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hazard and risk assessment tool that applies modern toxicology and contributes to the sustainable devel-
opment of nanotechnological products. It ensures that no studies are performed that do not provide cru-
cial data and therefore saves animals and resources.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Information box: definitions of terms used in the present
article Benchmark material: A (nano-)material, which
has been tested and evaluated according to standard criteria
and to which new materials may reliably be compared for
grouping purposes (Kuempel et al., 2012).

(Certified) reference material: A material that has under-
gone a process for validation or round robin assessment as
‘reference material’, thereby having fulfilled specific prede-
fined requirements for, e.g., its homogeneity and stability
(Stefaniak et al., 2013).

Intrinsic material properties: Characteristics of the mate-
rial that are determined independently of the biological envi-
ronment or test system. Accordingly, intrinsic material
properties include chemical composition and impurities, pri-
mary particle size (PPS), surface area, water solubility and
shape or aspect ratio.

Mode-of-action (MoA): Mechanisms by which substances
may elicit cellular or apical toxic effects. To date, only a lim-
ited number of such mechanisms have been discerned for
nanomaterials (cf. Chapters 3.5 and 3.6 ‘Grouping of nanoma-
terials by cellular and apical toxic effects’ for further informa-
tion on different MoAs).

Nanoform: As defined by the EU Commission’s NANO
SUPPORT Project (2012), the term ‘nanoform’ is used for
REACH registration dossiers that (seem to) also address other
forms (e.g. bulk). Thus, a nanoform registered ‘alone’ (not
along with non-nanoforms) would be a nanomaterial.

Nanomaterial: In line with the EU definition (EU
Commission, 2011), ‘nanomaterial’ is an overarching term
to describe materials containing particles with external
dimensions in the size range 1-100 nm.

Nanoparticle: A specific nanosized 'pieces of matter’ (EU
Commission, 2011).

Substance: The EU Regulation on the Registration,
Evaluation, Authorisation and Restriction of Chemicals
(REACH; EP and Council of the EU, 2006) defines a substance
a chemical element and its compounds in the natural state or
obtained by any manufacturing process, including any addi-
tive necessary to preserve its stability and any impurity deriv-
ing from the process used, but excluding any solvent which
may be separated without affecting the stability of the sub-
stance or changing its composition. Accordingly, in the pre-
sent article, ‘substance’ is used as an overarching term
encompassing nanosized and non-nanosized substances in
all forms regardless of their state of dissolution.

System-dependent properties: Characteristics that are
linked to the material’s functionality in its environment, such
as surface reactivity, dissolution rate, and dispersibility. The
outcome of measurements of system-dependent properties
is affected by the given surroundings, i.e. the choice of the
test system (culture media, supplements, dispersing agents,
etc.) or of the product application. System-dependent proper-
ties constitute bio-physical interactions of the particles with
their environment. Accordingly, ‘systems’ may be, e.g.,
matrices in which a nanomaterial is embedded in a product,
exposure media (aerosols, suspensions, etc.), or biological
systems that the nanomaterial comes into contact with.

"form ever follows function" (Louis Sullivan, 1896)

1. Introduction

Given the vast number of nanotechnological products entering
the market and the multitude of different nanomaterials already
available, hazard and risk assessments of each and every single
variant of nanomaterial are impracticable and undesirable for eco-
nomic reasons and stand in contradiction to the legal requirement
to reduce animal testing (EP and Council of the EU, 2006, 2010).
The ‘grouping’ concept aims at making substance hazard assess-
ment more efficient. In its guidance documents, the European
Chemicals Agency (ECHA, 2013) describes grouping as the process
of uniting substances into a common group if they are structurally
similar with physico-chemical, toxicological, ecotoxicological and/or
environmental fate properties that are likely to be similar or to follow
a regular pattern. Such similarities may be due to common func-
tional groups, common precursors, or likely common breakdown
products. Within a group, each individual substance may not need
to be tested. Instead, endpoint-specific effects of an unknown sub-
stance may be derived from the endpoint-specific effects of further
substances within the group. ‘Read-across’ is the application of the
grouping concept to fill a data gap within a group of substances by
using data from the same endpoint from another substance or
other substances (ECHA, 2013; cf. Information box - for the defini-
tions of terms as they are used in the present article).

For substances in general, technical guidance documents on
grouping are available, e.g. from the Organization for Economic
Cooperation and Development (OECD) or the ECHA (ECHA, 2008,
2012a,b, 2013, 2014; OECD, 2014a). By contrast, to date there are
no specific regulatory frameworks for the grouping of nanomateri-
als. However, this topic is addressed in different publications, and
preliminary guidance is provided in the context of substance-
related legislation or the occupational setting. In an extensive
review, the European Centre for Ecotoxicology and Toxicology of
Chemicals Task Force on Nanomaterials (ECETOC Nano TF) assessed
such available concepts for the grouping of nanomaterials for
human health risk assessment (Arts et al., 2014). Based upon this
review, in the present article, the ECETOC Nano TF proposes a
functionality-driven Decision-making framework for the grouping
and testing of nanomaterials (DF4nanoGrouping) that aims to
group nanomaterials by their specific mode-of-action (MoA; cf.
Information box) that results in an apical toxic effect.

In its review (Arts et al., 2014), the ECETOC Nano TF came to the
conclusion that nearly all of the currently available approaches
involve some form of grouping by intrinsic (material) properties
or system-dependent properties that constitute bio-physical inter-
actions. Of note, whereas the term ‘physico-chemical characteriza-
tion’ is widely used in the literature, for the purpose of grouping,
the ECETOC Nano TF distinguishes between ‘intrinsic material
properties’ (‘material properties’) on the one hand and ‘system-
dependent properties’ constituting bio-physical interactions on
the other hand (Wiesner, 2014; ¢f. Information box for the
definitions of these terms).
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The grouping of non-nanosized substances is often based on
(quantitative) structure-activity relationships ((Q)SARs) alone,
and also the above-mentioned ECHA guidance only allows for
grouping based upon structural similarities (ECHA, 2013). By con-
trast, all existing approaches for the grouping of nanomaterials
already go beyond the determination of mere (Q)SARs. For
instance, the United States National Institute for Occupational
Safety and Health (NIOSH) and the British Standards Institute
(BSI) distinguish between (1) soluble, (2) biopersistent and low
toxicity, (3) biopersistent and high toxicity, and (4) fibrous parti-
cles (or high aspect ratio nanomaterials, HAR NMs) (Kuempel
et al., 2012; BSI, 2007, reviewed in Arts et al. (2014)).

Similarly, the German Federal Institute for Occupational Safety
and Health (BAuA, 2013; Gebel et al., 2014) proposes three cate-
gories for nanomaterials based upon their predominant toxicolog-
ical MoA, while noting that some nanomaterials might be
assignable to more than one category or to none of these cate-
gories. The BAuA distinguishes between (1) nanomaterials whose
toxicity is mediated by their chemical composition; (2) rigid biop-
ersistent respirable fibrous nanomaterials; and (3) respirable gran-
ular biodurable particles (GBPs). The Guidance on the protection of
the health and safety of workers from the potential risks related to
nanomaterials at work (RPA and IVAM, 2014), produced for the
EU Commission, lists shape (in respect to HAR NMs), persistence,
water solubility, dustiness and flammability as essential material
properties to categorize levels of concern, further taking into
account nanomaterial exposure assessment.

Overall, the existing concepts for the grouping of nanomaterials
are founded on different aspects of the nanomaterial’s life cycle
throughout its biological pathway from production to disposal
(Fig. 1, see also Arts et al., 2014). These aspects include the nano-
material’s intrinsic material properties and system-dependent
properties, specific types of use and release, exposure route, biop-
ersistence, uptake, and biodistribution and cellular and apical toxic
effects. However, while none of the currently available concepts
consistently addresses all of these aspects, the ECETOC Nano TF
considers this necessary for a meaningful grouping of nanomateri-
als: Apical toxic effects caused by nanomaterials are not solely
influenced by intrinsic material properties (let alone, a single
intrinsic material property) or by system-dependent properties
(Arts et al., 2014; Oomen et al., 2014a,b). Instead, nanomaterials
readily undergo pronounced interactions with their respective

surroundings. These interactions may change at the different
stages of the nanomaterials’ life cycles, and this specific feature
of nanomaterials underlines the need for a functionality-driven
and exposure-based grouping concept (cf. Supplementary
Information (SI) text and SI Table S1 for two examples addressing
the hazard assessment of carbon allotropes and TiO, that provide
further scientific evidence for this need).

Against this background, the functionality-driven Decision-
making framework for the grouping and testing of nanomaterials
(DF4nanoGrouping) proposed by the ECETOC Nano TF uses and
combines all of the different tools for grouping which are already
at hand. It addresses the complexity of all aspects of possible nano-
material interactions with its environment by taking into account
all of the above-mentioned aspects of the different stages of the
nanomaterials’ biological pathways throughout their life cycles.
Thereby, it is functionality-driven, and the components of the
DF4nanoGrouping correlate with the different steps of the adverse
outcome pathway (AOP) concept (Ankley et al., 2010), even though
definite AOPs have not yet been established for nanomaterials. The
starting point of the general AOP concept implies addressing
the ‘chemical properties’ of a substance, which correspond to
the ‘intrinsic material properties’ of the DF4nanoGrouping. In a
sequential series, this starting point of the AOP is succeeded by
‘molecular initiating events’ or ‘macro-molecular interactions’
(corresponding to ‘system-dependent properties’ that constitute
bio-physical interactions), cellular responses (corresponding to
‘cellular effects’), and organ, organism and population responses
(corresponding to ‘apical toxic effects’) (Ankley et al., 2010).

Consistent with the DF4nanoGrouping, Pastoor et al. (2014)
suggest a comprehensive framework for bringing together knowl-
edge to enable effective decision-making. The so-called RISK21
framework is presented as a problem formulation-based, exposure-
driven, tiered data acquisition approach that incorporates exposure
and toxicity estimates and their respective uncertainties to guide
informed human health safety decisions as soon as sufficient evi-
dence is acquired to address the specific problem formulation
(Pastoor et al., 2014). Similarly, Grieger et al. (2014) call for struc-
tured decision support tools such as risk ranking approaches for
decision-making regarding the use of nanomaterials in products
and applications.

For the time being, the DF4nanoGrouping is restricted to the
purpose of human health hazard assessment (and not environmental
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Fig. 1. Life cycle and biological pathway of nanomaterials (Adapted from: Landsiedel et al. (2010) and Oomen et al. (2014b); M+: metal ion; ROS: reactive oxygen species; RS:

reactive species).
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Table 1

Overview and interdependence of the criteria used for the grouping of nanomaterials and corresponding tiers of the DF4nanoGrouping.

Biopersistence, uptake, and

biodistribution (3.4)

System-dependent properties (3.3)

Intrinsic material properties (3.1)*

Supplementary criteria that may

Key criteria with direct

Supplementary criteria that may

Key criteria with direct

Definition of

Cellular effects (3.5)

relate to the nanomaterial’s MoA

relevance for nanomaterial

grouping
Tier 2

relate to the nanomaterial’s MoA

relevance for nanomaterial

grouping
Tier 1

nanomaterial®

Apical toxic effects (3.6)

Tier 2 (in vitro)/Tier 3 (in vivo)

Tier 0

Biopersistence (3.4.1)

Dissolution rate in BSF, release

of toxic ions (3.3.1)

Water solubility (3.1.1)
Composition (3.1.4)

PPS (3.1.2)

Properties assigned Water solubility

Release of toxic ions (3.5)

(3.1.1)

to identical

PPS (3.1.2)

Table rows are

If biopersistent: potential for
apical toxic effects (3.6)

Dissolution rate in BSF (3.3.1)

Surface area (3.1.3)
Composition and

interdependent!

Aspect ratio (3.1.2)
Rigidity (3.1.2)

crystallinity (3.1.4)

Macrophage
activation

Oxidative
stress

Corona formation (3.3.4)

Surface reactivity (3.3.2)

Surface chemistry

(3.1.5)

Surface area in situ (3.3.5)
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Inflammation

(3.6)

Membrane

damage (3.5)

Uptake, biodistribution and

Size in relevant media,
dispersibility (3.3.3)

Surface charge (3.1.5)

clearance (3.4.2 and 3.4.3)

Hydrophobicity (3.1.5)

Abbreviations: BSF: biological simulation fluid; DF4nanoGrouping: decision-making framework for the grouping and testing of nanomaterials; MoA: mode-of-action; PPS: primary particle size.

2 The numberings refer to the sub-chapter that the respective criterion is presented in further detail.
b These intrinsic material properties may also be used within the tiers of the DF4nanoGrouping to sub-group the nanomaterials assigned to a given main group (cf. Chapter 2.2).

¢ Tier of the DF4nanoGrouping during which the respective criteria are (predominantly) applied (cf. Chapter 2.2).
4 Interdependence of properties, e.g.: Water solubility correctly estimates or underestimates solubility in BSF, which again correctly estimates or underestimates solubility in vivo, i.e. biopersistence (but not vice versa).

hazard assessment) of nanomaterials. Physical hazards elicited by,
e.g. substance flammability, are not taken into consideration, and
the DF4nanoGrouping excludes nanomaterials intended for medi-
cal application routes (such as intravenous or transdermal applica-
tion) or that are specifically designed for therapeutic effects. The
DF4nanoGrouping focuses on potential effects upon inhalation,
the predominant route of exposure for nanomaterials, whereas
the dermal and oral routes of exposure are only briefly addressed.

2. The decision-making framework for the grouping and testing
of nanomaterials (DF4nanoGrouping)

2.1. Delineation of the DF4nanoGrouping

The DF4nanoGrouping consists of three tiers to assign nanoma-
terials to one of four main groups, to perform subgrouping within
the main groups, and to determine and refine further specific infor-
mation needs. An overview of the grouping criteria used in the
course of the three tiers of the DF4nanoGrouping is provided in
Table 1 and Fig. 2. These criteria cover all relevant aspects of a nano-
material’s life cycle and biological pathways, i.e. intrinsic material
properties, system-dependent properties, biopersistence, uptake,
and biodistribution, and cellular and apical toxic effects. The intrin-
sic and system-dependent properties selected for the
DF4nanoGrouping are similar to the ones indicated in the recent
OECD report on the physico-chemical properties of manufactured
nanomaterials and test guidelines (OECD, 2014b). A comprehensive
description of the four main groups of nanomaterials and the three
tiers of the DF4nanoGrouping are presented in the following
Chapter 2.2. Additionally, the aspects ‘use, release and route of
exposure’ are addressed as ‘qualifiers’ during all tiers of the group-
ing process. The rationale for assigning these aspects a special role
is explained in Chapter 2.3. Chapter 3 provides detailed information
on the criteria that have been selected for the DF4nanoGrouping
discussing the specific role each criterion may play for the grouping
and hazard and risk assessment of nanomaterials.

As Table 1 and Fig. 2 reveal, a Tier 0 may precede the
DF4nanoGrouping. During this pre-tier, commonly used intrinsic
material properties may be used to identify a nanomaterial (cf.
Information box for definition). During Tier 1 of the
DF4nanoGrouping, intrinsic material properties are used as key
criteria to assign nanomaterials to main group 1 ‘soluble nanoma-
terials’ and for a preliminary assignment to main groups 2-4, i.e.
biopersistent HAR NMs, passive nanomaterials, and active nano-
materials (cf. Chapter 2.2). These four main groups have been
adapted from the grouping schemes proposed by BSI (2007),
Kuempel et al. (2012), BAuA (2013), Gebel et al. (2014). During
Tier 2, system-dependent properties are used as key criteria to cor-
roborate the assignment of nanomaterials to main group 2 (bioper-
sistent HAR NMs) and to distinguish between passive and active
nanomaterials (main groups 3 and 4). A nanomaterial, which does
not show any relevant activity in Tier 2, is assigned to main group 3
(passive nanomaterials), whereas a nanomaterial that shows rele-
vant activity in regard to any single Tier 2 grouping criterion is
assigned to main group 4 (active nanomaterials). Data from Tier
2 may also be used to assign those nanomaterials to main group
1 which are not water-soluble, but soluble in biological media.
Additional system-dependent properties may be used as supple-
mentary criteria if they relate to the nanomaterial’s given MoA.
Tier 3 allows confirming the distinction between passive and active
nanomaterials, and data from Tier 3 may be used to assign those
nanomaterials to main group 1 that are not biopersistent in vivo.
Likewise, Tier 3 allows for sub-grouping of active nanomaterials
based on the results of short-term in vivo studies. This information
may also be used to determine specific further information needs.
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Fig. 2. The decision-making framework for the grouping and testing of nanomaterials (DF4nanoGrouping).

The DF4nanoGrouping aims to group nanomaterials according
to their specific MoA that may result in an apical toxic effect.
Clearly, this is a function of a nanomaterial’s intrinsic material
properties. However, the exact correlation of intrinsic material
properties and apical toxic effect is not yet established, and differ-
ent intrinsic material properties may interact in complex ways,
which are not yet fully understood. Intrinsic material properties
of nanomaterials are highly relevant for grouping, but such group-
ing approaches may not be effective at the moment. Therefore, the
tiered approach of the DF4nanoGrouping utilizes ‘functionalities’
of nanomaterials in addition to intrinsic material properties
(Table 1). Functionalities include system-dependent material prop-
erties, bio-physical interactions as well as in vitro effects and
release and exposure. Tier-by-tier, ‘related’ higher-tier criteria
(presented as ‘interdependencies’ in the same rows in Table 1) pro-
vide information that increasingly reflects the biological complex-
ity and biological circumstances of the corresponding in vivo
property or apical toxic effect. For instance, the (Tier 1) intrinsic
material property ‘water solubility’ is related to the more complex
(Tier 2) system-dependent property ‘dissolution rate/solubility in
biological simulation fluids (BSF),, which in return is related to
the more complex criterion (Tier 3) ‘in vivo solubility/biopersistence’.

2.2. The four main groups and three tiers of the DF4nanoGrouping

The three tiers of the DF4nanoGrouping allow a stepwise
assignment of nanomaterials to the following four main groups,
sub-grouping within the main groups, and the determination of
further, specific information needs.

Main group 1 (soluble nanomaterials)

The main group 1 encompasses non-biopersistent nanomateri-
als, for which the chemical composition is more important for risk
assessment than the as-produced nanostructure.

e Key threshold value: In accordance with BAuA (2013), in the

DF4nanoGrouping, nanomaterials whose water solubility
exceeds 100 mg/L are defined as soluble.
e Nanomaterial assignment to main group 1 within the

DF4nanoGrouping: In Tier 1, nanomaterials are assigned to main
group 1 or ‘not main group 1. Data from Tier 2 may be used to

additionally assign those nanomaterials to main group 1 which
are not water-soluble, but soluble in biological media. Likewise,
in Tier 3, nanomaterials may be assigned to main group 1 if
their pulmonary half-life is less than 40 days (cf. the threshold
value set for biopersistent fibers in BAuA (2014a)).
Consequence of nanomaterial assignment to main group 1: No fur-
ther nano-specific sub-grouping, and no nano-specific hazard
assessment. Instead, read-across of the properties of the dis-
solved materials to the corresponding bulk materials will be
applied.

Main group 2 (biopersistent HAR NMs)

The main group 2 encompasses HAR NMs that are rigid and
fulfill the WHO criteria for respirable fibers and the criterion for
biopersistence (BAuA, 2014a). Biopersistent HAR NMs may elicit
toxic effects due to their morphology and prolonged half-life in
the organism.

e Key threshold values: Aspect ratio: <3:1, length: >5 um; diame-
ter: <3 wm; (WHO, 2005); biopersistence, i.e. dissolution
rate > 100 mg/L (taken over from BAuA, 2013) or pulmonary
half-life upon intratracheal instillation: >40days (BAUA,
2014a). Fiber diameter may be used as a proxy for rigidity.
Nanomaterial assignment to main group 2 within the
DF4nanoGrouping: Indication for assignment to main group 2
based upon size and aspect ratio in Tier 1. Final assignment
based upon dissolution rate in BSF (Tier 2) or in vivo biopersis-
tence (Tier 3).

Consequence of nanomaterial assignment to main group 2:
Different biopersistent HAR NMs may be assigned to further
sub-groups based upon their degrees of water solubility or
biopersistence (e.g. if they range in the same 25% intercept
between the negative control (NC) and the positive control
(PC)) and additionally taking into account release-related
qualifiers.

Main group 3 (passive nanomaterials)

The main group 3 encompasses biopersistent, non-fibrous
nanomaterials, such as GBPs, which do not have surface reactivity
and do not elicit a specific cellular effect and do not prevail in
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biological fluids in a well-dispersed form. In vivo, the ‘passive state’
of nanomaterials is confirmed in that they do not elicit apical toxic
effects and in that they are not biodistributed from the site of con-
tact or outside the mononuclear phagocyte system (MPS).
Regardless of their ‘passive state’, high doses of these nanomateri-
als - like other particles - may elicit effects on account of their par-
ticulate nature, especially by dust inhalation. Additionally,
nanomaterials that are not released from their matrix in products
- in any way - are also assigned to the main group 3 (passive
nanomaterials).

e Key threshold values: Toxic component (element or molecule)
<0.1% (EP and Council of the EU, 2008); surface reactivity:
<10% of Mn,0s3 reactivity in FRAS or cytochrome c assays; dis-
persibility: AAN > 3; no cellular effects at <10 pug/cm? (Kroll
et al., 2011). Confirmatory threshold value in respect to low
toxic potency, i.e. NOAEC in short-term inhalation study (STIS)
>10 mg/m>.

Nanomaterial assignment to main group 3 within the
DF4nanoGrouping: Based on data obtained in Tier 2. The Tier 2
assignment may be confirmed or revised by Tier 3 data from
in vivo studies (STIS).

Consequence of nanomaterial assignment to main group 3: Passive
nanomaterials are considered to possess no or only very low
hazard potential.

Main group 4 (active nanomaterials)

The main group 4 encompasses biopersistent, non-fibrous
nanomaterials with a hazard potential that is determined based
upon chemical composition, dissolution rate, surface reactivity,
dispersibility, or cellular effects. In vivo, ‘active’ nanomaterials
are expected to elicit apical toxic effects at lower doses. Results
of in vivo studies may be used to sub-group and rank ‘active
nanomaterials’.

e Key threshold values: Nanomaterials are assigned to main group
4 ‘active nanomaterials’ if they are not assigned to the main
groups 1, 2, or 3, i.e. if any single decisive property (or combina-
tions of properties) listed for main groups 1-3 is (or are) not
met. For confirmation of nanomaterial assignment to main
group 4, a NOAEC in STIS <10 mg/m® may be used. Effects
and toxic potency determined in the STIS may also be used
for sub-grouping.

Nanomaterial assignment to main group 4 within the
DF4nanoGrouping: Based on data obtained in Tier 2. The Tier 2
assignment may be confirmed or revised by Tier 3 data from
in vivo studies (STIS).

Consequence of nanomaterial assignment to main group 4: Further
sub-grouping by the degree of mobility in air (dustiness) and in
physiological fluids (dispersibility), as well as by in vitro and
in vivo (STIS) effects and uptake, biopersistence, and
biodistribution.

Grouping is an instrument to aid risk assessment. One element
of risk assessment is the estimation of ‘no effect levels’. According
to Annex 1 of the EU Regulation on the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH; EP and
Council of the EU, 2006), a derived-no-effect-level (DNEL) is
required as part of the Chemical Safety Assessment. Based upon
the risk assessment, risk management measures are taken, includ-
ing the setting of occupational exposure limits (OELs). Differing
exposure limits are being enforced for specific types of nanomate-
rials that reflect the main groups of the DF4nanoGrouping. In 2007,
the British Standards Institute (BSI) was one of the first institutions
to suggest OEL values for different groups of nanomaterials, and it
related them to the existing OEL values of the corresponding non-

nanosized materials. BSI (2007) proposed 0.5 of the existing OEL
for soluble nanomaterials, 0.01 fibers/mL for fibrous nanomateri-
als, 0.066 of the existing OEL for insoluble nanomaterials without
specific toxicity, and 0.1 of the existing OEL for nanomaterials with
a specific toxicity.

More recently, the German Federal Institute for Occupational
Safety and Health recommended seeking air concentrations
<10,000 fibers/m> for fibers (BAuA, 2013). Since legally binding,
health-based occupational limit values for manufactured nanoma-
terials are currently not available, BAuA (2013) suggested an
‘assessment criterion’ of <0.5 mg/m> (considering an average
agglomerate density of 2.0 g/cm? at the workplace) for biopersis-
tent, non-fibrous nanomaterials without specific toxicity, and for
nanomaterials with specific (chemical composition-related) toxic-
ity, an ‘assessment criterion’ of <0.1 mg/m> (BAuA, 2013). By com-
parison, for respirable non-nanosized dust, an OEL of 1.25 mg/m>
(based on an average particle density at the workplace of 2.5 g/
cm?) has been laid down (BAuA, 2014b). An extensive meta-analy-
sis of chronic rat inhalation studies with GBP materials (Gebel,
2012) found the difference in carcinogenic potency between GBP
nanomaterials and GBP micromaterials to be low (i.e. a factor of
2.0-2.5 referring to the dose metrics mass concentration). Of note,
however, the human health relevance of lung tumors observed in
the rat after particle inhalation is at least questionable, as reviewed
in an ECETOC report on pulmonary overload (ECETOC, 2013).

Taking into account these considerations, for main group 1 of
the DF4nanoGrouping (soluble nanomaterials), the DNEL of the
respective dissolved material may be applied, for biopersistent
HAR NMs (main group 2) - derived-minimal-effect-levels
(DMELs) for fibers, and for passive nanomaterials (main group 3)
- general DNELs derived from the no-observed-adverse-effect-con-
centrations (NOAECs) obtained in long-term studies (cf. 3.6.4 ‘Toxic
potency’).

2.2.1. Tier 1: nanomaterial assignment to main groups based on
intrinsic material properties

Taking into account the exposure-related qualifiers as appropri-
ate (cf. Chapter 2.3), 3 essential intrinsic material properties are
addressed as key criteria for nanomaterial grouping (Table 2; in
the following, the figure assigned to each grouping criterion refers
to the chapter in which its specific role for grouping is discussed in
further detail):

e Water solubility (3.1.1).

e Particle morphology (primary particle size (PPS) and shape,
including aspect ratio and surface area (3.1.2)).

e Chemical composition (3.1.4).

These key criteria are used to assign soluble nanomaterials to
the main group 1 and to provide an indication for the assignment
of non-soluble nanomaterials’ to the main groups 2, 3, or 4.

2.2.2. Tier 2: nanomaterial assignment to main groups based on
functionality

Tier 2 serves to assign non-soluble nanomaterials to the main
groups 2-4 and to sub-group the nanomaterials within the main
groups 2 (biopersistent HAR NMs) and 4 (active nanomaterials).
During Tier 2, the following key system-dependent properties
(assessed in relevant media) and in vitro toxicological criteria are
applied (Table 3):

e Dissolution rate (including loss of nanostructure and release of
toxic ions; 3.3.1).

o Surface reactivity (3.3.2).

e Dispersibility (3.3.3).



Table 2

DF4nanoGrouping: application of qualifiers, e.g. for exposure-based waiving of testing, and performance of Tier 1. Grouping criteria, threshold values and benchmark materials for nanomaterial assignment to main group 1 (with

resulting read-across of dissolved material) and indications for assignment to

main groups 2-4.

Grouping criteria or qualifiers Relevance for HA or RA

Threshold values for grouping

Benchmark materials®

Assignment to main group or sub-grouping

Application of the qualifiers ‘use, release, and route of exposure’, e.g. for exposure-based waiving of testing (To be taken into consideration during each tier)

Use Nanomaterial exposure likely? If  ¢f. Chapter 3.2 and Supplementary Information
so: In which form? Table S3
Release Release (i.e. exposure) likely? If Dustiness of powders”

so: In which form? Do the
released fragments contain
nanoparticles?

Low: pellet-like, non friable solids
Medium: crystalline, granular solids
High: fine, light powders

Droplet size affecting inhalability
Respirable: <10 pm

Inhalable: <100 pum

Not inhalable: >100 pm

Nanomaterial migration from food matrix

Low: <10 mg of substances/dm? of food
contact surface (overall migration limit)
High: >10 mg of substances/dm? of food
contact surface (overall migration limit)

Benchmark materials for release of free
nanoparticles are unavailable
Dustiness of powders”

Low: polyvinyl chloride pellets, waxes
Medium: soap powder, sugar

High: cement, TiO, NM-100 - NM-105
(RPA and IVAM, 2014)

Release by machining

Soft plastics (low*)

Brittle epoxy (high®)

Release by weathering or aging
UV-protected polyethylene (low*)
Epoxy or polyamide (high®)

‘No release’ of free nanomaterials, e.g. due to reactivity within the
matrix (example: X-Seed®, a concrete hardening accelerator), can
be used to assign a nanomaterial to main group 3 (passive
nanomaterials). Further (non-nanospecific sub-grouping) may then
be performed by product matrix

Determination of most relevant
biological pathways and
corresponding endpoints

Exposure route

Not applicable

cf. corresponding grouping criteria
relevant for the respective route of
exposure

Inhalation exposure
Dermal exposure
Oral exposure

Tier 1: Nanomaterial assignment to main group 1 and indications for main groups 2-4 making use of key criteria, i.e. essential intrinsic material properties indicating predominant MoAs

Water solubility Screening for loss of
nanomaterial structure: 1st

estimation of biopersistence

Assignment to main group 1 (soluble
nanomaterials): >100 mg/L (BAuA, 2013)

ZnCl, (high)
ZnO NM-110, NM-111 (limited)
TiO, NM-100 - NM-105 (low)

Read-across of the dissolved materials (that have been assigned to
main group 1) by composition

Screening for fiber effects (and
for appropriate dose metrics)

Shape (and aspect ratio)

Indication for main group 2

(biopersistent HAR NMs):

Shape, size, aspect ratio fulfill WHO definition
of ‘respirable fibers’: Aspect ratio > 3:1 (i.e.
HAR NMs), length > 5 pm, diameter < 3 um
‘Not main group 2': Granular nanomaterials

Certified reference materials with 1 and 3
nanoscale dimensions, all with
diameters < 100 nm, available from: NIST
(USA); BAM (DE); IRMM (JRC-BE)
Rigid HAR NMs: Asbestos and Mitsui
MWCNT-7 (Grosse et al., 2014)

Tier 2 assignment to main group 2 (biopersistent HAR NMs):
Dissolution rate

Rigidity (or diameter as a proxy)

Surface reactivity (cf. Table 3)

AND:

Use and release: The actually released material may have no ‘high
aspect ratio’ properties, even though the pristine nanomaterial was
a HAR NM

Screening for toxic ion release
(inorganic nanomaterials)
Nanosized and bulk materials
may share similar properties

Composition

Indication for main group 3 (passive
nanomaterials):

<0.1% of toxic component (element or
molecule; EP and Council of the EU, 2008)
Indication for main group 4 (active nanoma-
terials):

>0.1% of toxic component (element or mole-
cule)

Dependent upon characterization
method

Tier 2 assignment to main group 3 (passive nanomaterials):

No significant release

OR

No toxic element AND

Low surface reactivity AND

Low dispersibility AND

Low in vitro effects

(cf. Table 3)

Tier 2 assignment to main group 4 (active nanomaterials):

All nanomaterials that either have a toxic element or high surface
reactivity or high dispersibility or high in vitro effects
‘Composition’ may be applied to sub-group nanomaterials
(assigned to main groups 2-4 in Tier 2) by most potent element
(e.g. zinc for ZnO)
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Abbreviations: BAM: German Federal Institute for Materials Research and Testing; BAuA: German Federal Institute for Occupational Safety and Health; CNT: carbon nanotubes; HA: hazard assessment; HAR NMs: high aspect ratio
nanomaterials; IRMM: Institute for Reference Materials and Measurements; JRC: Joint Research Centre; NRCWE: National Research Centre for the Working Environment; NIST: National Institute of Standards and Technology; RA:
Risk assessment; WHO: World Health Organization.

2 NM-x numberings of benchmark materials (e.g. ‘ZnO NM-110’) refer to the respective numberings of the ‘OECD reference nanomaterials’ as they have been coded in the list of the OECD Sponsorship Program for the Testing of
Manufactured Nanomaterials (http://www.oecd.org/science/nanosafety/ and http://ihcp.jrc.ec.europa.eu/our_activities/nanotechnology/nanomaterials-repository).

b Reflecting the kinds of dustiness that may occur with nanomaterials and indicating benchmark materials that are used as examples for dustiness, even though not all of them might be present in the nanoform.

¢ Relative amount of nanomaterial of entire amount of released fragment.

4 ¢f: NIST: http://www.nist.gov/mml/bbd/rm-8027-092414.cfm; BAM: http://www.nano-refmat.bam.de/en/; IRMM: https://ec.europa.eu/jrc/en/reference-materials.

€ (Certified) reference materials both <100 nm and >100 nm diameters, with 1, 2, or 3 nanoscale dimensions, incl. determination of size distribution and surface area, in preparation within the FP7 project NanoDefine (see:
http://www.nanodefine.eu/index.php/links/2-uncategorised/1-welcome).
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Table 3

DF4nanoGrouping: application of qualifiers, e.g. for exposure-based waiving of testing, and performance of Tiers 2 and 3. Grouping criteria, threshold values and benchmark materials for nanomaterial assignment to main group 2-4 and

for sub-grouping.

Grouping criteria or qualifiers

Relevance for HA or RA

Threshold values for grouping

Benchmark materials®

Assignment to main group or sub-grouping

Application of the qualifiers ‘use, release, and route of exposure’, e.g. for exposure-based waiving (To be taken into consideration during each tier) cf. Table 2

Tier 2: Nanomaterial assignment to main groups 2-4, corroboration and sub-grouping making use of key criteria, i.e. essential system-dependent material properties and in vitro effects

Dissolution rate in biological fluids

After ‘water solubility’ (cf. Tier
1; Table 2), the dissolution rate
provides further estimations of
a nanomaterial’s in vivo
‘biopersistence’

Nanomaterials with a dissolution rate
>100 mg/L: may be moved to main group
1

For fibers: Low dissolution rate is an
indication for main group 2
(biopersistent HAR NMs):

Crocidolite asbestos (biopersistent, PC;
non-fibrous benchmark material not yet
determined)

Chrysotile asbestos (dissolves in
biological fluids, NC)

¢f. Donaldson et al. (2010)°

Assignment to main group 2 (biopersistent HAR NMs):

Release AND

Shape, size, aspect ratio, rigidity (cf. Table 2) AND

Low dissolution rate

Sub-grouping of nanomaterials assigned to main groups 2 or 4, e.g.
by similar dissolution rates (e.g. the same 25% range between NC
and PC)

Surface reactivity

Cellular and apical toxicity

Indication for assignment to main group
3 (passive nanomaterials):

Passive: <10% of Mn,05 reactivity in FRAS
or cytochrome c assays

Assignment to main group 4 (active
nanomaterials):

Active: >10% of Mn,05 reactivity in FRAS
or cytochrome c assays

Passive: BaSO4 NM-220

Active: Mn,03

Assignment to main group 3

(passive nanomaterials):

No release

OR

Low dispersibility AND

No toxic element AND

Low surface reactivity AND

Low in vitro effects

Sub-grouping of nanomaterials assigned to main groups 2 or 4, e.g.
by similar surface reactivity (e.g. the same 25% range between NC
and PC)

Dispersibility

Mobility*

Assignment to main groups 2
(biopersistent HAR NMs) and 4 (active
nanomaterials):

Mobile“: AAN <3

Indication for main group 3

(passive nanomaterials):

Large: AAN > 3 or diameter above

100 nm (may be grouped together with
micron-scale materials, if appropriate)

Ag NM-300 (AAN < 3)°
SiO, NM-203 (small agglomerates)
SiO, NM-200 (large agglomerates)

Assignment to main group 3

(passive nanomaterials):

No release

OR

Low dispersibility AND

No toxic element AND

Low surface reactivity AND

Low in vitro effects

Sub-grouping of nanomaterials assigned to main groups 2 or 4, e.g.
by similar degrees of dispersibility (e.g. the same 25% range
between NC and PC)

Cellular effects

Preliminary prediction of
apical toxicity

Indication for nanomaterial assignment
to main group 3 (passive nanomaterials):
No effect at <10 pg/cm? (Kroll et al.,
2011)

Nanomaterial assignment to main group
4 (active nanomaterials):

Effect at <10 pg/cm?

Passive: BaSO4 NM-220

Active: ZnO NM-110 and NM-111 (ion
effects);

CeO, NM-211 and NM-212 (surface-
related effects)

Assignment to main group 3

(passive nanomaterials):

No release

OR

Low dispersibility AND

No toxic element AND

Low surface reactivity AND

Low in vitro effects

Sub-grouping of nanomaterials assigned to main groups 2 or 4, e.g.
by similar degrees of cellular toxicity (e.g. the same 25% range
between NC and PC)

In vitro genotoxicity

Grouping criteria

Preliminary prediction of
apical toxicity

Not yet determined

Threshold values for sub-grouping

Not yet determined

Benchmark materials

Tier 3: Confirmation of nanomaterial assignment to main group, sub-grouping by apical toxic effects, and refinement of information needs (examples relate to inhalation exposure and numberings of group assignments indicate increasing degrees of ‘activeness’)

. CeO, NM-211 and NM-212
. ZnO NM-110 and NM-111

. Inflammation in STIS at an aerosol concentration of <10 mg/m>
. Necrosis in STIS at an aerosol concentration of <10 mg/m?

Apical t