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An automatable platform for genotoxicity testing
e e oot 2019, 14 12058 of nanomaterials based on the fluorometric

v-H2AX assay reveals no genotoxicity of properly
surface-shielded cadmium-based quantum dotsf

’ '.) Check for updates ‘

D. GeiRler,
E. Frohlich, . H
U. Resch-Genger &

M. Wegmann,*® T. Jochum,® V. Somma,” M. Sowa,” J. Scholz,”
@2 7. Niehaus,? D. Roggenbuck®® and

The large number of nanomaterial-based applications emerging in the materials and life sciences and the
foreseeable increasing use of these materials require methods that evaluate and characterize the toxic
potential of these nanomaterials to keep safety risks to people and environment as low as possible. As
nanomaterial toxicity is influenced by a variety of parameters like size, shape, chemical composition, and
surface chemistry, high throughput screening (HTS) platforms are recommended for assessing cytotoxicity.
Such platforms are not yet available for genotoxicity testing. Here, we present first results obtained for appli-
cation-relevant nanomaterials using an automatable genotoxicity platform that relies on the quantification
of the phosphorylated histone H2AX (y-H2AX) for detecting DNA double strand breaks (DSBs) and the auto-
mated microscope system AKLIDES® for measuring integral fluorescence intensities at different excitation
wavelengths. This platform is used to test the genotoxic potential of 30 nm-sized citrate-stabilized gold
nanoparticles (Au-NPs) as well as micellar encapsulated iron oxide nanoparticles (FeO,-NPs) and different
cadmium (Cd)-based semiconductor quantum dots (QDs), thereby also searching for positive and negative
controls as reference materials. In addition, the influence of the QD shell composition on the genotoxic
potential of these Cd-based QDs was studied, using CdSe cores as well as CdSe/CdS core/shell and CdSe/
CdS/ZnS core/shell/shell QDs. Our results clearly revealed the genotoxicity of the Au-NPs and its absence
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in the FeO,-NPs. The genotoxicity of the Cd-QDs correlates with the shielding of their Cd-containing core,
with the core/shell/shell architecture preventing genotoxicity risks. The fact that none of these nano-
materials showed cytotoxicity at the chosen particle concentrations in a conventional cell viability assay

rsc.li/nanoscale underlines the importance of genotoxicity studies to assess the hazardous potential of nanomaterials.
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One of the key technologies of this century is nanotechnology,
generating and utilizing inorganic, organic, and hybrid func-
tional nanomaterials with one or more dimensions below
100 nm and specific optical, electrical, magnetic or catalytic
characteristics." ™ Applications for such nanomaterials range
from devices for energy generation like solar cells, batteries,
and fuel cells, and solid-state lighting like converter materials
for light emitting diodes and optically active materials for

Brandenburg University of Technology, Germany R . .
plasma displays, over nanoelectronics such as printable con-

tElectronic supplementary information (ESI) available: TEM images of the Au-

NPs and FeO,-NPs (Fig. S1), TEM images of the Cd-based QDs (Fig. S2), scheme
of the micellar encapsulation strategy (Fig. S3), number-weighted DLS size distri-
butions (Fig. S4), total amount of surface functional groups measured by con-
ductometry (Table S1), comparison of the genotoxicity at 100 pM (Fig. S5),
detailed statistical analysis of genotoxicity of FeOx-NPs (negative control)
(Fig. S6), and detailed statistical analysis of genotoxicity of Au-NPs (positive
control) (Fig. S7). See DOI: 10.1039/c9nr01021a
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ductive inks, to the health sector and nanomaterial-containing
consumer products.*”” Examples are metal nanomaterials like
gold nanoparticles (Au-NPs) assessed for different diagnostic
applications as well as for drug and gene delivery, silver nano-
particles for antibacterial uses in consumer products like
clothes, and iron oxide nanoparticles (FeO,-NPs) as contrast
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agents for nuclear magnetic resonance imaging (MRI) and
cancer therapy via hyperthermia. All these applications require
biocompatibility and no cytotoxicity.>® Moreover, the ongoing
increase in the production of unique nanomaterials of different
sizes, shapes, chemical compositions, charges, and surface
chemistries triggers the need for reliable methods to evaluate
and characterize the toxic potential of these nanomaterials to
keep safety risks to people and environment as low as poss-
ible.'® These methods must also be generally accepted, as for
example studies with semiconductor quantum dots (QDs) of
similar physicochemical characteristics and other nano-
materials revealed differences in toxicity results. These differ-
ences originate from cell type-dependent variations,'"'*> NP
degradation in certain cellular compartments,"® serum protein-
concentration dependent degree of QD agglomeration, different
compositions of the cell culture media used,"* NP
concentration,""” and varying exposure times.

This underlines the importance of the awareness on the
limitations when assessing the complex interactions of nano-
particles with and their influence on biological entities."®'® In
addition, the nanoparticles used for such toxicity studies must
be well characterized with respect to the physicochemical para-
meters that can potentially affect toxicity like size, size distri-
bution, shape, charge, and surface chemistry.?°>* This also
requires control experiments with the applied capping/surface
ligand(s), as they not only play an important role in rationally
designing and tuning some of the physicochemical properties
of functional nanomaterials for e.g. biomedical and opto-
electronic applications,**** but also affect their interactions
with and influence on biological systems. Here, effects such as
dilution-induced ligand desorption, which can also affect tox-
icity, must be considered for NPs with coordinatively bound
ligands like QDs composed of potentially hazardous constitu-
ents such as heavy metal ions like cadmium and lead.

Moreover, there are increasing concerns regarding the
potential genotoxicity of nanomaterials which are often not
addressed in many toxicity studies that focus mainly on
cytotoxicity.>>° This triggered the development of a battery of
in vitro assays addressing nanomaterial-induced DNA damage
to assess a number of genotoxicity endpoints to minimize
costly in vivo testing.>' Genotoxicity can be unveiled using the
AMES test (the bacterial reverse mutation test used to deter-
mine the mutagenicity of exogenous substances; OECD 471),
micronucleus (MN; gross chromosomal damage; MNvit OECD
487), and hypoxanthine guanine phosphoribosyltransferase
gene forward mutation assay (HPRT assay; point mutagenicity;
OECD 476).*° In addition, the COMET assay, the mouse lym-
phoma L5178Y cell thymidine kinase gene mutation assay
(MLA), and the mammalian chromosomal aberration test can
be employed, which detect DNA double strand breaks (DSBs).
For the detection of DSBs, the quantification of phosphory-
lated histone H2AX (y-H2AX), by ELISA, flow cytometry,
western blotting, or microscopy, proved to be suitable because,
compared to other methods for the detection of DSBs like the
COMET assay, the y-H2AX assay shows a higher sensitivity and
specificity and provides a direct link to the formation of
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DSBs.*** various high throughput screening (HTS) systems
for detecting y-H2AX have been used for assessing the geno-
toxic effects of radiation exposure®® and of chemicals such as
radiosensitizers, environmental toxicants, and drugs by
employing different detection techniques including optical
microscopy.’®™*' Evaluation by optical microscopy has the
huge advantage that each subnuclear focus, i.e. the local
accumulation or modification of DNA damage response pro-
teins at the site of a DNA double-strand break,** is thought to
represent a single DSB,** enabling direct DSB counting. In
addition, a direct correlation of DSB results and cell mor-
phology is possible. Meanwhile, assays measuring DSBs have
also been employed for assessing the potential genotoxicity of
NPs. Examples are HTS platforms for detecting DSBs caused
by NPs utilizing the COMET assay.**

Assessing the large number of already existing nano-
materials together with the huge number of continuously
emerging new nanoparticles (NPs) calls for efficient and stan-
dardized test procedures to screen these materials not only for
their potential cytotoxicity but also for their genotoxicity, pre-
ferably in an automatable manner. In this respect and to ident-
ify negative and positive controls for assay users, we assessed
the feasibility of the automatable fluorometric y-H2AX assay
for the detection of nanomaterial-induced DSBs in exemplarily
chosen HEp-2 cells. The automated assessment of y-H2AX foci
has been performed by using several approaches for high-
throughput analysis®>*>° that efficiently provides the quanti-
fication of foci size, number, and intensity. In our work, we
use the automated fluorescence microscopic detection system
AKLIDES® for y-H2AX foci detection, as schematically shown
in Fig. 1.*7*° AKLIDES software, which has been validated by
comparison with manual data evaluation using the visual
recognition of y-H2AX foci,””"*® automatically performs a quali-
tative image analysis to eliminate artefacts, thereby excluding
cell aggregates and heavily damaged cells, and detects foci by
local thresholds of objects inside the cell nucleus followed by
the morphological characterization of each object. The latter
allows for a wide range of detectable foci.*” In addition, a fully
automated image acquisition based on Haralick’s image
characterization of objects through a grey-scale transition is
done using DAPI as the fluorescent dye for focusing, quality
evaluation, and object recognition.

The representative nanomaterials selected for this proof-of-
concept study were of similar matching sizes, yet with
different chemical compositions and surface chemistries. This
included frequently used citrate-stabilized 30 nm Au-NPs as
well as FeO,-NPs and three Cd-based QDs having a similar Cd
content but differing in their particle architecture and surface
passivation, all of which bear a tightly bound shell of an
amphiphilic polymer resulting in a hydrodynamic diameter of
about 30 nm.*® As a positive control, CdCl, was used, known
to be a potent inducer of genotoxicity. In the following, first
results of this genotoxicity study are presented and compared
to the cytotoxic potential of these nanomaterials assessed
using the conventional MTS assay’'>> for the same cell line
under identical conditions.>*™>*
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Fig. 1 Efficient DSB determination with the y-H2AX assay. Immunofluorescence staining with y-H2AX antibodies enables the visualization of DSB-
related nuclear foci which can be read out with the automated AKLIDES® system.

Experimental

Materials

HEp-2 cells (ATCC® CCL-23) were obtained from ATCC/LGC
Standards. Dulbecco’s phosphate buffered saline (PBS) was
obtained from Biochrom/Merck, protease-free bovine serum
albumin (BSA) was purchased from SERION Immunologics,
formalin solution was obtained from Carl Roth, CdCl, and
Triton X-100 were purchased from Sigma-Aldrich. Monoclonal
mouse anti-phospho-histone H2AX antibodies were purchased
from Merck, polyclonal Alexa Fluor 488- (AF488-) labeled goat
anti-mouse antibodies were obtained from Dianova, 4,6'-di-
amidino-2-phenylindole = (DAPI)-mounting medium was
obtained from the AKLIDES® Cell Damage reagent kit from
MEDIPAN GmbH. Dulbecco’s modified Eagle medium
(DMEM) with GlutaMAX supplement and fetal bovine serum
(FBS) were purchased from Gibco. Penicillin/streptomycin was
obtained from Life Technologies GmbH/ThermoFisher. The
CellTiter 96® AQueous Non-Radioactive Cell Proliferation
assay  including  (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and
phenazine methosulfate (PMS) was obtained from Promega.
All solutions and buffers were prepared with Milli-Q water
(Millipore). The chemicals used for NP synthesis are described
in the respective publications cited (see below).

NP synthesis

Au-NP and FeO,-NP synthesis. The synthesis of the Au-NPs
was performed according to Bastus et al.,”® and FeO,-NPs were
synthesized according to Ling et al.>’

QD synthesis. CdSe core QDs (C-QDs) were synthesized
using a continuous flow reactor setup, developed by
Fraunhofer-CAN.?® CdSe/CdS core/shell QDs (CS-QDs) and
CdSe/CdS/ZnS core/shell/shell QDs (CSS-QDs) were synthesized

13460 | Nanoscale, 2019, 11, 13458-13468

according to Mekis et al®® and Talapin et al.®® with slight

modifications. Briefly, CdSe cores were produced in the con-
tinuous flow reactor, purified with methanol, and injected into
a reaction flask containing trioctylphosphine oxide, hexadecyl-
amine and tetradecylphosphonic acid. The mixture was then
heated to 220 °C and the CdS shell precursors (H,S gas and
cadmium acetate) were added. As the particles reached their
desired size (as determined by their emission wavelengths), a
fraction of the reaction mixture was extracted, and the final
CdSe/CdS CS-QDs were obtained by precipitation with metha-
nol. CSS-QDs, in turn, were synthesized by the addition of the
ZnS shell precursors (H,S gas and zinc acetate) to the remain-
ing reaction mixture. After a reaction time of 90 min the result-
ing CdSe/CdS/ZnS CSS-QDs were obtained by precipitation
with methanol.

Micellar encapsulation. The phase transfer of the FeO,-NPs
and Cd-based QDs (C-, CS-, and CSS-QDs) to aqueous media
was performed according to the micellar encapsulation pro-
cedure described by Poselt et al.’>® with slight modifications.
FeO,-NPs and Cd-based QDs were coated with an amino-func-
tionalized poly(isoprene) ligand and dissolved in tetrahydro-
furan (THF). Additionally, a polyisoprene-block-poly(ethylene
oxide) di-block copolymer and azoisobutyronitril were dis-
solved in THF. The two solutions were transferred to separate
syringe pumps and injected into an interdigital-mixing
chamber. The resulting mixture was introduced into water
using another interdigital-mixing chamber, and the final THF/
water mixture was heated for 2 h at 75 °C.

NP characterization

Size measurements. Transmission electron microscopy
(TEM) images were recorded at the University of Hamburg
using a JEM-1011 TEM instrument (JEOL Ltd) operated at
100 kV. For the TEM measurements a diluted dispersion of

This journal is © The Royal Society of Chemistry 2019
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each particle sample was drop-cast onto a carbon-coated copper
grid (Science Service). Dynamic light scattering (DLS) measure-
ments were carried out with a Zetasizer Nano instrument
(Malvern Instruments) equipped with a 633 nm He-Ne laser at a
scattering angle of 173° (backscatter) and the “General purpose”
analysis model with default size analysis parameters.

Conductometric titration. The total amount of (de)proton-
able surface functional groups and the colloidal stability of the
NPs and QDs were tested using conductometric acid/base titra-
tion. Conductivity measurements were carried out with a
Modul 856 conductometer (Metrohm). For complete protona-
tion or deprotonation of the surface groups, the conductivity
of particle suspensions was adjusted to approximately
100 pS em™ with either HCI or NaOH prior to titration. The
samples containing 1 mL of a 5 pM NP or QD dispersion in
20 mL Milli-Q water were titrated with a base (10 mM NaOH)
or an acid (10 mM HCI) in 20 pL steps under an argon atmo-
sphere to exclude CO, from air.

Absorption and emission spectroscopy. Absorption spectra
were recorded on a calibrated Cary 5000 UV-Vis-NIR spectro-
meter (Varian, Agilent Technologies). Emission spectra were
recorded on a calibrated FLS920 fluorescence spectrometer
(Edinburgh Instruments) using the so-called magic-angle con-
ditions (excitation and emission polarizers set to 0° and 54.7°,
respectively) to render detected emission intensities indepen-
dent of sample emission anisotropy. The emission spectra
were corrected for the wavelength dependence of the instru-
ment’s spectral responsivity (spectral correction).®* All spectro-
scopic measurements were performed with air-saturated solu-
tions at room temperature (RT) using (10 x 10) mm quartz cuv-
ettes (Hellma).

NP toxicity testing

Cell culture. The HEp-2 cells were cultured in 175 cm?
culture flasks (Costar Corning) in cell culture medium, con-
taining 90% DMEM with GlutaMAX supplement, 10% fetal
bovine serum, and 1% penicillin/streptomycin, at 37 + 1 °C
and 5% CO,, and sub-cultured at regular intervals.

v-H2AX assay for NP genotoxicity testing. Genotoxicity of the
different NPs was tested via fluorometric y-H2AX assay for the
detection of DSBs. For this, HEp-2 cells were cultured on
Teflon coated glass slides at 37 °C and 5% CO, in a humidified
chamber. After 24 h the medium was removed, and the cells
were incubated for 18 h with 30 pL of cell culture medium
(negative control), 25 pM CdCl, in DMEM ( positive control), or
the NP samples at different particle concentrations in cell
culture medium. CdCl, was chosen as the positive control
because it is a potent inducer of y-H2AX foci.>® Chemical fix-
ation of the HEp-2 cells was performed with PBS-buffered 2%
formaldehyde solution for 15 min at RT. After three washing
steps with PBS the cells were incubated for 5 min with 0.1%
Triton X-100 in PBS at 4 °C, followed by three more washing
steps with PBS + 0.5% BSA to block unspecific binding. For
the labeling of DSBs that occurred due to NP treatment, the
fixed cells were incubated with primary anti-phospho-histone
(y-H2AX) mouse antibodies for 1 h at RT followed by three
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washing steps with PBS + 0.5% BSA (10 min each), and then
incubated with AF488-labeled secondary goat anti-mouse anti-
bodies for 1 h at RT followed by another three washing steps
with PBS + 0.5% BSA. The labeling steps were performed using
the automated pipetting robot akenomi (Medipan). Finally, the
specimens were covered with mounting medium containing 4,6’
-diamidino-2-phenylindole (DAPI) to visualize the nuclei.
NP-induced DSBs were then measured with the automated
microscopic detection system AKLIDES® using an algorithm
that allows for a fully automatic reading and analysis of immuno-
fluorescence images (see description below).*”%>%3

AKLIDES® system. The AKLIDES® system consists of an
inverse Olympus IX81 microscope (Olympus Corp) equipped
with 60x objective, a pE-2 LED excitation light source
(CoolLED Ltd), a DA/FI-A 433/530 nm BrightLine dual-band
bandpass filter for DAPI and FITC emission (Semrock/IDEX
Health & Science), a DX4 charge-coupled device gray level
camera (Kappa optronics), and a motorized sample scan stage
for up to 5 sample slides. The AKLIDES® system runs with
AKLIDES® Cell Damage software, which includes automated
sample measurement and automated data evaluation. For the
y-H2AX foci detection, the glass slides were inserted onto the
scan stage, and the cell nuclei per well were detected in the
DAPI detection channel using the autofocus mode. The
y-H2AX foci were then counted using the emission of AF488-
conjugated secondary antibodies in the FITC detection
channel. For each sample a minimum of 50 cells were
measured. To assess NP genotoxicity, the foci mean number
was analyzed as a function of nanoparticle concentration.

MTS assay for NP cytotoxicity testing. For cytotoxicity testing
15 000 HEp-2 cells were seeded per well and cultured for 24 h
prior to the exposure with the samples. Visual checks for
changes in morphology and cell density were performed by
microscopy after 4 h and 24 h. After dilution with cell culture
medium, the NPs were added to the cells in similar concen-
trations to those used for genotoxicity testing. After incubation
with the NPs, the cells were washed with PBS. Positive controls
(cells treated with 70% ethanol + 2 pL TritonX-100 for
10 minutes), negative controls (cells treated with cell culture
medium), color controls (NP without cells), and solvent con-
trols (water in medium) were included in the cytotoxicity
testing. The cell viability was measured using CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay (Promega).
The MTS and PMS solutions were thawed, 100 pL PMS solution
was mixed with 2 mL MTS solution, and 20 pL of the com-
bined MTS/PMS solution was added to 100 pL of each well.
The plates were then incubated for 2 h at 37 + 1 °C and 5%
CO, in a cell incubator. During the assay, the tetrazolium com-
pound MTS is reduced by cellular dehydrogenases into a for-
mazan product that is soluble in tissue culture medium and
can be quantified photometrically.>** Thus, the absorbance
at 490 nm was measured with a microplate reader (SPECTRA
MAX plus 384, Molecular Devices), and the dehydrogenase
activity as an indicator of cell viability was calculated as the
ratio of the blank-corrected absorbances of sample and
control.

Nanoscale, 2019, 11, 13458-13468 | 13461
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Statistical data analysis. MedCalc Statistical Software version
14.8.1 (MedCalc Software bvba, Ostend, Belgium) was used for
all statistical analyses of the assay data. Significance levels
were calculated by one-way ANOVA including the Scheffeé’s
post hoc-test with 95% confidence interval (@ = 0.05). The data
are presented as the mean with a standard deviation (mean +
SD) as error bars. The comparison of two independent means
was performed using the ¢-test.

Results and discussion

As a proof-of-concept study for the suitability of the automat-
able fluorometric y-H2AX assay for the detection of nano-
material-induced DSBs, we assessed the genotoxicity of five
representatively chosen nanomaterials of similar size, yet
different chemical compositions and surface chemistries at
varying NP concentrations in Hep-2 cells. This included
citrate-stabilized 30 nm Au-NPs as well as 4 nm FeO,-NPs and
three Cd-based QDs differing in particle architecture and
surface passivation, namely CdSe core-only QDs (C-QDs),
CdSe/CdS core/shell QDs (CS-QDs), and CdSe/CdS/ZnS core/
shell/shell QDs (CSS-QDs). TEM images of the different nano-
particles are shown in Fig. S1 and S2 in the ESL.{ Whereas the
Au-NPs with their hydrophilic citrate capping ligands are
directly dispersible in aqueous media, the FeO,-NPs and Cd-
based QDs bear apolar surface ligands directly after NP syn-
thesis. These hydrophobic NPs and QDs were transferred to
water using a versatile micellar encapsulation strategy invol-
ving polyisoprene-diethylenetriamine (PI-N3) and a polyiso-
prene-b-polyethylene glycol di-block copolymer (PI-b-PEG) to
realize water dispersibility (see Fig. S3 in the ESI{).®**°

A micellar encapsulation of the C-QDs, CS-QDs, and
CSS-QDs, prepared to have a similar Cd content, was chosen
here, because the tightly bound cross-linked polymer shell on
the QD surface prevents ligand desorption, as previously
revealed by concentration independent fluorescence measure-
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ments,>® which underlined the extraordinary fluorescence
stability of these NPs in a biological environment. Hence, a
concentration-dependent diminution or loss in the QD emis-
sion intensity, associated with the ligand loss and release of
Cd ions, could be precluded. Pure PI-b-PEG without any NPs
forms empty micelles with a hydrodynamic diameter of
approximately 30 nm. Thus, although the actual inorganic
FeO,-NPs and Cd-based QDs are smaller than 10 nm, the even-
tually resulting hydrodynamic diameter of the micellar encap-
sulated particles is about 30 nm, matching the size of the
empty PI-b-PEG micelles. This can be seen from the DLS size
curves of the different water-dispersible NPs shown in Fig. S4
in the ESI.f This is also the reason why the Au-NPs were syn-
thesized to be of 30 nm in the first place, thereby providing
the basis to compare the performance of NPs of similar size in
the genotoxicity assays. To ensure that the NP surface chem-
istry does not account for potential toxic effects, the empty PI-
b-PEG micelles were also assessed with regard to their toxicity
under identical conditions to those of the NPs. Moreover, to
address the potential Cd-related toxicity of the QDs, control
experiments with CdCl, were also performed, which has been
classified as a group 1 carcinogen and is known to show posi-
tive results in common mammalian in vitro genotoxicity
assays.”*™>®

As a preliminary test for the desired automated genotoxicity
test with our automated microscopy platform, spectroscopic
measurements (absorption spectra; for the luminescent QDs
also emission spectra) of the NPs were carried out to assess
potential interferences with the fluorescent reporters DAPI
and AF488 used in y-H2AX assay. The 30 nm Au-NPs showed a
plasmonic absorption band at around 525 nm, whereas the
FeO,-NPs displayed an unstructured absorption spectrum with
an onset of absorption at around 600 nm and an increasing
absorbance towards the ultraviolet region (see Fig. 2, left). The
QDs showed the typical absorption spectra of high quality II/VI
semiconductor nanocrystals with a first excitonic absorption
peak at 485 nm (for C-QDs) or 505-510 nm (for CS-QDs and
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Fig. 2 Absorption spectra of the Au-NPs and FeO,-NPs (left) as well as absorption spectra (solid lines) and emission spectra (dotted lines, Aexc =
405 nm) of the Cd-based quantum dots (right) C-QD (CdSe core only), CS-QD (CdSe/CdS core/shell), and CSS-QD (CdSe/CdS/ZnS core/shell/shell)

in water.
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CSS-QDs), and a narrow symmetrical emission band at 515 nm
(for C-QDs) or 535-540 nm (for CS-QDs and CSS-QDs) with a
full-width at half maximum of ca. 40-50 nm (Fig. 2, right). As
expected, in comparison with the C-QDs, the additional shell
(s) of the CS-QDs and CSS-QDs result in an increased absorp-
tion at a wavelength below 450 nm (below the onset of the
absorption of the CdS and ZnS shell materials) and a slightly
red-shifted emission. Thus, all NPs and QDs absorb at wave-
lengths where the y-H2AX assay reporter dyes DAPI (at ca.
360 nm) and AF488 (at ca. 490 nm) also absorb. Hence, both
QDs and dyes are excited during the assay readout. Moreover,
the QDs also emit in the FITC emission channel (at about
520 nm) used for AF488 detection.

In order to circumvent interferences with the fluorescence
signals originating from the dyes used as assay reporters,
control experiments with the NPs and the respective cells
alone were performed using the microscopic detection system
AKLIDES®. Although this revealed slight optical interferences,
the signals arising from the QDs were much weaker than those
of the reporter dyes. Thus, we can exclude that the fluo-
rescence of the QDs affects the counting of the NP-initiated
DSBs by using the AKLIDES® data evaluation software, as the
NP signal intensities were below the threshold applied for DSB
counting.

In addition to optical characterization, the NPs were also
monitored for at least 3 months regarding their long-term col-
loidal stability using regular absorption spectroscopy and the
measurements of photoluminescence spectra, decay kinetics,
and luminescence lifetimes, as well as photoluminescence
quantum yields. All NP and QD samples displayed an excellent
colloidal stability and revealed no significant changes in their
absorption and/or emission properties over time. This makes
them perfectly suitable for reliable and reproducible toxicity
studies. Moreover, this is a very important prerequisite for
their applications as reference materials for the automated
y-H2AX genotoxicity assay platform.

In addition, the total amount of protonable/deprotonable
surface functional groups was assessed using conductometric
acid/base titration.®® The results, summarized in Table S1 in
the ESI,{ show that the Au-NPs bear a large number of citrate
ligands, and thus, functional groups (-COOH) on their
surface, as expected for such electrostatically stabilized NPs.
The micellar encapsulated FeO,-NPs, C-QDs, CS-QDs, and
CSS-QDs have a moderate, and importantly, fairly constant
number of functional groups (-NH,) on their surface. Thus, it
can be excluded that the surface chemistry and surface func-
tionalities of the micellar encapsulated particles account for
differences in genotoxicity between these samples detected
using the y-H2AX assays.

To establish the Au-NPs and FeO,-NPs as y-H2AX assay-
specific positive and negative control standards for NP geno-
toxicity testing and to assess the genotoxicity of the Cd-based
QDs with different shell compositions, the established
AKLIDES® assay protocol was adapted for NP testing (see
Fig. 1 and the procedure described in the Materials and
methods section). AKLIDES® Cell Damage software is capable

This journal is © The Royal Society of Chemistry 2019
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of measuring and analyzing various sample parameters auto-
matically, such as the number of cells in total, number of foci
per cell, foci diameter, foci mean intensity, and percentage of
positive cells. To identify the most suitable parameter for the
automated NP-induced DSB detection and quantification with
the y-H2AX assay, different concentrations of the potential
reference materials Au-NPs and FeO,-NPs were studied in HEp-
2 cells. Although other sample parameters yielded similar
trends, the most reliable and reproducible results were
obtained for the detection of foci mean number. Hence, this
parameter was applied to assess NP and QD genotoxicity in
this work (see Fig. 3). Interestingly, the Au-NPs displayed a
considerable genotoxicity already at a very low particle concen-
tration of 50 pM and reached the genotoxicity values of the
positive control (CdCl,) at a NP concentration of 500 pM. In
contrast, the FeO,-NPs showed low genotoxicity that exceeds
the values of the cell culture medium used here as a negative
control only at a relatively high particle concentration of 1 nM
and did not reach the genotoxicity value of the positive control
even at 500 nM, i.e. at a 1000-fold higher concentration, com-
pared to the Au-NPs. The detected genotoxicity of the FeO,-
NPs observed at high nM concentrations is probably not due
to the iron oxide material but is most likely governed by the
genotoxicity of the PI-b-PEG micelles itself. This becomes
obvious from a comparison of the measured y-H2AX foci for
the FeO,-NPs and the empty micelles in Fig. 3 (left). When
using an intermediate concentration between 100 pM and
500 pM, the Au-NPs display high genotoxicity, whereas the
FeO,-NPs show no genotoxicity.

To evaluate and compare the quality of the results of the
y-H2AX assays, the so-called Z' factors (screening window
coefficients) were calculated, which are common quality
metrics for all kinds of bioassays, and particularly for HTS
assays.®”®® The Z' factors were obtained using the established
negative and positive controls (buffer and CdCl,, respectively)
as well as the potential NP-based controls (FeO,-NPs and Au-
NPs, respectively) identified in this study. The resulting Z'
factors were 0.64 for the established controls and 0.65 for the
NP controls (particle concentration range 100-500 pM), indi-
cating excellent assays with sufficient assay resolution in both
cases. This underlines that these well-characterized Au-NPs
and FeO,-NPs, which can be synthesized with a high reprodu-
cibility, are well suited as positive and negative NP-based
control standards for the determination of NP genotoxicity
with the y-H2AX assay, as demonstrated in Fig. S5 in the ESL
A standardization of the assay is important as y-H2AX staining
background differs considerably between cell lines.**

As a proof of principle, Cd-based QDs with three different
particle architectures and surface passivation were tested for
their genotoxicity with the y-H2AX assay using the exact same
assay conditions (incubation time, washing steps, detection
parameters) as those for the Au-NPs and FeO,-NPs. These QDs
varied in the number and material of the inorganic shells,
ranging from CdSe core-only (C-) QDs over CdSe/CdS core/shell
(CS-) QDs to CdSe/CdS/ZnS core/shell/shell (CSS-) QDs, but
were all encapsulated using PI-N3/PI-b-PEG micelles. The

Nanoscale, 2019, 11, 1345813468 | 13463
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Fig. 3 Genotoxicity studies of the Au-NPs and FeO,-NPs (left) as well as the Cd-based quantum dots (right) with different shell compositions
(C-QD = CdSe core-only quantum dot, CS-QD = CdSe/CdS core/shell quantum dot, CSS-QD = CdSe/CdS/ZnS core/shell/shell quantum dot).
Genotoxicity was measured in HEp-2 cells in comparison to established toxicity standards (cell culture medium as the negative control and 25 uM
CdCl, in DMEM as the positive control). For the micellar encapsulated FeO,-NPs (left), the empty PI-b-PEG micelles (concentration ca. 500 nM)
were measured as an additional control to investigate the origin of the slight genotoxicity at large particle concentrations. For the Cd-based QDs
(right), the potential reference materials Au-NPs and FeO,-NPs (concentration 250 pM) were additionally measured to demonstrate their use as NP-
based positive and negative genotoxicity controls, respectively. Error bars represent the standard deviation derived from three independent repli-
cates. The foci mean numbers of Au-NP and FeO,-NP concentrations (left) were significantly different (ANOVA, P < 0.001). Post-hoc analysis of the
data revealed significant differences for the comparison of the foci mean numbers obtained for an Au-NP concentration of 10 pM and the results
derived for measurements with Au-NP concentrations of 75, 100, 250, and 500 pM. For the FeO,-NPs, the foci mean numbers observed for incu-
bation with 100 pM FeO,-NPs differed from those observed for 1 nM, 100 nM, and 500 nM. The P values for the comparison of two foci mean

numbers (right) are marked with asterisks (* P < 0.001). For more details, see Fig. S6 and S7 in the ESI.}

results of the y-H2AX assays for these QDs, shown in Fig. 3
(right), demonstrate that the shell composition strongly influ-
ences the genotoxicity of these NPs, which are typically con-
sidered as inherently toxic due to their Cd content. As expected,
the CdSe core-only QDs without any protective shell displayed
high genotoxicity even at the lowest particle concentration of
10 pM. The CdSe/CdS core/shell QDs, in contrast, showed a
reduced genotoxicity as indicated by a reduction of the foci
mean number by a factor of 2. The CdSe/CdS/ZnS core/shell/
shell QDs, which contain the same Cd amount as the C- and
CS-QDs, revealed no significant genotoxicity even at the highest
tested QD concentration of 1 nM. This underlines the efficient
shielding of the CdSe core by the shell/shell architecture and the
beneficial impact of the outer ZnS shell. These results demon-
strate that the genotoxicity of Cd-based QDs, which are typically
considered as toxic, can be reduced or even completely sup-
pressed by an appropriate shell design together with optimized
and reproducible synthetic procedures, and an efficient and ver-
satile phase transfer strategy utilizing micellar encapsulation.

In the y-H2AX assay, NP-induced DNA damage and the sub-
sequent activation of the cell’s repair mechanisms are used as
an indicator of genotoxic action. However, DNA DSBs and frag-
mentation can also be caused by apoptosis because of the cyto-
toxic action of the NPs, and phosphorylation of the H2AX
histone occurs in both genotoxicity and cytotoxicity cases.®
Thus, in vitro cytotoxicity screening, which is a routine step in
the evaluation of biological effects, is also needed for the
correct interpretation of the genotoxicity testing results shown

13464 | Nanoscale, 2019, 11, 13458-13468

above.”?7?

When testing NPs that need active uptake to cause
genotoxicity, recommended concentrations should range from
nontoxic to around 80% cell viability to exclude DNA DSBs as
a secondary effect of cytotoxicity.”> Moreover, the exposure
time must be sufficiently long (18-24 h) to allow nanoparticle
uptake, and appropriate controls are recommended to correct
for, e.g., NP absorption at the detection wavelength. Hence, to
validate that the detected DNA double strand breaks are in fact
due to NP-induced genotoxicity, NPs from the same batch were
assessed for their potential cytotoxicity using exactly the same
concentration ranges, exposure time and cell line as for geno-
toxicity testing. To detect potential NP cytotoxicity, colori-
metric MTS assay was used to measure cell viability after incu-
bation with the NP samples. To correct for NP absorption,
color controls (nanoparticles without cells) were included in
the testing and showed only 0-3.6% of the absorbance of unex-
posed cells, meaning negligible. The cell viability of the cells
in the positive control decreased to 5-8%. Viability values of
the cells exposed to solvent controls ranged from 78% to 114%
of the untreated cells. The lower viability of the solvent con-
trols is due to the dilution of the nutrients in the cell culture
medium by the addition of water. The results of the MTS cyto-
toxicity assays with the NP and QD samples are displayed in
Fig. 4. From the results of the MTS assays shown in Fig. 4 it
becomes obvious that for none of the NP or QD samples the
viability of the Hep2 cells decreased to <90%. According to the
classification used for the testing of medical devices, decrease
of viability to <70% of the non-exposed cells is interpreted as

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr01021a

Open Access Article. Published on 09 July 2019. Downloaded on 12/4/2025 3:56:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
1204
A
R 100~ -—— g~ "F o~~~ == B S
= q  TE = i s A -J_
2 804 e
g 60 -
= Au-NP
© 401 FeOx-NP
®) ---A--- empty micelle
204
0

001 0.1 1 10 100 1000

NP concentration / nM

View Article Online

Paper

120

-

o

o
1

o
o
1

604 = C-QD

Cs-QD

40 css-QD

Cell viability / %

20

0 T T T T T
0.01 0.1 1 10 100

QD concentration / nM

1000

Fig. 4 Results of cytotoxicity tests using the MTS assay for the different NP and QD samples as well as the empty micelles. Values were normalized

to the viability of untreated cells as 100%.

cytotoxicity.”* This implies that the NPs and QDs assessed did
not show cytotoxicity in the concentration range used for the
genotoxicity testing. Since the tested concentrations were
already unrealistically high, we deliberately did not use higher
NP concentrations/doses for this proof-of-concept study. To
confirm that the events caused by the NPs are DSBs and hence
a critical kind of DNA damage, which can also cause cyto-
toxicity, one could also include higher doses in the NP testing
and study whether a dose-related increase in both y-H2AX foci
and cytotoxicity is observed as for conventional molecular
compounds.’® However, we demonstrated that the genotoxicity
studies with the Au-NPs, FeO,-NPs and Cd-based QDs using
the fluorometric y-H2AX assay in combination with the micro-
scopic detection system AKLIDES® can be applied as a fast
and easy to use, automatable detection method for genotoxi-
city testing of various nanomaterial classes when using the
standardized test procedure developed in this work.

Conclusion and outlook

We developed a new detection method for genotoxicity screen-
ing of nanomaterials, based on the fluorometric y-H2AX assay
and the automated microscopic platform AKLIDES®. The com-
parison of the results of our genotoxicity assays using this
assay platform revealed genotoxicity for 30 nm-sized citrate-
stabilized gold nanoparticles (Au-NP) and 30 nm-sized micellar
encapsulated CdSe core and CdSe/CdS core/shell semi-
conductor quantum dots (QDs).

The observed genotoxicity induced by 30 nm Au-NPs in our
study may be unexpected because in general gold NPs are
regarded as biocompatible and genotoxicity of Au-NPs with
sizes >20 nm has been rarely reported. Au-NPs <20 nm are
small enough to penetrate the nucleus and accumulate there,
with the generation of reactive oxygen species (ROS) being
reported as the main mode of action. The proposed mecha-
nisms for ROS-induced damage in the nucleus are the gene-

This journal is © The Royal Society of Chemistry 2019

ration of DNA-protein crosslinks, damage of the deoxyribose
phosphate backbone, specific modifications of purine and pyr-
imidine bases, and damage of DNA repair proteins.”>’® In con-
trast, very small gold particles of 1.4 nm can directly interact
with nuclear DNA.”’

A genotoxicity study of larger Au-NPs with sizes of 30, 50,
and 90 nm has been reported only recently based on the
Somatic Mutation and Recombination Test (SMART). Here,
Au-NPs up to 90 nm induced genotoxicity, for example, in
Drosophila cells and DNA double strand breaks in human
HepG2 and HL-60 cells. The oxidation of pyrimidines and
purines was identified as an important mode of action.”® Other
studies suggest that citrate-coating can also increase the geno-
toxicity of Au-NPs.”® The controversial findings for the genotoxi-
city of Au-NPs may be due to the fact that a repair of DNA
damage may also occur after Au-NP exposure.’* We can only
speculate on the mechanism of the genotoxicity induced by the
30 nm-sized AuNPs in this study. Although our 30 nm-sized
citrate-stabilized Au NPs are too large to penetrate the nucleus,
they may nevertheless be able to generate ROS in the cytoplasm
which could then induce oxidative damage in the nucleus.

Cytotoxicity studies using the conventional MTS cell viabi-
lity assay, however, revealed no indication of cytotoxicity for all
nanomaterials at the assessed particle concentrations. This
suggests that the DNA damage caused by low concentrations
of certain nanomaterials does not necessarily cause cell death
but may convey a genotoxic risk as has been reported in a few
studies on the genotoxicity of Cd-based nanoparticles, which
also did not lead to cytotoxic effects.”®”> The results of our
study underline the importance of genotoxicity studies for the
safe use of nanomaterials, which can straightforwardly be
addressed by the HTS system AKLIDES®, characterized by its
high sensitivity for genotoxicity.

Our results can also be employed to establish nano-
materials with well-characterized physicochemical properties
including surface chemistry as positive and negative controls
or standards for the regular performance validation for users
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of this fluorometric genotoxicity assay. This enables the setting
up of the assay for inexperienced users and day-to-day per-
formance control. In this context, the potential of the tested
Au-NPs and core and core-shell QDs as positive controls and
the potential of the micellar encapsulated iron oxide nano-
particles (FeO,-NPs) and the micellar encapsulated CdSe/CdS/
ZnS core/shell/shell QDs as negative controls is currently being
studied, also in combination with the long-term stability of
these nanomaterials. Supported by the positive and negative
controls identified in this study and the in parallel ongoing
development of reference materials for instrument perform-
ance validation, like micrometer-sized fluorescent calibration
beads matching the reporters used in the y-H2AX assay run on
the platform AKLIDES®, this automated assay platform is
expected to provide the basis for better comparable and
reliable results of genotoxicity studies and the speeding up of
such measurements.

In the case of the different QDs, the genotoxicity data pre-
sented also underline the importance of surface passivation
and protection for nanomaterials that consist of hazardous
constituents such as heavy metal ions, and the potential of a
suitable surface chemistry to prevent or at least strongly reduce
such health and environmental risks. For example, for our
micellar encapsulated QDs, we could demonstrate the trans-
formation of initially genotoxic CdSe cores into non-genotoxic
QDs by growing a ZnS passivation shell on its surface. This
highlights the considerable importance of surface passivation
and underlines that information on the chemical composition
of a nanomaterial alone does not enable the estimation of its
cytotoxic and genotoxic potential.
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