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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation on the meaning of ISO specific terms and expressions related to conformity assessment,
as well as information about ISO’s adherence to the World Trade Organization (WTO) principles in the
Technical Barriers to Trade (TBT) see the following URL: www.iso.org/iso/foreword.html.

The committee responsible for this document is ISO/TC 229, Nanotechnologies.
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Introduction

Nano-objects and their aggregates and agglomerates (NOAAs) represent a subset of particulate materials
that can be dispersed in the air and can represent health risks via inhalation exposures. NOAAs include
structures with one, two or three external dimensions in the nanoscale from approximately 1 nm to
100 nm, which may be spheres, fibres, tubes and others as primary structures. NOAAs can consist of
individual primary structures in the nanoscale and aggregated or agglomerated structures, including
those with sizes larger than 100 nm. An aggregate comprises strongly bonded or fused particles
(structures). An agglomerate is a collection of weakly bound particles (structures)[11L21[3][4],

The purpose of this document is to describe a general framework for the development of occupational
exposure limits (OELs) or occupational exposure bands (OEBs) for individual NOAAs or categories of
NOAAs with different levels of available data. OELs and OEBs are important tools in the prevention
of occupational illness. OELs have a long history in industrial hygiene and are based on observations
of workers or studies of laboratory animals. OELs are established to minimize the likelihood of
adverse effects from exposure to potentially hazardous substances in the workplacel2]l6]. An OEL is
generally substance-specific (although sometimes generically expressed, such as dust). Sufficient data
to develop an OEL may not be available, especially for substances such as NOAAs used in emerging
technologies. To aid in hazard communication and exposure control decisions for substances without
OELs, hazard banding has been used for many years[ZI[8l[9]. Substances are assigned to a hazard band
based on limited toxicity data usually from animal studies. Hazard banding schemes typically consist of
qualitative bands ranging from low to high severity of effects. Thus, a hazard band represents a range of
potential toxicities for a particular substance or category of substances. Some hazard banding schemes
include associated OEBs[10]. The term OEB is a general term for exposure concentration ranges used
in some hazard banding schemes that are related to the ranges of hazard potentials. In contrast to an
OEB, an exposure band is a range of potential concentrations of a substance (or category of substances)
to which workers may be exposed in a defined occupational scenario and which is based on factors
such as the amount of NOAA processed or used, the nature of the process, and the form of the NOAA
including dustiness[3l. In control banding, the hazard band and the exposure band are combined to
determine the control band for any particular occupational scenario (e.g. ISO/TS 12901-2).

OELs and OEBs are part of an overall occupational safety and health (OSH) program and are not
intended to identify and address all safety and health risks associated with a specific process or task.
OELs and OEBs are intended to provide occupational safety and health professionals with a health
basis for assessing the effectiveness of exposure controls and other risk management practices. The
exposure assessment of nanomaterials including carbon nanomaterials [such as fullerene, graphene,
single-walled carbon nanotube (SWCNTs) and multi-walled carbon nanotube (MWCNTSs)], metal oxides
(TiOg, SiOy, zinc oxide, iron oxide), and metals (silver and gold nanoparticles) remains a challenge in
the field of occupational hygiene, as there have been relatively few studies on the characterization of
workplace exposures to NOAA. Sampling and analytical methods that have the capabilities to accurately
measure nanomaterials are still under development. Most sampling devices that measure airborne
particle count concentrations, such as condensation particle counters and optical particle counters,
cannot differentiate ambient exposures to background nanoparticles from NOAA in the workplace
environment. Airborne measurements of carbon nanotubes (CNTs) and carbon nanofibres (CNFs) using
mobility particle sizers also sometimes could present a unique challenge due to the arcing caused by
the charged airborne CNT and CNF agglomerates in the differential mobility analyser[11]. Although
several groups have attempted to measure and count CNT structures using transmission electron
microscopy or other microscopic methods[12][13], there are still no standard methods for measuring
and counting CNT structures. In addition, determining the mass concentration of CNTs and CNFs based
on measuring the elemental carbon (EC) remains a challenge due to other sources of elemental carbon
in the workplace, such as organic composite materials and air and diesel pollution that could interfere
in the determination of CNT and CNF exposures.

Scientific and technical methodologies used to set exposure limits may differ from one entity to
another, which can lead to disparities in worker protection from country to countryl[14l. Therefore,
harmonizing the scientific methodologies used in developing OELs, including using the best available
evidence for interspecies extrapolation and specifying the type of data and uncertainties involved in
the OEL determination is necessary for a robust health and safety evaluation franwéﬁ%lg)ﬁeé
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This document provides a collaborative, science-based platform to describe and evaluate the state-of-
the-art in such data and methods.

Current risk assessment methods are likely to apply to NOAAs[15], although the limited health hazard
data for many NOAAs and the considerable variety in the types of manufactured NOAAs present a
challenge to the efficient development of OELs for individual NOAAs. To date, few OELs and OEBs have
been developed for specific NOAAs and none have been formally regulated by a government agency.
Standard OEL and OEB methodologies for NOAAs are needed to evaluate the evidence on the hazard
potential of NOAAs in the workplace to provide a health basis for risk management decisions, including
selection and evaluation of engineering control options. One of the goals of this document is to identify
both the similarities and differences in the methods used to develop OELs. This evaluation may lead to
improvements in methods for setting exposure limits or bands.

This document presents an overview of the state-of-the-art in the development of OELs and OEBs for
NOAAs. Current approaches for assigning default hazard bands in the absence of NOA A-specific toxicity
data are described. These approaches build on current hazard and control banding strategies, such as
those developed in ISO/TS 12901-2. The current state of the methods and data to develop OELs and
OEBs for NOAAs is described in this document, along with an evaluation of those methods used in
developing the current OELs for NOAAs. Categorical approaches to derive OEBs for NOAAs with limited
data are also discussed, such as those based on biological mode-of-action (MOA) and physico-chemical
(PC) properties. The basis for the framework described in this document is the U.S. NIOSH Current
Intelligence Bulletin Approaches to Developing Occupational Exposure Limits or Bands for Engineered
Nanomaterialsl16], This document also takes into consideration other state-of-the-science reports,
including outputs of the workshop “Strategies for Setting Occupational Exposure Limits for Engineered
Nanomaterials,” which was held on September 10-11, 2012 in Washington, DC, USAlé] and the OECD
Working Party on Manufactured Nanomaterials Expert Meeting on Categorization of Manufactured
Nanomaterials, September 17-19, 2014[17].

The primary target audience of this document is occupational safety and health professionals in
government, industry, and academia, who have the expertise to develop OELs or OEBs based on the
guidance in this document. In addition, the evidence-based approach described in this document
may be useful in the evaluation and/or verification of current hazard and control banding schemes
and for identifying the key data gaps. Control banding requires information on both the applicable
hazard category and exposure category. Appropriately verified control banding tools would be broadly
useful, as these tools require less specialized expertise and resources (than for a comprehensive risk
assessment) and are accessible to a wider group of individuals and small businesses. Therefore, this
document can be considered complementary to ISO/TS 12901-2 on control banding for nanomaterials
as it describes the state-of-the-art in the process of assigning nanomaterials to hazard bands/OEBs
when the scientific evidence is not sufficient to develop an individual OEL.

Some of the cited methods lead to results that are not necessarily consistent and this may be due to
method selection biases of the authors. In these cases, diverse results will also make it difficult to use
information to confidently establish exposure and band levels. It is beyond the scope of this document
to attempt to identify the methods which lead to both correct and consistent results. In the event that
methods lead to diverse results, it is hoped that this report will lead to additional methods development
that will lead to improvements and that these improvements can be relied on for setting exposure and
banding levels.

The objectives of this document include

a) describinganevidence-based state-of-the-art framework to develop OELs or OEBs for manufactured
NOAAs, and

b) examining the currently available data and other approaches and methods used (e.g. benchmark
substances and benchmark exposure levels) in the occupational risk management decision-making
for NOAAs.

It is anticipated that this document will contribute to the development of standard hazard and risk
assessment methods and facilitate the systematic evaluation of the potential health risk of occupational

exposure to NOAAs. Documents
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Nanotechnologies — Overview of available frameworks
for the development of occupational exposure limits
and bands for nano-objects and their aggregates and
agglomerates (NOAAs)

1 Scope

This document provides an overview of available methods and procedures for the development of
occupational exposure limits (OELs) and occupational exposure bands (OEBs) for manufactured nano-
objects and their aggregates and agglomerates (NOAAs) for use in occupational health risk management
decision-making.

2 Normative references

There are no normative references in this document.

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO/TS 80004-2 and the
following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

31

agglomerate

collection of weakly or medium strongly bound particles where the resulting external surface area is
similar to the sum of the surface areas of the individual components

Note 1 to entry: The forces holding agglomerates together are weak forces, for example, van der Waals forces or
simple physical entanglement.

Note 2 to entry: Agglomerates are also termed secondary particles and the original source particles are termed
primary particles.

[SOURCE: ISO 26824:2013, 1.2]

3.2

aggregate

particle comprising strongly bonded or fused particles where the resulting external surface area is
significantly smaller than the sum of surface areas of the individual components

Note 1 to entry: The forces holding an aggregate together are strong forces, for example, covalent or ionic bonds,
or those resulting from sintering or complex physical entanglement, or otherwise combined former primary
particles.

Note 2 to entry: Aggregates are also termed secondary particles and the original source particles are termed
primary particles.

[SOURCE: ISO/TS 80004-2:2015, 3.5]
Documents
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3.3
bulk material
material of the same chemical composition as the NOAA, at a scale greater than the nanoscale

3.4
exposure
contact with a chemical, physical or biological agent by swallowing, breathing, or touching the skin or eyes

Note 1 to entry: Exposure can be short-term (acute exposure), of intermediate duration, or long-term (chronic).

3.5
health hazard
potential source of harm to health

[SOURCE: ISO 10993-17:2002, 3.7]

3.6
health risk
combination of the likelihood of occurrence of harm to health and the severity of that harm

[SOURCE: ISO 10993-17:2002, 3.8]

3.7
nanofibre
nano-object with two external dimensions in the nanoscale and the third dimension significantly larger

Note 1 to entry: The largest external dimension is not necessarily in the nanoscale.
Note 2 to entry: The terms nanofibril and nanofilament can also be used.

Note 3 to entry: See 3.9 Note 1 to entry.

[SOURCE: ISO/TS 80004-2:2015, 4.5]

3.8
nano-object
discrete piece of material with one, two or three external dimensions in the nanoscale

Note 1 to entry: The second and third external dimensions are orthogonal to the first dimension and to each other.
[SOURCE: ISO/TS 80004-1:2010, 2.2]

3.9

nanoparticle

nano-object with all external dimensions in the nanoscale where the lengths of the longest and the
shortest axes of the nano-object do not differ significantly

Note 1 to entry: If the dimensions differ significantly (typically by more than 3 times), terms such as nanofibre or
nanoplate may be preferred to the term nanoparticle.

[SOURCE: ISO/TS 80004-2:2015, 4.4]

3.10
nanoscale
length range approximately from 1 nm to 100 nm

Note 1 to entry: Properties that are not extrapolations from a larger size are predominantly exhibited in this
length range.

[SOURCE: ISO/TS 80004-1:2010, 2.1]
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3.11
particle
minute piece of matter with defined physical boundaries

Note 1 to entry: A physical boundary can also be described as an interface.
Note 2 to entry: A particle can move as a unit.

Note 3 to entry: This general particle definition applies to nano-objects.
[SOURCE: ISO 26824:2013, 1.1]

3.12

solubility

maximum mass of a nanomaterial that is soluble in a given volume of a particular solvent under
specified conditions

Note 1 to entry: Solubility is expressed in grams per litre of solvent.
[SOURCE: ISO/TR 13014:2012, 2.27]

3.13

occupational exposure limit

maximum concentration of airborne contaminants deemed to be acceptable, as defined by the authority
having jurisdiction

[SOURCE: ISO 16972:2010, 3.133]

3.14

occupational exposure band

quantitative representation of hazard band which describes hazard potential of a particular material
or class of materials in workplace air

3.15
breathing zone
space around the face of a worker from where he or she takes his or her breath

[SOURCE: ISO 24095:20009, 3.1.2.1]

4 Symbols and abbreviated terms

ACGIH American Conference of Governmental Industrial Hygienists

AGS Ausschuss flir Gefahrstoffe (German Committee on Hazardous Substances)

AGW Arbeitsplatzgrenzwert (occupational exposure limit)

AIST Japanese National Institute of Advanced Industrial Science and Technology

BALF bronchoalveolar lavage fluid

BAuA Bundesanstalt fiir Arbeitsschutz und Arbeitsmedizin (German Federal Institute for Occu-

pational Safety and Health)

BEI biological exposure index

BEL benchmark exposure level

BMD benchmark dose

BMDL benchmark dose estimate, 95 % lower confidence limit
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BSI
CMAR
CNF
CNT
DFG
DMEL
DNEL
EPA

EU
EU-OSHA
GBP
GHS
IARC
IFA

ILV
JSOH
LC50
LOAEL
MAK
MOA
MOEL
MSHA
MWCNT
NIOSH
NOAAs
NOAEL
NRV
OECD
OEB
OEL
OEL (PL)

4

British Standards Institution

carcinogenic, mutagenic, asthmagenic, or reproductive toxicant

carbon nanofibre

carbon nanotube

Deutsche Forschungsgemeinschaft (German Research Foundation)
derived minimum exposure level

derived no-effect level

United States Environmental Protection Agency

European Union

European Agency for Safety and Health at Work

granular biopersistent particle

Globally Harmonized System of Classification and Labelling of Chemicals
International Agency for Research on Cancer

Institut flir Arbeitsschutz (German Institute for Occupational Safety and Health)
indicative limit value

Japan Society for Occupational Health

concentration associated with 50 % lethality

lowest observed adverse effect level

Maximale Arbeitsplatzkonzentration (maximum workplace concentration)
biological mode of action

Korean Ministry of Employment and Labour

United States Mine Safety and Health Administration

multi-walled carbon nanotube

United States National Institute for Occupational Safety and Health
nano-objects, and their aggregates and agglomerates including those larger than 100 nm
no observed adverse effect level

nano-reference value

Organization for Economic Cooperation and Development

occupational exposure band

occupational exposure limit

period-limited occupational exposure limit
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OELV occupational exposure limit value

OSH occupational safety and health

OSHA United States Occupational Safety and Health Administration

PC physico-chemical

PCM phase contrast microscopy

PEL permissible exposure limit

QRA quantitative risk assessment

REACH Regulation, Evaluation, Authorization and Restriction of Chemicals
REL recommended exposure limit

SCENIHR  Scientific Committee on Emerging and Newly Identified Health Risks
SCOEL Scientific Committee on Occupational Exposure Limits

STEL short-term exposure limit

STOT-SE Specific target organ toxicity — single exposure

STOT-RE Specific target organ toxicity — repeated exposure

SWCNT single-walled carbon nanotube

TLV threshold limit value

TSCA Toxic Substances Control Act

TWA time-weighted average

UF ultrafine

VLEP Valeur Limite d’Exposition Professionnelle (occupational exposure limit)
WHO World Health Organization

WHS Work Health and Safety

5 Description of available processes for setting OELs and OEBs

5.1 General considerations

Exposure to substances or mixtures in the workplace can occur through inhalation, absorption through
the skin or ingestion. Most exposure occurs through the inhalation of vapours, dusts, fumes or gases.
For some chemicals, absorption through the skin may also be a significant source of exposure.

The response of the body to exposure from substances and mixtures depends on the nature of the
substance, the health effects it can cause and the amount of the substance or mixture absorbed by the
body. Individuals also have differing abilities to metabolize chemicals which can cause considerable
variation in the toxic effects between people. The extent to which a person is exposed mainly depends
on the concentration of the substance or mixture in the air and the amount of time exposed and, of
course, on the effectiveness of controls. Substances and mixtures may cause immediate acute health
effects or it may be decades before effects on the body become evident.
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Occupational exposure limits are intended to prevent adverse health effects in “nearly all workers”[18]
even with repeated or daily exposures over a working lifetime. Some OELs are based on health effects
data only (e.g. ACGIH TLV), and other OELs also include consideration of the technological feasibility
(e.g. NIOSH RELSs) or economic feasibility (e.g. OSHA PEL) of measuring and controlling exposures.

For a few substances, usually the more potent probable and established human carcinogens, it is not
currently possible to assign an appropriate exposure limit. For these substances, exposure should be
controlled to the lowest practicable level. Biological monitoring may provide a more reliable indication
of workplace exposure for these substances.

The evaluation of hazards posed by atmospheric contaminants in the working environment is often
a complex task, taking into account the potentially large variability of exposure at the workplace
requiring sound occupational hygiene exposure assessment strategies. For this reason, it is essential
that those persons responsible for such assessments are knowledgeable and experienced professionals,
who are fully aware of all issues canvassed in this document and have appropriate qualifications and
experience in occupational hygiene.

NOTE A knowledgeable and experienced professional is an individual who will properly perform a specific
job. This person utilizes a combination of knowledge, skills and behaviour to improve performance. More
generally, competence is the state or quality of being adequately or well qualified, having the ability to perform a
specific rolel3l.

The relationship between various exposure limits should not be used as a general measure of their
relative toxicity. This is because, among other things, the values for different substances are often
established with regard to different biological effects, such as irritation or systemic toxicity. Similarly,
the exposure limits should not be used as a basis for the evaluation of community air quality, or for long
term, non-occupational exposures.

Most substances used in industry have not been assigned exposure limits. This does not imply that
these substances are safe or non-hazardous. In many cases there is insufficient information on the
health effects of these unlisted substances to allow national regulatory bodies to assign an exposure
limit, even on a tentative basis. In other instances, the use of the substance does not lead to significant
airborne levels of contaminant, or its use is so restricted that an exposure limit is not warranted.

It is a good general policy to keep the exposure to any substance as low as is practicable, irrespective of
whether present information indicates it is hazardous or not. Some substances previously thought to be
comparatively safe have subsequently been found to pose serious long term health risks.

There are three types of exposure limits:
— time-weighted average (TWA) limit;
— short term exposure limit (STEL);

— peakor ceiling limit.

These limits and other technical aspects of setting OELs are further described in A.1.2.

5.2 Description of evidence-based process

The methods for developing OELs depend on the available data. Schulte, et al.[3] describe three general
scenarios for varying amounts of toxicological data. This framework was refined to describe linkages
between the evidence basis for these general categories through benchmark substances. Benchmark
substances are well-characterized materials (e.g. airborne particles or fibres) with sufficient dose-
response data from animal and/or human studies to develop quantitative risk estimates and health-
based OELs (Figure 1)[19][20]. Benchmark materials also provide a reference (e.g. as a positive or
negative control) in comparative toxicity assays with new NOAAs that have limited toxicological data
but similar physico-chemical properties and inferred biological mode-of-action (MOA)[19]1{20][21], The
focus of this document is on occupational airborne exposures to nanomaterials since inhalation is the
major route of exposure to potentially hazardous substances, including NOAAs, in the workplace.
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Asshown in Figure 1, in the first case, if dose-response data are sufficient, an OEL for an individual NOAA
can be developed using quantitative risk assessment (QRA). The definition of sufficient will ultimately
be based on a judgment about the available data, and may include weight of evidence evaluations,
including the availability of adequate data for benchmark dose modelling[22] or no observed adverse
effect levels (NOAELSs) or lowest observed adverse effect levels (LOAEL) from well-conducted studies.
Second, if data are insufficient for QRA for a specific substance, but adequate information is available
on a similar substance in the same mode-of-action category, then a categorical OEL may be assigned
by qualitative or quantitative methods including read-across and structure-bioactivity modelling, with
comparisons between NOAAs and benchmark substances. Third, if data are insufficient to develop a
substance-specific or categorical OEL, then initial (default) hazard and control bands may be derived
by comparing NOAA properties to that of similar materials in broad categories. The objective of this
evidence-based approach is to facilitate decision-making about exposure control strategies for NOAAs
in the workplace based on best available evidence. The framework allows for iteration and revision of an
OEB or OEL as new data become available based on standard criteria for data and methods. At this time,
more examples of OELs developed for NOAAs are available than of categorical OELs or OEBs for NOAAs.

The data available for developing OELs or OEBs for NOAAs may include

a) data from in vivo and in vitro testing of specific NOAAs (e.g. from the OECD testing program,
manufacturers of NOAAs, and non-regulatory government agencies such as the NIOSH and the NTP
in the US), and

b) existing toxicology or epidemiology studies of lung effects from inhaled particles and fibres for
comparative toxicity analyses.

General chemical hazard databases (e.g. as used in GHS[23] hazard classification) are also available for
some of the parent or bulk materials with similar chemical composition to the NOAA for use in hazard
band/OEB allocation and control banding (e.g. see ISO/TS 12901-2). Table 1 summarizes the type of
data and methods needed to develop OELs or OEBs.

Health hazard and physical-chemical data
Sufficient Minimal

Limited (focused)
Quantitative Structure-activity Analogy
risk and toxicity and default
assessment comparison criteria

Benchmark

-~ A
( Health-based OEL ] particles [ OEB/Hazard banding ]

' '

[Measurementand control] ( Control banding ]

Figure 1 — Evidence-based strategy to develop exposure control limits and bands for NOAAs,
based on level of evidence
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Table 1 — Data and methods needed to develop exposure limits or bands

Guidance value Level of evidence Data, analysis tools and methods

Substance-specific OEL Sufficient Substance-specific dose-response data for quantitative
risk assessment; availability of substance-specific sam-
pling and analytical method

Categorical OEL Limited (focused) Comparative toxicity, clustering and categorization
to estimate hazard or risk based on physico-chemical
properties and biological mode-of-action data

OEB Minimal or inadequate |Analogy; default hazard categories and exposure con-
trol options are applied.

5.3 Substance-specific OELs

The substance-specific OELs typically do not take separate account of the nanoparticle size, although
some of these OELs do specify the particle size sampling criteria associated with regional respiratory
tract deposition. These sampling criteria include inhalable (total), thoracic (airways), and respirable
(pulmonary) size fractions. Nanoparticles are capable of depositing anywhere in the respiratory tract
region, including the pulmonary region where gas exchange takes place. Some of the individual OELs
are specific to the dust and/or fume forms, and fumes by nature consist of nanostructured particles.
The OELs for fumes may be lower mass concentrations than the OELs for dust of the same chemical
substance (e.g. the NIOSH REL and OSHA PEL for copper is 1 mg/m3 for the dust and 0,1 mg/m3 for the
fume)[24]. In other cases the OEL applies to both the dust and fume (e.g. iron oxide, NIOSH REL is 5 mg/m3
and OSHA PEL is 10 mg/m3; cobalt metal dust and fume, NIOSH REL is 0,05 mg/m3 and the OSHA PEL
is 0,1 mg/m3). It is relevant to note that those OELs vary at least as much by chemical composition as by
descriptors of particle size (dust, solid particles generated by any mechanical processing of materials
such as crushing, grinding, and handling or fume, airborne dispersion consisting of small solid particles
created by condensation from the gaseous state).

Clause 6 and Table 2 provide a description and list of the OELs that have been developed for
specific nanomaterials by non-regulatory government agencies, companies, and nongovernmental
organizations. To date, no regulatory standards have been circulated for NOAAs.

5.4 Categorical OELs

Historically, many airborne particulate materials were regarded as a “nuisance” or as “low toxicity”
dusts and categorical OELs, such as a generic inhalable OEL of 10 mg/m3 and a respirable OEL of
4 mg/m3 were set for many low-toxicity poorly-soluble dusts including aluminium oxides, graphite,
titanium dioxide and others[25]. In Germany, the DFG MAK commission recently reduced the OEL for
biopersistent granular particles from 3 mg/m3 to 0,3 mg/m3 (respirable fraction), reflecting concerns
about a possible carcinogenic potential for this category of substancesl26]. All these values, however,
were not intended for particulate materials with specific known inhalation or systemic toxicity
(e.g. asbestos and lead, respectively) for which substance-specific OELs were also determined.

Advantages of categorical approaches include:

— more efficient use of data;

— reduced costs;

— reduced animal use;

— increased sample size;

— greater robustness of results;

— increased biological plausibility for other materials in the same mode of action categoryl2Zl.

Categorical approaches are compatible with hazard and risk assessment frameworks proposed for
NOAAs (e.g. References [5], [20] and [28]) and with a standard risk assessment paradigm[zgaletmﬁents
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to derive OELs for NOAAs using categorical approaches may include quantitative or qualitative read-
acrossl2Z]; comparative potency analyses of NOAAs to benchmark (reference) particles in the same
mode-of-action (MOA) categoryl19][20], e.g. using a “parallelogram” approachl[192][30][31][32]; and
assigning an untested substance to the low end of the distribution of OELs for materials in the same
hazard class(33].

Other risk analysis and categorization approaches include both occupational and environmental
components, such as screening tools of potential risks over the NOAA lifecycle[341[35]. The multi-criteria
decision analysis (MCDA) approach includes evaluation of the risks and benefits with weightings
obtained through expert elicitation[28]. This process has been used to assign NOAAs to qualitative risk
categories (low, medium, high)[36].

Clause 7 summarizes the categorical OELs that have been proposed by governmental and
nongovernmental organizations. These categories are based on broad groups of physico-chemical
properties that influence toxicity (soluble, biopersistent low toxicity, biopersistent high toxicity, and
fibres). The BSI and IFA categories are provisional exposure limits based on existing OELs for particles
and fibres in these categories, which includes in some cases a precautionary downward adjustment for
the nanoscale form. The extent to which chemical substance-specific data are available would allow
refinement of the categorical OELs to an individual OEL that may be more applicable to an individual
substance.

5.5 Initial or default occupational exposure bands

When data are not sufficient to develop an individual OEL, hazard banding approaches are often used
to facilitate decision-making among engineering control options[sl. Control banding typically utilizes a
matrix approach to categorize substances according to their hazard and exposure potentiall37](38][39]
[40][41][42] to determine an appropriate control technology (such as general ventilation, local exhaust,
or containment)[39]41][42][43], The combination of the selected hazard and exposure bands determines
the control band and associated engineering control options. However, the utility of such an approach
is frequently limited by the availability of adequate toxicological data for use in hazard assessment. The
absence of such data makes workplace risk characterization and the subsequent selection of appropriate
control measures problematic. Another suggested approach is the utilization of initial default hazard
categories or OEBs for NOAAs based on the physico-chemical properties associated with point-of-entry
or systemic toxicity, including particle surface chemistry and area, shape, diameter, and solubility, as

well as any evidence on the mutagenicity, carcinogenicity, or reproductive toxicity of the nanomaterial
or parent materiall20]{42][44][45][46],

ISO/TS 12901-2 also incorporates available toxicological information and physico-chemical properties
to designate nanomaterials into hazard bands. In this method, nanomaterials are grouped into one
of five inhalation hazard groups (A to E) according to increasing severity described in GHS hazard
classification applicable to chemicals[23].

— Category A (no significant risk to health) corresponds to an OEB of 1 mg/m3 to 10 mg/m3 (as 8 h
time-weighted average)

— Category B (slight hazard; slightly toxic) — 0,1 mg/m3 to 1 mg/m3
— Category C (moderate hazard) — 0,01 mg/m3 to 0,1 mg/m3
— Category D (serious hazard) — <0,01 mg/m3

— Category E (severe hazard) has no concentration ranges provided in ISO/TS 12901-2 and other
hazard allocation schemes (8.1)

The decision logic for assigning NOAAs into these hazard bands includes considerations of solubility,
fibrous nature and hazardous properties of bulk and analogous materials[3].

Hazard and control banding approaches were developed to facilitate risk management decision-making
in small business. A key research need for hazard and control banding strategies in general, and those

specific to NOAAs, is evaluation and validation of the utility of these strategies toﬂlg‘g(lifrﬁlé u%té
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health protection to workers in a variety of jobs and workplaces. A study evaluating the general hazard
and control banding strategies found little or no margin of safety between worker exposures and the
effect levels in animal studies[4Z].

6 Substance-specific OELs for nanomaterials

6.1 General overview

Currently, there are no specific regulatory OELs established for manufactured NOAAs. Interim or
draft OELs have been proposed for certain NOAAs, including “benchmark exposure levels” based on
analogy with OELs for other particles or fibres[44l. Since no epidemiology data are available on adverse
health effects of exposures to most manufactured NOAAs, dose-response data from animal studies are
typically used to estimate risk in humans. Experimental studies in animals and in vitro studies are also
used to evaluate hazard and understand mechanisms of toxicity.

More recently, non-regulatory OELs for some specific NOAAs have been developed (see Table 2). These
include OELs proposed by governmental agencies, researchers, and producers of specific nanomaterials.

Table 2 — Examples of OELs proposed for NOAAs

Nanomaterial (ng/ms3, unl(?sEs:ls:tated other- Reference
wise)
6102 Gamo 2011[48]; Nakanishi 2011[49]
Titanium dioxide (ultrafine) 300 NIOSH 2011[591; JSOH 2013[51]
17 Aschberger, et al. 2011[52]
Fullerene (Cg0) 390a Shinohara 2011[53]; Nakanishi 2011[49]
7,4 Aschberger, et al. 2011[52]
MWCNT (Baytubes®) 50 Pauluhn 2010[54]
Carbon nanotubes 302 Nakanishi 2011[55]
MWCNT Lto2 Aschberger, et al. 2010, 2011[52][56],
Carbon nanotubes and nano- Nanocyl 2009[57]
fibres 1 NIOSH 2013[58]
ﬁil;l;(s)n nanotubes and nano- 0,01 f/cm?3 SUVA 2015[59]
Silver (nanoparticles) 0,33 to 0,67 Aschberger, et al. 2011[52]
a  Period-limited (15 years) OEL.

Differences among OELs for the same or similar NOAAs in Table 2 are due to differences in the data
and/or risk assessment methods used to derive the OEL. Some differences could be related to differences
in chemical compositions and physical dimensions of similar NOAAs. The proposed OELs vary by up to
an order of magnitude or more for the same or similar type of NOAAs, indicating that differences in
the data and/or methods used to derive the OEL can influence the basis for risk management decisions
such as selection of engineering controls. This illustrates the critical need to develop standardized risk
assessment procedures that are based on the best available scientific evidence and methodologies.

6.2 Available substance-specific OELs

6.2.1 Carbon nanotubes

Carbon nanotubes (CNTs) are an example of manufactured nanomaterials that have been the subject of
several recent risk assessments producing interim and voluntary occupational exposure limits. CNTs
can have wide variations in structure, size, shape and chemistry (including impurities) affecting their
hazard properties, exposure potential and ultimately risk. CNT and CNF are in growin '
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of industry sectors, including construction as concrete reinforcement, for medical treatments, as fuel
additives, and so on.

To date, there was limited information regarding adverse health effects in workers using or producing
CNT or CNF. Few epidemiological studies have shown that some detectable biomarkers were related
to exposure to CNT or CNF or other nanoparticles[601[611[62][63], However, there are studies of animals
exposed to CNT and CNF that are informative in predicting potential human health effects consistent
with ways in which scientists traditionally have used such data in recommending risk management
strategies.

In 2013, NIOSH recommended a REL of 1 pg/m3 (8 h TWA) for CNT and CNF. The NIOSH REL for CNT
and CNF is based on preventing the development of earlier adverse lung responses of pulmonary
inflammation and fibrosis over a 45-year working lifetime. The REL for CNT and CNF is based on
animal data, although since no chronic studies were available, the dose-response data from short-term
and subchronic studies in rats and mice were extrapolated to humans. Since the REL for CNT was set
at the limit of quantification of the sampling and analytical method for measuring airborne elemental
carbon in the workplace, the 45-year working lifetime excess risk estimates for developing early-stage
pulmonary inflammation or fibrosis exceed 10 % for some end points and assumptions[58]. Methodology
used to derive this exposure limit is described in Clause 5 and further details can be found in A.11.

In 2011, the Japanese National Institute of Advanced Industrial Science and Technology (AIST) published
a series of reports containing risk assessments of several nanomaterials: carbon nanotubes[53], titanium
dioxidel48] and fullerenes[33]. The reports put forward period-limited (PL) OELs for SWCNT set at
0,03 mg/m3 and for MWCNT set at 0,08 mg/m3. These OELs (PL) were derived using inflammation as an
end point observed in sub-acute inhalation exposure tests. The working exposure period employed in
OEL calculations was set at 15 years. Further details about derivation of these OELs can be found in A.7.

6.2.2 Nanoscale TiO>

Titanium dioxide, TiO2, is a noncombustible, white, crystalline, solid, odourless powder. It exists in
several crystal forms of which anatase and rutile are commercially the most relevant. TiO; is used
extensively in many commercial products, including paints and varnishes, cosmetics, plastics, paper,
and food as an anticaking or whitening agent.

Titanium dioxide is produced and used in the workplace in varying particle size fractions including
fine (which is defined as all particle sizes collected by respirable particle sampling) and ultrafine
or nanoparticles (defined as the fraction of respirable particles with a primary particle diameter
of <0,1 pm [<100 nm]).

In 2011, NIOSH recommended separate RELs for ultrafine (nanoscale) and fine (microscale) titanium
dioxide (Ti0O2), i.e. 0,3 mg/m3 for ultrafine TiO2 and a REL of 2,4 mg/m3 for fine-sized TiO2 (8 h
TWA respirable concentrations)[50]. These RELs were set at the 45-year working lifetime exposure
concentration associated with a 1/1 000 excess risk of lung cancer (95 % lower confidence limit)
estimated from nonlinear models of dose-response data from animal chronic inhalation bioassays
of fine or ultrafine TiOy. The rat-based risk estimates were extrapolated to humans by estimating an
equivalent retained lung burden after a 45-year working lifetime, with adjustment for the differences
in alveolar surface area in rats and humans and the use of human lung dosimetry modelling to account
for interspecies differences in the long term clearance and retention of respirable particles. For both
lung cancer and inflammation responses, ultrafine (nanoscale) TiO; was more potent on a mass basis
than fine (microscale) TiO2, which is the reason for the lower mass-based REL for ultrafine TiO2[39],
Methodology used to derive this exposure limit is described in Clause 5 and further details can be found
inA.11.

In 2013, the Japan Society for Occupational Health (JSOH) newly set the provisional OEL-M, 0,3 mg/m3,
for nanoparticles of titanium dioxidel51]. In addition AIST conducted subchronic inhalation studies using
rats and derived OELs based on pulmonary inflammation end point. The OEL (PL) was determined to
be 0,6 mg/m3 (respirable dust, 8 h TWA, 15-year working period)[48]. Further details about derivation
of this OEL can be found in A.7.
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6.2.3 Fullerenes

Fullerenes are a form of spherical carbon structures. The AIST report[33] focuses on one fullerene
configuration composed of 60 carbon atoms, Cgg. Diameter of Cgg is approximately 1 nm. Cgg is a solid
under normal temperature and pressure, and is commonly sold as a black powder. Cgg is insoluble in
water and other polar solvents, but can be dispersed in the form of agglomerates between 25 nm and
500 nm. It is soluble in organic aromatic solvents.

In 2011, fullerenes were mostly used as additives for resins used in glassware, bowling balls, a metal
additive, a lubricant additive, and in cosmetics. Future applications may include resin additives for solar
cell electrodes and fuel cell electrodes as well as pharmaceutical-related raw material such as for drug
delivery. Fullerenes are also generated as bi-products in any combustion process of carbon-containing
material.

Similar to CNTs and TiOy, the AIST study used the inflammation end point and subchronic inhalation
animal data. After taking into account uncertainty factors, the occupational exposure limit (period-
limited) was set at 0,39 mg/m3. Further details about derivation of this OEL can be found in A.7.

6.3 Evaluation of OEL methods

6.3.1 Similarities and differences

Presently most OELs for manufactured NOAAs are developed using standard risk assessment methods
involving five steps:

a) evaluating the available data;
b) selecting the adverse response (non-reversible, clinically significant);
c) determining the critical dose (e.g. NOAEL or BMDL);

d) calculating the human equivalent dose (accounting for species-specific differences that affect the
target tissue dose, e.g. ventilation rates and particle deposition and clearance kinetics);

e) determining the working lifetime exposure concentration that would result in that dose (including
consideration of deposition, uptake, and clearance)[3][64].

Use of uncertainty factors is a simple, default approach often used to derive an OEL from a NOAEL in the
absence of sufficient resources (information or expertise) to perform quantitative risk assessment with
dose-response modelling and dosimetry-based extrapolation methods. Since human health effects data
for manufactured nanomaterials are not available for risk assessments at this time, dose-response data
in animals are used in the risk assessment analyses reviewed in this report.

Without a globally harmonized approach to OEL setting process, OELs established by different groups
for the same manufactured NOAAs using traditional QRA methods even for the same toxicity data can
vary by orders of magnitude. For example, recommended OELs for nano-TiO7 include 0,017 mg/m3[65],
0,3 mg/m3[50] and 0,6 mg/m3[48][49]. Such differences arise from differences in the interpretation of the
supporting toxicity data, selection of health end points, and use of uncertainty and modifying factors(el.
Table 3 summarizes these differences for recommended OELs for TiO».
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Table 3 — Parameters and uncertainty factors used in developing OELs for nanoscale TiO;

Analysis and reference

m 65
unci?::inte;ef:/ctor Stone, etal 20101 Gamo 2011[2] NIOSH 2011[50]
Christensen, et al. c
) ) 49
2011166] Nakanishi 2011[49]
Health end point Pulmonary inflammation |Pulmonary inflammation |Lungtumours

Level of risk

NOAEL

NOAEL

1/1 000 excess risk

Study data reference

Bermudez, et al. 2004[67]

Bermudez, et al. 2004[67]

Lee, et al. 1985;[68]
Muhle, et al. 1991;[69]
Heinrich, et al. 1995[70]

Rat effect level 0,5 mg/m3 2 mg/m3 0,044 m2/g of lungd

Human (occupational)

adjustment of rat effect 0,52 0,91b Internal dose estimation

level

-equi 17 m2 (per lun

Hfl;ma? eqlu1valent 0,25 1,82 mg/m3 (p g)

effectleve (0,35 g per lung)e
Pulmonary surface area

Interspecies extrapolation |1,5 (UF) 3 (UF)e adjustment: 102 m2
human; 0,4 m2 rat (no UF)

. o 95 % lower confidence

Interspecies variation 5 (UF) 1 (UF) limit estimate (no UF)

Exposure duration 45-year working lifetime

(subchronic to chronic) 2 (UF) 1(UF) (no UF)f

OEL (8 h TWA) 0,017 mg/m3 0,61 mg/m3 0,3 mg/m3

a Adjusts for daily exposure duration (rat/human) and for human ventilation (in 8 h) at rest vs. light activity
(work): (6 h/8 h) x (6,7 m3/10 m3)[65], based on ECHA 2008[Z1].

b Adjusts for the pulmonary deposited dose in rats and humans, based on the respiratory minute volume
(RMV), time (T), deposition fraction (DF), per unit body weight (BW), in each species[49].

¢ Reference [49].

d Table 4-5 of NIOSH 2011;[50] benchmark dose estimate, 95 % lower confidence limit (BMDL) associated with
1/1 000 excess risk of lung cancer in rats, based on the dose-response model average (MA).

NOTE The value of 0,029 in Table 4-5 of NIOSH 2011[50] is not the correct value that was used to derive the
human BMDL estimate in Table 4-6. The correct value is 0,044, which is the accelerated bias-corrected boot-
strap estimate.

e Table 4-6 of NIOSH 2011;[50] the human-equivalent lung dose to the rat BMDL MA estimate (see footnote d) is
calculated as follows: 0,044 m2 TiO2/g rat lung x 1,5 g [reference rat lung weight] x (102 m2/0,4 m2) [human/
rat pulmonary surface area] = 17 m2 TiOz/lung [humans] (as described in 4.2.3 and 4.3.2.3); to obtain the
human lung mass dose of ultrafine TiO of 0,35 g, the TiO; surface area dose (m?2) is divided by the specific
surface area of ultrafine TiO2 (48 m2/g).

f Table 4-6 of NIOSH 2011;[30] the recommended exposure concentration (REL) of 0,29 (rounded to 0,3) mg/
m3 for ultrafine TiO3 is the 45-year working lifetime mean airborne exposure (8 h TWA concentration) associ-
ated with the human-equivalent retained lung dose at a 1/1 000 excess risk of lung cancer (95 % LCL esti-
mate). The mean airborne exposure was estimated using the Multiple-Path Particle Deposition (MPPD) human
model;[Z2] details in Reference [50].

6.3.2 Influence of methods on derived OEL values for nanomaterials

As shown in Table 3, OEL derivation methods for TiO3 include a simple uncertainty factor approach;[653]
[66] a combined dosimetry-based and uncertainty factor approachl48](49]; and quantitative risk
assessment and dosimetry modelling methods[20]. In the first two analyses, a NOAEL for pulmonary
inflammation is selected as the critical health end point from a subchronic (13 weeks) inhalation
study in rats; however, the interpretation of which dose is the NOAEL differed in the analyses in
References [65] and [66] and References [48] and [49]. The third analysis[50] used 1lb%tumours as ‘%w
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critical health end point. The first two analyses estimated a human-equivalent NOAEL, while the third
analysis derived a risk-based exposure concentration (associated with 1/1 000 excess risk).

The first analysis simply adjusts the rat NOAEL by the difference in the daily exposure duration
in rats vs. workers (6 h vs. 8 h) and the difference in a human resting vs. light work ventilation rate
(6,7 m3/8 h-d vs. 10 m3/8 h-d)[65][66]. No dosimetry adjustments are made, and uncertainty factors
are used for interspecies, intra-species, and exposure durationl63](66]. The second analysis includes
dosimetry adjustments to account for differences in rat and human ventilation rates and particle size
specific pulmonary deposition fraction of the inhaled dose; this dose is normalized to body weight[48]
[49]. No dosimetry adjustments are made to account for differences in the rat and human clearance and
retention kinetics of the inhaled dose; and an uncertainty factor is used for interspecies (toxicokinetic)
extrapolation[48][49],

The third analysis[50] uses quantitative modelling methods to describe the dose-response relationship
in rats and to estimate the human-equivalent working lifetime exposure concentration. The dose-
response modelling approach used to derive the REL was a three-model average of nonlinear models
including multistage, Weibull, and log-probit (fit to the rat nonlinear dose-response data for lung
tumours). The variability in the rat dose-response data was taken into account in the confidence interval
estimates of the critical dose. The dose metric used in these analyses was the retained particle surface
area dose in the lungs (estimated from the measured mass of TiOy and particle specific surface area)
following chronic inhalation exposure to either fine or ultrafine TiO2. A human lung dosimetry model
was used to estimate the working lifetime mean exposure concentration associated with the human
retained lung dose that is equivalent to the critical lung dose in rats (BMDL estimate). An assumption
in this analysis is that humans would be equally sensitive to the rat at an equivalent retained lung dose.
No uncertainty factors were used in the derivation of this risk-based REL.

Interestingly, the NIOSH dose-response modelling also used the same rat pulmonary inflammation
data (Reference [67]) as used in the first two analyses[481[491(66][73], but different estimates were
derived, resulting in a human-equivalent mean exposure of approximately 0,1 mg/m3, which is
the dose associated with minimal pulmonary inflammation [4 % increase in polymorphonuclear
leukocytes (Table 4-3 of NIOSH 2011[20])]. This working lifetime exposure associated with pulmonary
inflammation is lower than that associated with the estimated 1/1 000 risk of lung cancer — which is
consistent with the evidence that TiO; is an indirect carcinogen acting through persistent pulmonary
inflammation. In the third analysis[>0], a major difference in methods compared to the first and second
analyses[48][49][66][73] in Table 3 is that NIOSH used dosimetry modelling to account for differences in
the long term particle retention kinetics in the lungs of rats and humans. The NIOSH REL is intended to
minimize the risk of lung cancer in workers exposed to TiO; over a full working lifetime.

Despite the differences in the health end points and methods and assumptions in these three risk
assessments, two of the three OELs are within a factor of two (0,3 mg/m3 and 0,61 mg/m3). These
OELs would fall within a 0,1 mg/m3 to 1 mg/m3 control band, and thus the selection of workplace
exposure controls may be similar based on each of those analyses. The third OEL is more than an order
of magnitude lower and would indicate the need to use tighter containment and control options.

6.3.3 State of the science in support of risk assessment methods for nanomaterials OELs

Ideally, the best available scientific evidence and methods should be used to derive OELs. However,
resource limitations may preclude a full quantitative risk assessment in every case, even if sufficient
data are available. More often, data are limited and so simple default risk assessment methods will be
needed for many NOAAs. The development of a framework in which full quantitative risk assessments
are performed for selected benchmark (reference) particles within biological mode-of-action (MOA)
categories, combined with simplified risk assessments and comparative analyses with NOAAs in the
same category, may facilitate OEL development for NOAAs. Such an approach is described further in
this document. Conceptual categories have been proposed as described in Clause 7, although more
analyses involving structure-activity relationships based on physico-chemical properties of NOAAs
will be needed to develop a reliable and predictive risk assessment framework.
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7 Categorical OELs for nanomaterials
7.1 Summary of options proposed

7.1.1 United Kingdom

The BSI “Guide to safe handling and disposal of manufactured nanomaterials”[44] provides simple
precautionary risk guidance in the form of a Public Document for the development, manufacture, and
use of nanomaterials. In this document, all nanomaterials are grouped into four hazard categories with
assigned Benchmark Exposure Levels (BEL). Similar to the [FA recommendations, BELs are described
as “pragmatic guidance levels only” and are derived from OELs for larger particle forms “on the
assumption that the hazard potential of the nanoparticle form is greater than the large particle form.”
First, there is the “fibrous” category, defined as an insoluble nanomaterial with a high aspect ratio
(ratio >3:1 and length >5 000 nm), which is assigned a BEL of 0,01 f/cm3 (one tenth of the asbestos OEL
prescribed in the US and elsewhere). Second, there is the “CMAR” category, defined as any nanomaterial
which is already classified in its larger particle form as a Carcinogenic, Mutagenic, Asthmagenic, or
Reproductive toxicant. Nanomaterials in the CMAR category are assigned BELs at one tenth of the
mass-based OEL for its larger particle form. Third, there is the “insoluble” category, defined as insoluble
or poorly soluble nanomaterials not in the fibrous or CMAR category. Nanoparticles in this category
are assigned BELs at one fifteenth of the mass-based OEL for its larger particle form or 20 000 p/cm3.
Fourth, there is a “soluble” category, defined as a soluble nanomaterial not in fibrous or CMAR category,
which is assigned a BEL at one half of the mass-based OEL for its larger particle form.

7.1.2 Germany

7.1.2.1 Federal Ministry of Labour and Social Affairs

In the Announcement on Hazardous Substances 527 “Manufactured Nanomaterials” from May 2013 by
the Federal Ministry of Labour and Social Affairs[46] in Germany, nanomaterials are grouped into four
categories:

a) soluble nanomaterials;

b) biopersistent nanomaterials without specific toxicity (granular biopersistent nano-particles -
nano-GBP);

c) biopersistent nanomaterials with specific toxicity;
d) biopersistent fibre-like nanomaterials.

Interestingly, concerning the first category, the terms soluble/insoluble or biopersistent are commonly
used in particle toxicology but no exact definition or measurement method for these terms is at hand.
Therefore as a proxy the solubility of nanomaterials in water is used and substances with a solubility
less than 100 mg/1 are coined “practically insoluble” and nanomaterials with solubility in water greater
than 100 mg/1 belong to the category of soluble nanomaterials. Fully aware of the discussions on the
possible enhanced proliferation or changed pathways of soluble nanomaterials to different targets in
the body, the advice has been given to perform the risk assessment for nanomaterials in this category
per default in treating them like bulk materials and neglecting possible nano-related properties.

For the second category (nano-GBP), reference was made to the study by GebellZ4] comparing the
carcinogenicity of GBP micromaterials (micro-GBP) and nano-GBP in chronic rat inhalation studies.
Gebel concluded that the difference in carcinogenic potency between GBP nanomaterials and GBP
micromaterials is low and can be described by a factor of 2 to 2,5 referring to the dose metric mass
concentration. The statistical methods for pooling data across studies, such as in the Gebell74] study,
have been discussed[66]75][76],

In July 2011, the Permanent Senate Commission for the Investigation of Health Hazards of Chemical
Compounds in the Work Area of the German Research Foundation proposed a reduced value of
0,3 mg/m3 for a density of 1 kg/m3[ZZ] for the respirable dust fraction (GBP) of theDoyerel e ipé
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value. This value is intended to prevent high concentrations of these dusts from having a carcinogenic
effect. Aware of this proposal and the on-going discussion, the recommendation is given in the
announcement 527 to correct for the slightly higher potency of nano-GBP by applying a factor of 1/2 on
the current occupational exposure limit for respirable dust in Germany, which is 3 mg/m3 for materials
with a density of 2 500 kg/m3. For the time being this would result in a limit value of 1,5 mg/m3.
As this was regarded too high a value in terms of particle number concentration, it was stated that
the REL for nano-GBP should not exceed 0,5 mg/m3 for a density of 2 500 kg/m3, measured as the
respirable dust fraction. It is highlighted that all other options to utilize REL for the risk management
are still available for the companies. They may use the recommendations given by NIOSH or other
organisations/companies, use the benchmark levels proposed by DGUV-IFA or set their own in-house
standards.

Concerning the third category (biopersistent nanomaterials with a specific toxicity), reference is made
to the handling of the bulk (non-nano) forms of these materials. With regard to existing OELs for most
of these nanomaterials, it is stated that companies of course have to comply with the existing OELs.
In Germany these OELs are usually below 0,1 mg/m3. In fact, in the discussion on deriving exposure-
risk relationships and the corresponding concentrations for carcinogenic metals or metal compounds,
like cobalt or nickel, mass concentrations in the range of 0,000 1 mg/m3 to 0,01 mg/m3 are proposed.
Announcement 527 states that in complying with OELs in this range of concentrations a strict regime of
control measures with a high efficacy has to be employed and in the case of handling the nanomaterial
a further discrimination of control measures is not feasible.

For materials belonging to the fourth category (biopersistent fibre-like nanomaterials), the distinction
is made between biopersistent, rigid nanofibres adhering to the World Health Organization (WHO)
fibre paradigm, for which one has to assume an asbestos-like effect, and biopersistent, entangled
or spaghetti-like nanofibres. For the latter asbestos-like effects can only be excluded in the risk
assessment, if the manufacturer or supplier of the given nanomaterial can provide evidence that the
nanomaterial does not exhibit asbestos-like effects. Overall companies are strongly discouraged to use
biopersistent, rigid nanofibres and a very strict regime of control measures has to be followed, if these
materials are handled.

In conclusion, one can summarize Announcement 527 on “Manufactured Nanomaterials” in the way
that at least for the time being and for the handling of the first, passive generation of nanomaterials
these materials are mostly treated at the workplace like ordinary hazardous substances. The only
exception being the evaluation of control measures for nano-GBP, as in this case a factor of 1/2 is applied
to the respirable dust limit values may be used. The Announcement will be adapted if new evidence
on toxicological properties of manufactured nanomaterials emerges or if future generations of active
nanomaterials find its way to the workplace and pose new hazards.

7.1.2.2 German Social Accident Insurance

In Germany, the Institute for Occupational Safety and Health of the German Social Accident Insurance
(IFA)[Z8] recommended the following benchmark limits to be used for an 8 h work shift and to be used
for monitoring the effectiveness of protective measures in the workplacelZ8].

— For metals, metal oxides and other biopersistent granular nanomaterials with a density
of >6 000 kg/m3, a particle number concentration of 20 000 p/cm3 in the range of measurement
between 1 nm and 100 nm should not be exceeded.

— For biopersistent granular nanomaterials with a density below 6 000 kg/m3, a particle number
concentration of 40 000 p/cm3 in the measured range between 1 nm and 100 nm should not be
exceeded.

— For CNT for which no such manufacturer’s declaration is available, a provisional fibre concentration
of 0,01 f/cm3 should not be exceeded, based upon the exposure risk ratio for asbestos. It is
recommended that only carbon nanotubes that have been tested for adverse health effects similar
to those of asbestos (according to the manufacturer’s declaration) be used.
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— For nanoscale liquid particles (such as fats, hydrocarbons, siloxanes), the applicable maximum
workplace limit (MAK) or workplace limit (AGW) values should be employed owing to the absence
of effects of solid particles.

These recommended benchmark limits are geared to minimizing the exposure in accordance with
the state of the art in measurements. Since these limits are not based on observed health effects, a
health risk may still exist for workers, even where these recommended limits are followed. Therefore,
benchmark limits should not be confused with health-based OELs[Z8].

7.1.3 NIOSH

NIOSH has not formally proposed a categorical approach to developing OELs for nanomaterials,
although efforts are underway to evaluate the available science and methodologies for developing
categorical OELs or OEBs for nanomaterials (described in Reference [20]). In some respects, the NIOSH
RELs for nanoscale titanium dioxide[20] and carbon nanotubes and nanofibres[58] are categorical since
these RELs are intended to apply to various forms of these substances, which may include variability in
their hazard potential.

7.1.4 Japan’s (AIST’s) approaches

7.1.4.1 Biaxial approach

Under a NEDO project (P06041) “Research and Development of Nanoparticle Characterization Methods”,
Nakanishil551[79] adopted a method called the biaxial approach. Figure 2 shows a conceptual diagram of

the biaxial approach.
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NOTE See Reference [49].
Figure 2 — Biaxial approach

The idea was to fill up the whole diagram by conducting detailed examinations of the representative
test samples along the horizontal axis, and obtained relative values of many nanomaterials through
fairly simple tests on the vertical axis. On the horizontal axis, in vivo tests (intratracheal instillation and
inhalation exposure tests) using rats, biokinetics and gene expression analyses were conducted, and the
NOAELSs regarding the inhalation exposure of rats were computed. Then, the knowledge accumulated
thus far was used to extrapolate the extent of the effects on humans, i.e. OELs were derived. Meanwhile,
along the vertical axis, Nakanishi, et al.[35][79] conducted as simple a test as possible to find out the
values of the materials relative to one another, which was to determine harmful effect values and then
the OEL of various materials. They had initially considered in vitro tests for the vertical axis tests, but
they decided to use the intratracheal instillation method instead.
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7.1.4.2 Equivalence criteria

The Ministry of Economy, Trade and Industry of Japan launched a five-year program for the
“Development of Innovative methodology for Safety Assessment of Industrial Nanomaterials” in
September 2011, which aims to develop fundamental hazard assessment methodology leading to a
tiered risk assessment approach for industrial nanomaterials. The program has two R&D themes:

a) establishment of “equivalence criteria” of nanomaterials;

b) establishment of an intratracheal (IT) administration method as a low-cost and convenient method
for hazard assessment to acquire basic hazard information, both of which are for regulatory
purposes[80].

The Japanese National Institute of Advanced Industrial Science and Technology (AIST) is developing the
“equivalence criteria” based on the data from a set of IT administration tests using nanomaterials with
different physico-chemical properties such as size, surface area, shape, surface chemistry, composition,
etc., when focusing on effects in the lungs. If the toxicity of nanomaterials is insensitive to a property,
two nanomaterials can be regarded equivalent regardless of large difference in the property. On
the other hand, if a property is found dominating toxicity, slight difference in the property would
compromise equivalence between two nanomaterials. Figure 3 explains a possible use of “equivalence
criteria” in an efficient hazard assessment framework of nanomaterials[80].

New nanomaterials
(New NMs)

equivalent to existing
NMs

No toxicity test is
required

| Equivalence criteria (tier 0)

comparable to existing
NMs and low volume

Intratracheal administration test (tier 1) [ No toxicity test is

required
Toxicity
testing
Equivalence criteria (tier 0)
NOTE See http://metinanoen.aist-riss.jp/.

Figure 3 — Equivalence criteria used in an efficient hazard assessment framework of
nanomaterials

7.1.4.3 Possible index of comparative potency of nanomaterials

The Japanese National Institute of Advanced Industrial Science and Technology (AIST) has selected the
rate of increase in neutrophil in bronchoalveolar lavage fluid (BALF) as a biomarker indicating potency
of pulmonary toxicity of nanomaterials. Nakanishi, et al.[42] further showed a future possibility that BET
specific surface area, a physical property of nanomaterials, could be used as an index of comparative
potency of nanomaterials.

7.1.5 OECD

OECD defines a categorical approach as follows. Chemicals whose physico-chemical, toxicological and
eco-toxicological properties are likely to be similar or follow a regular pattern as a result of structural
similarity may be considered as a group, or “category” of chemicals[2Z]. The assessment of chemicals by
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using this category approach differs from the approach of assessing them on an individual basis, since
the properties of the individual chemicals within a category are assessed on the basis of the evaluation
of the category as a whole, rather than based on measured data for any one particular chemical alone.
The increasing amount of toxicology data for NOAAs provides opportunities to develop criteria for
hazard- and risk-categories for NOAAs[27][81][82][83],

The OECD Working Party on Manufactured Nanomaterials (WPMN) organized an expert meeting in
September 2014 to further develop categorization approach for manufactured NOAAs and to provide
recommendations on how manufactured NOAAs should be categorized for the purposes of testing,
read across/Structure-Activity Relationship models, risk assessment and risk management[1Z]. It
also analysed information collected by a questionnaire-based survey about OECD member countries’
approaches to develop or use concepts of grouping, equivalence and read-across based on physico-
chemical properties of NOAAs for their hazard assessment in regulatory regimes[84].

The OECD Working Party on Manufactured Nanomaterials expert meeting also discussed differences in
hazard properties possibly arising from differences in shape (e.g. fibre, plate), physical properties (e.g.
zeta potential, solubility) and bio-persistence and if this could be addressed in a categorization scheme.

7.2 Evaluation of categorical OEL

7.2.1 Similarities and differences

All approaches to derivation of categorical OEL presented in 7.1 are based on the anticipated primary
mode of action and arrive at very similar categories and values of categorical OELs. They differ in
details of category descriptions and scaling factors applied to OELs for corresponding bulk materials
(see Table 4).

Table 4 — Comparison of categorical OELs

BSI[44] BAuAl46] IFA[Z8]

Low toxicity immune effects

Category description

insoluble or poorly soluble
nanomaterials not in the
fibrous or CMAR category

nanomaterials with den-
sity of 2 500 kg/m3, meas-
ured as the respirable dust
fraction

High Density:
biopersistent granular na-
nomaterials with a density
of >6 000 kg/m3

Low Density:
biopersistent granular na-
nomaterials with a density

not in fibrous or CMAR
category

below 6 000 kg/m3
Categorical OEL value 20 000 p/cm3 1,5 mg/m33 0,1 mg/m3
Fecommended) High Density:
Low Density:
40 000 p/cm3
Scale factor for bulk OELs |0,067 0,5 0,333
(0,167 recommended)
Toxicity of dissolved ions/molecules
Category description soluble nanomaterial nanomaterials with sol- High Density:

ubility in water greater
than 100 mg/1

biopersistent granular na-
nomaterials with a density
of >6 000 kg/m3

Low Density:
biopersistent granular na-
nomaterials with a density
below 6 000 kg/m3
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