Open Access Article. Published on 01 Mmese 2025. Downloaded on 2026-03-02 15:03:22.

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

[{ec

Environmental
Science P L OVAL SOCIETY
Nano ap OF CHEMISTRY

View Article Online

View Journal | View Issue

W) Check for updates About the effects of true-to-life polyethylene
terephthalate nanoparticles on macrophagest

Cite this: Environ. Sci.. Nano, 2025,
12, 2799 o , o b . . s . d
Véronique Collin-Faure,? Aliro Villacorta,” Marianne Vitipon,® Héléne Diemer,°®

Sarah Cianférani,® Ricard Marcos, Elisabeth Darrouzet, 2
Alba Hernandez® and Thierry Rabilloud ®

Plastics are emerging pollutants of great concern. Macroplastics degrade into microplastics and
nanoplastics, which can accumulate in living organisms with still poorly known consequences. Nanoplastics
being particulate pollutants, they are handled in animal organisms by scavenger cells such as macrophages,
which are important players in the immune system. Polyethylene terephthalate is one of these plastics of
concern, as it is widely used in food packaging where it releases nanoparticles. We have thus undertaken a
study on the effects of true-to-life polyethylene terephthalate nanoparticles prepared from water bottles
on macrophages. To this purpose, we used a combination of proteomics and targeted validation
experiments. Proteomics showed important adaptive changes in the proteome in response to exposure to
polyethylene terephthalate nanoparticles. These changes affected not only mitochondrial, cytoskeletal and
lysosomal proteins, for example, but also proteins implicated in immune functions. Validation experiments
showed that many of these changes were homeostatic, with no induced oxidative stress and no gross
perturbation of the mitochondrial function. However, polyethylene terephthalate nanoparticles induced
endoplasmic reticulum stress and disturbed the immune functions of macrophages. We indeed observed a
Received 13th November 2024, slight pro-inflammatory response (1.5-fold increase in TNF secretion). We also observed a decrease in the
Accepted 28th March 2025 response to bacterial stimulation (1.6-fold decrease in IL-6 secretion). We also observed a 20% decrease in
the expression of important proteins involved in immune responses such as TLR2, TLR7 or collectin 12, and
a twofold decrease in the production of lysozyme. This suggests that macrophages having ingested
rsc.li/es-nano polyethylene terephthalate nanoparticles are less efficient in their immune functions.

DOI: 10.1039/d4en01063a

Environmental significance

Plastic pollution is a concerning topic, e.g. because of the degradation of plastics in nanoparticles that are easily uptaken by living organisms and poorly
degradable. It is therefore necessary to investigate in detail the effects of plastic particles on living cells. However, this shall be best made on particles
obtained from real plastic objects (true-to-life nanoplastics). Consequently, we have studied the effects of polyethylene terephthalate nanoparticles on
macrophages, i.e. professional phagocytes conserved in evolution, by a combination of proteomic and targeted approaches. Plastics-exposed cells showed
on the one hand a slight pro-inflammatory response and on the other hand a decreased ability to respond to a bacterial stimulus, suggesting slightly
impaired immune functions of macrophages after exposure to plastics.

1. Introduction
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marine sediments®® to freshwater'’™® and terrestrial
environments.'**?

Although plastics are often used for their chemical and
mechanical resistance, resulting in half-lives amounting to
decades in the natural environments,"® they fragment over
time, first into microplastics (lesser than 5 mm in size) and
then into nanoplastics (less than 1 pm in size). These
nanoplastics are far more difficult to detect in the
environment, and their effects are much less known. It is
however predicted that the smaller the nanoplastic particles,
the easier they will cross the biological barriers, resulting in
putative deleterious effects on living organisms.

This hypothesis has prompted extensive research on the
effects of micro- and nanoplastics on a wide variety of living
organisms from various phyla, ranging from worms'”'® to
mollusks,®?° crustaceans,>** insects,>>** and then vertebrates
such as fish>>” and of course mammals®®*® including human
models (e.g in ref. 29-33). However, a significant part of this
research has been carried out with model and controlled
pristine spherical nanoparticles, most often polystyrene because
of its facility of production in a wide range of controlled sizes.
Polystyrene is indeed well represented in plastic wastes,”® which
renders such research relevant for investigating the core effects
of the polymer by itself and also for investigating the effects of
parameters such as particle size.***> However, such synthetic
spherical particles cannot fully represent the effects of
environmentally found particles, so that such studies must be
extended to other types of plastics that can be obtained as non-
spherical particles and that are well represented in plastic
waste. Within this frame, an interesting approach is represented
by particles obtained from plastic objects by various mechanical
and chemical processes, which represent true-to-life
nanoplastics.

Polyethylene terephthalate (PET) represents one case of
plastics that is amenable to the production of such true-to-life
nanoparticles.**?” It also represents an environmentally relevant
plastic, as PET is widely used for packaging of liquids and in
the textile industry. Indeed, recent studies have shown that PET
bottles do release nanoparticles under standard conditions of
use.**° It is thus highly relevant to investigate the effects of
true-to life PET particles on living cells, and the cell types of
interest are dictated by each organism's physiology. We define
as a true-to-life NPL those plastic nanoparticles obtained from
the degradation of plastic goods under laboratory conditions.
Thus, the degradation of PET water plastic bottles (as an
example) can produce true-to-life PET NPLs.*’

Multicellular organisms defend themselves against particles,
including plastic particles, by a series of mechanisms. The first
line of defense is represented by biological barriers (e.g.
intestinal®®* or epidermal barriers) and research has been
devoted to understanding how these barriers interact with
plastic particles. When translocation across these barriers
occurs,* then a second line of barriers comes into play and is
represented by professional phagocytes. This cell type is
encountered in invertebrates (annelid coelomocytes, insect
hemocytes) as well as in vertebrates (macrophages, neutrophils).
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Indeed, it has been shown that this cell type responds strongly
to plastic particles,'®>%343%41743

aWe thus decided to investigate the responses of
macrophages to PET nanoparticles using a combination of
proteomic and targeted approaches, as previously done with
polystyrene (PS)** and polylactide (PLA)** nanoparticles.

2. Materials and methods
2.1. True-to-life PET NPL obtention and characterization

PET NPLs were obtained following a previously published
protocol.’” Briefly, starting from commercially available
polyethylene terephthalate bottles, nanoparticles were produced
by sanding the material with a diamond rotary burr. The
resulting powder underwent multiple processing steps, as
outlined in Fig. 1a. Briefly, the sanded powder was sieved
through a 0.20 mm mesh, and 4 g of the sieved material were
placed in a 250 mL beaker containing 60 °C pre-warmed 90%
trifluoroacetic acid (TFA) for 2 h or until complete dispersion on
a stirring hot plate. The temperature was reduced to 25 °C, and
agitation was maintained overnight. On the second day, an
equal volume of 20% TFA was carefully added to the mixture
and large agglomerates were removed. Finally, after 24 h of
stirring, the mixture was transferred to glass tubes and
centrifuged for 1 h at 2500 rcf. Pellets were resuspended in
0.5% sodium dodecyl sulfate (SDS) lysis buffer solution and
sonicated before transferring to four 250 mL graduated
cylinders. The bigger fraction was allowed to settle for 1 h and
the top 100 mL of each cylinder was recovered and carefully
washed twice with water and pure ethanol. Finally, the material
was sonicated and aliquoted to be used in biological
experiments.  To  determine  their  physicochemical
characteristics, a comprehensive characterization of the PET
NPLs was conducted using transmission electron microscopy
(TEM), nanoparticle tracking analysis (NTA), dynamic light
scattering (DLS), and Fourier-transform infrared (FTIR)
spectroscopy.

TEM was employed to assess particle size and morphology
according to established protocols.”” Martin diameters were
measured on 1000 randomly selected images using Image]
software version 1.8.0_322. Particle size and concentration in
suspension were also analyzed with a Nanosight NS300 particle
analyzer (Malvern Panalytical, Cambridge, UK). The suspension
behavior was further evaluated by determining particle size
distribution through DLS using a Zetasizer® Ultra Red Label
apparatus (Malvern Panalytical, Cambridge, UK). DLS values
were determined in water and cell culture (DMEM) medium.
Finally, FTIR analysis was performed to identify functional
groups in the PET NPLs, with the obtained spectra compared to
standard references. All characterization methods are
comprehensively detailed in ref. 37.

For some experiments, the PET particles were labelled with
the deep fluorescent red Disperse Blue 14 (1,4-bis(methylamino)
anthraquinone, ABCR #AB177338, Aex 640 NM, ey, 685 nm) by
the solvent swelling method.”® Briefly, a 10 mg mI™" solution of
Disperse Blue 14 in THF was prepared. 1% in volume of this

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic presentation of the method used to obtain PET NPs (a). TEM image (b) and its size distribution (c). Size distribution was also
determined by nanotracking analysis (NTA) (d) and dynamic light scattering (DLS) (e). Finally, the chemical identity of functional groups was
confirmed by Fourier-transform infrared (FTIR) spectroscopy (f). The size determined by NTA was 205.6 * 7.7 nm, while the sizes determined by
DLS were 292 + 26 nm (in water) and 362 * 16 (in DMEM), with polydispersity indexes of 0.47 and 0.54, respectively.

solution was added to the PET nanoparticle suspension, and
the mixture was agitated on a rotary wheel at room temperature
for 30 minutes. Two volumes of water were then added and the
particles were collected by centrifugation (30 minutes at
15000g). The pellet was then resuspended in water and the
beads recollected by centrifugation. The final pellet was then
resuspended in 20% ethanol for sterilization for 1 h, then
centrifuged as described above and finally resuspended in
sterile ultrapure water. To measure fluorophore leakage, a 80 ug
ml ™" of fluorescently-labelled particles was prepared in phenol
red-free DMEM supplemented with 10% fetal bovine serum,
and its fluorescence measured using a DeNovix QFX fluorimeter
(excitation 635 nm, emission 665-740 nm). The suspension was
then incubated for 24 h at 37 °C. At the end of the incubation
period, the suspension was centrifuged (30 minutes at 15 000g),
the supernatant was removed, the particle pellet was
resuspended in the initial volume of phenol red-free DMEM
supplemented with 10% fetal bovine serum and its fluorescence
was read again using the same parameters.

2.2. Cell culture

The J774A.1 cell line (mouse macrophages) was purchased
from European Cell Culture Collection (Salisbury, UK). Cells
were routinely propagated in DMEM supplemented with 10%
fetal bovine serum (FBS) in non-adherent flasks (Cellstar
flasks for suspension culture, Greiner Bio One, Les Ulis,
France). For routine culture, the cells were seeded at 200 000
cells per ml and passaged two days later, with a cell density
ranging from 800000 to 1000000 cells per ml. For exposure
to plastic particles and to limit the effects of cell growth, cells
were seeded at 500000 cells per ml in 6 or 12 well plates,

This journal is © The Royal Society of Chemistry 2025

allowed to settle and recover for 24 h, and then exposed to
the particles at 50 ug ml™" for 24 h before harvesting for the
experiments. Proteomic experiments were carried out in 6
well plates, and all the other experiments in 12 well plates.
The medium volume was adjusted to keep the same height
across all cell culture formats. Cells were used at passage
numbers from 5 to 15 post-reception from the repository. Cell
viability was measured by the propidium iodide method*® or
with a SYTOX Green probe (Thermo Fisher, $7020) using the
protocol provided by the supplier.

In order to measure the particles' internalization, cells
were treated in 12 well plates (1 ml culture medium volume)
for 24 h with 50 pg ml™ fluorescently labelled polystyrene
(250 nm nominal diameter, Spherotech #FP-0270-2) or PET
nanoparticles as well as with fluorescently labelled PLA beads
(150 nm nominal diameter, Adjuvatis #RFIP-600-150) for
comparison. At the end of the incubation period, the culture
medium was removed and the cell layer was rinsed with PBS.
The cell layer was then lysed in 500 pl of 10 mM HEPES pH
7.5, and the lysate fluorescence was measured using a
DeNovix QFX fluorimeter (Exc 635 nm, Em 665-740 nm). In
order to compare this fluorescence with the initial input, 50
ng of the particles were suspended in 500 pl of 10 mM
HEPES pH 7.5 and the fluorescence was measured as for the
cell lysates.

In order to obtain further insights on the PET NPL
internalization, J774 cells were first treated for 1 h with
inhibitors (12.5-25 pg ml™" nystatin® or 100-200 uM
dimethylamiloride*® or 20-30 uM trifluoperazin®®). Fluorescent
PET NPLs were then added at a concentration of 5 ug ml™" and
the cells were allowed to internalize the particles for 3 h. At the
end of this incubation period, the culture medium was

Environ. Sci.: Nano, 2025, 12, 2799-2814 | 2801
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removed, the cells were harvested in cold culture medium,
rinsed once by centrifugation and their fluorescence measured
by flow cytometry (Exc 635 nm, Em 670-750 nm). As a control,
yellow-green fluorescently labelled 1 um polystyrene beads
(Polysciences #15702-10) were used (Exc 488 nm, Em 540 nm).

2.3. Proteomics

Proteomics was carried out essentially as described
previously.** However, the experimental details are given here
for the sake of consistency.

2.3.1. Sample preparation. After exposure to the plastic
particles, the cells were harvested by flushing the 6 well plates.
They were collected by centrifugation (200g, 5 minutes) and
rinsed twice in PBS. The cell pellets were lysed in 100 pl of
extraction buffer (4 M urea, 2.5% -cetyltrimethylammonium
chloride, 100 mM sodium phosphate buffer pH 3, 150 uM
methylene blue). The extraction was allowed to proceed at room
temperature for 30 minutes, after which the lysate was
centrifuged (15000g, 15 minutes) to pellet the nucleic acids.
The supernatants were then stored at —20 °C until use.

2.3.2. Shotgun proteomics. For the shotgun proteomic
analysis, the samples were included in polyacrylamide plugs
according to Muller et al,’® with some modifications to
downscale the process.”® For this purpose, a
photopolymerization system using methylene blue, toluene
sulfinate and diphenyliodonium chloride was used.”*

As mentioned above, methylene blue was included in the
cell lysis buffer. The other initiator solutions consisted of a 1
M solution of sodium toluene sulfinate in water and in a
saturated water solution of diphenyliodonium chloride. The
ready-to-use polyacrylamide solution consisted of 1.2 ml of a
commercial 40% acrylamide/bis solution (37.5/1) to which
100 pl of diphenyliodonium chloride solution, 100 pl of
sodium toluene sulfinate solution and 300 pl of water were
added.

To the protein samples (15 pl), 5 pl of acrylamide solution
were added and mixed by pipetting in a 500 pl conical
polypropylene microtube. 100 pl of water-saturated butanol
were then layered on top of the samples, and polymerization
was carried out under a 1500 lumen 2700 K LED lamp for 2
h, during which the initially blue gel solution discolored. At
the end of the polymerization period, the butanol was
removed, and the gel plugs were fixed for 1 h with 200 pl of
30% ethanol and 2% phosphoric acid, followed by 3x 15
minute washes in 20% ethanol. The fixed gel plugs were then
stored at —20 °C until use.

Gel plug processing, digestion, peptide extraction and
nanoLC-MS/MS were performed as previously described,”
without the robotic protein handling system and using a
Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Further details are available in Methods S1.f

For protein identification, the MS/MS data were
interpreted using a local Mascot server with MASCOT 2.6.2
algorithm (Matrix Science, London, UK) against an in-house
database containing all Mus musculus and Rattus norvegicus
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entries from UniProtKB/SwissProt (version 2019_10, 25156
sequences) and the corresponding 25156 reverse entries.
Spectra were searched with a mass tolerance of 10 ppm for
MS and 0.05 Da for MS/MS data, allowing a maximum of one
trypsin missed cleavage. Trypsin was specified as the enzyme.
Acetylation of protein N-termini, carbamidomethylation of
cysteine residues and oxidation of methionine residues were
specified as variable modifications. Identification results
were imported into Proline software version 2.2 (https://
profiproteomics.fr/proline) for validation. Peptide spectrum
matches (PSM) with pretty rank equal to one and a length
greater than 7 amino acids were retained. The false discovery
rate (FDR) was then optimized to be below 1% at PSM level
using Mascot adjusted E-value and below 1% at protein level
using Mascot Standard score.

Mass spectrometry data are available via ProteomeXchange
with the identifier PXD062730.

2.3.3. Label free quantification. Peptide abundances were
extracted thanks to Proline software version 2.2 (https://
profiproteomics.fr/proline) using a m/z tolerance of 10 ppm.
Alignment of the LC-MS runs was performed using Loess
smoothing. Cross assignment was performed within groups
only. Protein abundances were computed by the sum of peptide
abundances (normalized using the median).

2.3.4. Data analysis. For the global analysis of the protein
abundance data, missing data were imputed with a low, non-
null value. Proteins that were detected less than 3 times out of 5
in both groups were removed from the analysis. The complete
abundance dataset was then analyzed using PAST software.>®

Proteins were considered as significantly different if their
p value in the Mann-Whitney U-test against control values
was less than 0.05. No quantitative change threshold value
was applied. The selected proteins were then submitted to
pathway analysis using the DAVID tool®* with a cutoff value
set at a FDR of 0.25.

2.4. Mitochondrial transmembrane potential assay

The mitochondrial transmembrane potential assay was
performed essentially as described previously.*> Rhodamine 123
(Rh123) was added to the cultures at an 80 nM final
concentration (to avoid quenching®), and the cultures were
further incubated at 37 °C for 30 minutes. At the end of this
period, the cells were collected, washed in cold PBS containing
0.1% glucose, resuspended in PBS glucose and analyzed for the
green fluorescence (excitation 488 nm emission 525 nm) on a
Melody flow cytometer. As a positive control, butanedione
monoxime (BDM) was added at a 30 mM final concentration
together with the Rh123.°° As a negative control, carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) was added
at 5 uM final concentration together with the Rh123.°

2.5. Lysosomal assay

For the lysosomal function assay, the Lysosensor method was
used as described previously.®® After exposure to plastic
particles, the medium was removed, the cell layer was rinsed

This journal is © The Royal Society of Chemistry 2025
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with complete culture medium and incubated with 1 pM
Lysosensor Green (Molecular Probes) diluted in warm (37 °C)
complete culture medium for 1 h at 37 °C. At the end of this
period, the cells were collected, washed in cold PBS
containing 0.1% glucose, resuspended in PBS glucose and
analyzed for the green fluorescence (excitation 488 nm
emission 540 nm) on a Melody flow cytometer.

2.6. Assay for oxidative stress

For the oxidative stress assay, a protocol based on the
oxidation of dihydrorhodamine 123 (DHR123) was used,
essentially as described previously.®” After exposure to plastic
particles, the cells were treated in PBS containing 500 ng
ml™' DHR123 for 20 minutes at 37 °C. The cells were then
harvested, washed in cold PBS containing 0.1% glucose,
resuspended in PBS glucose and analyzed for green
fluorescence (same parameters as for rhodamine 123) on a
Melody flow cytometer. Menadione (applied on the cells for 2 h
prior to treatment with DHR123) was used as a positive
control in a concentration range of 25-50 pM.

2.7. Phagocytosis assay

For this assay,”” the cells were first exposed to PET particles.
After 24 h of exposure, the cells were then exposed to 0.5 pm
latex beads (carboxylated surface, yellow green-labelled, from
Polysciences, excitation 488 nm, emission 527/32 nm) for 3 h.
After this second exposure, the cells were collected, rinsed
once with PBS, and analyzed for the two fluorescences (green
and red) on a Melody flow cytometer.

2.8. Cytokine release assays

Cells were first exposed to nanoplastics (50 ug ml™) for 24 h. At
the end of this exposure period, the culture medium was
removed, the cell layer was rinsed with culture medium and
fresh medium was added to the wells. In half of the wells LPS (1
ng ml™) was added. After another 24 h, the medium was
collected and analyzed for proinflammatory cytokines. Tumor
necrosis factor (catalog number 558299, BD Biosciences, Le
Pont-de-Claix, France) and interleukin 6 (IL-6) (catalog number
558301, BD Biosciences, Le Pont-de-Claix) levels were measured
using a Cytometric Bead Array Mouse Inflammation Kit (catalog
number 558266, BD Biosciences, Le Pont-de-Claix) and analyzed
with FCAP Array software (3.0, BD Biosciences) according to the
manufacturer's instructions.

2.9. Cell surface markers

Cells were seeded into 12-well plates at a concentration of
500000 cells per ml and exposed to plastic particles as
described above. For some experiments, LPS was then added
at a concentration of 1 ng ml™" 6 h after the exposure to
plastic particles. The following day, the cells were harvested
and washed in DMEM containing 3% FBS. The cells were
then treated with fluorochrome-conjugated antibodies at the
adequate dilution for 30 minutes on ice in DMEM-FBS in a

This journal is © The Royal Society of Chemistry 2025
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final volume of 100 ul. The cells were then washed with 2 ml
of PBS. The cell pellet was taken in 400 pl of PBS containing
1 uM Sytox blue for checking cell viability, and the
suspension was analyzed by flow cytometry on a Melody flow
cytometer. First, live cells (Sytox blue-negative) were selected
at 450 nm (excitation at 405 nm). The gated cells were then
analyzed for particle fluorescence (excitation 561 nm,
emission 695 nm) and for antibody fluorescence (excitation
488 nm, emission 527 nm for FITC- or A488-labelled
antibodies or excitation 561 nm, emission 582 nm for PE-
conjugated antibodies). Isotypic control antibodies were used
to compensate for non-specific binding.

The following antibodies were used:

Collectin-12 (Invitrogen #PA5-47456) dilution 1/6

CD74-FITC (BD-Pharmingen #561-941) dilution 1/25

CD86-FITC (BD-Pharmingen #553-691) dilution 1/50

PD-L1-A488 (BD-Pharmingen #566-864) dilution 1/100

TLR2-FITC (Invitrogen# 11-9021-82) dilution 1/25

TLR7-PE ((BD-Pharmingen #565-557) dilution 1/50

In some experiments with TLR2 and TLR7, the cells were
collected after exposure to the plastic particles, washed with
PBS, and then fixed and permeabilized using a BD Cytofix-
Cytoperm kit (#554715). The cells were incubated with anti-
TLR2 or anti-TLR7 antibody diluted to 1/25 or 1/50,
respectively, for 30 minutes on ice. The cells were then
washed with permeabilization buffer, resuspended in PBS
and analyzed by flow cytometry as described above.

3. Results

3.1. PET NPL characterization

True-to-life MNPLs, specifically the PET NPs produced for this
study, are not standardized materials. Therefore, accurate
characterization of their physicochemical properties is essential.
The results of this characterization are summarized in Fig. 1.
The main features of their synthesis are illustrated in Fig. 1a.
TEM images (Fig. 1b) reveal that PET NPs exhibit a near-
spherical shape with an average diameter of approximately 200
nm. As expected, size variations are observed depending on the
methodological approach used (TEM, NTA, and DLS); however,
in all cases, the distribution is relatively narrow, predominantly
within the 200-300 nm range (Fig. 1c-e). These findings validate
the reliability of the protocol employed. To confirm the
chemical identity of the PET NPL samples, FTIR analysis was
conducted (Fig. 1f). The resulting interferograms were analyzed
and compared with previously reported characteristic PET
bands, with the observed peaks closely aligning with expected
values, thus confirming the PET composition of the samples.
Finally, the zeta potential of the PET NPLs were determined as
-26.00 + 1.45 and -6.90 + 1.34 mV when dispersed in water or
in culture medium (DMEM), respectively. These values point
out a slight tendency to agglomerate in DMEM. Regarding the
fluorescently labelled particles, the fluorescence of an 80 ng
ml™ suspension was initially 477 + 19 fluorescence units, and
the particles' associated fluorescence was 475 + 34 after a 24 h
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incubation in DMEM + serum, which led to a measured leakage
lesser than 1%.

3.2. Viability of the plastic-treated cells

First, the toxic effects of the PET NPs on ]J774A.1 cells were
determined after a 24 h exposure. The results, shown in
Fig. 2A, demonstrated a very low toxicity of the PET particles,
with an LD40 that reached 200 ug ml™* and an LD20 reaching
100 pug ml™'. As we wanted to be consistent with our previous
studies, we decided to use a dose of 50 pug ml™, i.e. the dose
used for polystyrene and polylactide nanoparticles.**** This
dose was non-toxic, with only 10% mortality, but still induced
some functional effects. In order to compare the functional
effects to those of PS and PLA nanoparticles at an equal input
dose, we estimated the proportion of cell-associated particles
after 24 h of exposure using fluorescent particles (Fig. 2B).
The data showed that PET NPLs were more efficiently
internalized (66%) than PS and PLA nanoparticles, whose
internalization was similar (ca. 50%).
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Finally, we tested the effects of three inhibitors on particle
internalization using 1 um polystyrene beads as a control for
beads that are internalized only by phagocytosis. The results
(Fig. 2C) showed a higher participation of raft-dependent
endocytosis and of macropinocytosis in PET particle
internalization compared to 1 um PS beads.

3.3. Analysis of the proteomic results

The shotgun proteomic analysis was able to detect and
quantify 2876 proteins (Table S1t). A first global analysis of
the complete protein list by principal component analysis
showed that the two groups (control and particle-treated)
appeared separated on the diagram (Fig. 3), indicating
significative changes in the proteome, even if the chosen
concentration was quite remote from the toxicity threshold.
The fact that the two proteomes were different, from a
statistical point of view, was further substantiated by an
analysis of similarities,”® with a moderate p-value of 0.09.
Compared to the results obtained with PLA nanoparticles,
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Fig. 2 Viability of cells treated with PET particles; particle internalization. (A) Cells were treated with various concentrations of PET particles for 24
h, and their viability was measured by a flow cytometry fluorophore exclusion assay (Sytox green). Results are displayed as mean * standard
deviation (N = 4). (B) Measurement of relative particle internalization for PET, PS and PLA nanoparticles. Cells were treated with 50 pg ml™? of
either blue 14-labelled PET NPLs, sky blue-labelled 200 nm PS nanoparticles or red-labelled 150 nm PLA nanoparticles. The proportion of cell-
associated fluorescence after 24 h of exposure compared to input fluorescence is reported. Results are displayed as mean * standard deviation (N
= 4). (C) Influence of endocytosis inhibitors on particle internalization. Cells were first treated with the inhibitors for 1 h, then the particles were
added and the incubation was prolonged for 3 h. The cells were then collected and the fluorescence of the internalized particles was measured by
flow cytometry. Results are displayed as mean * standard deviation (N = 4). Blue bars: cells treated with blue 14-labelled PET NPLs. Green bars:
cells treated with 1 pm diameter yellow-green labelled polystyrene beads. TFP: trifluoperazine (phagocytosis inhibitor, concentrations expressed in
puM). Nys: nystatin (inhibitor of raft-dependent endocytosis, concentrations expressed in ng mU™Y). DMA: dimethylamiloride (macropinocytosis
inhibitor, concentrations expressed in uM)). Significance symbols (for t-test against the control values): *p < 0.05; **p < 0.01; tp < 0.001.
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where the p-value was ten times lower, this indicates lesser
effects of the PET particles on a proteome-wide scale.

Proteins modulated by the internalization of PET particles
were selected on the basis of a Mann-Whitney U test <2 in
the comparison of plastic-treated cells compared to
unexposed controls. This resulted in the selection of 232
modulated proteins (Table S2f). In order to gain further
insight into the significance of the observed changes, this list
of modulated proteins was used to perform pathway analyses
by the DAVID software, and the results are shown in Table
S3.F Some of the pathways highlighted by this analysis
indicated a global stress response (e.g. translation, nucleotide
binding, endoplasmic reticulum), which is expected for any
cellular stress, while other pathways appeared more specific
of cellular internalization of particles (e.g. mitochondria,
lysosomes), and some more related to the macrophages’
specialized functions (e.g. innate immunity).

3.4. Endoplasmic reticulum and mitochondria

The list of endoplasmic reticulum proteins modulated by cell
treatment with PET nanoparticles is presented in Table S4t
and included 37 proteins, of which 32 were increased in
abundance in response to PET nanoparticles. Many of the
proteins detected were involved in lipid biosynthesis and
transport (e.g. Lss, Mboat7, Elovll, Osbpl8, Hsd17b12, Acsl5,
Atp8al), a pathway that appears in the DAVID analysis.
However, a few proteins were also involved, directly or
indirectly, in the ER stress response, such as Retregl, Ptpni,
Sgpl1, and Canx. This prompted us to test whether ER stress

This journal is © The Royal Society of Chemistry 2025

may be involved in PET particles' toxicity. To test this
hypothesis we wused salubrinal, an inhibitor of the
endoplasmic reticulum stress response,” which is known to
counteract the toxic effects of ER stress on cells.®® Indeed, as
shown in Fig. 4A, salubrinal improved cell survival when cells
were treated with high concentrations of PET particles.

A relatively low number of mitochondrial proteins (24)
were found modulated in response to PET nanoparticles
(Table S51). Among those, 20 were increased and 4 decreased.
We however tested whether these few changes may have a
global impact on mitochondria and tested the mitochondrial
transmembrane potential. The results, displayed on Fig. 4B,
showed no impact of PET internalization on the
mitochondrial transmembrane potential, at least at such
non-toxic concentrations.

3.5. Lysosomes, oxidative stress, phagocytosis

Only five annotated lysosomal proteins (Atp6vla, Atp6vif, Ifi30,
Mé6pr and Pla2g15) were found modulated in response to PET
nanoparticles. However, as we had described that treatment of
macrophages by PS or PLA nanoparticles increased the
lysosomal activity,** we decided to check this parameter for PET
particles. The results, displayed on Fig. 4C, showed that PET
nanoparticles did induce an increase in the lysosomal activity,
as the other plastic particles.

In addition to this increased lysosomal activity, we noticed
the induction of a mitochondrial protein implicated in the
antioxidant response (peroxiredoxin 3 P20108), the induction
of a one-electron quinone oxidoreductase (P47199), the

Environ. Sci.. Nano, 2025, 12, 2799-2814 | 2805
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carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone. Significance marks: ** p < 0.01; *** p 0.001 (Student t-test method). (C) Lysosomal proton
pumping (Lysosensor method). All cells were positive for lysosensor internalization in lysosomes, and the mean fluorescence is the displayed
parameter. Results are displayed as mean * standard deviation (N = 4). Significance marks: ***p < 0.001 (Student t-test method). (D) Cellular
oxidative stress, measured with the dihydrorhodamine 123 (DHR123) indicator. The cells were exposed to PET NPLs for 24 h, and finally for 20
minutes to the DHR123 probe. Menadione (25 or 50 ng ml™ for 2 h) was used as a positive oxidative stress control. Results are displayed as mean

+ standard deviation (N = 4). Significance marks: *p 0.05; **p < 0.01 (Student t-test method). MD: menadione.

induction of cytochrome b-245 (Q61093), which is an
important component of the superoxide producing NADPH
oxidase, and the induction of the Romol mitochondrial
protein (P60603), which produces ROS. This prompted us to
investigate if treatment of macrophages by PET particles may
induce oxidative stress. The results, displayed in Fig. 4D,
showed a moderate (1.14-fold) but significant increase in the
oxidative stress response.

In the same trend, we decided to investigate whether PET
particles may alter the phagocytic function of macrophages.
This effect has been described for PLA particles but not for
PS particles.**

The labelled PET particles allowed us to determine that the
macrophage  population was  heterogeneous in its
internalization capacity of the PET particles, as the PET particle-
associated red fluorescence was distributed along 1.5 orders of
magnitude (Fig. 5A). For the global population of the PET-
treated cells, we did not detect any global change in the
phagocytic activity of macrophages (Fig. 5B). However, when the
macrophage population was segmented in three populations

2806 | Environ. Sci.. Nano, 2025, 12, 2799-2814

based on the internalization of plastic particles, as we previously
did for PS particles,® we observed that the cells that have
internalized the highest amount of PET particles are also those
which internalize the highest number of phagocytosis test
particles afterwards (Fig. 5B and S17).

3.6. Immunity-related proteins, inflammation

As this function was not detected through the classical pathway
analysis, opposite to what was observed for polystyrene
particles, we selected among the list of proteins whose
expression was significantly modulated in response to exposure
to PET particles proteins that are linked to this crucial
macrophage function, on the basis of Uniprot annotations. This
resulted in a shortlist of 24 proteins (Table S61). This process
highlighted proteins involved in the complement pathway, such
as Cfb, Cfp and C1qa, which were all decreased in PET-treated
cells, proteins involved in antigen presentation such as Tap1,
Tap2, Erapl (all increased in PET-treated cells) or Ifi30
(decreased), proteins directly involved in antibacterial defense

This journal is © The Royal Society of Chemistry 2025
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internalized. Results are displayed as mean * standard deviation (N = 4). The Ph+, Ph++ and Ph+++ populations correspond to the three
populations outlined in (A). Significance marks: *p < 0.05 (Student t-test method, comparison between control and each treatment).

(e.g- Mpegl, increased or Lyz2, decreased) and regulators of
cytokine production, such as Lilrb4a, Tnfaip8l2, Tmem43 (all
increased in PET-treated cells). This prompted us to investigate
the secretion of pro-inflammatory cytokines such as interleukin-
6 (IL-6), TNF alpha and the chemokine MCP1, either in
response to PET particles alone or in response to PET followed
by a bacterial-like challenge (lipopolysaccharide). The results,
displayed in Table 1, showed a slight but significant increase in
basal TNF production and a decrease in IL-6 production in PET-
treated cells challenged with LPS.

Some receptors to danger signals such as TLR2 (increased in
PET-treated cells) or collectin 12 (decreased in PET-treated cells)
were also found in our proteomic data analysis. This prompted
us to check these results by antibody-based assays. We further
extended these experiments to surface markers that we had
investigated previously in response to PS particles.*” The results,
displayed in Table 2, confirmed the proteomic results.

These data also showed a significant drop in the proportion
of collectin 12-positive cells in the PET-treated cells as well as a
drop of the surface presence of TLR2 in PET-treated cells,
although the total level of intracellular TLR2 increased in PET-

any significant changes in the polarization markers CD86 and
CD204 or in the PD-L1 ligand. However, we observed a decrease
in the TLR7 amount in PET-treated cells.

Finally, in order to investigate the dose-dependency of the
cellular responses to PET nanoparticles, we treated J7741A.1
cells with 5 ug ml™ PET nanoparticles and investigated the
cellular parameters that were significantly impacted at 50 pg
ml ™. The results, displayed in Table 3, showed that many of
these parameters were not impacted at 5 pg ml™, except for the
lysosomal activity, as measured by the Lysosensor signal, which
was increased, as it was at 50 ug ml™. The TLR7 level also
showed a statistical significance, but at such a low ratio level
(0.97) that we did not elaborate any further on this parameter.
Finally, the oxidative stress was statistically significantly
decreased but only slightly at this low PET concentration, while
it increased at the 50 ug ml™ concentration.

4. Discussion

The deleterious effects of plastics on life have been widely
documented, first on macroplastics (e.g. in Derraik et al?*)

treated cells, as predicted by proteomics. We did not observe ~ but more recently on microplastics®'® and nanoplastics.®*>
Table 1 Cytokine secretion in response to PET particles

Condition Value in control cells® Value in PET-treated cells® Ratio p-Value®
IL-6, no LPS 0 0 NA NA

MCP1 no LPS 10182 £ 801 9641 + 225 0.95 0.16

TNF, no LPS 317 £ 41 468 + 70 1.48 0.0016
1L-6, with LPS® 2591 £ 271 1620 + 131 0.62 8.53 x 10°
MCP1, with LPS® 91730 + 2710 94527 + 7548 1.03 0.42

TNF, with LPS* 10135 £ 1012 11872 £ 1751 1.17 0.07

“ values in pg ml™" of medium, expressed as mean =+ standard deviation (N = 6). ” Student t-test. © LPS concentration: 1 ng ml ™.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Surface marker expression
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Condition Value in control cells® Value in PET-treated cells” Ratio p-Value®
Collectin 12° 158 +7 136 + 12 0.86 0.03
Collectin 127 70 +8 48+ 12 0.69 0.03

CD86 78.5 £ 3.5 81+2 1.03 0.27
CD204 27.3+14 28.2 + 0.7 1.03 0.33
PD-L1 21.8+4.4 24.2+1.1 1.11 0.36
TLR2, total 206 £1 24.3 £0.9 1.18 5.50 x 10~°
TLR2, surface 41.3 £1.3 34.4+4.7 0.83 0.06

TLR7 377 £ 18 306 £ 15 0.81 0.001

“ Values in arbitrary fluorescence units (mean fluorescence index, MFI), expressed as mean + standard deviation (N = 4). ? Student ¢-test. © MFI
values for collectin 12-positive cells. ¢ Percentage of collectin 12-positive cells in the populations.

Table 3 Parameters measured in response to 5 ug ml™* PET nanoparticles

Condition Value in control cells® Value in PET-treated cells” Ratio p-Value®
DHR123 3985 + 127 3518 + 122 0.88 7%x107°
Lysosensor signal 143 +7 225 +19 1.57 5x107°
Collectin 12° 19.9+7 20+ 6 0.86 0.97
Collectin 12¢ 45 +17 44 +10 0.98 0.98
TLR2, total 189+1.4 18.6 £ 0.5 0.98 0.69
TLR7 188 +3 183 +3 0.97 0.04

“ Values in arbitrary fluorescence units (mean fluorescence index, MFI), expressed as mean + standard deviation (N = 4). ¥ Student ¢-test. © MFI
values for collectin 12-positive cells. ¢ Percentage of collectin 12-positive cells in the populations.

It is therefore important to better understand the effects of
nanoplastics and microplastics on living cells. Within this
general frame, macrophages are a key cell type of interest, as
these cells internalize all particulate materials that are either
deposited at the surface of the lung alveolae or that have
crossed the biological barriers (e.g. in Stock et al*).
Moreover, macrophages are key players in inflammation and
in immune responses, and their dysfunction has been linked
to either chronic inflammatory diseases in the case of Mi1-
polarized macrophages (e.g. in ref. 63) or to cancer growth in
the case of M2-polarized macrophages.®*

It is also particularly interesting to obtain such data on
true-to-life plastic particles obtained from consumer products
and not from model polymers. Although this will not be the
best model for environmentally found particles, which are
heavily modified by a myriad of adsorbed chemicals,*® these
true-to-life particles are an excellent model of the particles
that are spontaneously released in consumer products.®®
Indeed, as most plastic bottles are made of PET, the true-to-
life PET particles used in this work are an excellent model.

As the first step, we investigated the acute toxicity of the
PET nanoparticles on macrophages. The toxicity appeared
quite low, with a LD20 close to 120 pg ml™, i.e. intermediate
between the toxicity of PS particles®” and the one of PLA
particles.** We compared the internalization figures for PET
particles to those for PS and PLA particles and found that
PET particles were more efficiently internalized than the PS
and PLA particles that we used for comparison. This may be
due to that fact that it is not possible to find control particles

2808 | Environ. Sci.: Nano, 2025, 12, 2799-2814

that match exactly the physicochemical parameters of the
PET NPLs, so that the slightly different size and density for
each type of particle may explain these variations, which are
however not widely different (66% for PET compared to 45-
50% for the other particles). Finally, we tested the effects of
endocytosis inhibitors on PET NPL internalization. The
inhibitors indicated that part of the internalization is raft-
dependent, and part is macropinocytosis-dependent. These
data are in accordance with the presence of small particles in
the PET NPL population (Fig. 1), which can be internalized
by the raft-dependent pathway for articles less than 100 nm
in size.®® It should also be noted that the control experiments
carried out with 1 um PS beads confirm the rather weak
specificity of endocytosis inhibitors (e.g. nystatin) noted in
recent reviews.®®

For the sake of consistency with our previous experiments
on PS and PLA nanoparticles,** we decided to investigate the
effects of PET nanoparticles at the non-toxic concentration of
50 pug ml™.

First, and in order to obtain a wide appraisal of the
macrophages responses to PET nanoparticles, we used a
proteomic screen. Out of 2876 proteins quantified, the
proteomic screen highlighted 232 proteins modulated upon
treatment with PET, covering several pathways. This
proportion of modulated proteins was less important than
for PS** or PLA* nanoparticles. This clearly show that the
extent of the cellular responses strongly depends on the
nature of the plastics, so that no general rules covering a
wide range of plastic particles can be deduced.

This journal is © The Royal Society of Chemistry 2025
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Indeed, when we instigated the cellular responses through
targeted experiments, the conclusions were different for PET
particles than for the PS or PLA nanoparticles. First, we
determined that endoplasmic reticulum stress is important
in the toxicity of the PET particles, in accordance with our
proteomic results on proteins such as Retregl, Ptpn1, Sgpl1,
and Canx, which was not the case for PLA nanoparticles, for
example.**

Second, we did not see any impact on the mitochondrial
transmembrane potential. This result was consistent with the
one obtained with PLA nanoparticles,** and different from
the one recently described on PET particles on another
macrophage cell line, MH-S.*°

Third, we did observe a slight increase in the lysosomal
activity of the PET-treated cells. As the same response was
observed not only with PS and PLA nanoparticles** but also
for low concentrations of synthetic amorphous silica,”® we
can reasonably infer that this response is consistent with a
general response to the phagocytosis of particles.

At this low and not toxic concentration, we did not
observe any impact on the phagocytic function of
macrophages. In fact, we are quite far from the overload
phenomenon,”"’> which we observed rather at particle
concentrations of 500 ug ml™.”® This showed, however, that
plastic nanoparticles do not have deleterious effects on the
phagocytic function of macrophages, which is sometimes not
the case for macrophage-toxic nanoparticles such as
amorphous silica*® or zinc oxide.”

Regarding the oxidative stress response, we observed a
moderate (+14%) but statistically significant response in PET-
treated J774A.1 cells. These results were consistent with those
obtained on another macrophage cell line, RAW 264.7,”° but
the response was much higher in the MH-S cell line.®’

These repeated discrepancies between our results and
those recently described on the MH-S cell 1ine®® may find
their basis in the different origins of the two cell lines. The
MHS-S cell line has been produced by in vitro immortalization
of mouse alveolar macrophages by the SV-40 virus.”® The
J774A.1 cell line used in this study arises from an abdominal
cancer induced by the injection of a hydrocarbon” and
therefore most likely arises from a peritoneal macrophage.
These two types of macrophages (peritoneal and alveolar) are
known to have a different physiology,”®®° and it is therefore
not surprising that they also show different responses to a
stimulus such as PET nanoparticles. This situation may
indicate in turn that our results would be more relevant for a
plastic contamination after ingestion and translocation
through the intestinal barrier® than for a respiratory
contamination.

Beyond these general responses, we also probed the
immune functions of macrophages, such as the production
of inflammatory cytokines and the expression of immune-
related surface markers. The choice of the markers was
guided by our proteomic experiments (e.g. collectin 12, TLR2)
and by previous experiments carried out with PS
nanoparticles (e.g. CD86, CD204, TLR7, PD-L1).

This journal is © The Royal Society of Chemistry 2025
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Regarding the inflammatory response, the only positive
signal that we found was a slight increase (ca. 1.5-fold) of
basal TNF production in PET-treated cells. Such an increase
was close to the one induced by other plastic particles such
as PS and PLA,** however, lower than the increase induced
by synthetic amorphous silica, a known pro-inflammatory
particle.*® Moreover, we did not detect any basal production
of interleukin-6 in response to PET particles, a situation that
is clearly different from the one induced by synthetic
amorphous silica.

Within inflammatory responses, we also probed how the
internalization of PET nanoparticles modulated the response
to LPS, indicating whether PET internalization may alter the
capacity of macrophages to respond to a bacterial infection.
Our results (decrease in IL-6 production, increase in TNF
production) were similar to those described with PLA and PS
nanoparticles,*® although the changes were of a lesser
magnitude with PET particles (e.g. 17% increase in TNF
production with PET particles instead of 65% increase with
PLA and 35% increase with PS).

Regarding the expression of surface markers, we did not
find any change in the expression of the macrophage
activation marker CD86 or in the expression of the tumor-
associated macrophage marker CD 204.°*®' These results
contrasted with those described on the MH-S cell line in
response to PET particles,”® showing once again the
difference between the two cell lines.

More significant results were obtained on immune
receptors sensing danger signals. As a first example, TL7
showed a moderate (-20%) but significant decrease. TLR7
recognizes single-strand RNA,*” found in some viruses, and
is therefore implicated in antiviral defenses.®*®* Thus, a
decrease in TLR7 expression in response to exposure to PET
nanoparticles may induce in turn a decreased ability to fight
viral infections at the macrophage level. Regarding TLR2, the
situation was even more complex. Proteomics indicated an
increase in TLR2 expression, which was confirmed when the
total level of TLR2 (intracellular and surface expressed) was
probed with antibodies. However, probing the surface
expression of TLR2 revealed a decreased presence at the
surface (-17%). This is a likely indication that the
internalization of PET nanoparticles perturbs the addressing
of TLR2 at the cell surface, a phenomenon that the cells
counteract by an increased expression of the protein. As
TLR2 is normally a cell surface TLR that recognizes various
bacterial wall compounds,® such a decrease may also
indicate a lower ability of PET-treated macrophages to fight
bacterial infections.

A decrease was also observed for collectin 12, a surface
receptor binding carbohydrate ligands and implied in
antitumoral and antibacterial responses.®>*® Once again, the
decrease of this receptor at the surface of PET-treated cells
may indicate a lower defense level.

Finally, one of the immune system proteins that shows
the highest modulation in PET-treated cells (close to 2.3
reduction) is lysozyme 2, also called lysozyme M in mice.®’
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Lysozymes are antibacterial proteins conserved in
evolution,®®®® and it has long been shown that they play an
important role in the bactericidal activity of macrophages.®®
Moreover, lysozymes play an important role in the
modulation of inflammation, as recently reviewed.”' Quite
interestingly, it has long been known that treatment of
macrophages with “latex” particles, in fact polystyrene
microparticles, reduces both lysozyme production and
secretion by macrophages.”> We detected a decrease in
lysozyme production not only in macrophages treated with
PS nanoparticles but also in PLA-treated macrophages.**
However, in both cases the decrease factor was lower, e.g. 1.7
in PLA-treated cells, instead of 2.3 for PET-treated cells.
Oppositely, lysozyme production is induced in macrophages
treated with synthetic amorphous silica,”® i.e. a known pro-
inflammatory material with a transient effect."®**"*> Thus,
owing to the various functions of lysozymes in the integrated
immune response,”’ such an important reduction in the
production of lysozyme by PET-treated macrophages may
perturb the immune functions of PET-treated macrophages,
even at a non-toxic concentration.

5. Conclusions

When compared to other plastic particles such as polystyrene
or polylactide, PET particles induce less proteome alterations,
showing that they induce globally a lesser reaction of
macrophages. However, the effects that PET particles show on
macrophages are fairly different than those induced by
polystyrene or polylactide particles. First, PET particles induce
an endoplasmic reticulum stress, which participates in the
toxicity of the PET particles. Second and more importantly, PET
particles alter the immune functions of macrophages, rather
on the side of a decrease of the immune functions. This is
illustrated at the cytokinic response to a bacterial-like
challenge and at the level of the expression of important
proteins in the immune functions of macrophages, such as
lysozyme and TLR proteins. Thus, although weakly toxic, PET
particles may alter the immune system homeostasis and render
organisms more susceptible to infections.
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