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Toxicity and chemical transformation of silver
nanoparticles in A549 lung cells: dose-rate-
dependent genotoxic impactf
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Silver nanoparticles (Ag-NPs) are widely used as biocides, leading to contamination of the environment and
possible adverse effects on humans. Recent studies revealed that the cellular response to acute exposure
to Ag-NPs differs from the response to chronic exposure, although we currently lack systematic studies
comparing responses to different dosing regimens. In this study, A549 lung epithelial cells were exposed to
15 nm NM300K or 59 nm PVP-coated Ag-NPs under two different conditions. Under these two conditions,
the cells received the same total sub-lethal concentration of Ag-NPs, but the dose was either administered
over a 24 hour period (acute exposure) or split over four successive days (repeated exposure). These two
types of Ag-NPs were chosen as PVP-coated particles were hypothesized to dissolve more slowly than
NM300K particles. EXAFS measurements confirmed this hypothesis, showing more rapid oxidation of Ag°-
NPs to Ag' in cells exposed to NM300K. The intracellular Ag content was higher in cells exposed to
NM300K, and higher in cells following acute exposure than cells exposed to repeated doses. Whatever the
exposure scenario, Ag' bound to thiol-containing intracellular proteins. Both exposure regimens altered
cellular metabolism, caused intracellular ROS accumulation and blocked cell cycle progression. DNA
damage was only observed following acute exposure, as strand breaks in cells exposed to NM300K and
oxidized DNA bases in cells exposed to Ag-PVP. This damage was concomitant with decreased DNA repair
activities. Together, these results show that acute exposure of A549 cells to Ag-NPs induces stronger
effects on DNA integrity than repeated exposure. Nevertheless, repeated exposure to a low concentration
of Ag-NPs profoundly altered the cell's metabolism and blocked cell cycle progression, confirming that
both exposure regimens have detrimental effects.

Silver nanoparticles (Ag-NPs) are widely used for their biocidal properties in everyday products and healthcare units, which leads to environmental

contamination and human exposure. The toxicity of Ag-NPs derives from their oxidative degradation to Ag(i) species. While most previously published

toxicity studies report their toxicological impact upon acute exposure, we provide evidence that the exposure dose rate is a key determinant of their toxicity

by comparing the impact of acute vs. repeated exposure scenarios. We show that it influences NP dissolution kinetics, impact on cell metabolism, ROS

accumulation, DNA damage and cell cycle. Moreover, the size and surface coating of Ag-NPs influence their intracellular fate and distribution, possibly
explaining their different toxicological impact.
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Introduction

Silver nanoparticles (Ag-NPs) are widely used for their
antibacterial properties in everyday products, including
textiles, electronics, paints, sanitization products, food
packaging and personal care products."* This widespread
use has led to extensive release of these particles into the
environment. Consequently, humans may be exposed to Ag-
NPs via inhalation both in their everyday life and in
occupational settings. For example, Ag-NPs can be released
into the ambient air when handling textiles into which Ag-
NPs have been integrated, or Ag-NPs can be inhaled directly
when breathing through face masks if they are impregnated
with Ag-NPs as a biocidal agent. The toxic potential of Ag-
NPs has been assessed in a wide range of in vitro models.>”
Acute exposure to Ag-NPs leads to apoptotic and/or necrotic
cell death, characterized by morphological changes, cell
membrane permeabilization and cell growth arrest.® The
mechanism behind these effects is mainly linked to the
accumulation of reactive oxygen species (ROS),* which first
triggers a protective response from the cell, eventually
leading to lipid peroxidation, oxidatively generated DNA
lesions, gene mutations, mitochondrial swelling, lysosomal
leakage, and blocking of the autophagic flux.>*™* Chronic
exposure to Ag-NPs, ie. exposure to a low concentration
over long periods of time, triggers cellular responses that
differ from those observed with acute exposure.'*'” In
primary murine macrophages, chronic exposure to Ag-NPs
triggers inflammatory and thiol responses,
mitochondrial damage, reduces phagocytic capacity, and
increases nitric oxide production upon lipopolysaccharide
stimulation. Similar, but less intense, responses are
observed in cells exposed repeatedly to NPs.'* In HaCat
keratinocytes, chronic exposure to Ag-NPs leads to an
amplified, sustained stress reaction compared to that
caused by acute exposure.'® Moreover, BEAS-2B bronchial
epithelial cells chronically exposed to Ag-NPs for 6 weeks or
4 months acquire tumorigenic cellular characteristics, with
anti-apoptotic responses, anoikis resistance, and the
capacity to migrate and invade.'®"”

The chemical and physicochemical transformation of Ag-
NPs, including dissolution, agglomeration and surface
modification, is known to play a key role in their toxicity. The
hypothesis of intracellular release of Ag ions (Ag') from Ag-
NPs and of a Trojan horse-type toxicity mechanism has been
widely discussed.”'® In mammalian cells, following
internalization, oxidation transforms Ag’-NPs into Ag', which
interacts with cellular ligands containing thiol functional
groups."'®° Due to their abundance in the cell, the most
likely ligands are glutathione (GSH), cysteine-containing and
thiolated proteins including metallothioneins and Zn-finger
proteins.” Depending on the cell type, Ag' binds either to
glutathione, e.g. in macrophages,® or to both glutathione
and thiolated proteins, e.g. in Hep-G2 hepatocytes.'® This
binding coincides with the upregulation of genes encoding
metallothioneins.”®  These molecules maintain  redox
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homeostasis, and their complexation may reduce the
availability of their free thiols, therefore hampering their
functions. In THP-1 monocytes, Wang et al."® described the
gradual chemical transformation of Ag’-NPs, first into Ag"-O
and subsequently into Ag'-S species. In microglial cells and
astrocytes, the Hsiao team'® concluded that intracellular
dissolution of uncoated Ag’-NPs was promoted by H,0, and
subsequent formation of Ag'-cysteine complexes.

The aim of the present study was to compare the
physicochemical transformation and impact of Ag-NPs following
either acute or repeated exposure. In both scenarios the total
exposure concentration was the same. Particular attention was
paid to DNA damage incurred. For these experiments, A549 cells
were exposed to two distinct Ag-NPs, varying in both their size
and surface coating. The selected NPs were a PVP-coated Ag-NP
that was previously used in macrophage studies from our
team'***> and NM300K Ag-NP provided by the EU Joint Research
Center (JRC, Ispra, Italy). As PVP-coated Ag-NPs are known to
dissolve more slowly than other Ag-NPs,'>**** we hypothesized
that the two types of Ag-NPs would undergo chemical
transformation at different rates and with distinct kinetics
within cells. Acute exposure consisted of application of a high
concentration of Ag-NPs in a single dose (25 ug mL™) for 24 h
or 48 h. Repeated exposure entailed application of one-fourth of
this high concentration of NPs every day for four days (6.25 pg
mL™" of Ag-NPs per day; cumulative dose: 25 pg mL™).
Intracellular transformation of Ag’ was monitored by X-ray
absorption spectroscopy (XAS), and transformation products
were identified. Combined with ICP-MS quantification, these
analyses allowed us to determine the Ag intracellular content
and intracellular proportion of Ag-NP and Ag' transformation
products over time. Finally, the impact of Ag-NPs on cells,
including cytotoxicity, oxidative stress, genotoxicity, and effects
on the cell cycle and DNA repair systems were assessed.

Materials and methods
Chemicals and reagents

Unless otherwise indicated, chemicals and reagents were
>98% pure and were from Sigma-Aldrich. Ag-NPs were
obtained either from the JRC NM repository (NM300K) or from
Sigma-Aldrich. NM300K (<20 nm) is provided as a liquid
suspension (100 mg mL™") in 4% polyoxyethylene glycerol
trioleate, 4% sorbitan monolaurate (Tween) and 7%
ammonium nitrate. Ag-PVP (Sigma-Aldrich, reference 758329,
<100 nm) is provided as a liquid suspension (50 mg mL™)
stabilized at 5 wt% in ethylene glycol. Both NPs were aliquoted
and stored in the dark under argon at 4 °C until use.

Cell culture and exposure

A549 human epithelial lung alveolar carcinoma cells (CCL-
185) were purchased from ATCC. This cell line was selected
because the alveolar area is the most vulnerable region of
the lungs to NP exposure, particularly epithelial alveolar
type I cells that have been shown to accumulate NPs at
intense levels.”® A549 is the only commercially available cell
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line representative of this region of the lung. These cells
derive from alveolar type II cells, but nevertheless have
specific characteristics of alveolar type I cells.”®*” Although
their use in toxicity studies has been criticized, particularly
because they constitutively express active NRF-2,>® these
cells are widely used in nanoparticle toxicology studies.
They possess wild-type active p53, and we previously showed
that they display similar behavior to BEAS-2B cells in
response to TiO,-NP, in terms of genotoxicity and oxidative
stress.?’ Cells were maintained at 37 °C in a 5% CO, and
100% humidity incubator and grown in 4.5% glucose
DMEM-GlutaMAX supplemented with 1% (V/V) non-essential
amino acids, penicillin/streptomycin, and 10% (V/V) fetal
bovine serum. Cells were sub-cultured twice a week
following trypsin-EDTA treatment.

For acute exposure assays, cells were seeded in multi-well
plates. Plate type was determined by the assay to be
performed: 96 well transparent (WST-1 assay), black (H2-
DCF-DA assay) or black plates with a transparent bottom
(53BP1 immunostaining and micronucleus assay); 12 well
plates were used for the comet assay and ICP-MS and 6-well
plates for RT-qPCR and DNA repair assays. 55 cm’ Petri
dishes were used for 8-oxo-dGuo measurement and XAS. Cells
were seeded at 50000 cells per cm?® (WST-1, H2-DCF-DA,
8-oxo-dGuo and comet assay), 15000 cells per cm?* (53BP1
immunostaining) or 9500 cells per cm?® (micronucleus assay)
the day before exposure. Cells were exposed to the indicated
concentrations of NPs for 24 h (and 48 h for the XAS
experiment): 10, 25, 50, 100 and 200 pug mL™" in cytotoxicity
assays, 6.25, 12.5 and 25 ug mL™" in H2-DCF-DA assays and
25 ug mL™* for all other assays.

In the case of repeated exposure, cells were seeded at
one-fourth the concentration to allow for cell division and
population doubling approximately every 24 hours. Cells
were exposed to repeated doses of NPs; the total exposure
concentration was fractionated into four concentrations (X/4
ug mL™"), and NPs were applied to cells once a day for four
successive days without removing the exposure medium
from the previous day. The corresponding concentrations in
ug cm™ are reported in Table S1.} For example, when the
acute exposure concentration was chosen to be 25 ug mL™
Ag-NPs (and 10 pg mL™" Ag-lactate), in the repeated
exposure scheme cells were exposed to 6.25 ug mL™" Ag-NPs
(or 2.5 ug mL™" Ag-lactate) on the first day, then 12.5 pg
mL™" Ag-NPs (or 5 ug mL™" Ag-lactate) on the second day,
18.75 pg mL™" Ag-NPs (or 7.5 pug mL™" Ag-lactate) on the
third day and 25 pug mL™ Ag-NPs (or 10 ug mL™" Ag-lactate)
on the fourth day. As a consequence of this dose rate, in
the repeated exposure regimen, on the last day, the
exposure medium contained the same total quantity of Ag-
NPs as the acute exposure medium, but the NPs had been
applied progressively, i.e., at a lower dose rate. This regimen
mimics daily, cumulative exposure to a low concentration of
Ag-NPs. Cells were sampled after 24 h of exposure (acute
exposure) or 24 h after the last exposure (repeated
exposure), ie., on day 5 (Fig. S1t).
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Cytotoxicity assessment

To assess cytotoxicity, because of its low interference from
NPs,*® the WST-1 assay (Roche) was used according to the
supplier's protocol. Cells were seeded in 96 well plates (n = 5)
and exposed to freshly prepared NP suspensions for 24 h.
The exposure medium was then removed and replaced by
100 pL WST-1 solution diluted in phosphate-buffered saline
(PBS) (1/10, V/V). Absorbance was measured at 450 nm and
650 nm to correct for background absorbance. Polystyrene-
amine NPs (PS-NH,, 200 pg mL™') were used as positive
control;*" they completely inhibited cell metabolic activity
and thus were considered to correspond to 100% cell
mortality. Since the exposure medium containing NPs was
removed before measuring absorbance, potential optical
interference of NPs with the assay should be minimal.
Interference was assessed using two 96 well plates seeded
with A549 cells. The first one was exposed to 200 ug mL ™" PS-
NH, for 24 h, leading to 100% cell death (100% decrease in
metabolic activity). The second one was not exposed to PS-
NH,; therefore the metabolic activity of cells in this plate was
maximal. In these conditions, after incubation of cells with
WST-1, the absorbance at 450 nm was approximately 4 for
unexposed cells (maximal metabolic activity), and 0.25 in
cells exposed to 200 pug mL™" PS-NH, (minimal metabolic
activity). These plates were then exposed to 3.125, 6.25, 12.5
and 25 pg mL™" Ag-NPs for 24 h. The exposure medium was
removed and replaced by PBS, therefore only the Ag-NPs
which had settled down and attached onto cell membranes
remained at the bottom of the wells. Absorbance at 450 nm
was measured once again. In the plate with living cells (not
exposed to PS-NH,), absorbance at 450 nm did not increase
significantly compared to pre-NP-exposure (up to ~4
absorbance units), indicating minimal optical interference
from Ag-NPs. In the plate with dead cells (exposed to PS-
NH,), absorbance at 450 nm increased by up to 0.67 units
(Table S27). This degree of optical interference of Ag-NPs with
the WST-1 assay was considered negligible.

Quantification of reactive oxygen species with H2-DCF-DA

Reactive oxygen species (ROS) were quantified using
dichlorodihydrofluorescein diacetate (H2-DCF-DA) (Thermo
Fisher Scientific). H2-DCF-DA is a cell permeant, non-
fluorescent dye, which becomes fluorescent when its acetate
groups are cleaved by intracellular esterases and oxidized by
reaction with ROS. It mainly detects H,0,, ONOO™, and ROO'".
The cell culture medium was removed and 100 pL of 25 uM
H2-DCF-DA prepared in PBS was added to each well. After 40
min at 37 °C under 5% CO,, the H2-DCF-DA was replaced by
NP suspensions prepared in complete cell culture medium.
Fluorescence (lexc/Aem 480/530 nm) was recorded immediately
after the addition of NPs and then 2 h, 4 h and 24 h later.
tert-Butyl-hydroperoxide (1 mM, not shown) and KBrO; (2 mM)
were used as positive controls. Interference of Ag-NPs with this
assay was assessed by measuring the fluorescence emitted by
the two Ag-NPs at 6.25, 12.5 and 25 pg mL ™. Both NM300K
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and Ag-PVP partly quenched the fluorescence emitted by the
cell culture medium (Table S27), resulting in a reduction of
182000 and 167 000 fluorescence units (f.u.) for NM300K and
Ag-PVP, respectively. In positive controls, fluorescence
measurement was 912 000 f.u. at t,; it reached 6.68 x 10° f.u.
after 24 h of incubation. Therefore the optical interference of
Ag-NPs with the H2-DCF-DA assay was negligible.

Inductively coupled plasma mass spectrometry (ICP-MS)

Intracellular Ag content was quantified by ICP-MS. After
exposure, cells were rinsed four times with PBS, and then
harvested and suspended in 200 puL PBS. Protein concentration
was measured using the Bradford assay. Samples for ICP-MS
were dissolved in 32.5% ultrapure HNO; overnight at room
temperature under constant stirring. Samples were then
diluted in ultrapure grade HNO; (1% vol/vol) and analyzed on a
7700 Series ICP-MS (Agilent 7700) instrument operated in
standard mode. Calibration curves were obtained from a
certified ionic Ag solution (silver standard for ICP, Fluka). The
concentration of '°’Ag was determined.

X-ray absorption spectroscopy (XAS)

After exposure to NPs, cells were rinsed three times with
PBS before harvesting by trypsinization. Cell pellets were
suspended in Ag-free culture medium containing 20%
glycerol. Samples were deposited in the XAS sample holder
and flash-frozen by immersion in liquid nitrogen.
Measurements were performed at 15 K in a He cryostat, on
the BM30B (FAME) beamline at ESRF (Grenoble, France).*?
XAS spectra for samples and reference compounds were
recorded at the Ag K-edge by scanning in the energy range
25.200-26.260 keV with a nitrogen-cooled Si(220) double-
crystal monochromator.>® The incoming photon energy was
calibrated against Ag metallic foil by defining the first
inflection point of the spectrum at 25.514 keV. Spectra were
recorded in fluorescence mode using a 30-element solid-
state Ge detector (Canberra). Data were analyzed using the
Athena and Artemis graphic packages running in the Ifeffit
suite’® according to the previously described strategy.>?
Briefly, as a first step the near-edge spectrum region was
fitted as a linear combination of reference compounds to
account for any Ag species encountered in cells. Then, for
the conditions in which significant dissolution of Ag-NPs
and formation of Ag-thiolate complexes was observed, the
EXAFS oscillations were extracted and fitted as a linear
combination of reference compounds representing the
possible Ag-S binding geometries (digonal vs. trigonal).
Finally, the EXAFS spectra were fitted using an ab initio
method based on the two-component model developed for
our previous study.”> The goodness of fit was indicated by
the R factor, defined as > (Xexp — xﬁt)z/Z(xexp)Z, where Xexp
corresponds to the experimental data points and xg is the
corresponding point on the best-fitting curve.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Transmission electron microscopy (TEM) and energy
dispersive spectroscopy (EDS)

For TEM imaging, after exposure to NPs, cells were rinsed with
PBS, fixed in 2% glutaraldehyde prepared in cacodylate buffer
followed by 1% osmium tetroxide. Cells were then dehydrated
in graded ethanol baths before embedding in Epon resin. Ultra-
thin sections were cut and stained with 1% uranyl acetate.
Sections were observed on a JEOL 1200EX TEM operating at 80
kV (Grenoble Institut des Neurosciences, Grenoble, France).

For EDS analysis, samples were carbon-coated, then
imaged by scanning-transmission electron microscopy
(STEM); EDS was recorded on zones of interest using an FEI/
Tecnai OSIRIS microscope operating at 200 kV.

Comet assay

NP-induced DNA strand breaks and alkali-labile sites were
assessed using the alkaline version of the comet assay. Fpg-
sensitive sites, such as 8-oxo-dGuo oxidized guanine were
quantified using the bacterial DNA repair enzyme
formamidopyrimidine-DNA  glycosylase (Fpg). Following
exposure to NPs, cells were harvested and stored at -80 °C in
sucrose (85.5 g L") and DMSO (50 mL L") prepared in
citrate buffer (11.8 g L"), pH 7.6. Ten thousand cells were
mixed with 0.6% low melting point agarose (LMPA) and
deposited on an agarose-coated slide (n = 6). The cell/LMPA
mix was allowed to solidify on ice for 10 min, then immersed
in cold lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris,
10% DMSO, 1% Triton X-100, pH 10) and incubated
overnight at 4 °C. Slides were then rinsed in 0.4 M Tris pH
7.4. Slides were incubated for 45 min at 37 °C, three with 5 U
Fpg (Invitrogen, prepared in 100 pL Fpg buffer) and three in
Fpg buffer. DNA was allowed to unwind for 30 min in
electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH >13)
and electrophoresis was performed at 0.7 V.ecm™ and 300 mA
for 30 min. Slides were then neutralized in 0.4 M Tris pH 7.4
and stained with ethidium bromide (20 mg mL™"; Life
Technologies). As a positive control, 50 pM H,0, was
deposited onto the agarose layer containing the cells and
incubated for 5 min on ice. As a positive control for comet-
Fpg, A549 cells were exposed to 1 uM riboflavin for 20 min at
37 °C, followed by UVA irradiation (10 J cm™). Fifty comets
were analyzed per slide using Comet IV software (Perceptive
Instruments, Suffolk, UK).

8-Oxo-dGuo measurement by HPLC/MS-MS

To quantify 8-oxo-dGuo and other oxidized bases by
high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS),*> DNA was extracted and digested
as described by Ravanat et al.>® Briefly, cell pellets were lysed
with Triton X-100. Nuclei were collected by centrifugation and
further lysed in 10% sodium dodecyl sulfate. The sample was
incubated with a mixture of RNAse A and RNAse T1, followed
by proteinase K. DNA was precipitated in isopropanol and
concentrated sodium iodide. Deferoxamine was added to all
buffers to prevent spurious oxidation. DNA was then digested
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into a mixture of nucleosides first by incubation with nuclease
P1, DNAse II and phosphodiesterase II at pH 6 (2 h), followed
by alkaline phosphatase and phosphodiesterase I (2 h, pH 8).
The solution was neutralized with 0.1 pM HCI and centrifuged.
The supernatant was collected and analyzed by HPLC-MS/MS.
An API 3000 mass spectrometer (SCIEX) was used in the
multiple reaction monitoring mode with positive electrospray
ionization. 8-Oxo-dGuo fragmentation (m/z 284 [M + H]" — m/z
168 [M + H - 116]") was monitored. Chromatographic
separation was achieved on a C18 reversed phase Uptisphere
ODB column (Interchim, Montlucon, France). Fragments were
eluted by a gradient of methanol in 2 mM ammonium formate
at a flow rate of 0.2 mL min™". The retention time for the
fragment of interest was around 29 min. In addition to MS
analysis, the HPLC eluent was analyzed in a UV detector set at
270 nm to quantify unmodified nucleosides. Levels of 8-oxo-
dGuo were expressed as number of lesions per million bases.

Reverse-transcription quantitative polymerase chain reaction
(RT-qPCR)

Gene expression was quantified by RT-qPCR. RNA was
extracted and reverse-transcribed using the GenElute™
mammalian total RNA miniprep kit with the optional DNAse
treatment step and the SuperScript II Reverse Transcriptase kit
(Life Technologies) according to the manufacturers’ protocols.
RNA concentration and purity were assessed using a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher Scientific) based
on A260/A280 and A260/A230 absorbance ratios. Duplicate
cDNA aliquots from each of the three biological replicates for
each exposure condition were loaded on a 96 well plate. PCR
was performed on an MX3005P Multiplex Quantitative PCR
thermocycler (Stratagene) using SYBR Green (Eurogentec) and
the following thermal cycling steps: 95 °C for 5 min, then 95 °C
for 15 s, 55 °C for 20 s and 72 °C for 40 s 40 times and finally
95 °C for 1 min, 55 °C for 30 s and 95 °C for 30 s for the
dissociation curve. Cq was determined using Mx-Pro 3.20
software with default settings. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), 18S ribosomal 1 (S18) and cyclophilin
B (CycloB) were chosen as reference genes for normalization
and validated using BestKeeper.”” All primer sequences are
indicated in Table S35 mRNA expression analysis,
normalization and statistical analysis were performed with
REST 2009 software®® using the AACq method and a pairwise
fixed reallocation randomization test. PCR efficiencies were
experimentally verified for compliance using a mix of all
samples, with a quality criterion of 2 + 0.3.

Multiplex array for DNA repair activity

The base excision repair (BER) and nucleotide excision repair
(NER) abilities of A549 cells exposed to Ag-NPs were
determined using a multiplexed excision/synthesis repair
assay (LXRepair, Grenoble, France) composed of damaged
plasmids spotted on a slide, as described previously.>**°
Damaged plasmids contained either photoproducts
(cyclobutane pyrimidine dimers and 6-4 photoproducts
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(CPD-64)), 8-oxo-dGuo (80x0G), abasic sites (Abasic), etheno
bases (etheno or pyrimidine glycols (Glycols)). 80xoG, Abasic,
Etheno and Glycols are classically repaired by BER, whereas
CPD-64 are classically repaired by NER. Nuclear extracts from
exposed cells were prepared as described previously®® and
applied to the microarray. Excision/synthesis reactions were
run for 3 h at 30 °C using 0.3 mg mL™" of each nuclear
extract, 1 mM adenosine triphosphate and 0.25 uM dCTP-Cy3
(GE Healthcare). For each lesion, the total fluorescence
incorporated into the damaged plasmid was quantified using
the Innoscan 710AL scanner (Innopsys, Toulouse, France)
and normalized relative to the fluorescence incorporated into
an undamaged plasmid. Each extract was tested twice and
the experiment was repeated three times.

Cell cycle analysis

After exposure (10° cells per condition), cells were harvested
and rinsed in PBS containing 2 mM EDTA (PBS-EDTA), then
fixed in ice-cold 70% ethanol for 30 min and washed with
PBS-EDTA. Cells were suspended in PBS-EDTA containing 25
ug mL™' propidium iodide (Life Technologies) and 25 ug
mL ™" RNAse A (Sigma-Aldrich). A minimum of 20000 events
per condition was measured by flow cytometry (FACSCalibur,
BD Biosciences, Franklin Lanes, NJ, USA) equipped with CXP
software (Beckman Coulter Inc., Pasadena, CA, USA). Cell
cycle data were fitted using Flowing Software 2.5.1 (http://
www.flowingsoftware.com/). The experiment was reproduced
three times, with three technical replicates per experiment.

Statistical analyses

All experiments were performed at least three times.
Statistical tests were run using the Statistica 7.1 software
(Statsoft, Chicago, IL, USA). As normality assumptions for
valid parametric analyses were not satisfied, non-parametric
Kruskal-Wallis one-way analysis of variance was used to
determine statistical significance. When significance was
demonstrated, paired comparisons were performed using
Mann-Whitney U tests. Results were considered statistically
significant (*) when the P value was <0.05.

Results
NP characterization

The physicochemical characteristics of the NPs used in this
study have been studied and are reported elsewhere;'**" they
are summarized in Table S4.f TEM images of NM300K and
Ag-PVP are shown in Fig. 1A and B, respectively. NM300K
consisted of spherical NPs with a bimodal size distribution,
i.e., primary diameters of 5 and 15 nm, as indicated by the
supplier. Ag-PVP was composed of spherical, polydisperse
particles with a mean primary diameter of 59 nm. Their size
distributions were characterized in MilliQ water (Fig. 1C) and
in exposure medium (Fig. 1D). Hydrodynamic diameters in
water were 33.6 nm and 103.3 nm for NM300K and Ag-PVP,
respectively; they were 40.3 nm and 109.8 nm in exposure

This journal is © The Royal Society of Chemistry 2021


http://www.flowingsoftware.com/
http://www.flowingsoftware.com/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0en00533a

Open Access Article. Published on 26 February 2021. Downloaded on 7/19/2025 6:14:07 PM.

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

(cc)

Environmental Science: Nano

e ® 0:‘.0.'.

» .
.. o;.. |
e ]
i B . P
» :" CRes °* e 0
. L L]
.'.:.... s . ..': . : .... L
‘ % o". . .'. ) P .,-.:
L] .‘.'. - . L %
'. : . o® '. L] & 50 ’nm

View Article Online

Paper

C 25— —e— NP Ag-300K

—A— NP Ag-PVP
20+
15

X

10
5 -

0 il T T T T 1

0 50 100 150 200 250

hydrodynamic diameter (nm)

—o— NP Ag-300K
—A— NP Ag-PVP

T 1
400 500

T T
200 300
hydrodynamic diameter (nm)

T
0 100

Fig. 1 Characterization of Ag-NPs sizes. Transmission electron microscopy images of NM300K (A, scale bar: 50 nm) and Ag-PVP (B, scale bar: 500
nm); size distribution measured by dynamic light scattering, on NM300K and Ag-PVP suspensions at 10 pg mL™ prepared either in water (C) or in

exposure medium, i.e., DMEM containing 10% FBS (D).

medium. Their zeta potentials, measured in MilliQ water,
were —4 mV (NM300K) and -23 mV (Ag-PVP) (Table S4t).

Cytotoxicity

The cytotoxicity of NM300K and Ag-PVP NPs was assessed
based on the metabolic activity of cells post-exposure. In the
acute exposure scheme (Fig. 2A), cell metabolic activity was
maintained with up to 200 ug mL™" Ag-PVP. Conversely, with
just 100 ug mL™ NM300K for 24 h, the metabolic activity of
A549 cells was reduced to 4% of the value measured in
unexposed cells. The impact of Ag-lactate was even stronger,
with 85% residual metabolic activity in cells exposed to 10 pg
mL™, but only 25% in cells exposed to 20 ug mL™. In the
repeated exposure scheme, cell viability measured on the day
after the 4 day exposure period (ie., on day 5), was more
affected than in the acute exposure regimen (Fig. 2B). Thus,
metabolic activity was reduced by 50% and 25% in cells
exposed to 12.5 ug mL™' per day (ie, a cumulative
concentration of 50 pg mL™') of NM300K or Ag-PVP,
respectively. This concentration of both types of NPs only had
a minor impact in the acute exposure regimen. As with acute
exposure, metabolic activity decreased further with increasing
Ag-NP cumulative concentration. Once again, Ag-lactate was
more cytotoxic than Ag-PVP and NM300K in the repeated
exposure condition. In subsequent experiments, cells were
exposed to 25 ug mL™ for NM300K or Ag-PVP or to 10 pg
mL™" for Ag'lactate (acute); and 6.25 pug mL™" Ag-NPs or 2.5
ug mL™" Ag™lactate per day for four days, which correspond
to cumulative concentrations of 25 ug mL™" of Ag-NPs or 10

This journal is © The Royal Society of Chemistry 2021

ug mL™" of Ag-lactate (repeated). At these concentrations, less
than 25% cell death was observed in the acute exposure
condition, and all cells received an equivalent overall
concentration, with only the dose rate differing between the
acute and the repeated regimens.

Intracellular physicochemical transformation of Ag-NPs

The toxicity of Ag-NPs has been linked to their oxidative
dissolution, with dissolved Ag' causing the damage rather
than Ag® (Ag-NPs). This effect was the reason behind
comparing NM300K and Ag-PVP for this study, as we
hypothesized that they would undergo chemical
transformation at different rates and with distinct kinetics
within cells, with PVP-coated Ag-NPs dissolving more slowly
than other Ag-NPs.'”?*?* To test this hypothesis, the
chemical transformation of Ag was monitored in exposed
cells using XAS, which is an element-selective method for
speciation analysis. XAS can be applied without the need
for extraction or centrifugation during sample preparation,
which could modify the native chemical species. First, the
near-edge region of XAS spectra (XANES) were analyzed by
linear combination fitting (LCF), using spectra from Ag°’-NP,
Ag-GSH, AgCl, AgNO; and AgO as references. These spectra
represent all possible silver species encountered in cells
(Fig. 3A). The Ag'-GSH spectrum was used as a proxy for Ag'
combined with thiol-bearing ligands (Ag-SR).>° Incubation of
NM300K for 48 h in culture medium, at 37 °C, led to the
transformation of 12 + 3% of Ag® from NPs to Ag'-thiol. In
contrast, Ag-PVP remained as Ag° (Fig. 3B). In cells exposed

Environ. Sci.: Nano, 2021, 8, 806-821 | 811
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to Ag-NPs, Ag® was progressively observed to transform into
Ag'. Upon acute exposure to NM300K, 54% of Ag° transformed
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to Ag™-thiol within 24 h of exposure, and 80% within 48 h of
exposure. In the repeated exposure scheme, 78% of Ag’ from
NM300K was transformed to Ag'-thiol 24 h after the last of the
four daily exposures (Fig. 3B). Ag-PVP was slower to
transform, and transformed to a lesser degree, with 13% or
14% transformation in cells exposed for 24 h or 48 h,
respectively. In the repeated exposure scheme, 41% of Ag-PVP
was transformed to Ag" (Fig. 3B). LCF with spectra for Ag’-NP
and Ag'-GSH were sufficient to obtain good quality fits. Thus,
Ag°-NPs transformed in such a way that Ag' only recombined
with thiol-containing molecules, not forming AgO or AgCl, as
reported in other exposure conditions."?

The intracellular transformation product that formed was
identified thanks to ab initio fitting of EXAFS spectra.>” The
average Ag-S bond length was 2.45-2.47 A under all exposure
conditions (Table 1). This bond distance is consistent with
Ag atoms occupying trigonal AgS; coordination sites, such as
in Ag'-cysteine or Ag'-metallothioneins (2.47-2.48 A), rather
than a digonal AgS, coordination such as in Ag'-GSH
complexes (2.36-2.38 A).>' Moreover, the quality of the fit
was enhanced when an Ag-Ag contribution was introduced.
The bond distance for this contribution was 2.87 A,
consistent with the distances reported for Ag-Ag in such
complexes.>" This result suggests the presence of S,Ag—(S)-
AgS, interactions within oligomeric species with trigonal
AgS; coordination, as previously described in Ag'-cysteine or
Ag'-metallothionein complexes.”’ The predominance of AgS;
sites was also confirmed by LCF analysis of EXAFS spectra
(Table S5 and Fig. S2f), using model compounds
representing distinct coordination geometries (discussed in
the ESIf). Therefore, in A549 cells exposed to NM300K or Ag-
PVP NPs, oxidized Ag recombined with cysteine or thiol-
containing proteins present in cells, such as metallothionein,
rather than with glutathione.

A 1 § B Ag-Ag (%) Ag-SR (%) Ryt (104)
151 : Ag-PVP, acellular 100(0) 0(4) 06
= Ag-PVP, 24h 87(2) 13(2) 17
g ASA9 NM300K repeated | Aq.pV/P, 48h 86(2) 14(2) 521
g Ag-PVP, repeated 59(3) 41(3) 35
._§ | NM300K, acelluiar 88(4) 12(3) 15
= NM300K, 24h 46(2) 54(2) 13
NM300K, 48h 19(3) 80(3) 2.1
25500 25550 25600 25650  NMB30OK, repeated 22(3) 78(3) 20

Energy (eV)

Fig. 3 Ag K-edge XANES analysis of cells exposed to NM300K or PVP-coated Ag-NPs (A). Ag K-edge experimental XANES spectra (black dots) of
A549 cells after 4 days of repeated exposure to PVP-coated and NM300K Ag-NPs. The corresponding best-fitting curves (solid red lines) based on
the linear combination of reference compounds (dashed black lines) are reported on each experimental spectrum. Analysis by linear combination
fitting of XANES spectra, using reference spectra for Ag-NPs (Ag-Ag) and Ag-GSH (for details, see ref. 20), used as a proxy for Ag-thiolate sites (B).
The standard deviation error relative to the last digit is reported in parenthesis. NM300K and Ag-PVP were also analyzed by LCF under acellular
conditions, i.e., NP suspensions diluted in cell culture medium and incubated for 96 h at 37 °C under a 5% CO, atmosphere (“Ag-PVP, acellular”

and “NM300K, acellular” in B).

812 | Environ. Sci.: Nano, 2021, 8, 806-821

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0en00533a

Open Access Article. Published on 26 February 2021. Downloaded on 7/19/2025 6:14:07 PM.

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

(cc)

View Article Online

Environmental Science: Nano Paper
Table 1 Results of ab initio fitting of EXAFS spectra®

n (%) R Ag-Ag (A) 0% Ag-Ag (107% A?) R Ag-S (A) 0% Ag-S (107° A?) AE, (eV) Ry (%)
Ag-PVP, rep. 50 (2) 2.872 (2) 2.4 (3) 2.450 (20) 8 (3) 2.1 (4) 1.3
NM300K, 24 h 39 (2) 2.872 (3) 3.0(3) 2.463 (13) 8 (2) 2.4 (4) 1.5
NM300K, 48 h 18.6 (14) 2.874 (3) 2.8 (4) 2.473 (7) 6.2 (7) 2.0 (5) 1.6
NM300K, rep. 19.5 (16) 2.875 (4) 3.2 (5) 2.464 (8) 7.8 (9) 2.3 (6) 2.2

“ EXAFS spectra for A549 cells exposed to Ag-PVP repeatedly (“rep.”) for four days (6.25 ug mL™" per day), or to NM300K acutely (25 pug mL™" for
24 h, or 48 h), or repeatedly for four days (6.25 ug mL™" per day) were fitted using the described strategy.”* Free parameters of the fit were the
fraction of Ag atoms in undissolved NPs (n); interatomic distances (R) and Debye-Waller factors (¢%) relative to the first-shell photoelectron
paths (Ag-Ag and Ag-S). An energy shift common to all photoelectron paths (AE,) was also included in the fit. Rg, (%) is used to evaluate the
goodness of fit (see Materials and methods). This fitting procedure was possible only on EXAFS spectra with a good signal-to-noise ratio;
therefore, it could not be applied to A549 cells exposed to Ag-PVP in the acute regimen. The standard deviation error relative to the last digit is

reported in brackets.

Intracellular Ag content

Intracellular accumulation of Ag was measured by ICP-MS. The
values obtained, combined with the proportions of Ag’-NPs
and Ag' determined by XAS analysis, are presented in Fig. 4.
When using the repeated exposure scheme, Ag content in cells
was 6 to 7 times lower than with acute exposure, suggesting
either lower intracellular accumulation or progressive release
of Ag from the cells in the repeated exposure scheme. In the
acute exposure scheme (Fig. 4A), the overall intracellular Ag
content was three times higher in cells exposed to NM300K
compared to cells exposed to Ag-PVP. Interestingly, the content
of Ag as Ag’-NP was similar in cells exposed to Ag-PVP and
NM300K; whereas the amount of Ag present as Ag' was 12-fold
higher in cells exposed to NM300K than in cells exposed to Ag-
PVP. In the repeated exposure scenario (Fig. 4B), the trend was
similar to that for the acute exposure scenario, with
comparable levels of Ag’-NPs in cells exposed to both NPs, but
higher Ag content and higher levels of Ag' in cells treated with
NM300K than in cells exposed to Ag-PVP.
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Fig. 4 Intracellular content of Ag and proportion of Ag-NPs and
their transformation product. Intracellular Ag content was measured
by ICP-MS, then the % of each species as determined by EXAFS
LCF fitting was applied to these values to determine the proportion
of Ag as Ag-NPs and Ag combined with thiolated ligands. Ag
content was measured in three independent replicates of cells
exposed to 25 pg mL™ Ag-NPs or 10 ug mL™ Ag-lactate for 24 h
(A) or 6.25 ug mL™* Ag-NPs or 2.5 ng mL™ Ag-lactate per day for
four consecutive days (B).
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Intracellular distribution of Ag-NPs and their transformation
products

To further explore the intracellular fate of Ag, cells exposed
to Ag-NPs were observed by TEM. Large vesicles filled with
electron-dense spherical or needle-like structures were
observed in the cytoplasm of cells exposed to NM300K
(Fig. 5A and B). Further analysis of these structures by EDS
showed that they contained both Ag and S (Fig. 5C-E). The
S/Ag ratio was higher in the sheet-like structures than in
the spherical structures (in particular, see the agglomerate
of spherical structures in Fig. 5D and E (arrow), in which S
was undetectable). These sheet-like structures could be
formed either outside cells before being internalized or
inside cells after accumulation of spherical Ag-NPs.
However, TEM observation of the exposure medium after 24
h of incubation at 37 °C under 5% CO, revealed no obvious
morphological modification of Ag-NPs (Fig. S31). This
finding suggests that NM300K particles are accumulated in
cells as spherical particles and then transformed inside cells
into needle-like structures, which could be sheets that have
become sectioned during TEM preparation. These sheet-like
structures could result from deposition of released Ag' on
sheets of cellular protein, or from aggregation of proteins
together with Ag" as sheets.

In cells exposed to Ag-PVP, only spherical structures
composed of Ag and S were observed, and these structures
were contained within cytoplasmic vesicles (Fig. 5F and G).
The diameter of these structures was ~60 nm (Fig. 5G),
which is close to the average primary diameter of the Ag-PVP
NPs. The presence of S in these structures (Fig. 5]) suggests
that the surface of Ag-PVP has undergone some chemical
transformation. Around these deposits, dot-like structures
were observed, also composed of Ag and S (Fig. 5G, arrows),
which could be intracellularly transformed NPs.

DNA damage, reactive oxygen species, and impact on the cell cycle

Acute exposure to Ag-NPs significantly altered DNA integrity.
Exposure to NM300OK resulted in a significantly increased
incidence of DNA strand breaks and/or alkali-labile sites, as
revealed by the alkaline comet assay, but not of Fpg-sensitive

Environ. Sci.: Nano, 2021, 8, 806-821 | 813
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Fig. 5 TEM images of cells exposed to Ag-NPs. TEM images (A, B, F and G), STEM images using the HAADF detector (C and H), and EDS images (D,
E, I, J, D and I: distribution of Ag; E and J: distribution of S) of A549 cells exposed to 25 ug mL™ of NM300K (A-E) or Ag-PVP (F and G).

sites such as 8-oxo-dGuo (Fig. 6A). An opposing scenario was
observed in cells acutely exposed to Ag-PVP, ie., few DNA
strand breaks detected in the alkaline comet assay, but a
significant extent of damage detected in the comet-Fpg assay
(Fig. 6A). In contrast, in the repeated exposure scenario, no
DNA damage was observed with Ag-NPs (Fig. 6B). Since
interference of Ag-NPs with Fpg has been documented (for a
review, see ref. 42), this result was confirmed by direct
quantification of 8-oxo-dGuo by HPLC/MS-MS. This analysis
confirmed increased 8-oxo-dGuo content in cells following
acute exposure to Ag-PVP, but not to NM300K (Fig. S47). This
oxidative damage to DNA was associated with a significant
increase in intracellular ROS levels in all conditions tested
(Fig. 6C and D). As only acute exposure significantly altered
DNA integrity, the genotoxicity of Ag-NPs was further
explored in this condition. Neither NM300K nor Ag-PVP had
a significant impact on results of the micronucleus assay
(aneugenic and clastogenic events) or 53BP1 foci count
(double-strand breaks), whereas the corresponding positive
controls (etoposide and mitomycin c, respectively) did induce
significant increases (Table S61).

The DNA damage observed in the comet assay was
associated with a modification of the cell cycle distribution,
characterized by a higher proportion of cells in S and G,/M
following acute exposure to Ag-NPs or Ag™-lactate, and a lower
proportion of cells in Gy, indicating cell cycle arrest in G,/M
(Fig. 6E). This cell cycle modification was even more intense
in cells following repeated exposure to Ag-NPs and Ag-lactate.
In these conditions, cells were distributed equally between G,
and G,/M, and the S phase was no longer visible,
demonstrating that the cell cycle was totally arrested

814 | Environ. Sci.: Nano, 2021, 8, 806-821

(Fig. 6F). A marginal but statistically significant increase of
the proportion of cells in the sub-G; phase was observed in
cells exposed repeatedly to NM300K, which suggests the
onset of apoptosis (Fig. 6F).

Impact of acute exposure to Ag-NPs on DNA repair processes

The impact of Ag-NPs on the capacity of A549 cells to repair
damaged DNA was then assessed using a multiplexed array,
as previously for TiO,-NPs.>** This array measures the repair
efficiency for five DNA lesions, repaired either by BER
(80x0G, Aba$, Etheno and Glycols) or by NER (CPD-64). Data
were normalized for the total fluorescence detected on the
arrays in order to reveal whether a specific repair pathway
played a more extensive role when compared to the overall
cellular DNA repair activity. Results are presented as a heat
map, with blue boxes representing reduced DNA repair
activity and red boxes corresponding to increased activity.
Following acute exposure to both Ag-NPs, the overall
fluorescence intensity decreased, indicating that the cells’
capacity to repair DNA lesions by both BER and NER
pathways was decreased (Fig. 7A). Conversely, in cells
exposed to Ag'-lactate, the repair of AbaS and 8oxoG
increased while the repair of other lesions decreased
(Fig. 7A), suggesting that the repair of oxidized bases by the
BER pathway was activated. This activation was associated
with significant and intense downregulation of PARP1 and
APE1 mRNA expression, both of which are involved in DNA
repair via the BER pathway (Fig. 7B). Significant
downregulation of OGG1 was also observed in cells exposed
to NM300K and Ag-lactate in the acute regimen, of XRCC1 in

This journal is © The Royal Society of Chemistry 2021
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Fig. 6

Impact of Ag-NP on DNA integrity, level of reactive oxygen species and cell cycle progression. In all these experiments, cells were exposed

to an acute dose of 25 ug mL™* Ag-NPs or 10 ug mL™ Ag-lactate for 24 h (A, C and E), or to repeated doses of 6.25 ng mL™ Ag-NPs or 2.5 ug mL™
Ag-lactate per day for four successive days (B, D and F). Damage to DNA, assessed based on the comet assay, either alkaline (positive control: 50
uM H,0,) or Fpg-modified (positive control: riboflavin + UVA) (A, acute exposure; B, repeated exposure). Intracellular levels of reactive oxygen
species assessed using the H2-DCF-DA assay, positive control: KBrOz 2 mM (C, acute exposure; D, repeated exposure). Analysis of cell cycle and
distribution of cells in the G,, S, Go/G; and sub-G; phases (E, acute exposure; F, repeated exposure). Graphs represent mean + standard deviation
for three independent experiments (DCFH-DA and cell cycle analysis) with five (H2-DCF-DA) or three (cell cycle) replicates per experiment. For
comet assays, five independent experiments were performed with three comet slides per condition (one gel per slide) and per experiment.

Statistical significance: *p < 0.05, exposed vs. control.

cells following acute exposure to NM300K, of PCNA in cells
repeatedly exposed to Ag-PVP, and of POL in all conditions
tested except cells with acute exposure to Ag-PVP (Fig. 7B).
Since oxidative damage to DNA and elevated levels of
intracellular ROS were detected, the mRNA expression of
antioxidant defense enzymes was measured (Fig. 7B).
Downregulation of superoxide dismutase (SOD1 and SOD2),
catalase (CAT) and glutathione reductase (GSR) was observed
in cells exposed to both Ag-NPs and to Ag-lactate in both the
acute and the repeated exposure schemes. The glutamate-
cysteine ligase modifier subunit (GCLM), which is essential

This journal is © The Royal Society of Chemistry 2021

to the glutathione synthesis pathway, and nuclear factor
(erythroid-derived 2)-like 2 (NRF-2), which controls the
expression of a number of genes encoding antioxidant
enzymes, were also downregulated. This  overall
downregulation was similar in the acute and the repeated
exposure schemes (Fig. 7B). Moreover, expression levels for
metallothioneins are known to be induced by a number of
metallic stresses, and more generally in conditions causing
oxidative stress.** A strong induction of the expression of
both metallothionein 1 (MT1) and 2 (MT2) was observed in
cells exposed to NM300K and Ag-PVP, with 250- to 300-fold
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increases measured in the acute exposure regimen (Fig. 7B).
A less intense regulation of MT gene expression was observed
in the repeated exposure scheme, with 10-fold changes in
expression levels measured in exposed cells following the
four exposures compared to control cells (Fig. 7B). Induction
was consistently more extensive in cells exposed to Ag-NPs
than in cells exposed to Ag-lactate.

Discussion

With this study, we examined the accumulation,
physicochemical transformation and toxicity of two Ag-NPs in
A549 cells. Ag-NPs are used as biocides in consumer products
and are therefore continuously released into the
environment, especially in ambient air. This study was

816 | Environ. Sci.. Nano, 2021, 8, 806-821
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conducted to model human exposure via inhalation to Ag-
NPs released from consumer products, e.g. when handling
textiles impregnated with NP-Ag or when wearing a silver
nanoparticle-containing respiratory protection mask. Two
types of Ag-NPs were chosen as models, one of them being a
highly soluble Ag-NP (NM300K) and the other dissolving to a
lesser extent (Ag-PVP). Cells were exposed using either an
acute or a repeated exposure regimen, with 25 ug mL™" Ag-NP
applied directly for 24 h or split across four days (i.e., 6.25 ug
mL ™" per day for a total concentration of 25 pug mL™"),
respectively. This high exposure concentration was justified
by the cytotoxicity profile of these Ag-NPs. This concentration
corresponded to the lethal dose 25 (LD,s) in the repeated
exposure scenario or the LD;,,, in the acute exposure
scenario, which is high enough to observe some response in
cells, but sufficiently low to ensure the absence of false-
positive outcomes as a result of DNA fragmentation in dying
cells in genotoxicity assessments. As discussed by Gliga
et al.,*® 10 pg mL™" would approximately correspond to the
load deposited on alveolar cells after 74 days of exposure to
ambient air, 8 hours per day and 5 days per week in an Ag-
NP manufacturing facility where the maximum level is 289
ug m~>. The concentration used here, 25 pg mL™", is 2.5-fold
higher than this potential occupational exposure level; this
type of exposure load could be encountered following
accidental exposure or after repeated exposure of workers by
inhalation over the course of a year.

Both the acute and the repeated exposures regimens
affected cellular metabolism and caused accumulation of ROS
in cells. However, while acute exposure led to significant
oxidative damage to DNA, no DNA damage was observed in
cells following repeated exposure, suggesting that either DNA
was not damaged or damaged DNA has been repaired. The cell
cycle was totally blocked at the end of the repeated exposure
scheme. Cell cycle arrest is known to be a crucial stage in the
DNA damage response, leaving cells enough time to repair
damaged DNA before the onset of mitosis, hence limiting the
risk of propagating DNA damage in daughter cells.*
Consequently, the strong cell cycle blockade observed with
repeated exposure of cells to Ag-NPs would be a protective
response allowing cells to repair damaged DNA; acute exposure
does not appear to induce this type of response. Moreover,
intracellular accumulation of Ag after repeated exposure to Ag-
NPs was approximately ten-fold lower than following acute
exposure. Lower intracellular accumulation would lead to a less
toxic outcome, particularly a reduced impact on DNA. Overall,
both reduced intracellular accumulation of Ag, leading to a
reduced impact on DNA, and cell cycle blockade, facilitating
DNA repair, might explain the absence of DNA lesions in cells
exposed to Ag-NPs at a low dose rate.

Since the total Ag to which cells were exposed was the
same in the acute and repeated exposure regimens,
intracellular accumulation should be the same. The reduced
intracellular accumulation of Ag observed following repeated
exposure could be explained by cell division and subsequent
splitting of the Ag load at each cell division. However, as the

This journal is © The Royal Society of Chemistry 2021
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cell cycle slowed down and then was completely arrested in
this exposure regime other factors must limit intracellular Ag
accumulation. A possibility is that cell division resulted in
more confluent cultures, ie., each cell had more neighbor
cells. This would reduce the cell surface interacting with the
exposure medium and thus limit Ag intracellular
accumulation. Other possible explanations could be
progressive release of Ag from cells, or adaptation of cells,
reducing their capacity to accumulate Ag-NPs. Indeed,
cellular adaptation to chronic exposure to Ag-NPs has been
reported when cells are exposed for much longer periods of
time, either 3 months,"® 4 months (ref. 16) or 6 weeks."” In
the study by Comfort et al.,"® chronic exposure resulted in an
amplified, sustained stress reaction, while the studies by
Gliga et al'” and Choo et al'® suggested that chronic
exposure to Ag-NPs could enhance malignant transformation
in non-tumorigenic cells. For the present study, the duration
of exposure was limited to 4 days; therefore the response
observed could correspond to the first stages of this adaptive
response, characterized by reduced intracellular Ag
accumulation, cell cycle blockade, decreased overall
metabolism and profound modification of cellular activities.
Whatever the exposure condition and NP, physicochemical
transformation  of Ag®NPs occurred within cells,
characterized by oxidation of Ag’ to Ag' and combination of
Ag' with thiolated ligands identified as thiol-containing
proteins. The most abundant thiol-containing proteins in
A549 cells are metallothioneins and zinc-finger proteins, it is
therefore probable that Ag' combines with these proteins.
Therefore, the transformation product of Ag-NPs that forms
in A549 cells differs from those reported previously in other
cell types.'®** This transformation product is Ag'-GSH in
mouse primary macrophages** and a mixture of Ag"-GSH and
Ag'-thiol-containing proteins, thought to be metallothioneins,
in Hep-G2 hepatocytes.'® This difference could be due to a
higher content of thiol-containing proteins and/or a lower
GSH content in A549 cells compared to hepatocytes and
mouse primary macrophages. The total glutathione content
is assumed to be higher in hepatocytes, which export GSH,
than in other cell types, with concentrations of approximately
10 mM versus 1-2 mM, respectively.”” Indeed, the basal level
of total glutathione content was shown to be more than three
times higher in Hep-G2 (225 nmol mg™" protein) than in
A549 cells (66 nmol mg™" protein), whereas the
metallothionein content was approximately 1.5 times higher
in Hep-G2 than in A549 cells."® The glutathione content in
macrophage cell lines is reported to be around 4 nmol mg™
protein,””*® 10 nmol mg™ proteins,” or 16 nmol mg™
proteins,®® all of which are much lower than the values
presented for A549 and Hep-G2 cells. Our previous work was
performed in primary murine macrophages,* for which the
glutathione content may not be directly comparable to the
glutathione content in cell lines. Interestingly, the
genotoxicity of NM300K - a representative Ag nanomaterial
distributed by the European Commission Joint Research
Center (JRC, Ispra, Italy) - has been reported for A549 cells,
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hepatocytes and macrophages. In A549 cells, it produces
strand breaks but no Fpg-sensitive sites,>" consistent with the
results presented here. In J774A mouse macrophages, it is
reported to increase the level of 8-OHAG.’> In 3D liver
microtissues, NM300K causes the formation of both strand
breaks and Fpg-sensitive sites.”® This result suggests that
when Ag ions released from Ag-NPs are complexed by GSH,
the main DNA damage would be oxidized DNA bases, whereas
it would be strand breaks when the released Ag ions are
trapped by thiol-containing proteins. Consequently, several
different mechanisms probably converge to explain Ag-NP
genotoxicity and, depending on the ligand that complexes Ag
ions, one mechanism becomes predominant over the others.
The first mechanism would be impaired removal of ROS by
GSH. The cellular metabolism naturally produces some
reactive species, which are scavenged by GSH and other
antioxidant systems.*”> If GSH is engaged in complexing Ag
ions released from Ag-NPs, it is no longer available to scavenge
reactive species. These species can consequently migrate to
the cell nucleus and oxidize DNA bases. This process would be
particularly problematic in phagocytes, where the mechanisms
employed to kill microorganisms involve the production of
ROS, the excess of which are subsequently scavenged by
GSH.* Another mechanism would be through alteration of
the main function of metallothioneins, which are antioxidants
and are responsible for the detoxification of heavy metals and
the maintenance of the homeostasis of essential metal ions in
cells.>* The proteins that complex Ag ions released from Ag-
NPs can also be other thiol-containing proteins, such as any
zinc-finger protein. As discussed previously,” Ag could
displace Zn in the zinc-binding sites of metallothioneins or of
zinc-finger proteins, therefore distorting their active site and
leading to their partial or total inactivation. This would lead to
the release of Zn into cells, which could affect a wide range of
cellular functions.”® The amplified expression of mRNA for
metallothionein-encoding genes suggests that the cell
responds either to the presence of Ag ions or to an increased
level of free Zn>" ions in cytoplasm following their release
from the active sites of metallothioneins or other proteins
using Zn as a cofactor. Moreover, several zinc-finger proteins
are involved in DNA repair processes, particularly PARP1, XPA
and p53. Cu ions, CuO-NPs and micron-sized particles can all
inactivate PARP1.°”°® Given the similar coordination
properties of Cu and Ag,*° Ag could also inactivate PARP1.
This enzyme plays a central role in DNA strand-break
repair;>® consequently, its inactivation would affect this
repair process. Indeed, our data confirm that the DNA
damage induced by Ag-NPs correlates with a decreased ability
to repair DNA via the BER and NER pathways, as previously
suggested by others.®”®® This inhibition of DNA repair is
observed in cells treated with both NM300K and PVP-coated
Ag-NPs, even though the two NP forms induce different types
of DNA lesions. Inhibited repair is therefore not a
consequence of the DNA lesion per se, but probably results
from the depletion of thiol-containing proteins due to their
complexation with Ag ions.
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Finally, the extent of physicochemical transformation of
Ag-NPs depends on the type of Ag-NP to which the cells are
exposed, with more intense transformation of NM300K
compared to Ag-PVP. The toxicity of Ag-NPs depends on their
size and surface coating, which are related to their
dissolution potential. Smaller NPs dissolve more extensively
and lead to a greater cytotoxic impact than larger NPs.>*>*
Moreover, PVP-coated Ag-NPs have been shown to be less
toxic than citrate-coated Ag-NPs,>*** possibly because PVP
protects the Ag-NP surface from degradation and/or because
PVP binds silver ions that are released when the particles
dissolve. This is consistent with our results showing more
extensive dissolution of NM300K (15 nm), which is smaller
and not coated with PVP, compared to the Ag-PVP NPs used
here (59 nm). This more extensive dissolution of NM300K as
well as the higher intracellular accumulation is certainly the
reason for its higher toxicity.

Conclusions

Ag-NPs used as biocides in a plethora of daily products are
continuously released into the environment; they could
potentially be released as airborne particles, although this
would have to be demonstrated. This release scenario raises
questions as to their impact on humans, especially following
inhalation exposure, which is the most problematic route of
human exposure because the lungs are very difficult to protect
from nanoparticles. In the present study, we show that two
Ag-NPs with distinct dissolution potentials lead to the same
transformation product in A549 cells: Ag complexed with
thiol-containing proteins. This transformation product differs
from the one observed in hepatocytes and macrophages in
previous studies, indicating that it is cell-type-dependent. In
addition, different rates of Ag-NP exposure resulted in non-
identical intracellular accumulation and toxicity outcomes,
with repeated exposure causing a more intense reduction in
cell metabolism and a stronger cell cycle blockade, whereas
DNA damage was observed only in response to acute
exposure. These distinctions were all the more striking in that
the cells received the same total quantity of Ag-NPs over 24 h
or over 4 days. Intracellular accumulation of Ag was six to
seven times higher after acute exposure than after repeated
exposure. PVP-coated Ag-NPs, which show low dissolution
and lower intracellular accumulation than NM300K, were less
cytotoxic than NM300K. These two Ag-NPs induced distinct
types of DNA lesions: oxidized DNA bases for Ag-PVP, and
DNA strand breaks for NM300K. Taken together, these results
show that the dose rate rather than the concentration explains
Ag-NP toxicity, with lower concentrations over longer periods
allowing cells to adapt.
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