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Abstract Manufactured nanomaterials (MNMs) selected
from a library of over 120 different MNMs with varied com-
positions, sizes, and surface coatings were tested by four
different laboratories for toxicity by high-throughput/-con-
tent (HT/C) techniques. The selected particles comprise 14
MNMs composed of CeO,, Ag, TiO,, ZnO and SiO, with
different coatings and surface characteristics at varying
concentrations. The MNMs were tested in different mam-
malian cell lines at concentrations between 0.5 and 250 pg/
mL to link physical-chemical properties to multiple adverse
effects. The cell lines are derived from relevant organs such

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s00204-017-2106-7) contains
supplementary material, which is available to authorized users.

< Carsten Weiss
carsten.weiss @kit.edu

Karlsruhe Institute of Technology (KIT), Institute
of Toxicology and Genetics, Hermann-von-Helmholtz-Platz
1, 76344 Eggenstein-Leopoldshafen, Germany

European Commission, Joint Research Centre (JRC), Via
E. Fermi 2749, 21027 Ispra (VA), Italy

3 Centre for BioNano Interactions (CBNI), School
of Chemistry and Chemical Biology, University College
Dublin (UCD), Belfield, Dublin 4, Ireland

Faculty of Physics and Center for NanoScience (CeNS),
Ludwig-Maximilians-Universitit Miinchen (LMU),
Geschwister-Scholl-Platz 1, 80539 Munich, Germany

5 Promethean Particles Ltd, 1-3 Genesis Park, Midland Way,
Nottingham NG7 3EF, UK

School of Geography Earth and Environmental Sciences
(GEES), University of Birmingham (UoB), Edgbaston,
Birmingham B15 2TT, UK

as liver, lung, colon and the immune system. Endpoints such
as viable cell count, cell membrane permeability, apoptotic
cell death, mitochondrial membrane potential, lysoso-
mal acidification and steatosis have been studied. Soluble
MNMs, Ag and ZnO, were toxic in all cell types. TiO, and
Si0, MNMs also triggered toxicity in some, but not all, cell
types and the cell type-specific effects were influenced by
the specific coating and surface modification. CeO, MNMs
were nearly ineffective in our test systems. Differentiated
liver cells appear to be most sensitive to MNMs, Whereas
most of the investigated MNMs showed no acute toxicity,
it became clear that some show adverse effects dependent
on the assay and cell line. Hence, it is advised that future
nanosafety studies utilise a multi-parametric approach such
as HT/C screening to avoid missing signs of toxicity. Fur-
thermore, some of the cell type-specific effects should be
followed up in more detail and might also provide an incen-
tive to address potential adverse effects in vivo in the rel-
evant organ.

Keywords Manufactured nanomaterials - Toxicity -
High-throughput screening - Cell type specificity - Cell
death - Adverse outcome pathways - Nanosafety

Introduction

As a result of the diversity of manufactured nanomaterials
(MNM) in terms of their physical-chemical features such
as chemical composition, surface modification/charge and
size, the number of materials to be tested to ensure safe and
responsible innovation is steadily increasing. Between 500
and 2000 MNM:s are expected to be placed on the EU market
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at volumes of at least 1 tonne/year and are consequently
affected by registration obligations under REACH legisla-
tion, leading to total costs of up to €600 million to be borne
by industry, mostly (around 80%), micro companies or Small
and Medium Enterprises (European commission 2013). For
effective safety screening and hazard ranking of MNMs, it
is necessary to speed up the testing by in vitro test systems
which include microscopy-based high-throughput/-content
(HT/C) methods (Nel et al. 2013; Delaval et al. 2017).
Microscopy-based screening approaches not only reduce
time and costs, but also circumvent misinterpretation of
results obtained by some conventional toxicity tests, with
which MNMs often interfere (e.g. by binding the colori-
metric reporter molecules). They can also provide the basis
for quantitative structure (property)—activity relationships
(QS(P)ARs), allow identification of no-observed-adverse-
effect levels (NOAELS), support the development of MNMs
with improved safety, help to rapidly unravel toxicity or
adverse outcome pathways (AOPs) of MNMs and refine,
reduce or replace (3 Rs) animal experiments, all of which
could have an impact on the decisions and approaches of
regulatory authorities (Tralau et al. 2015). Indeed, the
absence of extensive grouping and read-across approaches
validated for MNMs is a critical factor in the cost estimate
given above for REACH evaluation of MNMSs, which is
substantially reduced under the assumption of grouping
read-across methods, although these are currently absent
for MNMs (European commission 2013).

Cells cultured in vitro represent ideal high-throughput
and ethically acceptable systems to assess toxicity. The cel-
lular endpoints could be based on knowledge acquired from
AOPs which are conceptual constructs that describe existing
knowledge on the link between a molecular initiating event
(MIE) and an adverse outcome. A sequential chain of caus-
ally linked events is portrayed at different levels of biological
organisation (Horvat et al. 2017; Gerloff et al. 2017).

The cell models used in this study are representative of
human organs known to interact with, or accumulate, MNMs
(Fig. S1). The human alveolar lung epithelial cell line A549
and the human colonic epithelial cell line HCT116 were
chosen as representative models derived from the major
target organs lung and colon, respectively. Macrophages, as
part of the immune system, are found in the lung and in all
other organs. As a representative cell line, the murine cell
line RAW?264.7 was chosen. MNMs that reach the blood
stream will pass through the liver as the central organ for
metabolism including detoxification of xenobiotics. Liver
cells are represented by differentiated human HepaRG and
non-differentiated human HepG2 cells.

Upon systemic MNM exposure, the liver is one of the
main target organs for their accumulation and thus a site sus-
ceptible to induction of adverse effects. Toxicity to the liver,
such as cell death, inflammation and/or steatosis (infiltration
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of liver cells with fat, associated with a disturbance of the
metabolism) can be monitored. Human primary hepatocytes
are the most recommended tools, especially as they are com-
petent for Cytochrome P450 (CYP)-mediated metabolism
(Godoy et al. 2013). However, the widespread use of pri-
mary hepatocytes is limited by the restricted availability of
liver tissue, their early phenotypic changes and their limited
lifespan. On the contrary, traditional human liver cell lines
such as HepG2 often lack the necessary enzymes and pro-
teins required for a normal response of the liver to toxic
triggers. The human hepatoma cell line HepaRG displays
hepatocyte-like functions and expresses drug detoxifying
enzymes at relatively high levels compared to cell lines such
as HepG2 (Kanebratt and Andersson 2008). When plated
at high density, they differentiate into hepatocyte-like cells
which can be purified from the co-culture with biliary cells
using selective trypsinisation. This method has successfully
been used for high-throughput screening of chemicals (Cerec
et al. 2007; Mennecozzi et al. 2012).

On the basis of previously developed AOPs, e.g. for
determining chemically induced liver toxicity (Landesmann
et al. 2012; Landesmann 2015), the development and use
of potentially nano-specific AOPs are currently being dis-
cussed (Gerloff et al. 2017). This knowledge was used to
carefully select endpoints for this study. The selected end-
points are either relevant events of general MNM-induced
toxicity (general cytotoxicity, mitochondrial damage, and
apoptosis) or cell type-specific adverse outcomes (i.e. liver-
specific steatosis) that might be involved in MNM toxicity
to the selected organ.

Cell death is not only one of the key events in general
MNM toxicity but, more specifically, also might lead to the
development of more complex pathologies such as fibrosis.
Cell death can be determined by various markers. During
apoptosis, cleaved caspase-3 can be found either in the cyto-
plasm or, at a later stage, also within the nucleus (Ramuz
et al. 2003). These different localizations can be distin-
guished via HT/C screening to provide further insight into
the stage (progression) of the apoptotic process. The shape
and staining intensity of the nucleus, as, e.g. determined via
Hoechst 33342 staining, further allows for a careful distinc-
tion between apoptosis and necrosis, as apoptosis leads to
fragmentation of the nucleus, a decrease in its size and an
increase in nuclear staining intensity, whereas nuclear swell-
ing points towards a necrotic cell death. Additionally, Image-
iT DEAD green or propidium iodide (PI) staining allows for
the analysis of cells with a compromised cell membrane,
which further indicates a necrotic or late apoptotic process,
whereas the cell count provides information on the overall
amount of cells which are still attached (either healthy or
already in the apoptotic or necrotic state).

Mitochondria not only generate the cell’s energy but
also play a central role in the regulation of apoptosis and
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calcium homeostasis. The maintenance of a negative
mitochondrial membrane potential (MMP) is essential for
normal adenosine triphosphate (ATP) production and is
considered as a functional readout. Loss of MMP results in
an imbalance of the energy status, and induces formation
of reactive oxygen species (ROS), impairment of calcium
homeostasis and the release of certain proteins. These
processes are essential for the induction and execution of
apoptosis (Kroemer et al. 2007).

Lysosomes play an important role in endocytotic,
phagocytotic and autophagic processes in degrading cel-
lular components or extracellular material (Stern et al.
2012). Lysosomal membrane integrity is vital to cellular
functioning. Once the lysosomal membrane is ruptured
(a process called lysosomal membrane permeabilization
(LMP)), the lysosomal content is released into the cytosol
which induces cell death (Yu et al. 2016).

Steatosis belongs to the wide range of non-alcoholic
fatty liver diseases (NAFLDs) and is characterised by the
accumulation of lipids within hepatocytes. Steatosis is a
relatively mild symptom but can lead to the development
of steatohepatitis, which is characterised by inflammatory
cell recruitment, cirrhosis and ultimately development of
hepatocellular carcinoma. Obese patients have a highly
increased risk for the development of steatosis (Yoon and
Cha 2014).

HT/C assays provide various parameters simultaneously,
such as information on specific staining intensities and the
exact staining localisation, shape of an organelle such as the
nucleus and further parameters. These parameters enable
conclusions to be drawn regarding the underlying mecha-
nisms of toxicity of each MNM tested, and might allow for
observation of the temporal development towards an adverse
outcome.

Here, 14 metal and metal oxide MNMs as well as amine-
modified polystyrene (PS-NH,) MNMs were selected due
to their widespread industrial or commercial use, and as
they are members of the OECD priority particle list (OECD
2010). Ceria (CeO,), titania (TiO,), zinc oxide (ZnO) and
silver (Ag) MNMs display different redox activities and sol-
ubility and were used with different surface coatings. Silica
MNMs were surface functionalized by either carboxyla-
tion or amino-modification to study the impact of surface
charge on toxicity. As a positive control, PS-NH, MNMs
were investigated, which have been shown previously
to induce cell death in multiple cell types (e.g. HEK293,
HepG2, hCMEC/D3, A549, SHSYS5Y, 1321N1, RAW264.7)
mostly by lysosomal damage (Anguissola et al. 2014; Xia
et al. 2008).

The data generated by this work will not only be useful to
analyse mechanisms of MNM toxicity but also provide the
basis for establishment of QS(P)ARs, allow identification of
NOAELSs and guide follow-up studies in vivo.

Materials and methods
Nanomaterials

The MNMs used in this study are all from the NanoMILE
project MNM library. More specifically, TiO, NM-103, TiO,
NM-104, CeO, NM-212, ZnO NM-110, ZnO NM-111, and
Ag NM-300 K MNMs were provided by the JRC (Joint
Research Centre, Ispra, Italy) repository and were described
previously (Rasmussen et al. 2014; Singh et al. 2014, 2011;
Klein et al. 2011). TiO,-plain, TiO,—PVP, TiO,—F127,
TiO,—~AA4040, and CeO,-plain MNMs were from Pro-
methean (Nottingham, UK) and were synthesised using a
continuous-flow hydrothermal method which has been previ-
ously described in the literature (Lester et al. 2006, 2013).
Si0,-un, SiO,-NH, and SiO,—~COOH NPs were synthesised
and characterised at JRC (Ojea-Jimenez et al. 2016). PS-NH,
MNMs (Bangs Laboratory, Fishers, IN, USA) were used as
positive control.

All participants in the present work received aliquots
from the same batches of MNMs either in suspension or as
dry powder, and used them as provided. A standard operat-
ing procedure (SOP) for dispersion of the MNMs and for
exposure of cells was developed to maximise harmonisa-
tion across laboratories and hence minimise variations of the
MNM suspensions. Briefly, MNMs were dispersed at 5 mg/
mL in water, and then diluted to the dosing concentrations
as described below except for hydrophobic MNMs, i.e. ZnO
NM-111. For direct comparability, both ZnO NM-110 and
ZnO NM-111 were dispersed according to the NanoGeno-
Tox dispersion protocol (Jensen et al. 2011): To prepare a
2.56 mg/mL stock solution, 15.36 mg MNMs was weighed
and then dispersed in 30 pL ethanol (> 96%). After gentle
mixing 970 uL of 0.05% bovine serum albumin (BSA) in
sterile filtered MilliQ water was added and the suspension
was carefully mixed. Then, another 5 mL of 0.05% BSA
solution was added (total volume 6 mL).

Suspensions which were prepared from MNM powder
were ultrasonicated for 15 min in an ultrasonic bath (min
250 W), while those prepared from MNM suspensions
were ultrasonicated for 5 min. JRC used a VialTweeter with
1.1 W/mL for ultrasonication. The stock suspensions were
further diluted in the respective cell culture media, which
contained 10% foetal bovine serum (FBS) which was cen-
trally purchased as one lot (Gibco, Life Technologies, Darm-
stadt, Germany, Cat. number 10270-106, LOT-Number
41G1931 K). The FBS was distributed among all partners
and was also used for the exposure of the different cell lines
to MNMs to ensure biological reproducibility. All MNMs
have been characterised under the respective experimental
conditions in complete cell culture medium (DMEM or Wil-
liam’s MediumE) immediately following dispersion (Time
0 h) and after 24 h at 37 °C (Time 24 h) (Tables 1, 2).
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Dynamic light scattering (DLS) measurements were per-
formed on a Malvern Zetasizer (nano ZS) at the University
of Birmingham (UoB). Ten consecutive measurements were
carried out and averaged to calculate the mean size. The
results were obtained at 37 °C with samples equilibrated
for 2 min before the measurements were started. Transmis-
sion Electron Microscopy (TEM) samples were prepared on
copper grids by means of the drop method. MNM imaging
was carried out using a JEOL 1200 TEM at an accelerating
voltage of 80 kV.

Cells and exposure to MNMs

HepaRG, a human hepatic stem cell line, was established
and patented by INSERM (National Institute of Health and
Medical Research) laboratory at Rennes, France. Undiffer-
entiated HepaRG cells were provided by Biopredic Inter-
national (Rennes, France) in cryopreserved vials. During
cell maintenance, the cells were cultured in maintenance
medium consisting of William’s MediumE (Thermo Fisher
Scientific, Melegnano, Italy) with 10% FBS (HyClone Fetal-
Clone III, HyClone), 1% L-glutamine, 1% penicillin/strepto-
mycin, 5 pg/mL bovine insulin and 50 pM hydrocortisone
(all from Sigma, Milan, Italy). The cells were seeded at a
density of 1 x 10° cells into 75 cm? flasks and the medium
was refreshed every 2 to 3 days. Upon confluence, the cells
were transferred into 150 cm? flasks. After 14 days, the cells
start to differentiate into hepatocytes and biliary cells. This
process is supported by changing to differentiation medium,
which consists of maintenance medium plus 1.7% DMSO
(starting with 0.85% DMSO for 1 day). After 2 weeks in
differentiation medium, the hepatocytes were selectively
trypsinised and detached whereas the biliary cells remained
adhered to the plate. The hepatocytes were then transferred
into clear bottom black polystyrene 96-well microplates
(5 x 10* cells/well in 100 pL) by an automated procedure.

HepG2 human hepatocellular carcinoma cells and
RAW?264.7 murine macrophages (both from ATCC, Rock-
ville, MD, USA) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS,
100 U/mL penicillin and 100 mg/mL streptomycin (Life
Technologies, Paisley, UK). For HT/C screening, 5 X 103
cells were seeded in a clear flat bottom 96-well plate (Cell
Star, Dublin, Ireland) in 100 pL of cell culture medium con-
taining 10% FBS.

A549 human alveolar epithelial cells (ATCC, Rock-
ville, MD, USA) were used by two partners but cultured
differently. One partner (Ludwig Maximilians University,
LMU) cultured the cells in modified Eagle’s medium with
Earle’s salts (c—c-pro, Oberdorla, Germany) with 2 mM
L-glutamine, and 10% FBS. Some hours before treatment,
the cells were seeded at a concentration of 8 x 10° cells
per well on micro-patterned single cell arrays in 8 wells
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(ibidi GmbH, Martinsried, Germany). The other partner
(Karlsruhe Institute of Technology, KIT) cultivated the
A549 cells in DMEM supplemented with 100 U/mL peni-
cillin, 100 mg/mL streptomycin, 2 mM L-glutamine, and
10% FBS. HCT116 human colon epithelial wild-type (wt)
and p53 knock-out cells (kindly provided by B. Vogelstein,
John Hopkins University, Baltimore, USA) were cultivated
in DMEM supplemented with 100 U/mL penicillin, 100 mg/
mL streptomycin, and 10% FBS. One day before treatment,
A549 and HCT116 cells were seeded into 96-well plates at
a density of 8 x 10° cells/well.

The medium for MNM exposure was DMEM for A549,
HepG2, RAW264.7 cells and William’s MediumE for Hep-
aRG cells, both supplemented with 10% centralised FBS.
Cells were exposed to MNM concentrations of 1, 2, 3.9,
7.8,15.6,31.2, 62.5, and 125 pg/mL which corresponds to
cell surface area doses of 0.3, 0.6, 1.2, 2.4, 4.9, 9.8, 19.5,
39.1 pg/em? for 24 h assuming that the total particle mass
deposited on the cells. Due to their set-up using the HTS
robot, one participant (JRC) used a quantitative high-
throughput screening (QHTS) format which allowed inclu-
sion of two additional concentrations (one higher and one
lower than the above range, i.e. 0.5 and 250 pg/mL, respec-
tively) with minimal extra effort. Pure medium was used
as negative control and PS-NH, MNMs as positive control.

HT/C assays

The screening workflow is slightly different in each of the
participating laboratories; however, the principal steps are
similar: cells are exposed to MNMs in multi-well micro-
plates, usually 96-well plates. The different cell lines were
stained after the defined exposure time with fluorescent
dyes, which are specific for the biological endpoints to be
tested. Subsequently, cells were imaged by an automated
microscope, which allows acquisition of bright field images
and the detection of different fluorescent signals at the same
time. The imaging data are processed using specific image
analysis software to generate quantitative data on viability
status and other endpoints. Usually, heatmaps provide visu-
ally structured representations of the acquired data, which
facilitates the comprehension and interpretation of large data
sets. In the following, the specific assays and technology
used in the different partner laboratories are briefly outlined.

HT/C assays at JRC

Hamilton Star and Starlet liquid handling platforms (Ham-
ilton Italia Srl, Agrate Brianza, Italy) under a laminar hood
with a 96-tip head were used to guarantee fully automated
procedures throughout the experiment, from cell seeding to
serial dilution preparation, plate treatment and staining.
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Cell count, nuclear intensity and size, mitochondrial
membrane potential and cell membrane damage are detected
in parallel by automated staining and fixation using Hoe-
chst 33342, the MitoHealth stain and Image-iT DEAD
Green (Invitrogen, San Giuliano Milanese, Italy) and sub-
sequent analysis using the Cellomics ArrayScan VTI HCS
Reader (20x magnification) (Thermofisher, Monza, Italy).
The ArrayScan VTI has a robotic arm to load/unload the
plates and can process tens of plates per experiment. For
each experiment, about 30,000 images were taken and ana-
lysed using Thermo Scientific Cellomics iDEV High Con-
tent intelligent acquisition software. Cell number, nuclear
shape and staining intensity by Hoechst 33342 (blue) serve
as markers for cytotoxicity, red staining (MitoHealth stain)
indicates mitochondria with intact membrane potential and
green staining (Image-iT DEAD Green) indicates nuclei
with damaged cell membrane.

Cleaved caspase-3 is detected by automated staining and
fixation using an anti-active caspase-3 primary antibody
(Anti-ACTIVE® caspase-3 pAb, rabbit polyclonal, Promega,
Milan, Italy), followed by incubation with the fluorescent
secondary antibody (Alexa fluo 488 goat anti rabbit, green).
Detection of lipid accumulation was done by automated
staining and fixation using the LipidTOX Green stain (HCS
LipidTOX™ Neutral Lipid Stains, Invitrogen, San Giuliano
Milanese, Italy). Fluorescence was detected using the Cel-
lomics ArrayScan VTI HCS Reader. Image analyses were
performed by the Cellomics iDEV High Content intelligent
acquisition software.

HT/C assays at UCD

After incubation with MNMs, Hoechst 33342 (400 nM) was
used to identify the cell number and changes in nuclei area,
tetramethylrhodamine methyl ester (TMRM, 20 nM) was
employed to assess loss of MMP, Lysotracker green (50 nM)
was used to assess reduction in pH inside the lysosomes
(indicating an increase in the activity of the lysosome; the
reduced pH activates proteases that attempt to digest the
content of the lysosome) and TO-PRO®-3 (800 nM) was
used to evaluate cell death as a result of plasma membrane
permeabilisation. The cells were analysed using the Array-
scan VTI 740 at 20X magnification (Thermo Scientific,
Dublin, Ireland). Data acquisition was configured to image
an average of 300 to 500 cells within 10 acquired images.
Analysis parameters were set according to the manufac-
turer’s instructions and fixed thresholds were used for each
parameter to separate background noise from fluorescence.

HT/C assays at LMU

LMU developed a new approach to assess cytotoxicity of
MNMs. This single cell platform allows events in hundreds

of cells to be followed in parallel. Single cell arrays are
obtained via micro-patterned structured surfaces, upon
which cells self-organise into an ordered array (Rottgermann
et al. 2014a, 2014b). In short, polydimethylsiloxane (PDMS)
stamps were placed in 8well slides (ibidi GmbH, Martin-
sried, Germany) as a mask and selectively treated with
oxygen plasma, 40 W for 3 min (Femto Diener, Ebhausen,
Germany). The plasma exposed areas were passivated with
2 mg/mL PLL(20 k)-g(3.5)-PEG(2 k) (SuSoS AG, Diiben-
dorf, Switzerland) in aqueous buffer (10 mM HEPES pH 7.4
and 150 mM NaCl). After removing the stamp the remain-
ing parts were made cell adherent by exposure to 35 ug/
mL fibronectin (YoProteins, Huddinge, Sweden) for 45 min.
8 x 10° cells per well were seeded to achieve a filling of
roughly one cell per adhesion site. The geometry of the
square adhesion sites was 30 X 30 pm and the lattice dis-
tance was 90 um. After an incubation of around 6 h to let
the cells adhere the MNM solutions were mixed with the
fluorescent markers in DMEM supplemented with 10% cen-
tralised FBS. Viability was detected via diluted (3%) caspase
3/7 marker (CellEvent Green, Life Technologies, Darmstadt,
Germany) together with a nuclear stain (25 nM Hoechst
33342, Life Technologies, Darmstadt, Germany). Cell death
was determined via the fluorescence signal of the PI staining
solution (Novus Biologicals, Abingdon, UK). As a negative
control culture media only was added while PS-NH, MNMs
(100 pg/mL) were added as a positive control.

Images were recorded after 24-h incubation with MNMs
using an inverted Nikon TI Eclipse microscope (10X mag-
nifications, Diisseldorf, Germany). For each position, a
phase contrast and three fluorescence images were taken.
Filter sets were automatically switched (DAPI, GFP, PI).
The microscope was equipped with a SOLA fluorescence
lamp (Lumencor, Tuebingen, Germany) and a CCD camera
(Clara, Andor, Belfast, UK). The cell culture slide was held
at a constant temperature of 37 °C in an ibidi heating system
(ibidi GmbH, Martinsried, Germany).

A background correction was applied to the raw images
and identification of the regions of interest (ROI) was per-
formed by lattice geometries in the bright field images per
image position. The fluorescence of the single cell sites was
analyzed with in-house-written ImageJ plugins and MAT-
LAB. A semi-automated control was operated to avoid
empty, displaced and multi-cell occupied wells, ensuring
eligible single cell readout.

HT/C assays at KIT

Directly after exposure to MNM suspensions in 100 uL cul-
ture medium, cells were incubated with 0.3 ug/mL Hoechst
33342 and 0.5 pg/mL PI for 30 min at 37 °C and 5% CO,.
Subsequently, four images per well were acquired using
the automated fluorescence microscope IX81 (Olympus,
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Hamburg, Germany) with a tenfold objective. Automated
image analysis was carried out using the Olympus scan”R
analysis software. The total number of cells was determined
by counting the Hoechst-stained nuclei. The individual Hoe-
chst signal intensities in combination with the PI staining
were used to discriminate between the different stages of
cell death. Whilst Hoechst 33342 can penetrate both viable
and dead cells, PI can only enter those cells with a damaged
cell membrane. Therefore, normal viable cells were defined
as “Hoechst-positive” and ‘“PI-negative”. Cells undergoing
apoptosis are characterised by condensation of the chromatin
resulting in intensive Hoechst staining and were thus called
“Hoechst-intensive”. Necrotic cells were detected via the
PI fluorescence signal, and show a normal nuclear staining
but are PI positive. They are characterised by a swelling of
the cell followed by permeabilization of the cell membrane.
During the late stage of apoptosis, the DNA gets fragmented
and permeabilization of the cell membrane takes place thus
enabling the PI dye to enter the cells. Therefore, discrimi-
nation between early apoptotic cells (“Hoechst intensive”
and “PI negative”) and late apoptotic cells (“Hoechst inten-
sive” and “PI positive) could be made (Donauer et al. 2012;
Schreck et al. 2012; Marquardt et al. 2017). After classifica-
tion of detected cells into the different stages of cell death,
the different cell populations were calculated and displayed
as total numbers of viable and dead cells as well as the per-
centage distribution of dead cells into the different stages
of cell death.

For mechanistic follow-up studies, inhibitors of apopto-
sis (Q-VD-OPh, MP Biomedicals, Heidelberg, Germany),
autophagy (3-methyladenine, 3-MA, Sigma-Aldrich,
Taufkirchen, Germany) and soluble ZnCl, (Merck, Darm-
stadt, Germany), were used.

Data analysis

The data analysis is based on the Signal to Noise Ratio
(SNR, defined as the measured value minus the mean of the
background and then divided by the background standard
deviation) (Liu et al. 2013; Ling 2008). The obtained ratio
can be easily compared across endpoints and labs. Another
feature of the SNR is that it indirectly provides the signifi-
cance of the signal and therefore no additional information
is necessary for significance.

The following normalisation was applied to all datasets
using SNR as the output:

1. For each MNM and each concentration, the average of
the technical replica (X, = (X, + X, + -+ + X )/0) is
calculated, where X, is the observation X at concentra-
tion/plate ¢ and i stands for the i-th observation on the
plate.
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2. The average of the negative controls (medium only) per

plate (NCC> is calculated (given the qHTS format for

JRC this leads to 10 different NC averages (one per
plate)).

3. The noise of the plate is calculated by subtracting the
plate average of the negative controls from the individ-
ual values (Noise,; = NC,; — (NC,)).

4. The standard deviation of the noise (SD,) is calculated
differently among the partners. JRC averages 10 differ-
ent average negative controls (one for each plate) thus
capturing the plate noise and 1 single general standard
deviation capturing the variability of the noise (obtained
from 40 observations, 4 per plate). KIT and UCD calcu-
late SD, from the negative controls per plate.

The SNR for each MNM at each concentration is finally
calculated as:

X, - NC,
SNR = <=
SD

C

The aim was to identify MNMs exhibiting significant
effects (up and/or down regulation) using the above nor-
malised data for the different MNM concentrations and
for different endpoints without using a parameterized
model such as the Hill function to obtain an ECs,. So,
the null-hypothesis would be no effect from exposure to
MNDMs relative to the unexposed (medium only) control
cells. Conclusions can easily be drawn comparing data to
the threshold of — 3 (for downwards effect) and + 3 (for
upwards effect). The value 3 is obtained from the hypoth-
esis that the means of two normal distributed variables,
with different numbers of observations and unknown, but
equal, variance can be assumed to be equal. It, thus, takes
into account the variance of the control and the MNMs.
In cases where this condition is met it can be concluded
(at a 95% level of confidence) that the MNM is induc-
ing an effect (under the conditions defined by the experi-
mental setup and the specific assay) (Liu et al. 2013). To
strengthen the conclusion a second condition has also to
be met, which is that significant effects will exceed this
threshold for at least 2 consecutive concentrations. This
simple test avoids that a single outlier is picked up as the
first concentration showing a significant effect.

In the case of reconfirmation and follow-up experi-
ments, results on cell death normalised to the total cell
number are depicted as bar charts and are expressed as
means + standard error of the mean (s.e.m.). The sig-
nificance of the difference between two mean values was
assessed by a two-tailed Student’s ¢ test. A p value < 0.05
was considered to be statistically significant.
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Results
Physical-chemical characterization of MNMs

The MNMs tested belong to the priority list of OECD ref-
erence materials (silver, titanium dioxide, cerium oxide,
zinc oxide, silicon dioxide) as these MNMs are already in
commerce with a high production volume. The selected
library of different MNMs spans a size range of 5-90 nm
and covers different core chemistries, coatings and surface
functionalization (Table S1). The selected particles include
Si0, (similar size of < 20 nm, different surface modifica-
tions), TiO, (similar size, different crystal structure and
surface coatings), CeO, (different synthesis routes and thus
different characteristics), Ag (surface coated), ZnO (similar
size, hydrophobic coating or hydrophilic). PS-NH, MNMs
were included as positive control. The TEM-derived diam-
eters confirm that all particles are in the nanometer range.
Z-average and polydispersity index (PDI) were determined
in William’s MediumE (Table S1) as well as in DMEM cell
culture medium (Table S2) directly after preparing the sus-
pension and after 24-h incubation under cell culture condi-
tions. The agglomeration of the MNMs differs depending
on the medium and time. Interestingly, apart from silver
and plain silica MNMs, all other MNMs agglomerated in
William’s MediumE. However, MNM stability clearly dif-
fered in DMEM. For instance, PS-NH,, all TiO, MNMs
except for NM-104 and ZnO (NM-110, NM-111) showed
less agglomeration in DMEM, whereas CeO, (NM-212) and
TiO, (NM-104) from the JRC repository were again present
as larger agglomerates, similar to the sizes when suspended
in William’s MediumE. These findings highlight the neces-
sity to characterise MNM suspensions in all relevant expo-
sure media, which profoundly affect their stability and thus
exposure dose.

Further physical-chemical characterization data of the
MNMs under study can be found in NanoMILE Deliverable
report D2.5, which is available upon request and from which
a summary paper is currently in preparation. Detailed reports
are also available on the physical-chemical properties of the
representative MNMs TiO, (NM-103, NM-104) (Rasmussen
et al. 2014), CeO, NM-212 (Singh et al. 2014), ZnO (NM-
110, NM-111) (Singh et al. 2011), and Ag NM-300 K (Klein
et al. 2011) from the JRC repository.

MNM toxicity is dependent on dose, cell type
and chemical composition

The selected MNMs were tested in vitro to link the physi-
cal-chemical properties to multiple adverse effects in a
panel of cell lines derived from different organs (Fig. S1).
The assays used to assess toxicity are based on HT/C imag-
ing techniques. Endpoints such as viable cell count, cell

membrane permeability, markers of apoptotic cell death,
mitochondrial membrane potential and lysosomal acidifi-
cation were studied as indicators of acute cytotoxicity. In
addition, cell type-specific adverse outcomes (i.e. hepato-
cyte-specific steatosis), which might be involved in MNM
toxicity to a selected organ, were also included (Table S5).
Soluble metal/metal oxide MNMs, specifically Ag and both
ZnO MNMs, were most effective in reducing the number
of viable cells in all different cell models, and had similar
efficacy to the PS-NH, MNMs which were used as positive
control (Fig. 1). Hydrophobic coating of ZnO MNMs dimin-
ished the noxious impact in some (HepG2 hepatocytes and
macrophages), but not all, cells. However, ceria and silica
MNDMs were nearly ineffective in most cell lines over the
dose range assessed. Interestingly, some MNMs triggered
cell type-specific toxicity. TiO, MNMs in the crystal form
of anatase, but not rutile, were toxic primarily to differenti-
ated HepaRG liver cells, whereas other cell lines including
undifferentiated hepatocytes (HepG2) were less affected.
In the case of plain SiO, MNMs, RAW264.7 macrophages
were selectively vulnerable. Functionalization of the silica
surface by either amine- or carboxyl-modification sup-
pressed the toxicity, presumably by reducing the number
of surface-active silanol groups. In essence, MNM toxicity
is influenced by chemical composition, surface coating and
functionalization and also depends on the cell line investi-
gated. When comparing the response of various cell lines

HepaRG | HepG2 A549 HCT116 |RAW264.7
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SiO,-NH;
Si0,-COOH
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TiO-F127
Ti0,-AA4040 |
TiO,-hydrophobic (NM-103)
TiO,-hydrophilic (NM-104)
CeO,-plain
Ce0,-plain (NM-212)
ZnO-plain (NM-110) |
ZnO-TECS (NM-111)
Ag-plain (NM-300K)

Fig. 1 MNMs reduce viable cell counts dependent on dose, cell type
and chemical composition. Cells were exposed to MNM concentra-
tions between 1 and 125 pg/mL for 24 h, then stained with Hoechst
33342 for total cell number and a cell impermeable dye to identify
cell membrane damage. Dead cells were subtracted from total cell
count which was normalised to the untreated control. The data are
presented in a heatmap depicting SNR. Colour code ranges from
green to red indicating either a slight increase (dark green) or strong
decrease of viable cells (red)
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after exposure to different concentrations of multiple MNMs
usually the nominal, i.e. applied mass concentration is used
as a metric to establish dose response curves. However, the
actual delivered dose can be accurately calculated by com-
putational models considering the effective density and size
of MNMs (DeLoid et al. 2014, 2015, 2017). Indeed, the
Relative In Vitro Dose (RID) delivered to the cells varies
significantly for the different MNMs (Tab. S3). After nor-
malisation, the pronounced toxicity of PS-NH, is reduced
compared to, e.g. SiO, or TiO, MNMs (Fig. S2). Also, the
enhanced sensitivity of HepaRG cells towards TiO, MNMs
is clearly diminished. Obviously, when performing HT/C
assays appropriate consideration of the RID supports haz-
ard ranking of MNMs across multiple endpoints and cell
lines. As cells are usually exposed as monolayers, MNM
effects on single cells were also addressed. Interestingly,
A549 cells are much more sensitive towards MNM expo-
sure when grown in isolation, demonstrating an important
impact of cell density and cell-cell contacts when assessing
MNM toxicity (Fig. S3). To gain further insights into cell
type-specific mechanisms and actions of MNMs, multiple
endpoints, as outlined above, were investigated which are
described in the following sections.

Impact of MNMs on multi-parametric read-outs
in differentiated HepaRG liver cells

Upon systemic MNM exposure, the liver is one of the main
target organs for their accumulation and thus a site sus-
ceptible to induction of adverse effects. The differentiated
human hepatoma cell line HepaRG was, therefore, used

as a cell culture model to study a wide range of adverse
effects of the different MNMs (Fig. 2): loss of mitochon-
drial membrane potential, caspase-3 activation, nuclear
size and intensity (all indicative of apoptotic cell death),
lipid droplet formation (indicative of steatosis which is an
infiltration of liver cells with fat, associated with a dis-
turbance of the metabolism), cell membrane damage and
reduction of cell counts. As already shown in Fig. 1 for
viable cell count, Ag MNMs were the most toxic MNM
tested, as they affected all endpoints at very low concen-
trations (1.95-15.6 pg/mL). Interestingly, the Ag MNMs
induced peak effects around concentrations of 15.6 and
32.3 pg/mL for most read-outs (Fig. S4). At higher con-
centrations, however, all readings return close to control
levels. One possible explanation might be a dose-depend-
ent difference in MNM aggregation/agglomeration or
solubility, which could influence the deposited cellular
dose and warrants further investigation. Analysis of the
dose response (Fig. 2) and the lowest adverse effect lev-
els (LOAELs) (Fig. S5) of all markers indicates a critical
role of caspase-3 activation in cell death provoked by Ag
MNMs.

Similar to Ag MNM, low concentrations of ZnO MNMs
also affected various markers of cell death including cas-
pase-3 activation. Hydrophobic surface coating by trieth-
oxycaprylylsilane did not suppress ZnO MNMs toxicity. In
contrast to all other MNMs tested, both zinc oxide MNMs
increased lipid droplet size, which goes along with earlier
findings on pigs that were fed with a high concentration of
zinc oxide in the diet. Hepatocytes of those pigs showed an
increase in lipid accumulation, together with high hepatic
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Fig. 2 MNM effects in differentiated HepaRG liver cells on markers
of cell death and steatosis. Cells were exposed to MNM concentra-
tions between 0.5 and 250 pg/mL for 24 h, stained with endpoint-
specific dyes [Hoechst (cell number, nuclear intensity and size),
MitoHealth (mitochondrial membrane potential and cell membrane
damage), Image-iT DEAD Green (nuclei with damaged nuclear
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membrane), Caspase-3 (total, cytoplasmic, nuclear localisation and
negative), LipidTOX Green (lipid droplet size/lipid accumulation)]
and analyzed using the Cellomics ArrayScan VTI HCS Reader. Data
are presented in a heatmap depicting SNR. Colour code ranges from
green to red indicating a shift from no effect to a decrease of effect
(red). A shift to blue indicates an increase of the effect
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Zn concentrations (Jensen-Waern et al. 1998). Therefore,
the effect found in our study might be a consequence of the
high solubility of ZnO MNMs.

TiO, MNMs with the crystal form of anatase, but not
rutile, initiated cell death accompanied by signs of mem-
brane damage and caspase-3 activation; however, the
various polymeric surface coatings had no impact on the
strength of the response of the various Promethean TiO,
MNMs. The MNMs produced by JRC (TiO, NM-103 and
NM-104) equally induced an increase in caspase-3 activa-
tion. However, this was rather mild, as activated caspase-3
was mainly located in the cytoplasm, a marker of early apop-
tosis as discussed above. This further supports the overall
slightly less adverse effects of these MNMs to HepaRG
cells, compared to the Promethean TiO, MNMs. Ceria and
silica MNMs showed largely no effect on the HepaRG cells.
PS-NH, MNMs also affected caspase activation, mitochon-
drial membrane permeability and cell membrane integrity.
Again, when data are normalised to the calculated deposited
dose, the relatively high toxicity of PS-NH, MNM is greatly
reduced (Fig. S6).Thus, the more detailed follow-up studies
employing multiple markers of cell death suggest apoptotic
events as key for the observed cytotoxicity of soluble (Ag
and ZnO MNMs) and TiO, MNMs in HepaRG cells.

Impact of MNMs on multi-parametric read-outs
in HepG2 liver cells and RAW264.7 macrophages

The positive control (PS-NH, MNMs) enhanced nuclear
condensation, mitochondrial depolarisation, lysosomal

acidification and plasma membrane permeabilisation
suggesting HepG2 cells undergo apoptosis (Figs. 3, S7).
This is in accordance with previous results, in which these
MNMs were demonstrated to induce caspase-9-mediated
apoptosis as a result of lysosomal rupture, leading to mito-
chondrial permeabilisation via Bcl-2 proteins and nuclear
condensation, followed by plasma membrane permeabi-
lisation, confirming apoptosis (Anguissola et al. 2014).

The TiO, MNMs showed no alteration in most param-
eters tested, up to 125 ug/mL, with no significant effect
on nuclear morphology, mitochondrial membrane poten-
tial, or plasma membrane permeability. However, an
increase in lysosomal acidification was observed in a dose-
dependent manner for all TiO, MNMs in HepG2 cells,
irrespective of their surface coating or crystal structure.
Compared to the level of lysosomal damage inflicted by
the PS-NH, positive control MNMs, TiO, MNM exposure
might not exceed a critical threshold of lysosomal injury
to subsequently trigger cell death. It should also be taken
into consideration that HepG2 cells, due to their func-
tion as hepatocytes, have high trafficking capabilities and
therefore, the increase in lysosomal stained compartment
activity may be due to intracellular processing of MNMs
at high doses, which may explain the plateau formed (as
compared to the sharp decrease due to lysosomal rupture
which is observed after acidification in the case of the
PS-NH, MNMs).

Whereas CeO, and SiO, MNMs were almost without
effect, the soluble Ag and ZnO MNMs were most potent
in inducing cytotoxicity with features of apoptosis such as
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Fig. 3 MNM effects in HepG2 liver cells and RAW264.7 mac-
rophages on markers of cell death and lysosomal acidification. Cells
were exposed as described in Fig. 1, stained with endpoint-specific
dyes [Hoechst 33342 (cell count, nuclei size, nuclear intensity),
TMRM (loss of mitochondrial membrane potential), Lysotracker
green (Lysosomal acidification) and TOPRO3 (plasma membrane

permeabilisation)] and analyzed using the Cellomics Arrayscan
VTI 740. Data are presented in a heatmap depicting SNR. Colour
code ranges from green to red indicating a shift from no effect to a
decrease of effect (red). A shift to blue indicates an increase of the
effect
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shrinkage of nuclei, enhanced DNA condensation and loss
of mitochondrial membrane polarisation (Figs. 3, S7).

In RAW264.7 macrophages, the positive control PS-NH,
MNMs induced nuclear swelling, as opposed to condensa-
tion, indicating that the cells were undergoing necrosis as
demonstrated in (Anguissola et al. 2014), accompanied
by mitochondrial depolarisation, increased area in the
lysotracker stained compartment and increased plasma
membrane permeabilisation. Plain SiO, MNM triggered a
similar cascade of events whereby surface functionalization
by either amine-modification or even more pronounced by
carboxylation decreased toxicity. Although amine-modified
silica MNMs appeared to be slightly less stable compared
to plain silica MNMs (Tabs. S1, S2), carboxylated silica
MNMs show a similar size, suggesting a dominant role
of surface properties for toxicity. Lysosomal acidification
was not observed to the same extent after exposure of mac-
rophages to TiO, MNMs, when compared to HepG2 cells.
None of the TiO, MNMs even at the highest concentrations
showed strong toxicity as assessed by the number of viable
cells in RAW264.7 cells. Similarly, CeO, MNMs did not
provoke clear adverse responses. As observed in HepG2
cells, RAW264.7 cells were highly sensitive to Ag and
ZnO MNMs, which again initiated cell death reminiscent
of apoptosis.

Overall, together with the positive control PS-NH,,
soluble Ag and ZnO MNMs were again the most toxic in
both cell lines. However, after normalisation to the depos-
ited dose, the relative modest toxicity of some TiO, MNMs
becomes more pronounced whereas the more potent effects
of PS-NH,, ZnO and Ag MNMs are alleviated (Fig. S7).
Of note, Si0, MNMs specifically affected viability of mac-
rophages dependent on surface properties by a mode of
action similar to PS-NH, MNMs.

TiO, and soluble Ag and ZnO MNMs evoke cell death
in A549 lung and HCT116 colon cells

As soluble Ag and ZnO MNMs reduced viable cell counts
in A549 lung cells and HCT116 colon cells, whereas some
TiO, MNMs selectively affected HCT116 cells (Figs. 1 and
S2) more detailed follow-up studies on the mode of cytotox-
icity were performed. As expected, none of the TiO, MNMs
triggered prominent cell death in A549 cells, yet in HCT116
cells some TiO, MNMs (i.e. those with anatase crystal struc-
ture) showed moderate cytotoxicity (Fig. 4a) which is even
more evident when data are normalised to the deposited dose
(Fig. S8).

Clearly, as observed for other cell lines above, soluble
Ag and ZnO MNMs were most potent to induce cell death
in A549 and HCT116 cells with the latter being more sensi-
tive (Fig. 4a). The LOAEL for Ag MNMs to provoke cell
death in A549 cells was 31.3 ug/mL compared to 7.8 pg/
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mL to reduce cell number (Figs. 4b, S9c¢) indicating that
at low doses inhibition of cell proliferation precedes cell
death initiated at high concentrations. Furthermore, the pat-
tern of cell death induced by Ag MNMs is characterised by
late apoptotic and primarily necrotic cells. Moreover, Ag
MNMs induced an atypical nuclear morphology at cytotoxic
concentrations (Fig. SOb). Although some classical signs of
apoptosis such as partial DNA condensation and disinte-
gration of nuclei were evident, the area of DNA staining is
heavily enlarged and not condensed as expected for apop-
totic cells (Fig. S9b). As the integrity of the cell membrane
was already compromised, witnessed by concomitant PI
staining and no cellular fragmentation and blebbing being
observed, damage by Ag MNMs presumably elicited ini-
tially apoptosis which was prematurely terminated to result
in necrosis. This was even more pronounced in HCT116
cells, where Ag MNMs dose-dependently blocked prolifera-
tion and induced a mixed mode of accidental cell death at
high MNM concentrations (Fig. S9c).

Both ZnO MNMs induced concentration-dependent cell
death in both lung (A549) and colon (HCT116) cells which
correlates with reduced total cell counts (Figs. 4c, S9d—f).
Hence inhibition of proliferation at lower concentrations,
as documented above for Ag MNMs, does not occur in the
case of ZnO MNMs, suggesting that an adaptive response to
allow for detoxification might be specific for certain soluble
metal MNMs only. Colon cells were even more susceptible
to ZnO MNMs as cytotoxic effects were more pronounced,
observed at lower concentrations and accompanied by an
increase in late apoptotic and necrotic cells (Fig. S9f).
Hydrophobic surface modification of ZnO MNMs rendered
A549 but not HCT116 cells more sensitive to MNM expo-
sure (Figs. 4c, SOf). In contrast, the increased sensitivity of
AS549 cells towards hydrophobic ZnO MNM disappeared
whereas HCT116 cells seem to be even more vulnerable
towards hydrophilic ZnO MNMs after considering the
deposited dose (Fig. S8). Toxicity is likely mediated by the
release of Zn ions from the MNMs, as ZnCl, at equimo-
lar Zn concentrations showed, although more pronounced,
qualitatively similar cytotoxic effects (Fig. 4c).

Mechanistic investigation of TiO, MNM-induced
cytotoxicity in HCT116 colon cells

As anatase TiO, MNMs provoked cell death in HCT116
colon cells (Fig. 4), we further investigated the underly-
ing molecular mechanisms, specifically a potential role of
p53 in MNM-induced apoptosis. The transcription factor
and tumour suppressor protein p53 is activated due to cel-
lular stress and activates different cellular signalling cas-
cades which regulate cell growth, cell cycle progression
and apoptosis (Menendez et al. 2009; Efeyan and Serrano
2007). Exposure of HCT116 wt cells to TiO,—F127 MNMs
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Fig. 5 Mechanistic investigation of TiO,—F127 MNM-induced cyto-
toxicity in HCT116 colon cells. a In contrast to the positive control
cisplatin (CDDP, 50 puM), TiO,-F127 MNM-induced apoptosis is
independent of p53. HCT116 p53 wildtype (wt) and p53~"-deficient
cells were incubated with the indicated concentrations of MNMs
for 24 h and the percentage of the different modes and stages of cell
death are displayed. b, ¢ Inhibition of caspases and autophagy par-

tially reduce apoptosis in response to TiO,—F127 MNMs. HCT116
wt cells were pretreated with (b) the pan-caspase inhibitor Q-VD
(10 uM, 30 min) or (¢) autophagy inhibitor 3-MA (4 mM, 30 min),
followed by MNM exposure for 24 h. Analysis was performed as
described in Fig. 4. Data represent mean + s.e.m. of 2 independ-
ent experiments with 3 technical replicates each (““p < 0.001,
“p <0.01, p < 0.05)
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induced apoptosis, which, however, was not diminished in
p53 knock-out cells (Fig. 5a). Nevertheless, cell death pro-
gression was delayed in p53-deficient cells, as an increase in
early apoptotic and a concomitant decrease in late apoptotic
cells was observed. Similar results were obtained for plain
TiO, MNMs (Fig. S10a). Lack of an essential role for p53
in TiO, MNM-induced cell death is also supported by the
absence of p53 up-regulation at the protein level (Fig. S10b).
The involvement of caspases was also investigated as they
are essential for initiation and execution of apoptotic cell
death. Inhibition of caspases slightly reduced the cytotoxic-
ity due to TiO, MNM exposure (Figs. 5b, S10c). Finally, the
role of autophagic processes in the observed cytotoxicity
was studied. Autophagy is a conserved process, primarily
cytoprotective, yet also known to contribute to cell death
(Stern et al. 2012; Zhao et al. 2013; Marquardt et al. 2017).
Indeed, the autophagy inhibitor 3-methyladenine (3-MA)
decreased cell death in response to TiO, MNMs (Figs. 5c,
S10d).

Discussion

Here, a range of MNMs with different core chemistries
and surface modifications was investigated to link their
physical-chemical properties to multiple adverse effects in
various cell lines from different organs. Microscopy-based
high-throughput screening assays were applied to enable
multi-parametric analysis of adverse effects from expo-
sure to the MNMs. While no major surprises emerged in
terms of the acute toxicity of the MNMs dependent on their
chemistry, the study confirms a lot of previous data from
smaller, fragmented datasets, thereby increasing confidence
in the use of various HT/C assays to assess acute toxicity of
MNMs.

The selective toxicity of metal bearing MNMs (silver,
zinc oxide), which may at least in part, be linked to the
release of metal ions, has been confirmed. Furthermore,
TiO, MNMs with the anatase crystal structure triggered cell
death in some but not all cell types. Moreover, SiO, MNMs
specifically affected macrophages dependent on their sur-
face functionalization. Also the use of PS-NH, MNMs as a
positive control MNM emerged as a reasonable approach,
as adverse effects of these MNMs could be detected in all
cellular systems. The most striking finding from this study
is the critical role of cell type in the response to MNMs.

Quite often, due to differences in exposure conditions,
various methods to prepare MNM suspensions and diverse
suppliers of MNMs, results on toxicity are often contradic-
tory. Therefore, in this work the same MNMs, dispersed
using a standardised protocol and serum from a single
batch, and exposed to the cells in an identical manner, were
assessed allowing the identification of cell type-specific

@ Springer

responses. Interestingly, the differentiated liver cell line
HepaRG seems to be most sensitive to MNMs, whereas
non-differentiated HepG2 hepatoma cells were more resist-
ant. Possibly, differentiation of liver cells might determine
the susceptibility to MNMs, an issue not well studied so far
in the field of nanotoxicology. Interestingly, recent studies
performed with differentially polarised macrophages also
suggest a clear impact of differentiation on MNM uptake
and response (Jones et al. 2013; Hoppstidter et al. 2015).
Four main pathways for MNM toxicity are currently rec-
ognised (Gebel et al. 2014; Lynch et al. 2014): (a) the release
of toxic chemical constituents from MNMs (e.g. Cd from
quantum dots or ionic silver from Ag MNMs)—i.e. MNM
dissolution, (b) the direct effects from physical contact with
MNMs, influenced by their size and shape, and surface
properties and which produce interferences with important
biological functions for example by altering conformation
of biomolecules—i.e. MNM surface effects, (c) the inher-
ent properties of the material, such as photochemical and
redox properties resulting from bandgap or crystalline
form—i.e. structure effects, and (d) the capacity of MNMs
to act as vectors for the transport of other toxic chemicals
to sensitive tissues—i.e. MNM Trojan horse effects. Once a
MNM encounters a cell or an organism, toxicity could occur
through one or a combination of these mechanisms.
Assigning the toxic MNMs of our library to the various
categories, metal-based soluble Ag and ZnO MNMs would
fit into the first group and were toxic in all cell lines, which
is in accordance with published data (Deschamps et al.
2014; Dilger et al. 2016; Piret et al. 2017). Dispersion of Ag
MNMs in biological media will lead to surface oxidation
and release of Ag* (Reidy et al. 2013; Kim and Tanguay
2014). Ag MNMs inhibit cell proliferation by interacting
with membrane proteins and disturbing signalling pathways.
The MNMs can also induce mitochondrial dysfunction, driv-
ing generation of ROS and thereby damage to proteins, lipids
and nucleic acids. Since silver, either as ion or as MNM,
has a strong affinity to sulphur, an important mechanism
of toxicity is the interaction of Ag with sulphur-containing
macromolecules such as proteins (Johnston et al. 2010).
ZnO MNMs are also toxic in mammalian systems (de
Vandebriel and Jong 2012), especially when they are
inhaled. Accidental inhalation of ZnO MNMs can induce
metal fume fever in human subjects, a syndrome which is
common among welders (Gordon and Fine 1993). Like
Ag MNMs, ZnO MNMs are partly soluble in medium and
within cells. Zinc is an abundant and essential transition
metal in biological systems and plays an important role, e.g.
in the maintenance of protein structure and enzymatic func-
tion. However, free Zn>* ions are toxic and are, therefore,
bound to Zn-binding proteins such as metalloproteins. Zn
is known to be a redox-inert metal, which does not partici-
pate in oxidation—reduction reactions (Valko et al. 2006).
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However, due to its interaction with cysteine thiols, it plays
an important role in redox signalling and kinase- or phos-
phatase-related signal transduction (Wu et al. 2013). ZnO
MNM uptake into endosomes and their final destination in
acidifying lysosomes accelerates their dissolution. The intra-
cellular Zn ions induce lysosomal and mitochondrial dam-
age, resulting in induction of ROS and cytokine release (Cho
et al. 2011). Lysosomal swelling in HepG2 and RAW264.7
cells could be identified as an early marker after exposure
to Ag but not ZnO MNMs in our studies. Incubation of cells
with PS-NH, MNMs also induced lysosomal swelling and
rupture, demonstrating a key role of this organelle for MNM
injury pathways.

Adverse effects have also been reported for insoluble
TiO, MNMs mainly in the form of anatase, in accordance
with our results. These MNMs would belong to the third cat-
egory, i.e. structure effects dominating the cellular response
(Sayes et al. 2006). There are indeed contradictions in the
literature about the toxicity of TiO, MNMs, with both posi-
tive and negative results, presumably due to differences in
coatings, crystal structure and sizes, as well as differences
due to exposure conditions (e.g. different media). Some stud-
ies showing cytotoxicity and/or genotoxicity indicate that
this occurs under certain circumstances, and that in in vitro
experiments, this is dependent on cell type, crystal phase
and concentration of TiO, MNMs (Johnston et al. 2009).
For example, in our previous studies, we observed very low
responses to TiO, MNMs, e.g. in A549 alveolar epithelial
cells and RAW?264.7 macrophages (Panas et al. 2013). Oth-
ers have demonstrated a TiO, MNM-induced dose- and
time-dependent decrease in cell viability, caspase-3 activa-
tion and DNA condensation indicative of apoptosis (Park
et al. 2008; Shi et al. 2010) in BEAS-2B bronchial epithelial
cells, similar to our current findings. ROS production and
glutathione depletion, increased heme oxygenase-1 (oxi-
dative mechanism), IL-8, IL-1, IL-6, TNF-a, and CXCL2
expression (inflammatory response) were also observed.
Lysosomal membrane damage and lipid peroxidation might
also contribute to TiO, MNM-induced cell death (Hussain
et al. 2010). Non-toxic doses of TiO, MNMs induce DNA
damage, in particular after long-term exposure (Armand
et al. 2016). Also in animal models numerous adverse
effects have been documented. Notably, and based on such
evidence, both International Agency for Research on Cancer
(IARC) and National Institute for Occupational safety and
Health (NIOSH ) have classified TiO, MNMs as a possible
carcinogen for humans (Shi et al. 2013; Sha et al. 2015). The
European Chemicals Agency (ECHA) has also published a
report in 2016 which proposes to classify TiO, MNMs as
“potentially carcinogenic to humans” (category 1B)/“may
cause cancer by inhalation” (ECHA 2016).

Mechanistic studies performed in the present work on the
mode of cytotoxicity demonstrated that anatase TiO, MNMs

initiated apoptotic cell death in HepG2 and HepaRG hepato-
cytes as well as in HCT116 colon cells. In the latter cell line
a role of caspases and autophagy but not of p53 could be
identified. TiO, MNMs are used, e.g. as food supplements
(TiO, E171, 36% of particles by number are smaller than
100 nm and can be purchased as rutile or anatase) and in
pharmaceutical products (Weir et al. 2012). As reported for
animals, orally administered TiO, MNMs are absorbed in
the gastro-intestinal tract and accumulate in the liver, spleen,
kidney and lung and may cause tissue damage at high doses
(Jovanovic 2015). Direct absorption of pharmaceutical/food
grade TiO, particles from the gastrointestinal tract into the
blood stream has also been demonstrated in healthy human
volunteers (Pele et al. 2015). Therefore, further in vivo stud-
ies are warranted to address the fate and biological activity
of TiO, MNMs specifically in the digestive tract and in the
liver under realistic exposure conditions.

Si0, and PS-NH, MNMs belong to the second group
of surface-active MNMs. PS-NH, MNMs are known to
induce cytotoxicity at low concentrations leading to apop-
tosis. Therefore, PS-NH, MNMs have been used to study the
toxic mechanism of action. In RAW264.7 macrophages, but
not in BEAS-2B bronchial epithelial cells, PS-NH, MNMs
initiated lysosomal injury explained by the so-called pro-
ton sponge hypothesis (Xia et al. 2008). After uptake into
lysosomes, the amine groups bind protons with high affin-
ity. This leads to exaggerated activity of the proton pump
leading to chloride influx, osmotic swelling and rupture of
the lysosome. Indeed, lysosomal permeabilisation and tox-
icity could be prevented by addition of bafilomycin Al, an
inhibitor of v-ATPase which prevents endosomal acidifica-
tion. These events were not observed in BEAS-2B cells;
however, the PS-NH, MNM:s also induced mitochondrial
damage, ATP depletion and cytotoxicity (Xia et al. 2008).

The sequence of events leading to PS-NH, MNMs
induced cell death has been elucidated in detail in astro-
cytoma cells (Wang et al. 2013a) as follows: increase of
lysosomal volume—increased ROS levels—Iloss of lysoso-
mal integrity—shrinkage of cell size—loss of mitochondrial
membrane potential—loss of plasma membrane integrity—
cell death. The impairment of mitochondria marks the point
of no return for cell death. It has further been shown that
the biomolecular corona of the PS-NH, MNMs is retained
during the MNM uptake into the cell until they reach the lys-
osomes where the corona is degraded (Wang et al. 2013b).
In a HT/C screening assay additional cell types (HEK293,
HepG2, hCMEC/D3, A549, SHSYS5Y, 1321N1, RAW264.7)
were tested for their ECy,, values for the different endpoints
as a basis for determining the sequence of PS-NH, MNM-
induced events (Anguissola et al. 2014). All cell lines
besides RAW?264.7 macrophages had the same sequence,
with: lysosomal acidification, mitochondrial depolarisation,
and simultaneous nuclear condensation, cytosolic calcium
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increase and plasma membrane permeabilization. These
endpoints are indicators of apoptosis, which is in line with
our current findings. Instead of nuclear condensation, in
RAW264.7 cells a dose-dependent nuclear swelling was
observed, which is an indicator of necrosis.

For uncoated SiO, MNMs, a similar response pattern as
documented for PS-NH, MNMs was evident in RAW264.7
macrophages, indicating a critical role of lysosomal injury
for cytotoxicity. Surface modification (-COOH and —NH,)
suppressed toxicity as reported previously also by others
(Yamashita et al. 2011; Morishige et al. 2012) and might
be related to the reduction of surface-active silanol groups.
Apart from macrophages, all other epithelial cell lines were
rather resistant to SiO, MNMs (plain or surface charge
modified) which is likely due to the protective effect of the
protein corona by passivation of the silica surface (Al-Rawi
et al. 2011; Panas et al. 2013). Therefore, the cell type-spe-
cific toxicity of SiO, MNMs might be related to enhanced
MNM uptake and subsequent disturbance of the endo-lyso-
somal compartment in macrophages.

Yet, some MNMs did not score in our assays, namely
CeO, NM-212, although in the lung of rats the same mate-
rial provokes inflammation and cytotoxicity after inhalation
(Keller et al. 2014). The apparent difference in the outcome
of the in vitro and in vivo experiments for CeO, MNMs
might be resolved by adapting and improving the in vitro
systems, e.g. by using co-cultures of epithelial cells and
macrophages and by performing exposure at the air—liquid
interface (ALI). An ALI exposure system is an advanced
in vitro system to deposit MNMs from an aerosol directly
onto cells, an approach which closer simulates the conditions
in the lung (Miilhopt et al. 2009; Panas et al. 2014).

Future studies on mechanisms of MNM toxicity should
focus on the identification of the MIEs such as the distur-
bance of lysosomal integrity, which might not only be essen-
tial for downstream acute cytotoxicity but presumably also
drive other adverse outcomes in different settings. As more
and more adverse outcome pathways are described, HT/C
screening needs to capitalize on molecular markers monitor-
ing these events to not only assess acute cytotoxicity but to
address, as comprehensively as possible, deregulations of
physiological signalling processes. To identify MIEs, analy-
sis at the single cell level in real time might be superior to
bulk analysis and needs to be established and assessed in
the coming years, bearing in mind the enhanced sensitiv-
ity of single cells relative to confluent cell monolayers, as
demonstrated in Figure S2.

Employment of in vitro studies including HT/C assays
has been validated to predict acute toxicity of chemicals in
humans (Schoonen et al. 2013). Genotoxicity of chemicals
can also be reliably assessed by HT/C methods, by the use of
reporter genes under the control of p53 or gadd45a response
elements, with similarly accuracy as approved regulatory
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tests such as the micronucleus assay (Westerink et al. 2013).
Building on this experience, more refined assays focusing on
increasingly sophisticated toxicity read-outs, such as inflam-
mation, genotoxicity or disturbance of differentiation and
development, should be included in a HT/C screening format
to broaden the applicability and relevance of current in vitro
screening approaches for testing MNMs.

In conclusion, employment of HT/C assays allows hazard
ranking of numerous MNMs under standardised conditions
across many cell types. Inspired by the OECD list of repre-
sentative MNMs, silver, titanium dioxide, cerium oxide, zinc
oxide and silicon dioxide were assessed for toxicity using
multiple endpoints. A major finding of our concerted stud-
ies is the clear cell type-specific action of several MNMs.
Whereas Ag and ZnO MNMs are toxic in all cell types,
SiO, MNMs dependent on surface functionalization appear
selectively hazardous to macrophages. Moreover, TiO,
MNMs affect liver and colon cells by inducing apoptosis.
Importantly, ranking of different MNMs by HT/C assays
critically depends on the deposited dose, which in addition
to the nominal dose, needs to be considered and calculated
by appropriate computational methods.
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