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ABOUT THE OECD

The Organisation for Economic Co-operation and Development (OECD) is an
intergovernmental organisation in which representatives of 35 industrialised countries in
North and South America, Europe and the Asia and Pacific region, as well as the
European Commission, meet to co-ordinate and harmonise policies, discuss issues of
mutual concern, and work together to respond to international problems. Most of the
OECD’s work 1is carried out by more than 200 specialised committees and working
groups composed of member country delegates. Observers from several countries with
special status at the OECD, and from interested international organisations, attend many
of the OECD’s workshops and other meetings. Committees and working groups are
served by the OECD Secretariat, located in Paris, France, which is organised into
directorates and divisions.

The Environment, Health and Safety Division publishes free-of-charge documents in 11
different series: Testing and Assessment; Good Laboratory Practice and Compliance
Monitoring; Pesticides; Biocides; Risk Management; Harmonisation of Regulatory
Oversight in Biotechnology; Safety of Novel Foods and Feeds; Chemical Accidents;
Pollutant Release and Transfer Registers; Emission Scenario Documents; and Safety
of Manufactured Nanomaterials. More information about the Environment, Health and
Safety Programme and EHS publications is available on the OECD’s World Wide Web
site (www.oecd.org/chemicalsafety/).

This publication was developed in the IOMC context. The contents do not necessarily
reflect the views or stated policies of individual IOMC Participating Organisations.

The Inter-Organisation Programme for the Sound Management of Chemicals (IOMC)
was established in 1995 following recommendations made by the 1992 UN Conference
on Environment and Development to strengthen co-operation and increase international
co-ordination in the field of chemical safety. The Participating Organisations are FAO,
ILO, UNDP, UNEP, UNIDO, UNITAR, WHO, World Bank and OECD. The purpose of
the IOMC is to promote co-ordination of the policies and activities pursued by the
Participating Organisations, jointly or separately, to achieve the sound management of
chemicals in relation to human health and the environment.
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FOREWORD

The OECD Joint Meeting of the Chemicals Committee and Working Party on Chemicals,
Pesticides and Biotechnology (the Joint Meeting) held a Special Session on the Potential
Implications of Manufactured Nanomaterials for Human Health and Environmental
Safety (June 2005). This was the first opportunity for OECD member countries, together
with observers and invited experts, to begin to identify human health and environmental
safety related aspects of manufactured nanomaterials. The scope of this session was
intended to address the chemicals sector.

As a follow-up, the Joint Meeting decided to hold a Workshop on the Safety of
Manufactured Nanomaterials in December 2005, in Washington, D.C. The main objective
was to determine the “state of the art” for the safety assessment of manufactured
nanomaterials with a particular focus on identifying future needs for risk assessment
within a regulatory context.

Based on the conclusions and recommendations of the Workshop
[ENV/IM/MONO(2006)19] it was recognised as essential to ensure the efficient
assessment of manufactured nanomaterials so as to avoid adverse effects from the use of
these materials in the short, medium and longer term. With this in mind, the OECD
Council established the OECD Working Party on Manufactured Nanomaterials (WPMN)
as a subsidiary body of the OECD Chemicals Committee in September 2006. This
programme concentrates on human health and environmental safety implications of
manufactured nanomaterials (limited mainly to the chemicals sector), and aims to ensure
that the approach to hazard, exposure and risk assessment is of a high, science-based, and
internationally harmonised standard. It promotes international co-operation on the human
health and environmental safety of manufactured nanomaterials, and involves the safety
testing and risk assessment of manufactured nanomaterials.

This project, which was approved for inclusion in the WPMN work plan, was led by the
Joint Research Centre (JRC) and the International Council for Animal Protection in
OECD Programmes (ICAPO). The purpose of this evaluation was to review the dossiers
of the Testing Programme and to evaluate which of the existing in vitro OECD Test
Guidelines (TGs) were used, what other non-guideline methods were applied, and what
were the potential limitations of each assay used for testing manufactured nanomaterials
(MNMs).

This document is published under the responsibility of the Joint Meeting of the Chemicals
Committee and Working Party on Chemicals, pesticides and Biotechnology of the OECD.
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1. INTRODUCTION

1. The Testing Programme for the Testing of Manufactured Nanomaterials (further
referred to as “the Testing Programme”) tested 11 manufactured nanomaterials (MNMs)
to generate information including their physico-chemical properties, environmental fate,
and environmental and mammalian toxicity. The Testing Programme was concluded in
March 2013, and the publication of the dossiers via the Organization for Economic
Cooperation and Development (OECD) website
(http://www.oecd.org/science/nanosafety/) started in early 2015. As indicated in the
OECD's Guidance manual for the testing of MNMs [ENV/JM/MONO (2009)20/REV],
after conclusion of the Testing Programme, the next step is to consider “the status, need
for, and coordination of further test development”. (OECD, 2010y;)

2. The European Commission's Joint Research Centre (JRC), the International
Council for Animal Protection in OECD Programmes (ICAPQ), and contributors from
Italy and United States (U.S.) performed an initial detailed evaluation of the applicability
of the in vitro toxicity test methods used to determine the human hazard of different types
of MNM s in the Testing Programme. The assays/methods were thoroughly evaluated to
identify potential next steps related to methods applied to testing of MNMs.

3. The OECD Council recommended in 2013 that in the testing of manufactured
nanomaterials, the OECD Test Guidelines (TGs) should be applied, adapted as
appropriate to take into account the specific properties of manufactured nanomaterials.
Most of the current OECD TGs have not yet been adapted (or are currently in the
process) to accommodate for testing of nanomaterials (OECD, 2013(5). The aims of the
project were to (1) review which OECD Test Guidelines (hereafter TGs) and non-TG in
vitro assays were applied in the OECD Testing Programme; (2) verify, where possible, to
what extent these assays were applicable for MNMs testing; (3) recognise limitations of
each assay when used for MNM testing; and (4) identify issues that might need to be
further addressed (e.g. by proposing modification to existing TGs).The present report
summarises the information extracted from dossiers, presents the evaluation of the
information extracted from the dossiers, and identifies potential next steps (e.g. where
modification of existing TGs, or proposals of new TGs or Guidance Documents (GDs)
could be appropriate). The recommendations and observations presented in this report are
only based on the information extracted from the dossiers and recent publications on
specific TGs.

4. Certain commercial products or equipment are described in this paper in order to
specify adequately the experimental procedures discussed. In no case does such
identification imply recommendation or endorsement by any of the jurisdictions or
organizations involved in drafting this document nor by the OECD or its Member
Countries, nor does it imply that it is necessarily the best available for the purpose.

Unclassified
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data.

2. METHODOLOGY

The following two-step approach was applied to review and evaluate the available

In the first step, a “screening” of the available dossiers was performed to make a
compendium of all the in vitro test methods that have been used for testing of
each MNM. This first step provided an overview of what kind of information is
available on in vitro methodologies in the dossiers and how detailed the data are.
The data were extracted from the dossiers and arranged in an Excel file.

In the second step, a thorough assessment of all the collected information was
done. Data were analysed for each assay separately. Analysis of each TG-based
assay was conducted and where available, more recent data from the literature
was also evaluated.

2.1. Information extracted from dossiers

6.
silicon

The dossiers containing information related to eleven MNMs (zinc oxide (ZnO),
dioxide (SiO,), cerium dioxide (CeO,), single-walled carbon nanotubes

(SWCNTSs), multi-walled carbon nanotubes (MWCNTS), gold (Au), silver (Aqg), fullerene

(C60),

dendrimers, nanoclay, and titanium dioxide (TiO,)) tested under the Testing

Programme (available at http://www.oecd.org/chemicalsafety/nanosafety/) were screened
for applicability of in vitro methods to determine potential human hazard. The
information was organized under the following subheadings in Excel files.

7.

Nanomaterial type

Physicochemical characterisation under in vitro conditions (e.g. using
physiologically relevant fluids)

Biological endpoint addressed (e.g. genotoxicity)

In vitro method applied (e.g. MTT assay)

Test Guidelines followed (e.g. OECD TG 431 In vitro skin corrosion)
Good Laboratory Practice (GLP) study (yes/no)

Nanomaterial dispersion (type of dispersant, methods applied)
Controls used in the assay

Cell system used

Exposure details (e.g. duration of exposure)

Concentrations/doses applied

Conclusions from the assay (as reported in the dossier)

Additional observations

Table 1 shows the OECD TGs used to assess in vitro toxicity endpoints and

Table 2 shows the non-TG methods applied under the Testing Programme for different

MNMs.
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Table 1. OECD TGs used to assess toxicity endpoints in in vitro systems under the Testing

Programme
ZnO | MWCNTs @ Au  Fullerenes | SWCNTs | SiO, | CeO, | Ag | TiO,
OECD TGs
Dermal absorption | OECD 428 y
Skin corrosion OECD 431 y y
Eye irritation OECD 437 y
Genotoxicity OECD 471 y y
OECD 473 y y y
OECD 476 y y y
OECD 482 y
OECD 487 y y
Note: No data was available for dendrimers and nanoclay.
OECD Test Guidelines can be download from:
http://www.oecd.org/chemicalsafety/testing/oecdguidelinesforthetestingofchemicals.htm
Table 2. Cytotoxicity and genotoxicity assays used in the Testing Programme
Assay ZnO | MWCNTs @ Au : Dendrimers | SWCNTs : Fullerene | SiO, | CeO, | TiO,
Cytotoxicity
ATP CellTiter Glo y
Neutral red uptake y
LDH release y y
MTT y
XTT
Cell impedance y
Trypan Blue y
BrDU y
Alamar Blue y
WST-1 y y y
Live/dead cell counting y y
Colony forming efficiency y y
Genotoxicity
Comet assay y y
DNA double-strands breaks

Note: No data was available for Ag and nanoclay.
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3. EVALUATION OF THE INFORMATION FROM TEST GUIDELINE
(TG) AND NON-TG STUDIES EXTRACTED FROM THE DOSSIERS AND
CURRENT LITERATURE

8. Each of the in vitro assays conducted based on existing OECD TGs was reviewed
and evaluated in light of its applicability to testing MNMSs considering whether or not
adaptations were required to accommodate MNM properties. Since the Testing
Programme ended in 2013, literature was reviewed to see if the TGs have been applied to
test MNMs in other recent studies. The TGs are reviewed in the following sections and
the information is organized under the following headings:

o Test guideline
o General introduction
o Applicability
o Assay principle
o General procedure
Studies from the OECD Testing Programme where a TG was used to test MNMs
o Studies from current peer-reviewed literature
o Study referenced
o MNMs tested
o Assay procedure
o Results
e Overall summary and discussion

3.1. Toxicokinetics

3.1.1. TG 428: Skin Absorption: In Vitro Method
(OECD, 2004)

General introduction

0. This test method (OECD, 2004c, adopted April 13, 2004) provide information on
absorption of a test substance, applied to the surface of a skin sample separating the two
chambers (a donor chamber and a receptor chamber) of a glass diffusion cell. Static and
flow-through diffusion chamber are both acceptable. The details on conduct of the
method are provided in OECD Guidance Document 28.

10. Skin samples of a specific thickness from human or animal sources can be used.
Viable skin is preferred but, since it is not easily available, standardized non-viable skin
can also be used provided that the integrity has been shown and documented prior to use.

11. Many inter-laboratory assessments, pre-validation studies, and validation studies
on the same formulations in vitro and in vivo have been performed following this TG. All
have demonstrated the utility of the in vitro approach in predicting in vivo absorption. EU
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authorities have accepted the data from in vitro methods described by OECD TG 428 for
many years.

12. Since MNM s are widely used in cosmetic products, their ability to penetrate the
skin barrier is a relevant area of interest. Moreover, in vitro methods of dermal
penetration are important for dermal delivery investigation of substances of
pharmaceutical interest.

Applicability

13. Although not applicable for all situations and classes of chemicals, regulatory
authorities in the EU now extensively use the in vitro method based on human skin as a
stand-alone method as part of the approval process for the registration of new pesticide
products. Recently, some of limitations of this in vitro method have been reviewed by
ECHA (ECHA, 2016(). Additional guidance for industry-specific sectors is also
available (SCCS (Scientific Committee on Consumer Safety), 20105; OECD, 2011,
EFSA, 20127).

Assay principle

14. The test substance, which ideally should be radiolabelled or fluorescent, is applied
to the surface of a skin sample, derived from human or other animal species as pig and
rat, separating the two chambers of a diffusion cell. Time of exposure should simulate
potential human exposure (for example for industrial chemicals the exposure period
should reflect occupational exposure). The receptor fluid is sampled at different time
points (normally 24h to obtain an adequate absorption profile) and analysed for the
presence of test chemical and/or metabolites. Crucial aspects are also the description of
the skin origin, the evaluation of skin integrity before the use and the selection of an
appropriate receptor fluid.

General procedure

15. Normally more than one concentration of the test substance is used in typical
formulations, spanning the realistic range of potential human exposures. The application
should mimic human exposure, normally 1 mg/cm? to 5 mg/cm? of skin for a solid and up
to 10 pL/cm? for liquids is sufficient. The temperature must be kept constant (close to
normal skin temperature 32 °C + 1 °C) because passive diffusion of chemicals is affected
by temperature. The receptor fluid, which must have an adequate capacity to solubilize
the test substance and should not affect skin preparation integrity, is maintained in contact
with the underside of the skin from the time of application until the end of its collection.
For water soluble compounds receptor fluids are usually saline solutions, pH 7.4. For
lipophilic test substances they can contain organic solvents.

Studies from the Testing Programme where TG 428 was used to test MNMs

Studies on ZnO MNMs - One study was reported
Assay procedure

16. In an in vitro dermal absorption study according to OECD TG 428 under GLP
conditions, dermatomed pig skin mounted on static Franz-type diffusion cells was treated
with nominal doses of 4 mg/cm? of a 10% oil/water formulation of Z-COTE - ZnO
nanoparticles (NPs) coated with triethoxycaprylylsilane [ZnO emulsion 10%, BASF AG],
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corresponding to approximately 400 pg/cm?® ZnO or 320 pg/cm’ Zn®*) for 24 h. A semi-
occlusive coverage was used. Porcine skin was used as diffusion barrier between the
donor compartment of a diffusion cell and the receptor compartment, filled with the
receptor medium (physiological saline solution containing 5% bovine serum albumin at
test temperature of 31 °C to 33 °C). Skin preparations without treatment were used as
control. Membrane integrity was checked by measuring its electrical resistance. Samples
of receptor fluid (about 0.4 g/sample) were taken at various time intervals (3 h, 6 h, 12 h,
and 24 h) after application of the test formulation to the skin and retained for analysis. No
reference substance(s) were considered in this study.

17. At the end of exposure period, the test substance was removed from skin
preparations by tape stripping and was also recovered from all other relevant
compartment of each diffusion cell (considered as non-absorbed). Fractions present in the
remaining skin after tape stripping and receptor chamber fraction are considered as
recovery. Zn analyses were carried out by using Flame Atomic Absorption Spectrometry.

Results

18. The results indicated that no detectable amounts of Zn ions (Zn®*) from the Z-
COTE containing formulation penetrated into or through the pig skin under the conditions
reported in the study. Transmission electron microscopy (TEM) analysis revealed no
difference in Zn content when comparing untreated skin preparations or those treated
with either vehicle or test substance. No increased Zn concentrations were observed in the
receptor fluid of substance treated skin as compared to vehicle treated. The mean total
recoveries of Zn measured in diffusion cells equipped with 3 test skin samples were in the
range of 102% to 107% and thus fulfil the quality criteria of OECD TG 428.

Non-TG studies under the Testing Programme

Studies on ZnO MNMs — Two studies were reported
o Study1l
Assay procedure

19. Study (non-GLP) to determine whether porcine skin damaged by moderate
ultraviolet B radiation (UVB) enhanced the penetration of 5% Z-COTE HP1 or 5% Z-
COTE present in sunscreen oil/water formulation after exposure (BASF hydrophobic
sunscreen formulations: CM 643, CM 644). The penetration of the nanoparticles (NPs)
was investigated in vitro through dermatomed porcine skin (area of exposure 0.64 cm?) in
flow-through diffusion cells, at 37 °C, 24 h after in vivo UVB exposure. The experiment
was carried out with an occlusive coverage with perfusion system. Untreated skin of the
same animal was used as negative control. The composition of the receptor fluid was the
follow: 1.2mM KH,PO,, 32.7mM NaHCO3, 2.5mM CaCl,, 4.8mM KCI, 1.2mM
MgSO4*7H,0, 118mM NaCl, 1200mg/L D-glucose, 4.5% BSA, 5 U/ml heparin,
30ug/ml amikacin, and 12.5U/ml penicillin G; pH 7.3-7.5, no data are reported about the
solubility of the test substances in the receptor fluid. No reference substances were
tested. The perfusate was collected every 2 h for the first 12 h, then every 4 h up to 24 h.
Analysis was performed by applying light microscopy, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) as well as time-of-flight secondary
ion mass spectrometry (TOF-SIMS) and inductively coupled plasma mass spectrometry
(ICP-MS). Additionally, dermatomed skin samples of in vivo treated pigs were analysed.
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Results

20. UVB-damaged skin did not enhance the penetration of the NPs in the provided
sunscreen formulations. The NPs remained on the surface and within upper stratum
corneum layers. In UVB unexposed skin, Z-COTE HP1 and Z-COTE remained on the
surface as confirmed by EDS. TOF-SIMS analysis indicated that ZN penetrated into the
epidermis under both treatment conditions. Nevertheless, no transdermal absorption was
detected for ZnO nanoparticles in sunscreen formulations. In the in vivo study on
dermatomed porcine skin ran in parallel showed that ZnO nanoparticles remained on the
surface and upper stratum corneum layers of UVB exposed and unexposed skin. TEM
analysis indicated that Zn penetrated into the stratum corneum while TOF-SIMS analysis
indicated that it penetrated into the epidermis. Nevertheless, no transdermal absorption
was detected.

o Study 2
Assay procedure

21. Human epidermal skin penetration of a novel, transparent, nanoparticulate ZnO
sunscreen formulation (ZnO dispersion of 60% siliconate coated ZnO and oil-in-water
(O/W) emulsion sunscreen with 20% ZnO siliconate coated ZnO in caprylic capric
triglyceride, respectively) was determined using Franz-type diffusion cells under non-
GLP/guideline conditions. The membranes were mounted in static, horizontal Franz-type
diffusion cells with an exposed surface area of approximately 1.3 cm? Treatment with the
different formulations involved application of 10 pL/cm® for 24h of exposure.
Information about receptor fluid composition, eventual reference substances tested,
presence of negative controls and type of coverage were not reported in the dossier.
Samples were collected at 12 h and 24 h intervals. The receptor fluid was analysed for the
presence of zinc by ICP-MS and transmission electron microscopy (TEM) was used to
verify the location of NPs in exposed membranes.

Results

22, The study reported that the epidermal penetration of Zn was negligible following
topical application of the nanoparticulate formulation to human epidermis in vitro. Less
than 0.03% of the applied Zn content penetrated the epidermis. No particles could be
detected in the lower stratum corneum or viable epidermis by EM, suggesting that
minimal NP penetration occurs through the human epidermis.

Studies from current literature

Studies on TiO, MNMs — Two studies have been reported
o Study1l
Study referenced

23. Senzui M, Tamura T, Miura K, Ikarashi Y, Watanabe Y, Fujii M. Study on
penetration of titanium dioxide (TiO,) nanoparticles into intact and damaged skin in vitro.
J Toxicol Sci 2010, 35: 107-113. 10.2131/jts.35.107 (Senzui et al., 2010))

MNMs tested
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24, Four different types of rutile TiO, were tested: T-35, 35 nm, uncoated; TC-35, 35
nm, with alumina/silica/silicone coating; T-disp, 10x100 nm, mixture of alumina coated
and silicon coated particles, dispersed in cyclopentasiloxane; T-250, 250 nm, uncoated.

Assay procedure

25. Skin penetration of the TiO, NPs was determined with in vitro intact, stripped,
and hair-removed skin of Yucatan micropigs. 2 pL of TiO, suspension (10% in
cyclopentasiloxane) was applied to the area of skin (approximately 1 cm?). The skin was
placed on a modified Franz-type diffusion cell. Silicone was used as control. After 24 h,
the receptor fluid (pH 7.1 isotonic phosphate buffer solution) was collected and Ti
concentration in skin was determined by ICP-MS. Application amount and period were in
accordance with the standard SPF Test Method of the Japan Cosmetic Industry
Association (1999) and OECD TG 428 (2004) as reported in the publication.

Results

26. ICP-MS results indicate that TiO, NPs did not penetrate into viable skin.
However, after hair removal, some particles penetrated relatively deeply into the skin,
apparently trough hair follicles. Indeed, SEM and TEM observation showed that Ti
penetrated into vacant hair follicles when it was applied on skin from which hair was
removed.

o Study 2
Study referenced

27. Crosera, M.; Prodi, A.; Mauro, M.; Pelin, M.; Florio, C.; Bellomo, F.; Adami, G.;
Apostoli, P.; De Palma, G.; Bovenzi, M.; Campanini, M.; Filon, F.L. Titanium dioxide
nanoparticle penetration into the skin and effects on HaCaT cells. Amorim M, ed.
International Journal of Environmental Research and Public Health. 2015;12(8):9282-
9297. doi:10.3390/ijerph120809282 (Crosera et al., 20159

MNMs tested

28. Commercially available TiO, nanopowder (CAS 13463-67-7, n. 677469 provided
by Sigma Aldrich—Milan, Italy).

Assay procedure

29. TiO, NP suspensions (concentration 1.0 g/L or 606 pg/cm?) in synthetic sweat
solution were applied on static Franz cells for 24 h using intact and needle-abraded
human skin. TiO, content into skin and receiving phases was determined by TEM
analysis and ICP-Atomic Emission Spectroscopy (ICP-AES). Skin integrity was tested
before and after each experiment using electrical conductivity. The receptor compartment
had a mean volume of 14.0 mL and was maintained at 32 °C and the receptor fluid was a
physiological solution (final pH 7.35). The mean exposed skin area was 3.29 cm? and the
average membrane thickness was 1 mm. Synthetic sweat was used as negative control. At
the end of the experiment, skin pieces were digested and analysed to determine metal
concentration by ICP-AES.

Results

30. No TiO, permeation was observed after 24 h of exposure of the skin to TiO, NPs
both in intact and in damaged skin. TiO, was found in the epidermal layer after 24 h of
exposure (0.47 + 0.33 pg/cm?; uncertainty values for this study are standard deviation
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values of six samples) while in the dermal layer, the concentration was below the limit of
detection. Damaged skin, in its whole, has shown a similar concentration (0.53 + 0.26
pg/cm?). The study reported that TiO, NPs cannot permeate intact and damaged skin and
can be found only in the stratum corneum and epidermis.

Studies on TiO, and ZnO MNMs — One study has been reported
Study referenced

31. Monteiro-Riviere NA, Wiench K, Landsiedel R, Schulte S, Inman AO, Riviere
JE. Safety evaluation of sunscreen formulations containing titanium dioxide and zinc
oxide nanoparticles in UVB sunburned skin: An in vitro and in vivo study. Toxicological
Sciences. 2011; 123(1):264-280. doi:10.1093/toxsci/kfr148 (Monteiro-Riviere etal.,
2011pq))

MNMs tested

32. Four hydrophobic and hydrophilic sunscreen formulations containing
commercially available TiO, and ZnO products (BASF, Ludwigshafen, Germany) were
used in the study: CM 630 and CM 634 (10% TiO, in w/o formulation, rutile 14-16 nm,
specific surface area 100 m%/g), CM 643 (5% ZnO (Z-COTE HP1]) in o/w formulation),
and CM 644 (5% ZnO (Z-COTE) in o/w formulation), both with a mean size of 140 nm
and a specific surface area of 12 m%/g to 24 m?/g.

Assay procedure

33. Porcine skin was mounted in flow-through diffusion cells maintained at 37 °C
with a dosing area of 0.64 cm? and equilibrated in perfusate (saline solution added with
1200 mg/L D-glucose, 4.5% bovine serum albumin, 5 U/mL heparin at pH 7.4) at a flow
rate of 2 mL/h for 30 minutes prior to dosing. Upon completion of dosing, perfusion was
resumed, and the perfusate was collected every 2 h for the first 12 h, then every 4 h up to
24 h. Perfusate samples from each timed collection were capped and stored at 4°C for
TiO, and ZnO analysis by ICP-MS. Ti and Zn content in porcine skin samples was
determined by time of flight-secondary mass spectrometry (TOF-SIMS).

Results

34. TOF-SIMS showed TiO, within epidermis and superficial dermis, whereas ZnO
was limited to stratum corneum and upper epidermis in both normal and damaged skin
treated with all sunscreen formulations. UVB-sunburned skin slightly enhanced
penetration of TiO, or ZnO NPs present in sunscreen formulations. In most cases, TiO,
penetration into the stratum corneum was greater than ZnO. No evidence of systemic
absorption was found since NPs were not seen in the perfusate.

Studies on SiO, MNMs - One study has been reported

Study referenced

35. Staronova, K., Nielsen, J. B., Roursgaard, M. and Knudsen, L. E. Transport of
SiO, nanoparticles through human skin. Basic Clin Pharmacol Toxicol. 2012;111: 142—
144. doi:10.1111/j.1742-7843.2012.00873.X (Staronova et al., 2012(11)

MNMs tested

36. Silica NPs 25 nm, (Fluorescent SiO, Nanospheres, fluorescence of Rhodamine;
Microspheres-Nanospheres, Cold Spring, NY, USA).
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Assay procedure

37. Transport experiments were performed in vitro on Franz diffusion cells according
to OECD TG 428. Human skin samples originated from female donors who had
undergone breast surgery. Skin samples were prepared to a thickness of 900 um. The
receptor chambers were filled with a medium composed of 0.9% sodium chloride (NaCl)
supplemented with gentamycin (900 pL/L). 106 pL of the SiO, NPs in a concentration of
1000 pg/mL test substance was dosed on the epidermal side of the skin, with the diffusion
area of 2.12 cm® (50 pL/cm?®). Two unexposed skin samples were used as control.
Samples of receptor fluid were taken from the stirred receptor fluid after 4 h, 6 h, 8 h, 12
h, and 24 h. At the end of the experiment, non-absorbed particles from the epidermal
surface were removed by washing with medium. The fluorescence of the SiO, NPs in the
receptor fluid and in the donor wash samples was measured by the Fluoroskan Ascent
device. Presence of NPs in the different layer of the skin was determined at the end of the
transport experiments by confocal microscopy.

Results

38. SiO, NPs were primarily identified in the epidermis with minor deposition in the
upper dermis and with an intensity diminishing with increasing depth. No permeation
through the skin was reported.

Studies on Au MNMs — Two studies have been reported
o Study1
Study referenced

39. Filon FL, Crosera M, Adami G, Bovenzi M, Rossi F, Maina G. Human skin
penetration of gold nanoparticles through intact and damaged skin. Nanotoxicology.
2011;5(4):493-501. doi: 10.3109/17435390.2010.551428 (Larese Filon et al., 20113,

MNMSs tested

40.  Au NPs (diameter of 12.6 nm %= 0.9 nm.) were synthesized by reducing
tetrachloroauric acid with sodium citrate and characterized using TEM.

Assay procedure

41. Experiments were performed using the Franz diffusion cell method with intact
and damaged human skin at 32 °C. A physiological solution (final pH = 7.35) was used as
the receptor fluid. The exposure chambers of Franz diffusion cells were filled with the
solution (0.5 mL or 1.5 ml) containing 100 mg/ L of Au NPs (15 mg/cm? or 45 mg/cm?)
and diluted 1:3 with synthetic sweat (pH 4.5) or milliQ water for the 4 different exposure
scenarios.

Results

42. Skin absorption was reported to be dose dependent. Mean Au content of 214.0 £
43.7 nglem? (uncertainty values for this study are standard deviation values) and 187.7
50.2 ng/cm? were found in the receiving solutions of cells where the Au NPs solution was
applied in higher concentration on intact skin and on damaged skin, respectively. 24 h Au
flux permeation was 7.8 + 2.0 ng/lcm® h and 7.1 + 2.5 ng/cm? h in intact and damaged
skin, respectively, with a lag time less than 1 h. TEM analysis on skin samples and
chemical analysis using ICP-MS showed the presence of Au NPs into epidermis and
dermis. The study reported that Au NPs can permeate the skin in greater amount in
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comparison to other NPs, such as Ag NPs in an in vitro diffusion system. Moreover, since
Au NPs do not release Au ions in physiological condition, this penetration happens only
for NPs.

o Study 2
Study referenced

43. Lee O, Jeong SH, Shin WU, Lee G, Oh C, Son SW. Influence of surface charge of
gold nanorods on skin penetration. Skin Res Technol. 2013;19(1):e390-6. doi:
10.1111/j.1600-0846.2012.00656.x (Lee et al., 201333))

MNMs tested

44, Au nanorods with different surface charge were synthesized using the
cetyltrimethyl ammonium bromide (CTAB) method and sequentially coated with
poly(sodium-4-styrenesulfonate (PSS) and poly(diallyldimethylammonium chloride)
(PDADMAC). The diameter and length of the nanorods was assessed using TEM and
was measured to be 18 X 40 nm.

Assay procedure

45, To evaluate the influence of the surface charge of Au nanorods (GNs) on
diffusion through the skin, in vitro permeation studies using hairless mouse skin in Franz-
type diffusion cells were carried out. Receptor chambers were filled with 4 mL PBS, and
GNs (100 pL, 500 pg/mL) were applied to the donor chambers. Samples of receptor fluid
were taken at various time intervals (8 h, 24 h, and 48 h). The concentration of permeant
particles was investigated by ICP-MS and NPs penetration in skin samples was visualized
by TEM.

Results

46. The study reported that negatively-charged GNs penetrate skin better and more
rapidly than positively charged GNs. Consistent with the TEM observations, higher
concentrations of negatively-charged particles were detected in samples of receptor fluid
48 h after exposure (P < 0.01). No significant differences were observed at 8 h and 24 h
after exposure.

Studies on Ag MNMs - One study has been reported

Study referenced

47, Bianco C, Adami G, Crosera M, Larese F, Casarin S, Castagnoli C, Stella M,
Maina G. Silver percutaneous absorption after exposure to silver nanoparticles: A
comparison study of three human skin graft samples used for clinical applications. Burns
: journal of the International Society for Burn Injuries. Nov 2014; 40; (2):1390-1396, doi:
10.1016/j.burns.2014.02.003 (Bianco et al., 201414))

MNMs tested

48. Polymer-coated Ag NPs (content of Ag: 25% mass fraction,
polyvinylpyrrolidone: 75%) were supplied by NanoAmor Materials Inc. (Houston, TX,
USA).

Assay procedure
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49. Study was aimed to evaluate Ag NP penetration using fresh, cryopreserved, and
glycerolized human skin grafts after exposure to a suspension of Ag NPs to evaluate the
use of cryopreserved human skin for in vitro experiments (according to TG 428) to
predict in vivo penetration. A static Franz diffusion cell apparatus were used. The receptor
fluid was filled with 14.0 mL of physiological solution maintained at 32°C. The mean of
the exposed area was 3.29 cm?® and the average of the membrane thickness was 0.7 mm.
Two untreated skin grafts were used as blank for each experiment. At selected intervals (2
h, 4 h,8h, 12 h, 21 h, and 24 h), 1.5 mL of the dermal bathing solution was collected for
subsequent analyses and immediately replaced with an equal volume of fresh
physiological solution. After 24 h, the dermal bathing solution and the donor phase of
each diffusion cell were recovered for the analysis. Skin grafts were also removed and
digested to determine Ag concentration by ICP-MS.

Results

50. The study reported that Ag can pass the skin barrier reaching the dermis.
Permeation through glycerolized skin is significantly higher compared to both fresh and
cryopreserved skin. No significant differences were found between percutaneous
absorption of Ag in cryopreserved and fresh skin confirming the use of cryopreserved
skin in in vitro experiments as a good model for skin permeation evaluation.

Overall summary and discussion

e In vitro skin absorption studies reported in the OECD WPMN Testing Programme
were only conducted with ZnO NPs. Not all the studies reported in the dossier
have been carried out according to TG 428.

e Several in vitro skin absorption studies were reported in recent literature. The
studies have been performed to test different MNMs and several commercial
formulations containing MNMs.

e Among the NPs tested, permeation was found for Au and Ag NPs but was not
detected within the observation period for TiO,, ZnO, and SiO, NPs.

o As deeply discussed in the OECD Expert Meeting on Toxicokinetics of
Manufactured Nanomaterials (OECD, 2016y:5), TG 428 should be adapted for
testing on MNMs, since there are many critical points in the protocol that may not
be adequate for MNMs. In particular, the duration of the observation time, the
sampling time, the influence of mechanical process in particles translocation, the
MNMs solubility and the compatibility of the receptor fluid with MNMs need to
be further explored.

3.1.2. TG 431: In Vitro Skin Corrosion: Reconstructed Human Epidermis (RHE)
Test Method

(OECD, 20165))

General introduction:

51. The OECD TG on using the in vitro methods to assess skin corrosion (TG 431)
allows identification of non-corrosive and corrosive substances and mixtures and partial
sub-categorization of corrosives in accordance to the United Nations (UN) Globally
Harmonized System of Classification and Labelling of Chemicals (GHS). Four validated
test methods EpiSkin™, EpiDerm™, SkinEthic™, and epiCS® (that use reconstructed
human epidermis), are included in the TG.
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Applicability
52. In absence of the scientific evidence demonstrating otherwise, TG 431 is
applicable to chemicals and mixtures but does not allow testing of gases and aerosols.
Assay principle
53. TG 431 is based on the principle that corrosive chemicals are able to penetrate the
stratum corneum and are toxic to the underlying layers.
General procedure

54. At least two tissue replicates are used for each test chemical in addition to positive
and negative controls for each exposure time. A minimum dose of 70 pL/cm? or 30
mg/cm? should be used. Depending on the type of tissue used, two or three exposure
times are recommended.

Studies from the Testing Programme where TG 431 was used to test MNMs

Studies on MWCNTSs - Two studies were reported
Assay procedure

55. The studies tested two different types of MWCNTSs (Baytubes and Nanocyl
7000). No details of the studies were included, so these are not further discussed here.

Studies on ZnO MNMs - Two studies were reported
Assay procedure

56. The studies tested Z-COTE HP1 which are ZnO NPs coated with
triethoxycaprylylsilane. Both the studies were GLP guideline studies and followed TG
431. For both studies two EpiDerm™ tissues each were treated with the test item for 3
minutes and 1 h, respectively. Water was used as negative control and 8 N KOH as
positive control. At the end of the exposure period the cell viabilities of the treated tissues
were measured using MTT test and calculated as percent relative to the negative control.

Results

57. Based on the results of the in vitro studies reported under the Testing Programme,
Z-COTE HP1 was classified as non-corrosive to skin while the positive control was
classified as corrosive to skin as expected.

Studies from current literature

Study referenced

58. Choi J, Kim H, Choi J, Oh SM, Park J, Park K. Skin corrosion and irritation test
of sunscreen nanoparticles using reconstructed 3D human skin model. Environmental
Health and Toxicology. 2014; 29: €2014004. doi:10.5620/eht.2014.29.e2014004 (Choi
et aI., 2014[17])
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MNMSs tested

59. Choi et al. tested two different types of MNMs (ZnO and TiO,) and their mixture
(ZnO plus TiO,) used in the sunscreens. ZnO (< 35nm) were coated with 3-aminopropyl
triethoxysilane. TiO, NPs (P25, 21 nm-size, ca. 5 hydroxyl-groups/nmz2, Aeroxide®,
Evonik) used in this study were also included in the OECD Testing Programme. The test
MNMs and their mixtures were suspended in deionized water for characterization and
cell exposures.

Assay procedure

60. Three replicates of KeraSkin™ tissue models were exposed to ZnO and TiO, NPs
(ZNPs and TNPs), and their mixture for 3 minutes or 1 h. The concentration of MNMs
was 25% in deionized water and 30 pL sus—pension volume was added to the skin model.
In the mixture, one volume of 50% ZNPs and one volume of 50% TNPs were mixed to
finally produce 25% of MNMs and total 30 puL. suspension volume was applied to the skin
model. 8N KOH was used as positive chemical and eugenol was used as negative
chemical. The results were compared to in vivo data using rabbits (Lee et al., 2013,3)).

Results

61. All the test materials ZNPs, TNPs and their mix-ture used in this study were
found to be non-corrosive in in vitro and in vivo studies.

Overall summary and discussion

62. These studies demonstrate the probable applicability of TG 431 to assess the skin
corrosion potential of MNMs based on the following points:

e Based on TG 431 the tissue models are washed before the cell viability is
assessed reducing the chance of MNM interference with the MTT assay.
e The studies applied TG 431 to test mixtures of MNMs.

Similarities were reported between the outcomes of in vitro conducted using TG 431
and in vivo study (Choi etal., 2014;7;). However, as in the case of TG 428 some
critical issues related to the protocol are identified (e.g. the lack of the circulation in
the subcutis, the relevant length of exposure, surface area of exposure, compatibility
of the receptor fluid for MNMs), suggesting that the amendment of this guideline
might be needed in view of MNMs testing application.

3.2. Eye irritation and damage

3.2.1. TG 437: Bovine Corneal Opacity and Permeability Test Method for
Identifying i) Chemicals Inducing Serious Eye Damage and ii) Chemicals Not
Requiring Classification for Eye Irritation or Serious Eye Damage

(OECD, 2009;5))

General introduction

63. The OECD TG on using the Bovine Corneal Opacity and Permeability (BCOP) in
vitro test method to assess impacts of chemicals (substances and mixtures) on the eye
(TG 437) can be used to identify chemicals inducing serious eye damage (GHS 1) and for
chemicals that do not require classification for eye irritation or serious eye damage under

Unclassified


http://www.oecd-ilibrary.org/environment/test-no-437-bovine-corneal-opacity-and-permeability-test-method-for-identifying-i-chemicals-inducing-serious-eye-damage-and-ii-chemicals-not-requiring-classification-for-eye-irritation-or-serious-eye-damage_9789264203846-en
http://www.oecd-ilibrary.org/environment/test-no-437-bovine-corneal-opacity-and-permeability-test-method-for-identifying-i-chemicals-inducing-serious-eye-damage-and-ii-chemicals-not-requiring-classification-for-eye-irritation-or-serious-eye-damage_9789264203846-en
http://www.oecd-ilibrary.org/environment/test-no-437-bovine-corneal-opacity-and-permeability-test-method-for-identifying-i-chemicals-inducing-serious-eye-damage-and-ii-chemicals-not-requiring-classification-for-eye-irritation-or-serious-eye-damage_9789264203846-en

ENV/IM/MONO(2018)4 | 27

the UN GHS classification system. The BCOP test method is not recommended for the
identification of test chemicals that should be classified as irritating or mildly irritating to
eyes (see UN GHS Category classifications).

Applicability

64. In absence of the scientific evidence demonstrating otherwise, TG 437 is
applicable to chemicals and mixtures but there was a high false positive rate for alcohols
and ketones and a high false negative rate for solids in the validation database. The BCOP
test method is an in vitro test method that can be used under certain circumstances and
with specific limitations for eye hazard classification and labelling of chemicals. While it
is not considered valid as a stand-alone replacement for the in vivo rabbit eye test, the
BCOP test method is recommended as an initial step within a testing strategy such as the
Top-Down approach to identify chemicals inducing serious eye damage, i.e. chemicals to
be classified as UN GHS Category 1, without further testing. The BCOP test method is
also recommended to identify chemicals that do not require classification for eye
irritation or serious eye damage, as defined by the UN GHS (UN GHS No Category)
within a testing strategy such as the Bottom-up approach. However, a chemical that is not
predicted as causing serious eye damage or as not classified for eye irritation/serious eye
damage with the BCOP test method would require additional testing (in vitro and/or in
vivo) to establish a definitive classification.

Assay principle

65. The BCOP assay is an organotypic model utilizing bovine cornea that can be used
to provide a quantitative measurement of changes in corneal capacity and permeability
with an opacitometer and a visible light spectrophotometer, respectively, after application
of the chemical. This assay uses the isolated corneas from the eyes of freshly slaughtered
cattle.

General procedure

66. Bovine corneas, confirmed to be free of defects, are dissected and mounted in
special holders and equilibrated in the test chamber for at least one hour. Liquids or
surfactants are added undiluted to the eyes, or solids are tested by direct application onto
the corneal surface using the open chamber method. After the exposure period, the test
chemical is removed by washing and the opacity and permeability of each cornea are
recorded. Concurrent negative or solvent/vehicle controls and positive controls are
included with each experiment.

Studies from the Testing Programme where TG 437 was used to test MNMs

Studies on ZnO MNMs - One study was reported
Assay procedure

67. The study tested NM-110 Zinc Oxide. The capacity for the NM-110 to cause
serious damage to the eyes was tested using the BCOP test. 750 pL of the 20%
mass/volume test substance preparation in deionized water was applied for 4 h using the
open chamber method. Imidazole in de-ionized water was used as the positive control.

Results

Unclassified



28 | ENV/JM/MONO(2018)4

68. The results of this study showed a lack of serious eye damage. The mean IVIS
score was 49.5 and 16.1 for two runs of the test*. Negative and positive control values are
also reported. Histological analysis revealed changes indicating minimal eye irritation.

*Note

69. There is a discrepancy between the classification suggested in the dossier (no
classification on page 223 of ZnO NM dossier) and that in the 2013 version of TG 437.
Based on the table on page 11 of TG 437, no prediction can be made for IVIS scores
between 3 and 55 and additional assays are needed but within the ZnO NM dossier it
states that an IVIS score < 55 predicts no risk of serious damage to the eyes.

Studies from current literature

Study referenced

70. Kolle, S. N., Sauer, U. G., Moreno, M. C., Teubner, W., Wohlleben, W., &
Landsiedel, R. Eye irritation testing of MNMs using the EpiOcular eye irritation test and
the bovine corneal opacity and permeability assay. Part Fibre Toxicol. (2016).13, 18. doi:
10.1186/s12989-016-0128-6 (Kolle et al., 2015(,9))

MNMSs tested

71. This study tested 16 OECD representative MNMs' comprising of six different
types of TiO, (anatase (NM-100, NM-101, NM-102), rutile (NM-103, NM-104), and
rutile-anatase (NM-105)), ZnO (uncoated (NM-110) and coated (NM-111)), amorphous
SiO, (NM-200 and NM-203), uncoated CeO, (NM-211 and NM-212), Ag (NM-300 K),
and three MWCNTSs of different lengths and diameters (NM-400, NM-401, and NM-
402). For the EpiOcular™-EIT, the test materials were applied undiluted and for BCOP
assay, the MNMs were suspended in highly deionized water to achieve final
concentrations of 20% (mass/volume) suspension.

Assay procedure

72. For the EpiOcular™-eye irritation test (EIT), 2 tissues were used for each
treatment group (test material, negative control, and positive control). The dry-powder or
liquid test items, were applied to cover the entire tissue surface. 50 pL. highly deionized
water was used as a negative control and methyl acetate was used as a positive control.
After test material application, the tissues were incubated for 90 min (solids; variant 1), 6
h (solids; variant 2), or 30 min (liquids). The tissues were then washed and incubated at
standard culture conditions for 18 h (solids; variants 1 and 2) or 2 h (liquids). After post-
exposure incubation, the tissues were tested for viability using MTT assay.

73. For the BCOP assay, three corneas were used for each treatment group (test
material, negative control, and positive control). 750 pL of deionized water was used as a
negative control and 20% (weight/volume) imidazole solution was used as a positive
control. To prepare the suspensions, the MNM powders were added to de-ionized water at
a concentration of 20 % (mass/volume) and stirred with a magnetic mixer. The TiO,
(NM-103 and NM-104), ZnO (NM-110) and SiO, (NM-200) powders were dispersed
with a high-speed homogenizer. 750 pL of the diluted (20% (weight/volume), for TiO»,

! see the JRC Nanomaterials Repository of representative industrial nanomaterials

https://ec.europa.eu/jrc/en/scientific-tool/jrc-nanomaterials-repository
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Ce0,, Si0,, and ZnO NM-110) or undiluted (Ag NM-300 K and Ag NM-300 K DIS [i.e.
the dispersant without silver nanoparticles], and SiO,), test material preparation was
applied directly to the epithelial surface of the cornea. For ZnO (NM-111) and MWCNT
(NM-401), 33 mg and 48 mg of undiluted dry-powder, respectively, were applied with a
sharp spoon. 20% (mass/weight) dry suspensions of MWCNT NM-400 and NM-402
were prepared by mixing 750 mg MWCNT in highly de-ionized water shortly before
application by stirring. Quartz dust DQ12, talc, and the three organic pigments (Pigment
Red 57:1, Pigment Yellow 95, and Pigment Black 32) were applied undiluted (120 mg,
80 mg, 48 mg, 45 mg, and 40 mg). For dry-powder test materials and SiO,-suspension,
the corneas were incubated for 4 h as prescribed in the OECD TG. Ag NM-300 K, and
Ag NM-300 K DIS were applied for 10 min followed by 2 h post incubation as prescribed
for liquids. After incubation, the controls and the test material were removed and the
respective epithelia were washed at least 3 times with Eagle’s MEM (containing phenol
red) and once with Eagle’s MEM (without phenol red). Fresh Eagle’s MEM (without
phenol red) was added and the final corneal opacity and permeability were measured to
calculate the in vitro irritancy score for all the tissues. Histopathological evaluation was
also conducted.

Results

74.  All dry-powder MNMs consistently showed lack of eye irritation potential in both
the in vitro EpiOcular™-EIT and the BCOP assay. Of the three suspended test materials
(2 of which being MNMs), SiO,-suspension was non-irritating in both in vitro tests but
Ag NM-300 K and Ag NM-300 K DIS showed inconclusive results in the BCOP assay.

Overall summary and discussion

75. These studies reported that TG 437 is generally applicable for assessment of eye
irritation or serious eye damage potential of MNMs. However, application of TG 437 will
require further evaluation of the method and amendment of the protocol to accommodate
MNM related aspects such as thorough characterization of the MNMs (powders and/or
suspensions). Results were generally in agreement between TG 437 and an EpiOcular™-
EIT assay. It has to be noted however, that as concluded by the SCCP in the Guidance on
the Safety Assessment of Nanomaterials in Cosmetics (SCCS (Scientific Committee on
Consumer Safety), 2012;) “no specific validation has been performed for
nanomaterials, although there is no clear scientific basis against the use of the method for
nanomaterials. It should, however, be kept in mind that nanomaterials can
aggregate/agglomerate in the suspension or can absorb dispersant. These aspects should
be verified. Some nanomaterials present in opacity measurements may affect the result,
and these should be avoided to allow consistent interpretation of results. Both methods
measure the leakage of fluorescein. Possible artifacts due to absorption of the dye to
nanomaterials should be verified and eliminated”.

3.3. Genotoxicity
76. A number of assays (TG and non-TG) were used to assess the genotoxicity of

MNMs under the Testing Programme (see table 3). These assays have been evaluated
under this section.
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Table 3. Overview of in vitro genotoxicity assays used in the OECD Testing Programme to

test the various MNMs

MNM TG TG TG TG Comet Double stands breaks assay (H2AX
471 473 476 487 assay phosphorylation)
Au NPs X X
Ag NPs X X
ZnO (NM-110) - microscale X X
ZnO (NM-111) X X X
ZnO (NM-113) X X X
TiO, (NM-101) X
TiO, (NM-102) X X X
TiO, (NM-103) X X X
TiO, (NM-104) X X X
TiO, (NM-105) X X X X
SWCNTSs (Nikkiso) X X
SWCNTSs (Super Growth) X X
SWCNTSs (CNI) X
SWCNTs (EliCarb) X
SWCNTSs (Arc) X
SWCNTSs (Sigma Aldrich) X
SWCNTSs (NIST) X X
SWCNT (Heji) X
SWCNT (COCC) X
Fullerenes X X
SiO, (NM-200) X X X X
SiO, (NM-201) X X X
SiO; (NM-202) X X X X X
SiO, (NM-203) X X X X X
Si0, (NM-204) X
MWCNTSs (Baytubes) X X
MWCNTs(Graphistrength « « "
C100)
MWCNTs (Mitsui -7) X

Source: http://www.oecd.org/chemicalsafety/nanosafety/

http://www.oecd.org/chemicalsafety/nanosafety/dossiers-and-endpoints-testing-programme-

manufactured-nanomaterials.htm
http://publications.jrc.ec.europa.eu/repository/handle/JRC64075
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3.3.1. TG 471: Bacterial Reverse Mutation Test
(OECD, 1997,1)

General introduction

77. The bacterial reverse mutation test (also known as Ames test) uses amino-acid
requiring strains of Salmonella typhimurium and Escherichia coli to detect point
mutations, which involve substitution, addition or deletion of one or a few DNA base
pairs. Point mutations are the cause of many human genetic diseases and there is
substantial evidence that point mutations in oncogenes and tumour suppressor genes of
somatic cells are involved in tumour formation in humans and experimental animals. The
bacterial reverse mutation test is rapid, inexpensive and relatively easy to perform. It is
commonly employed as an initial screen for genotoxic activity and, in particular, for point
mutation-inducing activity. An extensive data base has demonstrated that many chemicals
that are positive in this test also exhibit mutagenic activity in other tests. There are
examples of mutagenic agents which are not detected by this test; reasons for these
shortcomings can be ascribed to the specific nature of the endpoint detected, differences
in metabolic activation, or differences in bioavailability. On the other hand, factors which
enhance the sensitivity of the bacterial reverse mutation test can lead to an overestimation
of mutagenic activity.

Applicability

78. A very large data base of results for a wide variety of structures is available for
bacterial reverse mutation tests and well-established methodologies have been developed
for testing chemicals with different physico-chemical properties, including volatile
compounds. The bacterial reverse mutation test may not be appropriate for the evaluation
of certain classes of chemicals, for example highly bactericidal compounds (e.g. certain
antibiotics) and those which are thought (or known) to interfere specifically with the
mammalian cell replication system (e.g. some topoisomerase inhibitors and some
nucleoside analogues). In such cases, mammalian mutation tests may be more
appropriate.

79. The TG 471 does not contain any MNM specific considerations. However, the
applicability of this test for MNMs has been extensively discussed (see the report from
the OECD Expert Meeting on Genotoxicity of Manufactured Nanomaterials
[ENV/IM/MONO(2014)34], concluding that "The use of the Ames test (TG 471) is not a
recommended test method for the investigation of the genotoxicity of nanomaterials. The
test guidelines programme should consider modifying the applicability domain within this
test guideline accordingly.") (OECD, 2014,,). Also the SCCS in the Guidance on Safety
Assessments of Nanomaterials in Cosmetics (SCCS (Scientific Committee on Consumer
Safety), 2012p,,) concluded that “although reports can be found on positive bacterial
reverse mutation test, there are doubts if the Ames test is an accurate representative test
for genotoxicity” because bacterial cells lack uptake of nanomaterials through
endocytosis, and some nanomaterials have bactericidal activity. Therefore this test has not
been regarded suitable for testing nanomaterials.

Assay principle

80. The principle of this bacterial reverse mutation test is that it detects mutations
which revert mutations present in the test strains and restore the functional capability of
the bacteria to synthesize an essential amino acid. The revertant bacteria are detected by
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their ability to grow in the absence of the amino acid required by the parent test strain.
The bacterial reverse mutation test utilises prokaryotic cells, which differ from
mammalian cells in such factors as uptake, metabolism, chromosome structure and DNA
repair processes. Tests conducted generally require the use of an exogenous source of
metabolic activation to ensure that potential genotoxicity of liver metabolites of the tested
compound is also detected. The most commonly used system is the S9 mixture, a co-
factor-supplemented post-mitochondrial fraction (S9) prepared from the livers of rodents
(generally rats) treated with enzyme-inducing agents such as Aroclor 1254 or a
combination of phenobarbital and -naphthoflavone.

81. In vitro metabolic activation systems cannot mimic entirely the mammalian in
vivo conditions. The test therefore does not provide direct information on the mutagenic
and carcinogenic potency of a substance in mammals. The SCCS also discussed the
usefulness of using the metabolic activation system (SCCS (Scientific Committee on
Consumer Safety), 2012,5) and concluded that although most insoluble nanomaterials
(e.g. some metals) are not metabolised, but “proteins in the metabolic activation system
may interfere with the nanomaterial and alter bioavailability of the nanomaterial, and thus
reduce sensitivity of the assay. Notwithstanding this it should be verified whether some
nanomaterials can be metabolised, e.g. organic nanomaterials, or some inorganic
nanomaterials may become coated with organic substances, or surface modified with
organic functional groups.”

General procedure

82. Suspensions of bacterial cells are exposed to the test substance in the presence
and in the absence of an exogenous metabolic activation system. In the plate
incorporation method, these suspensions are mixed with an overlay agar and plated
immediately onto minimal medium. In the pre-incubation method, the treatment mixture
is incubated and then mixed with an overlay agar before plating onto minimal medium.
For both techniques, after two or three days of incubation, revertant colonies are counted
and compared to the number of spontaneous revertant colonies on solvent control plates.

Studies from the Testing Programme where TG 471 was used to test MNMs
83. The TG 471 was used in the OECD WPMN Testing Programme to test Au NPs,
Ag NPs, ZnO NPs, SiO, NPs, TiO, NPs, SWCNTs, MWCNTSs, and fullerenes.

Studies on Au MNMs - One study was reported

Assay procedure

84. The Au NPs were tested in S. typhimurium TA97a, TA98, TA100 and TA102.
The particles were dispersed in distilled water. A single dose exposure was performed at a
concentration range of 10 pug to 162 pg Au NPs/plate was tested. No information on
duration of exposure was provided. The following positive controls were used: sodium
azide (5 pg/plate) for TA100 strain; Mitomycin C (0.5 pg/plate) for TA102; 2-
nitrofluorene for TA98 (2.5 pg/plate); and 9-aminoacridine (50 pg/plate) for TA97a
strain.

Deviation from the current TGs
85. The assay was performed without metabolic activation.

Results
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86. No dose related increase in revertants was observed following treatment with Au
NPs. Following incubation of the TA98 strain with the Au NPs, the bacteria were
observed using dark-field microscopy and hyperspectral imaging using a Cytoviva
instrument. Au NPs were thus regarded as not mutagenic under the test conditions;
however, this may be due to the observation that the NPs did not enter the bacteria based
on imaging data.

Studies on Ag MNMs - One study was reported
Assay procedure

87. The Ag NPs were tested in S. typhimurium TA 1535, TA 1537, TA 98, and TA
100, and E. coli WP2uvr A. The NPs were dispersed in 1% citrate solution. In S.
typhimurium TA98, TA100, TA1535, TA1537, and E. coli WP2uvr A, a dose range of 0
ug/plate, 1 ug/plate, 2 ug/plate, 4 ug/plate, 8 ug/plate, 16 pg/plate, 32 pg/plate, and 62
pg/plate was tested without S9 mixture and 0 pg/plate, 8 pg/plate, 16 pg/plate, 32
pg/plate, 62 pg/plate, 126 pg/plate, 250 pg/plate, and 500 ug/plate with S9 mixture. In S.
typhimurium TA100 with S9 mixture 0 pg/plate, 4 ug/plate, 8 pg/plate, 16 ug/plate, 32
pg/plate, 62 pg/plate, 126 pg/plate, and 250 pg/plate were tested. No further details on the
exposure are given.

88. The following positive controls were used: 1) without S9 mixture (Furylfuramide
for TA98, TAL100 and WP2uvrA, sodium azide for TA1535, and 9-aminoacridine
hydrochloride hydrate for TA1537) and; 2) with S9 mixture: 2-aminoanthracene for all
tested bacterial species.

Deviation from the current TGs

89. Details on test item, strain characteristics, media used, number of cells/culture,
treatment procedure, incubation time and temperature, individual and summary tables of
results and historical negative (solvent/vehicle) and positive control data not reported.

Results
90.  Ag NPs did not induce an increase in bacterial colony formation, and thus were
considered not mutagenic under the test conditions.

Studies on SiO, MNMs - Two studies were reported

Assay procedure

91. The studies tested two different types of SiO, MNMs (NM-202 and NM-203).
Both MNMs were tested in S. typhimurium TA 1535, TA 1537, TA 98, and TA 100 at
concentrations of 667 ug/plate, 1000 ug/plate, 3333 ug/plate, 6667 ug/plate, and 10.000
pg/plate, with and without metabolic activation (S9 mixture). No further details on the
exposure are provided.

Results

92. In both studies SiO, MNMs did not induce an increase in bacterial colony
formation, and thus were considered not mutagenic under the test conditions.

Studies on TiO, MNMs - One study was reported
Assay procedure
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93. The material was dispersed in DMSO in concentration of 50 mg/mL with 10-
minutes sonication and used for the testing after stepwise dilution. NM-105 were tested in
S. typhimurium TA 1535, TA 1537, TA 98, and TA 100, at concentrations of 5000
pg/plate, 2500 pg/plate, 1250 pg/plate, 625 pg/plate, and 312.5 pg/plate, without
metabolic activation. No further details on the exposure are provided.

Results

94, TiO, MNM-105 were considered not mutagenic at the tested doses. Precipitation
of test substance was observed at 1250 pg/plate and higher doses.

Studies on ZnO MNMs - Two studies were reported.
Assay procedure

95. The studies tested uncoated non-nanosized zinc oxide (NM-113) and Z-Cote Max
(based on NM-111), using the Bacterial Reverse Mutation Assay according to OECD 471
under GLP conditions. Standard plate and pre-incubation tests were conducted in the
absence of S9 mixture (NM-113) or +/- S9 mixture (Z-COTE Max) with doses of 20
ug/plate, 100 ug/plate, 500 pg/plate, 2500 pg/plate, and 5000 ug/plate using the S.
typhimurium strains TA 1535, TA 100, TA 102, TA 1537, and TA 98.

96. NM-113 particles were suspended in three different media: water, fetal bovine
serum (FBS), and bovine lung surfactant (ALVEOFACT®). The test substance was
weighed and topped up with the chosen vehicle to achieve the required concentration of
the stock dispersion. Then, the dispersion was stirred in a closed vessel for 24 h at 1,200
rpm (126 rad/s) at room temperature. The concentrations were further diluted from the
stock solution according to the planned doses. All preparations were stirred for about 1 h
prior to use. Z-Cote Max particles were suspended in DMSO and FBS.

97. In the plate incorporation method, the particle suspensions were added directly to
the mixture of agar and bacteria, and poured onto agar plates. In the pre-incubation
method, the particle suspension is pre-incubated with the bacterial suspension at 37 °C for
the 20 minutes using a shaker. Subsequently, 2 mL of soft agar is added and, after
mixing, the samples are poured onto the agar plates. In both methods, the agar plates were
incubated at 37°C for 48 h to 72 h in the dark, and the bacterial colonies were counted.
Three test plates/ dose or per control were investigated.

Deviation from TG
98. For NM-113 the test was performed without metabolic activation.
Results

99. Precipitation of the NM-113 (from about 500 pg/plate), Z-COTE Max (from
about 2500 pg/plate) occurred. A bacteriotoxic effect was occasionally observed in NM-
113 treated cultures depending on the strain and test conditions from about 2500 pg/plate
onward. A relevant increase in the number of his+ revertants was not observed in the
standard plate or in the pre-incubation test in the absence (NM-113, Z-COTE Max) and
presence (Z-COTE Max) of a metabolizing system. Thus, all the ZnO MNMs tested were
not mutagenic under the test conditions chosen.

Studies on SWCNTs - Two studies were reported

Assay procedure
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100. The studies tested two different types of MNMSs: Nikkiso SWCNTs and
Supergrowth SWCNTs. CNTs were suspended in water for injection, diluted with 0.3%
CMC-Na solution (Nikkiso SWCNTS) or 0.1% CMC-Na (Supergrowth SWCNTSs), and
sonicated. The CNTs were tested in S. typhimurium TA 1535, TA 1537, TA 98, TA 100,
and E. coli WP2. In addition, the Supergrowth SWCNT were tested in S. typhimurium
strain TA97 and the Nikkiso SWCNTSs in S. typhimurium strain TA 1537.

101. The mutation test was performed with and without metabolic activation. The
following positive controls were used: 1) without S9 mixture (2-(2-furyl)-3-(5-nitro-2-
furyl) acrylamide (TA100, TA98, and WP2 uvrA), sodium azide (TA1535) and 9-
aminoacridine (TA1537)) and; 2) with S9 mixture (2-aminoanthracene (five strains)). The
study was conducted using duplicate plates for each dose concentration. Different
concentrations were used for Nikkiso SWCNTS (1.56 pg/plate, 3.125 pg/plate, 6.25
ug/plate, 12.5 ug/plate, 25 pg/plate, 50 pg/plate, and 100 ug/plate) and Supergrowth
SWCNTs (12.5 pg/plate, 25 pg/plate, 50 pg/plate, 100 pug/plate, and 500 pg/plate).

102. The Ames test was performed with a pre-incubation method in the presence and
absence of metabolic activation, via S9 mixture. In the direct method (no metabolic
activation), 0.5 mL of 100 mmol/L sodium-phosphate buffer (pH 7.4) and 0.1 mL of each
bacterial suspension were added to sterile tubes with distilled water, 0.1% CMC-Na,
SWCNTSs, or a positive control. In the metabolic activation method, S9 mixture and each
bacterial suspension were added to sterile tubes with distilled water, 0.1% or 0.3% CMC-
Na, SWCNTSs, or a positive control. The mixtures were incubated at 37 "C with shaking
(at a rate of 85 times per minute) for 20 minutes and then top agar (at 45°C) was added.
The mixtures were poured into plates and incubated at 37 °C for 48 h. The number of
revertant colonies was counted using a colony counter.

Results

103. No mutation induction was observed neither with nor without metabolic
activation in all the tested concentrations and in all the strains.

Studies on MWCNTS - Three studies were reported.
Assay procedure

104. The studies tested three different types of MWCNTS: Baytubes, Graphistrength
C100, and Mitsui-1 MWCNTSs. In addition, one study was reported in which CNI
MWCNTSs were tested using the Ames test, but not according TG 471. The MWCNTSs
were suspended in various dispersants (deionised water at 10 mg/ml (Baytubes, treated
with ultrasound for 30 min at 25°C), ethanol at 10 mg/mL (Graphistrength C100), or in
0.3% sodium carboxymethyl cellulose (Mitsui MWNT-7)).

105. All MWCNTSs were tested in S. typhimurium (TA 98, TA 100, TA 1535, and TA
1537). In addition, Baytubes and Graphistrength C100 were tested in S. typhimurium TA
102, while Mitsui MWNT-7 in E. coli WP2uvrA. The applied concentrations varied
between nanotubes (up to 5000 pg/plate for Baytubes; 15.6 pg/plate to 500 pg/plate for
Graphistrength C100; 3.13 pg/plate to 100 pg/plate for Mitsui MWNT-7).

106.  For Graphistrength C100 each strain was exposed to at least five dose-levels of
the test item (three plates/dose-level). After 48 h to 72 h of incubation at 37°C, the
revertant colonies were scored. The evaluation of the toxicity was performed on the basis
of the observation of the decrease in the number of revertant colonies and/or a thinning of
the bacterial lawn. For Mitsui MWNT-7 the pre-incubation method with and without
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metabolic activation (S9 mixture) was used. Sodium azide was used as positive control.
For Baytubes no further detail on exposure are provided.

Results

107. None of the tested MWCNTSs showed any mutagenic activity in the bacterial
reverse mutation test.

Studies on fullerenes - One study was reported
Assay procedure

108.  Fullerenes (C60) were tested in S. typhimurium TA 1535, TA 1537, TA 98, and
TA 100 without and with metabolic activation (rat liver S9 fraction). The MNMs were
stirred and pulverized in Ultra Apex Mill (with carboxymethyl-cellulose sodium solution
for 30 minutes. After centrifugation, the supernatant was concentrated using a 45 um
ultrafiltration membrane. The methods of application were the modified plate
incorporation method under irradiation and the pre-incubation method under dark
conditions. Fullerenes were applied at concentrations 50 ug/plate, 100 pg/plate, 200
ug/plate, 400 pg/plate, and 1000 pg/plate. For the test under dark conditions, each
mixture was cultured for 20 minutes at 37°C with shaking. Following pre-incubation,
molten top agar at 45 °C was added to the mixture and incubated for 48 h at 37 °C. For
the test under irradiation, each mixture was irradiated with visible light using two
fluorescent lamps (FHF32EDX-P-NU, EDXRa92; 32W, color temperature of 8000K, 400
nm to 720 nm) at 5000 Ix for 1 h. Following irradiation, top agar was added and
incubated for 48 h at 37 °C.

Results

109. In vitro bacterial mutagenicity of fullerene C60 NPs was negative regardless of
metabolic activation and irradiation.

Overall summary and discussion

110. The bacterial reverse mutation test was used to assess the mutagenic potential of
eight types of MNMs. In most cases, the assay was used both with and without metabolic
activation (S9 mixture). None of the materials tested showed any mutagenic activity in
the bacterial reverse mutation test. However, one study underlined the importance of the
lack of uptake of the MNMs into bacteria, and thus the possibility of false negative
results. This is in line with the conclusion of the OECD Expert Meeting on Genotoxicity
of Manufactured Nanomaterials [ENV/IM/MONO(2014)34] in which one of the
conclusions was that the use of Ames test (TG471) is not a recommended test method for
the investigation of the genotoxicity of MNMs (OECD, 2014,;). The TG programme
should consider modifying the applicability domain within this guideline accordingly.

3.3.2. TG 473: In Vitro Mammalian Chromosomal Aberration Test
(OECD, 20161,3)

General introduction

111.  The purpose of the in vitro chromosomal aberration test is to identify substances
that cause structural chromosomal aberrations in cultured mammalian cells.
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Assay principle

112. Mammalian cells are exposed to the test substance. After exposure the cells are
treated with a metaphase-arresting substance and analysed for the presence of
chromosomal aberrations. Structural aberrations may be of two types, chromosome or
chromatid. Polyploidy (including endoreduplication) could arise in chromosome
aberration assays in vitro. While aneugens can induce polyploidy, polyploidy alone does
not indicate aneugenic potential and can simply indicate cell cycle perturbation or
cytotoxicity.

Applicability

113. This test is used to detect chromosomal aberrations that may result from
clastogenic events. The test is not designed to measure aneuploidy. An in vitro
micronucleus test would be recommended for the detection of aneuploidy. The TG 473
mentions that for MNMs, specific adaptations of this TG may be needed but are not
described in this TG.

Considerations for the choice of cell culture

114.  The in vitro chromosomal aberration test may employ cultures of established cell
lines or primary cell cultures of human or rodent origin. A variety of cell lines (e.g.
Chinese Hamster Ovary (CHO), Chinese Hamster lung V79, Chinese Hamster Lung
(CHL/IV), or primary cell cultures, including human (TK6) or other mammalian
peripheral blood lymphocytes, can be used. The choice of the cell lines used should be
scientifically justified. The cells used should be selected on the basis of growth ability in
culture, stability of the karyotype (including chromosome number) and spontaneous
frequency of chromosomal aberrations. At the present time, the available data do not
allow firm recommendations to be made but suggest it is important, when evaluating
chemical hazards, to consider the p53 status, genetic (karyotype) stability, DNA repair
capacity and origin (rodent versus human) of the cells chosen for testing. The users of this
TG 473 are thus encouraged to consider the influence of these and other cell
characteristics on the performance of a cell line in detecting the induction of
chromosomal aberrations, as knowledge evolves in this area.

115. Note: Tests conducted in vitro generally require the use of an exogenous source
of metabolic activation to ensure that potential genotoxicity of liver metabolites of the
tested compound is also detected (unless the cells are metabolically competent with
respect to the test substances). The exogenous metabolic activation system does not
entirely mimic in vivo conditions. Care should be taken to avoid conditions that could
lead to artefactual positive results, i.e. chromosome damage not caused by direct
interaction between the test chemicals and chromosomes; such conditions include
changes in pH or osmolality, interaction with the medium components or excessive levels
of cytotoxicity. Also for such systems the negative results do not always imply the lack of
hazard potential.

General procedure

116.  Cell cultures of human or other mammalian origin are exposed to the test
chemical both with and without an exogenous source of metabolic activation unless cells
with an adequate metabolizing capability are used. The analysis of chromosomal
aberration induction should be done using cells in metaphase. It is thus essential that cells
should reach mitosis both in treated and in untreated cultures.
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117. At appropriate predetermined intervals after the start of exposure of cell cultures
to the test chemical, the cells are treated with a metaphase-arresting substance (e.g.
Colcemid® or colchicine), harvested, stained and metaphase cells are analysed
microscopically for the presence of chromatid-type and chromosome-type aberrations.

Studies from the Testing Programme where TG 473 was used to test MNMs

118. The TG 473 was used in the OECD Testing Programme to test Au NPs, Ag NPs,
ZnO NPs, SiO, NPs, fullerenes, SWCNTSs, and MWCNTS.

Studies on Au MNMs - One study was reported
Assay procedure

119. The NPs were dispersed in cell culture medium and tested in CHO cells at
different concentrations 0.375 nm, 0.75 nm, 1.5 nm, and 3 nm (units as described in the
dossier, assumed to be nanomolar) with three replicates of each concentration.
Ethylmethanesulfonate (5 mmol/L) was used as the positive control. No further details on
the exposure are provided.

Deviation from the current TGs
120. The assay was performed without metabolic activation.
Results

121. No cytotoxicity was observed. Treatment with cAu NPs induced chromosomal
aberrations at a frequency of between 23% [] 37% as compared to 10% in the negative
control and 76% in the positive control. Under the test conditions, Au NPs induced
chromosomal aberrations in CHO cells, without metabolic activation, but there was no
concentration related increase in the observed aberrations.

Studies on Ag MNMs - One study was reported
Assay procedure

122.  The NPs (citrate-capped Ag) were dispersed sterilised distilled water and tested
in CHO-fibroblasts (CHO-K1). 20.48% of cAg NP solution was employed for this test.

123. To determine chromosome aberration test dose level, relative cell count was
calculated for all cultures treated with the test substances and control substance at the 8
dose levels - 0.039 uL/mL, 0.078 pL/mL, 0.156 uL/mL, 0.313 pL/mL, 0.625 uL/mL, 1.25
uL/mL, 2.5 uL/mL, and 5 pL/mL.

124. In the main test without S9 mixture, several concentrations were used for 24 h (0
pL/mL, 0.001 pL/mL, 0.003 pL/mL, and 0.005 pL/mL) and 6 h (0 pL/mL, 0.005 pL/mL,
0.010 pL/mL and 0.019 uL/mL) treatment and 18 h recovery period. The concentrations
tested in the presence of S9 mixture for a 6 h treatment were: 0 pL/mL, 0.039 pL/mL,
0.078 pL/mL, and 0.156 pL/mL.

125.  The positive controls used were 0.04 ug/ul of mitomycin C (in the absence of S9
mixture) and 10 pg/pL of cyclophosphamide (in the presence of S9 mixture). No further
details on the exposure are provided.

126.  Statistical analysis was performed to determine the increase in frequency of
aberrant metaphase and polyploidy. A concentration-dependent increase or a reproducible
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increase in the number of cells with chromosome aberrations was considered to be
positive.

Deviation from the current TGs

127. Details on media, cell, and culture conditions, incubation time and temperature,
chromosome preparation, number of metaphases analysed, individual and summary
tables, and historical negative and positive control data are not reported.

Results

128. In the range finding test, following concentrations were used: with metabolic
activation: 0.156 pL/mL; without metabolic activation: 0.078 pL/mL (6 h treatment), and
0.078 pL/mL (24 h treatment). Ag NPs did not induce an increase in chromosomal
aberration. Under the test conditions, cAg NPs are not considered as clastogenic in CHO-
fibroblast (CHO-K1) cells, with or without metabolic activation.

Studies on SiO, MNMs - Four studies were reported
Assay procedure

129. The studies used four different types of SiO, MNMs (NM-200, NM-202, NM-
203, and NM-204). The SiO, MNMs were tested in various cell lines: V79 (NM-200),
CHO (NM-202 and NM-203), and Human embryonic lung cells (WI-38) (NM-204).

130. Various protocols for the dispersion of SiO, MNMs were used. NM-200 was
sterilized by heating to 180°C for 1 h. The test substance was then accurately weighed,
and the stock suspensions were prepared in the cell culture media with 10% or 2% FBS,
respectively. To minimize agglomeration of the NM-200 particles, the stock solutions
were stirred for 24 h at room temperature prior to cell incubation. This procedure could
not avoid agglomeration of existing test substance aggregates, but enabled homogeneous
dosing of the suspensions. Dilutions of the stock suspensions were subsequently made by
using the respective incubation media, resulting in test substance suspensions at desired
concentrations. Prior to cell exposure, the diluted test substance suspensions and the
reference item-containing incubation media were vortexed shortly to ensure homogeneity.
NM-202, NM-203 were dispersed in DMSO. No further details were provided.

NM-200

131. The test was performed with and without metabolic activation. A short-term
treatment assay (6 h) was run with and without S9 mixture, and a continuous treatment
assay (24 h) was run without S9. The concentrations applied for the short-term treatment
were with S9 mixture: 600 pg/mL, 1000 pg/mL, and 1500 pg/mL, while the
concentrations without S9 mixture were 100 pg/mL, 200 pg/mL, 600 pg/mL, and 1800
pg/mL. For 24 h exposures, without S9 mixture, the concentrations tested were 2 pg/mL,
5 pg/mL, 16 pg/mL, and 48 pg/mL.

NM-202, NM-203

132. The test was performed with and without metabolic activation. The exposure
duration was 18 h without S9 mixture and 2 h with S9 mixture. The concentrations
applied for the experiments without S9 were 38 pg/mL, 75 pg/mL, 150 pg/mL, and 300
pg/mL, and for the experiments with S9 were 250 pug/mL, 500 pg/mL, 750 pg/mL, and
1000 pg/mL.

NM-204
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133.  The assay was performed without metabolic activation. The cells were exposed at
0.1 pg/mL, 1.0 pg/mL, and 10 pg/mL of MNMs for 24 h and 48 h.

134. At the end of the exposure period colcemid was added to the cultures 2 h prior to
harvesting to collect metaphase cells. The chromosome preparations were stained with
2% Giemsa solution. Cytotoxicity was assessed by the mitotic index, i.e. percentage of
cells in mitosis per 500 cells counted.

Deviation from the current TGs

135. For NM-202 and NM-203, 100 instead of 200 metaphases were scored, while for
NM-204, the test was done without metabolic activation.

Results
NM-200

136. Clear concentration-dependent cytotoxicity in the short term experiments was
observed for NM-200, as determined by the mitotic index. Cytotoxicity was also
observed after 24 h of incubation and was more pronounced than after 4 h of incubation
(= 500 mg/ml (4 h without S9 mixture), > 1000 pg/mL (4 h with S9 mixture), and > 10
pg/ml (24 h without S9 mixture)).

NM-202 and NM-203

137.  Cell proliferation began to be inhibited at 30 ug/L (-S9) and 300 ug/L (+S9).
Simultaneously, the cell cycle became retarded with an accumulation of cells in the M1
phase. Neither in the control nor in the treated cultures, were the cells observed in the M3
phase (except 1 instance in the DMSO control).

138.  All four tested SiO, MNMs (NM-200, NM-202, NM-203, and NM-204) did not
induce structural chromosomal aberrations in cultured mammalian somatic cells under the
test conditions used.

Studies on ZnO MNMs - One study was reported
Assay procedure

139. Z-COTE HP1 (NM-111) was tested using the in vitro mammalian chromosome
aberration test according to OECD TG 473 under GLP conditions in comparison to the
reference items Z-COTE (NM-110) and microscale ZnO (NM-113). Proliferating V79
cells were treated with different concentrations of Z-COTE HP1(1 pg/mL, 3 pg/mL, 5
ug/mL, 10 ug/mL, 12.5 pg/mL, 15 ug/mL, 20 ug/mL, 25 pg/mL, and 50 pg/mL), Z-
COTE (3 pg/mL, 10 pg/mL, and 12.5 pg/mL), and microscale ZnO (3 pg/mL, 10 pg/mL,
and 12.5 pg/mL) of the test item and two reference items as well as negative, vehicle, and
positive controls for 4 h with and without S9 mixture and for 24 h without S9 mixture.

Results

140. After a 4 h exposure period Z-COTE HP1 caused dose-dependent cytotoxicity
while the highest dose decreased the mitotic index to 44.4% (with S9 mixture) and to
47% (without S9 mixture) of the negative control. There was also a decrease in mitotic
index for Z-COTE (44.3%) and microscale ZnO (54.6%), primarily without S9 mixture,
which was even more pronounced than for Z-COTE HP1 at identical mass
concentrations. Neither the test item nor the particular reference items induced increased
structural chromosome aberration under the present test conditions. Due to the low
aberration frequencies in Z-COTE HP1, Z-COTE, and microscale ZnO treated cells,
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which were in range of the historical negative controls, the three tested ZnO particle items
were considered not to induce structural chromosomal aberrations in cultured mammalian
somatic cells under the test conditions used.

Studies on fullerenes - One study was reported
Assay procedure

141.  Fullerenes were dispersed in 0.1% CMC-Na. The particles were tested in Chinese
Hamster lung (CHL/IU) cells, with and without metabolic activation. A short-term
treatment assay (6 h) was run with and without S9 mixture and a continuous treatment
assay (24 h) was run without S9 mixture. In the test under irradiation, each mixture was
irradiated with visible light using two fluorescent lamps (FHF32EDXP-NU EDX Ra92;
32W, color temperature = 8000 K, 400-720 nm; Mitsubishi Electric Osram Ltd., Japan)
at 5000 Ix for 1 h (irradiation). Following irradiation, top agar was added and incubated
for 48 hrs at 37°C. At the end of the exposure period, colcemid was added to the cultures
at the final concentration of 0.2 pg/mL, 2 h prior to collecting metaphase cells. The
chromosome preparations were stained with 2% Giemsa solution.

142. In a preliminary test, precipitation of C60 occurred at a concentration of 85
pg/mL without irradiation or 200 ug/mL with irradiation after treatment. Therefore, 100
pg/mL and 200 pg/mL were selected as the highest dose in the test without irradiation
and the test with irradiation, respectively. Test concentrations used in the chromosomal
aberration test are as follows:

i.  Short-term treatment assay: under dark conditions, the concentrations used were
12.5 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL without S9 mixture and 25
pg/mL, 50 pg/mL, and 100 pg/mL with S9 mixture, respectively. Under
irradiation, the concentration used were 50 pg/mL, 100 pg/mL, and 200 pg/mL
without S9 mixture and 25 pg/mL, 50 pg/mL, 100 pg/mL, and 200 pg/mL with
S9 mixture, respectively.

ii.  Continuous treatment assay: under dark conditions, the test concentrations used
were 12.5 pg/mL, 25 ug/mL, 50 pg/mL, and 100 pg/mL without S9; under
irradiation, 25 pg/mL, 50 pg/mL, 100 pg/mL, and 200 pg/mL without S9.

143. 0.1% CMC-Na was used as a negative control, and Mitomycin C, benzo[a]pyrene
or acridine orange were used as positive controls.

Results

144.  Fine precipitations were observed at 100 pg/mL under the dark conditions and at
200 pg/mL with S9 mixture under irradiation. No cytotoxicity was observed in the
cultures treated with C60 except at 200 pg/mL with S9 mixture under irradiation. The
incidence of cells with structural chromosomal aberrations was less than 5% and that of
polyploid cells was 0% to 1.0%, showing no statistically significant increase at any dose
compared with the vehicle control. No increase in the incidence of either type of
aberration was observed at any dose regardless of metabolic activation and irradiation.

Studies on SWCNTSs -Two studies were reported
Assay procedure

145.  The studies used two different types of SWCNTs (Nikkiso and Super Growth).
Nikkiso CNTs were suspended in water and diluted with 0.3% CMC-Na solution after
sonication at each concentration. Super Growth CNTs were suspended in the distilled
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water with 0.1% CMC-Na and the solution was used for the negative and vehicle control.
Both SWCNTSs were tested in CHL/IU cells.

146. A short term incubation of 6 h was applied in the presence and absence of the
metabolic activation system (S9 mixture). In addition, a long term incubation (24 h) was
done without metabolic activation. The positive controls used were mitomycin C (in the
presence of S9 mixture) and benzo(a)pyrene (in the absence of S9 mixture). For Nikkiso
SWCNTs the following concentrations were used: 6.25 pg/plate, 12.5 pg/plate, 25
pg/plate, 50 pg/plate, and 100 pg/plate. For Super Growth SWCNTS the following
concentrations were used: 390 pg/plate, 500 ug/plate, and 1000 pg/plate.

Results

147. No cytotoxicity was observed at any concentration tested. The expressions of
structural chromosomal aberration and polyploidy were not increased. In both short term
tests (6 h) under the metabolism activation existence and non-existence and long term
tests (24 h) under the metabolism activation non-existence, the expressions of structural
chromosomal aberration and polyploidy were below 5%. The chromosome aberration was
judged to be negative.

Studies on MWCNTS - Two studies were reported
Assay procedure

148.  The studies used two different types of MWCNTSs (Baytubes and Graphistrength
C100). The MWCNTs were tested in V79 cells (Baytubes) and human lymphocytes
(Graphistrength C100). Baytubes were formulated in deionised water at 10 mg/ml and
treated with ultrasound for 30 min at 25 °C, while Graphistrength C100 were dispersed in
ethanol. V79 cells were exposed to Baytubes (2.5 pg/mL, 5 pg/mL, and 10 pg/mL) in the
absence or presence of S9 mixture for 4 h. Harvest was 18 h after the beginning of the
treatment. In addition, cells treated with 10 pg/mL were harvested 30 h after the
beginning of the treatment. An additional experiment was performed using continuous
treatment at 2.5 pg/mL, 5 ng/mL, and 10 pg/mL for 18 h (no S9 mixture) with subsequent
harvest.

149. Graphistrength C100 were tested both with and without a liver metabolizing
system (S9 mixture). The treatment-concentrations were 0.78 pug/mL, 1.56 ug/mL, 3.13
pug/mL, 6.25 ug/mL, 12.5 pg/mL, 25 pg/mL, and 50 ug/mL both with and without S9
mixture. No further information on exposure is provided.

Results

150. No cytotoxic or clastogenic effects were observed for both MWCNTS under the
test conditions used.

Overall summary and discussion

151. The in vitro mammalian chromosomal aberration test was used to assess the
mutagenic potential of seven types of MNMs. In most cases the assays were used both
with and without metabolic activation (S9 mixture). The majority of MNMSs were tested
in the CHO cell line, but V79 cells, CHL/IU, human lymphocytes, and WI-38 cells were
also used. The time of exposure was mostly 4 h (with metabolic activation) and 4 h and
24 h (without metabolic activation), but other times were also used. None of the materials
tested showed any mutagenic activity in the in vitro mammalian chromosomal aberration
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test. No information regarding potential MNMs interferences with the assays was
reported.

3.3.3. TG 476: In Vitro Mammalian Cell Gene Mutation Tests using the Hprt and
xprt genes
(OECD, 2016,4)

General introduction

152.  The purpose of the in vitro mammalian cell gene mutation test is to detect gene
mutations induced by chemical substances. The xanthine-guanine phosphoribosyl
transferase (XPRT) is currently less widely used than the hypoxanthine-guanine
phosphoribosyl transferase (HPRT or gtp) test for regulatory purposes.

Applicability

153. It is known that some test substances may lead to false positive results in this
assay. False positive results are caused by changes in the conditions such as in pH or
osmolality, interaction with the medium components, or excessive levels of cytotoxicity
instead of direct interactions between the test chemicals and the genetic material of the
cell. Cytotoxicity should be evaluated using relative survival, i.e., cloning efficiency of
cells plated immediately after treatment, adjusted by any loss of cells during treatment,
based on cell count, as compared with adjusted cloning efficiency in negative controls
(assigned a survival of 100%). If the maximum concentration is based on cytotoxicity, the
highest concentration should aim to achieve between 20 and 10% relative survival. Care
should be taken when interpreting positive results only found at 10% relative survival or
below. Cytotoxicity exceeding the recommended top cytotoxicity levels is considered
excessive for the HPRT test. Before use of the TG on a mixture for generating data for an
intended regulatory purpose, it should be considered whether, and if so why, it may
provide adequate results for that purpose. Such considerations are not needed when there
is a regulatory requirement for testing of the mixture. The TG does not contain any
MNMs specific considerations.

Assay principle

154.  The cell lines used in these tests measure forward mutations in reporter genes,
specifically the endogenous HPRT (Hprt in rodent cells, HPRT in human cells;
collectively referred to as the Hprt gene and HPRT test in this Guideline), and the XPRT.
Mutant cells deficient in Hprt enzyme activity in the HPRT test or xprt enzyme activity in
the XPRT test are resistant to the cytostatic effects of the purine analogue 6-thioguanine
(TG). The Hprt (in the HPRT test) or gpt (in XPRT test) proficient cells are sensitive to
TG, which causes the inhibition of cellular metabolism and halts further cell division.
Thus, mutant cells are able to proliferate in the presence of TG, whereas normal cells,
which contain the Hprt (in the HPRT test) or gpt (in XPRT test) enzyme, are not.

155. The HPRT and XPRT mutation tests detect different spectra of genetic events. In
addition to the mutational events detected by the HPRT test (e.g. base pair substitutions,
frameshifts, small deletions and insertions) the autosomal location of the gpt transgene
may allow the detection of mutations resulting from large deletions and possibly mitotic
recombination not detected by the HPRT test because the Hprt gene is located on the X-
chromosome.
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Note

156. Tests conducted in vitro generally require the use of an exogenous source of
metabolic activation (usually the S9 mixture) to ensure that potential genotoxicity of liver
metabolites of the tested compound is also detected (unless the cells are metabolically
competent with respect to the test substances). The exogenous metabolic activation
system does not entirely mimic in vivo conditions.

Assay procedure

157.  Cells in suspension or monolayer cultures are exposed to the test chemical, both
with and without an exogenous source of metabolic activation, for a suitable period of
time (3 h to 6 h), and then sub-cultured to determine cytotoxicity and to allow phenotypic
expression prior to mutant selection. Cytotoxicity is determined by relative survival (RS),
i.e., cloning efficiency measured immediately after treatment and adjusted for any cell
loss during treatment as compared to the negative control. The treated cultures are
maintained in growth medium for a sufficient period of time, characteristic of each cell
type, to allow near-optimal phenotypic expression of induced mutations (typically a
minimum of 7 days to 9 days). Following phenotypic expression, mutant frequency is
determined by seeding known numbers of cells in medium containing the selective agent
to detect mutant colonies, and in medium without selective agent to determine the cloning
efficiency (viability). After a suitable incubation time, colonies are counted. Mutant
frequency is calculated based on the number of mutant colonies corrected by the cloning
efficiency at the time of mutant selection.

Studies from the Testing Programme where TG 476 was used to test MNMs
158. The TG 476 was used in the OECD WPMN Testing Programme to test TiO, NPs,
Zn0O NPs, SiO, NPs, and MWCNTSs.

Studies on TiO, MNMs - Four studies were reported

Assay procedure

159.  The studies tested four different types of TiO, MNMs (NM-101, NM-103, NM-
104, and NM-105). All TiO, NPs were tested in mouse lymphoma cells (L5178Y TK +/-
). The particles were dispersed in BSA 0.05% prepared in milliQ water (2.56 mg/mL
stock solution in BSA 0.05 %, sonication for 16 minutes at 10% amplitude). A single
dose exposure was performed at a concentration range of 32 pg/mL, 64 pg/mL, 128
pg/mL, 256 pg/mL, 312.5 pg/mL, 625 pg/mL, 1250 pug/mL, 2500 pg/mL, and 5000
ug/mL. The duration of exposure was 24 h.

Deviation from the current TGs
160. The assay was performed without metabolic activation.

Results
161. All TiO, NPs resulted to be not mutagenic in L5178Y TK +/- cells at the tested
doses with the in vitro mammalian cell gene mutation test.

Studies on SiO, MNMs - Seven studies were reported

Assay procedure
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162. The studies used four different types of SiO, MNMs (NM-200, NM-201, NM-
202, and NM-203). The NM-200, NM-201, NM-202, and NM-203 were tested in
L5178Y TK +/- cells without metabolic activation, at concentrations 32 pg/mL, 64
pg/mL, 128 pg/mL, 256 pg/mL, 625 pg/mL, 1250 pg/mL, 2500 pg/mL, and 5000 pg/mL,
exposure duration as 24 h. In addition, NM-200 was tested in in L5178Y TK +/- cells in
the presence of S9 mixture. In the latter study concentration 10 pg/mL, 100 pg/mL, 300
pg/mL, 900 pg/mL, 2700 pg/mL, and 5000 pg/mL were used and the times of exposure
were 4 and 24 h. The CHO cell line was used to test NM-202 and NM-203 with and
without metabolic activation. The concentrations applied without the S9 mixture were -
S9: 10 pg/mL, 50 pg/mL, 100 pg/mL, 150 pg/mL, and 250 ug/mL, and with S9 mixture
were 100 pg/mL, 200 pg/mL, 300 pg/mL, 400 pg/mL, and 500 pg/mL. The CHO cells
were incubated with the particles for 5 h.

Deviation from the current TGs
163. In some studies, the assay was performed without metabolic activation.
Results

164.  The results obtained in in L5178Y TK +/- cells and CHO cells were negative (no
mutagenicity) for all tested SiO, MNMs at the tested concentrations.

Studies on ZnO MNMs - One study was reported
Assay procedure

165. Z-COTE HP (NM-111) NPs were tested using the in vitro mammalian cell gene
mutation test according to OECD 476 in comparison to the reference items NM-110 and
NM-113 under GLP conditions. The particles were dispersed in phosphate buffer
prepared at a volumetric ratio of 1 to 9 with 100 pg/mL soy lecithin (1 part) and RPMI-
1640 medium with 5% horse serum (9 parts). The particle suspension were added to
L5178Y TK +/- cells in the presence or absence of metabolic activation at concentrations
1, 2 pg/mL, 4 pg/mL, 5 pg/mL, and 6 pg/mL (without S9 mixture) and 2.5 pg/mL, 5
pug/mL, 7.5 pg/mL, and 10 pg/mL (with S9 mixture). The cells in suspension culture were
treated for 4 h. Controls included negative controls (medium, medium with soy lecithin,
methyl methane sulfonate, and cyclophosphamide), vehicle control, and positive controls
(with and without S9 —mixture). The concentrations were chosen based on a pre-test
performed for dose range finding related to cytotoxicity.

166. The gene mutation potential of the test item Z-COTE HP1 (coated nanoscaled
ZnO) was determined in comparison to the reference items Z-COTE (non-coated
nanoscaled ZnO) and micro scaled ZnO. Therefore the treated cells were cultured for 6 -7
days in cell culture medium followed by a 14 days to 16 days culture period in selection
medium containing 5-fluorothymidine (TFT). Finally, the mutant frequency was
calculated based on the number of TFT resistant colonies evaluated microscopically. In
addition the treated cells were tested for cytotoxicity (relative total growth). All
experiments of this study were performed in duplicates.

Results

167. NM-111 induced increases of mutant frequency in both replicates at 6 pg/mL
without S9 mixture (relative total growth: 21% compared to vehicle control) and 7.5
pug/mL with S9 mixture (relative total growth: 50% compared to vehicle control), and in
one replicate at 5 ug/mL without S9-mix (relative total growth: 62% compared to vehicle
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control). However, significantly increased mutant frequency was always linked to
cytotoxicity. In tests using the S9 mixture, relevant increases in mutant frequency were
obvious for both MNMs at 7.5 pug/mL (relative total growth: < 52% compared to vehicle
control) but these increases were again linked to cytotoxicity. Furthermore, slightly
increased turbidity was noted for NM-111 at 10 pg/mL, for NM-110 at 7.5 ug/mL as well
as for NM-113 which may influence the conduct of the test. The test results are
considered as ambiguous by the author for NM-111, NM-110 as well as for NM-113 as
increases in mutant frequency were always linked to cytotoxicity.

Studies on MWCNTSs - One study was reported
Assay procedure

168. The MWCNTSs (Graphistrength C100) were dispersed in ethanol and added at
concentrations 0.625 pg/mL, 1.25 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL, and 20 pg/mL
to L5178Y TK +/- cells. Approximately (0.5 x 106) cells/mL (3 h treatment) or (0.15 X
106) cells/mL (24 h treatment) in 20 mL culture medium with 5% horse serum were
exposed to the test or control items, in the presence or absence of S9 mixture (final
concentration of S9 fraction 2%), at 37°C. Cytotoxicity was measured by assessment of
adjusted relative total growth and relative suspension growth (as well as cloning
efficiency following the expression time. The number of mutant clones (differentiating
small and large colonies) was checked after the expression of the mutant phenotype.

Results
169.  No mutagenic activity was induced by MWCNTSs in L5178Y TK +/- cells.

Overall summary and discussion

170. In vitro mammalian cell gene mutation tests were used to assess the mutagenic
potential of four types of MNMSs. In most cases the assays were performed both with and
without metabolic activation (S9 mixture). The L5178Y TK +/- cells were used to test all
MNMSs. In addition, CHO cells were used in two studies to test SiO, NPs. None of the
materials tested showed clearly evident mutagenic activity in the in vitro mammalian cell
gene mutation tests. No information regarding potential MNMs interferences with the
assays was reported for MWCNTSs, SiO, NPs, and TiO, NPs. For ZnO NPs the increased
turbidity was reported at higher concentrations which could potentially influence the
conduct of the test.

171.  The in vitro mammalian cell gene mutation tests (TG 476) is considered as an
alternative for the bacterial reverse mutation test (TG 471), as no report has yet identified
specific limitations when testing MNMs with TG 476 [ENV/IM/MONO(2014)34].

3.3.4. TG 487: In Vitro Mammalian Micronucleus Test

(OECD, 20165)

General introduction

172.  The in vitro micronucleus test is a genotoxicity test for the detection of
micronuclei in the cytoplasm of interphase cells after treatment with the test substance.
The test is a method that provides a comprehensive basis for investigating chromosome
damaging potential in vitro because both aneugens and clastogens can be detected in cells
that have undergone cell division during or after exposure to the test chemical.
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Micronuclei represent damage that has been transmitted to daughter cells, whereas
chromosome aberrations scored in metaphase cells may not be transmitted. This TG 487
also allows for the use of protocols without cytokinesis block, provided there is evidence
that the cell population analysed has undergone mitosis. As micronuclei may arise from
lagging chromosomes, there is the potential to detect aneuploidy-inducing agents that are
difficult to study in conventional chromosomal aberration tests, e.g. OECD TG 473.
However, the in vitro micronucleus test as described in TG 487 does not allow for the
differentiation of substances inducing changes in chromosome number and/or ploidy
from those inducing clastogenicity without special techniques such as Fluorescence In
Situ Hybridization (FISH).

173.  To analyse the induction of micronuclei, it is essential that mitosis has occurred in
both treated and untreated cultures. The most informative stage for scoring micronuclei is
in cells that have completed one mitotic phase during or after treatment with the test
chemical.

Applicability

174. Some test substances tested in the in vitro micronucleus assay can give false
positive results which do not reflect the genotoxicity of the test chemicals. Such
conditions include changes in pH or osmolarity, interaction with the cell culture medium
or excessive levels of cytotoxicity. The TG mentions that for MNM specific adaptations
of this TG are needed but they are not described.

Assay principle

175.  The mammalian cell micronucleus in vitro test is robust and can be conducted in a
variety of cell types. The test may employ cultures of cell lines or primary cell cultures,
of human or rodent origin. It is recommended that cell types with a stable and defined
background frequency of micronucleus formation be used. Cell cultures of human or
other mammalian origin are exposed to the test chemical both with and without an
exogenous source of metabolic activation unless cells with an adequate metabolising
capability are used. Micronuclei may originate from acentric chromosome fragments (i.e.
lacking a centromere), or whole chromosomes that are unable to migrate to the poles
during the anaphase stage of cell division. The TG 487 allows the use of protocols with
and without the actin polymerisation inhibitor cytochalasin B. The addition of
cytochalasin B prior to mitosis results in cells that are binucleate and therefore allows for
the identification and analysis of micronuclei in only those cells that have completed one
mitosis. Tests conducted in vitro generally require the use of an exogenous source of
metabolic activation unless the cells are metabolically competent with respect to the test
substances. The exogenous metabolic activation system does not entirely mimic in vivo
conditions.

Assay procedure

176. During or after exposure to the test chemical, the cells are grown for a period
sufficient to allow chromosome damage or other effects on cell cycle/cell division to lead
to the formation of micronuclei in interphase cells. For induction of aneuploidy, the test
chemical should ordinarily be present during mitosis. Harvested and stained interphase
cells are analysed for the presence of micronuclei. Ideally, micronuclei should only be
scored in those cells that have completed mitosis during exposure to the test chemical or
during the post-treatment period, if one is used. In cultures that have been treated with a
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cytokinesis blocker, this is easily achieved by scoring only binucleated cells. In the
absence of a cytokinesis blocker, it is important to demonstrate that the cells analysed are
likely to have undergone cell division, based on an increase in the cell population, during
or after exposure to the test chemical. For all protocols, it is important to demonstrate that
cell proliferation has occurred in both the control and treated cultures, and the extent of
test chemical-induced cytotoxicity or cytostasis should be assessed in all of the cultures
that are scored for micronuclei.

Studies from the Testing Programme where TG 487 was used to test MNMs

177. The TG 487 was used in the OECD WPMN Testing Programme to test SiO, and
TiO, NPs.

Studies on SiO, MNMs - Twenty-two studies were reported
Assay procedure

178.  The studies used four different types of SiO, NPs (NM-200, NM-201, NM-202,
and NM-203). All four SiO, MNMs were tested in five different cell cultures: human
bronchial epithelial (16-HBE) cell line, A549 cell line, BEAS-2B cell line, Caco-2 cell
line, and human primary peripheral blood lymphocytes.

179.  All particles were dispersed in BSA 0.05% prepared in milliQ water (2.56 mg/mL
stock solution in BSA 0.05%, sonication for 16 minutes at 10% amplitude).

180. The applied concentrations varied between studies. The lowest concentration
range tested was 4 pg/mL, 8 pg/mL, 16 pg/mL, 32 pg/mL, and 64 pg/mL. The highest
concentration range used was 64 pg/mL, 128 pg/mL, 256 pg/mL, 312.5 pg/mL, 625
pg/mL, and 1250 pg/mL. The times of incubation of the cells with MNMs were: 16-HBE
- 31 h, A549 - 48 h, BEAS-2B — 48 h, Caco-2 — 52 h, and human primary lymphocytes —
30 h.

181. In most of the studies the test was performed with addition of cytochalasin B. In
16-HBE, A549, and BEAS-2B cell lines, and human primary lymphocytes, cytochalasin
B was added 6 h after addition of the MNMs, while in undifferentiated Caco-2 cell line
cytochalasin B was added 24 h after addition of the MNMs. Cytochalasin B was not used
in two studies (NM-200 and NM-202 tested in 16-HBE cells). All tests were performed
without metabolic activation.

Results
NM-200

182. No cytotoxic effects were found in 16-HBE cells, Caco-2 cells, A549 cells and
human lymphocytes at any concentration tested. Cytotoxicity was observed in BEAS-2B
cells at concentrations > 256 pg/ml. The particles did not induce aneugenic/clastogenic
damage in 16-HBE cells, A549 cells, BEAS-2B cells, human lymphocytes. However, in 2
out 3 experiments, a statistical dose-dependent increase in the frequency of binucleated
cells with micronuclei was observed in Caco-2 cells with the cytokinesis-block
micronucleus assay. It was concluded that NM-200 is genotoxic and induces
chromosomal damage at the highest doses in vitro.

NM-201 and NM-202

183. The particles did not induce chromosomal damage in 16-HBE, BEAS-2B, and
human lymphocyte cells. However, in 2 out 3 experiments, a statistical dose-dependent
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increase in the frequency of binucleated cells with micronuclei was observed in A549 and
Caco-2 cells with the cytokinesis-block micronucleus assay. It was concluded that NM-
201 is genotoxic at the highest doses in vitro.

NM-203

184.  The particles did not induce chromosomal damage in 16-HBE cells and human
lymphocytes. Conflicting results were obtained in A549, Caco-2, and BEAS-2B cells,
where the particles were negative is some experiments, which in other experiments a
dose-dependent increase in the frequency of binucleated cells with micronuclei was
observed.

Studies on TiO, MNMs - Twenty-six studies were reported
Assay procedure

185.  The studies used four different types of TiO, NPs (NM-102, NM-103, NM-104,
and NM-105). All four TiO, MNMs were tested in six different cell cultures: 16-HBE,
A549, BEAS-2B cell lines, undifferentiated Caco-2 cell line, human primary peripheral
blood lymphocytes, and normal human keratinocytes (NHK).

186.  All particles were dispersed in BSA 0.05% prepared in milliQ water (2.56 mg/mL
stock solution in BSA 0.05%, sonication for 16 minutes at 10% amplitude). The exposure
doses used were from 2 pg/mL to 512 pg/mL but the applied concentrations ranges
varied between studies. The times of incubation of the cells with MNMs were: 16-HBE —
41 h, A549 — 24 h, BEAS-2B — 48 h, Caco-2 — 52 h, human primary lymphocytes — 30 h.

187. In most of the studies, except the ones performed with the human bronchial 16-
HBE cell line, the test was run with addition of cytochalasin B. In experiments with the
A549 cells, BEAS-2B cell line, human primary lymphocytes, and NHK cells,
cytochalasin B was added 6 h after addition of the MNMSs, while in Caco-2 cell line
cytochalasin B was added 24 h after addition of the MNMs. All tests were performed
without metabolic activation.

Results
NM-102

188. The MNM did not induce aneugenic/clastogenic damage in 16-HBE, A549, and
Caco-2 cells at the doses tested. The test in BEAS-2B cells was performed in 6
laboratories. No effect was observed for 4 out of 6 laboratories but one laboratory showed
a positive response (increase in micronucleus frequency in binucleated cells) and other
laboratory showed an equivocal response with an increase in micronuclei observed only
at some doses. A dose-dependent increase in the frequency of binucleated cells with
micronuclei was observed in NHK cells.

NM-103

189. The MNM did not induce aneugenic/clastogenic damage in 16-HBE, A549 cells,
BEAS-2B, and Caco-2 cells at the doses tested with the micronucleus assay. Interestingly,
the particles induced damage at the lower concentrations tested (5 pg/mL and 45 pg/mL,
but not 15 pg/ml) in the human blood lymphocytes. A dose-dependent increase in the
frequency of binucleated cells with micronuclei was observed in NHK cells.

NM-104
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190. The MNM did not induce aneugenic/clastogenic damage in 16-HBE, A549, and
Caco-2 cells at the doses tested. Interestingly, the particles induced damage at the lower
concentrations tested (15 pg/mL and 45 pg/mL) in the human blood lymphocytes. A
dose-dependent increase in the frequency of binucleated cells with micronuclei was
observed in NHK cells.

NM-105

191. The MNM did not induce aneugenic/clastogenic damage in 16-HBE, BEAS-2B,
A549, and Caco-2 cells, and human lymphocytes and at the doses tested. A dose-
dependent increase in the frequency of binucleated cells with micronuclei was observed
in NHK cells.

Overall summary and discussion

192.  The in vitro mammalian micronucleus test was used to assess the mutagenic
potential of two types of MNMs. In all cases the assay was used without metabolic
activation. All MNMs were tested in 16-HBE cells, A549 cells, BEAS-2B cells, and
human primary lymphocytes. In addition, all TiO, MNMs were tested in NHK cells. The
time of exposure was between 30 h and 52 h and varied between cell lines but was the
same for the same cell line. In most tests cytokinesis was blocked using Cytochalasin B.
Cytochalasin B was added to the cells 6 h after addition of the MNMs in all cell lines
except Caco-2 cells in which case it was added 24 h after addition of MNMs.

193. None of the tested particles induced damage in 16-HBE cells. All tested TiO,
particles induced a dose-dependent increase in the frequency of binucleated cells with
micronuclei observed in NHK cells. For the other cell lines, the results of the
micronucleus tests with SiO, and TiO, particles varied. Interestingly, in two studies TiO,
particles induced damage at the lower concentrations tested (15 pg/mL and 45 pg/mL) in
the human blood lymphocytes, which was not observed at higher concentrations. No
information regarding potential MNMs interferences with the assays was reported.

194. It has to be stressed that the OECD Expert meeting on Genotoxicity of
Manufactured Nanomaterials [ENV/IM/MONO(2014)34] (OECD, 2014;), concluded
that “the extent of cellular uptake is a critical factor to consider when interpreting test
results. In some circumstances, a lack of uptake in a mammalian cell may indicate a low
intrinsic hazard from a direct genotoxicity perspective.” It also recommended that “the
test guidelines program should consider modification of the in vitro micronucleus assay
to recommend, where cyto B is used, its addition using a post-treatment or delayed co-
treatment protocol, in order to ensure a period of exposure of the cell culture system to
the nanomaterial in the absence of cyto B”. Moreover, the Scientific Committee on
Consumer Safety “Guidance on the safety assessment of nanomaterials in cosmetics”
(2012) (SCCS (Scientific Committee on Consumer Safety), 2012) states that
“cytochalasin B, which is often used in to inhibit cytokinesis, may inhibit endocytosis and
hence has been suggested to lead to false negative outcomes with particles (Landsiedel et
al., 2009). For several types of nanoparticles (e.g. titanium dioxide, multi-walled carbon
nanotubes), the microscopic evaluation of cytokinesis-block proliferation index and
micronucleus identification was found to be inappropriate at high testing concentrations
due to the overload of agglomerates (Corradi et al., 2011).”
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3.3.5. Comet assay (single-cell gel electrophoresis)

General introduction

195. The Comet assay (single-cell gel electrophoresis) is a simple and sensitive method
for measuring DNA damage and repair in individual eukaryotic cells. The assay detects
single and double-stranded DNA breaks by measuring the migration of DNA from
individual nuclei following alkaline treatment. It is frequently used for evaluation of
DNA damage/repair, biomonitoring and genotoxicity testing. The alkaline Comet assay
modified by additional use of lesion-specific endonucleases, such as formamido-
pyrimidine-DNA glycosylase (FPG) and endonuclease 111 (ENDOIII, also known as Nth),
can detect DNA bases with oxidative damage. The results from the Comet Assay can give
an indication of potential genotoxicity of environmental chemicals.

Assay principle

196. The assay involves the encapsulation of cells in a low-melting-point agarose
suspension, lysis of the cells in neutral or alkaline conditions, and electrophoresis of the
suspended lysed cells. The term "Comet" refers to the pattern of DNA migration through
the electrophoresis gel, which often resembles a comet. The likely basis for this is that
loops containing a break lose their supercoiling and become free to extend toward the
anode.

General procedure

197. Cells treated with a test substances are embedded in agarose on a microscopic
slide and lysed with detergent and high salt to form nucleoids containing supercoiled
loops of DNA linked to the nuclear matrix. In the modified Comet assay, the slides are
then treated with lesion-specific endonucleases, for detection of oxidative DNA-damage.
This is followed by electrophoresis at high pH and visual analysis with staining of DNA.
Electrophoresis results in structures resembling comets observed by fluorescence
microscopy. The fluorescence intensity and length of the comet tail relative to the head
reflects the number of DNA breaks and thus the extent of DNA damage. This can be
determined manually by identification of comets and measurement of the florescence
intensity using appropriate software, or automatically using a high-content imaging
platform.

Studies from the Testing Programme where the Comet assay was used to test
MNMs

198. The Comet assay was used in the OECD WPMN Testing Programme to test TiO,
and SiO, NPs and SWCNTSs.

Studies on TiO, MNMs: 28 studies were reported
Assay procedure

199. The TiO, MNMs were tested in various cell lines: NM-102, NM-103, NM-104,
and NM-105were tested in EpiDerm™, 16-HBE cells, A549 cells, Caco-2 cells, and
normal human epidermal keratinocytes (NHEK). NM-101, NM-102, NM-103, NM-104,
and NM-105 were tested in BEAS-2B cells and NM-105 was tested in VV79. In most
studies the TiO, NPs were dispersed in 0.05% BSA prepared in milliQ water (2.56
mg/mL stock solution in 0.05% BSA, sonication for 16 minutes at 10% amplitude).
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200. The applied concentrations varied between studies and between cell lines. The
lowest concentration range tested was 1 pg/mL, 10 pg/mL, 100 pg/mL. The highest
concentration range used was 5 pg/mL, 100 pg/mL, and 256 pg/mL. For the EpiDerm™
model the concentrations 82 pg/cm?, 164 pg/cm?, and 246 pg/cm? were applied.

201. The times of incubation of the cells with MNMs were in most cases 3 h and 24 h,
while for the EpiDerm™ model it was 72 h.

Results
NM-102

202. No genotoxicity was observed in the EpiDerm™ model treated with NM-102. In
BEAS-2B cells the NM-102 induced genotoxic effects at both exposure times. In 16-HBE
cells and A549 cells the effects were observed only after 3 h and not after 24 h of
exposure. For the Caco-2 and NHEK cells the results were ambiguous.

NM-103

203. NM-103 did not induce DNA breaks in EpiDerm™, 16-HBE cells, A549 cells
and BEAS-2B cells. In Caco-2 cells a positive response with the alkaline Comet assay
was observed only after 24 h, while in NHEK at both 3h and 24h exposure times.

NM-104

204. NM-104 did not induce DNA strand breaks in all cell cultures except NHEK,
where the result was ambiguous since the increase in the % Tail DNA at both 3h and 24h
exposure was observed at one dose only.

NM-105

205. No genotoxicity was observed in the EpiDerm™ model and BEAS-2B cells
treated with NM-105. NM-105 induced DNA strand breaks in 16-HBE and Caco-2 cells
following 24 h (but not 3 h). In A549 cells the effects were observed only after 3 h and
not after 24 h of exposure. In V79 cells NM-105 induced a genotoxic effect (significant
compared to the control) at 100 mg/L after 24 h exposure.

206.  No results are reported for NM-101 in the dossier.

Studies on SiO, MNMs - 18 studies were reported
Assay procedure

207. The SiO, MNMs were tested in various cell lines: NM-200, NM-201, NM-202,
and NM-203 were tested in A549, BEAS-2B, and Caco-2 cells, NM-201, NM-202, and
NM-203 were tested in 16-HBE cells, and NM-200 was tested in primary rat alveolar
macrophage.

208. In several studies (12/18) both the alkaline Comet assay and the FpG-modified
Comet assay were used. The procedure for dispersion is reported in 3 out of 18 studies.
SiO, NPs were dispersed in 0.05% BSA prepared in milliQ water (2.56 mg/mL stock
solution in 0.05% of BSA followed by sonication for 16 minutes at 10% amplitude).

209. The applied concentrations varied between studies and between cell lines. The
lowest concentration range tested was 19 ng/mL, 95 ng/mL, and 475 ng/mL. The highest
concentration range used was 2.56 pg/mL, 25.6 pg/mL, 256 pg/mL, and 512 pg/mL. In
many studies the concentrations are reported both in pg/mL and in pg/cm?. The times of

Unclassified



ENV/JM/MONO(2018)4 | 53

incubation of the cells with MNMs were in most cases 3 h and 24 h. For the primary rat
alveolar macrophages the incubation times were 4 h and 24 h.

Results
NM-200

210. No cytotoxic effects were observed in any of the cell lines used. The observed
genotoxic effects of NM-200 varied between studies. In A549 cells the nanomaterial
induced equivocal genotoxic response in A549 cells following 3 h treatment and was not
genotoxic following 24 h treatment at the tested dose with the alkaline Comet assay,
while in a second study in the same cell line it induced a positive response in the Comet
assay at 3 h at 2 doses (256 pg/mL and 512 pg/mL), and an equivocal response at 24 h
with an increase at the lowest dose (2.56 pug/mL). NM-200 did not induce oxidative DNA
damage in A549 cells at both 3 h and 24 h at the tested dose with the FpG-modified
Comet assay.

211. In BEAS-2B cells NM-200 induced DNA strand breaks at 2 doses following 3 h
treatment with the alkaline Comet assay and equivocal oxidative DNA damage following
3 h treatment at one dose only (256 ug/ml) in the FpG-modified alkaline Comet assay.

212.  In Caco-2 cells, NM-200 induced DNA strand breaks at 2 doses following both 3
h (25.6 pg/mL and 256 pg/mL) and 24 h (256 pg/mL and 512 pg/mL) treatment with the
alkaline Comet assay. Oxidative DNA damage was detected with the FpG-modified
Comet assay after treatment with NM-200 for 24 h at 3 doses (2.56 pg/mL, 256 pg/mL,
and 512 pg/mL). An equivocal response at one dose (256 pg/mL) after 3 h exposure was
detected with the FpG-modified Comet assay. NM-200 did not induce DNA damage in
human bronchial 16-HBE cells and in primary rat alveolar macrophages.

NM-201

213. The observed genotoxic effects of NM-201 varied between cell lines. In A549
cells the Comet assay was positive after treatment with the highest doses (256 pg/mL and
512 pg/mL) for at 3 h, while an equivocal response was observed at 24 h with an increase
in the % tail DNA only at the lowest dose (2.56 pg/mL). In BEAS-2B cells NM-201
induced an equivocal response at 3 h with an increase in the % tail DNA at one dose (256
pg/mL). The cells were not treated for 24 h.

214.  Contrary to the A549 cells, in Caco-2 cells the results of the Comet assay were
negative in cells treated for 3 h, while an equivocal response was observed in cells treated
for 24 h but only at one dose (25.6 pg/mL). NM-201 did not induce DNA damage in 16-
HBE cells.

NM-202

215. The observed genotoxic effects of NM-202 varied between cell lines. In A549
cells, the Comet assay was positive after treatment with 2 doses (25.6 pg/mL and 256
pg/mL, but not 512 pg/mL) for at 3 h, while an equivocal response was observed at 24 h
with an increase in the % tail DNA only at one dose. In BEAS-2B cells NM-202 induced
a positive response at 3 h at 3 doses (2.56 pg/mL, 25.6 pg/mL, and 256 pug/mL). The cells
were not treated for 24 h. An equivocal response at only one dose (25.6 pg/mL) was
observed in Caco-2 cells treated for 3 h and 24 h. NM-202 did not induce DNA damage
in 16-HBE cells.

NM-203
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216.  Like the other SiO2 NPs tested, NM-203 did not induce DNA damage in 16-HBE
cells.

217.  In A549 cells the NM-203 did not induce genotoxicity at 3 h, while the results of
the Comet assay were positive at 24 h with an increase in % tail DNA at 2 doses (25.6
pg/mL and 256 pg/mL, but not 512 pg/mL). In BEAS-2B cells and in Caco-2 cells the
NM-203 induces a positive response after 3 h treatment with three doses (2.56 pg/mL,
25.6 pg/mL, and 256 pg/mL) and two doses (2.56 pg/mL and 25.6 pg/mL) respectively,
while the results at 24 h were not reproducible (negative in 3 experiments, positive in 3
experiments).

Studies on SWCNTSs - 7 studies were reported
Assay procedure

218.  The studies tested six different types of SWCNTSs: CNI, EliCarb, Sigma-Aldrich,
NIST, Heji, and COCC SWCNTSs. Each type of SWCNT was tested in a different cell
lines: V79 (CNI SWCNT), Mouse FEI-MML epithelial cell line (EliCarb SWCNT),
BEAS-2B cells (Sigma-Aldrich CNT), RAW 264.7 (Sigma-Aldrich CNT), normal human
mesothelial cells (NIST SWCNT), malignant human mesothelial cells (NIST SWCNT),
human peripheral blood lymphocytes (Heji SWCNT), primary mouse embryo fibroblasts
(COCC SWCNT).

219. The methods of dispersion differed significantly between the types of SWCNTSs
tested (see Annex for details). There was a great variability in the number of doses
applied, the concentrations ranges used and the dose metrics (pg/cm? or in pg/mL). Only
in one case the concentrations are reported both in pg/cm? and in ug/mL. The times of
incubation with MNMs varied between cell types (2 h in case of Raw 264.7 cells up to 72
h for BEAS-2B cells treated with Sigma-Aldrich CNT).

Results

220. CNI SWCNT induced DNA damage in V79 after only 3 h of incubation with 96
pg/cm? of SWCNTs. EliCARB SWCNTs did not increase the level of strand breaks in
mouse FEI-MML epithelial cell line, but significantly increased the level of FpG sensitive
sites/oxidized purines as determined by the Comet assay. Sigma-Aldrich CNTs induced a
dose-dependent increase in DNA damage in BEAS-2B cells. After the 48 h and 72 h
treatments with CNTSs, the effect was also very clear; a statistically significant increase in
DNA damage was observed at all tested doses, with a significant dependence on dose. In
RAW 264.7 the % tail DNA was increased in a Comet assay after treatment with 10
ug/mL and 100 pug/mL of Sigma-Aldrich CNTSs for 24 h.

221.  In normal and malignant mesothelial cells exposed to 25 pg/cm?® or 50 pg/cm? of
NIST SWCNTs for 24 h, DNA damage was induced in both cell types at both doses.
Exposure of NM cells to 25 or 50 ug/cm* SWCNTSs for 24 hr resulted in a 5.2- and 6.6-
fold increase in DNA tail length migration, respectively. In contrast, exposure of MM
cells to the same mass concentrations of crocidolite for 24 h caused an increased DNA
tail migration of 7.9- and 11.1-fold, respectively. Co-incubation of MM cells with
SWCNTSs (25 pg/cm?) and catalase (100 U/mL), SOD (100 U/mL), or deferoxamine (1
mM; an iron chelator) for 24 hr resulted in a 35%, 30%, and 32% decrease in DNA
damage, respectively.
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222. No genotoxic effects were found in the Comet assay in human leukocytes
following 6 h treatment with Heji SWCNT at concentrations of 0.5 pg/mL, 1 ug/mL, 5
pug/mL, and 10 pg/mL.

223. Exposure of primary mouse embryo fibroblast (BALB/c mouse) to COCC
SWCNTs (5 pg/mL or 10 pg/mL) for 24 h resulted in increase of % tail DNA, tail length,
and tail movement.

Overall summary and discussion

224.  With the Comet assay, the responses were largely negative or equivocal in the
tested cells for most of the investigated MNs. When positive results were obtained, in
most cases, dose response relationship could not be established which makes it difficult to
conclude on the in vitro genotoxicity of the MNs tested. Moreover, the large variability in
all the experimental conditions (including differences in cell lines used, concentrations
tested, times of exposure, and dispersion protocols) makes the comparability of the results
from the various studies practically impossible. It should be noted that in contrast to other
in vitro genotoxicity studies, the DNA damage picked up by the Comet assay may be
repaired at later cell cycles. Therefore, the results from the Comet Assay can only give an
indication of potential genotoxicity of environmental chemicals.

3.3.6. Double-Strand Breaks (DSB) assay (Histone H2AX phosphorylation)

General introduction

225. DNA double-strand breaks (DSBs) are formed as a result of genotoxic insults and
are among the most serious types of DNA damage. One of the earliest molecular
responses following DSB formation is the phosphorylation of the histone H2AX, giving
rise to y-H2AX. Many copies of y-H2AX are generated at DSBs and can be detected in
vitro using well-established immuno-histochemical methods.

Assay principle

226. The detection of y-H2AX relies on immunological techniques using specific
monoclonal and/or polyclonal antibodies against the H2AX C-terminal phosphorylated
peptide. Total y-H2AX levels can be measured either in cell and/or tissue lysates or
directly in cells and tissues. In the first approach, the techniques establish the overall y-
H2AX levels in lysates by using immunoblotting or the enzyme-linked immunosorbent
assay (ELISA). In the second approach, y-H2AX levels are measured directly in cell
nuclei by microscopy or fluorescence-activated cell sorting (FACS). Large numbers of y-
H2AX molecules formed at DNA break sites create bright foci that allow detection of
individual DSBs, making foci counting the most sensitive assay to detect DNA damage.
In the OECD Testing Programme the method based on microscopic detection and
counting of y-H2AX foci was used.

General procedure (as used in the OECD Testing Programme)

227.  Cells are exposed to the test substance for a defined period of time. The cells are
then fixed, permeabilised and stained with specific monoclonal or polyclonal primary
antibodies anti-y-H2AX, followed by the secondary fluorescent antibody. Florescent -
H2AX foci are detected microscopically and can be quantified using automatic image
analysis systems.
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Studies from the Testing Programme where Double Strands Breaks (DSB) assay
was used to test MNMs

228. The DSB assay was used in the OECD WPMN Testing Programme to test
SWCNTs.

Studies on SWCNTSs: Two studies were reported
Assay procedure

229.  Arc SWCNTs, amide-functionalised SWCNTs and NIST SWCNTSs were tested.
Arc SWCNTs and amide-functionalised SWCNTSs were suspended in dimethylsulfoxide
(DMSO) and ultrasonically dispersed for 30 minutes. Exponentially growing normal
human dermal fibroblasts (HDMEC) were seeded on poly-lysine glass-slides for 24 h.
After that time cells were treated with four different doses of carbon nanotubes (25
puL/mL, 50 pL/mL, 100 uL/mL, and 150 pL/mL). The repair kinetics of induced DSBs
was measured after 24 h. Cells were fixed with 2% paraformaldehyde, permeabilised with
0.2% Triton X-100, and stained with the primary antibody and an FITC-labelled
secondary antibody. Cell nuclei were co-stained with PIl. Foci were counted using an
epifluorescent microscope Axiomager Al (Zeiss) and the program ImageJ.

230. For NIST SWCNTs no details on the dispersion procedure are provided. Normal
and malignant mesothelial human cells were cultured in black-wall/clear-bottom
microplates and exposed to 25 pg/em® or 50 pg/em® SWCNTs for 24 h. H2AX
phosphorylation was detected according to the manufacturer’s protocol of the kit
(Millipore, Billerica, MA).

Results

231. In the fibroblast cell line the same dose of Arc SWCNTSs induced 2.7-fold higher
number of y-H2AX foci than in a non-treated control. Amide functionalized SWCNTs
also induced an increased number of y-H2AX foci, 3.2-fold higher than the control.
Exposure of NM and MM cells to 25 pg/cm? or 50 pg/cm® NIST SWCNTSs resulted in a
nominal increase in phosphorylation of H2AX, which was moderately higher in MM
cells. The same concentrations of crocidolite (positive control) induced a significantly
greater phosphorylation in both cell types.

Overall summary and discussion

232. There are several issues with interpreting the results from the reported studies to
assess the genotoxicity potential of SWCNTSs including, 1) each study used different cell
line and SWCNTSs from different sources and with different surface modifications; 2) the
SWCNTSs concentrations are expressed using different dose-metric (ug/cm? or uL/mL); 3)
the first study did not use a positive control making it difficult to determine the biological
relevance of the increase in the number of foci; and 4) the reports do not mention any
problems of interactions of the MNMs with the assay but it could be assumed that if
MNMs with autofluorescence are tested, they could interfere with the quantification of
foci.. All these issues make the comparison of the results impossible.

3.3.7. Literature Survey of Genotoxicity Assays

233. A literature search was performed to give an overview which in vitro genotoxicity
assays have been used to test MNMs after the culmination of the Testing Programme.
PubMed (https://www.ncbi.nlm.nih.gov/pubmed) was used to retrieve the abstracts of the
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publication, using search keywords as listed in the notes to Table 4. The search was
performed on the 6th December 2016. Table 4 reports the numbers of publication per
MNM and per assay. The publication list (ANNEX) was limited to MNM types and

genotoxicity assays used in the OECD Testing Programme.

Table 4. Number of publications where in vitro genotoxicity assays were used to test the

MNMs (2010-2016)

Assay Ag i Au : SIO, | TiIO, : ZnO | CeO | SWCNTs | MWCNTs | Fullerenes
AMES test" 3.0 0 3 1 0 3 3 2

In  vitro mammalian  chromosomal = 2 1 4 2 3 0 5 7 3
aberration test?

Mammalian cell gene mutation test (Hprt : 1 0 1 4 0 0 2 2 0

and xprt genes)®

In vitro micronucleus test* 9 2 12 19 11 1 7 12 3

In vitro Comet assay® 712 4 16 7 3 4 5 1
DNA double strands break assay (H2AX | 1 0 1 6 3 0 1 1 0

phosphorylation)®

Source: 1 PubMed search: AMES test nanomaterials genotoxicity
2 PubMed search: chromosomal aberration in vitro nanomaterials
3 PubMed search: HPRT genotoxicity nanomaterials
4 PubMed search: micronucleus in vitro genotoxicity nanomaterials
5 PubMed search: Comet assay in vitro genotoxicity nanomaterials
6 PubMed search: H2AX genotoxicity nanomaterials

3.4. Cytotoxicity

234. A number of cytotoxicity assays were used under the OECD Testing Programme
(see Table 5). As evident from table 5, the assays were not used consistently for all the
MNMs. Although TGs do not exist for the cytotoxicity assays applied in the Testing
Programme, their use and applicability in testing the overt toxicological effects of MNMs

cannot be denied.
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Table 5. The cytotoxicity assays used in the OECD Testing Programme

Assay ZnO { MWCNTs Au : Dendrimers SWCNTs | Fullerene SiO, {CeO, TiO,
ATP CellTiter Glo y
Neutral red y y y
LDH release y y y y y y y y
MTT y y y y y y
XTT y
Cell impedance y y
Trypan Blue y
BrDU y
Alamar Blue y
WST-1 y y y
Live/dead cell counting y y
Colony forming efficiency y y

Source: OECD Testing Programme of Manufactured Nanomaterials -

2015))

3.4.1. Literature Survey of Cytotoxicity Assays

235.

Dossiers and Endpoints (OECD,

Since the completion of the Testing Programme, these cytotoxicity assays have

been used in a number of studies to test MNMs. Table 6 shows the cytotoxicity assays
and the number of studies that they have been used to test the MNMs from the current
literature. PubMed (https://www.ncbi.nlm.nih.gov/pubmed) was used to retrieve the
abstracts of the publication, using search keywords as listed in the notes to Table 6. The
search was performed on 25th February 2016. Based on the information in Table 6 it is
evident that there are certain assays that are consistently being used for all types of
MNMs (e.g. LDH release, MTT, and cell impedance assay) while others have not been
used much. It may therefore be helpful to assess the applicability of and develop
standardized protocols for conducting the assays that have been used extensively to assess
the overt toxicity of MNMs. Work is currently underway at the OECD and 1ISO TC 229 to
develop standards and guidance for cytotoxicity assays.
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Table 6. The number of publications where cytotoxicity assays used in the Testing
Programme were used to test MNMs in the past 5 years (2010-2016)

Assay ZnO «  MWCNTs | Au | Dendrimers | SWCNTSs | Fullerene ;| SiO, | CeO, | Ag : Nanoclay @ TiO,
ATP 0 0 0 0 0 0 0 0 0 0 0
CellTiter Glo
Neutral red 2 2 1 1 2 4 1 1 4 1 2
uptake
LDH release 27 13 28 12 10 37 32 3 33 0 33
MTT 43 16 95 56 14 46 72 8 100 2 37
XTT 0 0 7 1 0 0 2 0 11 0 6
Cell 11 12 41 1 10 62 16 2 13 0 33
impedance
Trypan Blue 6 4 i3 0 4 10 5 1 16 0 9
BrDU 0 2 1 0 2 5 2 0 4 0 1
Alamar Blue 1 5 4 3 3 12 4 1 8 0 2
WST-1 6 4 5 2 2 10 5 0 7 0 6
Live/dead 0 0 1 0 0 0 0 0 1 0 0
cell counting
Colony 10 4 1 0 3 11 8 1 66 0 9
forming

Source: PubMed search results as of February 25, 2016
Filters activated: published in the last 5 years
PubMed search keywords: [MNM NAME] [ASSAY NAME] (e.g. zinc oxide nanomaterials ATP CellTiter
Glo assay)
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4. GENERAL OBSERVATIONS AND IDENTIFICATION OF POTENTIAL
NEXT STEPS

4.1. General observations from screening of the in vitro assays used under the
Testing Programme

e A number of in vitro methods were used in the OECD Testing Programme to
assess MNMs, however, many in vitro data reported were not generated using
OECD TGs.

e A number of in vitro endpoints have been assessed, but a full set of in vitro assays
for a specific MNM is not available. For instance, for SWCNTs and MWCNTS,
there is a lot of information on genotoxicity but very limited data on other
endpoints such as e.g. skin absorption. On the other hand, a humber of dermal
absorption studies have been reported for ZnO. The choice of assays to be used
for testing a particular MNMs was often based on potential route of exposure.

e The existing in vitro TGs have not been used extensively (e.g. skin sensitization
and irritation). For instance, a number of TGs are available for assessing dermal
effects (e.g. skin irritation (TG 439), skin sensitization (TG 442D), skin corrosion
(TG 431), and skin absorption (TG 428)) but very few studies have applied them.

e There are many inconsistencies and omissions within the dossiers related to the
use of existing OECD TGs, representation of dose and dose metrics, physico-
chemical parameters assessed, consideration of MNM interference with assay
parameters, and protocols used (e.g. sample preparation, cell types used, dose-
ranges applied, time of exposure, use of positive/negative controls, use of
metabolic activation systems), including inconsistencies in reporting.

e Characterization of MNMs in in vitro conditions (e.g. in culture media) and
cellular uptake have not been reported.

o No in vitro data based on TGs has been reported for nanoclay and dendrimers and
no in vitro cytotoxicity data has been reported for Ag and nanoclay within the
Testing Programme.

4.2. Potential next steps

e Under the Testing Programme, one TG 428 and 2 non-TG studies were reported
to assess the dermal absorption of ZnO MNMs. In addition to the Testing
Programme, several studies have been reported that tested many different kinds of
MNMs (including TiO,, ZnO, SiO,, Au, and Ag) using intact skin. Based on TG
428 and the reported studies, there is no apparent limitation in the application of
the TG 428 to MNMs. However, some critical factors for the evaluation of skin
absorption tests with nanomaterials were not addressed in detail in these studies,
and might need to be further explored. These include the optimum exposure
duration and time of sampling/evaluation, choice of the exposure concentrations
(i.e. stable dispersions without material aggregation should be used), the
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compatibility of the receptor fluid with MNMs need to be further explored,
evaluation of the MNMs cellular uptake, the influence of mechanical process in
particles translocation. Thus, the applicability of TG 428 (Skin absorption: in
vitro method) should be further investigated. Applicability of TG 431 (In vitro
skin corrosion: reconstructed human epidermis (RHE) test method) should be
further discussed. Under the Testing Programme, four TG studies (two for
MWCNTSs and two for ZnO) were reported to assess the skin corrosion potential
of MNMs. In addition to the Testing Programme, one study has been reported that
applied the reconstructed skin model to test ZnO, TiO,, and a mixture of ZnO and
TiO, MNMs. However, as in case of TG 428 some critical factors for the
evaluation of MNMs induced skin corrosion were not addressed in detail and
might need to be further investigated. These include the optimum exposure
duration and time of evaluation, choice of the exposure concentrations (i.e. stable
dispersions without material aggregation should be used), evaluation of the
cellular uptake. Although the studies did not report any apparent limitations of the
application of TG 431 for testing MNMs, further studies are needed to assess the
applicability of TG 431 to test MNMs.

Applicability of TG 437 (Bovine Corneal Opacity and Permeability Test Method)
should be further discussed. Under the Testing Programme, one TG study was
reported to assess the potential of ZnO MNMs to cause eye irritation and damage.
In addition to the Testing Programme, one study has been reported that applied
TG 437 to test sixteen OECD representative MNMs. Although the studies did not
report any apparent limitations of the application of TG 437 for testing MNMs,
further studies that include thorough characterization of MNMs as tested in the
system are needed to investigate potential interferences of the MNMs with the
assay (SCCS (Scientific Committee on Consumer Safety), 2012,). Literature
findings indicate that nanomaterials can aggregate/agglomerate in the suspension
or can absorb the dispersant and the dye, causing possible artefacts. Also, some
nanomaterials present in opacity measurements may affect the result, and these
should be avoided to allow consistent interpretation of.

TG 471 (Bacterial reverse mutation test) may be amended with the
acknowledgement that it is not applicable for most types of MNMs (no uptake
into the bacteria). This is in line with the report from the OECD Expert Meeting
on ‘Genotoxicity of Manufactured Nanomaterials [ENV/JM/MONO(2014)34]
(OECD, 2014,;) where experts concluded that Ames test (TG 471) is not a
recommended test method for the investigation of the genotoxicity of MNMs. The
TG programme should consider modifying the applicability domain within this
guideline accordingly.

Modification of TG 487 (In vitro micronucleus assay) should be considered to
include specific recommendations regarding addition of cytochalasin B when
testing MNMs and the verification of intracellular uptake of MNMs. This was
also one of the issues discussed in detail at the OECD expert meeting on
Genotoxicity of Manufactured Nanomaterials [ENV/IM/MONO(2014)34]
(OECD, 2014(,,;). The JRC is currently leading the development of an OECD
Guidance Document that will support implementation of the existing genotoxicity
OECD TGs on in vitro Mammalian Cell Based Genotoxicity when testing
MNMs.

Since several genotoxicity assays were applied in the Testing Programme, it
might be most efficient to consult the expert group on genotoxicity to prioritize
the assays for further harmonisation. Examples of methods that may be prioritized
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Unclassified

include the micronucleus test (TG 487) and the in vitro mammalian cell gene
mutation test (TG 476). The in vitro mammalian cell gene mutation tests is
considered as an alternative for the bacterial reverse mutation test (TG 471), as
reports have not yet identified any specific limitations when testing MNMs using
TG 476 [ENV/IM/MONO(2014)34] (OECD, 2014,,).

In addition to the work that is currently underway at the OECD WPMN and ISO
TC 229 to develop standards and guidance for some cytotoxicity assays, the
Testing Programme should consider evaluation and further development of the
assays that are routinely used to test MNMs. For instance, the assays used to
determine the potential of MNMs to cause oxidative stress and those used to
assess endpoints specific to immunological implications of exposure to MNMs.
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5. ABBREVIATIONS

A549: Human adenocarcinoma alveolar basal epithelial cell line
Ag: Silver

ATP: Adenosine triphosphate

Au: Gold

BEAS-2B: Human bronchial epithelial cell line

BrDU: 5-bromo-2-deoxyuridine

BSA: Bovine serum albumin

CHO: Chinese hamster ovary cells

C60: Fullerene

CeOy: Cerium dioxide

CNT: Carbon nanotubes

DMSO: Dimethylsulfoxide

DSBs: Double-strand breaks

ELISA: Enzyme-linked immunosorbent assay

EM: Electron microscope

FACS: Fluorescence-activated cell sorting

FISH: Fluorescence in situ hybridization

GD: Guidance document

GLP: Good Laboratory Practice

GN: Gold nanorods

16-HBE: Bronchial epithelial cell line

HDMEC: Human dermal fibroblasts

HPRT: Hypoxanthine-guanine phosphoribosyl transferase
ICP-MS: Inductively coupled plasma mass spectrometry
JRC: Joint Research Centre

LDH: Lactate dehydrogenase

MNM: Manufactured nanomaterial
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MTT:
MWCNTSs:
NHEK:
NP:
OECD:
O/W:
SEM:
SiO,:
SWCNTSs:
TG:
TEM:
TiO,:

TOF-SIMS:

UVB:
V79:
WST:
XPRT:
XTT:

Zn0:

Unclassified

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
Multi-walled carbon nanotubes

Normal Human Epidermal Keratinocytes

Nanoparticle

Organization for Economic Cooperation and Development
Oil-in-water

Scanning electron microscope

Silicon dioxide

Single-walled carbon nanotubes

Test Guideline

Transmission electron microscope

Titanium dioxide

Time-of-Flight Secondary lon Mass Spectrometry
Ultraviolet-B radiation

Chinese hamster cells

Water-Soluble Tetrazolium salt

Xanthine-Guanine Phosphoribosyl Transferase

2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide

Zinc oxide



ENV/IM/MONO(2018)4 | 65

References

Bianco, C. et al. (2014), “Silver percutaneous absorption after exposure to silver nanoparticles: A [14]
comparison study of three human skin graft samples used for clinical applications”, Burns,
Vol. 40/7, pp. 1390-1396, http://dx.doi.org/10.1016/j.burns.2014.02.003.

Choi, J. et al. (2014), “Skin corrosion and irritation test of sunscreen nanoparticles using [17]
reconstructed 3D human skin model”, Environmental Health and Toxicology, Vol. 29,
p. €2014004, http://dx.doi.org/10.5620/eht.2014.29.62014004.

Crosera, M. et al. (2015), “Titanium Dioxide Nanoparticle Penetration into the Skin and Effects on ~ [4]
HaCaT Cells”, International Journal of Environmental Research and Public Health,
Vol. 12/12, pp. 9282-9297, http://dx.doi.org/10.3390/ijerph120809282.

ECHA (2016), “Dermal absorption of PT 21 active substances”, 4l
https://echa.europa.eu/documents/10162/4221979/dermal_absorption_pt21 en.pdf/58daec9b-
59b0-c679-e47f-60ad08ec0976 (accessed on 05 March 2018).

EFSA (2012), “Guidance on Dermal Absorption”, EFSA Journal, VVol. 10/4, p. 2665, [71
http://dx.doi.org/10.2903/j.efsa.2012.2665.

Kolle, S. et al. (2015), “Eye irritation testing of nanomaterials using the EpiOcular™ eye irritation ~ [19]
test and the bovine corneal opacity and permeability assay”, Particle and Fibre Toxicology,
Vol. 13/1, p. 18, http://dx.doi.org/10.1186/s12989-016-0128-6.

Larese Filon, F. et al. (2011), “Human skin penetration of gold nanoparticles through intact and [12]
damaged skin”, Nanotoxicology, Vol. 5/4, pp. 493-501,
http://dx.doi.org/10.3109/17435390.2010.551428.

Lee, O. et al. (2013), “Influence of surface charge of gold nanorods on skin penetration”, Skin [13]
Research and Technology, Vol. 19/1, pp. €390-e396, http://dx.doi.org/10.1111/j.1600-
0846.2012.00656.x.

Monteiro-Riviere, N. et al. (2011), “Safety Evaluation of Sunscreen Formulations Containing (10]
Titanium Dioxide and Zinc Oxide Nanoparticles in UVB Sunburned Skin: An In Vitro and In
Vivo Study”, Toxicological Sciences, VVol. 123/1, pp. 264-280,
http://dx.doi.org/10.1093/toxsci/kfr148.

OECD (1997), Test No. 471: Bacterial Reverse Mutation Test, OECD Guidelines for the Testing [21]
of Chemicals, Section 4, No. 450, OECD Publishing, Paris,
http://dx.doi.org/10.1787/9789264071247-en.

OECD (1997), Test No. 473: In vitro Mammalian Chromosome Aberration Test, OECD [27]
Guidelines for the Testing of Chemicals, Section 4, No. 440, OECD Publishing, Paris,
http://dx.doi.org/10.1787/9789264071261-en.

OECD (2004), Test No. 428: Skin Absorption: In Vitro Method, OECD Publishing, (31
http://dx.doi.org/10.1787/9789264071087-en.

Unclassified



66 | ENV/JM/MONO(2018)4

OECD (2009), Test No. 437: Bovine Corneal Opacity and Permeability Test Method for
Identifying Ocular Corrosives and Severe Irritants, OECD Guidelines for the Testing of
Chemicals, Section 4, No. 519, OECD Publishing, Paris,
http://dx.doi.org/10.1787/9789264076303-en.

OECD (2010), “GUIDANCE MANUAL FOR THE TESTING OF MANUFACTURED
NANOMATERIALS: OECD's SPONSORSHIP PROGRAMME; FIRST REVISION”,
ENV/IM/MONO(2009)20/REV,
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2009)2

0/rev&doclanguage=en (accessed on 05 March 2018).

OECD (2011), “GUIDANCE NOTES ON DERMAL ABSORPTION”,
http://www.oecd.org/env/ehs/testing/48532204.pdf (accessed on 05 March 2018).

OECD (2013), Recommendation of the Council on the Safety Testing and Assessment of
Manufactured Nanomaterials,
https://legalinstruments.oecd.org/Instruments/ShowInstrumentView.aspx?InstrumentID=298&
Lang=en&Book=False.

OECD (2014), “EXPERT MEETING ON GENOTOXICITY OF MANUFACTURED
NANOMATERIALS : REPORT OF THE OECD EXPERT MEETING”,
ENV/IM/MONO(2014)34,
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2014)3

4&doclanguage=en (accessed on 05 March 2018).

OECD (2015), Testing Programme of Manufactured Nanomaterials - Dossiers and Endpoints -
OECD, http://www.oecd.org/chemicalsafety/nanosafety/dossiers-and-endpoints-testing-
programme-manufactured-nanomaterials.htm (accessed on 05 March 2018).

OECD (2016), Test No. 431: In vitro skin corrosion: reconstructed human epidermis (RHE) test
method, OECD Guidelines for the Testing of Chemicals, Section 4, OECD Publishing, Paris,
http://dx.doi.org/10.1787/9789264264618-en.

OECD (2016), Test No. 473: In Vitro Mammalian Chromosomal Aberration Test, OECD
Guidelines for the Testing of Chemicals, Section 4, OECD Publishing, Paris,
http://dx.doi.org/10.1787/9789264264649-en.

OECD (2016), Test No. 476: In Vitro Mammalian Cell Gene Mutation Tests using the Hprt and
xprt genes, OECD Guidelines for the Testing of Chemicals, Section 4, OECD Publishing,
Paris, http://dx.doi.org/10.1787/9789264264809-en.

OECD (2016), Test No. 487: In Vitro Mammalian Cell Micronucleus Test, OECD Guidelines for
the Testing of Chemicals, Section 4, OECD Publishing, Paris,
http://dx.doi.org/10.1787/9789264264861-en.

OECD (2016), “TOXICOKINETICS OF MANUFACTURED NANOMATERIALS : REPORT
FROM THE OECD EXPERT MEETING”, ENV/IM/MONO(2016)24,
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2016)2

4&doclanguage=en (accessed on 05 March 2018).

SCCS (Scientific Committee on Consumer Safety) (2010), “Basic criteria for the in vitro
assessment of dermal absorption of cosmetic ingredents”,
https://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_s_002.pdf
(accessed on 05 March 2018).

SCCS (Scientific Committee on Consumer Safety) (2012), “GUIDANCE ON THE SAFETY

Unclassified

(18]

[1]

[6]

[2]

[22]

[26]

[16]

[23]

[24]

[25]

[15]

[5]

[20]



ENV/IM/MONO(2018)4 | 67

ASSESSMENT OF NANOMATERIALS IN COSMETICS”,
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs s 005.pdf
(accessed on 05 March 2018).

Senzui, M. et al. (2010), “Study on penetration of titanium dioxide (TiO2) nanoparticles into intact  [8l
and damaged skin in vitro”, The Journal of Toxicological Sciences,
http://dx.doi.org/10.2131/jts.35.107.

Staroniova, K. et al. (2012), “Transport of SiO2 Nanoparticles through Human Skin”, Basic & [11]
Clinical Pharmacology & Toxicology, Vol. 111/2, pp. n/a-n/a, http://dx.doi.org/10.1111/j.1742-
7843.2012.00873.x.

Unclassified



68 | ENV/JM/MONO(2018)4

Annex A. Publications list

List of publications for where in vitro genotoxicity assays were used to test the
nanomaterials (2010-2016)

PubMed Search Keywords:

AMES test nanomaterials genotoxicity
Chromosomal aberration in vitro nanomaterials
HPRT genotoxicity nanomaterials

Micronucleus in vitro genotoxicity nanomaterials
Comet assay in vitro genotoxicity nanomaterials
H2AX genotoxicity nanomaterials

Bacterial reverse mutation test (AMES test)

Butler KS, Peeler DJ, Casey BJ, Dair BJ, Elespuru RK. Silver nanoparticles: correlating
nanoparticle size and cellular uptake with genotoxicity. (2015) Mutagenesis 30(4):577-
91.

Chen T, Yan J, Li Y. Genotoxicity of titanium dioxide nanoparticles. (2014) J Food Drug
Anal. 22(1):95-104.

Di Sotto A, Chiaretti M, Carru GA, Bellucci S, Mazzanti G. Multi-walled carbon
nanotubes: Lack of mutagenic activity in the bacterial reverse mutation assay. (2009)
Toxicol Lett 184(3):192-7.

Han DW, Woo Y|, Lee MH, Lee JH, Lee J, Park JC. In-vivo and in-vitro biocompatibility
evaluations of silver nanoparticles with antimicrobial activity. (2012) J Nanosci
Nanotechnol 12(7):5205-9.

Landsiedel R, Ma-Hock L, Van Ravenzwaay B, Schulz M, Wiench K, Champ S, Schulte
S, Wohlleben W, Oesch F. Gene toxicity studies on titanium dioxide and zinc oxide
nanomaterials used for UV-protection in cosmetic formulations. (2010) Nanotoxicology
4:364-81.

Kisin ER, Murray AR, Keane MJ, Shi XC, Schwegler-Berry D, Gorelik O, Arepalli S,
Castranova V, Wallace WE, Kagan VE, Shvedova AA. Single-walled carbon nanotubes:
geno- and cytotoxic effects in lung fibroblast V79 cells. (2007) J Toxicol Environ Health
A 70(24):2071-9.

Li Y, Chen DH, Yan J, Chen Y, Mittelstaedt RA, Zhang Y, Biris AS, Heflich RH, Chen
T. Genotoxicity of silver nanoparticles evaluated using the Ames test and in vitro
micronucleus assay. (2012) Mutat Res 745(1-2):4-10.

Unclassified



ENV/IM/MONO(2018)4 | 69

Mori T, Takada H, Ito S, Matsubayashi K, Miwa N, Sawaguchi T. Preclinical studies on
safety of fullerene upon acute oral administration and evaluation for no mutagenesis.
(2006) Toxicology 225(1):48-54.

Naya M, Kobayashi N, Mizuno K, Matsumoto K, Ema M, Nakanishi J. Evaluation of the
genotoxic potential of single-wall carbon nanotubes by using a battery of in vitro and in
vivo genotoxicity assays. (2011) Regul Toxicol Pharmacol 61(2):192-8.

Shinohara N, Matsumoto K, Endoh S, Maru J, Nakanishi J. In vitro and in vivo
genotoxicity tests on fullerene Cgy nanoparticles. (2009) Toxicol Lett 191(2-3):289-96.

Szendi K, Varga C. Lack of genotoxicity of carbon nanotubes in a pilot study. (2008)
Anticancer Res 28(1A):349-52.

Wirnitzer U, Herbold B, Voetz M, Ragot J. Studies on the in vitro genotoxicity of
baytubes, agglomerates of engineered multi-walled carbon-nanotubes (MWCNT). (2009)
Toxicol Lett. 186(3):160-5.

Woodruff RS, Li Y, Yan J, Bishop M, Jones MY, Watanabe F, Biris AS, Rice P, Zhou T,
Chen T. Genotoxicity evaluation of titanium dioxide nanoparticles using the Ames test
and Comet assay. (2102) J Appl Toxicol 32(11):934-43.

In vitro mammalian chromosomal aberration test

Asakura M, Sasaki T, Sugiyama T, Takaya M, Koda S, Nagano K, Arito H, Fukushima S.
Genotoxicity and cytotoxicity of multi-wall carbon nanotubes in cultured Chinese
hamster lung cells in comparison with chrysotile A fibers. (2010) J Occup Health
52(3):155-66

Catalan J, Jarventaus H, Vippola M, Savolainen K, Norppa H. Induction of chromosomal
aberrations by carbon nanotubes and titanium dioxide nanoparticles in human
lymphocytes in vitro. (2012) Nanotoxicology 6:825-36.

Di Bucchianico S, Fabbrizi MR, Cirillo S, Uboldi C, Gilliland D, Valsami-Jones E,
Migliore L. Aneuploidogenic effects and DNA oxidation induced in vitro by differently
sized gold nanoparticles. (2014) Int J Nanomedicine 8;9:2191-204

Ema M, Imamura T, Suzuki H, Kobayashi N, Naya M, Nakanishi J. Genotoxicity
evaluation for single-walled carbon nanotubes in a battery of in vitro and in vivo assays.
(2013) J Appl Toxicol 33(9):933-9.

Ema M, Imamura T, Suzuki H, Kobayashi N, Naya M, Nakanishi J. Evaluation of
genotoxicity of multi-walled carbon nanotubes in a battery of in vitro and in vivo assays.
(2012) Regul Toxicol Pharmacol 63(2):188-95.

Gonzalez L, Decordier I, Kirsch-Volders M. Induction of chromosome malsegregation by
nanomaterials. (2010) Biochem Soc Trans 38(6):1691-7.

Giimiis D, Berber AA, Ada K, Aksoy H. In vitro genotoxic effects of ZnO nanomaterials
in human peripheral lymphocytes. (2014) Cytotechnology 66(2):317-25.

Honma M, Takahashi T, Asada S, Nakagawa Y, lkeda A, Yamakage K. In vitro
clastogenicity and phototoxicity of fullerene (Cg) nanomaterials in mammalian cells.
(2012) Mutat Res 749(1-2):97-100.

Unclassified



70 | ENV/JM/MONO(2018)4

Joksi¢ G, Stasi¢ J, Filipovi¢ J, Sobot AV, Trtica M. Size of silver nanoparticles
determines proliferation ability of human circulating lymphocytes in vitro. (2016) Toxicol
Lett 247:29-34

Kim JS, Lee K, Lee YH, Cho HS, Kim KH, Choi KH, Lee SH, Song KS, Kang CS, Yu
1J. Aspect ratio has no effect on genotoxicity of multi-wall carbon nanotubes. (2011)
Arch Toxicol 85(7):775-86.

Kwon JY, Kim HL, Lee JY, Ju YH, Kim JS, Kang SH, Kim YR, Lee JK, Jeong J, Kim
MK, Maeng EH, Seo YR. Undetactable levels of genotoxicity of SiO2 nanoparticles in in
vitro and in vivo tests. (2014) Int J Nanomedicine 15;9 Suppl 2:173-81.

Kwon JY, Lee SY, Koedrith P, Lee JY, Kim KM, Oh JM, Yang SI, Kim MK, Lee JK,
Jeong J, Maeng EH, Lee BJ, Seo YR. Lack of genotoxic potential of ZnO nanoparticles in
in vitro and in vivo tests. (2014) Mutat Res Genet Toxicol Environ Mutagen 761:1-9.

Landsiedel R, Ma-Hock L, Van Ravenzwaay B, Schulz M, Wiench K, Champ S, Schulte
S, Wohlleben W, Oesch F. Gene toxicity studies on titanium dioxide and zinc oxide
nanomaterials used for UV-protection in cosmetic formulations. (2010) Nanotoxicology
4:364-81.

Lankoff A, Arabski M, Wegierek-Ciuk A, Kruszewski M, Lisowska H, Banasik-Nowak
A, Rozga-Wijas K, Wojewodzka M, Slomkowski S. Effect of surface modification of
silica nanoparticles on toxicity and cellular uptake by human peripheral blood
lymphocytes in vitro. (2013) Nanotoxicology 7(3):235-50.

Mrakovcic M, Meindl C, Leitinger G, Roblegg E, Frohlich E. Carboxylated short single-
walled carbon nanotubes but not plain and multi-walled short carbon nanotubes show in
vitro genotoxicity. (2015) Toxicol Sci 144(1):114-27.

Mrdanovi¢ J, Solaji¢ S, Bogdanovi¢ V, Stankov K, Bogdanovi¢ G, Djordjevic A. Effects
of fullerenol Cg(OH)24 on the frequency of micronuclei and chromosome aberrations in
CHO-K1 cells. (2009) Mutat Res 680(1-2):25-30.

Naya M, Kobayashi N, Mizuno K, Matsumoto K, Ema M, Nakanishi J. Evaluation of the
genotoxic potential of single-wall carbon nanotubes by using a battery of in vitro and in
vivo genotoxicity assays. (2011) Regul Toxicol Pharmacol 61(2):192-8.

Nikitina VA, Chausheva Al, Suetina 1A, Katosova LD, Zheglo DG, Mezentseva MV,
Platonova VI, Revazova YA, Kutsev Sl. Genotoxicity of single-walled carbon nanotubes:
in vitro study on human embryonic fibroblast cells. (2015) Bull Exp Biol Med
158(6):812-5.

Nymark P, Catalan J, Suhonen S, Jarventaus H, Birkedal R, Clausen PA, Jensen KA,
Vippola M, Savolainen K, Norppa H. Genotoxicity of polyvinylpyrrolidone-coated silver
nanoparticles in BEAS 2B cells. (2013) Toxicology 313(1):38-48.

Rajiv S, Jerobin J, Saranya V, Nainawat M, Sharma A, Makwana P, Gayathri C, Bharath
L, Singh M, Kumar M, Mukherjee A, Chandrasekaran N. Comparative cytotoxicity and
genotoxicity of cobalt (11, I11) oxide, iron (I111) oxide, silicon dioxide, and aluminum oxide
nanoparticles on human lymphocytes in vitro. (2016) Hum Exp Toxicol 35(2):170-83.

Shinohara N, Matsumoto K, Endoh S, Maru J, Nakanishi J. In vitro and in vivo
genotoxicity tests on fullerene Cg, nanoparticles. (2009) Toxicol Lett 191(2-3):289-96

Unclassified



ENV/IM/MONO(2018)4 | 71

Wirnitzer U, Herbold B, Voetz M, Ragot J. Studies on the in vitro genotoxicity of
baytubes, agglomerates of engineered multi-walled carbon-nanotubes (MWCNT). (2009)
Toxicol Lett 186(3):160-5.

In vitro mammalian cell gene mutation assay using hprt gene

Chen T, Yan J, Li Y. Genotoxicity of titanium dioxide nanoparticles. (2014) J Food Drug
Anal 22(1):95-104.

Chen Z, Wang Y, Ba T, Li Y, Pu J, Chen T, Song Y, Gu Y, Qian Q, Yang J, Jia G.
Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in vitro. (2014)
Toxicol Lett 2;226(3):314-9.

Guichard Y, Fontana C, Chavinier E, Terzetti F, Gaté L, Binet S, Darne C. Cytotoxic and
genotoxic evaluation of different synthetic amorphous silica nanomaterials in the V79 cell
line. (2016) Toxicol Ind Health 32(9):1639-50

Huk A, lzak-Nau E, El Yamani N, Uggerud H, Vadset M, Zasonska B, Duschl A,
Dusinska M. Impact of nanosilver on various DNA lesions and HPRT gene mutations -
effects of charge and surface coating. (2015) Part Fibre Toxicol 12:25

Manshian BB, Jenkins GJ, Williams PM, Wright C, Barron AR, Brown AP, Hondow N,
Dunstan PR, Rickman R, Brady K, Doak SH. Single-walled carbon nanotubes:
differential genotoxic potential associated with physico-chemical properties. (2013)
Nanotoxicology 7(2):144-56.

Mrakovcic M, Meindl C, Leitinger G, Roblegg E, Frohlich E. Carboxylated short single-
walled carbon nanotubes but not plain and multi-walled short carbon nanotubes show in
vitro genotoxicity. (2015) Toxicol Sci 144(1):114-27.

Rubio L, El Yamani N, Kazimirova A, Dusinska M, Marcos R. Multi-walled carbon
nanotubes (NM 401) induce ROS-mediated HPRT mutations in Chinese hamster lung
fibroblasts. (2016) Environ Res 146:185-90.

Wang S, Hunter LA, Arslan Z, Wilkerson MG, Wickliffe JK. Chronic exposure to
nanosized, anatase titanium dioxide is not cyto- or genotoxic to Chinese hamster ovary
cells. (2011) Environ Mol Mutagen 52(8):614-22.

Wang JJ, Sanderson BJ, Wang H. Cyto- and genotoxicity of ultrafine TiO, particles in
cultured human lymphoblastoid cells. (2007) Mutat Res 628(2):99-106.

In vitro micronucleus test

Asakura M, Sasaki T, Sugiyama T, Takaya M, Koda S, Nagano K, Arito H, Fukushima S.
Genotoxicity and cytotoxicity of multi-wall carbon nanotubes in cultured Chinese
hamster lung cells in comparison with chrysotile A fibers. (2010) J Occup Health
52(3):155-66

Battal D, Celik A, Giiler G, Aktas A, Yildirimcan S, Ocakoglu K, Cémelekoglu U. SiO2
Nanoparticule-induced size-dependent genotoxicity - an in vitro study using sister
chromatid exchange, micronucleus and comet assay. (2015) Drug Chem Toxicol
38(2):196-204.

Unclassified



72 | ENV/JM/MONO(2018)4

Benameur L, Auffan M, Cassien M, Liu W, Culcasi M, Rahmouni H, Stocker P, Tassistro
V, Bottero JY, Rose J, Botta A, Pietri S. DNA damage and oxidative stress induced by
Ce02 nanoparticles in human dermal fibroblasts: Evidence of a clastogenic effect as a
mechanism of genotoxicity. (2015) Nanotoxicology 9(6):696-705.

Chen Z, Wang Y, Ba T, Li Y, Pu J, Chen T, Song Y, Gu Y, Qian Q, Yang J, Jia G.
Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in vitro. (2014)
Toxicol Lett 2;226(3):314-9.

Chen T, Yan J, Li Y. Genotoxicity of titanium dioxide nanoparticles. (2014) J Food Drug
Anal 22(1):95-104.

Cicchetti R, Divizia M, Valentini F, Argentin G. Effects of single-wall carbon nanotubes
in human cells of the oral cavity: geno-cytotoxic risk. (2011) Toxicol In vitro 25(8):1811-
9.

Decan N, Wu D, Williams A, Bernatchez S, Johnston M, Hill M, Halappanavar S.
Characterization of in vitro genotoxic, cytotoxic and transcriptomic responses following
exposures to amorphous silica of different sizes. (2015) Mutat Res Genet Toxicol Environ
Mutagen 15;796:8-22.

Demir E, Ak¢a H, Turna F, Aksakal S, Burgucu D, Kaya B, Tokgln O, Vales G, Creus
A, Marcos R. Genotoxic and cell-transforming effects of titanium dioxide nanoparticles.
(2015) Environ Res 136:300-8.

Demir E, Akca H, Kaya B, Burgucu D, Tokgiin O, Turna F, Aksakal S, Vales G, Creus
A, Marcos R. Zinc oxide nanoparticles: genotoxicity, interactions with UV-light and cell-
transforming potential. (2014) J Hazard Mater 15;264:420-9.

Di Bucchianico S, Fabbrizi MR, Cirillo S, Uboldi C, Gilliland D, Valsami-Jones E,
Migliore L. Aneuploidogenic effects and DNA oxidation induced in vitro by differently
sized gold nanoparticles. (2014) Int J Nanomedicine 8;9:2191-204

Downs TR, Crosby ME, Hu T, Kumar S, Sullivan A, Sarlo K, Reeder B, Lynch M,
Wagner M, Mills T, Pfuhler S. Silica nanoparticles administered at the maximum
tolerated dose induce genotoxic effects through an inflammatory reaction while gold
nanoparticles do not. (2012) Mutat Res 745(1-2):38-50.

Dubey A, Goswami M, Yadav K, Chaudhary D. Oxidative Stress and Nano-Toxicity
Induced by TiO, and ZnO on WAG Cell Line. PLoS One. (2015);10(5):e0127493.

Ema M, Imamura T, Suzuki H, Kobayashi N, Naya M, Nakanishi J. Genotoxicity
evaluation for single-walled carbon nanotubes in a battery of in vitro and in vivo assays.
(2013) J Appl Toxicol 33(9):933-9.

Ema M, Imamura T, Suzuki H, Kobayashi N, Naya M, Nakanishi J. Evaluation of
genotoxicity of multi-walled carbon nanotubes in a battery of in vitro and in vivo assays.
(2012) Regul Toxicol Pharmacol 63(2):188-95.

Falck GC, Lindberg HK, Suhonen S, Vippola M, Vanhala E, Catalan J, Savolainen K,
Norppa H. Genotoxic effects of nanosized and fine TiO,. (2009) Hum Exp Toxicol 28(6-
7):339-52

Gonzalez L, Lukamowicz-Rajska M, Thomassen LC, Kirschhock CE, Leyns L, Lison D,
Martens JA, Elhajouji A, Kirsch-Volders M. Co-assessment of cell cycle and
micronucleus frequencies demonstrates the influence of serum on the in vitro genotoxic

Unclassified



ENV/IM/MONO(2018)4 | 73

response to amorphous monodisperse silica nanoparticles of varying sizes. (2014)
Nanotoxicology 8(8):876-84.

Gonzalez L, Thomassen LC, Plas G, Rabolli V, Napierska D, Decordier I, Roelants M,
Hoet PH, Kirschhock CE, Martens JA, Lison D, Kirsch-Volders M. Exploring the
aneugenic and clastogenic potential in the nanosize range: A549 human lung carcinoma
cells and amorphous monodisperse silica nanoparticles as models. (2010) Nanotoxicology
4:382-95.

Gumiis D, Berber AA, Ada K, Aksoy H. In vitro genotoxic effects of ZnO nanomaterials
in human peripheral lymphocytes. (2014) Cytotechnology 66(2):317-25.

Honma M, Takahashi T, Asada S, Nakagawa Y, lkeda A, Yamakage K. In vitro
clastogenicity and phototoxicity of fullerene (Cg) nanomaterials in mammalian cells.
(2012) Mutat Res 749(1-2):97-100.

Ivask A, Voelcker NH, Seabrook SA, Hor M, Kirby JK, Fenech M,Davis TP, Ke PC.
DNA melting and genotoxicity induced by silver nanoparticles and graphene. (2015)
Chem Res Toxicol 18;28(5):1023-35.

Jaeger A, Weiss DG, Jonas L, Kriehuber R. Oxidative stress-induced cytotoxic and
genotoxic effects of nano-sized titanium dioxide particles in human HaCaT keratinocytes.
(2012) Toxicology 296(1-3):27-36.

Joksi¢ G, Stasi¢ J, Filipovi¢ J, Sobot AV, Trtica M. Size of silver nanoparticles
determines proliferation ability of human circulating lymphocytes in vitro. (2016) Toxicol
Lett 247:29-34

Kato T, Totsuka Y, Ishino K, Matsumoto Y, Tada Y, Nakae D, Goto S, Masuda S, Ogo S,
Kawanishi M, Yagi T, Matsuda T, Watanabe M, Wakabayashi K. Genotoxicity of multi-
walled carbon nanotubes in both in vitro and in vivo assay systems. (2013)
Nanotoxicology 7(4):452-61.

Kawata K, Osawa M, Okabe S. In vitro toxicity of silver nanoparticles at noncytotoxic
doses to HepG2 human hepatoma cells. Environ Sci Technol 43(15):6046-51.

Kisin ER, Murray AR, Keane MJ, Shi XC, Schwegler-Berry D, Gorelik O, Arepalli S,
Castranova V, Wallace WE, Kagan VE, Shvedova AA. Single-walled carbon nanotubes:
geno- and cytotoxic effects in lung fibroblast V79 cells. (2007) J Toxicol Environ Health
A 70(24):2071-9.

Kwon JY, Kim HL, Lee JY, Ju YH, Kim JS, Kang SH, Kim YR, Lee JK, Jeong J, Kim

MK, Maeng EH, Seo YR. Undetactable levels of genotoxicity of SiO2 nanoparticles in in
vitro and in vivo tests. (2014) Int J Nanomedicine 15;9 Suppl 2:173-81.

Kwon JY, Lee SY, Koedrith P, Lee JY, Kim KM, Oh JM, Yang SI, Kim MK, Lee JK,
Jeong J, Maeng EH, Lee BJ, Seo YR. Lack of genotoxic potential of ZnO nanoparticles in
in vitro and in vivo tests. (2014) Mutat Res Genet Toxicol Environ Mutagen 761:1-9.

Landsiedel R, Ma-Hock L, Van Ravenzwaay B, Schulz M, Wiench K, Champ S, Schulte
S, Wohlleben W, Oesch F. Gene toxicity studies on titanium dioxide and zinc oxide
nanomaterials used for UV-protection in cosmetic formulations. (2010) Nanotoxicology
4:364-81

Lindberg HK, Falck GC, Suhonen S, Vippola M, Vanhala E, Catalan J, Savolainen K,
Norppa H. Genotoxicity of nanomaterials: DNA damage and micronuclei induced by

Unclassified



74 | ENV/IIM/MONO(2018)4

carbon nanotubes and graphite nanofibres in human bronchial epithelial cells in vitro.
(2009) Toxicol Lett 186(3):166-73.

Li Y, Chen DH, Yan J, Chen Y, Mittelstaedt RA, Zhang Y, Biris AS, Heflich RH, Chen
T.Genotoxicity of silver nanoparticles evaluated using the Ames test and in vitro
micronucleus assay. (2012) Mutat Res 745(1-2):4-10.

Li Y, Doak SH, Yan J, Chen DH Zhou M, Mittelstaedt RA, ChenY, Li C, Chen T.
Factors affecting the in vitro micronucleus assay for evaluation of nanomaterials. (2016)
Mutagenesis. DOI: 10.1093/mutage/gew040 [Epub ahead of print]

Maser E, Schulz M, Sauer UG, Wiemann M, Ma-Hock L, Wohlleben W, Hartwig A,
Landsiedel R. In vitro and in vivo genotoxicity investigations of differently sized
amorphous SiO2 nanomaterials. (2015) Mutat Res Genet Toxicol Environ Mutagen
794:57-74.

Migliore L, Saracino D, Bonelli A, Colognato R, D'Errico MR, Magrini A, Bergamaschi
A, Bergamaschi E. Carbon nanotubes induce oxidative DNA damage in RAW 264.7
cells. (2010) Environ Mol Mutagen 51(4):294-303

Mrakovcic M, Meindl C, Leitinger G, Roblegg E, Frohlich E. Carboxylated short single-
walled carbon nanotubes but not plain and multi-walled short carbon nanotubes show in
vitro genotoxicity (2015) Toxicol Sci 144(1):114-27.

Mrdanovi¢ J, Solaji¢ S, Bogdanovi¢ V, Stankov K, Bogdanovi¢ G, Djordjevic A. Effects
of fullerenol C60(OH)24 on the frequency of micronuclei and chromosome aberrations in
CHO-K1 cells. (2009) Mutat Res 680(1-2):25-30.

Muller J, Huaux F, Fonseca A, Nagy JB, Moreau N, Delos M, Raymundo-Pifiero E,
Béguin F, Kirsch-Volders M, Fenoglio I, Fubini B, Lison D. Structural defects play a
major role in the acute lung toxicity of multiwall carbon nanotubes: toxicological aspects.
(2008) Chem Res Toxicol. 21(9):1698-705.

Muller J, Decordier I, Hoet PH, Lombaert N, Thomassen L, Huaux F, Lison D, Kirsch-
Volders M. Clastogenic and aneugenic effects of multi-wall carbon nanotubes in
epithelial cells. (2008) Carcinogenesis 29(2):427-33.

Naya M, Kobayashi N, Mizuno K, Matsumoto K, Ema M, Nakanishi J. Evaluation of the
genotoxic potential of single-wall carbon nanotubes by using a battery of in vitro and in
vivo genotoxicity assays. (2011) Regul Toxicol Pharmacol 61(2):192-8.

Nymark P, Catalan J, Suhonen S, Jarventaus H, Birkedal R, Clausen PA, Jensen KA,
Vippola M, Savolainen K, Norppa H. Genotoxicity of polyvinylpyrrolidone-coated silver
nanoparticles in BEAS 2B cells. (2013) Toxicology 313(1):38-48.

Park MV, Verharen HW, Zwart E, Hernandez LG, van Benthem J, Elsaesser A, Barnes C,
McKerr G, Howard CV, Salvati A, Lynch I, Dawson KA, de Jong WH. Genotoxicity
evaluation of amorphous silica nanoparticles of different sizes using the micronucleus and
the plasmid lacZ gene mutation assay. (2011) Nanotoxicology 5(2):168-81

Ponti J, Broggi F, Mariani V, De Marzi L, Colognato R, Marmorato P, Gioria S, Gilliland
D, Pascual Garcia C, Meschini S, Stringaro A, Molinari A, Rauscher H,Rossi F.
Morphological transformation induced by multiwall carbon nanotubes on Balb/3T3 cell
model as an in vitro end point of carcinogenic potential. (2013) Nanotoxicology 7(2):221-
33.

Unclassified



ENV/IM/MONO(2018)4 | 75

Prasad RY, Simmons SO, Killius MG, Zucker RM, Kligerman AD, Blackman CF, Fry
RC, Demarini DM. Cellular interactions and biological responses to titanium dioxide
nanoparticles in HepG2 and BEAS-2B cells: role of cell culture media. (2014) Environ
Mol Mutagen 55(4):336-42.

Prasad RY, Wallace K, Daniel KM, Tennant AH, Zucker RM, Strickland J, Dreher K,
Kligerman AD, Blackman CF, Demarini DM. Effect of treatment media on the
agglomeration of titanium dioxide nanoparticles: impact on genotoxicity, cellular
interaction, and cell cycle. (2013) ACS Nano 7(3):1929-42.

Reis Ede M, de Rezende AA, Santos DV, de Oliveria PF, Nicolella HD, Tavares DC,
Silva AC, Dantas NO, Spané MA.Assessment of the genotoxic potential of two zinc
oxide sources (amorphous and nanoparticles) using the in vitro micronucleus test and the
in vivo wing somatic mutation and recombination test. (2015) Food Chem Toxicol 84:55-
63.

Roszak J, Stepnik M, Nocun M, Ferlinska M, Smok-Pienigzek A, Grobelny J,
Tomaszewska E, Wasowicz W, Cieslak M. A strategy for in vitro safety testing of
nanotitania-modified textile products. (2013) Hazard Mater 15;256-257:67-75.

Sahu SC, Roy S, Zheng J, lhrie J. Contribution of ionic silver to genotoxic potential of
nanosilver in human liver HepG2 and colon Caco2 cells evaluated by the cytokinesis-
block micronucleus assay. (2016) J Appl Toxicol 36(4):532-42.

Sahu SC, Njoroge J, Bryce SM, Yourick JJ, Sprando RL. Comparative genotoxicity of
nanosilver in human liver HepG2 and colon Caco2 cells evaluated by a flow cytometric
in vitro micronucleus assay. (2014) J Appl Toxicol 34(11):1226-34.

Sahu SC, Roy S, Zheng J, Yourick JJ, Sprando RL. Comparative genotoxicity of
nanosilver in human liver HepG2 and colon Caco-2 cells evaluated by fluorescent
microscopy of cytochalasin B-blocked micronucleus formation. (2014) J Appl Toxicol
34(11):1200-8.

Senapati VA, Kumar A, Gupta GS, Pandey AK, Dhawan A. ZnO nanoparticles induced
inflammatory response and genotoxicity in human blood cells: A mechanistic approach.
Food Chem Toxicol. 2015 Nov;85:61-70.

Shinohara N, Matsumoto K, Endoh S, Maru J, Nakanishi J. In vitro and in vivo
genotoxicity tests on fullerene C60 nanoparticles. (2009) Toxicol Lett 191(2-3):289-96

Shukla RK, Kumar A, Gurbani D, Pandey AK, Singh S, Dhawan A. TiO, nanoparticles
induce oxidative DNA damage and apoptosis in human liver cells. (2013)
Nanotoxicology 7(1):48-60.

Shukla RK, Sharma V, Pandey AK, Singh S, Sultana S, Dhawan A. ROS-mediated
genotoxicity induced by titanium dioxide nanoparticles in human epidermal cells. (2011)
Toxicol In vitro 25(1):231-41.

Stoccoro A, Di Bucchianico S, Uboldi C, Coppede F, Ponti J, Placidi C, Blosi M, Ortelli
S, Costa AL, Migliore L. A panel of in vitro tests to evaluate genotoxic and
morphological neoplastic transformation potential on Balb/3T3 cells by pristine and
remediated titania and zirconia nanoparticles. (2016) Mutagenesis. 31(5):511-29.

Tarantini A, Lanceleur R, Mourot A, Lavault MT, Casterou G, Jarry G, Hogeveen K,
Fessard V. Toxicity, genotoxicity and proinflammatory effects of amorphous nanosilica
in the human intestinal Caco-2 cell line. Toxicol In vitro. (2015);29(2):398-407.

Unclassified



76 | ENV/JM/MONO(2018)4

Tavares A, Louro H, Antunes S, Quarré S, Simar S, De Temmerman PJ, Verleysen E,
Mast J, Jensen KA, Norppa H, Nesslany F, Silva MJ. Genotoxicity evaluation of
nanosized titanium dioxide, synthetic amorphous silica and multi-walled carbon
nanotubes in human lymphocytes. (2014) Toxicol In vitro 28(1):60-9.

Thurnherr T, Brandenberger C, Fischer K, Diener L, Manser P, Maeder-Althaus X,Kaiser
JP, Krug HF, Rothen-Rutishauser B, Wick P. A comparison of acute and long-term
effects of industrial multiwalled carbon nanotubes on human lung and immune cells in
vitro. (2011) Toxicol Lett 200(3):176-86

Uboldi C, Urbéan P, Gilliland D, Bajak E, Valsami-Jones E, Ponti J, Rossi F. Role of the
crystalline form of titanium dioxide nanoparticles: Rutile, and not anatase, induces toxic
effects in Balb/3T3 mouse fibroblasts. (2016) Toxicol In vitro 31:137-45.

Uboldi C, Giudetti G, Broggi F, Gilliland D, Ponti J, Rossi F. Amorphous silica
nanoparticles do not induce cytotoxicity, cell transformation or genotoxicity in Balb/3T3
mouse fibroblasts. (2012) Mutat Res 745(1-2):11-20.

Valdiglesias V, Costa C, Kili¢ G, Costa S, Pasaro E, Laffon B, Teixeira JP. Neuronal
cytotoxicity and genotoxicity induced by zinc oxide nanoparticles. (2013) Environ Int
55:92-100.

Visalli G, Bertuccio MP, lannazzo D, Piperno A, Pistone A, Di Pietro A. Toxicological
assessment of multi-walled carbon nanotubes on A549 human lung epithelial cells.
(2015) Toxicol In vitro 29(2):352-62.

Wahab R, Kaushik NK, Verma AK, Mishra A, Hwang IH, Yang YB, Shin HS, Kim YS.
Fabrication and growth mechanism of ZnO nanostructures and their cytotoxic effect on
human brain tumor U87, cervical cancer HeLa, and normal HEK cells. (2011) J Biol
Inorg Chem 16(3):431-42.

Wills JW, Hondow N, Thomas AD, Chapman KE, Fish D, Maffeis TG, Penny MW,
Brown RA, Jenkins GJ, Brown AP, White PA, Doak SH. Genetic toxicity assessment of
engineered nanoparticles using a 3D in vitro skin model (EpiDerm™). (2016) Part Fibr
Toxicol 13(1):50.

Yin H, Casey PS, McCall MJ, Fenech M. Size-dependent cytotoxicity and genotoxicity of
ZnO particles to human lymphoblastoid (WIL2-NS) cells. (2015) Environ Mol Mutagen
56(9):767-76.

Zijno A, De Angelis |, De Berardis B, Andreoli C, Russo MT, Pietraforte D, Scorza G,
Degan P, Ponti J, Rossi F, Barone F. Different mechanisms are involved in oxidative
DNA damage and genotoxicity induction by ZnO and TiO, nanoparticles in human colon
carcinoma cells. (2015) Toxicol In vitro 29(7):1503-12.

In vitro Comet assay

Barnes CA, Elsaesser A, Arkusz J, Smok A, Palus J, Le$niak A, Salvati A, Hanrahan JP,
Jong WH, Dziubattowska E, Stepnik M, Rydzynski K, McKerr G, Lynch I, Dawson KA,
Howard CV. Reproducible comet assay of amorphous silica nanoparticles detects no
genotoxicity. (2008) Nano Lett 8(9):3069-74

Battal D, Celik A, Giiler G, Aktas A, Yildirimcan S, Ocakoglu K, Comelekoglu U. SiO2
Nanoparticule-induced size-dependent genotoxicity - an in vitro study using sister

Unclassified



ENV/IM/MONO(2018)4 | 7

chromatid exchange, micronucleus and comet assay. (2015) Drug Chem Toxicol
38(2):196-204.

Botelho MC, Costa C, Silva S, Costa S, Dhawan A, Oliveira PA, Teixeira JP. Effects of
titanium dioxide nanoparticles in human gastric epithelial cells in vitro. (2014) Biomed
Pharmacother 68(1):59-64.

Cavallo D, Fanizza C, Ursini CL, Casciardi S, Paba E, Ciervo A, Fresegna AM, Maiello
R, Marcelloni AM, Buresti G, Tombolini F, Bellucci S, lavicoli S. Multi-walled carbon
nanotubes induce cytotoxicity and genotoxicity in human lung epithelial cells.(2012) J
Appl Toxicol 32(6):454-64.

Chen T, Yan J, Li Y. Genotoxicity of titanium dioxide nanoparticles. (2014) J Food Drug
Anal 22(1):95-104.

Chen Z, Wang Y, Ba T, Li Y, Pu J, Chen T, Song Y, Gu Y, Qian Q, Yang J, Jia G.
Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in vitro. (2014)
Toxicol Lett 226(3):314-9.

Cicchetti R, Divizia M, Valentini F, Argentin G. Effects of single-wall carbon nanotubes
in human cells of the oral cavity: geno-cytotoxic risk. (2011) Toxicol In vitro 25(8):1811-
9.

Courbiere B, Auffan M, Rollais R, Tassistro V, Bonnefoy A, Botta A, Rose J, Orsiére T,
Perrin J. Ultrastructural interactions and genotoxicity assay of cerium dioxide
nanoparticles on mouse oocytes. (2013) Int J Mol Sci 14(11):21613-28

Cowie H, Magdolenova Z, Saunders M, Drlickova M, Correia Carreira S, Halamoda
Kenzaoi B, Gombau L, Guadagnini R, Lorenzo Y, Walker L, Fjellsbg LM, Huk A, Rinna
A, Tran L, Volkovova K, Boland S, Juillerat-Jeanneret L, Marano F, Collins AR,
Dusinska M. Suitability of human and mammalian cells of different origin for the
assessment of genotoxicity of metal and polymeric engineered nanoparticles. (2015)
Nanotoxicology 9 Suppl 1:57-65.

Demir E, Akca H, Kaya B, Burgucu D, Tokgun O, Turna F, Aksakal S, Vales G, Creus
A, Marcos R. Zinc oxide nanoparticles: genotoxicity, interactions with UV-light and cell-
transforming potential. (2014) J Hazard Mater 15;264:420-9.

Di Bucchianico S, Fabbrizi MR, Cirillo S, Uboldi C, Gilliland D, Valsami-Jones E,
Migliore L. Aneuploidogenic effects and DNA oxidation induced in vitro by differently
sized gold nanoparticles. (2014) Int J Nanomedicine 8;9:2191-204

El Yamani N, Collins AR, Rundén-Pran E, Fjellsbg LM, Shaposhnikov S, Zielonddiny S,
Dusinska M. In vitro genotoxicity testing of four reference metal nanomaterials, titanium
dioxide, zinc oxide, cerium oxide and silver: towards reliable hazard assessment. (2016)
Mutagenesis pii: gew060.

Falck GC, Lindberg HK, Suhonen S, Vippola M, Vanhala E, Catalan J, Savolainen K,
Norppa H. Genotoxic effects of nanosized and fine TiO,. (2009) Hum Exp Toxicol 28(6-
7):339-52

Franchi LP, Manshian BB, de Souza TA, Soenen SJ, Matsubara EY, Rosolen JM,

Takahashi CS. Cyto- and genotoxic effects of metallic nanoparticles in untransformed
human fibroblast. (2015) Toxicol In vitro 29(7):1319-31.

Unclassified



78 | ENV/JM/MONO(2018)4

Ghosh M, Chakraborty A, Mukherjee A. Cytotoxic, genotoxic and the hemolytic effect of
titanium dioxide (TiO,) nanoparticles on human erythrocyte and lymphocyte cells in
vitro. (2013) J Appl Toxicol 33(10):1097-110.

Ghosh M, J M, Sinha S, Chakraborty A, Mallick SK, Bandyopadhyay M, Mukherjee A.
In vitro and in vivo genotoxicity of silver nanoparticles. (2012) Mutat Res 749(1-2):60-9.

Guichard Y, Schmit J, Darne C, Gaté L, Goutet M, Rousset D, Rastoix O, Wrobel R,
Witschger O, Martin A, Fierro V, Binet S. Cytotoxicity and genotoxicity of nanosized
and microsized titanium dioxide and iron oxide particles in Syrian hamster embryo cells.
(2012) Ann Occup Hygm 56(5):631-44.

Hackenberg S, Scherzed A, Technau A, Kessler M, Froelich K, Ginzkey C, Koehler C,
Burghartz M, Hagen R, Kleinsasser N. Cytotoxic, genotoxic and pro-inflammatory
effects of zinc oxide nanoparticles in human nasal mucosa cells in vitro. (2011) Toxicol
In vitro 25(3):657-63.

Hackenberg S, Friehs G, Kessler M, Froelich K, Ginzkey C, Koehler C, Scherzed A,
Burghartz M, Kleinsasser N. Nanosized titanium dioxide particles do not induce DNA
damage in human peripheral blood lymphocytes. (2011) Environ Mol Mutagen
52(4):264-8.

Hamzeh M, Sunahara GI. In vitro cytotoxicity and genotoxicity studies of titanium
dioxide (TiO,) nanoparticles in Chinese hamster lung fibroblast cells. (2013) Toxicol In
vitro 27(2):864-73.

Huk A, lzak-Nau E, El Yamani N, Uggerud H, Vadset M, Zasonska B, Duschl A,
Dusinska M. Impact of nanosilver on various DNA lesions and HPRT gene mutations -
effects of charge and surface coating. (2015) Part Fibre Toxicol 12:25

Jacobsen NR, Pojana G, White P, Mgller P, Cohn CA, Korsholm KS, Vogel U,
Marcomini A, Loft S, Wallin H. Genotoxicity, cytotoxicity, and reactive oxygen species
induced by single-walled carbon nanotubes and C(60) fullerenes in the FE1-Mutatrade
markMouse lung epithelial cells. (2008) Environ Mol Mutagen 49(6):476-87.

Kermanizadeh A, Vranic S, Boland S, Moreau K, Baeza-Squiban A, Gaiser BK,
Andrzejczuk LA, Stone V. An in vitro assessment of panel of engineered nanomaterials
using a human renal cell line: cytotoxicity, pro-inflammatory response, oxidative stress
and genotoxicity. (2013) BMC Nephrol. 14:96.

Kwon JY, Kim HL, Lee JY, Ju YH, Kim JS, Kang SH, Kim YR, Lee JK, Jeong J, Kim
MK, Maeng EH, Seo YR. Undetactable levels of genotoxicity of SiO2 nanoparticles in in
vitro and in vivo tests. (2014) Int J Nanomedicine 15;9 Suppl 2:173-81.

Kwon JY, Lee SY, Koedrith P, Lee JY, Kim KM, Oh JM, Yang SI, Kim MK, Lee JK,
Jeong J, Maeng EH, Lee BJ, Seo YR. Lack of genotoxic potential of ZnO nanoparticles in
in vitro and in vivo tests. (2014) Mutat Res Genet Toxicol Environ Mutagen 761:1-9.

Landsiedel R, Ma-Hock L, Van Ravenzwaay B, Schulz M, Wiench K, Champ S, Schulte
S, Wohlleben W, Oesch F. Gene toxicity studies on titanium dioxide and zinc oxide
nanomaterials used for UV-protection in cosmetic formulations. (2010) Nanotoxicology
4:364-81

Lindberg HK, Falck GC, Suhonen S, Vippola M, Vanhala E, Catalan J, Savolainen K,
Norppa H. Genotoxicity of nanomaterials: DNA damage and micronuclei induced by

Unclassified



ENV/IM/MONO(2018)4 | 79

carbon nanotubes and graphite nanofibres in human bronchial epithelial cells in vitro.
(2009) Toxicol Lett 186(3):166-73.

Maser E, Schulz M, Sauer UG, Wiemann M, Ma-Hock L, Wohlleben W, Hartwig A,
Landsiedel R. In vitro and in vivo genotoxicity investigations of differently sized
amorphous SiO, nanomaterials. (2015) Mutat Res Genet Toxicol Environ Mutagen
794:57-74.

Migliore L, Saracino D, Bonelli A, Colognato R, D'Errico MR, Magrini A, Bergamaschi
A, Bergamaschi E. Carbon nanotubes induce oxidative DNA damage in RAW 264.7
cells. (2010) Environ Mol Mutagen 51(4):294-303

Mili¢ M, Leitinger G, Pavici¢ 1, Zebi¢ Avdi¢evic M, Dobrovi¢ S, Goessler W, Vinkovi¢
Vréek I. Cellular uptake and toxicity effects of silver nanoparticles in mammalian kidney
cells. (2015) J Appl Toxicol 35(6):581-92.

Nymark P, Catalan J, Suhonen S, Jérventaus H, Birkedal R, Clausen PA, Jensen KA,
Vippola M, Savolainen K, Norppa H. Genotoxicity of polyvinylpyrrolidone-coated silver
nanoparticles in BEAS-2B cells. (2013) Toxicology 313(1):38-48.

Paino IM, Marangoni VS, de Oliveira Rde C, Antunes LM, Zucolotto V. Cyto and
genotoxicity of gold nanoparticles in human hepatocellular carcinoma and peripheral
blood mononuclear cells. (2013) Toxicol Lett 215(2):119-25.

Stoccoro A, Di Bucchianico S, Uboldi C, Coppede F, Ponti J, Placidi C, Blosi M, Ortelli
S, Costa AL, Migliore L. A panel of in vitro tests to evaluate genotoxic and
morphological neoplastic transformation potential on Balb/3T3 cells by pristine and
remediated titania and zirconia nanoparticles. (2016) Mutagenesis. 31(5):511-29.

Shukla RK, Kumar A, Gurbani D, Pandey AK, Singh S, Dhawan A. TiO, nanoparticles
induce oxidative DNA damage and apoptosis in human liver cells. (2013)
Nanotoxicology 7(1):48-60.

Shukla RK, Sharma V, Pandey AK, Singh S, Sultana S, Dhawan A. ROS-mediated
genotoxicity induced by titanium dioxide nanoparticles in human epidermal cells. (2011)
Toxicol In vitro 25(1):231-41.

Ursini CL, Cavallo D, Fresegna AM, Ciervo A, Maiello R, Buresti G, Casciardi S,
Tombolini F, Bellucci S, lavicoli S.Comparative cyto-genotoxicity assessment of
functionalized and pristine multiwalled carbon nanotubes on human lung epithelial cells.
(2012) Toxicol In vitro 26(6):831-40.

Visalli G, Bertuccio MP, lannazzo D, Piperno A, Pistone A, Di Pietro A. Toxicological
assessment of multi-walled carbon nanotubes on A549 human lung epithelial cells.
(2015) Toxicol In vitro 29(2):352-62.

Zijno A, De Angelis |, De Berardis B, Andreoli C, Russo MT, Pietraforte D, Scorza G,
Degan P, Ponti J, Rossi F, Barone F. Different mechanisms are involved in oxidative
DNA damage and genotoxicity induction by ZnO and TiO, nanoparticles in human colon
carcinoma cells. (2015) Toxicol In vitro 29(7):1503-12

Unclassified



80 | ENV/IM/MONO(2018)4

Double Strands breaks assay (Histone H2AX phosphorylation)

Chen Z, Wang Y, Ba T, Li Y, Pu J, Chen T, Song Y, Gu Y, Qian Q, Yang J, Jia G.
Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in vitro. (2014)
Toxicol Lett 2;226(3):314-9.

Condello M, De Berardis B, Ammendolia MG, Barone F, Condello G, Degan P, Meschini
S. ZnO nanoparticle tracking from uptake to genotoxic damage in human colon
carcinoma cells. (2006) Toxicol In vitro 35:169-79.

Jugan ML, Barillet S, Simon-Deckers A, Herlin-Boime N, Sauvaigo S, Douki T, Carriere
M. Titanium dioxide nanoparticles exhibit genotoxicity and impair DNA repair activity in
A549 cells. (2012) Nanotoxicology 6(5):501-13.

Kansara K, Patel P, Shah D, Shukla RK, Singh S, Kumar A, Dhawan A. TiO,
nanoparticles induce DNA double strand breaks and cell cycle arrest in human alveolar
cells. (2015) Environ Mol Mutagen. 56(2):204-17.

Mrakovcic M, Meindl C, Leitinger G, Roblegg E, Frohlich E. Carboxylated short single-
walled carbon nanotubes but not plain and multi-walled short carbon nanotubes show in
vitro genotoxicity. (2015) Toxicol Sci 144(1):114-27.

Sergent JA, Paget V, Chevillard S. Toxicity and genotoxicity of nano-SiO, on human
epithelial intestinal HT-29 cell line. (2012) Ann Occup Hyg 56(5):622-30.

Toduka Y, Toyooka T, Ibuki Y. Flow cytometric evaluation of nanoparticles using side-
scattered light and reactive oxygen species-mediated fluorescence-correlation with
genotoxicity. (2012) Environ Sci Technol. (2012);46(14):7629-36

Toyooka T, Amano T, Ibuki Y. Titanium dioxide particles phosphorylate histone H2AX
independent of ROS production. (2012) Mutat Res 742(1-2):84-91.

Trouiller B, Reliene R, Westbrook A, Solaimani P, Schiestl RH. Titanium dioxide
nanoparticles induce DNA damage and genetic instability in vivo in mice. (2009) Cancer
Res 69(22):8784-9.

Valdiglesias V, Costa C, Kili¢ G, Costa S, Pasaro E, Laffon B, Teixeira JP. Neuronal
cytotoxicity and genotoxicity induced by zinc oxide nanoparticles. (2013) Environ Int
55:92-100.

Review articles related to in vitro genotoxicity assays used for testing of
nanomaterials

Bowman L, Castranova V, Ding M. Single cell gel electrophoresis assay (comet assay)
for evaluating nanoparticles-induced DNA damage in cells. (2012) Methods Mol
Biol906:415-22.

Chen T, Yan J, Li Y. Genotoxicity of titanium dioxide nanoparticles. (2014) J Food Drug
Anal 22(1):95-104.

Collins AR, Annangi B, Rubio L, Marcos R, Dorn M, Merker C, Estrela-Lopis I, Cimpan
MR, Ibrahim M, Cimpan E, Ostermann M, Sauter A, Yamani NE, Shaposhnikov S,
Chevillard S, Paget V, Grall R, Delic J, de-Cerio FG, Suarez-Merino B, Fessard V,
Hogeveen KN, Fjellsbg LM, Pran ER, Brzicova T, Topinka J, Silva MJ, Leite PE, Ribeiro
AR, Granjeiro JM, Grafstrom R, Prina-Mello A, Dusinska M. High throughput toxicity

Unclassified



ENV/IM/MONO(2018)4 | 81

screening and intracellular detection of nanomaterials. (2016) Wiley Interdiscip Rev
Nanomed Nanobiotechnol. 2016. doi: 10.1002/wnan.1413.

Doak SH, Manshian B, Jenkins GJ, Singh N. In vitro genotoxicity testing strategy for
nanomaterials and the adaptation of current OECD guidelines. (2012) Mutat Res 745(1-
2):104-11

Gonzalez L, Sanderson BJ, Kirsch-Volders M. Adaptations of the in vitro MN assay for
the genotoxicity assessment of nanomaterials. (2011) Mutagenesis 26(1):185-91

Kirsch-Volders M, Decordier I, Elhajouji A, Plas G, Aardema MJ, Fenech M. In vitro
genotoxicity testing using the micronucleus assay in cell lines, human lymphocytes and
3D human skin models. (2011) Mutagenesis 26(1):177-84.

Golbamaki N, Rasulev B, Cassano A, Marchese Robinson RL, Benfenati E, Leszczynski
J, Cronin MT. Genotoxicity of metal oxide nanomaterials: review of recent data and
discussion of possible mechanisms. (2015) Nanoscale 7(6):2154-98.

Landsiedel R, Kapp MD, Schulz M, Wiench K, Oesch F. Genotoxicity investigations on
nanomaterials: methods, preparation and characterization of test material, potential
artifacts and limitations—many questions, some answers. (2009) Mutat Res 681(2-
3):241-58.

Magdolenova Z, Collins A, Kumar A, Dhawan A, Stone V, Dusinska M. Mechanisms of
genotoxicity. A review of in vitro and in vivo studies with engineered nanoparticles.
(2014) Nanotoxicology 8(3):233-78.

Unclassified



	COTEBKM
	Mendeley_dlyLQTqDVDaDkPyH4fn9LQ_2
	Mendeley_XhAr_nGL_zulujRi21Zwzw_4
	Mendeley_UeD0L7yycTG0cleq32Bntw_7
	Mendeley_ta5dr2C3RzSmUpsaPa0aQg_6
	Mendeley___75_nCMkqTijrx34ArBOzA_5
	Mendeley_9rDiIbmLhTG8BlHpHw1acA_8
	Mendeley_tBWO1h2NCz6uRqN4TIdctQ_9
	Mendeley_3b1xgLd2ozazqv1XGxUm4A_10
	Mendeley_LCum1LVFLjOOnJpwcyJJIA_11
	Mendeley_RbzedvfQ8TSlMyG5z1sNdA_12
	Mendeley_z2n9OZ2f4DK0neUA038qHw_13
	Mendeley_aPF5jG7JqTiDnNL7uxX6cg_14
	Mendeley_08DjimGqrTmY6ulyAlpDIw_16
	Mendeley___jORFVVdHTa05ijWwaJLtg_17
	Mendeley_z08SkfhjFT2E3PMLq8WvTg_18
	Mendeley_3KNavS8iuDWkug24C__QGYg_19
	Mendeley_Ttj2__k3csT__znXhVpDu6TA_21
	Mendeley_rRvBhGf4zjinzyMawzyG0A_20
	Mendeley_TZMG8_b7Rz6d69ZmZV8m3Q_23
	Mendeley_s_7m8mLciz6QY5d9Li54HQ_24
	Mendeley__OSnJ4c0yTeM7uEASZO3_w_25
	Mendeley_XnMEHkYE5jyNFa5AZnOwGw_22

