TECHNICAL ISO/TR
REPORT 21624

First edition
2020-04

Nanotechnologies — Consideratipns
for in vitro studies of airborne nano-
objects and their aggregates and
agglomerates (NOAA)

Nanotechnologies — Considérations pour les études in vitrg

des nano-objets en suspension dans l'air et de leurs agrégatf et
agglomérats (NOAA)

Reference number
ISO/TR 21624:2020(E)

©1S0 2020


https://standardsiso.com/api/?name=3c423724131db90dd368345a65331530

ISO/TR 21624:2020(E)

—COPYRIGHT PROTECTED DOCUMENT

© 1S0 2020

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting
on the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address
below or [SO’s member body in the country of the requester.

ISO copyright office

CP 401 o Ch. de Blandonnet 8
CH-1214 Vernier, Geneva
Phone: +41 22 749 01 11
Fax: +41 22 749 09 47
Email: copyright@iso.org
Website: www.iso.org

Published in Switzerland

ii © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=3c423724131db90dd368345a65331530

ISO/TR 21624:2020(E)

Contents

Page
FFOTE@WOIM ...........oooooeooeeeeee e85 8 588 iv
IIEIOAUCTION. ......ooooo etk 881888558 v
1 S0P ... 1
2 Normative references
3 Terms and definitions
4 Abbreviated terms
5 Considerations for in vitro systems for assessing inhalation exposure to NOAAY..|........ 3

An

Bil

5.3 Considerations for characterizing NOAA tested in vitro studieScof airborne

5.4 Choice of cell systems
54.1  General ..
5.4.2  Mono-culture systems
5.4.3  Co-cultures/three-dimensional systems

Choice of appropriate dose and dose metrics
6.1 LT3 1<) - O SO
6.2 In silico methods to assess dose/dose metrics and deposition

5.1 BaACKGTOUNM ....oo et e
5.2 Modes of exposure...
521 GENETAL oo e e
5.2.2  Considerations for ALI exposure Systems...........c bl i,

JOE D 10) 0 0T 1 0] @ 1= (S WS

nex A (informative) Application of adverse’outcome pathways (AOPs) to design in vitro-
based APPTOACKES............oo e T s

DIEOGTAPIY ...t e

© IS0 2020 - All rights reserved

iii


https://standardsiso.com/api/?name=3c423724131db90dd368345a65331530

ISO/TR 21624:2020(E)

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 maintenance\gre
described|in the [SO/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 mayybe the subject of
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h patént rights. Detailq of

any patenf rights identified during the development of the document will be in the.Introduction andjor
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list of patent declarations received (see www.iso.org/patents).
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This docujment was prepared by Technical Committee }SO/TC 229, Nanotechnologies.
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hs related to conformity assessment, as well as information about ISO’s adherence to the
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Introduction

Inhalation is one of the prominent routes by which humans can come in contact with natural, unintended
and engineered nano-objects and their aggregates and agglomerates (NOAA). Due to the physiological,
biochemical and anatomical differences between humans and animals, as well as the considerable time,
cost and animal numbers required to conduct in vivo toxicity tests, there is much interest in developing
in vitro strategies for risk assessment that are based on human cells and mechanisms of toxicity. To
enable comparability of the results of in vitro assay and in vivo effects observed after inhalation of
NOAA, certain parameters should be considered, including:

a) | the choice of cell types;

b) | characterization of the NOAA throughout the assay, including life-cycle transformatjons;
c) | the choice of nano-object concentration relevant to human exposures;

d)| generation of NOAA form that mimics human exposures;

e) | the use of relevant dispersants;

f) | the use of appropriate mode of exposure (submerged or ait“liquid interface) and |exposure
durationl1l.

Thiis document includes descriptions of the aforementioned parameters with regard to using in vitro-
baked strategies for assessing specific aspects related to.thé inhalation toxicity of NOAA. Fof example,
for] inhalation studies, it is critical to choose the proper equipment for generation, exposufre to, and
characterization of the nano-objects. This document ‘includes information about available in vitro
aerosol exposure chambers and biological models.that have been used to assess the inhalatign toxicity
of NOAA. This document does not include details regarding the techniques for aerosol gengration or
characterization of specific nanomaterials (NMs), their life cycle transformations or in vivo testing. An
overview of the aerosol generation of NMs and in vivo testing is given in ISO/TR 19601[2],
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Nanotechnologies — Considerations for in vitro studies
of airborne nano-objects and their aggregates and
agglomerates (NOAA)

1 _Scope

Thiis document collates information regarding the systems available for exposure aid, agsessment
of jnano-objects and their aggregates and agglomerates (NOAA) for in vitro air expasure studies. It
provides an overview of the various exposure systems and in vitro cell systems-used to perform in
vitro studies that simulate an inhalation toxicology study design.

2 | Normative references

Thlere are no normative references in this document.

3 | Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISQ and IEC maintain terminological databases for use ih standardization at the following addiresses:

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

—| IEC Electropedia: available at http://wwiv:electropedia.org/

3.1
aerosol
system of solid or liquid particles suspended in gas

[SOURCE: 1SO 15900:20009, 2,1}

3.7
agglomerate
collection of weak]y“beund particles or aggregates (3.3) or mixtures of the two where the resulting
external surface aread is similar to the sum of the surface areas of the individual components

Note 1 to entry:Fhe forces holding an agglomerate together are weak forces, for example van der Waals forces, or
sinpple physical entanglement.

Nofe 2<tofentry: Agglomerates are also termed secondary particles and the original source particles fire termed
prilmary particles.

[SOURCE: ISO/TS 80004-4:2011, 2.8]

3.3

aggregate

particle comprising strongly bonded or fused particles where the resulting external surface area may
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 bonds, 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.
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[SOURCE:
3.4

ISO/TS 80004-4:2011, 2.7]

engineered nanomaterial
nanomaterial designed for specific purpose or function

[SOURCE:
3.5

ISO/TS 80004-1:2015, 2.8]

incidental nanomaterial
nanomaterial generated as an unintentional by-product of a process

Note1toe
Note 2 to e
[SOURCE:

3.6
manufact
nanomatg

[SOURCE:

3.7

nanopart
nano-objg
shortest a

Noteltoe
nanoplate

[SOURCE:

3.8
particle
distributi

Note1toe
[SOURCE:

class, divi

4 Abbi

Ag NPs
ALl

htry: The process includes manufacturing, bio-technological or other processes.
ntry: See “ultrafine particle” in ISO/TR 27628:2007, 2.21.
ISO/TS 80004-1:2015, 2.10]

ured nanomaterial
rial intentionally produced to have specific properties or composition

ISO/TS 80004-1:2015, 2.9, modified — “specific” has replaced “selected”.]
icle
ct with all external dimensions in the nanoscale where the lengths of the longest and {

xes of the nano-object do not differ significantly

htry: If the dimensions differ significantly (typically'by more than 3 times), terms such as nanofibre
may be preferred to the term nanoparticle.

ISO/TS 80004-2:2015, 4.4]

ize distribution
bn of particles as a function of particle size

htry: Particle size distribution may be expressed as cumulative distribution or a distribution densi

ISO/TS 80004-6:2013; 3.1.2, modified — “(distribution of the fraction of material in a s
ded by the width ofthat class)” has been deleted from the Note 1 to entry.]

reviated térms

silvérnanoparticles

air-liquid interface

he

or

Ly.

VAS

AOP
Au NPs
CCSP
CD
CFTR

CNT

adverse outcome pathway

gold nanoparticles

clara cell secretary protein

cluster of differentiation

cystic fibrosis transmembrane conductance regulator

carbon nanotube
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Co, carbon dioxide

ENM engineered nanomaterial

[ATA integrated approach to testing an assessment
ICAM-1 intercellular adhesion molecule 1

IL interleukin

ISIP3 in vitro sedimentation, diffusion, dissolution and dosimetry
KE key event

MIE molecular initiating event

MEPD multiple-path particle dosimetry

MT metallothionein

MUC 1 mucin 1

MWCNT  multi-walled carbon nanotubes

NM nanomaterial

NQAA nano-objects and their aggregates and:agglomerates
OHCD Organisation for Economic Co-opetation and Development
QM quartz crystal microbalance

RQS reactive oxygen species

Sid, silicon dioxide

SPtA surfactant protein A

SP{D surfactantprotein D

TEER transeépithelial electrical resistance

Ti(, titanium dioxide

VCAM-1 vascular cell adhesion molecule 1

5 Considerations for in vitro systems for assessing inhalation exposure to NOAA

5.1 Background

Nano-objects can be incidental or are manufactured from a variety of materials (e.g. metals, polymers,
metal oxides) and come in many different morphologies and combinations. Testing the toxicity of
inhaled NOAA using in vitro systems involves considerations of several parameters, including the
appropriate mode of exposure (see 5.2), characterization of test material (see 5.3) and choice of cell
types (see 5.4).
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5.2 Modes of exposure

5.2.1 General

Both direct and indirect methods have been used to assess the aerosolized nano-objects using in vitro
systems. Direct methods involve exposing the test aerosol, generated using aerosol generators, to the
cells directly under submerged, intermittently submerged (e.g. on a rocking platform) or air-liquid
interface (ALI) conditions[3ll4l[3]. Figure 1 presents the diagrammatic representation of exposure
to NOAA under submerged and ALI conditions. Indirect methods often involve collection of aerosols
(e.g. road-side ambient particles or nano-objects) using special apparatus (e.g. wetted rotating vane
impactorq or liquid impingers) or on a filter-like substrate followed by suspension of the collected
sample inja culture medium before exposing the cells2I[6lIZ]I8][2],

a) Submerged culture b) Air-liquid interface culture

Figure 1] — Diagrammatic representation of'submerged and air-liquid interface (ALI) culturs

&

S

The indirgct method allows for the identification of the potential toxicity of air borne particles. However,
the steps heeded to prepare the suspensions of collected test material (when using indirect methogls)
and the ipteraction of the test material with the medium in submerged systems (when using dirgct
methods)|can cause changes to thie properties of the test material leading to false assessments. This is
especiallylapplicable to nano-objects due to the fact that both their agglomeration state and movements
are impadted by the use of atsuspending medium, with their movement being controlled by Brownlan
diffusion pr sedimentatiofi-based on their physico-chemical parameters such as size and density[10/[1],
As a resull, the probability of agglomerates settling down onto the cell culture is higher than for single
particles.|Additionally,~dissolution kinetics of nano-objects under submerged conditions might difffer
consideraply from‘what the particles undergo in in vivo conditions. Since the size, form, and solubiliity
are the mjain parameters that determine nano-object toxicity, the toxicity outcomes observed in the
submergefd systems might not capture what happens in the lung after nano-object exposure. Another
limitation| of submerged systems is that the phenotype of the cells is usually different than that found
under in vivo conditions as seen by the lack of formation of tight junctions and mucus in epithelial cells,
an issue which is particularly important for inhalation models[121[13],

To overcome the limitations associated with the submerged systems, ALI systems are used and are
preferred for inhalation toxicity testing because of their physiological relevancel14][15]1[16](18], An ALI
system constitutes cells cultured on a semi-permeable membrane where their basal surface is exposed
to the culture medium and the apical surface is exposed to air. Such configuration is considered to be
physiologically relevant as it has been shown to drive differentiation of the cells that mimics their in
vivo phenotypell2ll13][19] In addition to having the cells in an “in vivo-like” configuration/phenotype,
ALI systems allow a relatively direct deposition of NOAA on the cells that more closely mimics the
particle deposition that results following inhalation, which might be used to derive a concentration-
response relationship[2%, It should be noted that, similar to liquid conditions, the generation of an

4 © IS0 2020 - All rights reserved
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aerosol can also have an effect on particle characteristics. Thus, during and after aerosol generation,
proper characterization of the particles should be performed.

Figure 1 shows exposure of NOAA to cells under submerged conditions and at the ALI. Under submerged
conditions, the NOAA have to span the depth of the medium to reach the cells. At ALI conditions, the
NOAA settle directly on the cells due to minimal fluid layer over the cells. Several studies have compared
submerged and ALI systems exposed to NOAA and have reported differences in cellular responses[13],
For example, a higher expression of interleukin 6 (IL-6), IL-8, and hemeoxygenase-1 was observed
in cells exposed to NOAA at ALI as compared to submerged culturesl201(21][22][23], A few studies have
observed contradicting outcomes for the aforementioned biomarkers[241(23](26], Despite the differences
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.2.2 Considerations for ALI exposure systems

.2.2.1 General

Fwee thetwomodes of exposure, botirthe systenrsare stittusedtoassessthetoxicity
bmerged cell cultures can be used for identifying the toxic potency of air borne (e.g. enviy
exhaust) particles. However, for evaluation of engineered and manufactured nano-objects,

hling with lung exposure.

pating the cell systems at ALI requires exposure systems that can deliver the material to
an aerosol to the cell system in a form that is relevant to human exposure scenarios. The
tems used to test NOAA could either be “closed-box” or£flow-through” type and typical
0 basic components: an aerosol generator that generatés the test atmosphere and the
hmber that houses the cell system. Flow-through systems (as shown in Figure 2) also typica
connectors and peripherals that transport, dilute, characterize and condition the aero
ivering it to the cells inside the chamber, and an exhaust, which could be used for test a]

ure 2 depicts a basic diagrammatic configuration of a system including an aerosol gene
exposure chamber for exposing cells\to aerosolized (or nebulized) substances at the
terials are aerosolized (or nebulized)}-using an aerosol generator (or nebulizer), which is

the exposure chamber. Depositedconcentration of NOAA can be determined by incorporat
rstal microbalance (QCM) and/or-electron microscopy (EM) grids in the wells without cel

. Cells treated with air only can be used as a negative control (C). Sampling ports can b
several check points to ‘ebtain aerosol or medium samples. The various components of the|
tem and their applicability to the assessment of NOAA are described in 5.2.2.2 to 5.2.2.3.
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i j s\\§\ k
Key %
a  NM sample g siT'culture insert
b  aerosql generator or a nebulizer h\Q)outlet for sampling medium
c aerosql \Oi well with a QCM or an EM grid
d exhauft N~ i well with cells exposed to NMs at ALI
e aironly \\0 k  well with cells exposed to clean air at ALI
f  exposyire chamber . C)

NOTE Adapted from Reference [5()®

iigure 2 — Exampléaa set-up of an in vitro air-liquid interface exposure system
AN

S

hoice of opriate aerosol generator

Aerosol ggnera in combination with exposure chambers, enable a direct gas-phase exposure| of
test systems rosols. They generate an aerosol atmosphere that can be used to expose the ALI ¢ell
systems tpcaerosolized or nebulized particles. Several methods have been used to generate aerospls

' a—partictarmethod-depends—on—thephysical-characteristicsofthe—material-to-be
aerosolized, such as density, viscosity, state of matter and target aerosol sizel>]. For example, for liquid or
biological materials, collision nebulizers, jet nebulizers, ultra-sonic atomization or vibrating membrane
generators are often used; whereas, the generation of aerosolized solid materials involves using spray-
drying, rotating scrapers, venturi-style powder dispersions or fluidized powder bed methods[121[22][27]
(28], Detailed information about aerosol generators is given in ISO/TR 19601[21,

An aerosol generator is generally connected to the exposure chamber via auxiliary connectors that
provide a means to deliver the generated test material atmosphere to the chamber where the cell
systems are housed.

6 © IS0 2020 - All rights reserved
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5.2.2.3 Choice of exposure chambers

The choice of a specific exposure chamber depends on the basic study design and purpose of testing,
including the number of test and control conditions, and sampling (test material, biomarkers, etc.)
requirements. Exposure chambers can be used to expose cells cultured at the ALI to aerosolized NOAA
(and other materials). Several exposure chambers have been described in the literature and include
both commercially available systems and those developed by independent researchers[221[301(31][32][33]
[34][35]36][37][38][39], These chambers vary from one another in factors such as cost, compatibility with
aerosol generators, ease of availability and use, modularity, level of throughput, ability to consistently
deliver aerosols at multiple dilutions, ease of cleaning and exposure durationl[=l[22], However, all
aval fmtarties; 1 i ouses the
cells and equipment to facilitate generation, delivery and/or characterization of aerosol atmogphere.

configuration and the choice of the exposure system depends on the experimental-objef¢tives and
requirements. Of the available systems that have been used to test NOAA, some are more usgr-friendly
as [compared to others that require an in depth understanding of the engineering’controls ipcluded in
th¢ system.

Thie different features of the various exposure systems are as follows.

a) | Type of exposure system: Exposure chambers can be “closed-box*or “flow-through” syst¢ms based
on how the test aerosol is fed into the system and delivered to the cells inside. One example of a
closed-box system is an exposure chamber in which the test material is nebulized inside, where it
forms a dense cloud, and which uses cloud dynamics to uniformly mix and deposit (sedimentation)
the aerosol onto the membrane with the cells. Thereds no air flow into or out of the|device in
the closed-box type systeml40l, On the other hand,\in flow-through systems, the test material is
aerosolized and fed into the exposure chamber with air flow. While the aerosol cloud sdttles onto
the cells, the droplet-depleted air leaves the chdamber through the exhaust located on the|other end
of the chamberl41],

b) | Flow alignment: Depending on the type-of exposure chamber, the alignment of airflow fan either
be horizontal or vertical. In a horizental or incubator/box-type setup [see Figure 3 a)|, the test
atmosphere enters the exposure chamber through an inlet and exits through an outlet Jeading to
a horizontal exposure flow abeve'the inserts of the cultures[!8l. On the other hand, in a tagnation
point flow set-up [see (Figure3 b)], the flow is vertical and directed towards the cell cultures,
providing a more precise way of exposing the cells.

) - ) 90092 D)

K T | N

N (VIR (VIR

) ITncl ot [hhoszduna caokiz ) Ciooanalbio oot €1 sy cad oo
aj It uauator /DU Ty peStTtup U JtagIiatior poTIiic riovw st o

NOTE Adapted from Reference [18].
Figure 3 — Example of set-ups of an in vitro air-liquid interface exposure system

c¢) Enhancement of deposition efficiency:

1) Electrostatic deposition [see Figure 4 a)]: Electrostatic deposition enhancement is a technique
that uses charge to increase the efficiency of NOAA deposition. Although the physiological
relevance of using electrostatic deposition is debatable due to the possible adverse effects
of applying high electrical fields to the cells, this technique has been used to enhance the
deposition of NOAA[21[18][42],

© IS0 2020 - All rights reserved 7
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a) Eleg¢trostatic deposition b) Droplet deposition c¢) Thermophoresis

a
b

[o

2) Droplet deposition [see Figure 4 b)]: Droplet deposition involves suspending or dissolving

3)

the test material in a liquid medium and then generating the droplet aerosol (generally using
a nebulizer) to expose the cells. Although this technique provides a way to attain a high
deposition of test material, it cannot be used to test materials in their dry form (or when their
dry physico-chemical properties need to be maintained)[181[42],

Thermophoresis [see Figure 4 c)]: Thermophoresis or thermal precipitation involves deposition
of the particles onto the cells along a temperature gradient. The temperature gradient reaches
the range (35 °C to 37 °C) used in normal cell culturing near the cell surface. Thus, there are
no obvious concerns related to the adverse effects on cells and no pre-treatment of the test

19114721
==TT==T,

+ 1 11 s . -. 1 . 1 : 11 + [
NEateTIdris TICTUTU SU TUTTUAIITS TUS PITY STCO=TITETIIIT AT TITAT AT TET IS TITS

+

Electr¢static forces.
Gravithtional forces.

Thernjal gradient.

NOTE

d)

f)

‘l’?? ?i? ? 'f fl- '1/. b ? i c

©
g??{],\

)

Adapted from Reference [18].

Figure 4 — Techniquesto enhance NOAA deposition at ALI

Number and alignment of inserts: The number of test conditions, replicates and appropriate
contrpls depend on the purpose of testing (e.g. hazard assessment or identification), but, in general,
expoqure systems should include clean air control and a reference membrane to determine the
depogited dose (e.g. an insert without cells or a quartz microbalance). The ability to test multiple
concentrations and durations of exposure is equally important to establish the dose- and/or time-

response relationship,

Control and charaeterization of test atmosphere: Depending on the exposure chamber, parameters
such gs flow rate, temperature and humidity should be monitored. It is also important to be ablg to
monifor and-characterize aerosol atmosphere and maintain sterile conditions inside the expostre

chambper.

Characterization of deposited dose and culture medium:

iy

2)

Deposited dose: Determination of the deposited dose is important to interpret the observed
biological response or in other terms to establish a dose-response relationship. Deposition of
NOAA can be generally determined as a function of mass [quartz crystal microbalance (QCM)],
surface area or particle count (electron microscopy grid). A reference membrane insert usually
houses the QCM or the EM grid. Alternately, the material deposited directly on the membrane
can be recovered and analysed using chemical or florescence based techniques. Deposited
dose can also be predicted using in silico models, but they are usually based on a number of

assumptions related to NOAA properties.

Sample cell culture medium to measure translocation or release of biomarkers and metabolites
by cells: To establish a dose- and time-dependent biological response, it is important to assess

© IS0 2020 - All rights reserved
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the relevant biomarkers at different time-points throughout the experiment duratio

2020(E)

n. Several

systems are available that vary in the ease with which the samples can be collected from the

cell systems.

g) Compatibility with different aerosol generators: Modular systems that are compatible with a
variety of aerosol generators provide flexibility in testing different types of materials, obtaining a
specific size and concentration range of particles, and choosing the duration of exposures.

5.3 Considerations for characterizing NOAA tested in vitro studies of airborne
nanomaterials

Thiorough characterization of NOAA at various stages of in vitro testing using (e.g. as_mant
as|aerosolized, as deposited) is critical to determine relationships between the observed
oufcomes and concentration and properties. Some of the NOAA characteristics_that are

this regard include particle size, size distribution, shape, aggregation/agglomeration,

(dissolution), presence of trace impurities (e.g. metals and endotoxins),~surface char
(e.g. area and charge), crystalline structure, dustiness, composition and, purity. Determ
physical and chemical properties of NOAA using standardized protocolsii$-important as it
the interlaboratory variability and facilitates comparison of data. Several guidance docur
stgndards are available related to characterization, see References.[¥75] and [176]. Those s
related to aerosolized NOAA are given in ISO/TR 19601[2]l, Suspehding the nano-objects in
lung fluids can provide an insight into their dissolution rate (biodurability or biopersistence)
agglomeration and aggregation, and kinetics in biological fluids, Several simulated lung fluids
used to assess the aforementioned NOAA parametersl431[44}{45], [nformation about acellular §
given in ISO/TR 190571171, If the nano-object is suspended in a medium (e.g. in case of neb
th

chairacterization of nano-object suspensions is giverin 1ISO/TS 19337I4¢l,

In

de
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ag
de
de
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de

addition to assessing the physical and chemical properties of nano-objects, it is imp
fermine the concentration and form of the fraction deposited on the cell surface. Unlike
it form a homogeneous solution in the:thedium, nano-objects form a heterogeneous dispel
bregates of different sizes. The depgsition of NOAA in the medium is largely dependent o
hsity: with large particles settlingby'inertia but, as particle size is reduced (to about 0,3 m
position is reduced to a minimum. As the particle size is reduced further, the deposition
e to diffusional forces[4Zl, With' limited tools to accurately predict the concentrations o
it reach the cell layer, thé behaviour of nano-objects in dispersion complicates the dose
fermination, which is critical for toxicological assessments.
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tem hasta)characteristic particle size dependent deposition (or collection) curve. The def

hfactured,
biological
critical in
solubility
hicteristics
nation of
decreases
nents and
becifically
simulated
potential,
have been
ystems is
ulization),

rough characterization of its suspension should be tonducted. Detailed information relafted to the

ortant to
chemicals
'sion with
h size and
cron), the
increases
[ particles
-response

extent by
e aerosol,
e (watery)
pspiratory
osition of

rosol particles onto the surface of the lungs and penetration though the liquid surface thaf lines the

presence

of plectrostatic, thermal or molecular gradients. Similarly, the size distribution delivered and

deposited

in in vitro systems at the ALI will depend on the choice of the exposure equipment (aerosol generator
and exposure chamber), with some systems capable of continuous exposures over a period of time and
others capable of single exposure at a fixed concentration. Characterization of the deposited fraction
can provide information regarding the form and mass of NOAA that the cells are actually exposed to.
Both qualitative (e.g. electron microscopy) and quantitative methods (e.g. quartz crystal microbalance
and gravimetrically determined deposited mass measures) are available to assess the deposited dose.

While choosing the exposure system, factors such as whether the device should simulate the lung
deposition curve as a function of particle diameter or simply have repeatable high deposition efficiencies
as a function of particle diameter will also need to be considered and checked for each NOAA type and
form. Additional features that determine the choice of exposure chambers are given in 5.2.2.3.
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5.4 Choice of cell systems

5.4.1 General

The respiratory system can be divided into three main regions: nasopharyngeal, tracheobronchial
and alveolar. These regions are composed of more than 40 types of specialized cells, such as epithelial
cells that form the lining, macrophages that engulf foreign materials, and alveolar cells that secrete
lung surfactant and are involved in gas exchange. Mucus-producing goblet cells and ciliated epithelial
cells form the muco-ciliary system that actively removes foreign materials and microbes from the
respiratory tract. One in vitro model containing all lung cell types is currently not technically feasible;

however, fnodels containing key cell types can be used to predict the effects of inhaled substances on the

lungs. Thg

that have

5.4.2 Mono-culture systems

Mono-culture systems of human-derived cells and cell lines have been extensively.used to assess NO
der submerged conditions and at ALI481[491[50][51][52][53], Mono-culturé models provide a gg
indication of potential overt toxicity of NOAA, and are often used as a first ti€r for prioritizing the ne

toxicity u

for furth

primary

Table 1 — Examples of a few human-based cell types that have been used to test NOAA

lIs can be obtained from the hospitals.

choice of cell types also depends on the region of the respiratory tract that the test substa
is predicted or known to localize in and on the relevant biological outcome. Several cell-based)syste
been used to assess the effects of nano-objects are described in 5.4.2 to 5.4.3.

ce
ms

AA
od
ed
testing in more complex in vitro systems. Since every cell type is functionally specializp
the choicq of the cell type depends on the expected in vivo target location (within the respiratory tra
or systemfically). Table 1 shows some examples of human-based cell. types that have been used to tg
NOAA and a brief description for each[241[55][56], These lung cell.types are commercially available 3

d,
ct
st

nd

Cell typle Type Source Features Endpoints assessed Referencep
Human Primary |Tracheal and |Upon differentiationthey |— Apoptosis [54], [57],
bronchial carinal show a pseudostratified o [58], [59], [6D],
epithelial biopsies epithelidlphenotype, — Oxidative stress [61], [62]
(HBE) (above compoged of ciliated, )
cells bifurcation |non-ciliated and basal cells. |~ DNA fragmentation

of the lung — Genotoxicity
— Inflammatory
response
— Barrier integrity
— Cytotoxicity
16HBE14(- |[Celldine |Bronchial 16HBE140- cells have a — DNA fragmentation |[57], [63],
epithelium |wild-type chloride (Cl) o [64], [65]
ion-transport phenotype, — Genotoxicity
form polar monolayers, e .
have well defined tight PURIAITERE Y
junctional complexes, response
generate high transepithe- | o .
lial electrical resistance Barrier integrity
(TEER), and limit movement
of paracellular markers
and macromolecules. They
express high levels of cystic
fibrosis transmembrane
conductance regulator
(CFTR) mRNA and protein.
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Table 1 (continued)

Cell type Type Source Features Endpoints assessed References
Small Primary |1 mm They express intercellular |— Cell viability [66], [67], [68],
airway bronchiole |adhesion molecule 1 (ICAM- _ _ [69], [70], [71]
epithelial area 1), vascular cell adhesion — Cell proliferation
cells molecule 1 (VCAM-1), Cell cycle
(SAECQ) surfactant protein A (SP-A), i

SP-D, and aquaporin 3. — Reactive oxygen
species (ROS)
- Llplb‘l lJCl U)&iL‘ldLiUll
DNA (e.g. DNA
damage and
methylation)
— Metallothiongin
(MT)
Hyman Cellline |Bronchus They express — Cytotogicity [72]f[Z3],
brpnchial vimentin, collagen I, ! [74])[75], [76],
eplithelial E-cadherin, ICAM-1, — Proyinflammatory ([77]/[Z8],
ce|l line VCAM-1, and clara cell sec- response [79]{[80],
(BEAS-2B) retary protein (CCSP). This . [81])[82], [83],
cell line does not polarize or | Genotoxicity [84]1[85],
form tight junctions. . . [86]4[87],
Apoptosis 188]][89]
— Ocxidative stress
— Membrane integrity
— Cellular
transformation
— Epithelial-
mesenchymal
transition
Cqlu-3 Cellline |Airway This cell line is used as a — Barrier properties [[90])[91], [92],
epithelitm” |model of the airway submu- Injury [93])[94], [95],
cosal glad acinar serous cell, _ [96])[97]
due to the relatively high ~ |— Diseases of the
levels of expression of cystic bronchial
fibrosis transmembrane epithelium
conductance regulator
(CFTR). They form ciliated
and secretory cell popula-
tions, tight monolayers at
ALI, and also express pro
SP-C and mucin.
A349 Cellline |Lung This cell line is used to — Oxidative stress [54])[62], [98],
cpithc}iuul I C}Jl CbCllt ty lJC II }Ju}lllUlldl _y L [2], [m],
epithelial cells because it — Cytotoxicity [101], [102],
contains lamellar bodies and . [103], [104],
microvilli, and has the abili- |— Genotoxicity [105], [106],
ty to express CFTR,SP-A,C, | Apoptosis [107], [107],
D, and mucin 1 (MUC1). pop [108], [109],
— Translocation [110], [111],

(112], [113]

© IS0 2020 - All rights reserved
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Table 1 (continued)

Cell type

Type

Source

Features

Endpoints

assessed References

NCI-H292

Cell line

Lung
epithelium

These cells express caten-
ins, ICAM-1, cluster of dif-
ferentiation (CD) 58, CD44,
and low levels of CFTR, but
do not express selectins
and VCAM-1. They develop
TEER when cultured on
permeable membranes.

Inflamm

Cytotoxicity

Oxidative stress

[54], [101],

[114]
ation

NCI-H292 cells have been
used to study paracellular
migration.

Human
alveolar
epithelial
lentivirus
immortal-
ized cell lipe
(hAELVi)

Cell line

Lung
epithelium

This is an immortalized
human alveolar type I-like
cell line. hAELVi cells form
tight intercellular junctions.

Barrieri

Transloc

Cytotoxicity

ntegrity

ation

THP-1

Cell line

Blood

These cells were derived
from the peripheral blood
of a human male with acute
monocytic leukaemia.
THP-1 cells have Fc and C3b
receptors and lack surfacé
and cytoplasmic
immunoglobulins.

[rflamm

Cytotoxicity

PPAR-y activation

ation

5.4.3 C¢-cultures/three-dimensional systems

Although
NOAAs, ¢

mono-culture systems have been extensively used to assess the non-specific toxicity
-culture systems, with multiple celbtypes, can more closely mimic an in vivo-like situatjon
used to study the intercellulat_interplay between multiple cell types. The cell types listed
have been used in combination with other cell types to assess the impact of NOAA on the

of

respiratoty tract. The choice of cells\to include in a co-culture system depends on the purpose of the

or example, a co-culture of endothelial and epithelial cells can be used to simulate the lung-

blood barfier while macrophages-and/or dendritic cells can be cultured with other lung cells to stydy

is only relevant to systems-where cells are exposed to test substance at ALI.

Table 2 lipts examples<of co-culture systems (submerged and at ALI) that have been used in NOAA
toxicity studies alengiwith the endpoints assessed in those studies.

Table 2 4 EXxamples of a few human-based co-culture systems that have been used to test NOAA

Oxidative stress
Uptake
Morphology

Angiogenesis

Co-cuituresystem Enmdpointstested Testmatertat Reference
Co-culture of SAECs and — Cytotoxicity — Multi-walled carbon nanotubes |[118], [119],
human microvascular . (MWCNTSs) [120]
endothelial cells — Inflammation

Printer-emitted nanoparticles

12
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Table 2 (continued)

Co-culture system Endpoints tested Test material References

Co-culture of hAELVi and Barrier integrity Silver nanoparticles (Ag NPs) [115]

THP-1
Cytotoxicity
Translocation

Calu-3, macrophages (THP-1), Translocation Polystyrene nanobeads [94]

and endothelial cells

(HPMEC-ST1.6R cell line)

Triple co-culture of A549 Cytotoxicity Ag NPs [118], [121],

cells, human peripheral blood _ [122], [123],

ménocyte derived dendritic Pro- and anti- Gold (Au) NPs [124], [125],

cells (MDDC), and monocyte Inflammatory [126]

derived macrophages (MDM) response MWCNTs
Oxidative stress

Trjiple co-culture of Cytotoxicity Paint NPs [127])

14HBE140-, THP-1, and

hyman lung microvascular Inflammation Titanium dioxide (TiO,) NPs

enldothelial cells (HLMVEC) o .
Barrier integrity Ag NPs

Silieon dioxide (Si0,) NPs

Triple co-culture of Cytotoxicity MWCNTSs [128]

6HBE140-, MDDC

and MDMs cultured at ALI Pro-inflammatory Single-walled CNTs (SWCNTs)
response
Oxidative stress

Triiple co-culture of A549 Cytotoxicitys Sio, [129], [130]

epiithelial cells, THP-1, and _ (

endothelial cells (EA.hy 926 Prolifegation MWCNTs

orflHUVEC) .
Inflathmation
Barrier integrity
Oxidative stress

Trjiple co-culture of NCI-H441 Cytotoxicity Si0, NPs [131]

alyeolar epithelium celine, o '

ISP-HAS1 human miendvas- Barrier integrity

cullar endotheliunncell line, ) .

anld THP-1 cells Pro-inflammation
Oxidative stress
Uptake

Tettra~culture of A549 cell Oxidative stress Si0,-Rhodamine NPs [26]

line, THP-1, mast cells o '

(HMC-1), and endothelial Barrier integrity

cells (EA.hy 926) ) i
Pro-inflammation
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Table 2 (continued)

a membra

fluid flow
strain (to

endothelial cells cultured at
the AL on opposite sides of

chamber capable of providing

to the cell$

Co-culture system Endpoints tested Test material References
Co-culture of human alveolar |— Barrier integrity — Si0, [132]
epithelial cells and human _
pulmonary microvascular — Inflammation

ne in a microfluidic

and mechanical
mimic breathing)

p

In additio

1 to the systems discussed in Tables 1 and 2, several reconstructed human tissue-based in vifro

models arg commercially available that have been used to assess other substances (e.g. cigatette smoke)

and can b¢
[134][135][1]

B6][137](138][139][140][141][142][143][144][145][146][147][148][149][150][151][152] These Imodels conth

b used to test the impact of NOAA on the respiratory system following inhalationrexposurelq33]

in

human cellls in a physiologically-relevant configuration and can be used to study. complex biologifal

outcomes
based mo

relevant to particle exposure. Adding another layer of physiologicalrelevance to the tisspie-
els are the organ-on-a-chip models that incorporate the mechanical aspects of the lung (¢.

g.

breathing{motion and sheer stress)[1231[154], Ex vivo human precision cut lung'slices are another example

of a systein that can be used to test the effects of NOAA in humans[155][156][157],

The choic

and physi
vivo prec
is predict

that should be taken into account while designing the study are: the suitability for culturing at the A

ability to

outs or endpoints that can be measured, correlation with existing data (from existing in vitro and

vivo stud
in the stu

bd or known to localize should also be considered. Other characteristics of the cell systg

form tight junctions, ability to expose the-gells to single or repeated exposure, possible req

e of cell types and endpoints depends on the purpose ofthe’study. Mono-culture 2D cell lines
are relatiyely easy to use and cheap, but might be of less physiological relevance. The complexity, cop

ts

plogical relevance increases with co-cultures, 3D cultdres, reconstructed 3D models, and|ex
sion cut lung slices. When choosing the cell model; the region of the lung where the NOAA

m

LI,

d-
in

es), and, if applicable, donor variability. It is also important to include appropriate contrpls
ly design including positive, negative, clean air and incubator controls. Positive and negatjve

controls are cells exposed to (reference) materials with a known positive and negative response. Clgan

air contrqls are cells exposed to cleafiair. Incubator controls are cells that are not exposed, but gre

cultured v

The cell-4
biological
systems a

approachg

Inder the same conditiongas-the exposed cells.

i

ased systems described above are used to study the mechanistic aspects related to the
outcomes observéd,ydafter exposure to NOAA. But because of the complexity of biological
nd responses, a battery of such cell systems combined with other approaches (e.g. modelling
s) might be needed to predict human responses. Annex A provides a brief overview of the

ct

bI'S
ell

T and
supplements and cell- passage number should be reported as these factors have been shown to affect

the behaviour of cells in culture[138]1159], When cells are cultured for propagation during a preparatory
phase in submerged conditions in tissue culture flasks/discs, the culture conditions used should be
reported. The use of cells and cell lines from recognized sources at early passage numbers and the use
of a chemically-defined medium can facilitate reproducibility and interlaboratory comparison[160]{161],

Following the selection of an in vitro test system and endpoints to assess, it is important to test the
NOAA form and concentration that most closely represents realistic human exposures.

14
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6 Choice of appropriate dose and dose metrics

6.1 General

Dosimetry refers to an estimation or measurement of the amount of a substance at a biological target
site at a specific time point[162], Quantitation of dose is critical to deriving concentration/dose-response
relationships, which are important for risk assessment. Traditionally, mass is the most common metric
used to describe the concentration of chemicals in toxicity studies but, for nano-objects, mass alone
might not adequately describe the dose. Nano-objects with the same chemical composition can have
a completely different internal dose and distributions among organsl16311164], Therefore, jther dose
mdtrics such as particle number, volume or surface area should also be considered, as these\properties
haye been shown to play a role in the toxicity of NMs.

Inhalation is the most relevant exposure route for nano-objects and their physico-chemical properties
inflluence the deposition pattern in the lungs. Several studies have focused on deriving a suifable dose
magtric for NOAA after inhalation. An approach to determine the most adequate description of dose has
begn suggestedl162], which could in theory also include particle physico-chenfical properti¢s such as
particle size, zeta potential, surface reactivity, and dispersity index or a‘combination theregfl162], For
naho-objects that readily dissolve in the body, mass can be a useful metric, as the effect is relqted to the
released ions similar to conventional substancesl16¢], It should be noted that until particle deposition
anfl dissolution occurs, the particulate nature of the nano-object €xposure governs the local dose and
toyicity. Thus, particle number might be a proper dose metric, dntil dissolution occurs. Partigle surface
ar¢a has been shown to be a useful metric to extrapolate acr@ss'nano-objects of a range of sizes[163], as
wdll for the classification of nano-object powdersl16Zl, Forhano-objects that follow the World Health
Organization (WHO) definition of a fibre [i.e. having a fibre'length (L) > 5 um, fibre diameter (D) < 3 pm,
anfl aspect ratio (L/D) > 3], particle number has been suggested to be the appropriate mettic as they
might follow the same mechanism of action as asbestos fibres. However, it should be realized fthat these
properties are dependent on the experimental coriditions, and therefore the most adequate dofe metrics
foil NOAA are also likely to be different for different experimental and real-life situations,|including
diffferent exposure routes or even for different toxicity endpoints. Therefore, to account for such
variations, a combination of two or more‘imetrics has been suggested for toxicity assessmernt, e.g. size
didtribution along with mass or totalcsurface area concentrations contributes to a more mechanistic
digcrimination of pulmonary respafises to NOAA exposurel168],

Anjother important aspect besides dose metrics is the deposited dose. It is important to identify the
scegnario for human exposuré thatthe in vitro systemis being used to assess and choose the con¢entration
that represents that particilar scenario. For example, to assess the NOAA relevant to ocqupational
exposure, the dose limitsrecommended by the Occupational Safety and Health Administratipn (OSHA)
should be included.in-the tested aerosol concentrations. The average ambient urban exp¢sure and
ocg¢upational expesure at the currently recommended OSHA standard for respirable nuisance dustas the
bopndaries of hunran exposure, the corresponding range of upper-limit mass and number fluxidelivered
to the lung tissue is 3 x 107> ug/cm2/h to 5 x 10-3 pg/cm?/h and 2 p/c/h to 300 p/c/h, respegtivelyllel,
Cohsidering\the concentrations relevant to realistic human exposures could aid in extrapolation of in
vitiro data'to human outcomes. For deriving dose-response relationships, information is needed on the

—

anjount of NOAA that dep051ts on the effect site. By expressmg the dep051ted dose as e1th r particle

be compared between dlfferent studles Therefore 1t is recommended to express the concentratlon (or
the dose) in various different metrics, including mass, number based particle size distribution, particle
number and surface area (including information on inner and outer diameter and surface stabilization,
where applicable). When these data are known, conversion to another dose metric to evaluate a dose
response relationship remains possible.

To further facilitate the dose comparability between studies, it is important to use standard approaches
and methods to test NOAA. Integrated approaches have been proposed for NMs that include preparation
and proper characterization of NOAA suspensions and the use of advanced numerical fate and transport
methods to estimate the delivered dose metrics[162]. For a submerged culture system, a dose response
can be obtained by varying the concentration of the NOAA in the dispersion to be added. For aerosol
exposure, this is more challenging as in aerosol exposure systems it is often not possible to use different
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doses at once within the same exposure system. However, to evaluate various exposure doses in an ALI
system, a fixed concentration of NOAA can be used in the aerosol or multiple aerosol exposure systems
can be used concurrently with different concentrations/doses in each.

6.2 Ins

ilico methods to assess dose/dose metrics and deposition

Several in silico models can be applied to estimate deposited dose (in terms of mass and surface) in vivo,
which can be translated into in vitro deposited concentration at ALI. Computational fluid dynamics
(CFD) or a multiple-path particle dosimetry model (MPPD) can be used to predict nano-object deposition
within the respiratory tract, which can then be used to determine the concentration of test material

for in vit

median dlameter (CMD), mass median aerodynamic diameter (MMAD), geometric standard deviat
(GSD) and density to predict deposition profile and efficiency. Based on the location of deposit
predicted|using the modelling approaches, cell types can be chosen to design the in vitro study.

In additign to the CFD and MPPD models, there are models that are specific to in Witro exposu
under sulbmerged conditions: in vitro sedimentation, diffusion and dosimetry [SDD) and in vi
sedimentation, diffusion, dissolution and dosimetry (ISD3) models1Z0[171], JSBD can be used

determin

temperatire, media density and viscosity, media height, hydrodynamic partiglé size in the test meg

and partig
the cellulg

Additionally, there are modelling approaches such as the volumetfic centrifugation method, IS

(VCM-ISD
obtain the

7 Sum

There are
choosing
that repre
any type

combined
design. Fu
interlabor]
regulator

experiments. These modelling approaches rely on input parameters such as particle eqoyint

cellular doses of monodispersed particles and requires inputyparameters includ

le density. ISD3 is an extension to ISDD that takes into account the‘influence of dissolution
r dosimetry.

D), or distorted grid (DG) model that can be used tojpredict administered concentration
target delivered dosell72],

mary

several parameters to consider when designing in vitro studies of airborne NOAA, such
the appropriate mode of exposure, relevant cell types, exposure system and concentrat
sents realistic human exposure (s€e Figure 5). These parameters generally apply to test
f NOAA (incidental or manufactuyed). Mechanistic understanding from existing informat
with physico-chemical characteristics of the test material can help inform the sty
rthermore, applying standardized protocols to fulfil each of the steps in the study can
atory comparability in the-test outcomes and facilitate the uptake of in vitro test methods
 and non-regulatorypurposes.

4 A\

Mode of exposure [e.g. submerged versus air-
liquid interface (dry or nebulized)]

Appropriate equipment (e.g. aerosol
generator and exposure chamber)

on
on

"es
[r0
to
ng
ia,
on

to

as
on
ng
on
dy
hid
for

C

v U

]
One or a battery of in vitro systems

(Based on existing information related to the
test material)

Relevant dose and dose-metric

4

onsideration of NM propeifties at

different stages

/¢

Figure 5 — Schematic listing the parameters that are important to consider when designing

16

in vitro studies of airborne NOAA
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Annex A
(informative)

Application of adverse outcome pathways (AOPs) to design in

vitro-based approaches

Giyen the complexity of cellular responses following exposure to inhaled NOAA (or other chém
ong in vitro assay might not be sufficient to capture the progression to a given adverse effect
a dombination of in vitro assays in conjunction with existing data (e.g. in vivo, in vitro, fin sili
used in integrated approaches that are predictive of human outcomes. It should, howeéver, be

when data are derived from a combination of in vitro assays, the parameters (e.g«exposure c
used in these in vitro systems should be clearly identified. Especially whén, data from s
culture and air exposed ALI systems are combined to draw conclusions onthe possible adv|
effects of the NOAA. Although not specific to NOAA, one example of an integrated approach to
asgessment (IATA) that has been published in an OECD guidance document is that for skin corf
irritation2Z3]. Such integrated approaches can be based on AOPs, which are a sequential repré
of key events that lead to an adverse outcome, starting with a melecular initiating event (M
anfl chemical-induced adverse effects seem to differ primarily.in the initial key events (KEs).
mqst of the mechanistic information gathered for AOPs related to chemicals applies to NOA
adyersity and extend the applicability of these AOPs to NQAA risk assessment[115],

wn

AQPs are substance-agnostic and can help to: a) organize existing scientific information rela
adyerse outcome to be assessed; b) identify the informational gaps; and c) identify the in
in pilico assays that can be used or should be developed to assess the key events that lead to t}
oufcomel=6],

erefore, AOPs can help identify fit-for-purpose in vitro assays anchored to the m
unfderstanding of the adverse outcomel¥#4l, Figure A.1 shows a schematic depicting how in vi

icals), any
However,
co) can be
hoted that
bnditions)
ubmerged
brse/toxic
testing an
osion and
psentation
E). NOAA
[herefore,
A-induced

ted to the
vitro and
le adverse

bchanistic
[ro assays

cah be used in an approach to predict an adverse outcome. In vitro assays can be used t¢ evaluate

mdasurable biomarkers related to“each KE. The battery of assays measuring various KEs
collectively predict complex pathological outcomes in humans.

ever, when composing an AOP for NOAA inhalation toxicity based on in vitro systems
be|recognized that exposure at ALI might trigger different MIE compared to the reaction
NQAA under submerged conditions. Thus, the MIE should also be determined during aerosol
If there is only infofmation on the MIE based on the cellular response under submerged cg
conditions, thessimilarity of the cellular response under submerged condition needs to be
agpinst such aresponse under ALI conditions. There are a number of AOPs under developmen
OHCD, seeReference [177].

can then

it should
of cells to
exposure.
1l culture
evaluated
t with the

Molecular
f__fat _at__ Y7 ___ _____ 7
111 l.lcll.llls n

event

Adverse
outcome

__________

Predicting
adverse
outcome

In vitro assay 1 + In vitro assay n

Figure A.1 — Diagrammatic representation of an adverse outcome pathway starting

witha

molecular initiating event, followed by key events that lead to the adverse outcome
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