and reusable) principles on data management through other projects, such
as EU H2020 ongoing Gov4Nano, NANORIGO and RiskGone projects, could see the development of
mandatory reporting regimes put in place for past and future EU-funded projects and data generated
elsewhere. The collection of data induces the need to harmonize the data storage format for data
warehousing, for example by using the NANoREG templates for the eNanoMapper database or the

OECD Harmonised Templates (OHTs, http://www.oecd.org/ehs/templates/). Some of these OHTs

reflect nano-specific endpoints, and since the OECD TGs are being reviewed with regard to their
applicability to NMs, more of the templates could also be adapted to collect detailed information on
NMs. Some EU H2020 projects (such as nanoCommons, NanoinformaTIX and NanoSolvelT) are
currently working on extending and interlinking existing databases to make them more suitable for
modelling and risk assessment purposes. In addition, the current scarcity of reliable data could be
addressed by using validated high-throughput (screening) approaches (see for instance NANOREG

deliverable D5.7, www.nanoreg.eu) and predictive toxicogenomics (Nymark et al. 2018a; Nymark et

al. 2018b; Kohonen et al. 2017). High throughput screening platforms (including high-content
analysis and omics technologies) employed in tiered workflows and accompanied by computational,
automated data evaluation appear to be important tools to address NM complexity (Damoiseaux et

al 2011, Nel et al. 2013, Collins et al. 2017, EU US Roadmap Nanoinformatics 2030, 2018). Several
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intelligent data-handling methods have recently been described for chemical data, including
approaches such as the ToxPi tool described above (Reif et al. 2013) for scoring and integrating
diverse data. Furthermore, the nanosafety community can learn from the way similar issues of data
scarcity are currently addressed in the assessment of chemicals in general (e.g. Judson et al. 2013).
Moreover, high-throughput screening and predictive toxicogenomics offer great opportunities to
establish NM grouping based on MoAs and by knowledge of adverse outcome pathways (AOPs) or
to substantiate a previously formulated grouping hypothesis (Vietti et al. 2016). Labib et al. (2016),
for instance, used literature data to identify key biological events associated to lung fibrosis after
MWCNTs exposure and proposed an AOP. They then used transcriptomics data to calculate the
benchmark doses (BMDs) for the perturbed biological pathways identified in the AOP and suggest
exploiting such BMDs to identify potentially harmful NMs, even when data on conventional
toxicological endpoints are missing. The AOP approach may as well inform whether differences exist
in the toxicodynamic properties of NMs compared to similar chemicals. Gerloff et al. (2017) have
recently provided an example based on studies in which liver toxicity as a result of NM and chemical
exposure was monitored. The model was able to link the molecular initiating event (MIE) with the
adverse outcome by following a sequential path of connected Key Events at different levels of
biological organization. It should be noted that the investigations of the system-dependent changes
at the bio-nano interface can also contribute to the development of MoAs and AOPs for NMs as
these data may inform on possible MIEs. Within NanoReg2 we addressed this issue by evaluating
thermodynamic parameters driving the binding interaction between NMs and selected proteins using
ITC. This knowledge may be used to inform about a MIE for some NMs. The concepts of MoA and
AOP are as well investigated in projects such as NanoToxClass, SmartNanoTox, PATROLS and

GRACIOUS.

b) For the second challenge, i.e. to establish and share standardized procedures for testing NMs
strong and combined efforts are needed, ideally by international organisations such as OECD. The
OECD has started the process of updating its TGs: TGs 412 and 413 (Subacute Inhalation Toxicity: 28-
Day Study / 90-day Study) were amended in 2018, and a new TG 318 (Dispersion Stability of
Nanomaterials in Simulated Environmental Media) was adopted in 2017. However, development or
adaptation of OECD test guidelines and guidance documents takes time. Rasmussen et al. 2019 give
an overview of ongoing efforts within the OECD concerning test guidelines and guidance documents
addressing nano-specific issues. Importantly, several EU projects such as Gov4Nano, RiskGone and
NanoRIGO also address the adaptation of OECD TGs to meet the needs of NMs. At the same time
some EU projects such as PATROLS focus on delivering new tools for NM hazard assessment by
developing new and/or enhanced in vitro models, which better reflect real physiology. An important

first step toward having agreed methods is the publication of detailed best-practice SOPs that are
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ideally verified in round robin tests, as noted elsewhere (Haase and Lynch 2018, Oomen et al. 2018).
As already stated, we consider the NanoGenoTox, NANoREG and MARINA SOPs as good starting
points to be used consistently in EU projects, when validated TGs are not available. The main
recommendation is, however, to store the data together with the SOPs in databases in order to

facilitate the comparison of the results and the interpretation of any contradictory data.

c.) The third challenge, i.e. assessing the completeness and the quality of existing NM datasets, is at
the current stage a non-trivial task (Marchese Robinson et al. 2016). Efforts to provide methods and
guidance for data quality assessment are ongoing in other projects (see e.g. caLIBRAte deliverable

D5.3 on http://www.nanocalibrate.eu/home). The efforts described above to solve data availability

and to provide harmonized testing procedures are also crucial for obtaining the reliable data needed
for establishing, improving and verifying both NM grouping approaches and computational
approaches in general. These recommendations will both facilitate NM grouping and subsequent risk

assessment and support other purposes such as SbD.

The analysis made in this review indicates that most concepts for NM grouping address several
different aspects of the NM’s life cycle. All concepts take into account, to different extents, NM
physico-chemical properties, NM interactions with its surroundings, specific types of use and
exposure, NM uptake and toxicokinetics, as well as possible early and apical biological effects. None
of the evaluated NM grouping concepts fully considers all of these aspects, and importantly, NM
grouping may not need to address all of them. In order to achieve a better consensus on the
grouping framework, new strategies are required for establishing predictable relationships between
sets of physico-chemical properties of NMs and their (eco)toxicological effects. To that end,
computational approaches can be very useful to prioritize the many NM properties, as already quite
well established for chemicals in general (Patlewicz et al. 2017). NanoReg?2 therefore suggests using
computational approaches at the different tiers of NM grouping. This concept is also explained and
emphasized in detail in the recently released EU US Nanoinformatics Roadmap 2030 (EU US
Roadmap Nanoinformatics 2030, 2018).

Furthermore, we suggest functionality-driven and exposure-based grouping concepts. NMs readily
undergo pronounced interactions with their surroundings, which may alter the NMs significantly at
the different stages of their life cycle. Thus, the grouping of NMs can most likely not be established
reliably without a specific use context to indicate possible routes of exposure and thus provide a

means of targeted hazard assessment within the specific case of grouping.

Finally, we stress an urgent need for comprehensive high-quality date sets to complete more specific
NM grouping case studies in order to identify possible gaps or inconsistencies in currently proposed

NM grouping approaches. This in turn will eventually lead to more clarity on how to reliably apply
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NM grouping in a regulatory context. An important step towards this aim was the adoption of the
amended REACH annexes (EU 2018/1881), providing clarity on the REACH registration information
requirements for NMs. This regulatory development may increase the number of NMs registered
under REACH and the associated datasets. Since this enhances the utility of the proposed grouping
and read-across methods, further development of NM grouping concepts and approaches is likely.
Importantly, this is also likely to increase the number of available grouping case studies specific to

NMs.

Conclusions and Outlook

As described in detail in our paper, grouping and read-across can be considered appropriate tools for
filling in data gaps in the hazard assessment of chemicals in general and also for NMs. Different
European chemical legislation allow for grouping and read-across as alternative methods to provide
data. Concerning NM grouping, currently the most advanced regulatory framework exists within
REACH (EC 1907/2006). Within the last decade, significant progress has been made and several
comprehensive science-based frameworks for NM grouping have been published. The general
approach defined in the joint ECHA, JRC and RIVM document (ECHA, JRC, RIVM 2016), which is also
the basis for the ECHA guidance (ECHA 2017c) can be regarded as the most comprehensive
compilation of regulatory requirements, in particular as it emphasizes an iterative process to
establish a group of nanoforms within one substance registration. However, it currently lacks
guidance on how to establish grouping hypotheses, and furthermore it lacks clarity with respect to
the underlying testing strategies to fill data gaps and does not indicate specific thresholds to facilitate
decision-making, which is prerequisite for any grouping. Under REACH it is up to the registrants to
define their grouping principles and groups and defend it, and thus the guidance is not prescriptive in

detail.

The MARINA NM grouping approach (Oomen et al. 2015) is also highly useful, as it is a very broad
approach, which can be applied for regulatory as well as for non-regulatory (e.g. SbD) purposes.
Furthermore, different ways to implement and apply grouping and read-across during risk

assessment are highlighted in this approach.

Moreover, the NanoReg2 approach provides more detailed information on how to identify a
nanoform and it suggests several improvements such as the use of theoretical descriptors. In
conclusion, a series of recommendations can be made based on the insights gained from the

NanoReg2 grouping case studies:
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1) To include more specifically system-dependent properties such as the thermodynamic data

suggested by NanoReg2 and exposure-based grouping concepts in the grouping framework;

2) To apply an exploratory strategy (such as the one indicated by NanoReg2) to enter the framework

in cases where an initial hypotheses may not be obvious to establish;

3) To verify the quality and robustness of the proposed grouping framework by several case studies
using different material types. The EU H2020 project GRACIOUS currently performs a significant
number of case studies using well-characterized materials. For better comparison, especially in the
absence of harmonized test methods benchmark materials should always be included. NanoReg2
strongly recommends using NMs from the JRC repository, as these have been intensely studied,
resulting in vast knowledge on their properties and known effects and they may therefore be suitable
in cases where specific materials, which can serve as particulate positive and negative controls for

specific assays, are missing.

4) To integrate results from assays based on different principles by developing and harmonizing
scaling, scoring and integration methods. Within NanoReg2, several assays were suggested to
address specific toxicological endpoints and preliminary scoring methods to better compare and

integrate the assays were proposed and applied on the case studies.

5) To develop new computational strategies to reliably find relationships between NM properties and
(eco)toxicological effects. Computational approaches are useful at different stages of NM grouping,
for example to develop or support initial grouping hypotheses. Different techniques can be used.
These include read-across, unsupervised and supervised machine learning methods as well as various
QSAR approaches. The different computational approaches, which can be applied are reviewed in the
final report of the NanoComput project, where the predominant role of Quantitative Structure-
Property Relationship (QSPR) and Quantitative Structure-Activity Relationship (QSAR) models is
stressed (Worth et al. 2017). Future developments are intended to include such efforts as
mechanism-aware QSARs and omics-based QSARs. Projects such as SmartNanoTox, NanolnformaTIX,
NanoSolvelT and nanoCommons guide the development of such in silico approaches. In addition,
future developments in computational nanotoxicology have been described in the EU US Roadmap

Nanoinformatics 2030.
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relationship; SbD: Safe by Design; ITC: Isothermal Titration Calorimetry; TG: Testing Guideline; SOP:
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