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Deciphering silver nanoparticle fate in liver up to
biliary excretion using HepG2/C3A spheroids in
scenarios mimicking different exposure pathways+
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Benoit Gallet,® Denis Falconet, ©¢ Peggy Charbonnier,? Isabelle Kieffer, (i}
Rémi Tucoulou, Pierre-Henri Jouneau,*®
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Silver nanoparticles (AgNP) are heavily used in consumer products and medical devices, including face
masks to fight against COVID-19. AgNP effects on mammals have been studied both using cellular and
animal models. The former elucidate molecular mechanisms occurring at the subcellular level, while the
latter bring insight into the toxicity and accumulation at the organ level. It has not yet been possible to
reconcile these two kinds of studies in a translational approach. In the current study, we use 3D HepG2/
C3A hepatocyte cultures that partially reproduce liver architecture, leading to the formation of active bile
canaliculi and exposure scenarios mimicking parenteral or oral exposure to AgNP. By using a combination
of cutting edge imaging techniques, atomic spectroscopy, and cell biology, we reveal the formation of Ag
sulphide or Ag-organothiol complexes in the different conditions, the storage of excess Ag into vacuoles,
the excretion of Ag(l) ions into bile canaliculi through the ATP7B Cu transporter, and modifications of the
mitochondrial network. These findings, made possible by the use of a pseudo-organ as a model, reveal
exposure-dependent mechanisms that can inspire future studies on nanomaterial metabolism in mammals
and risk-assessment, and thereof regulations. Moreover, they can help bridge the gap between cellular and
animal studies, bringing significant advances into the understanding of AgNP fate in mammals.

Silver nanoparticles (AgNP) are massively used in consumer products and medical devices for their biocidal activity, which is due to the release of Ag(r)
species. Moreover, AgNP can be transformed into various Ag species in biological and environmental conditions leading to increased exposure to these

species and thereof to toxicological and ecotoxicological issues. In human, the main exposure routes are oral and parenteral and silver accumulates in the
liver. In this study, the use of innovative 3D hepatic model in conditions mimicking oral and parenteral exposure to AgNP enabled to decipher the fate of
Ag species up to their excretion. Three-dimensional cellular models thus offer the opportunity to mind the gap between cell cultures and animal models.
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frequently found nanomaterials, silver nanoparticles (AgNP)
are used for their biocidal activity, which is due to the long-
lasting release of the Ag(i) ions produced by oxidation of
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biocidal activity, AgNP are incorporated in various consumer
products, including face masks to protect against COVID-19,
and in medical devices, to prevent nosocomial infections.
Therefore, humans are exposed to Ag species through two
major routes: oral and parenteral. It has been estimated that
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we ingest between 1 and 80 pg of Ag every day,” whereas little
data are available on the human exposure through the
parenteral route. Nonetheless, a micromolar concentration of
Ag has been measured in the blood of burned patients
treated with the Acticoat™ dressings,” and a recent study
described the accumulation of Ag in the liver of patients
under long-term hospitalization.* Data from in vitro studies
showed that AgNP are heavily transformed in the gastro-
intestinal tract, leading to the translocation of soluble Ag(i)
complexes as silver thiolate, or of the AgCl salt, and not of
pristine AgNP particles to the blood.>® Therefore, the
bioavailable species are Ag(i)) and AgNP upon oral and
parenteral exposure, respectively. This leads to exposure
route-dependent metabolism kinetics, as observed in rodents,
upon oral exposure, the level in the blood is ten times lower,
and in the liver it is 100 to 1000 times lower than upon
parenteral exposure.” Similarly, the clearance rate is much
faster in the former exposure scenario than in the latter, 24 h
vs. more than 4 days.” These data are consistent with the
presence of different Ag species in the bloodstream: Ag(0) of
pristine AgNP and Ag(1) complexes or particles originating
from their transformation, in the parenteral and oral
exposure route, respectively. This putatively results in
different metabolism mechanisms, hence of toxicity
thresholds, in the different exposure conditions. For Ag(1)
ions, it has already been shown that they can be transported
by copper transporters such as Ctrl and ATP7B,*° and excess
Cu(1) is known to be excreted via biliary pathway.'® Therefore,
unravelling the fate of AgNP in the liver and the excretion
mechanisms in these different exposure conditions is of
capital importance to evaluate the toxicity of AgNP and define
a regulatory framework for their safe use. Nonetheless, the
details of AgNP transformations in an animal model are
elusive, which originates a gap with conventional cellular
studies that offer the possibility to follow particles and their
by-products using different types of microscopies. This work
aims to fill this gap by applying subcellular imaging and
atomic spectroscopy to a physiologically relevant cellular
model, in order to disclose physico-chemical transformations
that are likely to occur in vivo.

In biological media, the surface of nanoparticles gets
decorated with proteins and biomolecules that form the so
called corona, which defines the biological identity of the
nanoparticles, influencing their cellular uptake.'* The
relationship between the protein corona forming around
PVP- and citrate-coated AgNP and their interactions with
different cell types has been recently reviewed.'> Following
endocytosis, AgNP are transformed within endolysosomes
and release Ag() ions that form complexes mainly with
organothiol molecules.”*"” State of the art X-ray fluorescence
nano-imaging (XRF) coupled with electron microscopy (EM),
allowed us to visualize the translocation of Ag(1) complexes to
the nucleus and mitochondria of hepatocytes exposed to
AgNP.18‘19

As of today, it is clear that advanced imaging methods
enable to nail down the fate of AgNP in 2D cell cultures.

This journal is © The Royal Society of Chemistry 2023
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However, considering that 2D cell cultures do not reproduce
the physiology of the corresponding organ, it is highly
desirable to implement these methodologies in biological
models closer to in vivo. For this purpose, we focused this
study on 3D hepatic cultures exposed to different Ag species.
The kinetics of AgNP and Ag(i) ion uptake and excretion in
this model reproduces the trends observed in vivo, proving
that the 3D hepatic culture mimics the liver. The combined
use of elemental imaging, 3D electron microscopy and
speciation analysis showed the partial transformation of
AgNP and/or organothiol-Ag(1) complexes into inorganic Ag,S
particles, most probably within vacuoles. The excretion of
Ag() complexes into bile canaliculi was also observed.
Moreover, 3D electron microscopy enabled to visualize
alterations of the mitochondrial network upon exposure to
different types of Ag species. Altogether, by making use of an
advanced in vitro model, this work provides insights into the
fate of Ag species and the consequent biological effects in the
liver of mammals exposed to AgNP via the oral or parenteral
pathway.

Methods

Spheroid preparation and exposure conditions

The cells used for the preparation of spheroids, HepG2/C3A,
were provided by the ATCC. Spheroids were obtained in two
steps. First, freshly trypsinized HepG2/C3A cells were seeded
in cell carrier 96-well ULA plate from Perkin-Elmer with 200
cells in 150 pL of media (MEM supplemented with 10% fetal
bovine serum (FBS)) per well. After 96 hours of incubation,
exposure to Ag species was initiated. Spheroids were exposed
to the nominal Ag concentration of 25 uM for cit-AgNP (20
nm Citrate BioPure™ Silver from Nanocomposix), 50 uM for
PVP-AgNP (90 nm from Sigma-Aldrich) or 5 uM for AgNO;
(Sigma-Aldrich) for 2, 4 or 7 days with media renewal every 2
days. All silver species were directly added to complete cell
culture media. In addition, an excretion protocol was used
corresponding to an exposure to the different Ag species for
4 days followed by 3 days without Ag species in the media
and renewal every day. Both types of AgNP were previously
characterized.""® At the end of the exposure procedure,
spheroids were rinsed three times in PBS and used for
further experiments.

For the analysis of bile canaliculi excretion pathway, the
excretion protocol was also used. To assess MDR and Mrp
pathways, HepG2/C3A spheroids were exposed for 4 days to
50 uM PVP-AgNP and during the 7 days to 50 uM verapamil
or 50 pM MK571, respectively. To assess the possible
involvement of ATP7B, spheroids made of ATP7B-KO HepG2/
C3A cells were prepared and used as for normal HepG2/C3A
cells.

Ag quantification by ICP-AES

The amount of Ag present in spheroids was quantified by
ICP-AES using a Shimadzu ICPE-9800 after an overnight
mineralization of the spheroids at 50 °C in 65% HNO;. Ag
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amount was normalized based on the number of spheroids
per analyzed sample.

Sample preparation for XRF, FIB-SEM and STEM-EDX

For high pressure freezing, 5 to 10 spheroids were dispersed
in 2 pL of culture media supplemented with 20% FBS and
loaded on the 200 um side of a type A 3 mm gold platelet
(Leica Microsystems), covered with the flat side of a type B 3
mm aluminum platelet (Leica Microsystems), and were
vitrified by high-pressure freezing using an HPM100 system
(Leica Microsystems). Next, the samples freeze
substituted at —90 °C for 40 h in acetone supplemented with
1% 0sO, and warmed up slowly (1 °C h™") to -60 °C in an
automated freeze substitution device (AFS2; Leica
Microsystems). After 12 h, the temperature was raised (1 °C
h™) to -30 °C, and the samples were kept at this temperature
for another 12 h before a step for 1 h at 0 °C, cooled down to
-30 °C and then rinsed four times in pure acetone. The
samples were then infiltrated with gradually increasing
concentrations of araldite resin in acetone (1:2, 1:1, 2:1
[vol/vol] and pure) for 2 to 8 h while raising the temperature
to -10, 0, 10 and 20 °C, respectively. Pure araldite resin was
added at room temperature. After polymerization 48 h at 60
°C, 200 nm sections were obtained using an ultra-microtome
UC7 (Leica Microsystems) and an Ultra 35° diamond knife
(DiATOME) and collected on 50 nm-thick Si;N, membranes
(Silson Ltd) before use at the synchrotron. The same
preparation protocol was used for STEM-EDX but the sections
were collected on formvar carbon coated 100 mesh copper
grids and the sample block was then used in FIB-SEM
experiments.

were

Nano-XRF data acquisition and analysis

The data were collected on the hard X-ray nanoprobe
beamline ID16B-NA of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). The experiment was
performed in air at room temperature. The incoming photon
beam energy was set to 29.6 keV. The beam was focused to 65
x 60 nm* (V x H) with Kirkpatrick-Baez mirrors, providing a
photon flux of ~10'" photons per s. The X-ray fluorescence
emission from the sample was recorded using two 3-element
silicon drift detector arrays positioned at 13° from the
sample. 200 nm-thick sections of spheroids laid on silicon
nitride membranes were rapidly scanned at low resolution (1
x 1 um?® step size, 50 ms per point dwell time) in order to
locate the regions of interests. Then, high-resolution images
were acquired by scanning the selected areas with 100 x 100
nm? step size and 500 ms per point dwell time. The
hyperspectral images were analyzed using the PyMCA
software package (https://pymca.sourceforge.net/).”° The
detector response was calibrated over a thin film multilayer
sample from AXO (RF8-200-S2453). XRF data were energy
calibrated, normalized by the incoming photon flux, and
batch-fitted in order to extract spatially resolved elemental
concentrations, assuming a biological matrix of light
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elements and density 1 g cm™ according to NIST standards
(https://physics.nist.gov/cgi-bin/Star/compos.pl?matno=261).

XAS data acquisition and analysis

The X-ray absorption spectroscopy experiment was performed
in cryogenic conditions on the beamline CRG-FAME-BM30 of
the ESRF.>! 100 pL drops of spheroid cultures were deposited
into a sample holder sealed with Kapton tape and
immediately frozen in liquid nitrogen, then transferred into
the He cryostat of the beamline and measured at 15 K. The
edge region was scanned between 25.30 and 26.48 keV with a
nitrogen-cooled Si(220) double-crystal monochromator.>* The
incoming photon energy was calibrated with a Ag metallic
foil, by defining the first inflexion point of its X-ray
absorption spectrum at 25.514 keV. The preparation and
measurement of the reference compounds is described
elsewhere.”®?* The spectra are deposited in the SSHADE
database® (AgS,OT doi: https://doi.org/10.26302/SSHADE/
EXPERIMENT_GV_20181121_001; AgS;O0T doi: https://doi.org/
10.26302/SSHADE/EXPERIMENT_GV_20181121_002; Ag,S
doi:  https://doi.org/10.26302/SSHADE/EXPERIMENT_GS_
20170712_003). The spectra of cells were recorded in
fluorescence mode, with a 30-element Ge solid state detector
(Canberra). The data were normalized with standard methods
and analyzed as linear combinations of reference compounds
by using the Athena software provided with Demeter 0.9.26.>°

FIB-SEM acquisition

FIB-SEM experiments performed using a Zeiss
crossbeam 550 microscope. In a first step, the resin-
embedded sample was coated by a thin layer of Pt (few nm)
to avoid charge accumulation. The surface of the sample to
be analyzed was then protected by the deposition of 2 pm-
thick Pt or C layer on a surface of typically 20 to 50 x 30 um®.
A large hole was then excavated with a Ga" beam of very high
current of 30 nA approximately. The surface of this hole was
then trenched slice by slice with the Ga” beam (with a current
of 0.7 or 1.5 nA at a beam acceleration of 30 kV). Each new
surface was then imaged with the electron beam. This was
done at a low accelerating voltage (around 1.5 kV) and at a
current of about 1 nA (except for the imaging of the PVP-
AgNP sample which was at I = 4 nA) and using the in-lens
backscattered detector (EsB detector, with a bias of 400 V or
600 V). Acquisitions were done at a resolution of 10 nm to
obtain a voxel size of 10 x 10 x 10 nm® except for the AgNO;
sample for which the voxel size was 12 x 12 x 6 nm®. For this
sample, the image stack was rescaled afterwards to form 12 x
12 x 12 nm” isotropic voxels.

were

FIB-SEM analysis

Images were acquired as a series of 2-dimensional TIFF files.
In order to compile a 3D tiff file format, the images were first
registered in Fiji>’ using MultiStackReg?® or Scale Invariant
Feature Transform (SIFT) plugins.”® MultiStackReg aligns
each image with respect to the previous one using cross-

This journal is © The Royal Society of Chemistry 2023
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correlation and SIFT is based on the detection and matching
of local image features between successive slices. For
MultiStackReg, the first or the central image was used as a
global reference for the whole stack and translation was used
as the transformation type. After alignment, the image stack
was checked in orthogonal views and if a misalignment
persists, the angle of misalighment was corrected with a
python script. The stack of images was then inverted (initial
images were acquired in dark field regime), binned and
denoised. Anisotropic diffusion®® or median filters served as
nice tools to remove noise while preserving organelle
membranes. The median filter selects the median gray value
of a voxel neighborhood and the anisotropic diffusion filter
enables image smoothing with preservation of cell
membranes. For some stacks, additional preprocessing steps
were performed such as filtering with a variational stationary
noise removal filter in Fiji,>' correcting the z drift using the
FIB milling position or homogenizing the contrast in the z
direction with python scripts.

Segmentation of different objects (nuclei, vesicles,
vacuoles, Ag-containing particles, mitochondria and bile
canaliculi) was done with Tlastik software.”> When needed,
correction of Ilastik segmentation masks was
performed in Microscopy Image Browser.>* The two nuclei of
the AgNO; sample were segmented manually with Imaris
(Oxford Instruments). Meshes were either exported from
Ilastik or generated in Amira-Avizo (Thermo Fisher
Scientific). Visualization and 3D rendering were carried out
in Paraview.*"

manual

Mitochondria sphericity calculation

Mitochondria segmentation masks exported from Ilastik were
imported in Fiji for sphericity calculations. 3D object counter
(3D-0C) plugin® was first used to extract an object map of
all mitochondria in each stack based on a voxel connectivity
process. Then, the sphericity of all mitochondria found by
3D-OC was calculated by Morpholibj plugin.®®

STEM-EDX data acquisition and analysis

For the chemical identification of Ag-containing particles,
thin sections were observed in STEM mode and analyzed by
EDX using either a FEI/Tecnai Osiris microscope or a FEI
Titan microscope operated at 200 kV.

Results and discussion
Biological model and exposure scenarios

The great majority of nanotoxicology studies made use of
either 2D cell cultures or animal models. The former enable
the assessment of the disrupted cellular pathways and the
intracellular ~ physicochemical transformations of the
nanomaterials, while the latter provide an overview of the
organismal fate and excretion of the nanomaterials, and their
general toxicity. Some studies have used 3D cultures, either
to assess the general toxicity,”” or to follow the fate of

This journal is © The Royal Society of Chemistry 2023
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nanomaterials upon long-term exposure.*®*° However, none
of the 3D cell systems used in these studies reproduced the
liver metabolism, from the entry up to the excretion of
nanomaterials. Recently, we described a 3D hepatocyte model
made of HepG2/C3A cells (Fig. S11).*° In this model,
polarized hepatocytes actively excrete organics and inorganics
in functional bile canaliculi-like regions, thus mimicking
efficiently the liver metabolism. Three dimensional electron
microscopy (3D-EM) deciphered the structure of these
regions, made of the plasma membranes of neighboring
hepatocytes with a high-density of microvilli extensions.
Therefore, we used this liver model to analyze the subcellular
fate of AgNP and of a Ag salt, up to the excretion of Ag
species. Knowing that the transformations of the AgNP
depend on their exposure route, we chose different exposure
scenarios: to pristine AgNP and to Ag(i) ions, representing
parenteral and oral exposure, respectively. As pristine NP, we
selected two commonly used AgNP with different coatings
that confer them different behaviors in solution, citrate-
coated AgNP of 20 nm in diameter (cit-AgNP) and PVP-coated
AgNP of 90 nm in diameter (PVP-AgNP). In cell culture
media, PVP-AgNP are covered by a protein corona and remain
monodisperse with a diameter around 90 nm, while cit-AgNP
form aggregates of about 160 nm, as we previously
observed.”"® In addition, AgNO; was used to expose the cells
directly to dissolved Ag(i) ions. Besides, all exposures were
performed in cell culture media supplemented with FBS that
is the closest condition to mimic the bloodstream. AgNP can
thus be considered as covered by a protein corona under the
chosen exposure conditions. 3D hepatocyte cultures were
exposed to the Ag species for 2, 4 or 7 days, or for 4 days
followed by 3 days without exposure to favor their excretion
(excretion scenario). The goal was to analyze over several days
the uptake, the transformation and the excretion of AgNP
and Ag(1) ions in the liver that is the main target in humans,
regardless of the exposure route. Previous experiments using
2D cultures showed that the first signs of toxicity for cit-
AgNP, PVP-AgNP and AgNO; appear at 50, 100 and 5 uM,
respectively.'”> However, cytotoxicity is observed at higher
doses in 3D compared to 2D cultures. Therefore, in order to
fully preserve the viability of the cells while exposing them to
a significant amount of Ag, we chose to work at 25, 50 and 5
UM in Ag for cit-AgNP, PVP-AgNP and AgNO;, respectively. To
analyze Ag uptake and its balance with excretion, the amount
of Ag per spheroid was quantified by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (Fig. 1). For
cit-AgNP and AgNO;, the amount of Ag gradually increased
from 2 to 7 days of exposure, while for PVP-AgNP it reached a
plateau after 4 days. However, for both types of AgNP, the
maximum level of internalized Ag was similar, between 3 and
4 ng Ag per spheroid. The Ag accumulation with AgNO; was
6 to 8 times lower than with AgNP. Moreover, the excretion
scenario showed a slower decrease in Ag in the case of AgNP
exposure compared to a Ag salt. Indeed, after 3 days of
excretion, the fraction of excreted Ag was 65% in the case of
AgNO;, and between 30 and 40% for the two types of AgNP.
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Fig. 1 Ag quantification in spheroids exposed to AgNP or AgNOs.
Amount of Ag in HepG2/C3A spheroids exposed to 25 pM cit-AgNP,
50 uM PVP-AgNP or 5 uM AgNOs for 2, 4, 7 days or 4 days plus 3 days
of excretion. The quantification was normalized based on the number
of spheroids and each experiment was repeated at least three times
independently. * Stands for data statistically different between
exposure treatments with p < 0.01.

This means that the dynamic for uptake, transformation,
trafficking and excretion is faster upon exposure to
dissolved Ag(i) compared to AgNP, which are a mixture of
Ag(0) crystals covered by a Ag(i) layer. These data are
consistent with experiments performed in mice exposed
orally or intravenously to AgNP which showed a fast
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decrease of Ag in blood and liver in the former case, while
Ag remains high for several days in the latter case.” Taken
together, these results confirm the relevance of the 3D
hepatocyte model to mimic the liver, and the consistency
of the chosen exposure scenarios to mimic oral and
parenteral exposure to AgNP.

In the last years, we have shown the interest of
multimodal imaging, including XRF and EM, to analyze, with
the highest sensitivity and resolution, the fate of AgNP in 2D
cell cultures.””®' 1In this study, we improved the
methodology and extend it to a 3D hepatocyte model. First,
the samples were prepared by high pressure freezing followed
by cryo-substitution using acetone and not ethanol, in order
to preserve the cell ultrastructure as well as its elemental
content. Second, 200 nm-thick cell sections were analyzed by
XRF at 100 nm? resolution, and 3D reconstructions from the
remaining sample block were obtained at nanometer
resolution with focused ion beam scanning electron
microscopy (FIB-SEM). This was complemented by scanning
transmission electron microscopy coupled with energy
dispersive X-ray spectroscopy (STEM-EDX). Finally, bulk
speciation analyses from 3D hepatocyte cultures were
performed by X-ray absorption spectroscopy (XAS) to obtain
quantitative information on Ag speciation under the selected
conditions.

PVP-AgNP

102 101 100 107 102
ng/mm?

_— e
102 10-' 109 10" 102
ng/mm?

Fig. 2 Ag subcellular distribution in hepatocyte spheroids exposed to AgNP. False-color representation of Ag distribution in hepatocytes exposed
to AgNP, extracted from XRF hyperspectral images with 100 x 100 nm? pixel size. Nanoparticles were coated either with citrate (A, C and E) or PVP
(B, D and F). For each type of NP, three exposure conditions are reported: 2 days (A and B), 7 days (C and D), and 4 days of exposure followed by 3
days of recovery (E and F). In each figure panel, the first map represents the overlay of Os (green) and Ag (red), the second the quantitative
distribution of the areal density of Ag over the same map area, in logarithmic scale. Scale bars = 5 um.
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Trafficking and transformations of AgNP in 3D hepatocyte
cultures

The internalization of AgNP in hepatocytes, their progressive
dissolution and trafficking up to their excretion was followed
by means of XRF imaging and EM. With this multimodal
imaging approach, we meant to retrieve the distribution of
silver, regardless of its chemical state, in the different
subcellular compartments, and, when excretion takes place,
in bile canaliculi. Selected elemental images extracted from
the XRF hyperspectral images collected in a synchrotron
nanoprobe are reported in Fig. 2. All other images collected
on 3D hepatocyte cultures exposed to cit-AgNP and PVP-AgNP
are reported in Fig. S2 and S3,f respectively. For each
exposure condition, we acquired at least three high-
resolution images containing several cells, and, whenever
possible, bile canaliculi. For all datasets, two maps
representing the same sample area are reported (see Fig. 2A
as an example): a first map shows the localization of Os
(osmium, green) and Ag (red). The presence of Os is due to
the use of OsO, for sample preparation, which reacts with
lipids. Os signal thus reveals the structural details of the
interior of the cell with high resolution, allowing for the
identification of nuclei (n), mitochondrial networks (m),
vesicles (v), and bile canaliculi (bc). The latter are
recognizable as intercellular spaces filled by villi. Vesicles are
often loaded with Ag (red signal), clearly indicative of the
presence of nanoparticles internalized through endocytosis.
Next to each Os and Ag co-localization map, the
concentration of Ag in the same map area is reported. The
concentrations are represented as areal densities ranging
over five orders of magnitude, from 0.01 to 100 ng mm™2, on
a logarithmic scale. This visualization reveals the presence of
Ag not only as highly concentrated hot-spots (10-100 ng
mm™?) corresponding to NPs in vesicles, but also as a much
weaker signal of the order of 0.05-0.1 ng mm™>. A value of
0.05 ng mm 2 corresponds to 0.6 x 107*® g in the area probed
by the beam, which gives an empirical estimation of the
detection limit for Ag in our experimental conditions. In our
previous work, we made a synergistic use of XAS, STEM/EDX,
and XRF, which allowed us to assign the weak Ag signal
observable all over the cell area in XRF to Ag(1) ions that are
released from the NPs in vesicles and diffuse in the cytosol,
where they form molecular complexes with thiolate
biomolecules."®'? In Fig. 2, the concentration of Ag can be
visually compared among the different conditions, since the
scale is the same for all maps.

After 2 days of exposure to cit-AgNP (Fig. 2A) or to PVP-
AgNP (Fig. 2B), the NPs have partially dissolved in the
endolysosomes, as clearly visible in Fig. 2B, for instance, and
Ag(1) complexes are found in all cell compartments such as
cytoplasm and nuclei. The concentration of Ag in the cell
area appears to increase with the exposure time, for both
kind of NP (Fig. 2A vs. C and B vs. D). This can be observed
as a general trend among all Ag concentration maps, despite
the variability between one cell and another (Fig. S2 and

This journal is © The Royal Society of Chemistry 2023
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S31). Interestingly, after 7 days of exposure to PVP-AgNP, Ag
is clearly observed in some bile canaliculi (Fig. 2D), with a
spatial distribution that differs markedly from the hot-spots
observed in the presence of nanoparticles, with its
concentration roughly constant over bile canaliculi area and
about one order of magnitude lower than NP found in
endosomes. After four days of exposure to cit-AgNP, we
observed the presence of large (~3-4 um diameter) empty
vesicles, which could putatively be vacuoles that store excess
Ag, probably to protect the cell (Fig. S2C¥). Interestingly, this
feature has never been observed in 2D cultures, neither by us
in hepatocytes, nor, to the best of our knowledge, in other
cell types.

Finally, in the excretion scenario, i.e. AgNP exposure is
stopped after four days, and then the cells are left to grow
for three more days and rinsed daily with fresh media, Ag
is observed in vesicles but not or only barely in the
remaining cell area (Fig. 2E and F and S2F and G and S3B
and Cft). This implies that the Ag(1) complexes, observed in
the cells already after two days of exposure, were largely
excreted. This observation corroborates the hypothesis of
the preferential excretion of Ag() soluble species with
respect to the crystalline Ag(0) form or to transformed
AgNP. In order to obtain more independent evidence for
this phenomenon, we performed electron microscopy
experiments. In the first instance, spheroid sections were
observed by STEM-EDX, for samples exposed to AgNP,
which showed neither electron-dense material, nor a Ag
signal by EDX in bile canaliculi areas (Fig. S47). However,
it is possible to miss electron-dense objects by using cell
sections that lead to a limited volume of analysis. To
improve this point, FIB-SEM acquisitions were performed
on samples that had been exposed for 7 days to both types
of AgNP (Fig. 3, and Videos S1 and S2). FIB-SEM allows
the acquisition of volumes of several thousands of pum?®. In
these stacks of EM images, electron dense objects were
never observed in bile canaliculi regions. For cit-AgNP,
vacuoles with large amounts of AgNP and transformed
AgNP were observed (Fig. 3B and C and S57). An event of a
fusion between an endolysosome and a vacuole was also
observed (Fig. 3B and C). Therefore, in the case of cit-AgNP
exposure, it is clear that to cope with the huge
accumulation of cit-AgNP, the fast dissolution into Ag(1)
ions and the slow excretion of the Ag species in the
hepatocytes in 3D culture system, cells exposed to cit-AgNP
store Ag particles inside vacuoles. This phenomenon was
not observed in more classical 2D hepatocyte cultures, in
which the excretion occurs in the large interface between
cell plasma membranes and cell culture media. 3D cultures
are thus better suited to mimic the fate of NP in the liver.
Moreover, the fate and excretion could be different upon
exposure to PVP- or cit-AgNP. Indeed, XRF showed Ag
species in bile canaliculi areas only for the former, while
vacuole storage was only observed for the latter. Currently,
we are not able to provide an explanation for this
difference, but we hypothesize that the intracellular
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Fig. 3 3D reconstruction and segmentation of spheroids exposed to
AgNP. (A) From the stack of images shown in Video S1,} the inside of a
spheroid exposed to cit-AgNP for 7 days was reconstructed,
segmented in the different organelles and represented with nuclei
(pink), mitochondria (green), vesicles (blue), bile canaliculi (grey) and
Ag-containing particles (black). The segmentation and 3D rendering
are shown in Video S1j (B) Electron micrograph of a single XY slice
showing the fusion between a vacuole and a vesicle. (C) 3D rendering
of the fusion of these vesicle and vacuoles. (D) From the stack of
images shown in Video S2,7 the inside of a spheroid exposed to PVP-
AgNP for 7 days was reconstructed, segmented in the different
organelles and represented with nuclei (pink), mitochondria (green),
vesicles (blue), bile canaliculi (grey) and Ag-containing particles (black).
The segmentation and 3D rendering are shown in Video S2;i (E)
Electron micrograph of a single XY slice showing a AgNP-containing
vesicle bound to the nuclear membrane.

concentration of soluble Ag() complexes reaches a
threshold after which hepatocytes have to store Ag-particles
in vacuoles to avoid toxicity, and that this threshold is
reached only by cit-AgNP. In support of this hypothesis, we
observed that upon cit-AgNP exposure, the excretion of Ag
is the slowest showing only 30% of Ag excreted outside the
spheroids after 3 days (Fig. 1).

STEM-EDX analysis of the elemental content of different
Ag-particles, upon transformation in vesicles or vacuoles,
always showed the co-localization of Ag and S with similar
peak intensity, while chloride peak had a similar intensity to
the level observed in non-particle locations (Fig. 4A and B
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and S5 and S67). Therefore, whatever the type of vesicles and
coatings, AgNP are transformed into AgS complexes/particles
with different shapes including sheets (Fig. S61), small round
particles (Fig. 4A) or larger, irregular objects (Fig. 4B).

Trafficking and transformations of AgNO; in 3D hepatocyte
cultures

In order to discern the different cellular mechanisms that
rule the detoxification from nanoparticles or from ions, we
performed XRF and EM experiments on 3D hepatocyte
cultures that were exposed to the AgNO; salt under the same
exposure scenarios applied to AgNP. This allowed us to
observe that the trafficking and excretion processes operated
by hepatocytes were faster when the cells were exposed to the
Ag salt rather than to AgNP. A sub-lethal dose of 5 pM AgNO;
was administered, for 2, 4, 7 days, or in the excretion
scenario (4 + 3 days). One XRF image per exposure condition
is reported in Fig. 5. All other images, collected to increase
the statistical significance of the results, are reported in Fig.
S7.f The visualization is the same as for NP-exposed samples,
including the range of the Ag concentration scale, to ease the
comparison between different exposure conditions. Os
(green) and Ag (red) co-localization maps in Fig. 5 and S77
reveal the presence of the latter in vesicles (e.g. in Fig. 5B),
vacuoles (e.g. in Fig. 5A and S7E and Ff), and very often in
bile canaliculi (Fig. 5C and D and S7C and Gt). A faint Ag
signal is observed in the cell area after four or seven days of
exposure (Fig. 5B and C and S7A-Df), where it is slightly
distinguishable from the background. This signal is never
observed in the excretion scenario, where Ag is instead
systematically found in the bile canaliculi, suggesting that
the excretion via the bile canaliculi targets the free soluble
Ag(1) complexes that are not segregated into vesicles or
vacuoles. Interestingly, the presence of Ag in bile canaliculi is
observed only in the case of a 7 day exposure or in the
excretion scenario. For shorter exposure times and exposures
with no recovery (2 and 4 days), Ag is observed mainly in
vesicles and vacuoles. This is probably due to the increase in
Ag content in bile canaliculi over time as well as a higher
number of bile canaliculi loaded with Ag that makes it easier
to visualize Ag-loaded bile canaliculi 7 days after the
beginning of AgNO; exposure.

It can be noticed that, in spite of the lower Ag dose
administered in the form of salt with respect to NPs, and
of the consequently lower intracellular accumulation of Ag,
Ag-loaded bile canaliculi are more frequently observed in
cells exposed to AgNO; than in those exposed to AgNP. A
possible explanation would be that the main excretion
pathway targets Ag(i) soluble species, which are readily
available upon AgNO; exposure. In contrast, when AgNP are
endocytozed into the cells, Ag() ions are progressively
released from their surface within endolysosomes, limiting
the rate of formation of molecular Ag complexes. Electron
microscopy was performed to complete the understanding
of the fate of AgNO; in hepatocyte 3D cultures. As for AgNP

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 AgNP transformations in vesicles. Chemical analysis by STEM-EDX of spheroid sections exposed for 4 days to cit-AgNP (A) or to PVP-AgNP
(B). STEM micrograph field of view showing the presence of vesicles containing transformed AgNP (upper panels). EDX maps of the vesicle located
in the orange box (middle panels). EDX spectra of the different regions selected in the HAADF map (colored boxes) in the energy range 1-3.5 keV

(lower panels). The position of Si, S, Cl and Ag peaks is highlighted.

exposure, FIB-SEM and STEM-EDX did not show electron-
dense particles nor was a Ag signal detected by EDX in bile
canaliculi areas, respectively (Fig. 6A and B and S8, and
video S31). These data suggest that Ag(1) complexes are
excreted in bile canaliculi. However, electron-dense
materials were observed by EM in vesicles and vacuoles
(Fig. 6C and D ) and Ag was detected by EDX (Fig. S9 and
S101) proving that Ag hot spots observed by XRF
corresponds to Ag particles. Moreover, EDX analyses of
these particles showed the co-localization of S and Ag in
the vesicles and vacuoles with a similar intensity for both
peaks, as observed with AgNP-exposed sample analyses.
These data highlight the point that after exposure to a Ag

This journal is © The Royal Society of Chemistry 2023

salt, the Ag(i) ion recombines with S to form AgS particles
within these specific organelles in the cell. This is
consistent with previous data obtained in rodents exposed
to a Ag salt and in which Ag particles were detected in the
liver.*"*> A 3D hepatocyte culture model is thus particularly
relevant to represent the fate of different kinds of Ag
species in mammal liver. However, the speciation of Ag in
these particles remains unknown up to now, making the
comparison of the Ag salt versus AgNP fate in this
biological system of high interest. To go further, we
performed XAS analysis on the bulk spheroids to
understand the transformations of Ag species in
hepatocytes grown in 3D.
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Fig. 5 Ag subcellular distribution in hepatocyte spheroids exposed to
AgNOs. False-color representation of Ag distribution in hepatocytes
exposed to 5 uM Ag from the AgNOs salt, extracted from XRF
hyperspectral images with 100 x 100 nm? pixel size. The exposure
lasted for 2 days (A), 4 days (B), 7 days (C), or for 4 days followed by 3
days of growth with no exposure (D). In each figure panel, the first
map represents the overlay of Os (green) and Ag (red), the second the
quantitative distribution of the areal density of Ag over the same map
area, in logarithmic scale. Scale bars = 5 um.
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Speciation analysis to understand AgNP and AgNO;
transformations in 3D hepatocyte cultures

In order to disclose the chemical transformations that AgNP
and a Ag salt go through in the hepatocyte 3D model, we
performed XAS on the exposed spheroids. The linear
combination fitting (LCF) of the near-edge spectral region (X-
ray Absorption Near-Edge Structure, XANES) allows the
detection of the Ag species present in the specimen and their
relative fractions, provided that an exhaustive set of reference
compounds is used. As reference compounds that represent
the expected Ag species in cellulo, we chose pristine AgNP (i.e.
as-synthesized citrate or PVP coated AgNP in colloidal
suspension), corresponding to the undissolved fraction of
AgNP in cellulo, Ag chloride and Ag-sulfur compounds, which
are their commonest transformation products in the
environment and in cells. In this study, we made a careful
choice of different Ag-sulfur reference compounds in order
to finely distinguish the transformation products of AgNP
and AgNO;. This allowed us to propose different mechanisms
for handling the toxic Ag(r) ions in the two cases. Indeed, Ag-
sulfur compounds deserve a special focus: in biological
systems exposed to AgNP, the formation of both Ag,S crystals
and Ag-organothiol (Ag-OT) compounds has been
reported.’®*®** The latter are, for instance, the complexes
formed with GSH and Met, where Ag occupies digonal AgS,
and trigonal AgS; sites, respectively.”* The spectra of the
three Ag-S reference compounds, i.e. the Ag,S crystal and two
Ag-OT compounds in AgS, and AgS; coordination, reported
in Fig. 7A, show small but significant variations depending
on the coordination chemistry of Ag. In particular, the
second post-edge oscillation, centered at 25570 eV in the
spectrum of Ag,S, shifts at higher energy in the two Ag-OT
compounds. Therefore, for a reliable LCF analysis, all three
Ag-S references must be included. By doing so, and by
extending the fitting range up to ~25600 eV in such a way
that the second post-edge oscillation is included, the LCF of
the XANES spectra can provide information about the organic
or inorganic nature of the Ag-S complexes formed in
spheroids.

The LCF analysis results, providing the fraction of each Ag
species in cells in the different exposure conditions, are
reported in Table 1. The AgCl component was never detected,
so the corresponding column is omitted.

We observe that the AgNP fraction in hepatocytes upon
two days of exposure to cit-AgNP is 26 + 1%, confirming that
the NPs quickly transform, as observed in 2D cell
cultures.””'® The transformation is complete or almost (5%
AgNP, below the detection limit of the technique) after 7 days
of exposure to the same NP. For these AgNP, the fraction of
Ag(1) occupies both Ag,S crystal sites (~20% of total Ag,
regardless of the exposure time) and digonal Ag-OT sites,
notably with GSH but also in various proteins such as in Zn
finger-containing proteins as we described recently.'®***
PVP-coated NPs show a slower transformation with 71 + 2%
of the Ag atoms still in the Ag(0) state of pristine NPs. The
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Fig. 6 3D reconstruction and segmentation of spheroids exposed to AgNOs. (A) From the stack of images shown in Video S3,f the inside of a
spheroid exposed to AgNOs3 for 7 days was reconstructed, segmented in the different organelles and represented with nuclei (pink), mitochondria
(green), vesicles (blue), bile canaliculi (grey) and Ag-containing particles (black). The segmentation and 3D rendering are shown in Video S35 (B)
Electron micrograph of a single XY slice showing a bile canaliculi area. (C) Electron micrograph of a single XY slice showing an endolysosome
containing Ag-particles. (D) Electron micrograph of a single XY slice showing vacuoles containing Ag-particles.

slower transformation of PVP-coated AgNP with respect to
citrate-coated AgNP in 2D hepatocyte cultures as well as in
other cell cultures has been largely documented. It can be
partly due to the larger diameter of this NP, and partly to the
different ligands used for stabilization (PVP vs. citrate, used
for sterical and electrostatic stabilization, respectively)."®
No AgNP formation is observed when 3D hepatocyte cell
cultures are exposed to Ag() ions from the AgNO; salt
(Table 1). Both inorganic and organic Ag(i)-sulfur species
form, in proportions that differ significantly from the ones
observed in the case of exposure to AgNP. In particular, the
amount of inorganic Ag,S is constant within the error (12-
14%) between 2 and 7 days of exposure to the salt, and
slightly lower than the amount of Ag,S formed upon the
complete transformation of cit-AgNP in 7 days (20 + 2%).

This journal is © The Royal Society of Chemistry 2023

Between the Ag-OT species formed, the most relevant
geometry is trigonal AgS;, as in Met, whereas digonal AgS,-
OT are minor (22 + 4% after 7 days of exposure) or below the
detection limit. This is the main difference observed
depending on the origin of the Ag(i) ions released in
hepatocytes. The coordination chemistry of the Ag-OT
complexes formed in cellulo is different depending if Ag(r)
ions are slowly released from AgNP or readily released by a
Ag salt. This suggests that the cells set up different
mechanisms to handle Ag(i) ions in the two cases. It has been
demonstrated that the exposure to AgNP induces Met
overexpression in several human cell lines, as Caco-2, NHBE,
BEAS-B2 or HepG2 cells,">*® which is considered as a part of
the cellular response to metal-induced stress. This is possible
when the Ag(i) are slowly released in cells from the AgNP
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Fig. 7 Ag speciation in hepatocyte spheroids exposed to AgNP or
AgNOs3. Ag K-edge XANES spectra of (A) reference compounds and (B)
3D cultures of hepatocytes exposed to AgNP or AgNOs. In panel B, the
best-fitting curves (red), obtained as linear combinations of the
reference spectra reported in panel A, are overlapped to the
experimental spectra (dots).

surface. In the case of direct exposure to a salt, instead, the
entry of Ag(i) ions is faster and the Met overexpression
mechanism is less efficient, resulting in an enhanced
toxicity.

Overall, the main process of AgNP transformation is
conserved between 2D and 3D cell cultures which leads to
the release of Ag(1) ions that form Ag-OT complexes.
However, XAS analyses revealed the significant presence of
inorganic Ag,S species in cit-AgNP and AgNO; conditions,
even though we never observed this type of species in 2D
hepatocyte culture. One can assume that it corresponds to
particle species localized within vacuoles, since we also
never observed Ag-containing vacuoles in 2D cell culture.
Thereof, vacuoles would provide HS™ or H,S species that is
a suitable chemical environment for Ag,S formation. This
kind of silver sulfidation mechanism has already been
described in specific immunocompetent regions of the
brain.”” Besides, Ag-OT represent the great majority of the
Ag species found in 3D hepatocyte cultures exposed to
AgNO; (Table 1), which suggests that the Ag rich areas
visible in the bile canaliculi of exposed cells (Fig. 5 and
S77) contain excreted Ag-OT complexes. These data support
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our model for Ag(i) ions or molecular complexes excretion
in bile canaliculi.

XAS data are also consistent with STEM-EDX mapping,
which showed the presence of electron-dense materials in
which Ag and S are co-localized in sections of spheroids
exposed to cit-AgNP, PVP-AgNP and AgNO; (Fig. 4 and S5, S6,
S9 and S107). Since the proportion of the different species is
very diverse depending on the type of exposure, we have to
consider that electron-dense particles observed in
endolysosomes are not all the same. In the case of PVP-AgNP
and cit-AgNP, these objects are pristine particles and particles
being transformed into AgS, species in different proportions
depending on the NP. For AgNO; exposure, these by-products
are Ag-OT and mainly AgS;. However, the process driving the
latter to endolysosomes remains elusive.

Molecular pathway for the main excretion of Ag species

Since we found that Ag is excreted as Ag(1) ions or molecular
complexes in bile canaliculi, we assessed three possible
excretion pathways: (i) via Mrp2 through which GSH-Ag(i)
complexes could be transported, (ii) via ATP7B, a Cu(1)
transporter, (iii) via MDR pumps that are unlikely to
transport Ag(1) species. The excretion exposure scenario was
used and applied to PVP-AgNP exposure, since this condition
resulted in a significant excretion of Ag species in bile
canaliculi, as reported above. In addition, verapamil or
MK571 were added to inhibit the excretion via MDR or Mrp2,
respectively. To test for the excretion via ATP7B, we used a
cell line that was derived from HepG2/C3A from which we
deleted its gene by CrispR/Cas9.*®

Hepatocytes were treated in such a way that the excretion
pathways are selectively inhibited. At the chosen time point,
cells were prepared and analyzed by nano-XRF. The
accumulation of Ag in cells was assessed by measuring its
concentration in selected areas of the XRF maps in the
cytosol. At least three cells per condition were analyzed and
the average Ag areal density in the cytosol of hepatocytes in
the different conditions are reported in Table 2. The control
samples in this experiment are HepG2/C3A with intact
molecular pathways.

We observe that the inhibition of MDR (verapamil) does
not influence the accumulation of Ag in hepatocytes. In the
case of inhibition of Mrp2 (MK571), the concentration of Ag
is significantly lower than in the control cells that present

Table 1 Relative amount of the different Ag species detected in 3D cultures of hepatocytes exposed to AgNP or to a Ag salt, obtained by linear
combination fitting of XANES spectra. The errors relative to the last digit are reported in parenthesis

XANES LCF results

Exposure
Ag source time AgNP (%) AgS, OT (%) AgS; OT (%) Ag,S (%) R (107
Cit-AgNP 2d 26 (1) 50 (4) 3(5) 21 (4) 3.3
Cit-AgNP 7d 5 (1) 75 (4) — 20 (2) 2.2
PVP-AgNP 7d 71 (2) 22 (5) — 7 (3) 4.1
AgNO; 2d — 8 (10) 78 (7) 14 (5) 5.5
AgNO; 7d — 22 (4) 66 (7) 12 (5) 5.0
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Table 2 Ag areal density in the cytosol of HepG2/C3A cells cultured in
3D and exposed to PVP-AgNP for 4 days, then allowed to recover for 3
days. Ag concentrations were extracted from XRF hyperspectral images,
by manually selecting the regions of interest in n cells per condition. The
average and standard deviation of the n analyzed cells are reported. The
hepatocytes were treated in such a way that a single pathway was
selectively inhibited

Sample Treatment n  Agin cytosol (ng mm™?)
Control None 4 0.052 £ 0.012
Mrp2-inhibited ~MK571 5 0.025 +0.003
MDR-inhibited = Verapamil 3 0.056 +0.010
ATP7B-absent atp7bh gene deletion 4 0.100 + 0.014

functional Mrp2 pumps. In contrast, deleting the atp7b gene
results in a dramatic accumulation of Ag in hepatocytes,
double than in unaltered cells. This means that the excretion
is drastically inhibited, which in turn proves that Ag(i) is
mainly excreted in the bile canaliculi as ions transported
through the ATP7B Cu transporter, and not as GSH-Ag()
complexes through Mrp2. Our data are consistent with a
previous publication showing that dissolved Ag from AgNP
induced ATP7A trafficking to the plasma membrane of Caco2
cells.*

Ultrastructural alterations analyzed by 3D electron
microscopy

3D hepatocyte cultures exposed for 7 days to cit-AgNP, PVP-
AgNP and AgNO; have been analyzed by FIB-SEM. This
approach offers the advantage to acquire a volume of more
than 1000 um?® within the spheroid and at 10 nm resolution
(Fig. 3 and 6, and Videos S1-S31). As shown previously, it
allowed us to visualize the distribution of Ag-particles within
these volumes and thus provided a more accurate
information than thin section analyses. In addition, the raw
FIB-SEM volumes were segmented into the different types of
organelles or the intercellular region that constitutes the bile
canaliculi (Fig. 3 and 6). Among the different organelles,
visual inspection showed that the mitochondrial network
looks different between the control sample and the
hepatocytes exposed to AgNP or AgNO; (Fig. 8). Indeed, upon
exposure to cit-AgNP, it appears that mitochondria at the
extremities of the network are swollen (red mitochondria),
while upon exposure to PVP-AgNP and AgNO;, mitochondria
look more elongated forming tube-like networks. To confirm
these observations, quantitative analyses were performed
(Fig. 9). The sphericity of all the mitochondria present in
each volume were determined. A sphericity value of 1
corresponds to a mitochondrion that would be a perfect
sphere. Control sample had a sphericity distribution with
mitochondria of various sphericity with a maximum in the
distribution for the class between 0.4 and 0.5 in sphericity.
Cit-AgNP had an even distribution except for the class 0.9-1
that was about twice more populated than the others. This
class can clearly correspond to the swollen mitochondria.
PVP-AgNP and AgNO; samples had similar sphericity
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Fig. 8 Mitochondrial morphology changes upon exposure to cit-
AgNP, PVP-AgNP or AgNOs. For each sample, 3D rendering of the
mitochondrial network is presented in the left panel and a
representative  electron  micrograph  showing  mitochondrial
morphology is presented in the right panel.

distributions that were shifted towards smaller values with
the classes between 0 and 0.2 being the most populated.
These classes correspond to 34 and 40% of all the
mitochondria for PVP-AgNP and AgNO; exposures,
respectively. These results corroborated the visual inspection
since it meant that mitochondria were more elongated in
these two samples. Therefore, FIB-SEM  analyses
demonstrated that mitochondria in hepatocyte spheroids are
affected upon exposure to AgNP or a Ag salt. We cannot yet
clearly establish the reason of the opposite effect observed
between cit-AgNP on one side, and PVP-AgNP and AgNO; on
the other side. However, based on XAS and XRF analyses, it is
clear that the exposure to cit-AgNP induces the highest intra-
cytosolic concentration of Ag(i) molecular species, which
could explain the presence of swollen mitochondria as a
mark of mitochondrial toxicity. In the case of PVP-AgNP and
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Fig. 9 Analysis of mitochondrial sphericity upon exposure to cit-
AgNP, PVP-AgNP or AgNOs. Mitochondrial sphericity was determined
based on FIB-SEM segmented mitochondrial volume of a control
sample and of samples exposed for 7 days to cit-AgNP, PVP-AgNP or
AgNOs.

AgNO;, the amount of soluble Ag(r) in the cytosol is lower
and not heavily toxic for mitochondria, but it seems to
impact mitochondrial fusion-fission equilibrium, which
could be, for instance, due to an adaptation of cellular
metabolism in these conditions. These data are consistent
with recent publications that described an impact of AgNP
exposure on mitochondrial biogenesis and dynamics.’*>?
However, this effect would not be directly due to interactions
between AgNP and mitochondria but it could be explained by
mitochondrial uptake of Ag(i) species that we recently showed
to happen upon AgNP exposure.19

Conclusions

To follow the fate, from entry to excretion, of different types
of Ag species in a model mimicking the liver, we developed
3D hepatocyte cell cultures with active bile canaliculi-like
structures that perform excretion similar to in vivo. Besides,
we combined state-of-the-art synchrotron-based elemental
imaging with 3D electron microscopy to visualize all Ag

Bile
canaliculi/ °, o

f nucleus Golgi apparatus \
mitochondria %

Ag,S particles

Fig. 10 Novel knowledge on AgNP fate based on 3D hepatocyte
culture. In this liver-mimicking model, Ag() ions from organothiol
species get excreted into the bile via the ATP7B Cu transporter.
Moreover, hepatocytes protect themselves from excess Ag(l) by storing
it into vacuoles. We also made the hypothesis that the physico-
chemical environment within the vacuoles provide HS™ and/or H,S
species that lead to the formation of inorganic silver sulfide particles.

1854 | Environ. Sci.: Nano, 2023, 10, 1842-1857

View Article Online

Environmental Science: Nano

species with a resolution that allowed to locate them at the
organelle level. The sample preparation was optimized to
preserve the elemental content of the cells. By doing so, we
could assess AgNP and AgNO; transformations in the liver
with unequaled details, and unveil the Ag species excretion
pathways (Fig. 10). It has been shown that the AgNP exposure
pathway influences Ag clearance, which is very slow upon
parenteral compared to oral exposure.” To mimic these two
situations, we have exposed spheroids to AgNP or AgNOj;,
respectively, and observed similar trends in the accumulation
and clearance of Ag. According to our results, Ag excretion is
mainly mediated by transport of Ag(i) ions to bile canaliculi
and through the Cu transporter ATP7B. These results are also
consistent with clinical data that revealed an accumulation of
Ag in the liver from patients with long-term hospitalization.*
Indeed, in this case the patients were exposed to pristine
AgNP via parenteral exposure due to the release of AgNP from
catheters. Moreover, in this cohort, Wilson patients with a
defective ATP7B protein had significantly higher Ag
accumulation compared to the whole cohort. These data are
therefore consistent with the main liver excretion pathway we
evidenced, i.e. via ATP7B.

The imaging methodology also allowed us to analyze the
transformations of AgNP into other Ag species within the
spheroids (Fig. 10). Ag-containing particles were observed
following AgNO; exposure as shown in the liver of mice
exposed to a Ag salt,""** confirming the in vivo relevance of
our spheroid model. These Ag particles were located both in
endolysosomes and vacuoles and correspond to both
organothiol complexes (AgS, and AgS;) and to inorganic
Ag,S. Interestingly, this type of inorganic Ag was also
detected by XAS upon cit-AgNP exposure. Concomitantly, Ag
particles were visualized in vacuoles in this exposure
condition, while we never observed Ag particles in vacuoles
nor detected Ag,S in 2D hepatocyte culture. Therefore, we
formulate the hypothesis that hepatocytes can store Ag excess
in vacuoles in the form of Ag,S particles.

Finally, 3D electron microscopy enables to analyze cell
ultrastructure in 3D at nanometer resolution. This approach
revealed that the exposure to Ag can trigger either
mitochondrial swelling, in conditions of high organothiol-
Ag(1) accumulation (cit-AgNP), or mitochondrial network
remodeling towards a more tubular morphology under low to
moderate organothiol-Ag(1) accumulation (PVP-AgNP, AgNO3).
The ultrastructure of the other organelles and bile canaliculi
were not significantly altered upon Ag exposure.

In conclusion, hepatocyte spheroids appeared to be a
useful and pertinent tool to understand the fate of AgNP in
the liver, since it recapitulates all data known from animal
studies and it revealed information not accessible so far.
Thus, this is an outstanding model to shed new lights on the
metabolic liver transformations and excretion of engineered
nanomaterials, beyond the specific case of AgNP. However,
the integration of Kupffer cells in this system would enable
to take into account the wuptake and transformations
performed by these macrophages.

This journal is © The Royal Society of Chemistry 2023
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