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Environmental Science: Nano

Environmental Significance Statement O 101039 betNoosees

Plastic pollution is a major and growing environmental and health concern, with increasing
global production leading to the dissemination of plastic particles of various sizes, including
nanoplastics (NPLs). Human exposure is now inevitable, and recent studies showing NPL
detection in beverages and their migration from food-contact packaging highlight oral ingestion
as a key route of exposure, with the intestine as the first organ exposed. Increasing evidence
suggests that NPLs can induce intestinal and hepatic toxicity, raising concerns about long-term
consequences for human health. Moreover, at-risk populations, such as individuals with
metabolic disorders and/or dietary imbalances, may be particularly vulnerable. This study
allows a better characterisation of the specific health impact of NPLs in their particulate form

in both healthy and vulnerable populations, bridging environmental and human health issues.
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A Western-style diet shapes the gut and liver responses to low-
dose, fit-for-purpose polystyrene nanoplastics in mice

Chloé Liebgott?, Melanie Mobley?, Sophie Miguel®, Valérie Bézirard?, Catherine Beaufrand?, Javier
Jiménez-Lamana ®, Rémi Dages 2, Marie Tremblay-Franco 2, Roselyne Gautier 2, Jordan Denis €,
Renaud Léonard¢, Grégory Da Costad, Catherine Robbe Masselot ¢, Mathias Richard 9, Cécile Canlet

a Bruno Grassl®, Stéphanie Reynaud®, Hervé Robert?, Héléne Eutamene? and Muriel Mercier-Bonin
at

Nanoplastics (NPLs) are an emerging global health concern, yet their toxicological impact remains uncertain, particularly
among at-risk populations who are more susceptible to environmental stressors. While research on NPLs is expanding, most
studies use commercial particles containing chemical additives, making it difficult to distinguish the effects of the polymer
itself in its particulate form from those of confounding substances. In this study, we investigated the toxicity of fit-for-
purpose, gold-labelled polystyrene NPLs (PS-NPLs; ~600 nm) in mice exposed via drinking water at literature-informed doses
(0.1, 1, and 10 mg/kg/day) for 90 days, under either chow diet (CD) or Western diet (WD) conditions. Using ICP-MS, PS-NPLs
were detected and quantified in intestinal contents. Moreover, low-dose exposure (0.1 or 1 mg/kg/day, depending on diet
and endpoint considered) resulted in increased body weight gain, altered mucus quality (i.e. shift in mucin O-glycan profiles),
and subtle impairment of gut barrier integrity in a diet-dependent manner. Low-dose exposure also altered the gut
microbiota composition in both diet groups, with diet-specific profiles, and shifted caecal metabolomic signatures only in
CD-fed mice. Metabolically, low-dose PS-NPL exposure exacerbated glucose intolerance in WD-fed mice and promoted
hepatic lipid accumulation and a shift in droplet size, regardless of diet. Overall, these findings demonstrate that PS-NPLs, in
their particulate form and in the absence of confounding additives, can induce non-monotonic, diet-modulated effects on
the gut and liver. This highlights the importance of considering particle behaviour in complex biological environments and
of including both healthy and at-risk populations in NPL toxicity assessments.
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The exponential increase in global plastic production has led to
plastic pollution emerging as a major environmental and public
health concern. Worldwide, the plastic production has
increased from 1.5 million tonnes in the 1950s to 414 million
tonnesin 2023 1. Approximately, 39% of total plastic production
is dedicated in Europe to packaging applications, including food
packaging. However, in the absence of effective management
and recycling of plastic waste, there has been a pervasive
accumulation of plastic debris across all environmental
compartments 2. Furthermore, the degradation of plastic debris
over time leads to their fragmentation into smaller particles,
including nanoplastics (NPLs), defined as plastic particles
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smaller than 1 um in size and exhibiting colloidal properties 3.
Although the formation of NPLs through the fragmentation of
plastic debris is well established, it is equally important to note
that NPLs can also be released directly from consumer products,
such as food contact articles during their use®. Items such as
nylon tea bags, plastic rice cooking bags >¢ and even plastic
kitchen utensils can release substantial amounts of NPLs under
normal usage conditions 7. This highlights that, in addition to
environmental fragmentation, direct exposure to NPLs through
the routine use of plastic-containing products constitutes a
significant route of human ingestion.

Due to their small size and widespread dispersion, NPLs have
been detected in various environmental matrices, including air
8, water ?, and soil 1°. More recently, they have also been found
in food and beverages 1. Consequently, from a toxicological
perspective, oral exposure is a major route for NPLs, thus
questioning their impact on gut health 2. The gastrointestinal
tract acts therefore as the first critical interface for their
absorption and potential biological effects. Accordingly, due to
their small size allowing them to easily cross biological barriers,
investigating the impact of NPLs on intestinal barrier function
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and subsequent systemic translocation
importance.

Studies in rodent models have demonstrated that exposure to
NPLs can adversely affect intestinal health. Some studies have
reported an accumulation of NPLs in the intestine 13716, Adverse
effects have been reported, including reduced expression of
tight junction genes 1718, alterations in mucus production and
secretion '>1° and, in some cases, a compromised tissue
integrity associated to changes in crypt depth and villi length
17,18,20-22  Additionally, several studies have reported changes in
gut microbiota composition (e.g. alpha and beta diversity)
17,1920 as well as signs of local inflammation 820, Further
research has linked perinatal exposure to NPLs to intestinal and
metabolic alterations in adult offspring 23. It is important to note
that the observed effects are not restricted to the intestine;
disruptions of the gut-liver axis have also been described,
including the accumulation of lipids in the liver 24726,
Importantly, certain at-risk populations, such as individuals
suffering from obesity, type 2 diabetes, inflammatory bowel
disease (IBD), or other chronic illnesses, are suspected to be
more vulnerable to the effects of NPLs ?7. Nevertheless, few
studies have investigated the impact of NPL exposure in murine
models that mimic these conditions, which are known to
weaken the intestinal barrier 282°. Some studies have assessed
the impact of NPLs in mice fed a high-fat diet (HFD) and revealed
the synergistic effects of diet and NPL exposure. Li et al.
administered 42-nm PS-NPLs intravenously (4—40 ug/kg
bw/day) for 3 or 15 days and reported increased hepatic lipid
accumulation and inflammation compared with mice exposed
to HFD alone 3°. Another study used 50-70 nm PS-NPLs in
drinking water (0.02 or 2 mg/kg bw/day) for 8 days and found
enhanced intestinal and hepatic inflammation under HFD
conditions compared with HFD alone 3. Similarly, Wang and co-
workers administered 80 nm PS-NPLs via drinking water (1-30
mg/kg bw/day) over 8 weeks and observed glucose intolerance
and hepatic lipid accumulation 28. Taken together, these
findings suggest that NPL exposure may have far-reaching
consequences for gastrointestinal and systemic health,
particularly in contexts that replicate real-life vulnerabilities.
However, the majority of the studies above have relied on
commercially available NPLs, whose composition is frequently
unknown (e.g. presence of chemical additives) 32. These studies
therefore do not allow a distinction to be made between the
potential toxicity arising from additives, the polymer itself, or a
combination of the two 33. To address these issues, we
developed in the present study appropriate NPL models based
on polystyrene (PS) that were synthesised through a controlled
process and were free from potentially confounding additives.
To track their fate and uptake in vivo, these NPL models were
labelled in a stable and traceable manner, which is not always
the case in published studies. More specifically, we employed a
gold-core labelling strategy to enable high-sensitivity detection
using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).
Using these original fit-for-purpose NPL models, we
investigated the effects of sub-chronic (90 days; 0.1, 1 or 10
mg/kg bw/day in drinking water) exposure in male mice fed
either a standard chow diet (CD) or a high-fat/high-sugar

is of particular
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Western-style diet (WD). The influence of this dietary.pattern
has never been addressed in the literatfe: Hefora/DPRIOSEGEY
demonstrates how nutritional stress representative of modern
Western dietary habits may influence the disruption of
homeostasis in the gut and gut-liver axis in response to NPL
exposure.

Experimental

NPL models: synthesis and characterisation

Gold-labelled PS-NPLs were produced via a three-step synthesis
protocol. The first step consisted of synthesising gold
nanoparticles (AuNPs) using the Turkevich method, which
involves a rapid reduction reaction (10 min) of tetrachloroauric
acid (HAuCls, 200 mL, 0.355 mM) at 100°C by sodium citrate
(CtNas, 3 mL, 39.4 mM). This redox reaction proceeds from Au
(111) to Au (ll) and ultimately to metallic Au (0), yielding a stable
aqueous suspension of monodisperse AuNPs with an average
diameter of 40 nm. In the second stage, AuNPs were
encapsulated within a silica shell using a Stober process. This
silica coating was formed by hydrolysis and condensation of
tetraethyl orthosilicate (TEOS, 0.3 mL, 4 mM) via a sol-gel
reaction on AuNPs previously made (90 mL). The process took
place in a water (22 mL)/isopropanol (224 mL) media in
presence of ammonia (NH3 25%, 8 mL, 0.3 M) at room
temperature overnight under vigorous magnetic stirring. After
purification by centrifugation (3 cycles of 10 min at 12,000g),
the resulting gold-silica nanoparticles (Au-Si NPs) presented a
mean diameter of 172 nm (Fig. S1A). The final step consisted of
surface functionalisation and polymer coating. An organosilane
coupling agent, 3-(Trimethoxysilyl)propyl methacrylate (TPM,
290 L, 11.3 mM), was grafted onto the surface of Au-Si NPs
dispersed in 100 mL water/ethanol (20/80 (v/v)), with an
inorganic particle solid content of 2.5 g/L, in presence of
ammonia (NH3 25%, 1.93 mL, 0.278 M). The reaction mixture
was stirred vigorously overnight at room temperature.
Following purification by centrifugation (three cycles at 12,000g
for 10 min), styrene emulsion polymerisation was initiated. This
polymerisation step was conducted using the TPM-
functionalised Au-Si NPs dispersed in 54.5 mL water/ethanol
(20/80 (v/v)), with an inorganic particle solid content of 2.5 g/L.
Degassed solutions of Polyvinylpyrrolidone (PVP K-30, 3.5 mL,
mass concentration of 0.06 g/L, 0.4% of the total mass), styrene
(5.6 mL, 0.9 M) and potassium persulfate (KPS, 1 mL, 2 mM)
were added to dispersion at 70°C under vigorous magnetic
stirring and let for 12 hours. After reaction, the solution was
purified by five centrifugation cycles in water (10 min at
12,000g, 50-mL tubes, water is changed at each cycle in
equivalent volume) until the supernatant conductivity dropped
below 40 puS-cm™. The plastic particles were stored in 3.4%
solids (w/v) aqueous suspension. By using Scanning Electron
Microscopy (SEM), both the shape and size distribution of PS-
NPLs were determined (based on the counting of 850 particles).
Their hydrodynamic diameter and zeta potential were
measured at 10 pg/mL by Dynamic Light Scattering with a
Zetasizer Nano ZS (Malvern Panalytical GmbH, Germany).

This journal is © The Royal Society of Chemistry 20xx
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Experimental design

Six-week-old male C57BL/6J mice (weight 25.5 + 1.3 g; Janvier
Labs, France) were used in this study. They were kept in an
animal facility under specific pathogen-free (SPF) conditions at
a constant temperature (21 * 2 °C) with a day/night cycle of 12
h and given free access to water and food (Harlan Teklad 2018,
Envigo, USA). All mice were acclimated to standard housing for
14 days. The experiments were carried out according to the
Guidelines for Care and Use of Laboratory Animals laid down in
European directive 2010/63/EU on the protection of animals
used for scientific purposes and according to the ARRIVE
guidelines. The experimental procedures and protocols were
approved by the local Animal Ethics Committee committee of
Toulouse Midi-Pyrénées and authorised by the French Ministry
of Higher Education and Research under the reference
APAFIS#43697-2023060108285710v3. As illustrated in Fig. 1A
and in order to study the toxicity of a 90-day sub-chronic
exposure scenario, mice were divided into distinct groups (n=12
per group) for two series of experiments.

In a first series of experiments, mice were fed a standard chow
diet (CD) (Harlan Teklad 2018, Envigo, USA) and randomly
divided into 4 groups. Mice were exposed to PS-NPLs at the
dose of 0.1 mg/kg bw/day (CD0.1), 1 mg/kg bw/day (CD1) or 10
mg/kg bw/day (CD10) in drinking water versus control animals,
i.e. no PS-NPLs administrated (CDO), respectively. In a second
series of experiments, mice were fed CD or Western-style diet
(WD) (U8955 Version 19, SAFE®, France) and randomly divided
into 5 groups. CD-fed mice were not exposed to PS-NPLs (CDO)
and WD-fed mice were exposed to PS-NPLs at the dose of 0.1
mg/kg bw/day (WDO0.1), 1 mg/kg bw/day (WD1) or 10 mg/kg
bw/day (WD10) in drinking water versus control animals (WDO).
To minimise plastic contamination from the laboratory
environment, PS-NPLs were administered to mice via drinking
water using glass feeding bottles equipped with metal teats.
Water intake by the animals was monitored daily throughout
the exposure period in order to accurately calculate and control
the actual dose of PS-NPLs administered. In addition, the
concentration of PS-NPLs in the feeding bottles was adjusted
during the experiment according to the weight gain of the
animals.

Inductively coupled plasma-mass spectrometry (ICP-MS)

Thanks to the gold signature of the PS-NPL model, the
biodistribution and quantification of PS-NPLs after 90 days of
sub-chronic exposure were determined by using Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS)
digestive contents (stomach, small intestine, caecum and

in different

faeces), intestinal tissues (small intestine and colon) and organs
(liver, spleen, testes, brain and kidneys). To this end, digestive
contents, tissues and organs were collected and directly frozen
in liquid nitrogen, then stored at -80 °C until analysis. The total
gold content was determined by monitoring the isotope °’Au
with an Agilent 7900 ICPMS (Agilent, Japan). The system
consists of an integrated auto-sampler, a concentric nebuliser
and a quartz cyclonic spray chamber as a sample introduction
system. A calibration curve (0.1 pg/L to 10 pg/L) using a stock

This journal is © The Royal Society of Chemistry 20xx

solution of ionic gold at 1000 mg/L (SCP Sciences, Erance)owas
prepared daily and the coefficient of determiHa&EYRRY VYOS
0.99. Each sample was analysed by duplicate. Results are
expressed as the mean of the two measurements. Prior to ICP-
MS analyses, all samples were digested in aqua regia for 90 min
at 90 °Cin a heat block, then diluted with a 2% (v/v) HCl solution.
The instrument limit of detection (LODinstrument)) and the limit of
guantification (LOQ(instrument)) are 11.8 and 36.7 ng Au per L,
respectively. Quantification of PS-NPLs per gram of digestive
contents was made possible thanks to Single Particle (SP)-ICP-
MS analysis (Fig. S1B), which provided the gold mass per single
PS-NPL (0.92 fg Au/PS-NPL). Based on these data, an equivalent
sample LOQ (LOQsample)) Was estimated by considering a 50-mg
sample of digestive contents and averaging the calculated LOQ
values across digestive contents, resulting in a value of 20.4 ng
PS-NPLs/g dry mass.

Gene expression in the liver, jejunum and colon

RNA extraction and reverse transcription

Hepatic, jejunal and colonic pieces of tissue (30-50 mg) were
isolated, immediately frozen in liquid nitrogen and stored at -80
°C until use. For RNA extraction, tissues were then homogenised
in lysing beads matrix D tube (MP Biomedicals, Germany) with
lysis buffer (guanidine isothiocyanate + 1% B-mercaptoethanol)
using Precellys® Evolution homogeniser (Bertin Technologies,
France). The program included two 10-s cycles at 10,000 rpm,
separated by a 10-min standby time in ice. The successive
purification and centrifugation steps, comprising genomic DNA
removing step with gDNA eliminator spin column, were carried
out in accordance with the recommendations of the Qiawave
RNA plus Mini kit (Qiagen, France). The RNA quality and
concentration were verified with the NanoPhotometer® N60
(IMPLEN, Germany) checking the 260/280 nm and 260/230 nm
ratios and with 1% agarose gel electrophoresis examining 28S
and 18S RNA integrity. Reverse transcription of RNA (1 pg) into
cDNA was performed with the IScript™ Reverse Transcription
Supermix (Bio-Rad, USA) on a C1000 thermal cycler (Bio-Rad,
USA) with the following program: 5 min at 25 °C, 20 min at 46
°C and 1 min at 95 °C. The cDNAs were diluted tenfold and
stored at —80 °C before analysis.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed using a
QuantStudio™ 5 device (Applied Biosystems, Thermo Fisher
Scientific, USA) in 384-well plates, with 1 pL of cDNA mixed with
1Q SybrGreen Supermix (Bio-Rad, USA) and primers in a final
volume of 5 pL. The sequences of the primers used are given in
Table S1. Specific gene amplification was verified by evaluation
of the PCR product melting curve and qPCR data were analysed
with LinRegPCR v2016 to get the starting concentration (NO)
expressed in arbitrary fluorescence units per sample: NO =
threshold/Eff mean® (Eff mean: mean PCR efficiency; Cq:
quantification cycle). The relative level of expression of the
analysed gene was normalised using two reference genes:
Ribosomal Protein Lateral Stalk Subunit PO (RPLPO) and
hypoxanthine phosphoribosyltransferase (Hprt).

Faecal lysozyme activity and lipocalin-2 level

Environmental Science: Nano., 2025, 00, 1-3 | 3
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Faecal waters were prepared in 0.5 mL of phosphate-buffered
saline (PBS) supplemented with a protease inhibitor cocktail
(cOmplete™, Roche, Switzerland). Faeces (40-50 mg) were
grinded in tubes containing 5 mm glass beads (Sigma-Aldrich,
USA) using FastPrep-24™ (MP Biomedicals, Germany) during 3
cycles of 30 s at 6 m/s with 1-min breaks. After centrifugation
for 10 min at 12,000g at 4 °C, supernatants were collected and
kept at -80 °C until use. Lysozyme enzymatic activity in faecal
samples was assessed using the EnzCheck™ Lysozyme Assay Kit
(Invitrogen, Thermo Fisher Scientific, USA) and levels of
lipocalin-2 (LCN-2) were measured using the mouse LCN-2
DuoSet ELISA kit (R&D Systems, Bio-techne, USA). Protein
concentrations were determined colorimetrically using the
Pierce™ BCA Protein Assay Kit (Pierce, Thermo Fisher Scientific,
USA). Kits were used referring to supplier instructions and
measurements were achieved on a SPARK® 10M microplate
reader (TECAN, Switzerland). All values were normalised
according to total protein content.

Mucus thickness in the colon

Samples from faeces-containing distal colon were stored in
Carnoy's fixative (60% (v/v) ethanol, 30% (v/v) chloroform, 10%
(v/v) glacial acetic acid) overnight. Tissues were subsequently
dehydrated using a Thermo Scientific™ Excelsior™ ES tissue
processor (Thermo Fisher Scientific, USA) using the following
sequential program: 2 x 60 min anhydrous ethanol, 2 x 60 min
butanol, 480 min butanol and 3 x 80 min paraffin at 60 °C. Tissue
samples were embedded in paraffin blocks using a HistoStar™
Embedding Workstation (Thermo Fisher Scientific, USA). 5-um
thick cross sections were prepared using a Microm™ HM 340E
microtome (Thermo Fisher Scientific, USA) and deposited on
slides (Thermo Scientific Menzel-Glaser Superfrost®, Thermo
Fisher Scientific, USA). Sections were deparaffinised and stained
with haematoxylin/eosin and Alcian blue, as previously
described 34 Samples were then mounted with Diamount
mounting medium (DiaPath, Italy) and dried 12 h before first
observations. A representative section per animal was analysed
and images were obtained using a NanoZoomer HT slide
scanner (TRIGenotoul Imaging Platform, INRAE Auzeville
Campus) with a 200x magnification objective. Mucus thickness
was measured all around the longitudinal section of the full
distal colon with a 100-um step (corresponding to
approximately 60 measurements) using Fiji software 3°.

O-glycosylation of mucins in the colon

Colonic mucosa was gently scraped and solubilised in an
extraction buffer containing 4 M guanidine chloride, 5 mM
EDTA, 10 mM benzamidine, 5 mM N-ethylmaleimide, 0.1
mg/mL trypsin inhibitor, and 1 mM phenylmethanesulfonyl
fluoride. The mucin-rich solution was then subjected to
isopycnic  density-gradient ultracentrifugation (Beckman
Coulter LE8OK ultracentrifuge; 70.1 Ti rotor, 417,600g, 15 °C,
72 h). Fractions containing mucins were pooled, dialysed
against water, and lyophilised. Purified mucins were subjected
to B-elimination under reductive conditions (0.1 M NaOH or
KOH, 1 M NaBH; or KBHs, 24h, 45°C). The resulting
oligosaccharide-alditol mixtures were purified using a cation

4 | Environ. Sci: Nano., 2025, 00, 1-3
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exchange resin (Dowex 50 x 2, 200-400 mesh, H* form), Rurified
glycans were permethylated under anhyBF8US ¢8AURRENE UXiRE
200 pL dimethyl sulfoxide, 300 pL iodomethane, and freshly
powdered NaOH for 2 h at room temperature. The reaction was
stopped by adding 1 mL acetic acid (5% (v/v)), followed by
further purification on a C18 Sep-Pak column (Oasis HLB,
Waters, USA). Permethylated oligosaccharides were analysed
by matrix-assisted laser desorption ionisation-time of flight
(MALDI-TOF/TOF) mass spectrometry (Analyzer 4800, Applied
Biosystems/MDS Sciex), using 2,5-dihydroxybenzoic acid (DHB)
as matrix. Samples were dissolved in 50:50 methanol/water and
spotted onto the MALDI target. O-glycan profiles were
expressed as the relative percentage of each oligosaccharide
species, calculated from peak integration of the MS spectra.

Oral Glucose Tolerance Test (OGTT)

OGTTs were performed in the second series of experiments in
mice, fed a Western Diet (WD) and fasted for 6 h during
daylight. Oral gavage was performed with glucose (2 mg glucose
per g of body weight). Blood glucose levels were monitored
from tail vein blood using a glucose meter (Accu-Chek®
Performa) at baseline (0 min), 15, 30, 60, 90, and 120 min after
gavage.

Hepatic lipid accumulation

Liver samples were embedded in Neg-50™ Frozen Section
Medium (Epredia, USA) and cryosectioned using a Leica
CM1900 cryostat (Microm HM550, MM France). The chamber
temperature was maintained at -17°C, and the blade
temperature at =11 °C. Three serial sections of 9-um thickness
were obtained, mounted on Superfrost™ glass slides (Thermo
Scientific, USA), and air-dried for one hour. Slides were then
fixed in 4% (v/v) formaldehyde for 15 min, followed by a 20-s
rinse in phosphate-buffered saline (PBS), and a second 20-s
wash in 30% (v/v) isopropanol (Sigma-Aldrich, USA).
Subsequently, the slides were incubated for 10 min in an Qil Red
O solution (Sigma-Aldrich, USA) to stain the neutral lipids, and
briefly rinsed in 30% isopropanol for 35 s to remove the excess
stain. Nuclear counterstaining was performed using Harris’
haematoxylin (Sigma-Aldrich, USA) for 30 s, followed by a 10-
min rinse under running tap water. Finally, slides were mounted
with Aquatex® mounting medium and allowed to dry for one
week. Stained slides were digitised using a NanoZoomer digital
pathology scanner (Hamamatsu, Shizuoka, Japan) and
visualised with the NDP.view2 software (Hamamatsu). Digital
images were analysed using ImagelJ software, incorporating the
YiQ Color Transformer plugin
(https://imagej.net/ij/plugins/color-transforms.html). For each
slide, five representative fields were selected at x20
magnification to reflect the overall tissue architecture. The
images were processed using the YIQ transformation to
enhance the detection of lipid droplets, allowing for accurate
guantification of the lipid-stained area. This method made it
possible to determine the percentage of area occupied by lipid
droplets, and to estimate their number and size in different size
categories. Particular emphasis was placed on the 5-10 um, 10—
15 um, and 15-30 um categories.

This journal is © The Royal Society of Chemistry 20xx
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Gut microbiota composition characterisation and statistical
analysis

Bacterial and fungal gut microbiota were analysed using 16S
rRNA gene and ITS2 amplicon sequencing, respectively. The
genomic DNA present in the faeces was extracted as previously
described 3%, The integrity and concentration of extracted DNA
were verified by NanoDrop® spectrometry. Microbial diversity
was determined for each sample by targeting part of ribosomal
genes. A 16S rRNA gene fragment comprising V3 and V4
hypervariable regions was amplified using an optimised and
standardised  16S-amplicon-library  preparation protocol
(@Bridge, INRAE, Jouy en Josas, France). Briefly, 16S rRNA gene
PCR was carried out using 5 ng of genomic DNA according to
Metabiote® protocol (or maximal of DNA volume) instructions
using 192 bar-coded primers at final concentrations of 0.2 uM
and an annealing temperature of 50 °C for 30 cycles. A similar
approach was performed for the fungal faecal microbiota using
the primers ITS2 (sense) 5'-GTGARTCATCGAATCTTT-3' and
(antisense) 5'-GATATGCTTAAGTTCAGCGGGT-3' (Metabiote®
MiSeq Primers, GenoScreen, Lille, France). PCR products were
cleaned up with an Agencourt AMPure XP-PCR Purification
system (Beckman Coulter, Brea, USA), quantified according to
the manufacturer's protocol, and multiplexed at equal
concentrations. Sequencing was performed using a 250-bp
paired-end sequencing protocol on the lllumina MiSeq platform
(lMlumina, San Diego, USA). For 16S, raw paired-end reads were
subjected to the following process: (1) quality filtering with the
PRINSEQ-lite PERL script 37 by truncation of bases from the 3’
end not with quality <30 based on the Phred algorithm, (2)
paired-end read assembly using FLASH 38 with a minimum
length overlap of 30 bases and 97% overlap identity and (3) the
search and removal of both forward and reverse primer
sequences using CutAdapt, with no mismatches allowed in
primer sequences. Assembled sequences for which perfect
forward and reverse primers were not found were eliminated.
Chimera sequences were removed using vsearch and uchime
33,40 Readings were grouped into amplicon sequence variants
(ASVs) at 97% identity level using the Galaxy tool for 16S
sequences 4%, Each OTU was assigned to a different taxonomic
level (from phylum to species) using the Silva database and the
RDP classifier for the bacterial microbiota 42. For ITS sequences,
the dedicated FROGS pipeline 4143 for sequence quality control,
filtering and affiliation of taxa with the UNITE ITS database
(version 8_3) #* was used. Statistical analysis of 16S and ITS
sequence data from the microbial communities was performed
using R software (R Core Team, 2015, R Foundation for
Statistical Computing, Vienna, Austria). Alpha diversity was
estimated using the Shannon index or the observed number of
species. Beta diversity was measured by a Jaccard distance
matrix and used to construct principal coordinate analysis
(PCoA) plots. After rarefaction of all the sequences at equal
sampling depths, abundances of all the families were calculated
by aggregating the ASVs assigned to these families. The level of
significance was set at a p-value <0.05. To identify bacterial and
fungal taxa differentially represented among the studied groups
at different taxonomic levels (genus or higher level), linear

This journal is © The Royal Society of Chemistry 20xx

discriminant analysis coupled with effect size (LEfSe) owas
applied %°. DOI: 10.1039/D5EN008668B

NMR metabolomics on caecal contents

Caecal samples were freeze-dried, and extracted as previously
described #¢ with some modifications. Sample aliquots of 5 mg
were mixed with 500 pL of the extraction solvent (MeOH/H,O0;
2:1; v/v), vortexed for 10 min, and centrifuged (10 min, 4 °C,
15,000g). Supernatants were collected. Remaining pellets were
extracted again with 500 pL of solvent extraction, vortexed for
10 min, re-centrifuged (10 min, 4 °C, 15,000g) and supernatants
were collected. Supernatants obtained from the two runs of
extraction were pooled and centrifuged (10 min, 4 °C, 15,000g).
Supernatants were collected and dried under vacuum.

Dried residues were dissolved in 270 uL of a deuterated buffer
(0.2 M potassium phosphate buffer, pH 7.0, prepared in
deuterium oxide and containing an external reference (3-
trimethylsilylpropionic acid; TSP) at 0.2 mM) for the proton
NMR analysis. Samples were then vortexed and centrifuged (15
min, 4 °C, 2 800 g). Quality controls (QC) samples were prepared
with 20 pL of each sample. 200 pL of supernatants were
transferred into 3 mm NMR tubes.

Proton NMR spectra were obtained at 300 K on a Bruker Avance
11 HD 600 MHz NMR spectrometer (Bruker Biospin, Germany),
operating at 600.13 MHz for 1H resonance frequency using an
inverse detection 5 mm 1H-13C-15N-31P cryoprobe attached to
a Cryoplatform (the preamplifier unit). “Tuning” and
“matching” of the probe, lock, shims tuning, pulse (90°) and gain
computation are automatically performed for each sample. 1H
NMR spectra were acquired using the 1D NOESY experiment
with presaturation for water suppression (noesyprld), with a
mixing time of 100 ms. A total of 256 transients were collected
into 64k data points using a spectral width of 20 ppm, a
relaxation delay of 5 s and an acquisition time of 2.72 s. Prior to
Fourier transform, an exponential line broadening function of
0.3 Hz was applied to the FID. All NMR spectra were phase- and
baseline-corrected and referenced to the chemical shift of TSP
(0 ppm) using Topspin (V3.2, Bruker Biospin, Germany).

NMR spectra were then divided into fixed-size buckets (0.01
ppm) between 10.0 and 0.5 ppm using the AMIX software
(v3.9.15, Bruker), and area under the curve was calculated for
each bucket (integration). The regions including residual water
(5.2-4.4 ppm) were removed. Preprocessed data were then
exported into Excel files. Multivariate and statistical analyses
are detailed in the Supplementary Material.

Statistical analysis

Data are expressed as the mean + standard error of the mean
(SEM). Statistical processing was performed using GraphPad
Prism, version 10.5.0 for Windows (GraphPad Software, USA).
The homogeneity of variances (Bartlett's test) was verified to
determine which analyses (parametric or non-parametric) were
required. When the homogeneity of variances was validated, a
one-way ANOVA was performed with a Tukey post-test.
Otherwise, a Kruskal-Wallis test was carried out with a Dunn
post-test. The differences considered statistically
significant for a p-value<0.05.

were
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Figure 1. Experimental exposure design and physicochemical properties of NPLs. (A) Schematic representation of the timeline of
the experimental procedure (B) Scheme of fit-for-purpose gold-labelled PS-NPLs (C) Scanning Electron Microscopy (SEM) image of
PS-NPLs (D) Histogram of size distribution of PS-NPLs. Data are represented as the mean + SEM.

Results

PS-NPLs are sub-micrometric, gold-labelled and monodisperse

A fit-for-purpose gold-labelled PS-NPL model was used. As
illustrated in Figure 1B, PS-NPLs were synthesised by aqueous
emulsion polymerisation of styrene onto a gold—silica core—
shell nanoparticles, enabling polystyrene grafting and allowing
precise particle tracking within the organism. The thickness of
the polystyrene layer was adjusted so that the presence of the
gold core did not significantly affect the overall density of the
final nanoplastics, ensuring that their density did not exceed
that of bulk polystyrene by more than 10 %. The size and the
morphology of the synthesised PS-NPLs were characterised by
Scanning Electron Microscopy (SEM) (Fig. 1C). The particles
observed via electron microscopy exhibited a spherical
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morphology, with an average core diameter of 580 + 6 nm (Fig.
1C and 1D). The presence of a gold core was confirmed in 94%
of the PS-NPLs, with an average of one gold nanoparticle per PS-
NPL. Dynamic Light Scattering (DLS) measurements showed a
hydrodynamic diameter of 595 + 8 nm and a low polydispersity
index (PDI) of 0.076 + 0.048. As expected, the hydrodynamic
diameter measured by DLS was slightly larger than the size
determined by electron microscopy, due to the contribution of
the solvation layer in aqueous suspension. Furthermore, zeta
potential analysis revealed that the PS-NPLs carried a negative
surface charge (-31.9 + 0.6 mV). The low PDI measured by DLS
and the results of zeta potential corroborate the high colloidal
stability of the PS-NPLs in aqueous dispersion, suggesting that
they are likely to remain dispersed under exposure conditions,
such as in bottled water experiments.
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Figure 2. Impact of PS-NPL
exposure on the weight gain and
food intake in mice under chow
and Western diets. (A-D) Body
weight gain in mice fed a chow diet

E 2 2 2
£ g 2 =

Weight gain D90 (%)

[ — T T T T T 11
G 10 20 30 40 50 60 70 80 %0
Day of exposure to NPLs

E F

A ANy

—
ol nd ag 2

A @ N

I HMFT S

Do
= CD01
-+ CD1
=+ CDI0

Food intake (g/mouse/w eek)

Tiood intake (gimousciweok)
.

010 20 30 40 S0 60 F0 80 90
Day of cxposure to NPLs

(CD) (A, B) or a Western diet (WD)
(C, D) during (A, C) and at the end of
the exposure period (B, D). (E-F)
Food intake in CD-fed (E) and WD-
fed (F) mice throughout the
exposure. Data are expressed as the

W mean + SEM. n = 12 per group.* p <

= WDl
= WD 10

0.05 vs. WDO group.

s S e N ]
0 10 20 30 40 50 G0 70 80 %0
Day of exposure to NPLs

6 | Environ. Sci: Nano., 2025, 00, 1-3

—T T T T T T T T
¢ 10 20 30 40 50 60 T B %0
Day of exposure ta N1'Ls

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5en00866b

oNOYTULT D WN =

R
(9]
cence

wm\fh% aficldistedhbed urither € Rative Sorfindis Kﬂrﬁf)’mﬁngoﬂn&rté [k

o uUuubdsDDSSDS SN OReNRCeEssAriislalPUlishedon 34 RRvembry 2025 Pewnigaded o 3Q 1L, 202523.46:27
SN PWN=2SOH»I O D

Environmental-Science: Nano

Low-dose PS-NPL exposure affects mice weight gain under both
CD and WD conditions

As shown in Fig. 2, the weight gain of animals relative to their
initial body weight was monitored throughout the exposure
period (Fig. 2A and 2C for CD and WD conditions, respectively),
and the final weight gain at the end of the exposure period was

calculated (Fig. 2B and 2D for CD and WD .ganditions,
respectively). Interestingly, for CD-fed midel0alGrandEtEnares
increased weight gain was observed for NPL-exposed animals,
particularly in the CD0.1 group compared to the CDO control
group (Fig. 2A), although this difference did not reach statistical
significance, even after 90 days of exposure (p=0.0886) (Fig. 2B).

Table 1. Water intake and actual exposure doses during the exposure period.

Group  PS-NPL concentration in Water intake Actual exposure
feeding bottles (mg/mL)  (mL/mouse/week) dose (mg/kg
bw/day)
CDO 0 304+13 0
CDO.1 0.000625 29.5+1.2 0.09£0.01
CcD1 0.00625 32215 0.99+0.13
CD10 0.0625 32.1+1.6 9.76 £ 0.89
WDO 0 279+1.1 0
WDO0.1 0.000625 - 0.001* 24.8+0.6 0.08 £ 0.02
WwD1 0.00625 - 0.01* 26.8+0.8 0.87 £0.08
WD10 0.0625-0.1* 27.3+0.8 8.90+1.21

Specifically, the mean weight gain in the CDO0.1 group was
30.4 £ 1.9%, whereas it was 25.3+1.5% in the CDO group.
Regarding the effect of NPL exposure on WD-fed mice, a
significant increase in weight gain (p<0.05) was observed in the
WD1 group compared to the WDO control group at the end of
the exposure period (Fig. 2C and 2D). Interestingly, under both
dietary models (CD or WD), this weight gain effect was not
observed at the highest exposure dose (10 mg kg bw/day).
Importantly, the increased weight gain observed at the end of
the exposure period could not be attributed to increased food
intake, as no significant differences related to PS-NPL exposure
were detected in food consumption under either dietary
condition (Fig. 2E and 2F for CD and WD conditions,
respectively). Similarly, water intake remained unchanged
across groups and confirmed that the actual exposure doses
were consistent with the theoretical doses (Table 1).

Biodistribution of PS-NPLs in the whole organism shows no
evidence of translocation or systemic passage under both CD and
WD conditions

To investigate the biodistribution of PS-NPLs following oral

exposure, the amount of NPL per tissue was determined by ICP-
MS thanks to the gold signature associated with our NPL
models. Quantification of PS-NPLs per gram of tissue was made
possible thanks to Single Particle (SP)-ICP-MS analysis (Fig. S1),
which provided the gold mass per single PS-NPL (0.92 fg Au/PS-
NPL). No PS-NPLs were detected in any organs or digestive
contents at the lower exposure doses (0.1 and 1 mg/kg/day)
under either dietary condition (CD and WD). PS-NPLs were only
detected in the digestive contents throughout the digestive
tract (stomach, small intestine, caecum and faeces) at the
highest exposure dose under CD (Fig. 3A) or WD (Fig. 3B)
conditions. No PS-NPLs were detected in intestinal tissues or
peripheral organs analysed such as the brain, spleen, kidneys,
liver, and testes (data not shown). It is worth noting that a
significantly higher quantity of nanoplastics appeared to be

This journal is © The Royal Society of Chemistry 20xx

detected in the caecum and faeces of exposed WD-fed mice
compared to exposed CD-fed mice. Notably, a significantly
greater quantity of nanoplastics was detected in the caecum
and faeces of exposed mice fed the WD10 (1921.0 + 284.4 ng
PS-NPLs/g dry mass and 2412.0 £ 396.7 ng PS-NPLs/g dry mass,
respectively) compared to those fed the CD (261.6 + 20.60 ng
PS-NPLs/g dry mass and 308.6 + 19.546 ng PS-NPLs/g dry mass,
respectively).
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Figure 3. Intra-luminal distribution of PS-NPLs throughout the
gastrointestinal tract in mice exposed to the highest dose, as
determined by ICP-MS analysis. (A-B) Biodistribution of NPLs in the
intestinal content of CD10 (A) and WD (B) groups. LOQ(sample) = 20.4
ng PS-NPLs/g dry mass. Data are expressed as mean = SEM; n = 12
per group. *** p <0.001, **** p < 0.0001.

Low-dose PS-NPL exposure induces changes in tight junction-
related gene expression in the jejunum without affecting overall
gut permeability

In vivo intestinal permeability was not significantly altered
following sub-chronic exposure to PS-NPLs for CD- and WD-fed

Environmental Science: Nano., 2025, 00, 1-3 | 7
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mice whatever the dose administered (Fig. S2A and S2B,
respectively). This finding is consistent with serum LBP levels,
which also remained unchanged after exposure (Fig. S2C and
S2D for CD and WD conditions, respectively). Despite there
being no changes in functional parameters reflective of total gut
paracellular permeability, alterations in the expression of tight
junction genes in the jejunum were detected in animals
exposed to PS-NPLs under both dietary conditions at the end of
the exposure period. For CD-fed mice, in the lowest-dose group
(CDO0.1), a significant decrease in the expression of ZO1 (p<0.05;
Fig. 4A), JamA (p<0.0001; Fig. 4C), and Cldn2 (p<0.05; Fig. 4E)
was observed. In WD-fed mice, changes in gene expression
were also detected: Cldn2 expression was altered at the lowest
dose (WDO0.1) (p=0.0759; Fig. 2F), while a significant increase in
Cldn5 expression was noted in the WD1 group (p<0.05; Fig. 2H).
These findings suggest that, while no measurable global
changes in gut paracellular permeability were observed, PS-NPL
exposure caused subtle local alterations at the intestinal
epithelium cell level.

Low-dose PS-NPL exposure impairs colonic mucus quality without
altering its quantity

To overcome the limitations of conventional mucus-related
histological analyses, which often rely on single microscopic
snapshots that may fail to capture the full heterogeneity of the
colonic mucus barrier architecture, Kamphuis and colleagues 34
and later Gillois and colleagues 47 developed and optimised a
method for such more comprehensive assessment. Building on
this methodology, we investigated the faecal mucus layer in the
distal colon, using representative longitudinal sections (Fig. 5A
and 5C for CD and WD conditions, respectively). We quantified
the average mucus thickness, and it remained unchanged
across CD and WD conditions, regardless of the dose
administered (Fig. 5B and 5D, respectively). However,
alterations in mucus-related gene expression were observed.
Under CD conditions, PS-NPL exposure led to a significantly
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increased Muc2 expression in the CDO0.1 (p<0.0%),and,.CP10
(p<0.05) groups compared to the CDO ghélip {RiZI5GENAONGHR
fed mice, a significant increase (p<0.05) in Mucl expression was
observed in the WDO0.1 and WD1 groups compared to the WDO
group (Fig. 5F). Similarly, a significantly increased expression of
Klf4 transcription factor, involved in goblet cell differentiation?s,
was observed in the WDO0.1 (p<0.01) and WD1 (p<0.05) groups
compared to the WDO group (Fig. 5J). Although the coverage
thickness of colonic mucus is essential, its ‘quality’, as
determined by mucin O-glycosylation patterns, is equally
critical. Therefore, we analysed and compared the abundance
of neutral, sulphated, fucosylated and sialylated O-glycans in
the colon of PS-NPL-exposed mice under both CD and WD
conditions. In both CD- (Fig. 5K) and WD-fed (Fig. 5L) mice, only
low-dose exposure (0.1 mg/kg bw/day) consistently triggered a
consistent twofold increase (p<0.001) in mucin sialylation
levels, concurrently with a reduction in neutral glycan content.
These findings suggest a compensatory glycosylation response
to PS-NPL exposure, which is possibly aimed at preserving
barrier function under xenobiotic stress.

Low-dose PS-NPL exposure compromises colonic barrier defence,
with effects modulated by dietary condition

As key indicators of mucosal antimicrobial defence and
inflammation 4°°0, lysozyme and lipocalin-2 were jointly
measured to further characterise colonic barrier integrity and
its disruption in response to diet and/or PS-NPL exposure. First,
Lyz gene expression was analysed in the colon of exposed mice
at the end of the exposure period. Significant alterations were
observed under both dietary conditions. A decrease in Lyz
expression was detected in the CDO.1 (p<0.05) and CD1
(p<0.001) groups (Fig. 6A) compared to the CDO group, whereas
an increase was observed in the WD1 (p<0.05) group (Fig. 6B)
compared to the WDO group. To determine whether these
transcriptional changes had functional consequences, the
faecal lysozyme enzymatic activity was measured.
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Figure 5. Impact of PS-NPL exposure on colonic mucus at the end of the exposure period. (A, C) Representative Alcian Blue-
stained longitudinal sections of the colon from CD-fed (A) and WD-fed (C) mice. Mucus thickness for CD-fed (B) or WD-fed (D)
mice, exposed to the three PS-NPL doses, compared to the CDO or WDO group. (E-J) Relative expression of mucus-related genes
in the colon of CD-fed (E, G, 1) or WD-fed (F, H, J) mice, exposed to the three PS-NPL doses, compared to the CDO or WDO group.
(K-L) Relative level of expression of mucin-O-glycans in the colon of CD- (K) or WD-fed (L) mice. Data are expressed as the mean ¢
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SEM. Values are normalised to the diet-matched control (CDO or WDO). n = 12 per group. *p < 0.05, ** p <0.01, ***p < 0,001 vs_

respective CDO or WDO group.

Despite the dysregulation at the gene level, no significant
changes in lysozyme activity were observed in the CDO.1 and
CD1 groups (Fig. 6C). In contrast, a significant decrease in
activity (p<0.05) was detected in the WD groups, with a
reduction of 47% and 41% in the WD1 and WD10 groups,
respectively, compared to the WDO group (Fig. 6D). These
results suggest that PS-NPL exposure under nutritional stress
conditions may impair the

antimicrobial defence of the gut barrier. To complement these
findings, the faecal concentration of lipocalin-2 was measured.
A trend of decrease (p=0.0584) was observed in the CDO.1

B C

104

Relative Lyz mRNA level
Relative Ly mRNA level

Relative lysozyme activity

DOI: 10.1039/D5EN00866B

group compared to the CDO group (Fig. 6E), whereas a
significant increase (p<0.05) was detected in the WD1 group
relative to the WDO group (Fig. 6F). Despite these alterations in
faecal lysozyme and lipocalin-2, no significant changes were
observed in faecal IgA levels (Fig. S3A and S3B). Similarly, the
expression of pro-inflammatory cytokine genes such as Tnfa
and //18 remained unchanged by PS-NPL exposure (Fig S3C-F).
Nevertheless, these results collectively advocate that exposure
to PS-NPL promotes colonic low-grade inflammation and alters
the barrier defence mechanisms to some extent, depending on
dietary condition.
*
D i
* Figure 6. Impact of PS-NPL
exposure on colonic barrier
L defence in CD- and WD-fed mice:
lysozyme gene expression, faecal
lysozyme activity, and faecal
lipocalin-2 levels at the end of the
exposure period. (A—B) Relative
P expression of Lyz gene in the
v

A
1.04 A

0.5 i

Relative lysozyme activity

61 *

=
-

0.0584

Relative faecal lipocalin-2 level
Relative faecal lipocalin-2 level
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L QT )
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Low-dose PS-NPL exposure alters glucose metabolism in WD-fed
mice and induces hepatic lipid accumulation independently of
dietary condition

In view of the well-established impact of WD on glucose
intolerance®! we focused our analysis on glucose metabolism
using an Oral Glucose Tolerance Test (OGTT) specifically in WD-
fed mice. Interestingly, exacerbated diet-induced glucose
intolerance was significantly (p<0.05) observed in the WD1
group compared to the WDO group (Fig. 7A and 7B). Specifically,
the area under the curve (AUC) increased by 17.5+6.5%
between the WDO and WD1 groups, suggesting a synergistic
effect between nutritional stress and PS-NPL exposure at this
dose.

We next investigated the hepatotoxicity of PS-NPLs in mice
under both diet conditions. Using Oil-Red-O staining, we
revealed an accumulation of lipid droplets in the liver due to PS-
NPL exposure, as illustrated in the histological images (Fig. 7C-
F), with a marked effect in the CD0.1 and WD1 groups. In fact,
the percentage of surface area occupied by lipid droplets was

10 | Environ. Sci: Nano., 2025, 00, 1-3

colon compared to CDO (A) or
WDO (B) group. (C-D)
lysozyme activity in CD-fed (C) and
WD-fed (D) mice. (E-F) Faecal
lipocalin-2 level in CD-fed (E) and
WD-fed (F) Data
expressed as the mean + SEM.

Faecal

mice. are
Values are normalised to the diet-
matched control (CDO or WDO). n
= 12 per group.* p < 0.05, ***
p<0.001 vs. respective CDO or
WDO group.

significantly increased (p<0.05) in the CD0.1 group compared to
the CDO group, 1.0 £ 0.26 % vs. 2.75 + 0.54% of surface area,
respectively (Fig. 7G). An increase in this percentage was also
observed in the WD1 group compared to the WDO group but
without reaching significance (21.4 + 1.8% vs. 15.4 + 3.0% of
surface area; Fig. 7H).

In light of these findings, we further analysed the size
distribution of lipid droplets (Fig. 71) and then focused on three
size categories 5-10 um, 10-15 pm and 15-30 um. Interestingly,
in the lowest dose group CDO0.1, a significant increase in the
proportion of lipid droplets sized 5-10 um (p<0.05) (Fig. 7J), 10-
15 um (p<0.05) (Fig. 7L), and 15-30 um (p<0.05) (Fig. 7N) was
observed. Similarly, in WD-fed mice, increases were noted in
the proportions of 10-15 um (p<0.05) (Fig. 7M) and 15-30 um
lipid droplets (p=0.0767) (Fig. 70). These results demonstrate
that PS-NPL exposure impacts hepatic lipid accumulation
evidenced by an increase in droplet size. Biochemistry analysis
was performed on plasma lipids, with cholesterol and
triglycerides (TG) levels being measured. In CD-fed mice, a dose-

This journal is © The Royal Society of Chemistry 20xx
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distribution (1) and relative proportion of droplets measuring 5-10 pum (J-K), 10-15 pm (L-M), and 15-30 pm (N-O) in.GR-fed-and
WD-fed mice compared to the CDO and WDO groups, respectively. Data are expressed as mean + SEM. (J-0)NRlJ8s a7/ Rarialiséed
to the diet-matched control (CDO or WDO0). n = 12 per group.* p < 0.05 vs. respective CDO or WDO group.

compared to the WDO group (Fig. S4B). triglycerides (TG) levels
being measured. In CD-fed mice, a dose-dependent trend
towards increased plasma TG levels was observed (Fig. S4A), as
well as a trend towards increased cholesterol level (p=0.0845)
only at the lowest dose of exposure (CDO.1 group) (Fig. S4C)
compared to the CDO group. Concerning the WD-fed mice, a
trend towards increased plasma TG levels (p=0.1192) was only
observed in the WD1 group compared to the WDO group (Fig.
S4B).

lipid droplets (p=0.0767) (Fig. 70). These results demonstrate
that PS-NPL exposure impacts hepatic lipid accumulation
evidenced by an increase in droplet size.Biochemistry analysis
was performed on plasma lipids, with cholesterol and

At the molecular level, there was an up-regulation of the Cd36
gene expression in the liver, involved in the lipid transport in the
CDO0.1 (p<0.01) compared to the CDO group (Fig. S4E). Of
particular interest, there was also a significant increase in the
expression of the Cyp2b10 gene, involved in the metabolism of
xenobiotics in the CDO.1 (p<0.05) and WD1 (p<0.01) groups
compared to the CDO and WDO groups, respectively (Fig. S4G
and S4H, respectively). These findings further support the
disruption of liver metabolic function after PS-NPL exposure,
regardless of diet.

Low-dose PS-NPL exposure alters bacterial and fungal gut
microbiota composition, with effects modulated by dietary
condition

To examine the effects of PS-NPL exposure on the gut
microbiota, we analysed modifications of the bacterial and
fungal communities using 16S and ITS2 metabarcoding,
respectively. A global analysis of bacterial and fungal microbiota
at the different PS-NPL doses under either CD or WD showed
significant effects only at the lowest dose: 0.1 mg/kg bw/day
(Fig. 8, Fig. 9 and Fig. S5 and S6).

Under CD condition, PS-NPL exposure strongly altered the
bacterial microbiota. These changes were not visible at the
phylum level (Fig. 8A) but both alpha and beta diversity showed
significant differences between the CDO group and the
CDO.1group (Fig. 8B and C respectively). Alpha diversity was
clearly reduced in mice exposed to PS-NPLs, due partly to a
decrease in total observed ASVs (p=0.054), but also through
more complex modifications of the ecological diversity,
reflected by a significantly lower Shannon index (p<0.05) in the
CDO0.1 group compared to the CDO group (Fig 8B). Beta-diversity
PCA clustering confirmed that the microbiota was strongly
influenced by the PS-NPL exposure (p=0.0019). To identify the
specific taxa affected, we performed a differential analysis using
the Linear Discriminant Analysis Effect Size (LEfSe) bioinformatic
tool. LEfSe identified a large number of ASVs modified by PS-
NPL exposure, including an increase in Lactobacillus,
Alloprevotella and Clostridium genus in CD0.1 group while
Desulfovibrio,  Butyricicoccus, Escherichia  Shigella and
Clostridia_CG_U14 decreased compared to the CDO group (Fig.
8D-F). In contrast, fungal microbiota analysis in the same CDO0.1

12 | Environ. Sci: Nano., 2025, 00, 1-3

and CDO samples (Fig. S5), showed very little measurable
modifications following PS-NPL exposure with only a
comparable decrease in alpha diversity quantified by the
Shannon index (Fig. S5B; p=0.0063), although no ASVs could be
identified using LEfSe.

Under WD condition, PS-NPL exposure did not affect the
microbiota in the same way as under CD condition (Fig. 9).
However, the strongest effects were again observed in WD-fed
mice exposed to PS-NPLs at 0.1 mg/kg bw/day (WDO.1 group).
The reduction in alpha diversity observed in the CDO.1 group
was here partly reproduced, but only in the number of ASVs
(Fig. 9B), while beta diversity showed a clear clustering (Fig. 9C).
The LEfSe tool identified fewer discriminant ASVs, with the
genera Oscillibacter and Eubacterium diminished following PS-
NPL exposure (Fig. 9D).Fungal microbiota analysis in the same
WD condition showed a global modification of the phylum
distribution, with an increase of Basidiomycota at the expense
of Ascomycota (Fig. S6A). Although alpha diversity was
unchanged (Fig. S6B), beta diversity PCA revealed significant
clustering (Fig. S6C; p=0.01622), suggesting specific
modifications of ASVs. An increase in Xylodon and a decrease in
Samsoniella following PS-NPL exposure were identified using
LEfSe on the sequence data (Fig. S6D).

Low-dose PS-NPL exposure selectively alters caecal metabolomic
profiles under CD condition

In order to investigate the impact of PS-NPL exposure on
microbiota features in more depth, we examined the caecal
metabolic function by using proton NMR analysis under CD and
WD conditions.

Firstly, PCA was applied to all observations. Under WD
condition, no significant or valid model was found for all
exposure doses (data not shown). Under CD condition, no
discrimination between exposure doses was shown (Fig. 10A).
No significant OPLS-DA model was fitted on these four
conditions. Then, pairwise comparisons (between control and
each exposure dose) were performed. No significant or valid
model was found for the CDO/CD1 and CDO/CD10 comparisons.
A valid and robust OPLS-DA model with 1 predictive and 2
orthogonal components was constructed based on CDO and
CDO0.1 group data. This model explained 79.4% of the variability
(R2) and has a predictive ability value (Q2) of 0.455. Moreover,
p-value of the permutation test was equal to 0.01, validating the
robustness of this model. The score plot is presented in Fig. 10B,
showing a clear separation between the CDO and CDO.1 groups
along the predictive component. 36 NMR variables were found
discriminant (VIP > 1.0) and significant (FDR-corrected p-value
<= 0.05). These correspond to 10 metabolites. Intensity
variation between CDO and CDO.1 groups is presented in Fig.
10C-I. A significant reduction in the intensities of bile acids (Fig.
10C), propionate (Fig. 10D), 5-aminovalerate (Fig. 10F) and
lysine (Fig. 101) was observed in the CD0.1 group compared to
the CDO group. Conversely, lactate (Fig. 10E), glucose (Fig. 10G)
and serine (Fig. 10H) showed increased intensities following PS-

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Impact of low-dose PS-NPL exposure on the bacterial CD-fed mice gut composition. (A) Microbiota analysis at the phylum level
in the faeces of CDO and CDO0.1 mice. (B) Observed richness and Shannon index describing the alpha diversity based on 16S, V3-V4
amplicon sequencing of the faecal bacterial microbiota of CD0.1 mice compared to CDO mice. (C) Beta diversity illustrated by PCoA of
Jaccard distance. (D) Overview of the relative abundance differences for selected taxa (orders, families and genera) in the faecal microbiota
of CDO and CDO0.1 mice. (E-F) Differences in the relative abundance of selected bacterial genera in the faecal microbiota.
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Discussion

Plastic pollution is now widely recognised as a global
environmental and health concern. Numerous studies over the
past decade have highlighted the toxicity of plastic debris to
living organisms >2. Nanoplastics (NPLs; <1 um) are of particular
concern due to their ability to cross biological barriers and reach
systemic circulation. They have been detected in various dietary
sources, including drinking water and beverages, raising
questions about chronic oral exposure in the general population
53, Since oral ingestion appears to be a major route of exposure
to NPLs, the gastrointestinal tract constitutes the first barrier in
contact with these particles 2. Therefore, studying the effects
of NPLs at the intestinal level is essential for understanding their
potential impact on human health. In this study, we evaluated
the effects of PS-NPL sub-chronic exposure (0.1, 1, and 10
mg/kg bw/day), consistent with literature-reported
concentrations 32, in C57BL/6 male mice over 90 days under
standard chow (CD) or Western diet (WD) conditions. We
focused on assessing the effects of these NPLs on intestinal

14 | Environ. Sci: Nano., 2025, 00, 1-3

barrier integrity, including mucus, and inflammatory response,
gut microbiota composition, and hepatic responses, with a
special emphasis on lipid accumulation.

An important asset of our study is the use of fit-for-purpose NPL
models, synthesised via a controlled and additive-free process.
Critically, the absence of additives or other plastic chemicals
allows us to attribute any observed effects specifically to the
polystyrene polymer itself in its particulate form, rather than to
the potentially hazardous chemicals that are often present,
albeit undisclosed, in commercial formulations 3233, Different
strategies have been developed to detect and quantify NPLs in
biological systems, including fluorescence, radiolabelling, and
metal-tagging-based approaches. While fluorescence-based
methods facilitate direct visualisation, they are prone to
artefacts such as photobleaching, autofluorescence and dye
leaching, which can compromise the accuracy of quantification
3254 Radiolabelling techniques, including the use of 8°Zr-
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Figure 10. NMR analysis of caecal content in CD-fed mice following exposure to PS-NPLs. (A) Two-dimensional PCA score plot of
integrated 1H NMR spectra of caecal extracts. Each symbol represents an observation (animal), projected onto first (horizontal
axis) and second (vertical axis) principal components. Exposure doses are shown in different colours and shapes (Control: light pink
dots, n =12; 0.1 mg/kg bw/day: pearl blue triangles, n = 12; 1 mg/kg bw/day: medium dark shade of cyan squares, n=11; 10 mg/kg
bw/day: navy crosses n =11). The black ellipse determines the 95% confidence interval, which is drawn using Hotelling's T2 statistic.
A =2 principal components, R2 = 54.0%. (B) Two-dimensional OPLS-DA score plot of integrated 1H NMR spectra of caecal extracts.
Each symbol represents an observation (animal), projected onto first (horizontal axis) and second (vertical axis) principal
components. Exposure dose vs control is shown in different colours and shapes (Control: light pink dots, n = 12; 0.1 mg/kg bw/day:
pearl blue triangles, n = 12). The black ellipse determines the 95% confidence interval, which is drawn using Hotelling's T2 statistic.
1 predictive component, 2 orthogonal components, R2 = 79.4.0%, Q2 = 0.455, permutation p-value = 0.01. (C-1) Boxplot of
intensities compared between the CDO and CDO.1 groups for metabolites found to be discriminant and significant following
statistical analyses
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labelled PS-NPLs 3 or radiolabelled monomers incorporated
during polymerisation >3, provide high sensitivity but may suffer
from isotope leakage or require specialised radiochemical
infrastructure. To further support our investigations that also
aimed to define the biolocalisation of these particles in the
body, NPLs were here labelled with a gold core, allowing high-
resolution detection through Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). To our knowledge, this is one of the first
in vivo studies to use such controlled and traceable NPL models,
providing a robust framework to assess specifically their host-
material interactions. This study demonstrates that, under
physiological conditions and in the absence of any additional
stressor beyond NPL exposure, PS-NPLs alone are sufficient to
alter the intestinal barrier, the intestinal microbiota and induce
hepatic effects, even without a pre-existing barrier dysfunction.
To further investigate the impact of a known intestinal stressor,
we also assessed the effects of PS-NPLs under a Western diet,
which is well-documented to impair gut barrier integrity >%. The
WD model was included to simulate nutritional stress closer to
Western dietary habits and was validated by physiological,
microbial and immune parameters (Fig. S7 and S8). As expected,
WDO-fed mice gained significantly more weight than CDO
controls from week two (p<0.05) (Fig. S7A) and showed
impaired glucose tolerance (p<0.0001) (OGTT, Fig. S7B and S7C).
WD induced significant intestinal inflammation, evidenced by
significantly increased faecal lipocalin-2 (p<0.01) (Fig. S7D),
elevated IgA levels (p<0.01) (Fig. S7E), and higher faecal
lysozyme activity (p<0.0001) (Fig. S7F). WD also altered the
mucus layer thickness (p<0.001) (Fig. S7G) although intestinal
permeability was only modestly affected (Fig. S7H-K). WD
consumption significantly altered both bacterial and fungal
microbiota, as evidenced by a consistent shift across all
markers, with alpha and beta diversity indexes revealing a clear
reduction in diversity and a marked clustering pattern (Fig. S8).
Metabolomic analysis of caecal contents revealed clear
separation between WDO and CDO groups, with altered levels
of key microbial metabolites such as short-chain fatty acids
(propionate, acetate, butyrate) known to be modulated by WD
(Fig. S7L-0O) . Hepatic changes included significantly increased
liver lipid droplet area (p<0.0001) and a shift across all droplet
sizes (p<0.0001 for 5-10 um and 10-15 pum and p<0.001 for 15-
30 um) for the WO group compared to the CDO group (Fig. S7P-
S).

Biodistribution analysis using ICP-MS revealed that PS-NPLs
were only detected in the intestinal contents of CD10 and WD10
mice (Fig. 3), with no measurable accumulation in analysed
peripheral organs. The PS-NPL gold-labelling approach enabled
highly sensitive and specific detection, with an instrument limit
of quantification (LOQgnstrument)) Of 37 ng Au/L, which is
comparable to that reported for palladium-doped PS-NPLs >¢. By
coupling conventional ICP-MS with SP-ICP-MS (Fig. S1),
elemental data could be converted into PS-NPL mass per gram
of digestive content, allowing a direct estimation of the actual
NPL load at different body locations and the calculation of an
equivalent sample LOQ (LOQ(sample)) Of 20.4 ng PS-NPLs/g dry
mass (for a 50-mg sample of digestive contents). This dual
approach provides both elemental sensitivity and quantitative
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accuracy, strengthening the analytical reliabiljty @f. INRL
detection in our complex biological matfritds. 1 ThisPRERRE0GE
value remains substantially lower than that reported in other
studies on NPLs using advanced detection methods. For
instance, Danquigny and colleagues reported higher LOQ in a
study involving Artemia exposed to C13-labelled PS-NPLs >’. The
absence of measurable PS-NPL accumulation in peripheral
organs (liver, spleen, kidneys, brain and testes) might suggest
limited translocation across the gut barrier for both diet
conditions. However, this possibility of translocation cannot be
fully excluded. These results are consistent with the unchanged
in vivo gut permeability data obtained using FITC-dextran (Fig.
S2) after PS-NPL exposure, although this marker reflects overall
paracellular permeability. Notably, subtle modulation of tight
junction gene expression was exclusively observed in the
jejunum (Fig. 4), with no alteration in the colon (data not
shown), suggesting segment-specific effects. Interestingly, PS-
NPL levels in distal gut segments (caecum and faeces) were
higher in the WD10 group than in the CD10 group. This
observation could be explained by the increased intestinal
transit time that is typically associated with nutritional stress
models, which are known to prolong luminal retention due to
low-fibre, high-fat/sugar content >2. This could potentially lead
to prolonged NPL retention within the gut lumen. These findings
highlight how nutritional stress models, which are known to
alter intestinal homeostasis, may influence the accumulation of
NPLs within the gut and, subsequently, their biological impact.
We observed an increase in weight gain in mice exposed to low
doses of PS-NPLs under both dietary conditions (CDO.1 and
WD1), whereas this effect was not observed at higher doses
(Fig. 2A-D). This non-monotonic response appeared across
several biological endpoints, including modulation of tight
junction gene expression only occurred in CD0.1, WDO0.1 and
WD1 groups (Fig. 4), a pattern that was mirrored in mucus-
related gene expression (Fig. 5E-J) and mucin-O-glycans (Fig. 5K-
L), lipocalin-2 level (Fig. 6E-F), and hepatic lipid droplet
distribution (Fig. 71-O). Disruption to glucose metabolism was
specific to the WD1 group (Fig. 7B). The gut microbiota further
reflected this non-monotonic pattern. Its composition showed
distinct clustering of the CDO0.1 (Fig. 8) and WDO0.1 (Fig. 9) groups
compared to CDO and WDO, respectively. There were also
differences in metabolic profiling between the CD0.1 and CDO
groups (Fig. 10). Overall, the effects of PS-NPL exposure were
predominantly observed at 0.1 mg/kg bw/day in CD-fed mice
and 1 mg/kg bw/day in WD-fed mice.

It is important to emphasise that the non-monotonic response
cannot be attributed to variations in water intake or taste
aversion, as both water intake and actual exposure doses were
monitored. A plausible explanation lies in the behaviour and
physicochemical transformations of PS-NPLs within the
digestive tract, including aggregation. While PS-NPLs remain
dispersed in aqueous solutions due to their negative surface
charge and electrostatic repulsion (Table 1), complex
physicochemical conditions - such as electrolyte levels, pH,
temperature, and dietary macromolecules like proteins and
lipids - can disrupt this stability and promote aggregation *°. The
concentration of NPLs also plays a crucial role in aggregation

This journal is © The Royal Society of Chemistry 20xx
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dynamics. A study in saline medium showed that higher
concentrations increase particle-particle interactions, favouring
aggregation 0, Consequently, the larger aggregates formed
have a reduced surface area available for contact and are
therefore less likely to interact intimately with the intestinal
mucosa. In line with this, our study suggests that the highest
doses (1 and 10 mg/kg bw/day, also depending on the diet),
could generate larger PS-NPL aggregates that are more likely to
pass through the gastrointestinal tract more rapidly. This results
in limited contact and interaction with intestinal surfaces, which
could lead to attenuated biological effects. While this is
hypothetical, it aligns with literature showing that the size,
shape and surface properties of micro and nanoplastics govern
their biological impact 662, Importantly, the “critical” PS-NPL
dose was influenced by the diet, as physiological effects were
mainly observed at 0.1 mg/kg bw/day for CD and 1 mg/kg/day
for WD. This may be due to interactions between PS-NPLs and
the lipid-rich dietary matrix of WD. This dietary matrix can
influence the aggregation properties of NPLs, the composition
of their surface biocorona, and NPL-lipid interactions.
Consequently, it can affect the threshold dose of PS-NPLs
required to induce biological effects. Some studies have
reported interactions of-micro- and nano-plastics with lipids,
potentially altering their physicochemical behaviour and
biological effects 6364, Together, these findings emphasise the
importance of considering not only the dose of NPLs
administered but also their physicochemical transformations
within complex biological and nutritional contexts, in order to
fully understand their bioavailability and toxicological potential.
Tang and colleagues reported a non-monotonic response to NPL
exposure on body weight, with a significant increase observed
in the lowest-dose group (2 mg/kg bw/day), and not at higher
doses (10 or 50 mg/kg bw/day) 23. However, no explanation for
this low-dose effect was provided by the authors. This was
accompanied by the upregulation of lipogenic genes such as
Cd36, suggesting that enhanced lipid biosynthesis might
underlie the observed weight gain. Lu and colleagues also
showed that chronic exposure to 100 nm PS-NPLs (0.1 g/kg food
for 180 days) resulted in increased weight gain, hepatic lipid
accumulation and elevated triglyceride levels 3.

In addition to weight-related outcomes, metabolic disturbances
have been reported. For example, Okamura and colleagues
demonstrated that mice exposed to PS-NPLs (450-530 nm) in a
high-fat diet (HFD) context developed glucose intolerance, as
shown by iPGTT, along with increased expression of Sg/t1 in the
small intestine 6. These findings suggest that PS-NPLs may
disrupt intestinal glucose handling in the context of HFD.
Notably, glucose intolerance - also observed in our study - is an
established early marker of susceptibility to type 2 diabetes,
reinforcing the metabolic relevance of PS-NPL exposure under
nutritional stress ¢’. In parallel, these animals exhibited marked
hepatic lipid accumulation, under both control and HFD
conditions 6. These findings are in line with our study, in which
low-dose PS-NPL exposure induced increased body weight
under both CD and WD conditions, together with glucose
intolerance and elevated hepatic Cd36 expression specifically
under WD. This reinforces the relevance of considering non-

This journal is © The Royal Society of Chemistry 20xx

monotonic dose-response relationships when ewvalyating JNRL
toxicity. In addition to metabolic chariges foliéWitng NP9aGPE
exposure, we noted disruptions to hepatic lipid metabolism.
This was demonstrated by a greater proportion of liver area
occupied by lipid droplets as well as a shift in the size
distribution of these lipid droplets (Fig. 7). This is a very
innovative outcome in unravelling NPL-induced steatosis. In
addition to intestinal barrier and hepatic effects, we observed
significant alterations of the gut microbiota, in particular at
lower exposure doses. PS-NPL exposure induced a global
decrease in alpha diversity and a clear shift in beta diversity in
the CDO.1 and WDO.1 groups compared to their respective
control groups, accompanied by changes in global microbial
composition (Fig. 8 and 9). The effects observed under WD were
less pronounced than those under CD, which can be explained
by the strong impact of WD itself on the microbiota, already
exerting a marked influence on microbial ecology. This pre-
existing imbalance may saturate or constrain the microbiota’s
dynamic range, thereby limiting the detectability of additional
compositional shifts induced by PS-NPL exposure. In this sense,
NPL-induced changes might be more difficult to distinguish
against an already highly perturbed baseline. It is also
conceivable that subchronic WD exposure leads to increased
ecological resilience in microbial communities. Repeated
exposure to a diet rich in lipids and sugars exerts selective
pressure favouring taxa that can tolerate oxidative and
inflammatory environments 8%, Consequently, this adapted
microbial ecosystem may be more stable when facing new
challenges, such as PS-NPL exposure. As observed for the
microbiota composition, significant metabolomic alterations
were only detected in the CDO.1 group, with no clear changes
under WD conditions. This attenuation likely reflects the
dominant metabolic imprint of WD, which remodels gut
microbial activity to a great extent 7°. Under these conditions,
the metabolic profile may have stabilised or become saturated,
thereby masking the subtle alterations induced by PS-NPL
exposure. From the gut microbiota/mucus crosstalk
perspective, our results indicate that PS-NPL exposure was
accompanied by increases in sialylation of intestinal mucins,
suggesting an adaptive remodelling of the mucosal barrier (Fig.
5K and 5L). While enhanced sialylation may initially improve
mucus viscoelasticity and protection 7, prolonged changes in
glycosylation can disrupt host-microbe interactions and favour
dysbiosis 72. Increased sialylated substrates may benefit
sialidase-expressing bacteria such as Alloprevotella and certain
Clostridia, and indirectly Lactobacillus 7374, consistent with their
increased abundance in CDO0.1 mice. Conversely, butyrate
producers like Butyricicoccus and Eubacterium, or non-sialidase
species such as Desulfovibrio and Oscillibacter, decreased in
CDO0.1 and WDO.1 groups, possibly due to reduced ecological
advantage. As altered mucin sialylation has also been linked to
gut inflammation 7>, these findings raise concerns about long-
term intestinal health. Moreover, as a probable consequence of
gut microbiota alteration under CDO.1 condition, we observed
a reduction in caecal bile acids in CD0.1 mice (Fig. 10C). Further
analysis is needed to determine which bile acid species are
specifically affected; however, such a decrease has been
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associated with the onset of hepatic fibrosis and is known to
impact gut-liver axis signalling 76. These findings suggest that PS-
NPL-induced intestinal dysbiosis could contribute to hepatic
alterations by disrupting bile acid metabolism

Conclusions

Taken together, our findings demonstrate that low-dose
exposure to PS-NPLs can affect intestinal homeostasis, including
microbial composition, barrier function, and local immune
defence, with consequences extending to the liver. We showed
that nutritional stress modulates the effects of NPLs,
particularly in terms of the dose required to elicit biological
changes. A key limitation of this study is that it only used male
mice, which limits the generalisability of the findings and
precludes an assessment of sex-specific responses. Indeed,
hormonal status in females is known to influence drug
metabolism 77, immune function, and gut microbiota
composition’®7%, all of which could modulate the biological
responses to NPL exposure. Moreover, the emerging evidence
of sex-dependent differences in NPL toxicity 238981 shows the
need for future studies to include both sexes in order to provide
a more comprehensive basis for human health risk assessment.
We also emphasised that assessing the biological effects of NPLs
requires consideration of their physicochemical behaviour, such
as aggregation, interaction with dietary components, and
transformation within the gastrointestinal environment.
Another important point is that PS-NPLs used in this study were
synthesised without any confounding additives. This
demonstrates that toxicological effects can arise from the
particulate form itself, in the absence of chemical substances.
This is an important step forward in addressing the critical need
to assess the health risks posed by NPLs, including human
exposure data, for both healthy and at-risk populations. Given
the prevalence of Western dietary habits, the interplay
between diet, NPLs and gut health is of particular public health
concern.
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for-purpose polystyrene nanoplastics in mice

Chloé Liebgott 2, Melanie Mobley 2, Sophie Miguel ®, Valérie Bézirard 2, Catherine Beaufrand ?, Javier Jiménez-
Lamana®, Rémi Dages?, Marie Tremblay-Franco ?, Roselyne Gautier?, Jordan Denis ¢, Renaud Léonard ¢, Grégory
Da Costa ¢, Catherine Robbe Masselot ¢, Mathias Richard 9, Cécile Canlet?, Bruno Grassl®, Stéphanie Reynaud®,
Hervé Robert?, Hélene Eutamene ? and Muriel Mercier-Bonin? +

% Toxalim, Université de Toulouse, INRAE, ENVT, El-Purpan, Toulouse, France.

b-Université de Pau et des Pays de I’Adour, E2S UPPA, CNRS, IPREM UMR 5254, Pau, France.

¢ Université de Lille, CNRS, UMR 8576-UGSF, Lille, France.

d-Université Paris-Saclay, INRAE, AgroParisTech, Micalis Institute, Jouy-en-Josas, France

1 Corresponding author: Muriel Mercier-Bonin PhD, Toxalim, UMR INRAE 1331, 180 chemin de Tournefeuille, BP 93173, 31027 TOULOUSE cedex 3,
France; Tel: +33 (0)5 82 06 64 58; E-mail: muriel.mercier-bonin@inrae.fr

Data availability statement

The data supporting this article have been included as part of the Supplementary Information.

All illustrations have been created in BioRender: Eutamene, H. (2025)


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5en00866b

