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Abstract Keywords

Within EU FP7 project NANOVALID, the (eco)toxicity of 7 well-characterized engineered  Metals, multitrophic test battery,
nanomaterials (NMs) was evaluated by 15 bioassays in 4 laboratories. The highest tested physico-chemical characterization, risk
nominal concentration of NMs was 100 mg/I. The panel of the bioassays yielded the following assessment, solubilization

toxicity order: Ag>ZnO > CuO >TiO,>MWCNTs>SiO,>Au. Ag, ZnO and CuO proved very
toxic in the majority of assays, assumingly due to dissolution. The latter was supported by the History
parallel analysis of the toxicity of respective soluble metal salts. The most sensitive tests/species .

were Daphnia magna (towards Ag NMs, 24-h ECs,=0.003mg Ag/l), algae Raphidocelis Received 25 November 2015
subcapitata (ZnO and CuO, 72-h ECso=0.14mg Zn/l and 0.7 mg Cu/l, respectively) and murine ~ Revised 8 May 2016
fibroblasts BALB/3T3 (CuO, 48-h ECso=0.7 mg Cu/l). MWCNTSs showed toxicity only towards rat ~Accepted 17 May 2016
alveolar macrophages (ECso=15.3 mg/I) assumingly due to high aspect ratio and TiO, towards ~ Published online 22 June 2016
R. subcapitata (ECso=6.8 mg Ti/l) due to agglomeration of TiO, and entrapment of algal cells.

Finally, we constructed a decision tree to select the bioassays for hazard ranking of NMs.

For NM testing, we recommend a multitrophic suite of 4 in vitro (eco)toxicity assays: 48-h D.

magna immobilization (OECD202), 72-h R. subcapitata growth inhibition (OECD201), 30-min

Vibrio fischeri bioluminescence inhibition (ISO2010) and 48-h murine fibroblast BALB/3T3

neutral red uptake in vitro (OECD129) representing crustaceans, algae, bacteria and mammalian

cells, respectively. Notably, our results showed that these assays, standardized for toxicity

evaluation of “regular” chemicals, proved efficient also for shortlisting of hazardous NMs.

Additional assays are recommended for immunotoxicity evaluation of high aspect ratio NMs

(such as MWCNTs).

Abbreviations: 3,5-DCP: 3,5-dichlorophenol; AAS: atomic absorption spectroscopy; AFW:
artificial freshwater; AO/EB: acridine orange/ethidium bromide; BET: Brunauer, Emmett and
Teller; CNTs: carbon nanotubes; DI water: deionized water; DLS: dynamic light scattering;
DMEM: Dulbecco’s modified Eagle’s medium; FBS: fetal bovine serum; CLP: regulation on
Classification, Labeling and Packaging; hMSC: human bone marrow-derived mesenchymal stem
cells; ICP-MS: inductively coupled plasma mass spectrometry; QSAR: quantitative structure-
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activity relationship; LB: Luria-Bertani medium; LOEC: lowest observed effect concentration;
MBC: minimal biocidal concentration; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; MWCNTs: multi-walled carbon nanotubes; n.a.: not applicable; n.d.: not determined;
NPs: nanoparticles; NMs: nanomaterials; NRU: neutral red uptake; OECD: Organization for
Economic Co-operation and Development; pdi: polydispersity index; Pl: propidium iodide; PVP:

polyvinylpyrrolidone; REACH: European Union

regulation on Registration,

Evaluation,

Authorization and Restriction of Chemicals; ROS: reactive oxygen species; SDS: sodium dodecyl
sulfate; SEM: scanning electron microscopy; TEM: transmission electron microscopy; SSA:
specific surface area; WST-1: 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra-

zolium; XRD: X-ray diffraction; XPS: X-ray photoelectron spectroscopy

Introduction

Taking into account the increasing number of nanomaterials
(NMs) entering the market, hazard and risk assessment of each
variant of NMs and all their possible derivatives is not realistic.
Therefore, the need for the hazard ranking and grouping of NMs
is widely acknowledged (Arts et al., 2014, 2015; Gebel et al.,
2014; Godwin et al., 2015). A comprehensive overview on NM
classification methods proposed by different authorities and the
initial decision-making framework were recently published (Arts
et al.,, 2015; Godwin et al., 2015). In order to classify NMs,
reliable toxicity data and cost-efficient toxicity assays allowing
to pinpoint the hazardous NMs are urgently needed. This would
allow to focus on the mechanisms of toxicity of hazardous NMs
to different organisms, depending on the potential use and
production volume of each NM type. It is equally important
to denote non-hazardous NMs that are safe to use to pro-
mote further development of nanotechnologies. In line with the
above-mentioned aspects, there are currently several ongoing
discussions on the need of publishing not only these nanosafety
studies, where toxic effects have been registered but also no-
effect studies as the potential risk from NM exposures is
probably exaggerated (Gebel et al., 2014; Krug, 2014; Warheit
& Donner, 2015).

Recently, OECD has come to the conclusion that the
approaches for the testing of traditional chemicals are in general
appropriate for assessing the NM safety, but should be adapted to
the specificities of NMs (OECD, 2012). Currently, different
consortia are involved in the process of adapting existing OECD
toxicity tests for NM testing (Petersen et al., 2015). However, in
the absence of standardized NM-specific tests, industry and the
whole society would benefit from simple cost-effective in vitro
screening assays to serve as a starting point for obtaining
preliminary hazard information. The earlier the toxic side-effects
of NMs will be discovered, the more time and development costs
will be saved. Indeed, Choi et al. (2009) estimated that the costs
for the testing of the existing nanoparticles (NPs) could range
from $249 million (presuming the NPs are in general safe and
require simple in vitro screening assays) to $1.18 billion
(presuming the NPs require long-term in vivo testing) and the
complete toxicity testing would take 34-53 years. This would not
only be a heavy financial burden but also an ethical problem,
because a large number of animal experiments were involved.

Alternative methods are increasingly promoted to reduce or
replace vertebrate animals in (nano)toxicology experimentation
(Hartung, 2010; Kandarova & Letasiova, 2011). Various data sets
have already been generated and several testing strategies have
been proposed for the in vitro screening of NMs with the
emphasis on mechanism-based high-throughput approaches
(Farcal et al., 2015; George et al., 2011; Godwin et al., 2015;
Nel et al., 2013). Most of these high-throughput mechanistic
studies focused mainly on human cells and didn’t consider
potential environmental hazard of NMs. Although there is also a
relatively large number of nano-ecotoxicity studies available

(reviewed by Adam et al., 2015; Bondarenko et al., 2013a; Chen
et al., 2015; Coll et al., 2015; Jackson et al., 2013; Juganson et al.,
2015; Vale et al., 2016), only a few single studies provided data
for a wide range of environmentally relevant organisms and
enable to retrieve the most suitable organisms and endpoints for
the environmental hazard testing of NMs.

Numerous EU research consortia are currently dedicated to
nanosafety. The respective EU projects are consolidated under the
‘Nanosafety Cluster’ that involves around 100 projects including
two flagship FP7 projects NANOVALID and MARINA. The
main aim of the NANOVALID project (www.nanovalid.eu;
2011-2015) was to develop a set of reliable reference methods
and materials for physico-chemical characterization and hazard
identification of NMs, whereas the authors of the current paper
focused on (eco)toxicological screening of NMs. Altogether 15
different test organisms and cell lines (6 medically important
bacterial species, yeast, alga, protozoan, 2 crustacean species,
zebrafish and 3 mammalian cell lines in vitro) involving a wide
variety of cells and ecologically relevant organisms were used.
The selected ecotoxicological organisms represent both, particle-
ingesting (protozoa, crustaceans) and presumably non-ingesting
(bacteria, algae, fish embryos) species. All these test organisms
are abundant in the terrestrial compartment (bacteria, isopods),
wastewater treatment plants (bacteria, protozoa) and natural
waterbodies (algae, protozoa, aquatic crustaceans, fish). In
addition, this selection represents organisms from different
trophic levels including consumers (protozoa, crustaceans, fish),
primary producers (algae) and decomposers (bacteria). For
comparison, we tested the toxicity of NMs to mammalian cell
lines in vitro: human bone marrow-derived mesenchymal stem
cells, murine fibroblasts and rat alveolar macrophages.

Bacterial growth and bioluminescence inhibition, yeast viabil-
ity, algal growth, crustacean immobilization, zebrafish embryos’
malformation and several assays detecting the loss of viability of
cells (ATP production, propidium iodide staining, neutral red
uptake, MTT and WST-1 reduction and acridine orange/ethidium
bromide staining) were used as endpoints to determine the
(eco)toxicity of NMs. Five of the assays were conducted in
accordance to ISO or OECD guidelines (Table 1).

The main goals of this research were (i) to generate toxicity
data for 7 physico-chemically well-characterized NMs using a
suite of 15 bioassays, (ii) to pinpoint the most sensitive bioassays
and (iii) to suggest (on the basis of a decision-tree) a refined
in vitro test battery, comprising of selected in vitro bioassays, for
(eco)toxicity screening and initial hazard ranking of NMs.

Materials and methods
Study design and participating institutions

Four partner institutions of the EU FP7 project NANOVALID
participated in the study: National Institute of Chemical Physics
and Biophysics (NICPB, Estonia), University of Ljubljana (UL,
Slovenia), The Center for Cellular & Molecular Biology (CCMB,
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India) and University of Tampere (UTA, Finland). Experimental
set-up is schematically presented in Figure S1. The partners were
provided with NMs of the same batch. All the partners followed
the same procedure for the storage and preparation of the test
suspensions, if not stated otherwise in the ‘‘Nanomaterials’ section.

Chemicals

All the chemicals were at least of analytical grade. AgNO;3; was
from J.T. Baker; ZnSQO,, 3,5-dichlorophenol, ATP assay reagent
and dilution buffer, neutral red solution (3.3 g/l in phosphate
buffered saline), propidium iodide and acetic acid were from
Sigma-Aldrich; CuSO4*5H,0 from Alfa Aesar; Vibrio fischeri
Reagent from Aboatox (Turku, Finland); Daphnia magna’s
dormant eggs were from MicroBioTests Inc (Belgium), ATP
standard from BioOrbit; Dulbecco’s Modified Eagle’s Medium
(DMEM) and Kaighn’s Modification of Ham’s F-12 from ATCC
(UTA) or Invitrogen (CCMB), fetal bovine serum (FBS) from
Gibco Invitrogen, Newborn Calf Serum from Biochrom Ag,
WST-1 Cell Proliferation Reagent from Roche or Life
Technologies and acridine orange and ethidium bromide
from Merck.

NMs and their characterization

Seven NMs were characterized and tested: SiO, (NNV-002), Ag
(NNV-003), Au (NNV-004), MWCNTs (NNV-006), CuO (NNV-
011), ZnO (NNV-012) and TiO, (NNV-013). The Ag NMs and
MWCNTs tested in the current study were also used in the EU
FP7 project MARINA.

NMs were provided centrally as aqueous suspensions (Au and
Ag NMs) or as dry powders (SiO,, TiO,, MWCNTs, CuO and
ZnO). All the NMs were at least 99% pure according to X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
inductively coupled plasma mass spectrometry (ICP-MS).
Suspensions of Au and Ag NMs were provided in nominal
concentrations of 60 and 40000 mg/l, respectively. The shape,
specific surface area (according to BET methodology) and
primary size (according to transmission electron microscopy,
TEM) were measured by NM providers (Table 2).

Preparation of NM suspensions

All the stock suspensions of NMs and the respective soluble metal
salts (ionic controls) were prepared on metal basis to facilitate
comparison of their toxicities. The stock suspensions of NMs
(except MWCNTs, Ag and Au NMs) were prepared at nominal
concentrations of 5000 mg metal/l in sterile deionized (DI) water
(pH=5.8), homogenized using ultrasonic probe immediately
after the preparation of the suspensions (40 W, 4 minutes; 450
Ultrasonifier, Branson Ultrasonics Corporation, Danbury, CT) at
continuous mode without temperature adjustment and left for two
days to equlibrate. Stock suspensions were stored in the dark at
room temperature for up to 2 weeks. To obtain a stable suspension
of MWCNTs, 0.01% Triton X-100 was used as a dispergant.
Generally, all partners followed the same protocols for the
dispersion of NMs (40 W, 4minutes) with the following
exceptions: (i) CCMB prepared the NM stock suspensions at
1000 mg metal/l in DI water and dispersed using ultrasonic probe
(30 W, 10 minutes; SONICS Vibracell); (ii) UTA prepared stock
suspension of MWCNTs at 200mg/l freshly before use and
ultrasonicated in a water bath sonicator (40 kHz, 2 hours; B3510,
Branson Ultrasonics); (iii) UTA prepared the stock suspension of
SiO, NMs at 2000 mg/1 freshly before use and ultrasonicated in a
water bath sonicator (40kHz, 5 minutes; B3510, Branson
Ultrasonics). As Au and Ag NMs were provided as stable
suspensions, they were used for testing without prior sonication.

In vitro toxicity screening and hazard ranking of nanomaterials
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Characterization of NMs in suspension

Hydrodynamic size (measured by dynamic light scattering, DLS),
polydispersity index (pdi) and C-potential were measured at a
concentration of 10 mg metal/l for Au and 100 mg metal/l for the
other NMs using Malvern Zetasizer (Nano-ZS, Malvern
Instruments, UK). Dissolution of Ag, CuO and ZnO NMs was
quantified using atomic absorption spectroscopy (AAS). For that,
NMs at 10 mg/l were incubated in DI water or selected toxicity test
media for 30 min, 4 h, 24 h or 72 h, ultracentrifuged (390 000g, 30—
60min) and the supernatant was analyzed by GF-AAS in
accredited laboratory of the Institute of Chemistry of Tallinn
University of Technology (Estonia) using EVS-EN ISO/IEC
17025:2005. The ratio of determined dissolved metal to total nom-
inal metal in NMs was designated as dissolution (%) (Table 3).

Toxicity assays

The references to and the description of the used toxicity assays
are consolidated in Table 1. Due to the large number of
implemented different toxicity assays and to avoid redundancy,
the details of the toxicity testing procedures can be found in the
referred articles and/or the respective guideline documents. All
the modifications of these previously published methods and/or
guidelines are listed in Table 1.

Testing strategy

Due to the large testing matrix (7 NMs and 15 test species) the
maximum nominal NM concentration to be tested was set to
100 mg/1. In the first round of testing the following concentrations
of NMs were analyzed: 0.1; 1; 10 and 100mg metal/l or
MWCNTSs/1. In case of Au NM (concentration 60 mg Au/l in the
stock provided), lower maximum concentration (30 mg/l) was
used. Abiotic controls were run in parallel to evaluate the
potential interference of the tested NMs with the toxicity
endpoints. In addition, ionic controls (respective soluble metal
salts) were used in parallel to estimate the role of dissolution of
NMs in their toxicity. The tests were performed at least in
duplicates and in two independent experiments. If the toxicity of
NM was not observed in the first round of testing, the ECs, was
assigned >100 mg metal/l (in case of MWCNTs mg compound/l).
If toxicity was observed, more thorough testing (i.e., lower
concentrations and 2-fold dilutions) was performed to determine
precise ECs.

Dose-response curves and calculation of ECsq

ECsq and confidence limits were calculated from the concentra-
tion-effect curves based on nominal exposure concentrations and
using the log-normal model of MS Excel macro Regtox
(Vindimian, 2005; NICPB, CCMB), MS Excel Regression
analysis (NICPB, UL) or SigmaPlot Regression analysis (UTA).

The dose-response curves were based on at least six concen-
trations and at least six concentrations were used for the
regression. The confidence limits and the number of replicates
for each assay are shown in Table S1.

Constructing the decision tree for NMs testing

The decision tree was constructed to select the bioassays for
hazard ranking of NMs on the basis of four benchmarks: duration
and complexity of the assay, sensitivity, standardization status and
time needed for training of the technician/researcher. For each of
these four benchmarks 1 to 3 points were scored: 1 point to
describe low performance and 3 points for high performance. The
most suitable tests were selected on the basis of the highest total
scores. Rapidity and ease of performance were the criteria for
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Table 1. Summary of (eco)toxicological methods used in this study.

Nanotoxicology, 2016; 10(9): 1229-1242

Test name

Reference

Modification(s) compared to reference (if any)

Bacterial growth inhibition assay (all bacteria except
Vibrio fischeri)

V. fischeri bioluminescence inhibition assay

Yeast viability assay (Saccharomyces cerevisiae)

Algal growth inhibition assay (Raphidocelis
subcapitata)

Protozoan viability assay (Tetrahymena termophila)

Crustacean acute immobilization assay (Daphnia
magna)

Suppi et al., 2015
OECD, 2011

Jemec et al., 2016

Isopod (Porcellio scaber) membrane integrity assay
(AO/EB staining)

Zebrafish (Danio rerio) embryo toxicity assay
Human mesenchymal stem cell membrane integrity
assay in vitro (PI staining)

Zhang et al.,1999

Human mesenchymal stem cell mitochondrial Mosmann, 1983

activity assay in vitro (MTT reduction)

Murine fibroblast BALB/c 3T3 membrane integrity
assay in vitro (NRU)

Murine fibroblast BALB/c 3T3 mitochondrial
activity assay in vitro (WST-1)

Rat alveolar macrophage NR8383 mitochondrial
activity assay in vitro (WST-1)

OECD, 2010
Zou et al., 2012

Zou et al., 2012

Bondarenko et al., 2013b

ISO, 2010; Kurvet et al., 2011

Jemec et al., 2016; OECD, 2004

Valant & Drobne, 2012

Jemec et al., 2016; OECD, 2013

The initial optical density (ODg) of bacterial suspen-
sion was ODgognm = 0.07.

The 96-well plates were incubated statically at 30°C
during assay and were shaken once before each
measurement.

The temperature was 20 °C instead of 15 °C stated in the
ISO guideline as most of the luminometers can not
be adjusted below room temperature.

No modifications.

No modifications of the guideline.

No modifications.

Differently from OECD guideline, the daphnid neonates
used in the assays, were not obtained from the in-
house culture but hatched from the daphnia dormant
eggs.

The exposure for 3 h at room temperature instead of 18 h
at 4°C was used.

The test was performed on 24-well plates instead of
glass vials.

No modifications of the guideline.

Test was initiated 24 h after exposure to NMs. 488 nm
excitation/578 nm emission filters were used to read
plates.

Test was initiated 24 h after exposure to NMs and
incubated with test reagent for 4 h.

After cell lysis with sodium dodecyl sulfate the
absorbance was read at 570 nm.

No modifications of the guideline.

No modifications.

Rat alveolar macrophages NR8383 (ATCC, CRL-2192)
instead of BALB/c 3T3 described in the reference
were used.

Cells were seeded into 96-well plates at density 12 000
cells/well.

AO/EB, acridine orange/ethidium bromide; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NRU, neutral red uptake; PI,
propidium iodide; WST-1, 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium.

Table 2. Physico-chemical properties of the studied nanomaterials (NMs were >99% pure).

Specific surface Primary size Hydrodynamic size pdi in { -potential
NMs Provider Coating Shape area [m?/ 2] (TEM) [nm] in DI (DLS) [nm] DI in DI [mV]
SiO,* Nanologica No Spherical 910 +42 212 +£52 854 +38 0.6 —-37.9
Ag Colorobia PVP-stabilized Spherical n.d. 20.4+6.8 132+0.5 0.2 —10.6
Au** Inmetro Citrate Spherical n.d. 13.3+0.8 23+4 0.2 —48
MWCNT  Nanocyl No Tubular 265+ 18 diameter: 10.2+0.5 n.a. n.a. n.a.

length: >1000%**

CuO Intrinsiq Materials No Spherical 23+3.7 245+23 152+2 0.2 45.4
ZnO Nanogate No Spherical 58+5 13.6+1.7 102+1 0.2 32.1
TiOy**#*  CCMB No Spherical 257 +£47 <5 367 +60 0.4 14.2

*Mesoporous; **Acidic suspension (pH=15.8); ***Measured by SEM; ****Anatase crystal structure with some rutile present according to XRD
analysis. DI, deionized water; DLS, hydrodynamic light scattering; n.a., not applicable; PVP, polyvinyl-pyrrolidone; pdi, polydispersity index; SEM,

scanning electron microscopy; TEM, transmission electron microscopy.

duration and complexity of the test and the scoring was based on
the partners’ experience. Toxicity values (ECsy) were the criteria
for the sensitivity of the test. The highest score (3) was assigned if
the test was the most sensitive to two or more NMs and lowest
score (1) if the test was never the most sensitive to NMs (Table 4).
Standardization of the test was considered a quality criterion and
the standardized tests (Table 1) were therefore assigned the
highest score (3). Time duration was the criterion for the training
required to master execution of the test and was based on the

partners’ experience. The tests with the shortest estimated
required training time were assigned the highest score (3).
Results

Characterization of NMs

The physico-chemical characterization data for analyzed NMs are
shown in Table 2. The primary size of NMs (TEM) was in the
nano-size range (1-100nm, according to European Commission
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Figure 1. Surface charge ({-potential) of five 50 45 m TiO,
nanomaterials in five different test media | .
analyzed at concentration 100 mg metal/l 40 " Si0;
using Malvern Zetasizer. 30 Ag
= CuO
E 20 | 14 14
" ' I ZnO
— 10 7
]
£ 10 | T2 g W -
2 11 4 -8.108-9-8
N~ 220 |
|
-30 |
| L
-40 -38
DI water 2% NaCl OECD201 OECD202 OECD129
-50 (veast, protozoan) (Vibrio fischeri) (alga) (Daphnia magna) (BALB/C 3T3 cells)

Table 3. Dissolution (share of dissolved metal to total metal) of Ag, CuO and ZnO nanomaterials was determined by atomic
absorption spectroscopy in supernatants of ultracentrifuged 10 mg metal/l NM suspensions after 30-min, 24-h, 48-h and 72-h

incubation in deionized water (DI water) or test media.

DI water 2% NaCl OECD202 OECDI129 OECD201
(veast, protozoan), (Vibrio fischeri), (Daphnia magna), (BALB/c 3T3 cells), (alga), 72-h
24-h dissolution, % 30-min dissolution, % 24-h dissolution, % 48-h dissolution, % dissolution, %
Ag 49.8 0.12 0.5 4.7 0.35
CuO 9.2 8.3 1 61.1 0.7
ZnO 34 17.7 28.7 100 13.2

recommendation; EC, 2012) with the exception of SiO, (primary
size 212 nm). However, SiO; had the pores in the nanometer scale
that translated into large specific surface area of 910 m?¥g
(Table 2). As one of the definitions of ‘‘nano’’ refers to the large
specific surface area rather than the small primary size (NM is
defined as the material with >60 m*/cm® volume-specific surface
area according Kreyling et al. 2010), we considered SiO, as NM.
The suspensions of Ag, Au, CuO and ZnO NMs were stable
(pdi=0.2; Table 2) in DI water. Au NMs had the smallest
hydrodynamic size in DI water (23nm), followed by ZnO
(102nm), Ag (132nm) and CuO (152nm), whereas SiO, and
TiO, formed visible agglomerates with hydrodynamic size of
367nm (TiO,) and 854 (SiO,) and pdi >0.4. However, all the
NMs agglomerated in the actual test media to various degrees,
depending on the test media used (Table S2).

The surface charges ((-potential) of NMs in DI water ranged
from —37.9mV (SiO,) to 45.4mV (CuO) (Table 2). However, in
the actual test media all the NMs gained more comparable, mostly
slightly negative, {-potentials (Figure 1). Similar phenomenon
was observed in our previous study, where C(-potential of 11
different metal oxides varied from —30mV to 30 mV in DI water
but was comparable in serum-supplemented cell culture medium
(close to the C-potential of this test medium, —8.5mV) (Ivask
et al., 2015). This may explain more prominent agglomeration of
NMs in the actual test media compared to DI water (Table S2)
since the {-potential higher than +30 mV or lower than —30mV is
usually required to maintain the NM dispersed by charge
stabilization (Hitchman et al., 2013).

Our dissolution analysis (i.e., potential of metal-based NMs
to release soluble metal ions) showed that three NMs (Ag, CuO
and ZnO) were partly dissolving in DI water. The dissolution of
CuO, ZnO and Ag at concentration 10mg metal/l after 24-h

incubation in DI water was 9.2%, 34% and 49.8%, respectively
(Table 3). In addition to DI water, dissolution was analyzed in
four test media that were used in toxicity assays which proved
the most sensitive (lowest ECsy, Table 4). Remarkably, the
dissolution of Ag NMs was very low in all the test media
compared to DI water (Table 3). At the same time, the
dissolution of CuO and ZnO NMs was enhanced in BALB/c 3T3
cell culture medium (serum-supplemented DMEM) compared to
the other test media (mineral media without serum), probably
due to serum content.

Toxicity values and criteria for hazard ranking of NMs

The toxicity of 7 NMs (SiO,, TiO,, Au, Ag, CuO, ZnO and
MWCNTs) was analyzed using 15 bioassays. The highest tested
nominal concentration was 100mg/l. Representative dose-
response curves on the example of CuO NMs are shown in
Figure S2. ECs, values (expressed in nominal concentrations on
metal basis) were calculated from the dose-response curves and
are color-coded in Table 4 to form a toxicity heat map. For the
assays with yeast S. cerevisiae and crustacean P. scaber the
minimal biocidal concentration (MBC) and the lowest observed
effect concentrations (LOEC), respectively, were used instead of
ECso. In addition, Table 4 contains toxicity data for the soluble
salts of Ag, Cu and Zn to estimate the role of dissolution in
toxicity of NMs that are prone to solubilization (Ag, CuO and
ZnO, respectively). Parallel analysis of solubilization products of
NMs is also recommended by the European research network
(Handy et al., 2012). Hazard ranking of NMs and soluble metal
salts was performed as in our previous studies (Bondarenko et al.,
2013a; Kahru & Dubourguier, 2010): ECsy value <1 mg/1 ranked
NMs as  very  toxic; 1-10 mg/1 = toxic; >10-100 mg/
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Table 4. Toxicity (ECso, MBC or LOEC) values of nanomaterials expressed in a heat map.

Nanotoxicology, 2016; 10(9): 1229-1242

NANOMATERIALS SOLUBLE METAL SALTS
Time, medium,
Tests models endpoint SiO, TiO, Au MWCNT (Ag Cuo ZnO AgNO; CuSO, ZnSO,
BACTERIA: EC50, MBC or LOEC (mg metal/l or mg MWCNTSs/I)
s . 4hECs50,LB,
_ Escherichia coli growth inhibition >100 >100 >10 n.d 3,1 >100 67 1,3 >100 52,3
®  Staphylococcus h ECs50, LB,
; phy 4 50. o >100 >100 >10 n.d 5,2 >100 16 2,2 >100 15,5
% aureus growth inhibition
E Bacill btilis  * h EC50, LB, >100  >100 s} n.d >100 1 0 >100 16,0
2 acillus subtilis growth inhibition >1 . 4,5 4 3, 3
% Pseudomonas 4hEC50, LB, >100 >100 >10 n.d 8 >100 6 2,0 >100
£ putida growth inhibition : 3 9 ) 49,5
$ Pseudomonas 4hEC50, LB,
° ) N >100  >100 >10 n.d 3,2 >100 >100 2,1 >100 >100
o aeruginosa growth inhibition
0.5 h EC50, 2% Nadl,
Vibrio fischeri  bioluminescence >100 >100  4,8* n.d 2,9 3,4 8,3 1,4 7,7
inhibition
YEAST: 24 h MBC,
T Saccharomyces  deionized water, n.d >100 >10 >100 1 >100 20 1 4 >100
Y cerevisiae viability
oD
£ ALGA: 72 h EC50, OECD201
@ Raphidocelis medium, growth 83,6 6,8 n.d. n.d.
(9 TR
¥ subcapitata inhibition
_g‘ PROTOZOAN: 34 ECso,
3 Tetrahymena deionized water, >100 >100 >30 >100 3,9 >100 3,9 2,9 n.d. n.d.
thermophila viability
human 24h E[CSO' »
. mesenchymal ﬁf::b:i:e UMl s100  >100 30 100 6,4 2,2 1,9 n.d. 2,73 1,7
-“E stem cells integrity (PI)
E human 24h Elcio' ;
14 complete medium,
E mesenchymal mitochondrial >100  >100 >30 n.d 4,6 >100 16,3 n.d. >100 48
§ stem cells activity (MTT)
i murine 24 2'4 50% complete
medium,
o 4 Fkkk
kS fibroblasts mitochondrial >100  >100 >6 >100 3 9,1 2 2,9 8,7
g BALB/c 3T3 activity (WST-1)
§ murine 48h E[CSO’ 503’
t ium,
= fibroblasts completemedium 100 >100 6 >100 28wk 1 6,9 2 6,1 5,3
membrane
BALB/c 3T3 integrity (NRU)
rat 24 h E[Cso, 503
complete medium,
macrophages mitochondrial >100  >100 >6 15,3 9,8 n.d n.d n.d. n.d. n.d.
NR8383 activity (WST-1)
'é’ CRUSTACEAN: 48 h EC50, artificial
Ra) Daphni : freshwater, >100 >100 >30 >100 1,87 1,55
§° aphnia magna immobilization
i
O CRUSTACEAN: 3LOEGo09%
S P i b NaCl, membrane n.d >100 n.d n.d 10 100 >100 n.d. 50 >100
;: orcellio Scaber i,ioqrity (AO/EB)
-‘_‘-'-’_, FISH: zebrafish g6 h Ecs0, artificial
é (Danio rerio) freshwater, lethal nd >100 >30 n.d
embryo malformations
Lowest EC50: 83,6 6,8 4,8 15,3
murine
Most sensitive test: R. subcapitata Vibrio . rat D. magna fibroblasts  R. . D. magna R. subcapitata
fischeri |macrophages andR. subcapitata
subcapitata
W_ 1-10 mg/l = toxic >10-100 mg/l = harmful >100 mg/l = not classified/not harmful

*The toxicity of Au NMs to V. fischeri was due to acidic pH; **Jemec et al., 2016; ***Aruoja et al., 2009; ****Zou et al., 2012. AO/EB,
acridine orange/ethidium bromide; LB, Luria—Bertani; LOEC, lowest observed effect concentration; MBC, minimal bactericidal
concentration; n.d, not determined; PI, propidium iodide.
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Figure 2. Shematic representation of embry- (a)
onic development (0.2 h and 72 h are shown)

of zebrafish (Kimmel et al., 1995, reprinted

with the permission of John Wiley and Sons)

(a). Representative images of development of
unexposed zebrafish embryo (control) or

exposed to 100 mg/l TiO, NMs or to 10 mg/1

Ag NMs after 72h (b). Red arrow indicate
undeveloped embryo exposed to Ag NMs.

Scale bar = I mm.

(b)

1 = harmful; >100 mg/L = not classified/not harmful. MBC (yeast
viability assay) and LOEC (isopod membrane integrity assay)
values were ranked on similar basis as ECs values.

Very toxic NMs: Ag, CuO and ZnO

Ag, CuO and ZnO were ranked as very toxic (ECsq value <1 mg/
I). Thus, these three NMs belong to the Category Acute 1
according to EU’s regulation on classification, labeling and
packaging (CLP) of substances and mixtures (EC, 2008) based on
their toxicity to fish (96 h), daphnids (48 h) and algae (72 or 96 h).
Indeed, Ag was the most toxic NM tested. Crustacean D. magna
and alga R. subcapitata (formerly known as Selenastrum
capricornutum and Pseudokirchneriella subcapita) were most
sensitive  to Ag NMs (24-h ECs5,=0.003 and 72-h
EC50=0.0086 mg Ag/l, respectively). Thus, the toxicity tests
with D. magna and R. subcapitata flagged the toxicity of Ag NMs
already at pg/l levels, being up to three orders of magnitude more
sensitive than all the other assays used. This demonstrates the
hazard of Ag NMs to aquatic life, if leaching from the consumer
products to the waterbodies even at very low concentrations. In
addition to high toxicity of Ag NMs to aquatic crustaceans and
alga, the hazardous nature of Ag NMs was also demonstrated by
zebrafish embryo toxicity assay (96-h ECso=3mg Ag/l). At
10mg Ag/l, Ag NMs completely inhibited the hatching of fish
embryos (Figure 2). Interestingly, the toxicity of Ag NMs to both
mammalian cells in vitro and various bacterial cells was observed
at the same concentration range (3—10 mg/l, Table 4), indicating
the higher toxicity of Ag NMs to non-target organisms such as
crustaceans than to target organisms (microbes) (Bondarenko
et al., 2013a). In line with our results there are several recent
multispecies studies and numerous reviews showing potential
ecotoxicity of Ag NMs (Coll et al., 2015; Garner et al., 2015;
Kwak et al., 2016; Vale et al., 2016). All these studies support the
commentary that ‘‘the European Commission should be regulat-
ing nanosilver, not asking for yet another report on its impact on
health and the environment’’ (Hansen & Baun, 2012).

ZnO was the second most toxic NM being especially toxic in
acute assays with the aquatic organisms (R. subcapitata, D.
magna, T. thermophila and V. fischeri). As in case of Ag NMs,
D. magna and especially R. subcapitata, were the most suscep-
tible to ZnO NMs (48-h EC50=1.87 and 72-h ECs5y=0.14mg
Zn/1, respectively, Table 4). This is in agreement with the recent
comprehensive study of Adam et al. (2015) showing that algae
and crustaceans were more sensitive to ZnO NMs than other

In vitro toxicity screening and hazard ranking of nanomaterials

72h

1235

72-h Ag NM

5

aquatic organisms. The toxicity of ZnO NMs to mammalian cell
lines in vitro was slightly lower (1.9-16.3 mg Zn/l) depending on
the cells used. These results are in agreement with previous
reports by Farcal et al. (2015) and Ivask et al. (2015) who showed
using various endpoints that for most of the mammalian cell lines
ECso of ZnO was in the range of 10-30 mg/l.

The toxicity of CuO NMs ranged from 0.7mg Cu/l (murine
fibroblasts and R. subcapitata) to>100 mg Cu/l (various bacteria)
depending on test organism, toxicity endpoint and test medium
used (Table 4). It has been previously shown that the test medium
and especially the presence of organic compounds significantly
modifies the toxicity of CuO and speciation of copper
(Blinova et al., 2010; Kikinen et al., 2011). However, in some
tests with unicellular organisms (e.g., protozoa and yeast) CuO
was not toxic despite of the use of DI water (that does not
complex Cu ions nor induces agglomeration of NMs) as an
exposure environment. This suggests that some organisms migh
be inherently more resistant to CuO. Alarmingly, assays with
murine fibroblasts BALB/3T3 showed the lowest ECs values for
CuO, demonstrating that human cell lines in vitro are highly
susceptible to this NM. We have previously suggested that
differently from most of the other cell types and organisms,
mammalian cells might be susceptible also to particle-specific
adverse effects of CuO NMs (Bondarenko et al., 2013b) that is
probably related to intracellular dissolution of internalized CuO
particles in the acidic environment of lysosomes (Trojan horse
mechanism; Cronholm et al., 2013). High sensitivity of mamma-
lian cells to CuO NMs observed in this study supports this
hypothesis.

Notably, the toxicity patterns (toxicity to different organisms)
of dissolution-prone NMs (Ag, CuO and ZnO) and the respective
metal salts were almost identical (Table 4), suggesting that the
toxicity of these NMs was due to dissolution.

Toxic NMs: TiO,

TiO, exhibited toxicity only in the assay with algae R. subcapitata
(72-h EC50=6.8mg Ti/l). The visual observation of TiO,-
exposed algae showed that most likely the inhibition of algal
growth was due ‘‘entrapment’” of the algal cells into TiO, NM
agglomerates (Figure 3c,d). No such effect was observed in case
of SiO, NMs-exposed algae (Figure 3a,b), although the surface
charges of these two NMs (—17mV for SiO, and —20mV for
TiO,, Figure 1) as well as hydrodynamic sizes (575nm and
478 nm, respectively, Table S2) in the algal test medium were
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Figure 3. Algae Raphidocelis subcapitata after 72-h exposure in OECD medium (a), with 100 mg/l of nano-SiO, (b) and 100 mg/l of TiO,,
photographed in parallel using phase contrast (c) and fluorescence microscopy (d).

similar. Notably, differently from all the other bioassays used for
toxicity testing, the algal growth inhibition assay is performed
under illumination. In our previous study covering the toxicity of
12 metal oxides to algae, we showed that TiO, NMs are
photoactivated upon illumination and generate reactive oxygen
species (ROS) (Aruoja et al., 2015). We suggested that the
entrapment of algae into TiO, NM agglomerates enhanced the
contact of algal cells with TiO, and thus, susceptibility of algae to
ROS generated by TiO,. Thus, the toxicity of TiO, used in our
study was algae-specific and most probably due to photoactiva-
tion-induced ROS. In addition, the shedding of light by TiO,
agglomerates cannot be excluded.

Harmful NMs: MWCNTs and SiO»

MWCNTs exhibited the toxicity only in one assay — the bioassay
with rat alveolar macrophages (Table 4), indicating that all the
other 14 assays were not able to pinpoint the adverse effects of
these NMs. Indeed, analogously to asbestos fibers, CNTs elicit
toxicity via high aspect ratio and pose adverse effects mainly on
immune cells (Bhattacharya et al., 2013). Furthermore, the wide
range of immune effects triggered by CNTs (e.g., induction of
chemokine and cytokine secretion, generation of reactive oxygen
species, interference with cellular response to pathogens) occur
already at sub-toxic levels (Kodali et al., 2013) and might not be
captured by traditional cytotoxicity/viability assays. Therefore,
additional functional assays with immune cells could be recom-
mended for the hazard identification of these biopersistant high
aspect ratio NMs. Interestingly, we observed some sub-toxic
effects of MWCNTs in the acute toxicity assay with D. magna.
Namely, even upon exposure at low concentration (1 mg/l of
MWCNTS), D. magna gut was filled with MWCNTs (Figure 4b).
Furthermore, when MWCNT-exposed crustaceans were further
incubated in artificial freshwater without MWCNTs for 24 h after

the termination of the exposure, MWCNTSs were not eliminated
(egested) from the gut (Figure 4d). This observation suggests that
although MWCNTs did not exhibit any direct acute effects on this
organism in the used test design (OECD202), the long-term
effects (e.g., possible interference with the feeding of the
organism, trophic transfer) should be studied in more detail.
SiO, NMs showed moderate toxicity only in the assay with
algae R. subcapitata (72-h EC5o=383.6 mg Si/l. Although we did
not determine the dissolution of SiO, in this study, the adverse
effects of SiO, to algae may be related to the dissolved fraction as
discussed previously (Aruoja et al., 2015). The absence of toxic
effect of mesoporous SiO, in the rest of the 14 assays, including
mammalian cells in vitro (Table 4), is in agreement with various
reports on the safety of mesoporous silica and is very encouraging
given the perspective of this type of SiO, in drug delivery and
other biomedical applications (Fadeel & Garcia-Bennett, 2010;
Wang et al., 2015; Witasp et al., 2009). Notably, another variety
of silica particles — crystalline SiO, — has been shown to be toxic
both in vitro and in vivo conditions (Napierska et al., 2010) as
crystalline phase is an important parameter in the toxicity of SiO,.

Not classified/non-hazardous NMs: Au

Au NM was toxic only in the V. fischeri bioluminescence inhibition
assay. However, once the acidic suspension of Au NMs (pH =5.8)
was neutralized, no toxicity was observed. Thus, the toxicity of Au
NMs to V. fischeri was most likely due to acidic pH of the Au NM
suspension. However, the toxicity of Au NMs cannot be fully
certified in this study since the maximum available test concen-
tration was too low (30 mg Au/l). On the basis of the literature, the
toxicity of Au NMs cannot be excluded. For example, Nam et al.
(2015) conducted a comprehensive ecotoxicity evaluation of Au
NMs and found these NMs hazardous (with the 48-h
ECs0=0.6 x 10'° particles/ml to the most sensitive test organism
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1 mg/l MWCNTs

Figure 4. Images of Daphnia magna: not exposed (a, ¢) and after 24-h incubation with MWCNTSs (b, d). Red arrows indicate the gut of Daphnia. Upper
panels depict the gut of Daphnia after 24-h incubation and lower panels after transfer of daphnids to artificial freshwater. Note that even after the 24-h
recovery in the clean artificial freshwater the gut remained filled with MWCNTSs (d). Images were taken with Olympus BX61. Scale bar =50 um.

cladoceran Moina macrocopa) and suggested the guideline values
for the protection of the aquatic ecosystems.

Discussion

Seven representative NMs were tested with 15 different test
species and/or cell lines to find the refined suite of bioassays for
identification of hazardous NMs both, for the ecosystem as well
as for human. Various toxicity endpoints were applied to cover the
different modes of action of NMs. On the basis of the gained
experience, we outlined the advantages and limitations of each
assay (Table 5). In addition, we selected four benchmarks and
constructed a decision tree to select a refined toxicity test battery
for NM screening (Figure 5).

Test battery of toxicity screening assays

Test battery of toxicity screening assays was selected on the basis
of decision tree (Figure 5) as described in Materials and Methods.
Taking into account the technical complexity, standardization
status, sensitivity of the test and required training, we selected the
following four acute assays for the nanotoxicity screening: 48-h D.
magna immobilization (OECD202), 72-h R. subcapitata growth
inhibition (OECD201), 30-min Vibrio fischeri bioluminescence
inhibition (ISO21338:2010) and 48-h murine fibroblast BALB/
3T3 neutral red uptake in vitro (OECD129) (Figure 5). All these
four assays were efficient in revealing the adverse effects of toxic
NMs (Table 4), are standardized and their combination provides a
diversity in terms of biological organization of the test species,
involving bacteria, alga, crustacea and a model for human cells.

Physico-chemical properties versus toxicity of NMs

As highlighted by Godwin et al. (2015), the ‘‘holy grail”’ of
nanosafety field would be the ability to rank the NMs into hazard

categories on the basis of physico-chemical properties. In our study
we observed that the dissolution (a function of chemical compos-
ition of NM and the test conditions) was the main physico-chemical
property explaining the toxicity of the most toxic NMs (Ag, ZnO
and CuO) to a wide range of ecotoxicological organisms and cells
lines. This was concluded on the basis of the comparison of toxicity
patterns of NMs and the respective metal salts (Table 4). Indeed,
numerous papers have previously identified dissolution as the main
factor contributing to the (eco)toxicity of NMs (Adam et al., 2015;
Bondarenko et al., 2013a; Heinlaan et al., 2008; Ivask et al., 2010;
Notter et al., 2014; von Moos & Slaveykova, 2014). This is also in
line with one of the few successful QSAR models developed for
NMs by Puzyn et al. (2011), who described the relationship
between the structures of 17 metal oxides and their cytotoxicity to
E. coli cells and showed that the formation of a cation (dissolution)
of the NMs was the main determinant of toxicity. The same study
found no influence of NM particle size on toxicity. Similar
conclusion was drawn by Horie et al. (2012) for 24 metal oxide
NMs, showing that the primary particle size and specific surface
area did not affect the toxicity of NMs to two mammalian cell lines
in vitro and that dissolution was the most important cytotoxicity
factor. Recently, Notter et al. (2014) performed a meta-analysis of
published ecotoxicity data of Ag, ZnO and CuO NMs and
respective salts and found that as the NM form is mostly less
toxic than the dissolved metal, the existing regulations on soluble
metals can be easily adjusted to the respective NMs. All these
previous studies and our comprehensive data set on the toxicity of
Ag, ZnO and CuO NMs and the respective metal salts to 15 test
organisms and cells lines show that (i) dissolution is the key factor
in the toxicity of these NMs and (ii) the regulations and guidelines
that are applied for the toxicity testing of metal salts can be
potentially adapted for the respective NMs in standardized
(laboratory) conditions.
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Figure 5. Decision tree for the selection of optimal toxicity assays for screening and hazard ranking of NMs. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NRU, neutral red uptake; PI, propidium iodide; WST-1, 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium.

There are numerous articles suggesting that in addition to the
dissolution, many other physico-chemical properties such as
primary and hydrodynamic size, shape, aspect ratio, degree of
agglomeration, surface coating, surface defects, surface reactivity
and charge may contibute to toxicity (Djurisi¢ et al., 2015; Jiang
et al., 2009; Nel, 2013; Oomen et al., 2015; Suresh et al., 2013).
On the basis of our toxicity screening results and the literature

data, we suggest that these properties are more relevant for the
non-dissolving NMs (that are mostly less toxic). For example,
Li et al. (2012) showed that in addition to dissolution, the
antibacterial activity of seven types of UV-irradiated metal-oxide
NPs correlated quantitatively with their ability to induce ROS and
suggested that large specific surface area of NMs contributed to
this process.
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No apparent correlation between the toxicity of NMs (Table
4) and the hydrodynamic size or (-potential (Table 2) was
found in our study using simple correlation models (Figure S3).
Nevertheless, as highlighted by Chen et al. (2015), the toxicity
data, obtained by following the widely applied guidelines and
backed up with solid physico-chemical data, are especially
valuable and can be used as a part in further modeling
applications and nano-QSAR development. Finally, our com-
prehensive matrix of the toxicity data (7 x 15 across-species
quantitative toxicity values) can be reused in other EU projects
(e.g., eNanoMapper, NANoREG), uploaded into comprehensive
databases and used for the systems biology analysis to
understand the potential adverse effects of different type of
NMs on cell and organism functions and the ecosystem at
large.

Conclusions and outlook

Four partner laboratories working together in FP7 project
NANOVALID analyzed the toxicity of seven well-characterized
NMs by 15 test organisms and cells lines in vitro. Overall,
crustacean D. magna and algae R. subcapitata were the most
sensitive to the toxicity of the tested NMs (e.g., R. subcapitata
was the most sensitive to four out of seven NMs tested: SiO,,
TiO,, CuO and ZnO). This is very encouraging given the fact
that both, D. magna immobilization assay (OECD202) and R.
subcapitata growth inhibition assay (OECD201) are standar-
dized and can be supposedly easily adapted for the testing of
NMs.

The dissolution-prone NMs (Ag, CuO and ZnO) were ranked
very toxic by most of the assays. By comparing the toxicity
patterns of NMs and the respective metal salts, we suggest that the
toxicity of dissolution-prone NMs was due to shedding of toxic
metal ions. TiO, was ranked roxic by algal growth inhibition
assay, most probably due to entrapping of algae by TiO,
agglomerates. MWCNTSs proved harmful only in the assay with
rat alveolar macrophages (immune cell model), suggesting that for
these NMs, specific immunotoxicological assays for the toxicity
screening should be applied. Thus, dissolution-prone NMs were
toxic due to the shedding of toxic ions, whereas other NM- and
test organism-specific physico-chemical properties came into play
in case of less toxic non-dissolving NMs (e.g., aspect ratio of
MWCNTs in the assay with alveolar macrophages and entrapment
of algae by TiO, agglomerates in the algal growth inhibition
assay). Finally, SiO, NMs were ranked as harmful only in the
algal growth inhibition assay. These findings support the recent
opinion of Maynard (2016) that ‘‘the prefix ‘nano’ cannot
effecively be used as an actual risk predictor’’.

Using the duration, complexity, sensitivity (ECsg) and stand-
ardization status of the toxicity assays as the benchmarks, we
constructed a decision tree to suggest a refined suite of bioassays
for cost-effective toxicity screening of NMs. On the basis of the
decision tree, we recommend a multitrophic suite of four in vitro
(eco)toxicity assays: 48-h D. magna immobilization (OECD202),
72-h R. subcapitata growth inhibition (OECD201), 30-min V.
fischeri bioluminescence inhibition (ISO21338:2010) and 48-h
murine fibroblast BALB/3T3 neutral red uptake in vitro
(OECD129). These four assays efficiently pinpointed the toxic
NMs (Table 4). Also, their combination involves bacteria
(decomposers), algae (primary producers), crustaceans (multicel-
lular particle-ingesting organisms) and model for human cells
(mammalian cell lines in vitro). It is noteworthy that although the
selected most sensitive assays have been standardized for the
‘regular soluble’ chemicals, they also proved the most sensitive in
pinpointing the hazardous NMs, showing the potency of the
existing regulatory test formats to be used for NM testing.

Nanotoxicology, 2016; 10(9): 1229-1242
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