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Abstract

Silver nanoparticles (Ag-NPs) are used in a variety of consumers’ goods.Their toxicological
impact is currently intensely studied, mostlyuponacute exposure, but their intracellular
dissolution and fate is rather poorly documented.

In this study murine primary macrophages were exposed to a single high but non-lethal doseof
Ag-NPs or to repeated, low dosesof Ag-NPs. Cells were either collected immediately after acute
exposure or after 72 h of recovery in NP-free exposure medium. Ag intracellular content and
distribution wereanalyzed by patrticle-induced X-ray emission (PIXE), transmission electron
microscopy coupled to energy-dispersive spectroscopy analysis (TEM-EDS) and inductively-
coupled plasma mass spectrometry (ICP-MS). In parallel, macrophagefunctionality as well as
inflammatory and thiol-responses were assessed after Ag-NP exposure.

We showthat Ag accumulation in macrophages is similar upon acute and repeated exposure to
Ag-NPs, and that Ag is partly expelled from cells during the 72 h recovery stage.However, acute
exposure leads to a strongresponse of macrophages, characterized by reduced mitochondrial
membrane potential, phagocytic capacity and NO production upon LPS stimulation. Under this
condition, we also show an increased release of pro-inflammatory cytokines as well as a
decreasedrelease of anti-inflammatory cytokines. This response is reversible since these
biomarkers reach their basal level after the recovery phase; and is much less intense in
repeatedly-exposed cells.

These results suggest that repeated exposure of macrophages to Ag-NPs, which is a more
realistic exposure scenario than acute exposure, leads to significant Ag intracellular

accumulation but a much less intense toxicological response.
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Introduction

Silver nanoparticles are currently used in a broad spectrum of commercial products, including
consumers’ goods and medical products. This extensive use as well as the known ecotoxicity of
silver ions(Ratte, 1999)makes Ag-NPs one of the most studied nanoparticles in terms of
toxicological and ecotoxicological impact.The major source of Ag-NP toxicity has been attributed
to the release of Ag" ions, particularly in bacterial models, although there may also be a nano-
specific effect(Fabrega, 2009; Sotiriou, 2010; Xiu, 2011; Xiu, 2012). Toxicity studies have been
conducted on bacterial models, onin vitro eukaryotic cells, and on in vivo animal models. Results
from these studies as well as possible mechanisms of Ag-NP toxicity have been largely
reported(Chernousova, 2013; Dos Santos, 2014). Still, the fate and chemistry of Ag-NPs have
rarely been studied in the cellular context, and has not been correlated withrelevant toxicological
endpoints upon realistic exposure scenarios such as repeated exposure (mimicking exposure of
the population to daily life products) or acute exposure followed by a recovery stage (mimicking
accidental exposure).

As a Pearson’s soft Lewis acid, Ag(l) tends to complex with soft Lewis bases; it therefore
exhibits a strong affinity for sulfur. Consequently, in biological and environmental samples the
major species that may complex Ag(l) are organosulfur compounds, i.e. compounds containing
sulfur such as glutathione, cysteine or proteins such as metallothioneins, sulfides or compounds
containing polysulfides with at least one free S'(Bell, 1999). In the environment, Ag-NP
transformation is governed by surface sulfidation, which forms Ag,S (Elechiguerra, 2005; Kaegi,
2011; Kim, 2010; Levard, 2011; Liu, 2011; Reinsch, 2012). In mammalian cells, Ag-NPs
accumulate via endocytosis as do most NPs(Oh, 2014). Upon reaching the
endosomal/lysosomal compartment, Ag® from Ag-NPs oxidizes to Ag(l) leading to NP dissolution
and recombination with either chloride ions or thiols from intracellular organosulfur compounds.
The most potent intracellular sulfur-containing ligands that might form complexes with Ag”* ions

are metallothioneins, glutathione (GSH) and cysteine, since their concentration in mammalian



cell cytoplasm is high, e.g. 0.1 to 1 mmol/L for GSH (Meister, 1988) and their stability constant
with Ag ions is high (K~10%) (Bell, 1999). Ag-NP toxicity depends on the rate of dissolution of
NPs in the lysosomal compartment, itself depending on the surface charge of Ag-NP (Setyawati,
2014). Recently,Ag(l) recombination with intracellular thiols has been demonstrated by us and
others, either in mouse primary macrophages chronically or acutely exposed to Ag-NPs coated
with PVP (Veronesi, 2015), in THP-1 monocytes acutely exposed to Ag-NPs coated with Tween
20 (Wang, 2015)or CHO-K1 hamster ovary cells acutelyexposed to Ag-NPs synthesized
chemically by reduction of silver nitrate(Jiang, 2014). NPs are taken up by cells via both lipid-
raft-mediated endocytosis and passive diffusion through the plasma membrane, and rapidly
dissolve in the intracellular compartment(Jiang, 2014). X-ray absorption spectroscopic (XAS)
analysis proves that, in two of these studies,Ag-NPs are first oxidized and then recombine with
intracellular sulfur-containing ligands(Jiang, 2014; Wang, 2015)rather identified as being
metallothioneins(Wang, 2015). This accumulation and/or dissolution of NPs causes reactive
oxygen species production in cells as well as cytotoxicity(Jiang, 2014; Wang, 2015)and
apoptosis(Wang, 2015). By also using XAS, we reported thatAg-NPs coated with PVP dissolve
in mouse primary macrophagesexposed to Ag-NPs either in acute mode (24 h, 5 pg/mL) or in
repeated mode (4 days, 1.25 pg/mL per day).Then Ag ions coordinate with intracellular thiols
with a coordination chemistry and bond length compatible with digonalAg2S sites, i.e. GSH is
the most likely putative ligand(Veronesi, 2015). We did not detect any intermediate coordination
chemistry where Ag is combined with O. GSH is an essential element of the oxidative stress
response, and oxidative stress is one of the major mechanisms underlying NP cytotoxicity. Ag
ion recombination with GSH may thus be detrimental to macrophage survival and function. For
this reason, in the present article we explored the biological consequences of this Ag-NP
dissolution and recombination with GSH.

Macrophages are the main scavenger cells in the body, and as such they are in charge of

removing exogenous material from the bloodstream and organs by phagocytosis, particularly



NPs. They are also in charge of removing bacteria from the body. Thereforeit is all the more
important to clearly understand the interaction between macrophages, bacteria and the Ag-
NPswhich are often used as bactericidal agents(Yilma, 2013). Moreover, macrophages are a
key cell type in the immune response and in inflammation leading sometimes to pathological
developments such as in asbestosis and silicosis(Hamilton, 1980). As a consequence, the
modulation of their functions following exposure toNPs is also worthstudying(Nishanth, 2011,
Xu, 2013). Despite the fact that the interaction of Ag-NPswith macrophages has been studied at
various levels in acute exposure conditions(Pratsinis, 2013; Singh, 2012)little is known about
how macrophages cope with Ag-NPs either after repeated exposure to a non-toxic dose or after
a post-exposure recovery period. Moreover no direct correlations between the real state of NPs

within the cell and the alteration of macrophage functionshave been reported.

The present study aimed at going beyond the state of the art and investigatingthe fate and
toxicological impact of Ag-NPs on a relevant cell model and in more realistic exposure
scenarios. To achieve this goal, we focused on post-mitotic primary murine macrophages, which
contrary to cell lines do not divide but still preserve their metabolic activity.They are
consequently more physiologically relevant than dividing macrophage cell lines. These
macrophages were exposed to sub-lethal concentrations of Ag-NPs either in acute mode (24 h,
5 pug/mL) or in repeated mode (4 days, 1.25 pg/mL per day) or in acute mode followed by a
recovery period (24 h, 5 pg/mL then 72 h of recovery in cell culture medium) as in our previous
study where we showed that Ag-NPs dissolved and Ag ions recombined with sulfur-containing

ligands that were probably GSH(Veronesi, 2015).



Material and methods

Nanoparticle physico-chemical characterization

Spherical Ag-NPs (<100nm) coated with PVP40 were purchased from Sigma-Aldrich (catalog
number 758329) as a 5 wt. % dispersion in ethylene glycol. Working NP suspensions were
prepared by dilution in deionized water. The hydrodynamic diameter and the particle size
distribution were characterized by dynamic light scattering (DLS) after dilution in water and in

complete culture medium using a Wyatt DynaproNanostar instrument.

Cell culture and exposure

Bone marrow-derived macrophageswere obtained from 6- to 8-week-old C57BL/6 mice and
differentiated during 10 days as described previously (Schleicher, 2009; Triboulet, 2013). They
were cultured at 37°C in a humidified 5% CO, incubator for no more than 2 weeks. For exposure
to NPs, several schemes were used. In the acute exposure condition, macrophages were
exposed to 5 pg/ml Ag-NPs for 24 hours in complete medium (i.e. cell culture medium containing
serum). Cells were then harvested immediately after this exposure period (SclA). In the
recovery condition (Scl1R), the cells were exposed for 24 hours to 5 pg/ml Ag-NPs, then the
medium was removed, the cells were rinsed once with complete medium, and cultured again for
72 hours in complete medium without nanoparticlesand with no further medium change. In the
repeatedexposure condition (Sc2), 1.25 pg/ml Ag-NPs were added to the macrophages every
day for four days. Cells were harvested at the end of the four days exposure period. Two control
conditions were tested, a control without silver, and a control with silver lactate, in which
macrophages were exposed for 24 hours to 5 pM, i.e. 0.985 pg/ml silver lactate in complete
medium, corresponding to 0.535 pg/mL of silver ion. This dose of silver ion leads to the same

cytotoxicity as 5 pg/ml Ag-NPs.



Silver assay by ICP-MS

For measuring the Ag-NP dissolution, NPs were added at 5ug/ml in 5 mL of complete culture
medium (i.e. containing 10% fetal calf serum) in 25cm? culture flasks for 24 or 96 h. After this
time the medium was recovered, an aliquot was saved, and the remaining was centrifuged at
400,000g for 30 minutes to pellet the nanoparticles. The supernatant was saved and the pellet
resuspended in 1 ml of buffer A (Hepes 50 mM pH 7.5, sorbitol 200mM, magnesium acetate
2mM). The saved aliquot, the supernatant and theresuspended pellet were mineralized by the
addition of one volume of suprapure HNO; 65% and incubation on a rotating wheel at room
temperature for 18 h.

After dilution in 1%][v/v] suprapure HNO; 65%, 107 and 109 m/z were quantified on an
inductively coupled plasma mass spectrometer (ICP-MS, Hewlett-Packard 4500 Series, Agilent
Technologies, Massy, France) equipped with a Babington nebulizer and a Peltier-cooled double-
pass Scott spray chamber. Three biological replicates were assayed, each 3 times from
independent dilutions of the original mineralized sample. Analysis parameters were set to 1s
integration time, 3 repetitions, detection of m/z - 0.05, m/z and m/z + 0.05. Total element content
was determined against a standard curve made of a serial dilution of silver lactate in complete
culture medium.

For determining the fate of nanoparticles, the same experiment was carried out on flasks
containing cells. After incubation under the different regimens described above, the conditioned
culture medium was saved and the cells were scraped in 5 ml of buffer A. The cells were then
lysed by the addition of hexadecyltrimethylammonium acetate (2% wi/v final concentration) and
incubation on a rotating wheel at room temperature for one hour. The conditioned media and cell
lysates were then ultracentrifuged (400,000g; 30 minutes) and the respective supernatants and

pellets processed as described above.



Particle-induced X-ray emission

Micro-particle-induced X-ray emission (PIXE) and Rutherford Backscattering (RBS) analyses
were carried out on cells seeded on thin polycarbonate foils and exposed to Ag-NPs.
Membranes were rinsed twice with PBS, cryofixed by immersion in isopentane chilled to -160 °C
in liquid nitrogen (Carriere, 2005). Samples were freeze-dried for 24 h at -10 °C, 0.37 mbar.
Micro-PIXE and micro-RBS spectra were recorded simultaneously on the beamline of the
AIFIRA platform (CENBG, Bordeaux, France) (Barberet, 2009). The 3.5 MV Singletron
accelerator (HVEE) was adjusted in order to deliver a focused beam (2.5 ym) of 3 MeV protons,
with a beam current of 1 nA. X-rays were detected with a 80 mm?Si(Li) detector (Gresham,
energy resolution: 160 keV) orientated at 135° with respect to the incident beam axis, and
equipped with a 12 um thick beryllium window. A funny filter (Al, thickness 200 pym, % hole = 1
mm) was used in order to limit the dead-time (Rate ~ 500 cps/s, dead time below 10%).
Backscattered protons were recorded at 135° with a silicon PIPS detector (Canberra, 50 mm?,
thickness 100 pym, resolution: 17 keV). Four elemental maps of 100x100 pym? were recorded on
each sample, and drawn using the SupaVISIO software (http://biopixe.free.fr). For Ag
intracellular content measurement, data were fitted using SIMNRA (RBS) (Mayer, 2002) and
Gupix (X-ray spectra) (Maxwell, 1995) as described previously (Brun, 2014) and normalized
thanks to analysis of KI, NaCl and ZnTe standards (Carmona, 2008), kindly provided by Dr. R.

Ortega.

Electron microscopy

After exposure, cells were fixed with 2.5% glutaraldehyde, post-fixed with OsO, and dehydrated
in graded concentrations of ethanol then embedded in Epon, as described elsewhere (Brun,
2014). Ultra-thin sections were cut (80 nm), counterstained with uranyl acetate and observed
with a JEOL 1200 EX transmission electron microscope (TEM) operated at 80 kV (Grenoble

Institut des Neurosciences, France). They were also observed using a FEIl/Tecnai Osiris



scanning/transmission electron microscope (STEM), operated at 80 kV; then electron-dense

deposits were analyzed by energy-dispersive spectroscopy (EDS) on the same equipment.

Phagocytosis Activity measurement

The phagocytic activity was measured using fluorescent latex beads (1 um diameter, green-
labeled, catalog number L4655 from Sigma-Aldrich). The beads were pre-incubated at a final
concentration of 55 mg/ml for 30 min at 37 °C in a 1:1 (v/v) PBS/FCS solution. Cells were first
exposed to Ag-NPs following either scenario 1A or 1R or 2, then to fluorescent latex beads (5.5
mg/l final concentration) for 3 h. The cells were then harvested, washed with cold PBS. In order
to remove beads adhering to the cell surface, 3 ml of water and 1 ml of 3.5% NaCl were added
on each cell pellet. After another wash with cold PBS the resulting fluorescence of the cells was
measured by flow cytometry on a FacsCalibur cytometer equipped with CellQuest software

(Becton Dickinson) as described previously(Abel, 1991; Triboulet, 2013).

Mitochondrial transmembrane potential

The mitochondrial transmembrane potential was estimated with a test based on Rhodamine 123
uptake (Johnson, 1980) as described previously(Triboulet, 2013). Briefly:cells were first exposed
to Ag-NPs following either scenario 1A or 1R or 2. At the end of the exposure time, they were
incubated with 10ug/ml Rhodamine 123 for 30 min at 37°C, harvested, rinsed twice in cold PBS
and analyzed by flow cytometry on a FacsCalibur cytometer (Becton Dickinson) using

fluorescein excitation/emission filters.

Measurement of intracellular reduced glutathione
Intracellular glutathione levels were measured using monochlorobimane (mCB), a thiol-reactive
cell permeable reagent that binds to intracellular reduced glutathione (GSH) forming a

fluorescent adduct(Hedley, 1994). After treatment of cells with Ag-NPs or Ag lactate under the



exposure regimen described above, mCB was added to the macrophages and incubatedfor 5
min at 37°C, then the cells were incubated on ice for another 5 min as described
previously(Aude-Garcia, 2011).They were washed with PBS thenthe cellular fluorescence was

analyzed by flow cytometry under UV excitation using a Moflo cytometer (Dako).

NO production

Macrophages were exposed to Ag-NPs according to the different scenarios thenwe added 5
mMarginine monohydrochloride to the cells, which gives a high concentration of substrate for the
nitric oxide synthases. Finally, 1ug/ml of LPS was added to half of the cells. After 18h of
incubation, the cell culture medium was sampled and centrifuged at 10,000 xg for 10 min to
remove cells and debris.We then added an equal volume of Griess reagent in it andafter
incubation for 30 min at room temperature, absorbance at 540 nm was read and the nitrite

concentration was determined using a standard curve prepared in the same conditions.

Cytokine Assays

TNF-a, IL-6 and IL-10 concentrations in the culture supernatants were measured using the
Cytometric Bead Array (CBA) mouse inflammation kit (BD Pharmingen) according to the
manufacturer’s instructions. The measures were performed on a FACSCalibur flow cytometer

and the data were analyzed using CellQuest software (Becton Dickinson).

Statistical analysis

Data are expressed as mean * standard deviation. Statistical tests were run using Statistica 7.1
software (Statsoft, Chicago, IL, USA). As normality assumptions for valid parametric analyses
were not satisfied (Kolmogorov-Smirnov tests), non-parametric one-way analyses of variance on
ranks approach (Kruskal-Wallis) were used. When significance was demonstrated (p < 0.05),

paired comparisons were run using either Mann-WhitneyU-test or Student’s T-test.



Results

NP physico-chemical characterization

In the present study we used commercial silver nanoparticles, coated with PVP and suspended
in ethylene glycol. These NPs were characterized in our laboratory prior to any biological
experiment. They were spherical and their average diameter was 59+18 nm, with grain size
ranging from 25 to 100 nm as measured by transmission electron microscopy (Figure S1A-C).
Upon dilution in cell culture medium their hydrodynamic diameter reached 95.7 nm, as
measured by DLS (Figure S1D). Their zeta potential was -22.1 mV. They were stable, i.e. we did

not observe any aggregation and/or agglomeration for at least 4 days (Table S1).

Intracellular accumulation, distribution and cytotoxicity

Murine primary macrophages were exposed to a single, high dose of Ag-NPs (5 ug/mL, 24 h,
Scl) or to repeated, low doses of Ag-NPs (1.25 pg/mL per day, 96 h, Sc2). Cells exposed in
scenario 1 were then collected immediately after exposure (SclA) or after 3 days of recovery in
NP-free exposure medium (Sc1R).

Cytotoxicity was evaluated by using the trypan blue exclusion assay; none of these scenarios
induced overt cell mortality (see Figure S2 for mortality rate in Sc1A).

Ag intracellular content was measured by using particle-induced X-ray emission (PIXE) (Figure
1). Intracellular accumulation was significant in cells exposed at 5 pg/mL for 24 h (Sc1A) and at
1.25 pg/mL per day for 96 h (Sc2). It reached 10.6+3.2 pg/cm2 and 17.5+3.6 pg/cms2,
respectively, these amounts being not significantly different from one another.In these
conditions, our previously published results show that in Sc1A 61.1% of the Ag content is still

present as Ag-NPs and 38.9% is recombined with GSH, while in Sc2 27.3% of the Ag content is



present as Ag-NP and 73.7% is recombined with GSH (Veronesi, 2015). Conversely, in cells
exposed to Ag-NPs for 24 h and then allowed to recover for 72 h (SclR)Ag content was
significantly lower, with 5.6£0.6 pg/cm2. Ag content in cells exposed to Ag-lactate was not
significantly different from Ag content in unexposed cells.

Transmission electron microscopy (TEM) observationshowed no major alterations of
macrophage morphology in these exposure scenarios. Electron-dense structures were clearly
visible in Ag-NP-exposed cells but not in unexposed cells (Figure 2A-B); they were trapped in
cytoplasmic vesicles that look like late endosomes or autophagosomes, as classically described
with NPs (Oh, 2014). These electron-dense structures showed various morphologies. At 24 h
post-exposure (SclA), they looked like loose agglomerates of NPs (Figure 2C-D, arrows)
combined tolayered structures (Figure 2C-D, crosses). Both structures were also observed in
cells exposed for 24 h after 72 h of recovery (SclR, Figure 2E-F, arrow and crosses).
Conversely after repeated exposure at low concentration (Sc2), we still observed loose
agglomerates of NPs (Figure 2G-H, arrows) but also some very dense, condensed spherical
structures (Figure 2G-H, 8). In this condition we never observed the layered structures. The
chemical composition of these structures was identified by energy-dispersive spectroscopy
(EDS) (Figure 2I-L). All of them containedAg which was clearly correlated with the presence of
sulfur (S), confirming that Ag-ions were recombined with sulfur-containing ligands and showing
that this recombination led to Ag precipitation. They also contained Os, resulting from the fixation
and staining procedureof TEM grid preparations, and Si and Al contaminations that were also
observed in non-electron-dense areas. No electron-dense deposits were observed in cells
exposed to Ag-lactate (data not shown).

To complement these data, we measured the Ag-NP dissolution/re-precipitation and
accumulation in cells and in the media by ICP-MS (Table 1). These experiments showed that
nanoparticles dissolution was low even in complete culture medium, and that this extracellular

dissolution could not account for the observed nanoparticles toxicity. Interestingly, the addition of



silver ionsin the complete culture medium resulted in a partial precipitation of the silver in a
physical form that sediment upon centrifugation. These experiments also provided an estimation
of the uptake of nanoparticles by the cells, and confirmed the fact that the cells could excrete
silver during the recovery period. The conditioned medium in which the cells recovered
contained a smaller soluble fraction of silver than the NP-supplemented medium used for cell
treatment.

Finally, silver quantification showed a constant soluble amount within the cells, irrespective of
the initial treatment. When a ten-fold lower amount was used for treatment (ionic silver), it

resulted in a ten-fold higher percentage of soluble silver recovered in the cells.

Induction of a thiol response

As heavy metal ions (and surfaces) are thiophilic, they bind to thiols from cells which can be
either low molecular weight sulfur-containing ligands such as GSH, which depletion induces
oxidative stress, or cysteine groups from proteins. Binding to cysteine-containing proteins often
leads to their inactivation; this is for example one of the major determinants of zinc toxicity
(Dineley, 2003). To counteract this toxic effect, cells induce metallothioneins (MTs) which are
dedicated metal-scavenging proteins. They can also increase their glutathione production. We
tested both of these endpoints bymeasuring the intracellular GSH levels (Figure 3) and the
MRNA expression of MT-1 and MT-ll(Figure S3) in macrophages exposed to Ag-NPs.

The concentration of free GSH decreasedafter acute exposure to Ag-NPs (Figure 3, sclA),
providing additional proof of the complexation of Ag withGSH that we previously demonstrated
by X-ray absorption spectroscopy (Veronesi, 2015). However, cells restored their basal GSH
levelsduring recovery and a slightly higher GSH contentwas even observed in this condition
(Figure 3, sclr) suggesting that Ag stress is not acute enough to induce depletion of GSH.
Conversely after repeated exposure to low concentrations of Ag-NPs, the intracellular GSH level

was not significantly reduced (Figure 3, sc2).



Macrophages massively inducedMT-lI and MT-II (Figure S3) in response to Ag-NPs, in all
exposure modes. The induction rate reached 55-fold and 310-fold for MT-I and MT-II,
respectively, in acutely-exposed cells. Although always very high, the extent of induction
correlated with the instantaneous concentration of Ag, as shown by higher induction of MTs in

Scl,as compared to Sc2.

Effect of silver nanoparticles on macrophage functions

When investigating the effects of these silver nanoparticles on macrophages functions, part of
the effects observed could be attributable to the PVP coating of the nanoparticles. However, we
know from previous work (Triboulet, 2015)that PVP has no intrinsic effects, so that the observed
effects are due to the silver itself.

A frequent mechanism involved in metals toxicity is the perturbation of normal mitochondrial
function. For zinc such perturbation has been shown to occur via the inhibition of several
mitonchondrialmatricial enzymes(Gazaryan, 2007; Lemire, 2008),and for copper via a
perturbation of the respiratory complexes(Triboulet, 2013). We therefore measured the
mitochondrial transmembrane potential as a crude and global indicator of the mitochondrial
function (Figure 4A). The results show that acute exposure to Ag-NPs induced an important
decrease in the mitochondrial transmembrane potential, which is partly reverted during the
recovery period.This decrease was also significant, although less intense, upon repeated
exposure to Ag-NPs (Sc2).

Beside this general cellular function, we also examined specialized macrophage functions,
namely the phagocytic capacity and the LPS-induced NO production. Our results show that
acute exposure to Ag-NPs induced a strong decrease of both macrophage functions, which was
partially reverted during the recovery process (Figure 4B-C). Interestingly, the mode of exposure
also played a key role. At equal final Agintracellular contents, repeatedly-exposed cells were

much less altered than acutely-exposed cells, following the general “health pattern” already



described in the other endpoints. Within this general frame, the only discordant point was the
trend, although it was not statistically significant (p=0.052) of NO synthesis reduction in cells
exposed toAg-lactate. This may however just represent an extension of the well-known
repression of NO production by macrophages in the presence of heavy metal ions(Tian, 1996).

Finally we tested the capacity of Ag-NP-exposed macrophages to secrete cytokines upon LPS
induction. Our results showed that acute exposure led to an increased release of pro-
inflammatory TNFa and IL-6 cytokines (Figure 5A-B), whereas they caused a decreased release
of IL-10, an anti-inflammatory cytokine (Figure 5C). Again, after a period of recovery, these
effects were reverted, and the secretion of cytokines nearly reached their basal level. These

effects were much less intense in macrophages repeatedly exposed to Ag-NPs (Figure 5A-C).

For better clarity, we summarized all these results in Table 2.

Discussion

The vast majority of in vitro toxicological work on Ag-NPs has been carried out on cell lines
acutely exposed to high concentrations of NPs. These experimentsarecrucial to identify which
cellular mechanisms are altered by Ag-NPs and how NPs exert their toxic effects. However, this
rather short time frame only allowsfor the investigation ofthe initial phases of NP interaction with
cells, i.e. their internalization and their intracellular or extracellular dissolution. This has led to the
concept of the Trojan horse effect (Park, 2010) and to showing that the toxicological contribution
of dissolved Ag ion varies with respect to the size of NPs(Pratsinis, 2013).This is also why we
used only a large-sized, PVP-coated nanopatrticle, in order to avoid confounding effects linked to
silver ion release (Beer, 2012; Pratsinis, 2013)which occurs even upon storage for smaller
nanoparticles (Kittler, 2010). However, these studies must be accompanied by in vitro studies on

a longer time frame for several reasons. First of all, as heavy metals are considered as



persistent toxicants, it is important to assess the persistence of Ag in cells after acute
exposure,as well as the (ir)reversibility of the cellular effects they induce. Second, in daily-life
products Ag-NPs are often used in slow delivery forms, e.g. in plasters. It is then necessary to
investigate how cells cope with such a slow delivery, both at the level of NP handling and at the
functional level. In addition to their physiological relevance, the use of post-mitotic primary
macrophages is particularly relevant for such studies, as it prevents any interferences and signal
dilutions coming from dividing cells such as cell lines. It also avoids any abnormalities present in
cell lines due to the immortalization/transformation process. The only issue is thatthe lifespan of
in vitroprimary mouse macrophages is limited to one week post-terminal differentiation.
Consequently itdoes not allow for real long-term chronic exposures, mimicking
occupationalexposure or exposure via ingestion of contaminated food. This is why we
usedshorter term, repeated exposures. Nevertheless, our results clearly show that cells handle
Ag-NPs in a more complex way than anticipated, and that the response differ at high and low

dose.

The effects of acute exposure are reversible

First of all, when cells are allowed to recover in a NP-free medium after acute exposure to Ag-
NPs, they do eliminate Ag rather rapidly, as shown by our PIXE experiments. This is in sharp
contrast with the very slow elimination of gold nanoparticles that has been described in Kupffer
cells(Sadauskas, 2009) but confirms what was previously showed by Wang et al. on THP-1
monocytes exposed to Ag nanoparticles (Wang, 2015). Moreover the intracellular electron-
dense structures containing Ag that we observe in TEM show the same shape directly after
acute exposure and after the recovery period-Our experiments suggest that the efflux ofsilver is
mainly in a sedimentable form, and may correspond to exocytosis of the nanoparticles and/or to
the excretion of linear, high molecular weight silver-GSH complexes that forms in cells upon

exposure to these Ag-NPs, as recently described (Veronesi, 2015). Decrease of intracellular



Agcontent explains in turn how cells recover their functions to a large extent, as we observed
fromthemeasurement of mitochondrial membrane potential, phagocytosis activity, NO production
and cytokine release upon LPS stimulation. It also explains the modulation of intracellular GSH
content, which drops after acute exposure, and then is higher after the recovery period than in
unexposed cells. The drop after acute exposure suggests that GSH is used by the cells to
chelate potentially toxic Ag ions, as also suggested in our previously published study(Veronesi,
2015). Induction after the recovery phase suggests that cells respond to acute Ag stress by
inducing de novo production of GSH in order to reestablish redox balance. Still, even if all these
effectsare reversible, it is important to note that acute exposure to Ag-NP deeply affects
macrophage functions, which is in agreement with previous studies(Chernousova, 2013; Dos

Santos, 2014).

Acute vs. repeated exposure

When cells are exposed to the same dose of Ag-NPs but provided either as a single dose or as
a four-split dose, the amount of internalized Ag is similar; as shown by our PIXE and ICP-MS
experiments. The speciation of intracellular Ag is the same upon both exposure schemes, i.e. Ag
combined with sulfur-containing ligands, and we show that the proportion of Ag combined to -S
is much higher in cells exposed repeatedly to Ag-NPs than it is in acutely exposed
cells(Veronesi, 2015). Moreover, we observe a more intense response in cells exposed in acute
mode. Indeed in acutely-exposed cells mitochondrial membrane potential, phagocytic capacity,
NO and IL-10 productions upon LPS stimulation are drastically reduced whereas productions of
TNFa and IL-6 are increased. Conversely all these functions are only poorly affected in
repeatedly-exposed cells. One hypothesis is that, in the repeated exposure scheme, cells have
enough time and resources to produce a response against Ag stress. Cells may progressively
passivate the surface of Ag-NPs, rendering it less reactive, by direct transition from an Ag°

surface to an Ag-S surface. Such a process is likely to inhibit the release of Ag ion from NPs,



which is recognized as being at the origin of Ag-NP toxicity(Levard, 2012; Levard, 2011; Mulley,
2014; Reinsch, 2012). Additionally it might explain the condensed, rather spherical shapes of
Ag-containing deposits that we observe by TEM in repeatedly-exposed cells, which can be
interpreted as Ag-NPs covered by their passivated shell, as previously observed in
environmental conditions(Levard, 2011).Still, we have no direct evidences of surface
passivation; another explanation would be the release of Ag ions from Ag-NPs, then
recombination with thiols (e.g. glutathione) as spheroidal, condensed deposits.

Conversely, in cells exposed to Ag-NPs in acute mode, NPs may rapidly release high amountsof
Ag ions, to which cells respond immediately by chelation with all the sulfur-containing molecules
that are available, i.e. principally glutathione and sulfur-containing proteins (Babula, 2012;
Meister, 1988). It has recently been suggested that the low pH in lysosomes had only a minor
role in NP dissolution (Jiang, 2014) suggesting that the presence of sulfur-containing ligands
itself caused extraction of Ag ions from the surface of NPs. Our TEM observations show that this
extraction and recombination with sulfur-containing ligands, either glutathione or cysteine-
containing proteins, results in precipitated layered structures dispersed throughout the
cytoplasmic compartment in which Ag-NPs are accumulated.When the available glutathione
resource is saturated, Ag-NPs still release some Ag ions that may exert toxic effects in cells. Ag
ion-induced toxicity has been reported to result from reactive oxygen species(ROS) production
triggered by NPs themselves, or because the release of Ag ions may deprive cells from crucial
actors of redox balance reestablishment, such as GSH(Kim, 2011; Navarro, 2008). Some
reports suggest that Ag-NP toxicity results from both ROS dependent and ROS-independent
pathways (Chairuangkitti, 2012; Jiang, 2014).Since the decrease of mitochondrial membrane
potential, phagocytic capacity and NO production upon LPS stimulation can all be caused by
oxidative stress our results rather support the hypothesis of oxidative stress-induced Ag-NPs
toxicity.We also show that cells react to this influx of Ag ions by inducing a thiol-response, and

consequently reestablishing their basal intracellular glutathione and metallothionein levels.



Induction of metallothionein mRNA expression is observed upon both acute and
repeatedexposure, and it is a long-term response since it is also observed after the recovery
period.Interestingly, the amount of soluble silver in cells is almost constant under all conditions,
and may correspond to the upper tolerable limit for cells.

In summary, our results suggest that acute response of cells to Ag-NPs is rather dissolution and
re-precipitation of Ag ions with soluble and directly available SH-containing ligands,forming
layered structures composed of Ag and S. Conversely the long-term response to low
concentrations of Ag-NPs mayalsocauseprecipitation of Ag ions with SH-containing ligands, but
rather as condensed spherical structures. This corresponds to the two mechanisms of
oxysulfidation reported by Liu et al. in environmental conditions (Liu, 2011). This result
underlines the preeminent role of kinetics in the cellular mechanism of Ag-NPs handling by cells,

as well as in their toxicity.

When using the results gathered across our series of experiments, a simple model can be
proposed:

In the case of an acute exposure to a high but non-lethal dose, there is a massive release of
silver ion that binds to all intracellular thiols, including GSH, which severely compromises the
energetics of the cells, as shown by the mitochondrial dysfunction. Nevertheless the cells are
able to mount a response, as shown by the massive induction of metallothioneins. In a
subsequent stage, metallothioneins scavenge the free silver ions and store them before they are
progressively eliminated during recovery.In the case of a repeated exposure, the initial dose is
low enough not to disturb the cellular functions too severely. The cells react by increasing the
production of their sulfur-containing scavengers, such as GSH and metallothioneins, so that
incoming nanoparticles are immediately scavenged by thiols. This mechanism explains how,
upon repeated exposure, cells can internalize the same amount of silver than in the case of an

acute exposure and still be largely functional.



Conclusions

Upon more realistic exposure scenarios, i.e. repeated exposure to low concentrations of Ag-NPs
or acute exposure to Ag-NPs followed by a recovery phase, our results show that primary
murine macrophages i) accumulate high amounts of Ag, ii) recombine intracellularly-dissolved
Ag ions with SH-containing ligands, and iii) eventually release some Ag from cells. In these
conditions their functionality is much less affected than upon acute exposure scenarios. These
conclusions are of high importance in a risk assessment perspective; they show that the cellular
response to acute in vitro exposure, i.e. exposure to high concentrations of NPs for short times,
does not necessarily reflect the cellular response to exposure to NPs in environmentally-realistic

conditions.
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Table 1. Silver fate, as determined by ICP-MS?®

Soluble fraction in fresh culture medium
Ag-NPs 24 h

Ag-NPs 96 h

Ag-lactate

Soluble fraction in conditioned culture medium
SclA

SclR

Sc2

Ag-lactate

Uptake by cells
SclA

SclR

Sc2

Ag-lactate

Soluble fraction in cells
SclA

SclR

Sc2

Ag-lactate

1.5+0.2%
6.2+0.5%
19.5+2.9%

7.0+0.1%
1.9+0.4%
5.9+4.4%
16.2+0.4%

82.8+5.0%
41.0+12.0%
64.4£1.7%
42.5+1.0%

4.8+0.6%
4.6+0.9%1t
4.5+0.8%
47 .8+1.9%+

®Results are expressed as the percentage of the soluble Ag fraction (centrifuged supernatant)

with respect to the total Ag content (uncentrifuged supernatant + pellet). Three independent

experiments were carried out. T: p<0.01 compared to the acute condition.



Table 2. Summary of the results®

SclA SciR Sc2
Exposure condition Acute Acute and recovery Repeated
Cell content ++ + ++
Cell distribution Loose agglomerate Loose agglomerate Loose and dense

and layered structure  and layered structure  agglomerates
Glutathione - + =
Metallothionein ++ ++ T+
Mitochondria - - -
Phagocytosis -- - -
NO production - - - =
PIC ++ = +

AlC - - - -

4Acute exposure, i.e. 24 h at 5 pg/mL Ag-NP; Acute and recovery exposure, i.e. 24 h at 5 ug/mL
Ag-NP then 72 h in cell culture medium; repeated exposure, i.e. 4 days at 1.25 pg/mL. ++: high
increase; +: low increase; - -: high decrease; -: low decrease; =: no difference. “Cell content”:
measured by PIXE;“Cell distribution”. observed by TEM, “Glutathione”: intracellular glutathione
content, “Metallothionein”: metallothionein mRNA expression induction, “Phagocytosis”:
phagocytic activity of macrophages, “NO production”: production of NO upon stimulation by
LPS.“PIC”: secretion of pro-inflammatory cytokines and “AlC”: secretion of anti-inflammatory

cytokines,measuredafter LPS stimulation.
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Figure 1. Intracellular Ag content. Ag content was quantified by particle-induced X-ray emission
(PIXE) in unexposedcells, or macrophages exposed for 24 h to 5 pg/mL Ag-NPs immediately
after exposure (sc. 1A) or after 72 h of recovery in NP-free medium (sc. 1R), after repeated
exposure to 1.25 ug/mL Ag-NP per day for 4 days (sc. 2) or after 24 h of exposure to Ag lactate
(5 uM). Bar graphs represent mean * standard deviation of 4 measurements.Student’s T-test,

*p<0.05 vs. Ctl, *p<0.05 vs. Ctl, sc. 1A and sc. 2.
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Figure 2. Scanning transmission electron microscopy images (STEM) and energy dispersive
spectroscopy (EDS) analyses of intracellular compartments containing electron-dense
structures, in primary murine macrophages exposed to Ag-NPs. Unexposed cells (A-B) or cells
exposed for 24 h to 5 pg/mL Ag-NPs (C-D) or cells exposed for 24 h to 5 pg/mL Ag-NPs and
allowed to recover for 72 h in cell culture medium without NPs (E-F) or repeatedlyexposed to
1.25 pg/mL Ag-NP per day for 4 days (G-H), then imbedded in epoxy resin, fixed with OsO4, cut

and observed in STEM. Ag distribution was then imaged by EDSin a layered structure observed



in cells exposed for 24 h to 5 pg/mL Ag-NPs (1) or in a condensed structure observed in cells
repeatedly exposed to 1.25 pug/mL Ag-NP per day for 4 days (J). EDS spectra recorded in areas

1, 2 and 3 depicted in I and J are shown in K and L, respectively.
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Figure 3. Quantification of GSH in Ag-NP-exposed cells.GSH content is expressed as the
percentage of the fluorescence of monochlorobimane in exposed cells as compared to
unexposed cells. “Control”.cells exposed simultaneously to Ag-NPs andmonochlorobimane.
Measurements were carried out in triplicate on independent cultures. Statistical confidence

(Student’s T-test): ** p < 0.01 vs. control cells and * p < 0.01,"* p < 0.001 vs. Sc1A.



C

150 1

@5 1
pr
o0 |

Ubs .

#
tio .
50 -
iy
~ ORIl N ol T

ctl Sc1A Sc1R Sc?2 Ag
non lactate




Figure 4. Consequences of an exposure to Ag-NPs on macrophage functionality.Mitochondrial
transmembrane potential (A) assessed by measuring Rhodamine 123 internalization in cells.
Results areexpressed as the percentage of fluorescence in Ag-NP-exposed cellsvs.
inunexposed cells. “Control”: Ag-NPs were added to cells simultaneously to Rhodamine 123.
Macrophages phagocytic capacity (B) measured in cells exposed to Ag-NPs, then to fluorescent
beads, followed by cell fluorescence quantificationby flow cytometry. Results are expressed as
the percentage of phagocytic activity in Ag-NP-exposed cells with respect to non-exposed
cells.“Control”: Ag-NPs were added to cells simultaneously to latex beads.Nitric oxide production
(C)in macrophages that were not stimulated (white bars) or stimulated by LPS (black bars).
Measurements were carried out at least 3 times. Statistical confidence (Student’s T-test): *p <

0.05,** p < 0.01, *** p < 0.001 vs. control cells and * p < 0.05,"p < 0.01 vs Sc1A.
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Figure 5. Impact of Ag-NPs on cytokine production by macrophages. TNFa (A), IL-6 (B) and IL-
10 (C) secretion by the macrophages exposed to Ag-NPs or Ag-lactatethen stimulated by LPS,
assessed using CBA assay and flow cytometry measurement. Results are expressed as the
percentage of secretion in exposed cells as compared to unexposed cells. “Control”: unexposed
cells to which Ag-NPs were added just before performingthe CBA assay. Measurements were
carried out at least 3 times. Statistical confidence (Student’s T-test): *p < 0.05, ** p < 0.01, *** p

<0.001 vs. control cells and * p < 0.05,"p < 0.01,"*p < 0.001 vs Sc1A.



