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Abstract

Magnetic mesoporous silica hanoparticles (M-MSNe)aapromising class of nanoparticles
for drug delivery. However, a deep understandintheftoxicological mechanisms of action
of these nanocarriers is essential, especiallgariver. The potential toxicity on HepaRG
cells of pristine, pegylated (PEG), and lipid (DMP@-MSNs were compared.

Based on MTT assay and real-time cell impedanaeg 06 these NPs presented an extensive
toxicity on hepatic cells. However, we observedrapsmission electron microscopy (TEM)
that the DMPC and pristine M-MSNs were greatlyinéized. In comparison, PEG M-

MSNs showed a slower cellular uptake. Whole gemeession profiling revealed the M-
MSNs molecular modes of action in a time-and dasgeddent manner. The lowest dose
tested (1.6 pg/cm?) induced no molecular effectaasl defined as ‘No Observed
Transcriptional Effect level’. The dose 16 pg/cevaaled nascent but transient effects. At
the highest dose (80 pg/cm?), adverse effects tlaaely arisen and increased over time. The
limit of biocompatibility for HepaRG cells could Iset at 16 pg/cm? for these NPs.

Thanks to a comparative pathway-driven analysishigbklighted the sequence of events that
leads to the disruption of hepatobiliary systentjteld by the three types of M-MSNSs, at the
highest dose. The Adverse Outcome Pathway of leegadilestasis was implicated.
Toxicogenomics applied to cell cultures is an dffectool to characterize and compare the
modes of action of many substances. We proposstiiaiegy as an asset for upstream

selection of the safest nanocarriers in the franmkwbregulation for nanobiosafety.

Keywords
Nanomedicine, particle characterization, whole-gexygession, adverse outcome pathway,

hepatic cholestasis , nanobiosafety



Introduction

Mesoporous silica nanocarriers (MSNSs) are one@ftbst promising nanomaterials for drug
delivery in nanomedicine because of their outstagdieatures, such as easy synthesis,
tunable size, tailorable pore volume, and highigsagle surface (Let al, 2010, Yanget al,
2012). Silanol groups present on the surface of B1&\h be functionalized with various
ligands, which could be one way of controlling npaxticle (NP) biodistribution and the
design of specific targeted delivery systems (Bouchaet al, 2016, Liet al, 2016). MSNs
have been widely studied for their capability tadand release various drugs (Vallet-Retgi
al., 2007, Deodhaet al, 2017). More specifically, by creating a core-sb&licture

composed of an @, core surrounded by a mesoporous silica shell, etagproperties have
been added to MSNs (Rleb al, 2014, Nyalosaset al, 2016). These magnetic MSNs (M-
MSNSs) are of particular interest in nanomedicinéaageting tools for theranostics,
combining co-delivery of therapeutic and imagingdtions in cancer diagnostics and therapy
(Vivero-Escotoet al, 2010, Xieet al, 2010, Liet al, 2012).

The main challenge in developing effective nanoeesris to achieve a design that combines
optimal targeted delivery, biocompatibility of thanocarrier itself in order to avoid collateral
cell toxicity, and a stealth capability to escape tapid clearance triggered by the immune
system after injection into the blood. Indeedgistigation of then vivo biodistribution of
functionalized MSNs has shown that the majorityarserved in the liver and spleen (leu
al., 2011, Rascott al, 2017), with most of the Si injected into mice ested in the urine and
feces (94%) (Liet al, 2010).

The most common functionalization is the graftiigpoly(ethylene glycol) (PEG) onto the
NP surface. PEG is known to be able to minimizenivespecific binding of biomolecules,

especially proteins, by steric hindrance @al, 2011, Uzet al, 2016) and to increase the



life-time in the bloodstream (Pergt al, 2012). Ashleyet al.reported another class of
nanocarriers combining the properties of liposoares mesoporous silica particles, i.e. high
specificity, enhanced cargo capacity, and long-tstiability (Ashleyet al, 2011). A lipid-
bilayer coating composed of 1,2-dimyristoyl-sn-@g@-3-phosphocholine (DMPC) around
mesoporous silica NPs was reported to be espeeaiddpted for this use (Savaralaal,

2010, Durfeeet al, 2016).

To assess the biocompatibility of these variousonarriers, cell-based assays must be used at
first-line, in accordance with the 3Rs rule of Ral&t al. (Russell and Burch, 19590)he
metabolically competent human HepaRG cell-linee@spnts a pertinent surrogate for primary
human hepatocytes to investigate drug toxiityitro (Guillouzo, 1998, Antherieat al,

2012). This cell-line has the capability to diffeti@te into two types of cells: hepatocyte-like
colonies surrounded by clear primitive biliary selRecently, omics technologies have
entered the field of toxicology, leading to toxieo@mics, a very powerful tool for studying
the toxicity of substances using cell-based asaagidor deciphering chemical modes of
action (Hartung, 2010, Jenningsal, 2013, Pisanet al, 2015). In particular the
transcriptomic similarity of HepaRG to primary hum@epatocytes is encouraging for the use
of this model to study xenobiotic metabolism angatetoxicity (Hartet al, 2010).
Nevertheless, cellular responses to NP exposuraindargely unexplored with
transcriptomics, albeit the use of this technologthe safety assessment of nanomaterials
would certainly be an asset for predictive toxigyldJenninget al, 2013, Pisanet al,

2015).

In this study, we used HepaRG cells to investigfagen vitro biocompatibility of

functionalized M-MSNs. We aimed to differentiate ttellular impact of the additional
coatings, PEG and DMPC, compared with pristine MNdSlt is necessary to differentiate

the drug-loaded nanocarrier, of which toxicity ianted against the target cells, and the



unloaded nanocarrier itself, which should be safdlfe rest of the organism. An exclusive
targeting is currently difficult to obtain and catiral effects on healthy cells must be avoided.
To this end, we have investigated the cell viap#ihd cellular uptake of these three types of
nanocarriers using MTT assays, real-time cell inapeé and transmission electron
microscopy (TEM). We carried out gene expressiariilprg of HepaRG cells at 24 h and 48

h after exposure to three concentrations of pesaind coated M-MSNs (1.6, 16, and 80
pHg/cm?2). This strategy allowed the significant Hepeesponses triggered by the exposure to

these nanocarriers to be highlighted in a time-dosk-dependent manner.

Methods

Synthesis and characterization of magnetic mesoporous silica nanoparticles (M-MSNSs)

- Chemicals

All reagents were obtained commercially and usétout any further purification. Hydrated,
catalyst-grade, 30-50 mesh iron oxide FeO(OH) cadeid (90%), oleylamine (99%), ether (
99.9%), anhydrous ethanal ©9.8%), anhydrous pentane49%), anhydrous chloroform (
99%), tetraethoxysilane (TEOS99.9%), cetyltrimethylammonium bromide (CTAB) and
ammonium nitrate (NENO3) were purchased from Sigma-Aldrich. Sodium hyddexi
(NaOH) and n-docosane (99%) were purchased fromsA@rhermo Fisher Scientific), and
chlorpromazin hydrochloride from Sigma Aldrich.
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPR&3s purchased from Avanti Polar
Lipids. 1X PBS (2.66 mM KClI, 1.47 mM KiPQ,, 137.93 mM NacCl, 8.05 mM NEHPO,—
7H,0) was provided by Gibco (Thermo Fisher Scientifijanized PEG (CD—PEG2000—

Si(OCH)3) was purchased from Rapp Polymere. 3-(4,5- dintigtiagol-2-yl)-2,5-



diphenyltetrazolium bromide (MTT) was provided hyp®ega. The Epoxy Embedding

Medium kit (Epon™) was purchased from Sigma Aldrich

- Synthesis of pristine, PEG- and DMPC-coated M-MSNs

The complete synthesis procedures of pristine PEE@-DMPC-coated M-MSNs were
described in detail by Nyalosasbal. 2016 (Nyalosaset al, 2016).

Pristine M-MSNs were synthesized in a two-step et his method allows the formation

of monodisperse and homogeneous core@shgll,£28MSN NPs with a single magnetic iron
oxide core per NP surrounded by a mesoporous siiell. For PEG M-MSNSs, the pegylation
of NPs was carried out during the synthesis ohtlesoporous silica shell. After the
condensation induced by the injection of TEOS dytire silica shell procedure, the mixture
was slowly cooled to 50°C with continuous stirridgsolution of 1 mL ethanol supplemented
with 100 mg silanized PEG 2000 was slowly addeck fEsulting mixture was stirred
overnight. This mixture was cooled to room tempaebefore applying the washing steps, as
described in Nyalosas al. 2016 (Nyalosaset al, 2016).

Lipid coating of M-MSNs was performed in a two-stepthod encompassing the preparation
of small unilamellar vesicles (SUVs) accordinghe Bangham method (Banghatnal,

1965), followed by mixing of these SUVs with pristiM-MSNSs (with a correspondence of
8/1 surface-area ratio of SUVS/NPs). After sonmatnd agitation, DMPC-coated M-MSNs
were isolated by four centrifugation steps (4002@mmin) to remove excess SUWI

processes were carried out in an endotoxin-freeg@mwment.

- Characterization of nanoparticles
TEM observations were carried out on a JEOL 1200IE¥ectron microscope (JEOL,

Japan). NP samples were prepared on copper gridlsawiin layer of Formvar and



evaporated carbon (Agar scientific, UK). CryogehigM (CryoTEM) observations of the
NPs covered by a lipid bilayer were performed usinEOL 220FS electron microscope
(JEOL, Japan) with a 4k x 4k slow scan CCD cam@eatdn, USA). Samples were prepared
on copper grids with a Lacey R 2/2 carbon film {§#o France).

Hydrodynamic diameter and zeta potential were detexd using a Zetasizer Nano ZS
(Malvern Instruments Ltd, UK). Each measurement pexformed at 2Q.g/mL NPs after 2
min bath sonication in HBS (20 mM Hepes, 5 mM Na&2li1 X PBS (ThermoFisher

Scientific) at pH 7.4 and 20°C.

Cdll culture and analyses

- Cell culture (HepaRG)

Cryopreserved, differentiated HepaRG™ cells wetaiabd from Biopredic International
(Rennes, France). Cells were thawed in Williamim&dium (Biopredic International)
supplemented with additives (Biopredic Internatipsamposed of elements essential for the
culture, such as fetal bovine serum and antibipéiceording to the supplier's procedure.
Cells were seeded into flat-bottom multiwell plas¢é€oncentrations depending on the plate
format (480,000 and 72,000 cells per well for 2dd 86-well plates, respectively). The
medium was renewed as recommended. Cells wereatenllat 37°C and 5% G@or 7 days

in order to constitute a monolayer with active C&dvities.

- Cell viability assay (MTT)
Cell viability assays were performed using the MaSBay (TOX1 Kit, Sigma). For this,
72,000 cells per well were seeded into 96-wellgdan William’s E medium supplemented

with ADD670 additive (Biopredic International). Gelvere exposed to increasing NP



concentrations (pristine, PEG- and DMPC-coated MN¥S After 48 h exposure, samples
were processed according to the supplier's proeedbisorbance was recorded using
Multiskan Spectrum (Thermo Fisher Scientific) a@4im. Results are expressed as mean
percentage of viable cells = SD (n = 3) comparetth wontrol cells.

Due to the presence of the iron core, M-MSNs sedirgaickly onto the well bottom and
dosimetry are expressed as mass per well surfaees, Tor other techniques, doses were
expressed in pg/cmz? to allow direct comparison betwtechniques that did not use the same

well surface in cell culture plates.

- Real-time cell impedance measurement (XCELLigesa@blogy)

A background resistance of the E-plates (ACEA) determined with 100 ul culture

medium. HepaRG™ cells were seeded at 44,000 callwell. E-plates were placed into the
Real-Time Cell Analyzer (RTCA) station (ACEA) anttubated at 37°C. The adhesion phase
of cells was recorded every 1 min during the fli&th and then every 15 min up to 7 days.
After 7 days, cells were exposed (n=3) to pristPieG- and DMPC-coated M-MSNs at 1.6,

16 and 80 pg/cm?, and impedance data were moniew&y 1 min for 24 h (early effects),
then every 15 min for 96 h (late effects). The iagece of unexposed control cells was also
recorded. Cell index (CI) raw data values wereuwdated by the RTCA software 2.0.

Normalized Cls were also calculated by the softvaased on the NP exposure time-point.

- Human gene expression microarrays (Agilent HumaeRint V3 8x60K)

HepaRG™ cultures (n=3)ere exposed for 24 h or 48 h to three concentratid NPs,
including pristine, PEG- and DMPC-coated M-MSN$(1L6, and 80 pg/cm?). Unexposed
cells were used as the control for each time-pdiotal RNAs were extracted using the

RNeasy Mini Kit (Qiagen). Quantification and quel#tion of total RNAs were performed



using the NanoDrop 2000c spectrophotometer (TheirsheF Scientific) and the Agilent
2100 Bioanalyzer (Agilent Technologies), respedyivemRNAs were amplified and labeled
with Cyanine-3 fluorophore using the One-color Limput Quick Amp Labeling Kit
(Agilent). Hybridization was performed using HunaarePrint V3 8x60K microarrays
(Agilent). Fluorescence was recorded (Agilent Seanand signal data were extracted with

Feature Extraction software (Agilent).

- Statistical analysis for transcriptomics

Raw fluorescence data files were submitted to Gerie$ GX 13 software (Agilent
Technologies) using a widespread and robust mdtratktermining the significant
modulation of gene expression (Wrigtttal, 2012, Pisanet al, 2015). Eighteen independent
analyses were conducted, namely for each experahemdition (18), three fluorescence
data files from exposed cells were compared witeeliluorescence data files from
unexposed cells. Genes significantly up- or downlagd were determined using a Student’s
t-test with a p-value set at 0.05 and a Benjamiocitberg false discovery rate correction. The
fold-change cutoff was set at 2. We thus obtairstd bf genes that were significantly

induced or repressed after exposure to NPs.

- Integrative biological analysis

Lists of genes significantly induced or repressatgsets) obtained after exposure to different
types of NPs were uploaded into Ingenuity Pathwasglysis (IPA) software (Qiagen) for
biological analysis. These datasets were procdssedestigate gene functional annotation
and distribution into known cell functions and camal pathways, according to the IPA
knowledge database. The significance of highlightedtions and pathways was calculated

using a Fisher's exact test with a p-value setQ&. -or each dataset, associations with



known canonical pathways were expressed by ratiggefcentage), meaning the number of
genes in a dataset that belong to a canonical patbwided by the total number of known
genes mapping this pathway. A Fisher’s exact testwsed to determine a p-value

representing the significance of these associations

- Cellular uptake and localization by transmissioaatton microscopy (TEM)

HepaRG™ cells were seeded on cell-chamber glasssigps according to the cell culture
procedure detailed above. After controlling thelherence and growth for 7 days, cells were
exposed to 16 pg/cm?2 NPs in William’s E medium@dr and 24 h. The medium was
removed and the cells were washed twice with 0RB%. Cells were fixed by incubation
with 2.5% (v/v) glutaraldehyde in 0.1 M PBS for htroom temperature then stained by
incubation with 1% osmium tetroxide. Cells were yifated using solutions of increasing
concentration of EtOH in water. The polymerizatwas performed by embedding cells in
EPON resin. Ultrathin sections (70 nm) were obtainging an ultramicrotome and placed on

the copper grids.

Results

Characterization of pristine and coated M-M SNs

Pristine M-MSNs were observed by TEM, which showdts composed of a unique
magnetic FgO, core per particle surrounded by a mesoporouashell (Figure 1A), with a
mean diameter of 117 + 2 nm (Table 1). These M-M&#iiee monodisperse with a low
polydispersity index (0.17) and stable at physi@albpH with a zeta potential of -39.1 £ 1.4
mV. The PEGylation around the M-MSNs did not atter silica shell structure (Figure 1B)

and increased the zeta potential of the NPs upal+ 2.9 mV (Table 1). These PEG M-
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MSNs were monodisperse and stable at physiologidakith a size of 123 + 3 nm. The
polyethylene glycol grafted at the nanoparticlesface was differentiated by heavy staining
with OsQ (Brown and Butler, 1997). With TEM imaging we measd the PEG layer
thickness at 7 + 1 nm. The lipid-bilayer DMPC cogtof M-MSNs induced an increase of
the zeta potential up to -10.3 + 0.4 mV, closeh®zeta potential of small unilamellar DMPC
vesicles alone (-4.5 + 0.7 mV). These DMPC M-MSNsevnonodisperse and also stable at
physiological pH. CryoTEM imaging showed a meamuger of 132 + 4 nm, including the

DMPC bilayer.

Figure 1. TEM characterization of M-MSNgA) as the pristine state, (B) covered with PEG,

and (C) cryogenic TEM characterization of lipiddy¢er DMPC M-MSNs.

Table 1.Physicochemical characterization of pristine M-MSixsl those covered with PEG
or DMPC lipid bilayerValues are mean * standard deviation (n=3). * apoads to a

characterization by CryoTEM.

Diameter by TEM  Hydrodynamic Zeta potential

Nanoparticles and CryoTEM* diameter by DLS Polydlsper&ty atpH 7.4
index
(nm) (nm) (mv)
Pristine M-MSNs 117 (£ 2) 172 (£ 6) 0.17 -39.1 (= 1.4)
PEG M-MSNs 123 (£ 3) 156 (+ 1) 0.18 -30.4 (£ 2.9)
DMPC M-MSNs* 132 (+ 4) 180 (x 2) 0.12 -10.3 (£ 0.4)
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Cell viability assays

The viability of HepaRG cells exposed to pristiREG-, and DMPC-coated M-MSNs was
performed by MTT assay after 48 h exposure. As shiovFigure 2, the presence of NPs did
not induce a drastic loss of viability of HepaRAxe&Ne observed a small dose-dependent
decrease of the cell viability for all type of NRgth a maximum loss of viability observed
for pristine M-MSNs around 35% at 400 pg/mL (cop@sding to 120 pg/cmz?in a 96-well
plate). The viability of PEG M-MSNs was close tatlof pristine M-MSNSs, with a maximum
loss of viability of around 25% at the highest dd3®PC M-MSNs induced a less than 20%
decrease of cell viability and reached a plateamnf60 pg/mL. Chlorpromazine, a
hepatotoxic drug, was used as the positive coatrdlinduced a drastic cytotoxic effect on
HepaRG cells, with an Kgof 12 pg/mL (34 uM). Based on these results, three
concentrations of NPs (1.6, 16, and 80 pg/cm?2) wkosen to follow their cellular uptake by
TEM, to analyze their physiological impact by delpedance, and to identify the molecular

events triggered by these different NPs by geneesspon profiling.
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Figure 2. MTT cell viability assay of HepaRG cells exposed48 h to increasing
concentrations of pristine M-MSNs (blue curve), PE&1SNs (purple curve), DMPC M-
MSNSs (red curve), and chlorpromazine as the pa@stontrol (grey curvelConcentration
equivalences: * = 1.6 pg/cmz, ** = 16 pg/cmz? and 80 pg/cm?2. Results are expressed as

mean percent viable cells £ SD (n = 3) comparet wintrol cells.

XCEL Ligence experiments

HepaRG cells were exposed to pristine M-MSNs, PEGISNSs, and DMPC M-MSNs at 16
and 80 pg/cm? for 3 days and viability and morphgglmodulations were monitored by real-
time cell impedance on HepaRG cells (Figure 3)adsntrol, all NPs were tested in acellular
conditions and no interference on impedance measms was observed, in accordance with
other studies of cell impedance with NPs (Serge¢iai, 2012).

At 16 pg/cmz, the real-time cell impedance did aetiect any change in morphology or
viability over the experimental time-period for ffeethree types of NPs (Figure 3A). At 80
pHg/cmz2, we observed a biphasic response for tlee tiypes of NPs, including a small
decrease in the CI during the first 24 h of expesallowed by a stabilization until the end of
the experiment (Figure 3B). Chlorpromazine showedaatic deleterious effect on CI, and a

slow increase until 24h.

Figure 3. Real-time impedance cell index (Cl) monitoring c#gaRG cells (n=3) exposed to
(A) 16 pg/cm? and (B) 80 pg/cm? pristine M-MSNsu@), PEG M-MSNs (purple), and
DMPC M-MSNs (red) for 72 h. The black arrow reprdgsehe starting point of exposure. ClI
was normalized at this point to ensure inter-daseparison and control cells were defined as

baseline.
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Kinetics of cellular NP uptake and localization
The kinetics of cellular uptake and localizatiorpaktine, PEG- and DMPC-coated M-MSNs

at 16 pg/cm2 were observed by TEM after 6 h ant 84posure (Figure 4). The results
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showed a rapid cellular internalization of prist{fégure 4A) and DMPC (Figure 4C) M-
MSNs from 6 h of exposure. No cellular uptake wiasssved for PEG M-MSNs at 6 h
exposure (Figure 4B). After 24 h exposure, priski®SNs (Figure 4D) and DMPC M-
MSNs (Figure 4F) were internalized as large graopgsicles, whereas PEG M-MSNs were
internalized in much smaller quantities (Figure .4¥)ne of these NPs were observed in the

nucleus.

Figure 4. TEM imaging of HepaRG cells exposed to 16 pg/cmbfa to (A) pristine M-
MSNSs, (B) PEG M-MSNs, (C) DMPC M-MSNs, and for 240h(D) pristine M-MSNSs, (E)
PEG M-MSNSs, (F) DMPC M-MSNSs. N indicates the nusleBC indicates bile canaliculi,

and arrows indicate NPs.
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Transcriptomic analyses

Gene expression changes were evaluated in thregicial replicates using Agilent Human
V3 SurePrint 8x60K Microarrays. Figure 5 shows tnenber of differentially expressed
transcripts detected in response to exposure td.é,&and 80 pg/cm? pristine, PEG-, and
DMPC-coated M-MSNs for 24 h (Figure 5A) and 48 Ig(ife 5B). The number of
differentially expressed transcripts reflects tregmtude of the cellular effects of NPs.

At 24 h exposure, a dose-dependent response thréeetypes of M-MSNs was observed,
ranging from 137 to 3580, from 198 to 5447, andnffab7 to 1185 differentially expressed
transcripts for pristine, PEG-, and DMPC-coated N4, respectively. At this time, DMPC
M-MSNs induced the greatest modulation of gene@sgion at 1.6 and 16 pg/cm?, whereas
pristine M-MSNSs induced the lowest effect on gexgression at these two doses. However,
pristine M-MSNs induced the highest effect at 8@cpg, with 3580 modulated transcripts.
After 48 h exposure, gene expression was not difiteated from control cells with 1.6 and 16
pg/cmz? pristine M-MSNs and DMPC M-MSNs, indicatiagransient effect for the first 24 h.
The highest dose showing no effect (16 pg/cm?)beadefined here as the 'No Observed
Transcriptional Effect Level' (NOTEL). However, shiransient effect no longer existed at 80
ug/cmz2; pristine M-MSNs altered 3440 transcriptd&h versus 3580 at 24 h and at this
concentration the cellular impact of DMPC M-MSNssweaven highly amplified (2800
modulated transcripts at 48 h versus 1185 at 2Bdr)PEG M-MSNs, we observed a
reversible effect on gene expression only at 1/6mgbetween 24 and 48 h. A dose of 16
pg/cm? induced a steady moderate effect betwedna2wl 48 h but the highest dose, 80
pg/cm?, gave rise to a drastic increase in the murobaltered genes between 24 h and 48 h
exposure. All fold-changes and p-values of moddlatanscripts by condition (doses and

time-points) are listed in ESI, Tables S1 to S3.
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Figure 5 . Time- and dose-dependent effects of eogure to NPs on the number of
significantly differentially expressed gened-HepaRG cells were exposed to 1.6, 16, and 80
pg/cm? pristine, PEG-, and DMPC-coated M-MSNs #ih2or 48 h. After extraction and
labeling, RNA was hybridized to a human oligo manmay (6x60k Agilent V3 SurePrint).

Bars represent the number of differentially expedssanscripts after statistical analysis using

Genespring GX13 software (Agilent), with a p-vatu@.05 and a fold-change?2.
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We identified the most relevant canonical pathwayslved, in the hepatic environment,
after 24 h and 48 h exposure, for all NP dosesgusie IPA software. For each dose and
time-point, we calculated several ratios indicatimg percentage of modulated genes in our
dataset belonging to known canonical pathways.sldn@ficance of these pathways was
tested according to a Fisher’s statistical testajore < 0.05). Figure 6 reports the six most
relevant canonical pathways altered by pristin€gGRBnd DMPC-coated M-MSNs (80
pg/cm?, at 24 h and 48 h). All modulated genesriggigy to these pathways, with their fold-
changes and p-values, are reported in ESI TabferSdl time-points and doses. These
pathways belong to well-known hepatic functions aedobiotic responses.

At 24 h exposure (Figure 6A), pristine M-MSNs indddhe highest effect on these six
pathways, followed by DMPC M-MSNs and then PEG MM4SFew genes were modulated
by the presence of PEG M-MSNs at 24 h, with leas tt0% of modulated genes involved in
these pathways. Despite the difference of diffeadigtexpressed genes measured between
pristine and DMPC M-MSNs (i.e. 3580 and 1185 mothddranscripts at 24 h, respectively),
the “bile acid biosynthesis” pathway was modulatgtthin the same magnitude (61.5% and
53.8%, respectively). In addition, “bile acid bioslyesis” was the most affected pathway at
24 h and at 48 h exposure. It should be notedRE&-coated M-MSNs also modulated this
pathway, despite a level of 7.7% at 24 h (ESI T&#e At 48 h exposure (Figure 6B), the
most important finding was that PEG M-MSNs drastyciacreased the involvement of these
pathways, from 7.7% at 24 h to 61.5% at 48 h fale“acid biosynthesis”, and from 6.2% at

24 h to 33.8% at 48 h for “PXR/RXR pathway”. Thigiease was observed for all pathways.

Figure 6. Canonical pathways elicited by each M-MSN80 pg/cm?) The percentage of

modulated transcripts of our datasets belongirgitonajor altered canonical pathways after
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A) 24 h and B) 48 h exposure to 80 png/cm?2 M-MSNgese pathways were all significant
according to a Fisher’s statistical test (p-valu@@5), revealed with Ingenuity Pathway

Analysis (IPA, QIAGEN).
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In the current study, we investigated the biocorbyday of magnetic mesoporous silica
nanoparticles (M-MSN) with two different types afverage, PEG or lipid-bilayer DMPC,
compared to pristine M-MSN. The physicochemicalrabterization showed that these three
types of nanocarriers were monodisperse spherbsavdiameter close to 100 nm (Table 1),
composed of a single magnetic;Bg core surrounded by a mesoporous silica shell (Eig
Both decorations, i.e. PEG and DMPC, did not dhersilica shell structure (Figure 1B, 1C).
The PEGylation around the M-MSN surface alloweddteation of a steric hindrance of 7
nm. The lipid bilayer DMPC coating of M-MSNs indutan increase of the zeta potential up
to around -10 mV, close to the zeta potential chlsomilamellar DMPC vesicles (-4.5mV)
(Nyalosascet al, 2016). Moreover, cryoTEM imaging showed a DMP{@ay®r thickness
close to 7.5 nm (Figure 1C), as reported in tlezdiure (Durfeet al, 2016).

The HepaRG model is a promising alternative to prynthepatocytes. In particular, they are
able to express numerous P450 cytochromes, allothengerformance of many normal
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metabolic liver functions such as the productioplodse | and Il enzymes and
transmembrane transport proteins, unlike othertoegte cell lines such as HepG2
(Guillouzoet al, 2007, Kanebratt and Andersson, 2008, Turpeatenl, 2009, Jenneat al,
2010).

In the current study, due to the presence of the éore, M-MSNs sediment quickly onto the
cell surface and dosimetry is expressed as massglesurface (ug/cm?). This enables direct
comparison between techniques that do not useathe svell surface in cell culture plates
(Lison et al, 2008). The choice of doses is essential in tdagoand must be as close as
possible from thén vivo situation. Three concentrations to be tested wieosen for all types
of NPs, i.e. 1.6, 16 and 80 pg/cm? (corresponding, 60, and 300 pg/mL, respectively) in
accordance with both literature and our viabilisgays data (Hudsaet al, 2008, Witaspet

al., 2009). In particular, this choice was based @nctbncentration of 40 mg/kg already used
for biodistribution studies by injection in miceyet al, 2010, Liuet al, 2011, Rascoét al,
2017). One mg per mouse of 25 g with 2 mL of bloodresponds approximately to a
concentration of 500 pg/mL. This concentration midd alter liver tissues as observed by
Rascol et al, despite M-MSNs presence in the liattested by the silica content measured by
ICP-MS. In the current study, the testing conceimnarange has been limited to 30§/mL

SO as not to trigger an excessive cell mortality.

Biocompatibility at low doses

HepaRG cells were exposed to a range of nanocaomaentrations to assess their impact on
cell viability. Pristine, PEG, or DMPC M-MSNSs indeat a slight dose-dependent decrease in
cell viability (Figure 2) that did not exceeded 354maximum reached with the highest
concentration tested (400 pg/mL, correspondin@t®|ig/cm?) of pristine NPs after 48 h

exposure.
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For studying kinetics, we used real-time cell imgace technology (RTCA). The ClI reflects
modifications of both cell morphology and cell vilglp (Atienzar et al, 2013). HepaRG cells
were exposed to 16 and 80 pg/cm? pristine, PEGDAMBC M-MSNs for 3 days (Figure 3).
At 16pg/cm?, the real-time cell impedance did netedt any change in morphology or
viability for these three types of NPs (Figure 3A).80 pg/cm?, we observed a biphasic
response for the three types of NPs, including allstecrease of the CI during the first 24 h
exposure followed by a stabilization until the exidhe experiment (Figure 3B).
Chlorpromazine (100 pM), as the positive contrbweed a fast deleterious effect on Cl
because of cell damage, followed by a slow recouety 24 h , likely due to the drug
metabolism and the rearrangement of the cell layer.

Based on these assays, none of these NPs presam@doxicity at the concentrations tested.
This was an encouraging evaluation as NPs aredatefor use as drug nanocarriers and

should not cause any kind of cellular change oicttyx

M-MSN uptake

Albeit we did not observed any modifications of edance at 16 pg/cm?, TEM observations
at this dose showed an NP uptake by HepaRG ceitpriSingly, we observed a rapid
internalization of pristine (Figure 4A) and DMPddé&re 4C) M-MSNs after 6 h exposure at
this dose, while no internalization was observed®G M-MSNs (Figure 4B), which stayed
around the cell membrane. After 24 h exposuretipegFigure 4D) and DMPC (Figure 4E)
M-MSNs were internalized to a greater extent, whilew level of internalization was
observed for PEG M-MSNs. DMPC M-MSNSs in particulgere trapped as large groups.
These three types of NPs were observed in largelessvithout any observable modification
of their size and structure. According to Danlgeal negatively and neutrally charged NPs

co-localize mostly with lysosomes (Danhedral, 2012). With negative zeta potentials at
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physiological pH (between -40 and -10 mV), the ently studied nanocarriers are probably
located in lysosomes. DMPC M-MSNs were observddrnger vesicles, probably
phagosomes with respect to their large size. Omeehiological medium containing proteins,
the NPs were covered with a protein corona. Owipus experiments showed that M-MSNs
were still negatively charged (-20 mV) when surmech by a protein corona (Pisaatial,
2017a). The main difference is that PEG at theaserbf M-MSN may reduce the formation
of the corona, thus impeding cellular uptake. Cquosetly, the internalization of PEG M-
MSNs is slowed compared to pristine and DMPC M-MSNsaddition, it is possible that the
use of bovine serum in the human cell culture madmay influence internalization and
intracellular functional mechanisms, as suggesyediim et al. (Kim et al, 2014) and as we
demonstrated in a recent publication (Pisatral, 2017b). Indeed, if the cell recognizes the
NP-protein complex as non-self, it is probable that recognition does not take planevivo,

where the corona will be constituted of human pnsteecognized as self.

Gene expression profilesin HepaRG

We therefore undertook a transcriptomic analysisjigue technology capable of detecting
subtle molecular changes that may occur beforaxaagroscopic physiological changes are
visible. This technique is very sensitive and Mery doses of exogenous compounds allow
the first deleterious molecular events to be desripth without triggering multiple and
extreme deleterious effects. Indeed, beyond aindheeshold, the cell defense pathways are
overwhelmed and numerous signaling pathways aygdred, as well as apoptosis and
necrosis. These responses must be avoided betaysaré no longer compound specific.
(Pisaniet al, 2015). Thereby, HepaRG cells were exposed tptiséne, PEG and DMPC
M-MSNs at the three doses: 1.6, 16, and 80 pg/cartdsponding to 6, 60, and 300 pg/ml,

respectively), for 24 h and 48 h.
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A moderate and transient adverse effect at lowslose

The number of differentially expressed transcripttects the magnitude of the cellular
disruption caused by NPs (Figure 5). In terms ahber of genes differentially expressed, a
very small dose-dependent response was obsenaxd®dfh exposure with the three types of
M-MSNSs. At this time-point, the lowest concentraisa(1.6 and 16 pg/cm?) did not really
alter the expression of HepaRG transcripts, wisls ldan 640 differentially expressed genes
out of the whole human genome, except for DMPC MNd$1134 altered transcripts). Most
importantly, after 48 h exposure, there was noéorany obvious modulation of gene
expression at 1.6 and 16pg/cm? with any of the MNgXlearly indicating a transient effect
during the first 24 h. This result was in accordandth the viability and impedance assays.
However, this transient effect was not observeDatg/cm?: pristine M-MSNs altered as
many transcripts at 48 h as at 24 h, and DMPC M-BI8hkered twice as many transcripts
after 48 h than 24 h, reflecting an amplified dgron. For PEG M-MSNSs, the effect on gene
expression was strictly reversible at 1.6pg/cmé, thie 16 pg/cm?2 dose induced a steady low-
level effect between 24 h and 48 h. However, tighdst dose, 80 pg/cm?, led to a drastic
increase in the number of altered genes betwedna2wl 48 h exposure.

According to Vivero-Escotet al. (Vivero-Escotoet al, 2010), MSN materials are
biocompatible with HeLa and CHO cells at concerdret below 100 pg/mL, while
concentrations above 2@@/mL result in cell damage. For HepaRG cells wetsetimit of
biocompatibility below 16 pg/cmz (i.e. 60 pg/mL).

The dose without effect (1.6 pg/cm?) can be defimex@d as a 'No Observed Transcriptional
Effect Level' (NOTEL), according to Lobenhofefral. (Lobenhoferet al, 2004). The first
dose with an effect (16 pg/cm?) can be considesesl 'aowest Observed Transcriptional

Effect Level' (LOTEL). This point is important taxderline because, in search of a
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guantitative method to classify and compare hepatosubstances, transcriptomics
techniques could be very helpful by providing qutative responses for toxicity prediction at
low doses (Zarbét al, 2010). The dose L&@/cm? probably triggers the onset of effects that
are more clearly observable with a higher dose.

Despite the fact that no tissue alteration was meskat a higher dose in mice with M-MSN
(Rascolet al, 2017), an in-depth study at 80 pg/cm?2 could tiedlect a predictive fate of

HepaRG cells under exposure to M-MSNSs.

Mechanisms of uptake at higher dose

We investigated which known pathways were involirethe internalization of these
nanocarriers. However, in our case, none of theaaional pathways such as clathrin or
caveolar-mediated endocytosis seem to be involveléed, with 80 pg/cm? pristine M-MSNs
after 48 h, only 12 and 27 genes belonging to “oklaremediated endocytosis signaling” and
“clathrin-mediated endocytosis signaling” were miatked, respectively, out of the hundreds
of genes that describe these two pathways. Alteelgt many G protein-coupled receptors
were involved, as well as integrins and Toll-likertsmembrane receptors. After 24 h
exposure, we observed that many G-PCR receptoes veavily induced or repressed by
pristine and DMPC M-MSNs (63 and 19, respectivelhjle conversely PEG M-MSNs
altered them in a lesser extend (5) (ESI Tablednd3).

It is important to note that, in a biological meaiuNPs become surrounded by proteins, thus
forming a protein-NP complex. This corona confersiie NP a new identity. Cells may
identify this large protein-NP complex differentty pristine NPs, and set up appropriate
recognition mechanisms. In the current case, theneois composed of bovine proteins
originating from additional FBS in the cell cultureedium. According to Cerdevatt al, the

corona could alter biological functions by the hgylesence of proteins in a restricted cellular
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area (Cedervaltt al, 2007). Thereby, this complex may appear to thleasean exogenous
compound, leading to a recognition by G proteinpted receptors, integrins and Toll-like
transmembrane receptors, acting as gateways tethand triggering the proinflammatory
response (Hilekt al, 2010). Thus, due to the presence of a proteion@around them, NPs
may “mislead” the cells, which may recognize the&s as pathogen-like invaders, such as
lipopolysaccharides (LPS) originating from bacteoater membranes. The membrane
receptors that act as “molecular switches ” maytrod the NP uptake and promote, as for
LPS, the secretion of proinflammatory cytokinesdsely, in our datasets, IL-1, TMAL-

6, IL-8 were heavily induced (Table 2). The genecgling the C-reactive protein was heavily
upregulated (FC=12). This protein is involved inesal host defense-related functions based
on its ability to recognize foreign pathogens guiied cells and to initiate their elimination by
interacting with humoral and cellular effector €t in the blood. Consequently, the level of
this protein in plasma increases greatly duringephase response to tissue injury, infection,
or other inflammatory stimuli such as NP invasion.

We can infer that M-MSNs are not engulfed by ahriatand caveolin endocytosis-dependent
pathway but rather by a receptor-mediated mechamsre in accordance with the size of

these NPs (100 nm) (Vivero-Escabal, 2010).

Figure 7. Representation of M-MSN mode of action on HepaR@atocytesHepaRG
cultures (n=3) were exposed for 24 h and 48 hreeticoncentrations (1.6, 16, and 80
png/cm?) of NPs including pristine (blue dot), PE@urple dot) and DMPC- (red dot) coated
M-MSNSs. N = nucleus. At 80 pg/cm?, the hepatic ektdsis pathway is highlighted by the
downregulation of most of its main effectors sustB&SEP and NCTP, characterized by an

intrahepatic accumulation of cytotoxic bile acidsich ultimately causes liver injury.
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Hepatobiliary system disruption

We performed biological data mining for all doses éime-points to extract all molecular
signatures with na priori hypothesis. We then analyzed and compared thesensss, not

in terms of gene-to-gene comparison but in termatefed molecular pathways. The most
relevant canonical pathways involved in the hepattironment and revealed by this analysis
are depicted in Figure 6. From this comparativéway-driven analysis, we highlighted the
possible sequence of events that leads to theptiigruof hepatobiliary system, as represented

schematically in Figure 7. All the genes mentiomethe text below are reported in Table 2.

I nflammation. We observed a strong induction of the proinflammatytokines, IL-1 and
TNFa. The most significant altered pathway was the “llIP&-mediated inhibition of RXR
pathway”. This pathway describes the junction betwiaflammation and the disruption of

hepatobiliary functions. The subsequent inflamnmatdownregulates the expression of
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hepatic genes involved in a variety of physiolopmacesses, collectively known as the
negative hepatic acute phase response (APR) (Beigrial, 2002). Many of the genes
repressed during APR are regulated by the nucleandne receptor, retinoid X receptor

(RXR0).

Nuclear receptors. The “PXR/RXR pathway” is one of the most pertinpathways elicited
by M-MSN exposure in our results. Retinoid X recept(RXRS) are nuclear receptors that
mediate strong biological effects by dimerizatiatihvtype Il nuclear receptors, such as the
pregnane X receptor (PXRR1L2, the constitutive androstane receptor (CRR1L3 and
the peroxisome proliferator-activated receptor (RFFARA. Many of these nuclear
receptors were modulated in our datasets, inclughegmall heterodimer partner

(SHPNROB32, a regulator of bile acid metabolism (Miabal, 2009), as shown in Table 2.

Phasel and Il enzymes. Expressed predominantly in the liver, activated RXRonjunction
with RXR plays a central role in xenobiotic metabal by inducing the cytochrome P450
family, including phase | metabolism enzymes, spanse to cell injury. Her€YP1A2,
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP3AX'4R3AAvere highly
downregulated at 48 h in the presence of all M-M&0sug/cm?). This also included
CYP3A4 an enzyme involved in modification of bile acidadCYP7A1 responsible for bile
acid synthesis. In addition, PXR/RXR is an importagulator of drug phase Il metabolism
and excretion. This complex induces the downreguiaif xenobiotic conjugation phase I
enzymesPULT2A1, UGT1A9, GSTA2, GSTM1, and GSTM2

In general, exposure to xenobiotics triggers autall*stress” response leading to increased
gene expression of phase | or phase Il genes, wittichately enhances the elimination and

clearance of the xenobiotics (Rushmore and Tonygkaa02).
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Efflux pumps. The bile salt export pump (BSEEBCB1) was downregulated, as well as
ABCG5/G8 We also observed that mRNA levels of an esseinéiakport system for bile salts
(NTCP,SLC10A) were impaired, as were organic anion transpo(@sl 2/SLC22A7

OATP1B15LCO18, OATP8SLCO1B3, and phospholipid export (MDREBCBJ.

Hepatic cholestasis. The reduced expression of transcripts relatedadépatobiliary
transport system contributes to the evidence o$tardbed “hepatic cholestasis pathway”
(Zollner et al, 2001). Cholestasis results in intrahepatic acdatiaun of cytotoxic bile acids.
The observed inhibition of BSEABCB11should lead to increased intrahepatic
concentrations of bile acids and subsequent ctadisstNevertheless, cholestatic liver
damage may be counteracted by a variety of intringpatoprotective mechanisms. Such
defense mechanisms include the repression of ledpégiacid uptake ande novabile acid
synthesis (Zollneet al, 2006). Here, while the former mechanism was at#, as shown
above, there was rae novabiosynthesis of bile acids as all genes belontpritpile acid
biosynthesis neutral pathway” were severely regasthe most repressed beyP3A4,
CYP7A1, CYP8BIandSLC27A5Later key events include bile accumulation, theugtobn

of inflammation, and the activation of specific tear receptors.

IL-6 signaling. IL-6 is strongly upregulated. One consequence of ILeBeti®n is the
inhibition of xenobiotic transport by acting on tRXR/RXR pathway. IL-6 combined with
the action of IL-1 and TNd; leads to the reduced expression of hepatic pretsuch as
metabolism enzymes. This chain of events leads impaired metabolism, encompassing

the biosynthesis of lipid, cholesterol, and biteda. The downregulation of xenobiotics
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conjugation phase Il enzymes (Figure 7) alterdrdmesport of xenobiotics, represented by
the “xenobiotic metabolism pathway”.

Collectively, these mechanisms belong to the aéveuscome pathway (AOP) (Edwarels
al., 2016, Hartung, 2017) for cholestatic liver injuaynd drive a deteriorative cellular
response, ultimately causing liver injury leadinggundice, and biliary fibrosis (Vinken,

2016).

Conclusion

Using up-to-date technologies, we have investigdtedhepatic biocompatibility of M-MSNs
as future nanocarriers for nanomedicine. The pitietaixicity of these NPs, separately from
any drug with which they may be combined, must\umated in order to avoid collateral
toxicity to healthy cells, especially cells of tineer, which is the primary accumulative organ.
The significant responses of HepaRG cells triggésedxposure to pristine M-MSNs as well
as PEG and DMPC M-MSNs were compared.

In our hands, M-MSNs were not extremely harmfuiver cells compared to known
hepatotoxicants. From the current transcriptomidgtwe determined that 1.6 pg/cm?is a
dose without any molecular effect. The dynamic espethese effects is very important and
we were able to demonstrate that at 16 pg/cm?ieeg transient, disappearing after 48 h.
We set the limit of biocompatibility for HepaRG Isgbelow 16 pg/cm? (i.e. 60 pg/mL) of
these NPs. At 80 pg/cm?, we identified initial mealkar events and pathways of toxicity
elicited by all M-MSNSs, such as negative hepatigtaphase response (APR). The hepatic
cholestasis AOP was triggered by inhibition of tile salt export pump transporter protein

(BSEP,ABCB1). At this highest dose, adverse effects were draglafter 48 h. Pristine and
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DMPC M-MSNs showed deleterious effects from 24 pasure, whereas PEG M-MSNs
triggered the same effects only after 48 h, propbbktause of an impaired corona formation.
In vitro cell culture with “omics” technology complementedh microscopic observation is a
powerful combination of tools for testing and comip@ substance toxicity, while accessing
their molecular mechanisms of action. More broaihyg regulatory perspective we showed
that it is possible to distinguish the doses witleffect (NOTEL) from the doses inducing a
lowest observed effect (LOTEL) and thus classifygd;, chemicals, endocrine disruptors,
and NPs independently of their structure. Thiststnamight be an asset for upstream

selection of the safest nanocarriers in the franmkwbnanobiosafety regulation.

Acknowledgements
This work was supported by the French National BeteAgency (ANR) (Grant ANR-13-
NANO-0007-03). We thank Mme Véronique Viguier and Brwan Oliviero for Osmium

tetroxide staining and TEM observation.

Competing interests

The authors declare that they have no competimgasts.

Supplemental data
The underlying research materials for this artogla be accessed at

https://zenodo.org/deposit/

ESI, Tables S1 to S3: fold-changes and p-valuesaofulated transcripts by condition for all
doses and time-points. ESI Table S4: modulated¢rgsts belonging to detailed pathways

with their fold-changes and p-values.

30



The transcriptomic raw data discussed in this gakibn have been deposited in the NCBI
Gene Expression Omnibus (GEO) repository and acesaile via GEO Series accession

number https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?a8SE98235.

References

Antherieu, S., Chesne, C., Li, R., Guguen-Guillguzo& Guillouzo, A., 2012. Optimization
of the HepaRG cell model for drug metabolism andgicity studies.Toxicol In Vitro,
26, 1278-85.

Ashley, C.E., Carnes, E.C., Phillips, G.K., Padila, Durfee, P.N., Brown, P.A., Hanna,
T.N., Liu, J., Phillips, B., Carter, M.B., CarroM.J., Jiang, X., Dunphy, D.R.,
Willman, C.L., Petsev, D.N., Evans, D.G., ParikhNA Chackerian, B., Wharton, W.,
Peabody, D.S. & Brinker, C.J., 2011. The targe&d/dry of multicomponent cargos
to cancer cells by nanoporous particle-supporfad bilayers Nat Mater,10, 389-97.

Atienzar, F.A., Gerets, H., Tilmant, K., Toussai@t,& Dhalluin, S., 2013. Evaluation of
impedance-based label-free technology as a togdtffarmacology and toxicology
investigationsBiosensors3, 132-156.

Bangham, A., Standish, M.M. & Watkins, J., 1965ifidion of univalent ions across the
lamellae of swollen phospholipid¥ournal of molecular biologyl 3, 238-IN27.

Beigneux, A.P., Moser, A.H., Shigenaga, J.K., GelthfC. & Feingold, K.R., 2002.
Reduction in cytochrome P-450 enzyme expressiasssciated with repression of
CAR (constitutive androstane receptor) and PXRdipa@e X receptor) in mouse liver
during the acute phase resporBiechemical and Biophysical Research

Communication293 145-149.

31



Bouchoucha, M., Coté, M.-F., C.-Gaudreault, R.tiRoM.-A. & Kleitz, F., 2016. Size-
Controlled Functionalized Mesoporous Silica Nantpkas for Tunable Drug Release
and Enhanced Anti-Tumoral ActivitChemistry of Materials28, 4243-4258.

Brown, G. & Butler, J., 1997. New method for theudcterization of domain morphology of
polymer blends using ruthenium tetroxide stainind Bbow voltage scanning electron
microscopy (LVSEM)Polymer,38, 3937-3945.

Cedervall, T., Lynch, 1., Lindman, S., Berggard, Thulin, E., Nilsson, H., Dawson, K.A. &
Linse, S., 2007. Understanding the nanoparticleepraorona using methods to
guantify exchange rates and affinities of protéorsnanoparticlesProceedings of the
National Academy of Sciencd€4, 2050-2055.

Danhier, F., Ansorena, E., Silva, J.M., Coco, R. Breton, A. & Préat, V., 2012. PLGA-
based nanoparticles: An overview of biomedical &ppibns.Journal of Controlled
Releasel61, 505-522.

Deodhar, G.V., Adams, M.L. & Trewyn, B.G., 2017.Mdwolled release and intracellular
protein delivery from mesoporous silica nanopagsdBiotechnology Journall2, n/a-
n/a.

Durfee, P.N., Lin, Y.-S., Dunphy, D.R., Mufiiz, A.Butler, K.S., Humphrey, K.R., Lokke,
A.J., Agola, J.O., Chou, S.S., Chen, I.M., Whar¥dh, Townson, J.L., Willman, C.L.
& Brinker, C.J., 2016. Mesoporous Silica Nanopé&etiSupported Lipid Bilayers
(Protocells) for Active Targeting and Delivery taividual Leukemia CellsACS
Nano,10, 8325-8345.

Edwards, S.W., Tan, Y.-M., Villeneuve, D.L., Me®k,E. & Mcqueen, C.A., 2016. Adverse
Outcome Pathways—Organizing Toxicological Inforraatto Improve Decision

Making. Journal of Pharmacology and Experimental Therap=,856, 170-181.

32



Guillouzo, A., 1998. Liver cell models in in vittoxicology. Environ Health Perspeci,06
Suppl 2 511-32.

Guillouzo, A., Corlu, A., Aninat, C., Glaise, D.,dvel, F. & Guguen-Guillouzo, C., 2007.
The human hepatoma HepaRG cells: A highly diffea¢etd model for studies of liver
metabolism and toxicity of xenobioticShemico-Biological Interaction4,68 66-73.

Hart, S.N., Li, Y., Nakamoto, K., Subileau, E.Ateén, D. & Zhong, X.B., 2010. A
comparison of whole genome gene expression prafflekepaRG cells and HepG2
cells to primary human hepatocytes and human tigsuesDrug Metab Dispos38,
988-94.

Hartung, T., 2010. Food for thought... on alternativethods for nanoparticle safety testing.
Altex, 27, 87-95.

Hartung, T., 2017. Utility of the adverse outconaghpvay concept in drug development.
Expert Opinion on Drug Metabolism & Toxicolodys, 1-3.

He, Q., Zhang, Z., Gao, F., Li, Y. & Shi, J., 20Irivivo biodistribution and urinary
excretion of mesoporous silica nanoparticles: ¢ffe€ particle size and PEGylation.
Small,7, 271-80.

Hild, W., Pollinger, K., Caporale, A., Cabrele, €eller, M., Pluym, N., Buschauer, A.,
Rachel, R., Tessmar, J., Breunig, M. & Goepferikh2010. G protein-coupled
receptors function as logic gates for nanoparbabeling and cell uptakd’roceedings
of the National Academy of Sciences of the UnitateS$ of Americal07, 10667-
10672.

Hudson, S.P., Padera, R.F., Langer, R. & Kohan®,,2008. The biocompatibility of
mesoporous silicateBiomaterials,29, 4045-4055.

Jennen, D.G.J., Magkoufopoulou, C., KetelslegerB, H/an Herwijnen, M.H.M., Kleinjans,

J.C.S. & Van Delft, J.H.M., 2010. Comparison of i@&&pand HepaRG by Whole-

33



Genome Gene Expression Analysis for the Purpo§ithemical Hazard Identification.
Toxicological Science415 66-79.

Jennings, P., Limonciel, A., Felice, L. & Leonakd,O., 2013. An overview of transcriptional
regulation in response to toxicological inséltch Toxicol,87, 49-72.

Kanebratt, K.P. & Andersson, T.B., 2008. HepaRQA<ad an in Vitro Model for Evaluation
of Cytochrome P450 Induction in Humaisug Metabolism and DispositioB6,
137-145.

Kim, J.A., Salvati, A., Aberg, C. & Dawson, K.A.024. Suppression of nanoparticle
cytotoxicity approaching in vivo serum concentrasiolimitations of in vitro testing
for nanosafetyNanoscalef, 14180-14184.

Li, T., Shen, X., Geng, Y., Chen, Z., Li, L., Li,,¥ang, H., Wu, C., Zeng, H. & Liu, Y.,
2016. Folate-Functionalized Magnetic-Mesoporougs&iNanoparticles for
Drug/Gene Codelivery To Potentiate the Antitumdidatcy. ACS Applied Materials
& Interfaces,8, 13748-13758.

Li, Z., Barnes, J.C., Bosoy, A., Stoddart, J.F.i&KZ J.I., 2012. Mesoporous silica
nanoparticles in biomedical applicatio@hemical Society Reviewkl, 2590-2605.

Lison, D., Thomassen, L.C., Rabolli, V., Gonzalez Napierska, D., Seo, J.W., Kirsch-
Volders, M., Hoet, P., Kirschhock, C.E. & MartedsA., 2008. Nominal and effective
dosimetry of silica nanoparticles in cytotoxicitysays.Toxicol Sci, 104, 155-62.

Liu, T., Li, L., Teng, X., Huang, X., Liu, H., Cheb., Ren, J., He, J. & Tang, F., 2011.
Single and repeated dose toxicity of mesoporousWwdilica nanoparticles in
intravenously exposed micBiomaterials,32, 1657-68.

Lobenhofer, E.K., Cui, X., Bennett, L., Cable, R Merrick, B.A., Churchill, G.A. & Afshari,
C.A., 2004. Exploration of low-dose estrogen eSedentification of No Observed

Transcriptional Effect Level (NOTEL) oxicol Pathol 32, 482-92.

34



Lu, J., Liong, M., Li, Z., Zink, J.I. & Tamanoi, F2010. Biocompatibility, Biodistribution,
and Drug-Delivery Efficiency of Mesoporous Silicambparticles for Cancer Therapy
in Animals.Small,6, 1794-1805.

Miao, J., Fang, S., Lee, J., Comstock, C., Knudkda, & Kemper, J.K., 2009. Functional
specificities of Brm and Brg-1 Swi/Snf ATPaseshe teedback regulation of hepatic
bile acid biosynthesidol Cell Biol, 29, 6170-81.

Nyalosaso, J., Rascol, E., Pisani, C., DorandelD@mail, X., Maynadier, M., Gary-Bobo,
M., Laikeehim, J., Bron, P., Garcia, M., Devoissell.-M., Prat, O., Guari, Y.,
Charnay, C. & Chopineau, J.C., 2016. Synthesisyrd¢ion, and cellular effects of
magnetic mesoporous silica nanoparticRSC Advances, 57275-57283.

Perry, J.L., Reuter, K.G., Kai, M.P., Herlihy, K.Bones, S.W., Luft, J.C., Napier, M., Bear,
J.E. & Desimone, J.M., 2012. PEGylated PRINT Namtigdas: The Impact of PEG
Density on Protein Binding, Macrophage AssociatBiodistribution, and
PharmacokineticdNano Letters12, 5304-5310.

Pisani, C., Galllard, J.-C., Odorico, M., Nyalosast.., Charnay, C., Guari, Y., Chopineau,
J., Devoisselle, J.-M., Armengaud, J. & Prat, @1 2a. The timeline of corona
formation around silica nanocarriers highlights tible of the protein interactome.
Nanoscale9, 1840-1851.

Pisani, C., Galillard, J.C., Nouvel, V., Odorico, Mrmengaud, J. & Prat, O., 2015. High-
throughput, quantitative assessment of the effgfdtsw-dose silica nanoparticles on
lung cells: grasping complex toxicity with a grelajpth of field BMC Genomicsl6,
315.

Pisani, C., Rascaol, E., Dorandeu, C., Gaillard;.J €harnay, C., Guari, Y., Chopineau, J.,

Armengaud, J., Devoisselle, J.-M. & Prat, O., 201I4e species origin of the serum

35



in the culture medium influences the in vitro toiiof silica nanopatrticles to HepG2
cells.PLOS ONE12, e0182906.

Rascol, E., Daurat, M., Da Silva, A., Maynadier, Morandeu, C., Charnay, C., Garcia, M.,
Lai-Kee-Him, J., Bron, P., Auffan, M., Liu, W., Aetgtti, B., Devoisselle, J.-M.,
Guari, Y., Gary-Bobo, M. & Chopineau, J., 2017.IBgcal Fate of Fe304 Core-
Shell Mesoporous Silica Nanoparticles Dependin@article Surface Chemistry.
Nanomaterials7, 162.

Rho, W.-Y., Kim, H.-M., Kyeong, S., Kang, Y.-L., i, D.-H., Kang, H., Jeong, C., Kim, D.-
E., Lee, Y.-S. & Jun, B.-H., 2014. Facile synthedimmonodispersed silica-coated
magnetic nanoparticle3ournal of Industrial and Engineering Chemist?p, 2646-
2649.

Rushmore, T.H. & Tony Kong, A., 2002. PharmacogeisjtRegulation and Signaling
Pathways of Phase | and Il Drug Metabolizing Enzyr@eirrent Drug Metabolisn3,
481-490.

Russell, W.M.S. & Burch, R.L., 195%he Principles of Humane Experimental Technique.
London, U.K. : Methuen & Co., Ltd.

Savarala, S., Ahmed, S., llies, M.A. & Wunder, $2010. Formation and colloidal stability
of DMPC supported lipid bilayers on SiO2 nanobeadsgmuir,26, 12081-12088.

Sergent, J.-A., Paget, V. & Cheuvillard, S., 201@xi€ity and Genotoxicity of Nano-SiO2 on
Human Epithelial Intestinal HT-29 Cell LinAnnals of Occupational Hygieng6,
622-630.

Turpeinen, M., Tolonen, A., Chesne, C., Guillou&q,Uusitalo, J. & Pelkonen, O., 2009.
Functional expression, inhibition and induction®fP enzymes in HepaRG cells.

Toxicology in Vitro23, 748-753.

36



Uz, M., Bulmus, V. & Alsoy Altinkaya, S., 2016. Efft of PEG Grafting Density and
Hydrodynamic Volume on Gold Nanoparticle—Cell liatgtrons: An Investigation on
Cell Cycle, Apoptosis, and DNA Damadsangmuir.

Vallet-Regi, M., Balas, F. & Arcos, D., 2007. Mesopus Materials for Drug Delivery.
Angewandte Chemie International Editidl, 7548-7558.

Vinken, M., 2016. The adverse outcome pathway hatestatic liver injury: From
mechanisms to predictive human toxicologjgxicology Letters258, S47.

Vivero-Escoto, J.L., Slowing, li, Trewyn, B.G. &mn,iV.S., 2010. Mesoporous silica
nanoparticles for intracellular controlled drugidety. Small,6, 1952-67.

Witasp, E., Kupferschmidt, N., Bengtsson, L., Holig, K., Smedman, C., Paulie, S., Garcia-
Bennett, A.E. & Fadeel, B., 2009. Efficient intelination of mesoporous silica
particles of different sizes by primary human matigges without impairment of
macrophage clearance of apoptotic or antibody-apedrtarget cellsToxicol Appl
Pharmacol. 239 306-19.

Wright, W.R., Parzych, K., Crawford, D., Mein, ®™jtchell, J.A. & Paul-Clark, M.J., 2012.
Inflammatory transcriptome profiling of human mowgtes exposed acutely to
cigarette smokeé?LoS One7, e30120.

Xie, J., Lee, S. & Chen, X., 2010. Nanoparticledmhtheranostic agentadv Drug Deliv Rev,
62, 1064-79.

Yang, P., Gai, S. & Lin, J., 2012. Functionalizeesmporous silica materials for controlled
drug deliveryChemical Society Reviewkl, 3679-3698.

Zarbl, H., Gallo, M.A., Glick, J., Yeung, K.Y. & \oos, P., 2010. The vanishing zero
revisited: thresholds in the age of genomigisem Biol Interact184, 273-8.

Zollner, G., Fickert, P., Zenz, R., Fuchsbichler, 8tumptner, C., Kenner, L., Ferenci, P.,

Stauber, R.E., Krejs, G.J., Denk, H., Zatloukal8KTrauner, M., 2001. Hepatobiliary

37



transporter expression in percutaneous liver bespsf patients with cholestatic liver
diseased-epatology 33, 633-646.

Zollner, G., Marschall, H.-U., Wagner, M. & Traung&t., 2006. Role of nuclear receptors in
the adaptive response to bile acids and cholestestisogenetic and therapeutic

considerationgMolecular pharmaceutics, 231-251.

38



Table 1.Physicochemical characterization of pristine M-MSixsl those covered with PEG
or DMPC lipid bilayerValues are mean + standard deviation (n=3). * amoeds to the

characterization by CryoTEM.

_ Diameter by TEM Hydrodynamic Polydispersity Zeta potential
Nanoparticles and CryoTEM* diameter by DLS index atpH7.4
(nm) (nm) (mV)
Pristine M-MSNs 117 (£ 2) 172 (£ 6) 0.17 -39.1 (x1.4)
PEG M-MSNs 123 (£ 3) 156 (+ 1) 0.18 -30.4 (£ 2.9)
DMPC M-MSNs* 132 (+ 4) 180 (+ 2) 0.12 -10.3 (x 0.4)
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Table 2.Fold changes (FC) of main transcripts modul&tgeéxposure to pristine, PEG and

DMPC M-MSNs (80 pg/cm? at 24h and 48h) correspaptiinhepatobiliary system

disruption. The exhaustive list with fold-changes @-values is provided in ESI Table S4.

Pathway 1,2,3,4,5,6 are “Bile acid Biosynthesi#XR/RXR”,"LPS/IL-1 mediated inhibition

of RXR function”, “Hepatic cholestasis”, “IL-6 sigfing”, and Xenobiotic metabolism

signaling”, respectively.

Pristine M-
MSNs PEG M-MSNs DMPC M-MSNs
Gene FC FC FC FC FC FC
Symbol Entrez Gene Name (24h)  (48h)  (2ah)  (ash) (2ah) (agh)  "athways
ATP binding cassette
ABCB11 subfamily B member 11 i 4.0 i i i 38 12,4
ABCBA ATP binding cassette 24 22 - 22 - 35 4
subfamily B member 4
ABCGS5 ATP binding cassette 63 170 - 70 35 -19.8 14
subfamily G member 5
ABCG8 ATP binding cassette 55 91 - 57 33 90 1.4
subfamily G member 8
ACOX2 acyl-CoA oxidase 2 -2.5 -6.5 - -3.8 -2.6 -7.6 1
AHRR aryl-hydrocarbon receptor i 21 i i i i 6
repressor
AKR1CA aldo-keto reductase family 1 2.9 3.7 i 36 26 59 1
member C4
AKR1D1 aldo-keto reductase family 1 23 6.1 i 75 2.7 8.9 1
member D1
AlDH1a1 ~ 2ldehvdedehydrogenasel .0 5, - 27 28 27 6
family member Al
ALDH1a3  ldefvde dehydrogenase 1 . 2.2 - 2.0 N Y: 6
family member A3
alpHiry  Aldefvdedehydrogenased 5 o g, L 47 28 a2 1
family member L1
AlDH1L1 ~ 2ldehydedehydrogenasel 5 o o, - 47 28  -42 6
family member L1
ALDH3A1 aIdehydg dehydrogenase 3 23 i i 3.0 i i 6
family member A1
ADHsa  2ldehvdedehydrogenases )\, 6 - 22 - 27 6
family member A1
ALDHea1 ~ 2ldefvdedehydrogenase 6, ;54 - 3.2 . 3.9 6
family member Al
AlDH7a1 ~ 2ldehvdedehydrogenase7 5 g - 4.6 ; 2.4 16
family member Al
CAT catalase -2.3 -34 - -2.4 - -3.5 6
CHST11 carbohydrate iLljlfotransferase )8 )8 i 31 24 29 6
CHST13 carbohydrate i:lfotransferase i a5 i i i 23 6
CHST1S carbohydrate il;lfotransferase 43 58 i i 38 i 6
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CHST3

CITED2

CRP
CSF2
CuL3

CXCL8
CYP1A1
CYP1A2

CYP27A1

CYP2A6
(includes
others)

CYP2B6
CYP2C19
CYP2C8
CYP2C9
CYP3A4
CYP3A5
CYP3A7
CYP4A11
CYP7A1
CypP8B1
FMO1
FMOS5
FOS
G6PC
GSTA2
GSTM1
GSTM2

GSTM3
HMGCS2

carbohydrate sulfotransferase
3
Cbp/p300 interacting
transactivator with Glu/Asp
rich carboxy-terminal domain
2
C-reactive protein
colony stimulating factor 2
cullin 3
C-X-C motif chemokine ligand
8
cytochrome P450 family 1
subfamily A member 1
cytochrome P450 family 1
subfamily A member 2
cytochrome P450 family 27
subfamily A member 1

cytochrome P450 family 2
subfamily A member 6

cytochrome P450 family 2
subfamily B member 6
cytochrome P450 family 2
subfamily C member 19
cytochrome P450 family 2
subfamily C member 8
cytochrome P450 family 2
subfamily C member 9
cytochrome P450 family 3
subfamily A member 4
cytochrome P450 family 3
subfamily A member 5
cytochrome P450 family 3
subfamily A member 7
cytochrome P450 family 4
subfamily A member 11
cytochrome P450 family 7
subfamily A member 1
cytochrome P450 family 8
subfamily B member 1
flavin containing
monooxygenase 1
flavin containing
monooxygenase 5
Fos proto-oncogene, AP-1
transcription factor subunit
glucose-6-phosphatase
catalytic subunit
glutathione S-transferase
alpha 2
glutathione S-transferase mu
1
glutathione S-transferase mu
2
glutathione S-transferase mu
3
3-hydroxy-3-methylglutaryl-

8.1
6.2
3.0

3.9

-5.2

-6.1

-2.6

-5.0

-3.4

-13.1

-3.2

-3.0

-90.4

-2.1

-5.7

-2.5
-4.2

23

-2.7

12.9
3.0

-3.3

339.0

-37.9

-13.8

-20.7

-12.3

-70.3

-2.5

-19.8

-83.1

-6.2

-12.7

3.6

-52.0

-6.5

-3.3

-2.9

-2.8
-10.0

4.0

10.7
3.0

-48.8

4.8
4.2

-2.6

-6.4

-21.9

-2.7

-10.8

-24

-89.2

-26.3

-10.5

-10.4

-10.8

-35.9

-2.9

-16.3

-42.3

-6.4

-6.4

v o b~ W0

2.6

1.2

1,2,6

1,2,6

1,2,6

1,2,6

1,2,6

1,2,6

1,2,6

1,2,4

14
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HNF4A

HSPB2

IGFBP1

IKBKB
IL1B
IL1F10
IL1R2
ILIRAP
IL1RL1
ILIRN

IL6
IL6R

IRAK2

JUN
KLB
LBP

LIF
LY96

MAP2K6

NDST4

NFKB1

NFKB2
NFKBIB
NROB2

NR1I2

NR1I3

PIK3R1

PPARA

PPRC1

PRKAR1B

PRKAR2B

CoA synthase 2
hepatocyte nuclear factor 4
alpha
heat shock protein family B
(small) member 2
insulin like growth factor
binding protein 1
inhibitor of nuclear factor
kappa B kinase subunit beta
interleukin 1 beta
interleukin 1 family member
10 (theta)
interleukin 1 receptor type 2
interleukin 1 receptor
accessory protein
interleukin 1 receptor like 1
interleukin 1 receptor
antagonist
interleukin 6
interleukin 6 receptor
interleukin 1 receptor
associated kinase 2
Jun proto-oncogene, AP-1
transcription factor subunit
klotho beta
lipopolysaccharide binding
protein
leukemia inhibitory factor
lymphocyte antigen 96
mitogen-activated protein
kinase kinase 6
N-deacetylase and N-
sulfotransferase 4
nuclear factor kappa B
subunit 1
nuclear factor kappa B
subunit 2
NFKB inhibitor beta
nuclear receptor subfamily 0
group B member 2
nuclear receptor subfamily 1
group | member 2
nuclear receptor subfamily 1
group | member 3
phosphoinositide-3-kinase
regulatory subunit 1
peroxisome proliferator
activated receptor alpha
peroxisome proliferator-
activated receptor gamma,
coactivator-related 1
protein kinase CAMP-
dependent type | regulatory
subunit beta
protein kinase cCAMP-
dependent type Il regulatory

-2.1

-2.9

34

3.3
2.7
-2.4
2.9
6.1
-2.2

55.1
-2.1

4.6

2.5
-3.1

7.1

-3.1

-3.0

2.0

2.1

-2.8

-2.5

3.0

3.8

-2.4

-6.1

2.2

5.8

-5.7

13.0

3.0

2.2
-3.6
2.1

3.4
34

2.1
-10.7

-2.6

-17.1

-2.8

-2.0

2.8

2.1

-11.4

7.1

2.7

2.3

2.5
2.2

-4.3

3.2

-3.5
2.5
3.6
-3.3
9.2

3.9

2.6
-6.7

4.1
3.0

-2.6

2.5

-20.6

-2.3

3.8

3.8

2.7
3.7

21.6

3.2

2.3
-2.0

3.8
2.2

-2.1

-2.0

-2.1

-2.6

-2.1

2.3

-9.3

3.8
-5.8
5.9

-2.9

-18.9

-2.2

-6.7

2.4

1,4,5

1.5
1,4,5
1,4,5

4.5
2,4,5

4.5

v A~ b

5.6

5.6

1,2,4

1,2,4,6

1,2,6

2.4

2.4
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SLC10A1

SLC22A7

SLC27A2

SLC27A5

SLCO1B1

SLCO1B3

SOCS1

SOCS3

SULT2A1

UGT2B10

UGT2B11

UGT2B15

UGT2B4

UGT28B7

subunit beta
solute carrier family 10
member 1
solute carrier family 22
member 7
solute carrier family 27
member 2
solute carrier family 27
member 5
solute carrier organic anion
transporter family member
1B1
solute carrier organic anion
transporter family member
1B3
suppressor of cytokine
signaling 1
suppressor of cytokine
signaling 3
sulfotransferase family 2A
member 1
UDP glucuronosyltransferase
family 2 member B10
UDP glucuronosyltransferase
family 2 member B11
UDP glucuronosyltransferase
family 2 member B15
UDP glucuronosyltransferase
family 2 member B4
UDP glucuronosyltransferase
family 2 member B7

-5.3

-2.5

-2.7

-3.6

24.2

8.9

-2.2

-2.6

-24

-2.7

2.0

-15.3

-3.9

135

7.3

-6.9

-3.5

4.2

-3.8

-2.3

-3.0

9.2

3.1

-24

-24

-2.1

-2.5

-12.4

14
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