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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

electrotec

hnical standardization.

The procgdures used to develop this document and those intended for its further maintenancéxgre
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed-for the
different fypes of ISO documents should be noted. This document was drafted in accordance with the
editorial fules 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
ts. ISO shall not be held responsible for identifying any or all such patent rights. Detailq of
any patenf rights identified during the development of the document will be in the Introduction andfor
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list of patent declarations received (see www.iso.org/patents).

an endorsement.

assessmelt, as well as information about ISO’s adherence to the W.TO principle

to Trade (

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

TBT) see the following URL: Foreword - Supplementary informatio

name used in this document is information given for the convénience of users and does ot

planation on the meaning of ISO specific terms and(eXpressions related to conformiity

sin the Technical Barriers
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Introduction

This Technical Report provides a compilation of methods intended to aid the process of toxicological
screening of engineered and manufactured nanomaterials prior to full-scale toxicological testing,
analysis, and risk assessment. Toxicological screening methods focus on providing information and
tools that can be used in decision-making processes. For instance, this Technical Report provides
information on methods that can be used to screen nanomaterials in order to determine whether to
continue development of a nanomaterial itself and/or a product containing a nanomaterial; determine
whether to take on the cost of performing the remaining tiers within a complete tiered-testing strategy;
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dia for toxicological studies. ISO 10993-18l1] specifically addressés the evaluation of the
hracterization of materials used in medical devices, SO 149712} points out that a toxicol
hlysis should take into account the chemical nature of the materials, and ISO/TR 13014(3]
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Nanotechnologies — Compilation and description of
toxicological screening methods for manufactured
nanomaterials

1 _Scope

ThIis Technical Report provides a compilation and description of in vitro and in vivo method
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useful for the toxicological, including ecotoxicological screening of engineered and;ma
homaterials. Toxicological screening tests included in this Technical Report can be use
'poses as early decision-making in research and product development, rapid feedback on
icological/safety concerns, or for the preliminary assessment of manufactured nanomate
chnical Report is divided between screening assays related to humans and screening assal
the environment. A screening test is a relatively simple, inexpensive test that can be adn
bily and provides an indication of potential adverse outcomes and (effects on human heaq
yironment.

Thie Technical Report is intended to complement other international efforts that address nan
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icology by focusing on screening methods suited for preliminary assessment and is not i1
plicate similar efforts in other international organizatiens such as the Organization for
pperation and Development (OECD). If screening proyvides an early indication of hazard, thg
1 refer to other organizations’ approaches for full-scale toxicological assessment or furt
dies.
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ispensable for its application. For-dated references, only the edition cited applies. Fo

Tlae following documents, in whole orin part, are normatively referenced in this documer

erences, the latest edition of the\réferenced document (including any amendments) applieq.

/TS 27687:2008, Nanotechivlogies — Terminology and definitions for nano-objects — Na
nofibre and nanoplate

/TS 80004-1, Nanotechnologies — Vocabulary — Part 1: Core terms

Terms and definitions

- the purposes of this document, the terms and definitions given in ISO/TS 27687:
/TS 80004-1 and the following apply.
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3.1

agglomerate
collection of weakly bound particles or aggregates or mixtures of the two 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 an agglomerate 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

pri

mary particles.

[SOURCE: ISO/TS 27867:2008, 3.2]
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3.2

aggregate

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

Note 1 to entry: The forces holding an aggregate together are strong forces, for example covalent bods, or those
resulting from sintering or complex physical entanglement.

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

[SOURCE:{ISO/TS 27867:2008, 3.3]

3.3
manufactfured nanomaterial
nanomatgdrial intentionally produced for commercial purposes to have specific properties or specific
composition

[SOURCE:|ISO/TS 80004-1, 2.9]

3.4
nanofibre
nano-objgct with two external dimensions in the nanoscale and the thirddimension significantly larger

Note 1 to eptry: A nanofibre can be flexible or rigid.

Note 2 to ehtry: The two similar external dimensions are considered to.differ in size by less than three times gnd
the signifigantly larger external dimension is considered to differ from the other two by more than three timgs.

[72)

Note 3 to eptry: The largest external dimension is not necessarily in the nanoscale.
[SOURCE:|ISO/TS 27687:2008, 4.3]

3.5
nanomaterial
material with any external dimension in the nanoscale or having internal structure or surface structyre
in the narnfoscale

Note 1 to eptry: This generic term is inClusive of nano-object and nanostructured material.

Note 2 to eptry: See also engineeréd nanomaterial, manufactured nanomaterial, and incidental nanomaterial,
[SOURCE:|ISO/TS 80004-142:4]

3.6
nano-objgect

material With onextwo, or three external dimensions in the nanoscale

Note 1 to eptryGeneric term for all discrete nanoscale objects.

[SOURCE: ISO/TS 27687:2008, 2.2]

3.7
nanoparticle
nano-object with all three external dimensions in the nanoscale

Note 1 to entry: If the lengths of the longest to the shortest axes of the nano-object differ significantly (typically by
more than three times), the terms nanorod or nanoplate are intended to be used instead of the term nanoparticle.

[SOURCE: ISO/TS 27687:2008, 4.1]

2 © ISO 2014 - All rights reserved
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3.8
nanoscale
size range from approximately 1 nm to 100 nm

Note 1 to entry: Properties that are not extrapolations from a larger size will typically, but not exclusively, be
exhibited in this size range. For such properties, the size limits are considered approximate.

Note 2 to entry: The lower limit in this definition (approximately 1 nm) is introduced to avoid single and small
groups of atoms from being designated as nano-objects or elements of nanostructures, which might be implied by
the absence of a lower limit.

[SQURCE:TSO/TS 27687:2008, Z.1]

3.9
nanotube
ho]low nanofibre

[SOURCE: ISO/TS 27687:2008, 4.4]
3.10

paEticle
mipnute 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 naho-objects.

[SOURCE: ISO/TS 27687:2008, 3.1]

4 | Symbols (and abbreviated terms)

ASTM American Society for Testing and-Materials

ESR  Electron Spin Resonance

IT Intracheal

IT$ Integrated Testing Strategies (or in some cases, Intelligent Testing Strategies)
LTE Lymphoid Tissue Equivalent Module

NMs nanomaterials

OHCD Organization for Economic Cooperation and Development

PBfS _ phosphate buffer saline

PTE narinharal ticcua aauivualant
= o troSat-e vt

e pHeror—ers
1 34 1 34

ROS  reactive oxygen species

STS  standard toxicity studies

5 Background

5.1 Role and relevance of toxicological screening for the safety evaluation of manufac-
tured NMs

Itis a challenge to keep up with the number of emerging NMs with novel properties and to toxicologically
assay new materials prior to human exposure, including occupational and environmental exposure.

© ISO 2014 - All rights reserved 3
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Because virtually every element on the periodic table could be explored in nanotechnology, the potential
diversity of NMs makes it impractical to utilize our current testing paradigms to evaluate every new
nanomaterial. High-throughput toxicological screening is essential to keeping pace with the rate of NMs
currently emerging on the market. Such screening is typically conducted using cell culture or other in
vitro techniques due to cost, infrastructure, and time constraints; such considerations prevent most
whole animal studies. In addition, there is a worldwide effort to diminish the use of in vivo animal studies
as presented in the 3R (replacement, reduction, refinement) principle.[5]

The purpose of a screening test is to provide an indicator of potential adverse outcomes and effects on
human health or the environment. Although there are many definitions available for the term screening
test, for t T i - T T vely
simple, ingxpensive test that can be administered easily and provides rapid results.

A screening test might include the following:
— uses 1o (or a very limited number of) sentient animals;

— prodyces a quantifiable end point or a yes/no screen that is well-accepted and reliable;
— has démonstrated repeatability in multiple laboratories;

— isrepfoducible with appropriate positive and negative controls.

an adverse outcome pathway framework or a chemical signature anralysis. This Technical Report depls
solely with screening tests that have been used for the purposes‘of assessing nanomaterial toxicity;
therefore|results from this type of screening test could be used to determine whether or not to purgue
the continued development of a particular nanomaterial product. For example, NMs predicted to|be
particulagly hazardous can be removed from development,

Screening tests often provide specific mechanistic data that should<be used in the context of eit:Eer

Whenusefinatiered testing strategy, high throughputsScreening methods have the potential to eliminate
further infvivo testing or to identify hazardous materials for targeted in vitro or in vivo investigatipn,
thus stregmlining the hazard identification protess. The fact that screening assays can be conducted
in a highithroughput fashion has especially-Important human health implications considering the
complexitly and the large number of NMs already on the market and currently in development.

However, there are also limitations of Sereening assays relative to more detailed, confirmatory assalys;
therefore)screening assays should bé designed to be incorporated into an integrated testing strategy.
Limitations of screening assays include

— screehing assays often lack validated human predictability,

— extrapolation of dose-response relationships from screening assays to human exposure is complex,
and

— prediftion of-hitman chronic exposure hazard from an acute exposure screen is difficult.

While screening tests are not meant to be used as stand-alone methods, they can eliminate furtTer
studies if & i ' i =

This means that screening assays in some instances will undoubtedly overestimate or underestimate
human hazards.

5.2 Toxicological screening as part of tiered approaches to toxicological assessment of
manufactured NMs

Atiered testing approach is based on a stepwise assessment, with each step of the assessment providing
data/information that might be required for the subsequent step or will be of use for the whole testing
approach.

4 © ISO 2014 - All rights reserved
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Often screening tests are included in a tiered testing strategy, and they are generally carried out in one
of the earliest tiers. This allows an efficient use of resources at several levels, e.g. both for identifying
further testing needs and for decisions on product development in view of an early hazard profile.

Toxicological screening is part of most early tiers in weight-of-evidence-based, intelligent testing
strategies (ITS).[6] ITS take into account the data available for the nanomaterial of interest and provide
a rational testing strategy to understand the hazard properties of that nanomaterial without resorting
to undue animal testing.

Inadditionto invitroand in vivo methods, in silico methods could form part of ITS. In principle, the methods
of ‘nanh'fafivn ernr‘hlrn_Ar‘HvifyDn]afinn chip (QQA D) anﬂ]ycic canhbe app]inrl to nannparh'r‘]n ,provided
that suitable descriptors can be found to associate the structural and physicochemical chargcteristics
of hanoparticles with their biological activity.[Z1[8] These could result in models that ntake qualitative
(e.g. the potential for oxidative stress) or quantitative predictions (e.g. cytotoxic potency)}, depending on
th¢ data and modelling approach. To date, however, only a few studies have beencpublished| probably
dug to a lack of suitable data sets.[9]-[1Z] The challenges and recent successes of developing QSARs for
napoparticles are further outlined elsewhere.[18][19]

5.3 Discussion of relevant dosing for toxicological screening

Humansand the environmentare exposed to NMsviaalimited numberdéfroutes, e.g.inhalation,ingestion,
defrmal contact, or, for the environment, water, air, and soil. The(exposure concentrations fqr some of
the¢se exposure scenarios can be determined, e.g. airborne NMs.jn the workplace or particles ppr gram of
oilfin-water emulsions applied to the skin. Currently, the exposure concentrations of engineergd NMs for
the¢ environment are unknown. While certainty of these concentrations is required for quantitative risk
asgessment, it is not required for the hazard characterization typically associated with scregning level
asgays. As with all studies, care should be employedcby the investigator conducting screening assays
anfl by the assessors evaluating the data so that the'relationship between effect and dose is hot overly
intlerpreted. Whenever possible, investigators should use dose levels that approximate the pstimated
dope to which the species of concern might-be exposed; thus, in vitro studies of cell cultureg from the
regpiratory tract should use concentrationSithat relate to lung burden observed following inhalation, or
in pitro studies of keratinocytes should\ise dose levels that are consistent with concentratiohs applied
to the skin. Other dose levels could beiused to demonstrate dose-related responses. For potentjal hazard
idgntification, the dose-response issgenerally used. The lowest dose of such study might be in|the range
of expected human exposure, These additional dose levels are frequently exaggerated levels of real
exposures, but they serve to(Stress the system investigated and to identify potential hazards.

Thiere are many factors-that need to be considered in sample preparation to ensure that th¢ targeted
dopes are delivered. Methods should consider if dispersing agents are needed so that partidles do not
fojm agglomeratesiin' media unless the agglomeration is intended to be considered in evalfiations. If
dipersing agentsare used they need to be evaluated to ensure that their contribution to observed effects
is inderstoods, For example, if a nanoparticle is being evaluated for toxic effects the disper$ing agent
should notalso contribute to the toxic effects. High energy methods such as ultrasonication afre used to
digperse particles. Such dispersion should be considered if the resulting particles are repres¢ntative of
partielesin the environment.

AsTsTioted atseveral focations tn this Techmnicat Report, suffictent physico-chiemicat information should
be taken to allow investigators to consider the several dose-metrics (number, mass, and surface area)
found in the literature. In the case of environmental studies, need should also be taken to differentiate
among environmental concentration, exposure, and dose. Particular attention should be paid to
situations where dispersion stability is shorter than the test duration and then consider alternative
dosing stratagems.

By their nature, screening tests are intended for hazard identification and for range-finding when
preparing for the more involved, exacting test protocols. Readers should be reminded that the dose
levels (and environmental concentrations and exposure levels) used for risk assessment will likely differ
from those appropriate to hazard identification.

© IS0 2014 - All rights reserved 5
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5.4 Discussion of the relationship between this Technical Report and ISO/DTR 16196,
Compilation and description of sample preparation and dosing methods for manufac-
tured NMs

This Technical Report was developed in concert with a sister document, ISO/DTR 161961).[20]
ISO/DTR 16196 discusses methods used to prepare samples in various relevant media for toxicological
studies,and also discussesissuesofrelevantdose metrics for toxicological testing considering the various
routes of administration. This Technical Report complements ISO/DTR 16196 by moving from sample
preparation and dosimetry into a more detailed discussion of the various methods used to perform
toxicological screening. When using this Technical Report, it is important to consider ISO/DTR 16196,
because dlifficulties associated with sample preparation and dosimetry are often problematic|in
performing a good toxicological assessment of NMs.

5.5 Disfussion of the relationship between this Technical Report and ISO/TR;13014,
Nanotechnologies — Guidance on physico-chemical characterization of engineered na-
noscale materials for toxicological assessment

ISO/TR 13014 discusses the importance of NM characterization when performing.toxicological testing
and provides a list of parameters that are important to measure considering the current state| of
knowledge and the relationship of the nanomaterial parameter to a potentially adverse outcome.[3]

ISO/TR 1B014 recommends rigorous characterization of the NM in<order to better understand gnd
interpret fhe results of any toxicological testing; therefore, it is excellent background material for this
Technical|Report.

5.6 Review of other relevant international activities;and published documents

Other effgrts to standardize nanotoxicity testing are led by OECD and ASTM International as well|as
several National Metrology Institutes.[21] OECD’s Werking Party on Manufactured Nanomateripls
(WPMN) yas established in 2006 and consists of nine steering groups (SG) as of 2011.

Table 1 — OECD Working Party ohManufactured Nanomaterials Steering Groups

Steering group |Steering group title

SG1/SG2 OECD Database ondManufactured NMs to Inform and Analyse EHS Research Activities
SG3 Safety Testing a Representative Set of Manufactured Nanomaterials (NMs)

SG4 Manufactured-NMs and Test Guidelines

SG5 Co-operation on Voluntary Schemes and Regulatory Programmes

SG6 Co-operation on Risk Assessment

SG7 The Role of Alternative Methods in Nanotoxicology

SG8 Exposure Measurement and Exposure Mitigation

SG9 Environmentally Sustainable Use of Manufactured NMs

WPMN SG4 has conducted a comprehensive review of the OECD test guidelines for their applicability to
manufactured NMs. The general finding was that in principle, existing OECD test methods are capable
of detecting effects of NMs. The guidance notes on sample preparation and dosimetry for safety testing
of NMs and risk assessment were published in 2012.[22]

In 2011, the European Food Safety Authority (EFSA) published a guidance document for the risk
assessment of engineered nanomaterial (ENM) applications in food and feed. The guidance covers risk
assessments for food and feed applications, including food additives, enzymes, flavourings, food contact
materials, novel foods, feed additives, and pesticides (available at http://www.efsa.europa.eu/en/
efsajournal/pub/2140.htm).

1) ISO/DTR 16196 is currently under development

6 © ISO 2014 - All rights reserved
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Guidance on the safety assessment of nanomaterials in cosmetics was issued by the European
Commission’s Scientific Committee on Consumer Safety (SCCS) in 2012 (avalaible at http://ec.europa.
eu/health/scientific_committees/consumer_safety/docs/sccs_s_005.pdf).

ASTM international Technical Committee on Nanotechnology, E56, has developed and published three
standards for nanomaterial toxicological testing (see Table 2).

Table 2 — List of published standards from ASTM E56 related to toxicological testing

Reference number Title

E2

524-08 Standard Test Method for Analysis of Haemolytic Properties of Nanopartic

€s

E2

525-08 Standard Test Method for Evaluation of the Effect of Nanoparticulate Mate
the Formation of Mouse Granulocyte Macrophage Colonies

rials on

E2

526-08 Standard Test Method for Evaluation of Cytotoxicity of Nanopatticulate M4
Porcine Kidney Cells and Human Hepatocarcinoma Cells

terials in

A (
wd

Thiis information repository is open to automatic updates and criticaleyvaluation by its users.
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omprehensive database on the health, safety, and environmental impa¢tof nanoparticles
s recently established with funding from the EU 7th Framework (available at www.nhe

Methods for toxicological screening related to human health

| General

bitro screening methods can be either cellular or acellular (cell-free) assays or tests. Cell-fre
e used to examine the non-specific effects of NMs, such as interaction with proteins in cg
dia or plasma or the potential to generate freeradicals.

lular assays can be employed to examine the ability of the NMs to interfere with the
cesses essential for maintenance of| cellular homoeostasis. These processes include cel
pliferation, DNA replication, and cellular division, among others. In vitro screening methodf
bn successfully used to determine*deleterious effects of NMs, such as DNA damage, muf
bptosis, or necrosis. Although individual, end point-based in vitro tests are not intended t
ects at the level of the whele*organism, batteries of in vitro tests can be potentially predi
o effects (e.g. specific organ function or tissue specific pathways or processes). High-thrd
o screening strategy-s also a component of the ‘Toxicity Testing in the 21st Century’ initiaf]
the United States@ational Research Council.[23] In a tiered testing approach, screening
1 serve as a firstitier for hazard identification and prioritization of NMs that require furth
[l validation through confirmatory assays, if required by the relevant regulatory framew
ntext. Alterndte screening methodologies can also be integrated into a tiered testing appf]
hniquesdnclude high-content, but medium-throughput, platforms, such as genomics, prote
tabolomics. These approaches can provide information on all biological processes that can b
Fesponise to nanomaterial exposure in a single experiment for a given sample. It is recomf]

(NHECD)
cd-fp7.eu).

b methods
1l culture

biological
survival,
have also
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measure
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-foepm multiple screening tests, if possible, to avoid false positives or false negatives.

6.2 Positive and negative controls for nanomaterial toxicity testing

In order to be meaningful, the screening experiment should incorporate the positive and negative
controls.

Typically, the positive control is used to validate the experimental procedure. A positive control should
be known from previous experience to induce an adverse response when exposing the test system to
it. In order to be relevant, the positive control has to share common physicochemical characteristics
with a NM, at least, represent a similar class, for example metal oxides, metals, polymers etc. That way,
the NM of unknown toxicity could be benchmarked with a reference material whose toxicity has been
well characterized, and, preferably, follows a known biological mechanism. Moreover, a positive control
dosing range should reflect real-world exposure conditions. Crystalline silica (nanoUsil) has been used
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as positive control for particle toxicology in case of intratracheal instillation studies. The crystalline
silica has been known to induce inflammatory response in vivo. Similarly asbestos fibres also have been
used as positive control for fibre toxicology in vivo and in vitro. The users of this Technical Report should
always consider proper positive control particles and fibres when designing screening tests.

A negative control, on the other hand, should produce a negligible or low level effect that could further
be treated as a background level toxicity. If a positive effect is observed following exposure to a negative
control, it usually indicates that some other factors are at play and experiment results should be
discarded.

The establis A C cale
particulates, therefore Current nanotox1cology screemng assays mostly rely on chemlcal or lar rer
particulatle substances as assay controls. It is expected that nanomaterial-based controls will gradually
replace trpditional test benchmarks when the dedicated nanoparticle toxicology screening assays are
developed. Along with the emergence of the other nanoparticle reference materials typesy this should
facilitate the creation of the nanotoxicology measurement infrastructure, intended te_streamline the
screening|process and reduce the end result inconsistency among different laboratories. Recently the
term Representative Test Material (RTM) was introduced for a set of well characterized NMs that are
available for researchers from European Union - the Joint Research Center in Ispra;Italy NM repositdry.
[24] These[NMs are widely used so a lot of basic information is available for these nanomaterials.

6.3 Relpvant methods for in vitro toxicological screening of mahufactured NMs

6.3.1 Ge¢neral

The first $tep in building an in vitro screening set is identifying the relevant in vitro assays to include.
In genera|, in vitro assays for testing of NMs should incerporate positive and negative controls and
acceptande criteria to ensure assay performance. The peositive and negative controls ideally should(be
nanoparticles associated with (or unassociated, in the@ase of the negative control) a human hazard, the
mechanistic basis of which is evaluated by the assay. In cases where such nanoparticle controls have
not been ifentified, small molecule controls are suitable. Assays should also include methods to identjify
nanoparticle interference, as there are many instances of interference as aresult of nanoparticle spectral,
catalytic, pr reagent absorption properties:[251126][27] Furthermore, it is prudent to use multiple assays
to measuile the same mechanism, in order to0 identify potential false positive and negative results.

Ideally, thle in vitro assays incorporated into a nanomaterial hazard screening set should be validated
for their gbility to predict actual human hazards, except local effects, and include appropriate positjve
control NMs. The utility of these)in vitro methods for screening purposes, and eventual triaging of the
positive materials into highef'tier bioassays, depends upon this predictability. Encouragingly, recent
data suggest that combinitigin vitro oxidative stress responses with surface area dosimetric conversians
holds great promise fop prediction of acute pulmonary inflammation.[28] The results of many in vitro
assays haye been predictive of the human response, and researchers are encouraged to use (and further
develop) ¢
effects.[29
observed
measure f
NMs for hazard by in vitro assays For several assays (e.g. cytotox101ty, genotoxicity) nanoparticle uptake
and contact in cells needs to be demonstrated, because the absence of the effect might be due to lack of
exposure of the target organelles in the cells.

The toxicology of engineered NMs is still a very young science in comparison to small molecule
toxicology, and even for small molecules, developing sets of in vitro assays that are both predictive and
inclusive of all potential hazards has been challenging and incomplete.[35] Separating known toxicants
into recognized classes makes the problem of identifying relevant assays more tractable; small molecule
toxicant classes, e.g. endocrine disrupters, are associated with defined toxicities, mechanisms of action,
structure-activity-relationships, and, most importantly for screening purposes, validated in vitro assays.
The same will likely be true of nanomaterial toxicology in the future, with segmentation of nanomaterial
toxins into classes based on characteristic physicochemical properties, with well-defined toxicities and
mechanisms of action.
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Unfortunately, as a science, nanomaterial toxicology has not reached this level of sophistication. Similar
to NMs, in many cases, the mechanistic basis of small molecule toxicities are unknown. In these cases,
programs such as the United States Environmental Protection Agency’s (EPA) ToxCast[35] are using
bioactivity profiling of known toxicants across large in vitro assay matrices to identify characteristic
signatures for predictingthe hazards of new chemical entities.[35] Matrix profiling of known nanomaterial
toxicants across large sets of bioassays for the purpose of identifying toxicity signatures could also hold
promise for nanomaterial hazard prediction.

Oxidative stress-mediated inflammation is currently the most well established mechanistic paradigm
in nanopartlcle tox1cology [36][37] However it should be noted that this paradlgm has been developed
al : : :

anfl might not be relevant for toxicities affectlng alternate target organs and/or by alternate| exposure
scgnarios. This fact could limit the utility of a screening incorporating a base set of-6xidatlive stress
anfl inflammatory assays to strictly evaluate the NMs for environmental or occupatienal hazdrd, where
inhalation exposure is the primary concern. For other purposes in which inhalatipn exposjure is not
th¢ primary concern, such as biomedical applications, these assays might not bérelevant. Fof example,
scifeening sets incorporating haematological assays could be more relevant for'biomedical applications
that utilize systemic administration.[38] Similarly, cutaneous phototoxicity t€sting and barrier function
cotild be more appropriate for screening nanoparticles intended for topigcal applications, such as those
used in sunscreen lotions. Therefore, it is important that researchers@nd’others using any in vitro assay
as part of a screening set understand the context for which the individual assay was developgd, such as
th¢ intended route of exposure and target organ. Indeed, as the field of nanomaterial toxicology evolves,
nepv mechanistic assays will likely be identified and validated fofsnot only prediction of specifig toxicities
arising from specific exposure scenarios, but also for specific NM classes.

6.3.2 Cytotoxicity screening methods

Thie cytotoxicity test is the most basic and common in vitro assay and corresponds to the afute high-
dope in vivo test when appropriate cells or celblines are used. Usually the cytotoxicity is evaluated by
50]|% lethal concentration (LCsg) or 50 % effective concentration (ECsg) 24 h after exposure| Since the
cytotoxicity assay is often carried out in thépresence of fetal bovine serum (FBS) or in growth condition,
ECko is a more proper term than LCsg, because the cell number would increase during 24 h of|culture.

The assay methods commonly used/for the cytotoxicity measurement of chemicals can be applied to
cytfotoxicity assay of NMs. The most popular method is 3-(4,5-Dimethyl-2-thiazolyl) -2,5 -dipghenyl-2H-
tetirazolium bromide (MTT)or modified MTT. Alamar blue, LDH release, and the cell number counting
with trypan blue dye excltsion assay methods have been routinely used as well. The presenfce of non-
trgnsparent NMs in the€ measurement samples might disturb the colourimetric or fluoromsgtric value
in [cytotoxicity assays)This problem can be avoided by transferring the supernatant of [the assay
solution carefully terahother well or cuvette before the measurement. However, the ability of the tested
nahoparticles to ‘adsorb the final product of the test system and/or their ability to interfefe in their
fluprescense U V-visible light absorption should also be investigated. If such adsorption or interference
is fonfirméd, these tests might not produce reliable results on the toxicity of the tested NMs. Proper
controlsfor such interferences need to be included in the assays.

Whémhydrophobic NMs are tested in the cytotoxicity assay, the dispersability of test materjfals is one
of the major determinants, since agglomerated hydrophobic materials might not even reach to the cell
monolayer. It should be also noted that the polarity of the zeta-potential, one of the most important
characteristics of particles that determine the cellular uptake, can be changed by some additives
and/or coatings.[39] Therefore, it is preferable to measure uptake rate of NMs by cells before cytotoxicity
measurements.[40]

6.3.3 Inflammatory and immune response screening methods

Immunotoxicity evaluation of NMs might face different challenges from conventional pharmaceutical
and chemical immunotoxicity testing. NMs could have physicochemical properties different from non-
nanoscale materials. The physicochemical properties originating from this nanoscale size could then be a
major consideration for immunotoxicity evaluation of NMs. The particle size and distribution in relation
tothe surfaceareahavealsobeenidentified as critical parametersinassessing the environmental, health,
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and safety aspects of NMs. The size-specificity with regard to the toxicity of a material has already been
discussed in relation to its surface area.[41][42] Chemical reactions take place on surfaces; therefore, a
material with a large surface area can be expected to have a higher reactivity on a mass basis than the
same material with a low surface area to volume ratio. Aggregation/agglomeration might also affect
particle ingestion by alveolar macrophages. The particles inhaled to the lung are usually recognized
and cleared by macrophages. Some research demonstrated that macrophages recognize more easily
the aggregated or agglomerated particles than individual nanoparticles and clear the aggregated or
agglomerated particles at a much faster rate than individual nanoscale particles. The effects of the shape
on the toxicity of NMs have not been fully investigated, yet recent publications indicated that high aspect
ratio nanofibres (HARN) have been shown to have the potential to cause an asbestos-like response in
animal stfidies.IZ3TTn 2007 a comprehensive issue of methods was published dedicated to the evaluatjon
of immungptoxicty in animal models.[44]

For skin sensitization (delayed type hypersensitivity), three in vivo assays are currently available belng
the guinea-pig maximization test (GPMT), Beuhler test (BT), and local lymph node assay (ILNA).[43] The
latter twq assays depend on skin penetration of the agent to be tested before sensitization can ocdur.
However, [for NMs skin penetration is generally considered to be low or absent.[46]-[49] Currently, for
chemicald, in vitro alternative tests are under development for skin sensitization testing. Whether these
are applicpble to NMs is yet unknown.

A well-defined and standardized set of methods for assessing immunotoxicity is carried out by the
Modular fmmune In vitro Construct System. This system is a proprietary set of human cell-based) in
vitro cultyres and assays that mimic the human immune system.

The system comprises modules termed the Peripheral Tissue Equivalent (PTE), the Lymphoid Tisque
Equivalenft Module (LTE), as well as functional assays and additienal disease models. The PTE workg in
an analogpus way as both the innate immune response and the adaptive immune response in periphefral
tissues sufh as the skin, lungs, and additional mucosal tissties. The PTE can predict adjuvant or vacclne
potency, tpxicity, and the immunostimulatory potentialief various biological and chemical compoungds.
There are|models specific for the subcutaneous or intfamuscular exposure, intravenous exposure, and
mucosal t|ssue.

The LTE npodule uses relevant cell types and intéractions to mimic conditions of the lymph nodes whé¢re
dendritic ells activate T-cells, which then activate B-cells and begin the antibody-production process.
The LTE npodule is capable of producing activated T-cells, antibodies, and cytokines and has been shoywn
to be supgqrior to peripheral blood menonuclear cell assays. This technology is relevant not only to NMs
but to drugs and traditional chemicals, as well.

Although fit is more oriented t6_pharmaceuticals and not specific to NMs, one internationally accepted
and widely used guideline forimmunotoxicity studies is the International Conference on Harmonizatjon
harmonizgd tripartite guideline.[50] The purposes are to provide

a) reconmpmendations.on nonclinical testing approaches to identify compounds which have the potential
to be jmmunefoxic, and

b) guidancedon a weight-of-evidence decision making approach for immunotoxicity testing.

enhancement. Drug-induced hypersensitivity and autoimmunity are excluded. The general principles
that apply to this guideline are the following:

a) All new human pharmaceuticals should be evaluated for the potential to produce immunotoxicity.

b) Methods include standard toxicity studies (STS) and additional immunotoxicity studies conducted
as appropriate.
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Whether additional immunotoxicity studies are appropriate should be determined by a weight-of-
evidence review. The data from STS should be evaluated for signs of immunotoxic potential. Signs that
should be taken into consideration are the following:

a)

b)

)

d)
e)

When systematically available most nanoparticles end up in organs of the réseticuloendothel

(R

th¢ formation of a protein corona are suggested to enhance recognitien-and uptake by cells d

[51
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Table 3 — Immunotoxicity studies

Parameter Specific component

T-cell dependent antibody response Using a recognized T-cell dependent antigen [e.g. sheep
red blood cells (SRBC) or keyhole limpet haemocyanin
(KLH)] that results in a robust antibody response.

Immunophenotypinga Identification and/or enumeration of leukocyte sub-
sets using antibodies with flow cytometric analysis or
by immunohistochemistry.

Natural killer (Nk') cell ar‘fnnfy qccnyca Conducted 1F1mmnnnphnnn1—yplng studies demon-

strate a change in number, or if STS studies demon®
strate increased viral infection rates, or in respense fo
other factors.

Host resisfance studies Involve challenging groups of mice or rat§treated with
the different doses of test compound with varying con-
centrations of a pathogen (bacterial/fungal, viral and
parasitic) or tumour cells.

Macrophape and neutrophil function assays Assessing macrophage/neutrephil function of cells
exposed to the test compoundn vitro, in vivo, or

obtained from animals treated with the test compouhd
(ex vivo assay).

a  Could je used as standard toxicity tests.

6.3.4 Stressresponse (including oxidative and protein production) screening methods

6.3.4.1 (General aspects

The role of oxidative stress in the toxicity of ambiefit NMs and the pathways involved in a cellujar
oxidative [stress response have been reviewed previously-[361[59][60] Reactive Oxygen Species (RQS)
are generpted by cells as by-products of normal:cellular activity that can be neutralized by cellular
antioxidaht defenses. Oxidative stress occursifthe production of ROS exceeds the neutralizing capadity
of the cellplar antioxidant defence. The cellular response during oxidative stress includes the inductjon
of a number of redox-sensitive signalling cascades according to the following proposed three tieged
model.[59] At low levels of oxidative stress, the tier 1 protective response induces antioxidant enzymes
such as glhitathione S-transferase isoenzymes to restore redox homoeostasis. A further increase in grOS
product10{1 or a failure of the jnitial antioxidant response can result in proinflammatory (tier 2) and

eventually in cytotoxic (tier/3)-effects. The induction of oxidative stress and resulting inflammatjon
is thought to be a plausible“mechanism by which NMs might induce toxicity, similar to fine and
ultrafine particulate matter.[591[60] NMs could induce oxidative stress via a number of pathways. For
example, generation of/0;°- and OH* radicals could result from the formation of electron hole pairs|by
photoactiyation ofFi0; or from an electron jumping from the conduction band of semiconductor NMs.
[61] In addjtion, dissolution of NMs releasing metal ions and the presence of transition metals such as [Fe,
Ni, Cu, Cof and Cron the nanomaterial surface can generate OH* via the Fenton reaction. Finally, eyen

inert NMg ¢ould give rise to ROS production by lodging in mitochondria and perturbing their functipn.
[59]

Many in vitro studies with NMs have therefore focused on assays measuring markers of oxidative stress
and inflammation.

6.3.4.2 Acellular redox activity of nanoparticles

The acellular redox activity of nanoparticles can be evaluated using the dithiothreitol (DTT) assay.
[62] The DTT assay determines the general redox activity of a sample by measuring the stimulus (e.g.
nanoparticles) dependent oxidation of DTT, adithiol. The assay measures the formation of ROS by aknown
amount of DTT. During this reaction, DTT is consumed, followed by its reaction with 5,5-dithiobis-(2-)
nitrobenzoic acid (DTNB) to form 2-nitro-5-mercaptobenzoic acid, which can be measured by a
spectrophotometer. Nanoparticles can be incubated for various time periods, after which the reaction
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is terminated by adding trichloroacetic acid solution. Aliquots are then incubated with a tris-HCl buffer
(pH 8,9) containing DTNB and the absorbance can be read at 412 nm on a spectrophotometer.

Amore sophisticated method involves using Electron Spin Resonance (ESR) spectroscopy in combination
with the spin trapping technique,[63][64] which offers the advantage that ROS and similar kinds of free
radical species generated by the nanoparticles can be identified. For detection of ROS formation, the
principle is based on the trapping of radicals with 5,5-dimethyl-1-pyrolline N-oxide (DPMO). ESR spectra
are recorded after incubation of the nanoparticles with DPMO in the presence or absence of H203. The
identification and quantification of characteristic DPMO-trapped ROS signals can be performed by
integration of so-called peak surface measurements. The resulting data are an identification of type
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hmple, the DPMO-OH* in arbitrary units.
4.3 Generation of ROS in cells

.4.3.1 General

Scanbegenerated by cells as by-products of normal cellular activity, butanincrease in ROS iy
stress factors might exceed the antioxidant capacity and could resultin‘cell damage. Howe}

induction of oxidative stress in cells, the two most commonly used assays in nanotoxicolog)
e measurement of intracellular ROS generation and reduced, glutathione (GSH). ROS is me
ans of a fluorometric assay based on intracellular oxidation of 2,7-dichlorofluoroscein
ile glutathione (GSH) is mostly measured with assays.based on the production of a fluo

oured dye upon reaction with GSH. The results of ROS and GSH assays correlated remark
[66][67][68]

.4.3.2 ROS determination

nfluorescent 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) can be used to me
heration of ROS. Upon entering the cellthe acetate groups are cleaved off, and the remaining
DCF remains inside the cell wheré\it can be oxidized by ROS to the fluorescent compound

ubation of cells with nanoparticles, the tissue culture medium is removed and the culture
Is are incubated with freshly.prepared 10 mM H2DCF-DA probe in PBS for 45 min at ag
sue culture conditions, while protected from light. After incubation, the probe that is not t4

[he tissue culture well.and fluorescence can be measured at an excitation wavelength of 4§
emission wavelength of 520 nm using a fluorescence spectrophotometer. Cells exposed to {
ve as negative-or-solvent control. For a positive control, cells such as macrophages, can be €

ptate (PMA)/if differentiation is required. A nanoparticle only control should be included in
pxcludeinterference of the nanoparticles under investigation with the fluorescent read out
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5 nm and
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system. If

su¢h interference is detected, false-positive results might be produced.

6.3 4°3:3—GSHmeasurenemnt
It is suggested that loss of GSH compromises antioxidant defenses, thus resulting in an increase in
ROS in the cell and eventually cell death.[66] Glutathione exists in both reduced (GSH) and oxidized
(GSSG) states. In the reduced state, the thiol group of cysteine is able to donate a reducing equivalent
to other unstable molecules, such as ROS. In donating an electron, glutathione itself becomes reactive,
but readily reacts with another reactive glutathione to form glutathione disulfide (GSSG). Through this
mechanism, GSH acts as antioxidant and can protect cells against damage by radical oxygen species.
An increased GSSG-to-GSH ratio is considered indicative of oxidative stress. GSH levels in cells can be
determined using commercially available kits. The determination of the GSH content in cell lysates can
be based on a chemical agent that specifically binds to GSH, after which a second reaction transforms
the complex to a chromophoric compound that can be measured in a spectrophotometer. Also, antibody
kits are available that use a specific anti-GSH antibody in a so called Enzyme Linked Immuno Sorbant
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Assay (ELISA) for the measurement of GSH levels. In kits for each type of assay, samples are included for
preparing standard curves. Once again, interference by the tested nanoparticles with the absorbance of
the final reaction product should be checked.

6.3.5 Blood components (including clotting factors, haemolysis) screening methods

6.3.5.1 General

Studies of the interaction of particles with blood components fall into three general categories.

a) one that focuses on effects on the cardiovascular system and blood as a target;

b) one that looks at how blood and blood proteins interact with nano-objects;

It is knoyn that inhalation exposure to small particles can affect the“cardiovascular system, [an
increased|risk of heart attack has been observed following exposure to ambient particles[69] including
diesel exhfaust. In addition, exposure to ultrafine particles such as volcanic ash[Z0] can affect haemolysis
and blood|clotting.[71] The following section summarizes screeningstudies that focused on either bldod
or the carfliovascular system as the target. Helfenstein et al.[Z2].evaluated the effect of NMs directly|on
cardiac mpuscle, in vitro. In their study, neonatal rat ventricularunyocytes were incubated with varying
concentrations of single-wall carbon nanotubes, diesel emission particles, or TiOz and conduction
velocity apnd ROS production were measured. While the results suggest differing effects on heart gell
function gf ROS production, the investigators never confirmed the physical state of their particles in the
culture mledium. Carbon nanotubes are known to adsorb nutrients from culture medium, and serim
proteins dan alter toxicity. Therefore, this study design requires a number of appropriate assay contrpls
(e.g. occurgrence of interference, protein depletion), and extensive validation.

Li and coworkers[Z3] studied the effectsof nanoparticles directly on the erythrocyte; erythrocyte
sedimentdtion, and morphology were_altered by nanoscale TiO; relative to micron-scale materjal.
Further, haemolysis and ROS produetion were more extensive with nanoscale material relative|to
micron-sdale material. Evaluation-with different particles will be necessary to ascertain the predictjve
value of this test.

6.3.5.3 [Interaction with-blood that modifies biological response

It has been recognized{that blood, specifically proteins, can interact with NMs by coating the surface
and formipg a corana‘lZ4] In some cases, protein-coated NMs have altered toxicity, generally resulting in
lower toxicity compared with the ‘naked’ particle; for example, The protein corona has been suggested
to both fagilitaté and reduce cellular uptake,[51]-[53] and alteration in biological activity.[Z5] While th¢se
interactiop$-could be important for understanding the effects of particles on biological systems, it is ot
yet possibﬁ%mmmme

be discussed further.

6.3.5.4 Interaction with blood as indicator of toxic property

Interactions of NMs with blood have been used to predict biological properties, specifically surface
reactivity. These studies will be presented and summarized. In general, such assays suffer from a lack
of validation.

Blood, particularly haemolysis, has been used as an indicator of surface reactivity. Warheit et al.[Z6]
used haemolysis as an indicator of surface reactivity and correlated that with pulmonary responses
following in vivo exposure. In their study, the authors have incubated nano-sized or micron-sized quartz
with erythrocytes from fresh whole human blood and measured haemolysis spectrophotometrically. In
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addition, animals were exposed by IT instillation to these same materials and the pulmonary toxicity
evaluated using histopathology and broncho-alveolar lavage. The extent of haemolysis was correlated
better with lung inflammation and lung histopathology than did physical characteristics such as size,
crystallinity, surface area, or radical formation as measured by ESR.

Aisaka et al.[7Z] also correlated the extent of haemolysis to pulmonary toxicity, but not in the same
experiment. Using erythrocytes from fresh human blood, the haemolysis of anatase and rutile nano-
sized and micron-sized TiO was compared with the pulmonary effects as reported by Sayes et al.[29]
However, the characterization of the particles used by Sayes et al. was not adequate to allow direct
comparisons to the particles used by Aisaka et al.[ZZ]

Li pt al.[Z3] have reported the haemolytic activity of titanium dioxide nanoparticles. Lin an@#laynes[Z8]
aldo used haemolysis as an indicator of cytotoxicity. Erythrocytes were washed and dncubated with
porous and non-porous silica nanoparticles. Concentration-dependent increases in-haemolysis were
obgerved, and haemolysis was correlated with surface area. The response curveswere very steep for
porous silica, but not for the non-porous particle. There was no attempt to correlate haemolytic activity
with other assays for cytotoxicity.

Us|ng the same principle, Rogers et al.[Z9] modified the ‘Ferric reducing ability of plasma’ assay (FRAP)
by|using serum (FRAS) rather than plasma. Serum was incubated. with varying concentfations of
different NMs and the degree of oxidative stress was measured, €onverting the raw datalto Trolox
eqpiivalent units, the different NMs could be ranked for their abilityto reduce the anti-oxidant capacity
of serum. The results are generally what one might expect <nano-sized carbon black redficed anti-
ox]dant capacity more than the 220 nm carbon black did; fullerene soot reduced anti-oxidant capacity
mgre than refined fullerenes; and anatase TiO; reduced capacity more than the rutile did.

6.3.6 Genotoxicity screening methods

Thee testing of NMs for genotoxicity in vitro as daipredictor of potential carcinogenic or deve|lopmental
hapard is a subject of great debate among toxicélogists, and there have been many thorough reviews on
thé¢ subject.[80][811[82][83][84] The primary issues are

1) | the suitability of in vitro genotoxicity assays originally developed for testing of small molgcules,
2)| mechanistic relevance of in vitro’genotoxicity end points to nanomaterial carcinogenesis

3)| the lack of availability ofsnanomaterial positive controls for evaluation of assay performance,
sensitivity and potendy comparison, and

4)| the relevance of iavitro concentrations to in vivo exposure scenarios.

Thie current batteryof in vitro assays, many of which are available in standardized formats, include single
cell gel electrophoresis assay (comet assay),[83] the bacterial reverse mutation test (Ames hssay),[86]
mgmmaliapeiromosome aberration testin Chinese hamster ovary cells,[87] the HPRT forward mutation
asgay,[88lamicronucleus test (MNvit),[89] unscheduled DNA synthesis test in mammalian cell ih vitro,[90]
anfl inwi¢ro Syrian hamster embryo cell transformation assay.[83]

Su buatic aftha nanomatarinl aonaotavicitvuv tacting hitaratunre havaidantificd coma caommaon trad dS [81] [82]
Ve y-S-ottHe-HahoateHar- e Rotoxdeey e st tteatdirenaveaehua e aSeme-comnon—+res] L2212 e

For instance, the majority of nanomaterial bacterial gene mutation assays, e.g. Ames assay, results have
been negative, possibly due to a lack of nanomaterial penetration of the bacterial cell wall.[81][82] By
contrast, the majority of comet assays for DNA damage and mammalian gene mutation assays have been
positive, but this might also be skewed by a reporting bias for positive results.[82] As genotoxicity is
primarily based on direct DNA effects (although indirect effects via ROS can occur) for any genotoxicity
assay internal cellular exposure should be demonstrated. Particles positive in the comet assay include
carbon-based NMs, such as fullerene and carbon nanotube, as well as metal nanoparticles, such as
cobalt and Ti0;.[82] Within NMs classes, e.g. NMs with common physicochemical characteristics and/or
chemical composition, and genotoxicity assay classes, e.g. chromosome aberration and gene mutation,
there has been a lack of consistent findings.[81] Furthermore, inconsistencies in assay design and
nanomaterial physicochemical characterization and identification have been a common problem when
attempting to compare studies and draw conclusions regarding the genotoxic nature of specific NMs
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and the performance of individual assays[81] and, as with all studies, show the importance of developing
standardized protocols.

Another issue to consider is how standardized genotoxicity assays might need to be modified in
order to accommodate evaluation of NMs. As described above, mammalian cell systems could be
more suitable than bacterial strains, due to differences in nanomaterial cell uptake.[83] The standard
in vitro micronucleus assay commonly utilizes media containing serum and the actin polymerization
inhibitor cytochalasin-B, and both these components can also interfere with cell uptake of NMs.[83]
[88] This could require alteration of the serum concentration or addition of cytochalasin-B following
nanomaterial treatment Additionally, the i issue of how in vitro concentratlon relates to in vivo exposure
ut
also the npnomaterial state (e.g. aggregatlon/agglomeratlon state, proteins bound to the surface, etc D,
as this cap affect both cell exposure and biological activity. Thus, it is important to charactérize the
nanomatgrial in the treatment media and relate these physicochemical properties to those following
actual napomaterial exposure.

Ultimately, in vitro genotoxicity testing of NMs is only useful if the mechanistic end.points relate|to
human m¢chanisms of carcinogenesis or reproductive hazard. At this time, the preyvailing understanding
of nanomgterial-induced pulmonary carcinogenesis is that underlying mechanisms'do not involve dirgct
nanomatgrial interaction with the genome, but rather occur through secondary-or indirect mechanisms,
e.g. inflatnmation and oxidative stress.[20][91] While an oxidative mechaunism could potentially |be
evaluated|in an in vitro system if the oxidative stress is not secondary to inflammation, an indirgct
inflammafory mechanism cannot be evaluated. Thus, the nanomateérial pulmonary carcinogenesis
literature|does not provide a strong mechanistic rationale for employing in vitro genotoxicity assayq at
this time.|This mechanistic rationale could come from future studies of nanomaterial carcinogenesis,
especially|in alternate organs following alternate routes of expesure. Predictive batteries of genotoxidity
assays ne¢d to be developed, standardized, and validated fortheir relevance to human health. The mpst
appropriate methods might include those that are already'OECD-accepted or, if necessary, those that gre
altered to|more specifically address NMs.

6.3.7 Injvitro barrier tests and appropriate testing systems to assess toxicity to biological baryri-
ers

6.3.7.1 (eneral

Adverse effects of NMs on human Health might be linked to their ability to cross biological barrierd in
the body. [The route of exposure (pilmonary, gastro-intestinal, dermal) and, hence, the portal of enfry
of nanopafrticles into the body)is of critical importance. The barriers identified below are two that gre
considered important for NMs-at this time.

6.3.7.2 Pulmonary

Inhalation} toxicity\studies conducted in the early 1990s prompted focus to a developing area| of
toxicologiral résearch, that of nanotoxicology and especially to the potential pulmonary effects of Ns.
These oft¢n-cited preliminary papers focused on the pulmonary effects of NMs and have continued] to

lnfluence ilimanary nanatovicaloay racaqrch dacadac ]f\i—av‘ Exanmnlac of a~rly ctndiac incliada +h se
POy oot oNTCoT o5y TEotart Ottt ottt T e e pre o O Catry Srtatreorerate—erro

conducted by Ferin et al.[92] and Oberdorster et al.,[23] among others. Subsequent to the publications
of these papers, concepts such as surface area, particle number, delivered dose, delivered dose rate,
and potential translocation of particles to the pulmonary interstitium became of keen interest. Later,
characteristics such as the generation of reactive oxygen species, agglomeration/aggregation state,
composition, purity, heterogeneity, specific surface area, surface chemistry, zeta potential, catalytic
properties, size distribution, absorption properties, surface charge, crystalline phase, grain size,
hydrodynamic size/particle size, and shape became characteristics of interest. In addition, details such
as dustiness and fat solubility might also aid in predicting the potential toxicity of nanoparticles.

For screening purposes, there are higher throughputand lower cost methods that show data concordance
when compared to in vivo results. Due to initiatives such as Tox21,[94] there is a concerted effort to begin
using human cell-based co-cultures to assay potential toxicity for this exposure route.
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In vitro models using cell cultures and co-cultures have proven to be informative.[25][96] Some three-
dimensional models, using glass-bottom cell culture dishes and in vitro cell models of the human airway
epithelium can be maintained for several months.

A study on quantum dots in murine macrophage-like cells (J774.A1 cells) has also helped to delve
into the mechanistic reasoning behind the toxicity of nanoparticles. Clift et al. hypothesized that the
intracellular localization of a given NM could in fact directly determine its toxic potential.[2Z] While this
study focused on quantum dots, other studies illustrate that this might be a worthwhile hypothesis.

Alfaro- Moreno et al.[28] found that bi-cultures and tri-cultures ofhuman lung cells released granulocyte
: . . kin (IL)-1 B,
IL 6 tumour necrosis factor a, and MIP 1 a. The authors go on to state that these effects are«tonsistent
with those systemiceffects described for particulate matter and correspond to inflammatien, endothelial
dypfunction, and bone marrow cell mobilization.

Rofthen-Rutishauser et al.[29] developed a triple co-culture comprised of epithelial cells, madqrophages,
anfl dendritic cells stating that it ‘simulates the most important barrier funétions of the|epithelial
aifjway.” With this model, the authors have shown measurement of cellular reSponses to titanium dioxide,
indluding reactive oxygen species and the release of tumour necrosis factor, and also have illustrated
th¢ intracellular localization of the nanoparticles by energy filtering. électron microscopy. Tihis model
is presented as a tool to study the interaction of nanoparticles and-hung cells and a meth¢d for the
inyestigation of the toxic potential of NMs. This model system has-been compared to in vivo rgsults and
gopd data concordance was observed. Subsequently, toxicologic¢al responses resulting from exposure to
(nano)cellulose, multi-walled carbon nanotubes, and crocidolite’asbestos fibres were discerned from one
anpther in the tri-culture system.[2Z] Human alveolar epitheélial-like type II cells (A-549) werg exposed
to magnetite ranging in size from 20 nm to 10 pm, sepacated into four different size-based fra¢tions and
tegted for their propensity to cause ROS, genotoxic effects, and the stimulation of cytokine pathways.
c-Jiin pathway activation appeared to be ROS-dependent and ROS formation appeared to also play a role
in genotoxicity of the magnetite.[100] In additiongeo-culture systems can also be used for exposure in a
so|called air-liquid-interface to mimick the inhalation exposure via an air flow even better, ih contrast
to pubmerged cell culture exposure.[101]

While many of the published cell cultire or co-culture experiments produce promising redults, very
few standardized protocols are used by multiple laboratories. The exception to this is the compmercially
avgilable in vitro human airway tissue model that has been tested in NMs by many collaborating
lahoratories and is the method-¢ited in multiple publications.

6.3.7.3 Dermal

Thie issue of skin penetration with regard to nanoparticles is still largely unresolved. There|is limited
evldence to suggestNMs have the ability to penetrate through the skin or reside in hair follicles;[102][103]
hojvever, there‘is-a fundamental knowledge gap surrounding the behaviour of nanomaterials pn broken
or [flexed skinY Additionally, it is known that nanoparticles behave differently according to the chosen
digpersantitherefore, when analysing dermal toxicity data, the dispersant used should be taken into
conhsideration.

Raks g )eriments.
However the permeablllty barrler of skin from laboratory ammals is known to be relatlvely weak, due
to significant follicular transport and physiological differences. Morphological differences between skin
types, mainly comprising the density of hair follicles along with the concentration of free fatty acids and
triglycerides, represent a huge factor in the differences amongst skin barriers in different species. The
inter-individual variability of human skin samples also needs to be addressed, which is achievable using
current in vitro methods.

The many variables involved in dermal exposure using animals make these methods much less efficient
and potentially irrelevant to human safety than if in vitro human models are used.

OECD TG 428I[104] uses human skin samples as a component of the skin absorption testing strategy. This
in vitro technique is already being applied to NMs using human skin in vitro and in vivo.[105][106][107] The
skin samples are used in vitro to assess nanoparticle absorption or the diffusion of substances through
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the skin by using Franz-type diffusion cells or the Saarbruecken penetration model. Other dermal
toxicity testing protocols, validated by OECD include EpiSkin corrosion assay,[108] Corrositex for Skin
Corrosivity,[109] Rat TER skin corrosivity[29][110] and in vitro skin irritation OECD TG 439.[111] Dermal
penetration of nanoparticles is generally considered to be low or absent.[46][471[48][49] Skin sensitization
screening tests are described in 6.3.3.

Accessible, commercially available models have proven reliable and relevant for NMs. Both glass-bottom
cell culture dish and 3D in vitro cell model based technologies address dermal irritation and permeability
concerns and have been validated for chemicals.[112] These methods have been used by industry and
academia and are reproducible across laboratories.

6.3.8 OJnics measurements

The toxicqgenomicapproach hasbeenapplied for the mechanisticassessment NMs. Omics measuremerjts,
such as gdenomics, proteomics, transcriptomics, metabolomics, and other omics systéms are uged
regularly [for pharmaceutical development and ecotoxicology assessment, and are often applied|to
NMs in a §imilar manner. The use of cell culture in conjunction with omics for assaying NMs for human
health effects is seen often in the literature, although these techniques are not typically perfornjed
in a standardized manner. Nonetheless, the resulting data prove helpful and~could provide valuaple
informatipn on potential nanomaterial toxicity in a relatively quick and coStetfective experiment,In
addition, the use of base-level trophic species (e.g. bacteria, algae, Daphnia; and C. elegans) for nano-
ecotoxicology screening have also been assayed in combination with omics analysis.

Lee et al.l}13] have illustrated the application of functional genomi¢$ and report the effects of nanocefia
(known t¢ impart redox properties, yet the genome-wide impactwas previously not understood) on the
global gernje transcription in mouse neuronal cells. Findings $uch as these indicate that genomics and
transcriptomics are likely useful in identifying disease-specific genes and can be applied to analyseq of
nanomatdrial-specific health effects.[114]

An example of a commonly applied methodology for“ecotoxicity screening is seen in Roh et al.,[1f15]
where silyer nanoparticles are tested using base;level organisms, such as C. elegans. The same typ¢q of
genomics|and transcriptomics can be done using bacteria found in soil, algal species found in water,
or Daphnif, the water flea. In the C. elegans:sfudy, whole genome microarray was used to qualitatively
assess trajnscription profiles, while specific profiles were monitored in a quantitative manner.

6.3.9 Other toxicities

Additional toxicological screeming assays, not covered above, include tests for neurotoxicity,
developmepntal toxicity, embrygtoxicity, and effects on particular organs.

Neurotoxicity: Cell co-culttres that model the blood-brain barrier and are capable of predicting
nanoparticle transcytesis and toxicity have been developed. Comparison between the in vitro resylts
and results from invivo tests in rats showed data concordance.[116]

DevelopmlentaliToxicity: Ex vivo human placental perfusion models have proven useful in determin
whether §mallmolecules and nanoparticles are able to cross the placental barrier and can therefi
help ascettabawhether o abvean panoparticlo mioht nut g develoning foabue ot 1)

Embryotoxicity: Partial replacements for the in vivo developmental toxicity test exist and include tests
such as: embryonic stem cell test, rat limb bud test, and micromass test.[118]

Organ Effects: To assess the effects of pharmaceuticals on particular organs or the ability of drug or
molecular delivery devices to target specific cell types, a novel in vitro multi-chambered microfluidic
microchip of various human cell types has been developed. Sin et al.[119] have developed one such device,
the HUREL (Human Relevance), which is particularly relevant for metabolomics, toxicogenomics, multi-
organ toxicity, and the evaluation of compound efficacy and metabolites. Walker et al.[120] developed a
nano-capable lab-on-a-chip for cytotoxicity testing, which is able to test nine linear dilutions in parallel
in human cell lines. Gottwald et al.[121] have developed a chip-based platform for the in vitro generation
of three-dimensional tissue organization that is compatible with automation. Similar lung-on-a-chip and
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gut-on-a-chip devices have been developed.[122][123][124] These lab-on-a-chip advances allow researchers
to test for both toxicity as well as cell targeting using a variety of human cells.

6.4 Relevant methods for in vivo toxicological screening of manufactured NMs

6.4.1 General

New in vivo model systems such as the embryonic zebrafish, can be easily and rapidly interrogated at the
cellular and molecular levels, in addition to the whole animal level, to rapidly advance our understanding

of
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the use of the rat ear vein as a screen for effects on thromb051s In thlS model a thrombus is triggered
by intravenous (IV) infusion of Rose Bengal and illumination of the vessel with a laser light. The effect
of the nanomaterial on clot formation can then be studied by simultaneous IV infusion of the particle, or
intratracheal (IT) administration prior to infusion of Rose Bengal, because clots form within 10 min of
activation of the Rose Bengal in the vein. Their results indicate that IV administered polystyrene beads
significantly decreased the clotting time compared with the untreated group, but IT administered
beads decreased the clotting time even beyond the IV group. Interestingly, coating of the polystyrene
with an amine was more effective than carboxylate-coated beads; furthermore, amine-coated beads
demonstrated a U-shaped dose response. Much work needs to be done to validate this method relative to
other particles and particle sizes, butit does hold the possibility of a screening assay for thrombogenicity.
Intratracheal administration tests are proposed as screening methods for inhalation toxicity.
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7 Methods for toxicological screening related to the environment

7.1 Introduction
Important considerations for environmental toxicology testing include:
— choosing the concentration range of nanoparticles to which the organisms are exposed,

— quantification and characterization (aggregation, surface coatings, etc. and to what extent these
characteristics change during the test) of NMs of interest in the exposure media,

— selecting the exposure pathway(s) (i.e. ingestion, inhalation, or contact with the outer surface ofthe
orgarjism),

— charafteristics of the exposure medium, feeding conditions (presence or absence of feod, and hpw
much|and what types of food are available),

— end ppints investigated (acute toxicity, reproductive toxicity, oxidative stress, etc.), and
— sensifivity of the organisms exposed.

The end ppints or effects to be tested are similar to those that would be tested for typical environmenital
pollutanty, such as those commonly measured (mortality, weight 16ss, and population level |or
reproductive effects), as well as more novel toxicological end points,stich as changes to gene or protgin
expressioh or oxidative damage to biomolecules.

The extent to which current standard test methods can be applied to NMs without modification, and
what modiifications if any are needed to ensure reliable and feproducible results, are topics for ongojng
research. [The applicability of current methods without modification or the modifications needed will
probably yarybased upon the organism and medium (soilwater, or sediment) in which the test occurs and
the propefties of the NMs. Nevertheless, the current standard test methods[1371[138] are a recommended
starting ppint for the testing of ecological effects from NMs. Some examples of potential methods for rapid
screening|of NPs include: Algae growth inhibitiorr test,[139] Daphnia sp. Acute immobilization test,[140]
Water quality-determination of the toxic efféct of sediment and soil samples on growth, fertility, and
reproductlion of Caenorhabditis elegans (Nematoda), (4 d for growth test),[141] and the Standard Gujde
for Condufting Laboratory Soil Toxicity Tests with the Nematode Caenorhabditis elegans, (1 d or 2 d for
acute moijtality test).[142][143] Another:promising opportunity for a rapid screening method is bactefia
toxicity uping 96 well plates and@utomated plate readers. One example for this is called community-
level phydiological profiling and, has been demonstrated to be effective for distinguished spatial and
temporal changes in microbial communities. In applied ecological research, the 96 well platform dan
be used tp measure the nietabolism of 31 carbon sources per assay.[144] While there are no standdrd
methods fleveloped for'this approach, there is a short (4 h) method for activated sludge respiration
inhibition|[145]

Specific methodelogical considerations for the testing of carbon nanoparticles were recently issued,[143]
and a revjew¢ofthe ecological effects of carbon nanotubes in different matrices was also publishpd.
[146] Addifionally, the preparation method for the NM suspension and the environmental relevance of
this approacit or fack thereof ieed to be carefuily considered. FOT €XaINpIe, SOME earty experiments
with fullerenes[147] used fullerenes suspended with tetrohydrofuran (THF), which caused toxic effects
related to THF byproducts and not the fullerenes themselves.[148] Another important factor related to
nanoparticle suspension procedures is ultrasonication and reproducibility of this procedure among
laboratories.[149]

7.2 Environmental fate and distribution

The environmental fate and distribution of NMs depend on a large number of factors, such as the
release pathway through which NMs initially enter the environment (e.g. in biosolids from a wastewater
treatment plant for land application or degradation of consumer products). After release, NM mobility
depends on environmental characteristics of the media, such as soil or sediment properties or the
aqueous chemistry of a water body. NM characteristics are typically also highly relevant, such as their
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surface coatings or lack thereof, shape and morphology (rods versus spheres), particle composition, and
affinity for other molecules in the environment, such as natural organic matter.[150][151]

7.3 Environmental degradation and transformation

Potential degradation and transformations differ for carbon-based and inorganic NMs. Carbon
nanoparticles (e.g. fullerenes and carbon nanotubes) might ultimately be mineralized into carbon
dioxide through biotic (biodegradation) or abiotic pathways.[152] Carbonaceous nanoparticles could also
be modified, such as through oxidation and changes to the surface chemistry of the particles. Inorganic
NMs can also be transformed through dissolution into their characteristic ions, oxidation processes (e.g.

zeto-valent iron to iron oxides), and chemical reactions, which otherwise change the compasi
NMs (e.g. silver nanoparticles being transformed to silver chloride or silver sulfide). Anothe
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