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ARTICLE INFO ABSTRACT

Keywords: An increasing number of studies report the presence and accumulation of micro- and nanoplastics (MNPs) in the
Physico-chemical characterization human body. After ingestion, MNPs undergo weathering by gastric and intestinal fluids that modify their
LPPE . physicochemical properties. Although these changes can influence biological responses, their impact remains
xlirif::)lasncs understudied, forming the foundation of this research. We investigated how a simplified chemical weathering
Mitochondria model of simulated gastric fluid exposure alters the physicochemical properties of environmentally relevant

ROS microplastics and how these changes influence their subsequent effects on a human epithelial colorectal
adenocarcinoma (Caco-2) cell line. We focused on Low-Density Polyethylene (LDPE) due to its widespread use in
agriculture and food packaging, as well as its status as one of the most widely produced plastic polymers. Particle
properties changed after artificial stomach acid (ASA) treatment, including metal leaching, surface modifica-
tions, stronger redox-inducing potential, and increased floatability. These changes in the particles' characteristics
were reflected in the observed effects, with ASA-treated particles producing more pronounced alterations in
mitochondrial network features, including increased mitochondrial fusion and a larger mitochondrial footprint.
No internalization was observed in any of the cases, with membrane integrity (5-CFDA,AM) disrupted after
exposure to pristine and ASA-treated particles, regardless of the underlying mechanistic pathways. In summary,
our findings show that ASA-treated microplastics differ in redox-inducing potential, which can influence cellular
metabolism regardless of cellular uptake. This suggests that indirect changes after ASA treatment may represent
an underestimated part of microplastic toxicity after ingestion.

1. Introduction

Microplastics (MPs), defined as particles smaller than 5 mm
(Hartmann et al., 2019), are categorized into primary and secondary
MPs based on their origin. Primary MPs, artificially designed to specific
sizes, are commonly found in household and personal care products (Wu
etal., 2019). Secondary MPs arise from the degradation of larger plastics
(Kershaw and Rochman, 2015; Wu et al., 2019) through various pro-
cesses, including UV radiation, mechanical degradation, thermal effects,
or biological weathering (Alimi et al., 2022). MPs have been detected in
tap and bottled water, various foods, including honey and fish (Barboza
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et al.,, 2018; Kosuth et al., 2018; Liebezeit and Liebezeit, 2013).
Consequently, ingestion is considered one of the major routes of MPs
exposure in humans (Prata et al., 2020), which is supported by the
frequent detection of MPs in human stool samples (Ho et al., 2022;
Refosco et al., 2025; Song et al., 2025). Polyethylene (PE), poly-
propylene (PP), and polyethylene terephthalate (PET) are among the
most commonly detected polymers, reflecting their widespread use in
food packaging and consumer products. MPs were detected in the ma-
jority of the samples analyzed (>90%), with reported concentrations of
54.7 pg/g or 1-138.9 particles/g (Ho et al., 2022; Refosco et al., 2025;
Song et al., 2025). Despite this, a meta-analysis of Caco—2 cell studies
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found that most toxicological studies have been conducted at higher
concentrations (>100 ug/ml), suggesting a bias toward higher, less
environmentally relevant concentrations (Ferreira et al., 2024).

At the same time, most in vitro studies focus on pristine spherical
polystyrene (PS) particles (Fournier et al., 2021; Hirt and Body-Malapel,
2020; Volkl et al., 2022), whereas real-life particles are more hetero-
geneous in shape and composition. Weathering processes such as UV
irradiation, mechanical abrasion, or biodegradation modify particle
surface characteristics and additive release (Alimi et al., 2022; Zhang
et al., 2021), potentially influencing their biological activity. Following
ingestion, exposure to gastric and intestinal fluids may further induce
polymer-dependent transformations affecting chemical release, particle
agglomeration, and cellular interactions (Prabhu et al., 2024). For
example, simulated digestion has been reported to promote particle
agglomeration and reduce uptake in Caco—2 cells without substantially
altering cytotoxicity (Paul et al., 2024), underscoring the need to
investigate these processes across a broader range of polymers. How-
ever, toxicological findings on weathered particles are inconsistent, with
studies reporting both increased stress and negligible differences
compared to pristine particles (Bond et al., 2022; Dusza et al., 2022;
Volkl et al., 2022). These discrepancies suggest that biological responses
are strongly dependent on particle characteristics and specific weath-
ering conditions applied (Bond et al., 2022; Volkl et al., 2022), yet the
underlying mechanisms remain insufficiently understood. (Liu et al.,
2024; Paul et al., 2024). Mitochondrial responses, including elevated
reactive oxygen species (ROS) production, disruption of mitochondrial
membrane potential, and activation of mitochondrial quality-control
mechanisms such as mitophagy, have increasingly been reported
following MP exposure (Banerjee and Shelver, 2021; Hu and Pali¢, 2020;
Li et al., 2023). However, it remains unclear to what extent these effects
are driven by physicochemical changes.

In the context of the abovementioned research gaps, this study aimed
to investigate the effects of larger irregular MPs, which are not readily
uptaken by cells, before and after treatment with a simplified gastric
chemical weathering model, using the human epithelial colorectal
adenocarcinoma Caco—2 cell line as an in vitro model of the human
intestinal barrier. The Caco—2 cell line was selected because it is a
widely characterized and used model for intestinal absorption studies
(Angelis and Turco, 2011; Bredeck et al., 2022; Ferreira et al., 2024),
allowing comparison with previous studies on particles and chemical
compounds. Its use also aligns with the REACH regulatory framework,
which explicitly promotes the use of non-animal methods (European
Parliament and Council of the European Union, 2006), and the 3Rs
principles (Replacement, Reduction, Refinement), for chemical safety
assessment (EFSA’s Scientific Committee promotes alternatives to
animal testing, EFSA, 2009). Artificial stomach acid (ASA) was used as
a controlled first step toward unraveling gastrointestinal weathering. By
focusing on selected chemical parameters, this approach reduced vari-
ability from concurrent enzymatic, mechanical, and microbial pro-
cesses, enabling observed effects to be more directly linked to specific
physicochemical changes. Cellular responses were assessed across a
broad concentration range, with concentrations < 10 pg/ml included to
reflect more environmentally and physiologically relevant acute expo-
sure conditions, given that most current in vitro studies employ sub-
stantially higher exposure concentrations. (Ferreira et al., 2024).
Endpoints included cell viability, particle-cell interactions, oxidative
reactivity, and mitochondrial network features. Low-density poly-
ethylene (LDPE) was selected due to its widespread usage (Barboza
et al., 2019; El-Sherif et al., 2022; Emblem, 2012; Geyer et al., 2017) and
is among the most commonly used packaging plastics in the EU (Lyshtva
et al., 2025; Torkelis et al., 2024). By combining physicochemical
characterization with assessments of membrane integrity, oxidative
reactivity, and mitochondrial network dynamics within the same
experimental framework, this study provides a more integrated under-
standing of how weathering-induced changes in particle properties
translate into biological responses.
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2. Materials and methods
2.1. Microplastics

Samples of commercially available plastic sheets of polypropylene
(PP), nylon (PA), and Polyvinyl chloride (PVC) purchased online via
www.kunststofshop.nl and a plastic bottle of polyethylene terephthalate
(PET) were manually cut into 5 x 5 mm pieces and subsequently cryo-
milled using MM400 Mixer Mill with the stainless-steel grinding jar
50 ml and stainless-steel grinding ball 25 mm accessories (Retsch GmbH,
Haan, Germany). For cryomilling, the plastic squares were placed in the
jar with the grinding ball and submerged in liquid nitrogen until the
equilibrium temperature was reached. Milling was conducted for
1.5 min at 30 Hz. The process was repeated four times. Polybutylene
terephthalate (PBT) powder, LDPE [< 50 pm white (LDPE_s),
50-250 pm black (LDPE50—250,blaCk): 50-100 um white (LDPE50_100’
white)], and polymethylmethacrylate (PMMA) 6 um spheres were kindly
provided by Dutch State Mines (DSM, Haarlem, Netherlands), Wage-
ningen University (Qi et al., 2018), and Institute for Materials Research
IUMAT (UHasselt), respectively.

The LDPE_s5o was further subdivided into size fractions by filtration
(KNF, Sursee, Switzerland) using Merck Nylon Net (Darmstadt, Ger-
many) filters with pore sizes of 80, 41, and 30 pm. A suspension of
LDPE_s5 at 10 mg/ml was prepared in sterile Milli-Q water (Puranity PU
15 UV/UF, VWR, Radnor, Pennsylvania, USA) and filtered through fil-
ters with increasingly smaller pore sizes. The particles captured on the
30 um pore-size filters were recovered with filtered Milli-Q water by
inverse flushing and dried in an oven (Sheldon Manufacturing Inc.,
Cornelius, Oregon, USA) at 56 °C.

Artificial stomach acid (ASA) was prepared by dissolving in 50 ml of
Milli-Q water 0.65 g/L of glucose, 0.40 g/L of CaCl,, 0.288 g/L of
NaH,PO4 (Merck KGaA, Darmstadt, Germany), 0.8252 g/L of NaCl, and
78 mM of HCl (VWR, Radnor, Pennsylvania, USA). Subsequently, NaOH
(UCB, Brussels, Belgium) was used to adjust the pH to 2.5, which rep-
resents a physiologically relevant gastric acidity within the commonly
reported human stomach range (pH 1.5-2.5; Kennedy and Chang,
2020). The prepared ASA solution was stored for up to 1 month in
plastic containers (screw cap tube 15 ml, (Lx@): 120 x 17 mm, PP, with
print, Sarstedt AG & Co. KG, Niimbrecht, Germany) to limit the effect of
the container on the ASA. Immediately before cell exposure, 5 mg/ml
microplastics were incubated within the ASA for 30 min at 37 °C in an
ISOtemp GDP 05 water bath (Fisher Scientific, Hampton, New Hamp-
shire, USA). An exposure duration of 30 min was selected to reflect
physiologically relevant gastric residence times for liquids, for which
water exhibits a half-emptying time of approximately 14 min in healthy
adults (Ziessman et al., 2009). This simplified system was designed as a
gastric chemical weathering model focused on the effects of acidity and
ionic composition, with digestive enzymes such as pepsin excluded.

From now on, the original LDPE < 50 pm white will be referred to as
LDPE_ 5, the size fraction of LDPE will be referred to as LDPE3(_41, and
their ASA-treated counterparts will be referred to as LDPE_509-ASA and
LDPE3(_41-ASA.

2.2. Physicochemical characterization

2.2.1. Scanning electron microscopy (SEM)

A suspension of MPs was prepared in Propanol:Milli-Q water (Sigma-
Aldrich, Burlington, Massachusetts, USA) at a 1:1 ratio, with concen-
trations ranging from 500 pg/ml to 1 mg/ml. The samples were prepared
on aluminium pin stubs @#12.7 (Micro to Nano, Haarlem, Netherlands)
using @12mm high purity conductive double-sided adhesive carbon tabs
(Micro to Nano, Haarlem, Netherlands) and dried in an oven (Sheldon
Manufacturing Inc, Cornelius, Oregon, USA) at 56 °C inside a partially
open single pin mount storage and transport tube (Micro to Nano,
Haarlem, Netherlands).

The MPs were imaged using the desktop Scanning Electron
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Microscope Phenom ProX, equipped with the Phenom ProSuite software
(Thermo Fisher Scientific™, Waltham, Massachusetts, USA), at magni-
fications ranging from 190x to 810x. The MPs’ size distributions were
determined using the image-processing program ImageJ 1.53Kk,
measuring the Feret distance between the smallest (min) and the longest
distance between opposite sides (max) of each particle. Two indepen-
dent measurements were conducted for the preliminary evaluation of
PVC, PP, PET, PA, and PBT, with a total of 200 MPs quantified. To
evaluate the efficacy of LDPE 5y filtering and to investigate the potential
differences between pristine and ASA-treated materials, three indepen-
dent measurements were carried out to assess the size distribution of
LDPE_50, LDPE3g_41, and LDPE3g 41-ASA, resulting in a cumulative
sample size of 375 particles for each condition.

2.2.2. X-ray fluorescence (XRF)

LDPE composition was studied by elemental analysis using a Shi-
madzu energy-dispersive EDX8100P equipped with an SDD detector and
a 50 kV X-ray generator with a Rh target. Measurements are performed
in the semi-quantitative Quant-FP mode under a He atmosphere. The
LDPE_5( samples were analyzed in powder cups shielded with Ultra-
lene® Window Film, 0.16 mil (4 ym) Thick (SPEX Sample Prep, Metu-
chen, New Jersey, USA).

2.2.3. Gas chromatography-mass spectrometry (GC-MS)

Additives were extracted from the LDPE_s, powder sample by
Soxhlet extraction. 5.016 g LDPE (< 100-50 um) sample was weighed
into an extraction thimble and placed in the Soxhlet extractor using a
50/ 50 solvent mixture of dichloromethane/hexane. The extraction was
carried out for 6 h under continuous heating and reflux in the Soxhlet
apparatus. After completion, the extract volume was first reduced using
a rotary evaporator and then further concentrated by nitrogen blow-
down to a final volume of 1 ml. Prior to analysis, the extract was passed
through a 0.45 pm PTFE filter to remove any remaining particulates. The
extracted sample was analyzed by gas chromatography-mass spec-
trometry (GC-MS).

The GC-MS analysis was performed on a Trace 1310 gas chromato-
graph (Thermo Scientific, USA) equipped with a DB—5MS capillary
column (30 m length, 0.25 mm I.D., film thickness 0.25 pym, Agilent
Technologies, USA) and coupled to an ISQ LT single quadrupole mass
spectrometer (Thermo Scientific, USA). A sample volume of 1 ul was
injected using a 1/100 split. The oven temperature was set to 50 °C upon
injection and ramped to 330 °C at 15 °C/min, with a final hold time of
9 min. The injection port and MS transfer line were both set at 280 °C.
Helium was used as the carrier gas and the flow rate was set at 1.2 ml/
min. The mass spectrometer was operated in electron ionization mode at
70 eV, with a source temperature of 250 °C, a mass range of 50-700 m/z,
and a scan time of 0.1 s.

Data processing was performed using Chromeleon 7.3 (Thermo Sci-
entific, USA).

2.2.4. Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry measurements were carried out on
a DSC Q200 (TA Instruments), using approximately 4 mg portions in Al-
sample pans. The samples were cycled at 20 °C/min for 2 repetitive
heating-cooling cycles up to 160 °C. The melting enthalpies were
determined by peak integration using a linear baseline.

2.2.5. Fourier transform infrared spectroscopy (FTIR)

To understand the changes in the surface of the ASA-treated parti-
cles, LDPE_5¢ and LDPE_50-ASA were measured with FTIR. Measure-
ments are carried out on a Bruker Invenio S in attenuated total reflection
(ATR) mode. Spectra are collected between 4,000 and 400 cm~! with a
spectral resolution of 4 cm ™!, accumulating 32 scans per spectrum.

2.2.6. Inductively coupled plasma atomic emission spectrometry (ICP-AES)
The composition of the leachate after the ASA treatment of LDPE _5,
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was analyzed by ICP-AES. The samples were incubated in ASA at
100 mg/ml for 30 min at 40 °C. The sample was centrifuged, and the
aliquots were analyzed on a Perkin Elmer Optima 8300 DV spectrometer
after dilution (factor 1:5) and filtration. Average values of 3 consecutive
measurements are reported, and a 5 QC sample is included for each
reported element. The results were corrected to an LDPE blank.

2.2.7. Electron spin resonance (ESR) spectroscopy

The Reactive Oxygen Species (ROS) formation capacity of the
LDPE_sq, PA, PET, PBT, PP, and PVC was tested via Electron Spin
Resonance (ESR) spectroscopy in combination with a spin trapping
technique employing 2,2-Dimethyl—3,4-dihydro—2H-pyrrole 1-oxide
(DMPO). 10 mg of the plastics were incubated in a warm water bath
(Salm & Kipp BV, Breukelen, The Netherlands) at 37.5 °C in the ASA or
Milli-Q water for 30 or 60 min using DMPO (100 mM) for hydroxyl (OH")
and superoxide (O3) radical entrapment. The suspensions were trans-
ferred to glass capillary tubes (100 pl, Brand AG Wertheim, Germany)
and measured at room temperature on a Bruker EMX 1273 spectrometer
equipped with an ER 4119HS high-sensitivity cavity and a 12 kW power
supply operating at X-band frequencies with a modulation frequency of
100 kHz. Instrumental conditions for the recorded spectra were: mag-
netic field: 3490 G; scan range: 60 G; modulation amplitude: 1 G;
receiver gain: 1 x 105; microwave frequency: 9.85 GHz; power: 50 mW;
time constant: 40.96 ms; scan time: 20.97 s; number of scans: 30. Spectra
were quantified by peak surface measurements using the WIN-EPR
spectrum manipulation program (Bruker, Germany). As controls, ASA,
Milli-Q, and Milli-Q water with the plastics, incubating them for 30 or
60 min, were measured. The experiments and controls were conducted
with ASA stored in plastic (ASAp) and glass (ASAg) containers to
determine whether container type affected the measurements.

In the preliminary screening, a single measurement was performed
for all conditions. For LDPE_s five independent measurements were
acquired for the controls, while two to five independent measurements
were taken for each experimental condition. The second peak of the ROS
pattern was measured in all samples.

2.3. Cell culture conditions and experimental set-up

Caco—2 cells were selected as they differentiate into an intestinal
epithelial-like monolayer and are widely used to study intestinal ab-
sorption, barrier interactions, and responses to ingested contaminants.
Caco—2 cells were obtained from the American Type Culture Collection
(HTB37™, LGC Standards, Wesel, Germany). The maintenance culture
medium consisted of Dulbecco’s Modified Eagle Medium Gluta-Max™
(DMEM) supplemented with 10% of heat-inactivated fetal bovine serum,
1% non-essential amino acids, 2.5% HEPES, and 0.1% gentamicin
(Gibco™, Fisher Scientific, Brussels, Belgium). After thawing, Caco—2
cells were initially cultivated in 25 cm? flasks for one passage before
being transferred to 75 cm? flasks (Greiner, Sigma-Aldrich, Darmstadt,
Germany) for maintenance. The cells were cultivated at 5% CO3 and 37
°C, with the medium being refreshed twice a week. Subculturing was
performed before reaching 70% confluence using Phosphate-Buffered
Saline (PBS, Fisher Scientific, Brussels, Belgium) and Trypsin-EDTA
0.05% (Gibco™, Fisher Scientific, Brussels, Belgium). Cells with pas-
sage numbers ranging from 30 to 38 were used in the experiments,
which is in the range reported to reduce variability (Briske-Anderson
et al., 1997; Kus et al., 2023).

For the experimental setup, the cells were seeded either in 96-well
plates (Greiner, Sigma-Aldrich, Germany) at a density of 1.35 x 10*
cells/cm? for cell viability assays or in 8-well IBIDI chambers (Ibidi
GmbH, Grifelfing, Germany) at a density of 3 x 10* cells/cm? until a
monolayer was established. Exposure was carried out in Dulbecco’s
Modified Eagle Medium™ containing 10% of heat-inactivated fetal
bovine serum, 1% non-essential amino acids, and 1% antibiotics
(10,000 pg/ml streptomycin and 10,000 IU/ml penicillin) or in Dul-
becco’s Modified Eagle Medium™ phenol red-free without any
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supplements for live confocal imaging. All washes were performed with
Dulbecco's phosphate-buffered saline (dPBS) containing Mgt and Ca?*
(Gibco™, Fisher Scientific, Brussels, Belgium).

2.4. Cell viability

Cell viability was assessed using the combination of Alamar Blue
(AB, Invitrogen™) and 5-Carboxyfluorescein Diacetate, Acetoxymethyl
Ester (5-CFDA, AM, Invitrogen™). The procedure followed is based on
Schirmer et al. (1997) with some modifications. 5-CFDA, AM stock so-
lution was prepared in Dimethyl sulfoxide (DMSO, Merck) in a con-
centration of 4 mM and kept frozen at —20°C until use. AB was bought in
a ready-to-use solution and refrigerated at 4°C until use. The cells were
exposed to a range (1-150 pg/ml) of LDPEgy 4; or LDPEg 41-ASA for
24 h. The wells were emptied and washed with warm dPBS. Then, an
aliquot of 120 pl was added to a solution prepared with DMEM without
phenol red 5% AB (v/v) and 4 pM 5-CFDA, AM, and incubated for
30 min (37 °C, 5% CO», dark). Fluorescence of AB (Ex/Em: 530/595 nm)
and 5-CFDA, AM (Ex/Em: 493/541 nm) was measured using FLUOstar
Omega Microplate Reader (BMG Labtech, Ortenberg, Germany) in
arbitrary units. Background fluorescence from wells without cells was
subtracted in all wells. Four independent experiments were performed,
with 3-6 biological replicates per experiment. Parallel to the cell
viability assays, a cell-free interference assay was conducted, following
the same steps and concentrations described in this protocol to measure
any particles left in the wells after the washes.

To determine whether MPs could interfere with our assays, we
conducted an experiment measuring the MP signal after exposure to
Alamar Blue and 5-CFDA, AM, using the same concentrations and
plastics as in the viability assays. Six replicates were aliquoted in a 96-
well plate, incubated for 30 min (37 °C, 5% CO., dark), and the fluo-
rescence of AB (Ex/Em: 530 /595 nm) and 5-CFDA, AM (Ex/Em: 493 /
541 nm) was measured using FLUOstar Omega Microplate Reader. After
the measurements, 15 pl of the samples were recovered from the 150 pg/
ml exposure concentration and the control conditions and imaged using
CLSM (LSM900) at 40x magnification using the same Ex/Em as in the
plate reader for qualitative assessment.

2.5. Visualization of uptake and effects using confocal microscopy

2.5.1. LDPE uptake

LDPE3(_4; was stained with the lipophilic stain Nile Red (Abcam,
Cambridge, United Kingdom). Staining was performed according to the
Prata et al. (2019) with the following changes: the plastic was stained
with a concentration of 2 pg/ml at 70 °C for 3.5 h in a glass bottle, fol-
lowed by filtration with a Merck Nylon Net filter with a pore size of
10 ym and continuous rinsing with filtered Milli-Q for 1 min. The par-
ticles were recovered from the filter with filtered Milli-Q, dried over-
night at 70 °C in the dark, and resuspended at 1 mg/ml in filtered,
sterilized Milli-Q.

The immunofluorescent dye Molecular Probes™ CellMask™ Green
Plasma Membrane Stain (Ex/Em: 535/522, Invitrogen, Fisher Scientific,
Brussels, Belgium) was used to qualitatively assess Nile Red-stained
LDPE3(_4; uptake. Before exposure, the culture medium was removed,
and cells were washed twice with warm dPBS (+Ca2+, +Mg2+). After
exposure to 500 pg/ml of Nile Red-stained LDPEgy 4; and Nile Red-
stained LDPEgy _41-ASAg for 24 h in phenol-free DMEM medium, the
cells were immediately stained with a 0.5x concentration of Molecular
Probes™ CellMask™ Green Plasma Membrane Stain in the exposure
medium for 10 min at 37 °C in darkness. Live imaging was performed
using Confocal Laser Scanning Microscopy (CLSM, LSM900, Zeiss,
Zaventem, Belgium) equipped with high-power diode lasers at 405, 488,
514, and 633 nm and mounted on an inverted laser-scanning microscope
(Axio Observer Z1/7, Zeiss, Zaventem, Belgium). For each condition, 20
particles were manually assessed for floatability by taking six z-stack
images at 40x magnification (Ex/Em: 577/603 nm, LDPE3_41(-ASA);
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Ex/Em: 535/522 nm, plasma membrane stain). Qualitative images were
captured using the same setup, with an exposure concentration of
100 pg/ml due to the limited availability of the LDPEgq 47 sample.

2.5.2. Analysis of mitochondrial network morphology

Given that pristine MPs have the potential to impact mitochondrial
function in Caco—2 cells (Saenen et al., 2023; Wu et al., 2019), we
assessed the mitochondrial network morphology using MitoTracker Red
CMXRos (Invitrogen™, Thermo Fisher Scientific, Waltham, Massachu-
setts, USA) after 24 h of exposure of the Caco—2 monolayer to 0, 10, and
100 pg/ml LDPEgp 417 or LDPEgg 41-ASAg. The cells were seeded in
8-well IBIDI chambers and cultured until a monolayer was formed. After
exposure, the culture medium was removed, and the cells were washed
twice with warm dPBS (+Ca2+, +Mg2+). The cells were incubated with
300 pl of MitoTracker Red CMXRos (250 nM) diluted in warm PBS for
45 min at 37 °C and 5% CO in darkness. After being rinsed twice with
warm PBS, they were immediately imaged. Live imaging was performed
using a CLSM (LSM900, Zeiss, Zaventem, Belgium) equipped with
high-power diode lasers at 405, 488, 514, and 633 nm, mounted on an
inverted laser-scanning microscope (Axio Observer Z1/7, Zeiss, Zaven-
tem, Belgium). The images were obtained at 40x and Ex/Em: 579/599
nm. For each condition, a tile scan (300 ym x 600 pm) was recorded
using ZEN blue 3.1 software (Zeiss, Zaventem, Belgium) with the same
settings across all experiments, and the images were exported with a
fixed weight applied to the low-level signals. Three independent ex-
periments were performed for all the conditions, each with 3-4 images
per condition. In each condition, 5-7 cells were randomly selected from
the same plane in each image, resulting in a final sample size of 49-53
cells. Image analysis involved selecting regions of interest (ROIs) cor-
responding to single cells in the same focal plane using ImageJ 1.53t,
followed by analysis of mitochondrial network morphology using the
StuartLab MiNA tool, as described by Valente et al. (2017), which ex-
tracts mitochondrial parameters from segmented mitochondrial struc-
tures. The area covered by each region was measured using the Stuart
lab MiNA tool in ImageJ, and all values were normalized to their ROI
area and the control value. The parameters measured were the mito-
chondrial footprint, branch length mean, and network branches mean.
The mitochondrial footprint represents the area of the image occupied
by the mitochondrial signal. The branch length mean is the average
length of all the lines used to depict the mitochondrial structures. The
network branches mean is the average number of confirmed lines per
network structure.

2.5.3. Visualization of the LDPE ROS production

To visualize the ROS production, LDPE_5o was incubated with Milli-
Q water, ASA, ASA minus glucose, or a glucose suspension with the same
concentrations as the ASA for 30 min at 37 °C. The samples were sub-
sequently incubated with CellROX™ Orange Reagent (Invitrogen™,
Thermo Fisher Scientific) according to the manufacturer's instructions.
The samples were imaged using an 8-well Ibidi chamber (Ibidi GmbH) in
a CLSM (LSM900, Zeiss, Zaventem, Belgium) equipped with high-power
diode lasers at 405, 488, 514, and 633 nm, mounted on an inverted
laser-scanning microscope (Axio Observer Z1/7, Zeiss, Zaventem,
Belgium). The images were obtained at 40x in brightfield (Ex/Em: 549/
574 nm; light source intensity: 32.26%; exposure time:150 ms). Image
analysis involved selecting regions of interest (ROIs) for the specific
particles (n = 24-47) using ImageJ 1.53t, followed by measuring the
mean gray value. The value of the control of each condition was sub-
tracted from the values.

2.6. Statistical analysis

All the measurements were normalized to their respective controls.
The statistical analyses were performed using GraphPad Prism 9.4.0
(GraphPad Software, San Diego, USA) software. Normality and homo-
scedasticity were tested with the Shapiro-Wilk and Kolmogorov-



L Tejeda et al.

Smirnov tests. Data that was normally distributed was analyzed using a
one-way analysis of variance (ANOVA) with the Dunnett post hoc test. If
the data were not normally or log-normally distributed, they were
analyzed using the Kruskal-Wallis test and multiple-comparison tests.
The statistically significant differences are represented with *
(p < 0.05), ** (p < 0.01), and *** (p < 0.001), and the data are repre-
sented with mean =+ standard error to the mean (SEM).

3. Results

This study examined how artificial stomach acid alters the physico-
chemical properties and toxicity of LDPE microplastics. We aimed to
identify key ASA-related changes to relate them to identified toxic ef-
fects. Given the evidence that redox processes underlie particle-specific
toxicity, the ROS-inducing potential of LDPE and a wider range of
common plastic particles was included in the characterization.

3.1. Physicochemical characterization

3.1.1. Physical characterization of all MPs

All studied MPs had an irregular shape (Fig. 1A-D, Suppl. Fig. 1A-E).
The maximum Feret diameter of the different MPs ranged from
27.54 + 19.79 pm for PBT to 237.98 + 254.2 um for PA. For the mini-
mum Feret diameter, sizes ranged between 17.03 + 14.27 um for PET
and 87.53 £ 70.23 um for PA (mean =+ SD, Fig. 1D). Two size fractions of
LDPE were studied. The LDPE_5( fraction had a max Feret diameter of
74.2 + 34.09 pm and a min Feret diameter of 41.13 + 16.34 pm. These
dimensions were significantly larger than those of the LDPE3_4; fraction
(p < 0.001, Fig. 1A), which are LDPE particles collected after filtration
through a 41 pm filter followed by a 30 pm filter. LDPE3 47 had a max
Feret diameter of 56.71 + 35.50 pm and a min Feret diameter of
32.86 + 25.69 pm. After ASA treatment (Fig. 1C), the max Feret diam-
eter significantly increased to 61.1 + 32.35 pm, while the min Feret
diameter (32.0 + 10.94 pm) showed no significant difference. Notably,
59.5% of the LDPE3(_4; exceeded the filter pore size range of 30-41 pm
in at least one dimension.

3.1.2. Chemical characterization

XRF showed the presence of several metal traces (Al Fe, Ti, Cu, Pb,
Mn, Zn, and Ni, Fig. 1E), with the remaining mass dominated by the
polymer matrix (> 99 wt% CyHy). GC-MS showed that the LDPE sample
contained phthalates, and derivatives from secondary antioxidants such
as Tris(2,4-di-tert-butylphenyl) phosphite (Suppl. Table 1).

DSC showed no significant changes in crystallinity between pristine
and ASA-treated LDPE particles. The pristine LDPE particles exhibited a
degree of crystallinity between 23.1 and 29.5% (95% confidence inter-
val), based on triplicate measurements of the melting enthalpy and
assuming 293 J/g as the heat of fusion for 100% crystalline PE. The DSC
measurements on the LDPE-ASA particles revealed a melting enthalpy of
68.95 J/g, corresponding to a degree of crystallinity of 23.5% (Suppl.
Fig. 2). FTIR spectroscopy showed no major changes in surface oxida-
tion of LDPE_50-ASA particles (Suppl. Fig. 3). The carbonyl index,
defined as the peak integration between 1650 and 1850 cm™! to the
integration between 1390 and 1490 cm ™}, was found to vary more be-
tween measurements on the same sample than between treatments. FTIR
spectra present the characteristic peaks of LDPE (Gulmine et al., 2002).
After the ASA treatment of the plastic, the leachate, measured by
ICP-AES, showed traces of Al, Fe, Mn, Pb, and Zn (Fig. 1F).

ROS generation was measured by ESR spectroscopy (Suppl. Fig. 4)
before and after 30 min of ASA treatment. The height and surface area of
the peaks in the ESR spectra reflect the amount of ROS formation, with
higher values indicating increased ROS production (Table 1). LDPE_5q
appeared to induce ROS, regardless of ASA treatment. More specifically,
LDPE_5 particles formed OH' and O3 in Milli-Q, which increased in
intensity after ASA treatment (Figs. 3A and 2B). These results were
confirmed and complemented by quantification of ROS using CellROX™
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Orange Reagent after incubating LDPE in glucose, ASA without glucose,
and ASA. These data showed an increase in ROS production after all
treatments compared to Milli-Q water (Fig. 5C). Also, for other particles,
such as LDPESO—ZSO’black’ LDPESO—IOO,White’ PMMA, PET, PP, and PVC,
ROS formation was observed with ESR after ASA treatment. The stron-
gest ROS production was observed for the different LDPE microplastics,
followed by PMMA. No ROS or other radical signal was detected for PBT,
neither in Milli-Q nor in ASA. All conditions were normalized to their
respective controls, as ASA itself increased ROS formation as well (data
not shown).

Because of possible interference, all ESR experiments with LDPE3g 41
were conducted in ASA, which was stored in a glass (ASAg) or a plastic
(ASAp) container. ROS formation was similar in both conditions, except
for the surface height after 60 min treatment in LDPE-ASAp (Fig. 5A-B).
The ESR spectroscopy results exhibited considerable variability, and
data analysis did not reveal statistically significant increased ROS for-
mation compared to their respective controls or between ASAp and
ASAg.

3.2. Cellular uptake of LDPEs3p_4; and LDPE3y 41-ASA microplastics

After a 24 h of exposure, both LDPE3( 47 and LDPE3(_41-ASA sedi-
mented onto the cell layer (Fig. 2). Confocal laser scanning microscopy
(CLSM) z-stack analysis showed no evidence of particle uptake by
Caco—2 cells under any condition. LDPE particles remained extracellu-
larly located, with no signal detected within the cytoplasm or nuclear
region of Caco—2 cells. All observed LDPEg( 4; particles (100%) were
either in close proximity to or in contact with the cell membrane. In
contrast, 75% of the observed LDPE3(_41-ASA particles were in contact
or close proximity to the cell membrane, while the remaining 25%
suspended above the cell monolayer at an average distance of 18.0
=+ 2.87 um from the apical cell membrane.

3.3. Evaluation of cytotoxicity after LDPE3p 47 and LDPE3y 41-ASA
exposure in Caco—2 cells

Membrane integrity measured by 5-CFDA, AM decreased, even
without identified uptake. After a 24 h exposure, both materials induced
a concentration-dependent decrease, to 83.86 + 1.06% for LDPE3(_4;
and 82.36 + 3.31% for LDPEj3p_41-ASA. LDPE3g4; induced sub-
cytotoxic effects across all tested concentrations (1-150 pg/ml),
whereas LDPE3(_41-ASA induced effects only within the concentration
range of 25-150 pg/ml (Fig. 3).

Mitochondrial network dynamics were also affected, as the mito-
chondrial footprint (Fig. 4A) and network branches (Fig. 4C) increased
significantly following an exposure to 100 pg/ml LDPEgg 41-ASA
(p <0.001 and p < 0.05, respectively). The branch length mean
(Fig. 4B) increased following exposure to 10 ug/ml LDPEgy 41
(p < 0.05), 100 pg/ml LDPE3g_41-ASA (p < 0.001), and ASA (p < 0.05).

LDPE3( 41 had a lower mitochondrial footprint than LDPE3y_41-ASA
at 10 and 100 ug/ml (p < 0.001). LDPE3p_4; also had a lower mean
branch length than LDPEgp 41-ASA at 100 pg/ml (p < 0.01), but the
variability in the LDPEgy 4; data was greater than this difference.
Representative images (Fig. 4D) showed dose-dependent changes in
fluorescence that were not supported by quantitative analysis.

4. Discussion

Microplastics (MPs) are a growing concern for both environmental
and human health, and have become the focus of many toxicological
studies. Alongside important new insights, recent advances have also
raised new questions, particularly as most in vitro studies rely on
commercially available MP beads that poorly reflect environmentally
relevant MPs. Manufactured MPs typically have uniform shapes, smooth
surfaces, and narrow size ranges, failing to capture the diversity of real-
world microplastics, especially for larger and irregular particles. To
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Fig. 1. MPs characterization. A: size distribution and representative image of LDPE_sq. B: size distribution and representative image of LDPE3(_4;. C: size distribution
and representative image of LDPE3_41-ASA, which is the LDPE3, 4; fraction treated with ASA for 30 min. (A-C) Bars represent the relative frequency (%). All the
scale bars are 100 pm. D: summary of mean =+ SD of the sizes of the maximum and minimum Feret diameter of LDPE, PVC, PP, PBT, PE, and PET. Feret distances were
measured using ImageJ (n = 375 for LDPE and n = 200 for PVC, PP, PBT, PE, and PET). E: XRF quantitative data of the composition of LDPE_s¢. F: ICP results of the
ASA and the leachate of LDPE_5, after being exposed to ASA for 30 min at 40 °C.
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Table 1
Ranking of microplastic types based on ESR measurement values of the second
DMPO-OH peak after 30 min incubation in ASAg or Milli-Q water.

Plastic incubated for 30 min Plastic in Milli-Q

in ASA
Rank  Plastic 2nd Peak 2nd Peak 2nd Peak 2nd Peak
type Height Surface Height surface
DMPO"OH DMPO"OH DMPO "OH DMPO "OH
signal signal signal signal
(x102) (x10%) (x103) (x10%)
1 LDPE.5, 16 88 11 51
2 LDPEs _ 15 21.74 No radical signal observed
250, black
3 LDPEs, - 12 22.08 No radical signal observed
100, white
4 PMMA 11 20.13 No radical signal observed
(6 pm,
white)
5 PET 10 16.04 No radical signal detected
(blue)
6 PP 10 14.86 No radical signal detected
(purple)
7 PVC 10 13.63 No radical signal detected
(white)
8 PBT No radical signal detected
(white)
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address these research gaps, our study investigated pristine and ASA-
treated plastics in a commonly used in vitro intestinal model (Caco—2
cell line) using a variety of assays to characterize the plastics and assess
their potential cytotoxic effects. While our findings establish associa-
tions between particle properties and cellular responses, the inherent
heterogeneity of environmentally relevant MPs remains an important
challenge and likely contributes to inconsistencies across studies. The
present study, therefore, represents a first step toward disentangling this
variability through a simplified, stepwise approach linking specific
physicochemical changes induced by gastric chemical weathering to
biological responses.

Contrary to common assumptions, our findings suggest that cyto-
toxicity can be induced without particle uptake. Both pristine and ASA-
treated LDPEg_4; particles were larger than most cells and were not
taken up by Caco—2 cells, as confirmed by confocal laser scanning mi-
croscopy (CLSM) z-stack analysis. No intracellular localization of par-
ticles was observed under any condition, with particles remaining
extracellular or in direct contact with the apical membrane. Despite the
lack of uptake, exposure to both particle types reduced cell viability by
compromising membrane integrity (5-CFDA, AM). The strongest effects
occurred at high, non-realistic concentrations (>10 pg/ml), while at
lower concentrations (<10 pg/ml), a reduction in membrane integrity
was observed only for pristine particles (Fig. 3). This suggests that subtle
membrane effects may precede detectable viability changes, as other

Nile red

‘ Nile red + Green PlasmaMembrane

LDPE

LDPE-ASA

Fig. 2. Uptake and association of LDPE3y 47 and LDPE3,_41-ASAg stained with Nile Red in a Caco—2 monolayer. White arrow indicates particles, yellow arrow
indicates the distance between the floating LDPE3 41-ASA particle and the cellular membrane. Representative XYZ-images of floating and sinked MPs after a 24 h
exposure to 100 ug/ml in a confluent Caco—2 monolayer (Membrane - Cellmask Green Plasma membrane stain; Particles - Nile Red). The scale bar is 20 pym.
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Fig. 3. (Sub-)cytotoxic effects of LDPE3q 47 and LDPE3q 41-ASA in a Caco—2 monolayer. Metabolic activity was determined by Alamar Blue, and membrane integrity
by 5-CFDA, AM. A: Cytotoxic effects of LDPE. B: cytotoxic effects of LDPE incubated in ASA. Data represent the percentage of metabolic activity (Alamar Blue) or
membrane integrity (5-CFDA, AM) =+ standard error to the mean (SEM) relative to control (4 independent experiments, n = 24 for AB and n = 20/16 for 5-CFDA,
AM). Box-plot representations show the median (line), interquartile range (box limits), and maximum and minimum values (whiskers). Statistical significance was
assessed by one-way ANOVA with control using Dunnett’s method if the distribution was normal. If not, a paired t-test was applied to the data set. * p < 0.05, **
p < 0.01, *** p < 0.001.
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Fig. 4. Effects of LDPE particles on a Caco—2 monolayer mitochondria after 24 h of exposure to 10 or 100 ug/ml of LDPE3o 4; or LDPE3 41-ASA. A: Mitochondrial
footprint. B: Branch length mean. C: Network branches mean. D: representative images of the different conditions with Mitotracker Red CMXRos and the corre-
sponding skeleton obtained using the MINA tool in Fiji according to Valente et al. (2017). The graphs present the average relative to control + SEM (n = 9-12 from 3
independent experiments). The scale bar of all the images is 15 pm. Statistical significance was assessed by a paired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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studies report no strong viability loss at low concentrations across
various particles and cell lines (Fournier et al., 2023; Gautam et al.,
2022; Goodman et al., 2022; Park et al., 2023; Stock et al., 2019). In the
absence of internalization, membrane damage is likely mediated by a
combination of mechanical and oxidative processes occurring at the
particle—cell interface. Adsorbed microplastic particles can mechani-
cally stretch lipid bilayers and destabilize membrane integrity without
requiring oxidative or inflammatory pathways (Fleury and Baulin,
2021). In parallel, MP-induced ROS formation may promote lipid per-
oxidation of membrane phospholipids, which is increasingly recognized
as a central downstream event of oxidative stress (Hu and Pali¢, 2020;
Zhang et al., 2021; Li et al., 2023), leading to loss of membrane integrity
and cell viability (Cui et al., 2025; Li et al., 2023). These findings suggest
that, for larger MPs, extracellular mechanisms may play a more signif-
icant role than intracellular accumulation in mediating intestinal effects.
Because ASA exposure altered particle sedimentation behavior, we
explored whether differences in particle—cell contact could contribute to
the observed effects. Approximately 25% of ASA-weathered particles
remained afloat, whereas all pristine LDPE30-41 particles sedimented
onto the cell layer (Fig. 2). This may reflect ASA-induced changes in
particle surface properties, such as {-potential, protein corona forma-
tion, or density (Lin et al., 2023; Reznickova et al., 2015), which could
influence particle settling and cellular contact (Fischer et al., 2004;
McKeen, 2013; Suppl. Table 2). However, due to the size and floatability
of the studied LDPE particles, these parameters could not be experi-
mentally determined with the currently available methodologies and
therefore remain hypothetical.

We subsequently compared the cytotoxicity of pristine and ASA-
weathered particles, building on previous findings showing that mito-
chondrial dynamics are altered under micro- and nanoplastic (MNP)
exposure (Das, 2023; Lee et al., 2022; Saenen et al., 2023). High con-
centrations of ASA-treated LDPE induced increased mitochondrial
fusion, elongated branch length, and an expanded mitochondrial foot-
print (Fig. 4), which is consistent with an early adaptive response to
oxidative stress (Tilokani et al., 2018; Youle and van der Bliek, 2012;
Archer, 2013). These changes can temporarily preserve mitochondrial
function by sustaining ATP production and maintaining membrane po-
tential (Tilokani et al., 2018; Valente et al., 2017). However, sustained
fusion may also reflect impaired mitochondrial fission and mitochon-
drial turnover, compromising quality control via mitophagy, leading to
an accumulation of dysfunctional mitochondria and contributing to cell
death. Such dysregulation has been associated with altered metabolic
flexibility and reduced capacity to maintain barrier integrity (Huang
et al, 2024; Wu et al., 2019). As mitochondria operate as a
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redox-sensitive network that dynamically responds to cellular oxidative
status (Tilokani et al., 2018; Valente et al., 2017; Kuznetsov et al., 2022;
Wang et al., 2022; Wu et al., 2019), and given the observed mitochon-
drial alterations in the absence of particle uptake, the cellular redox
potential of the particles was further investigated (Banerjee and Shelver,
2021; Hu and Palic, 2020) using ESR and CellROX Orange Reagent. Both
pristine and ASA-treated LDPE particles increased ROS levels in a
non-cellular environment, with stronger effects after ASA treatment
(Fig. 5). We hypothesize that the increased ROS production is driven by
trace amounts of metals, likely originating from plastic production and
handling (Suppl. Table 1), as redox activity is known to be enhanced by
high surface area, functional groups, and transition metals on particle
surfaces (Gao et al., 2022; Hu and Palic, 2020; Xu et al., 2024), despite
only minimal surface oxidation as indicated by the carbonyl index. In
addition, glucose in the artificial stomach acid may further promote ROS
formation via metal-catalyzed autooxidation in the presence of trace Fe
(0.5 ppm) detected in the leachate (Chikezie et al., 2015). These results
support a model in which pristine MPs primarily induce membrane
damage through direct physical interactions, whereas ASA-treated MPs
may additionally contribute to cellular effects via leachate-associated
and redox-mediated effects. Importantly, while mitochondrial network
and ROS alterations were directly observed, the link to particle surface
modifications remains to be validated experimentally.

To conceptually demonstrate the increase in redox-inducing poten-
tial after ASA treatment, we conducted a screening to assess the ROS-
inducing potential of LDPE and other irregular MPs found in everyday
products (De Vos et al., 2021; Shakiba et al., 2021; Shen and Worrell,
2014). This showed LDPE as the plastic with the highest ROS-inducing
potential, but other plastics also showed increased redox potential
after ASA treatment, validating our previous findings (Table 1) and
aligning with previous studies (Duan et al., 2022). Hu and Palic (2020)
demonstrated that UV-weathered particles trigger ROS production and
oxidative stress, leading to cellular damage, and Krasucka et al. (2022)
further found that in vitro digestive or environmental processes modify
particle surfaces, thereby influencing toxicity. This study acknowledges
the limitations of its design and includes control experiments to elimi-
nate potential artifacts. To address the interaction between nano-
particles and assay readouts (Andraos et al.,, 2020), we assessed
potential particle interference with all fluorescent assays using a plate
reader and confocal microscopy, which was minimal (Suppl. Fig. 5). In
addition, we faced a higher variability in responses due to the hetero-
geneous size and distribution of the MP suspensions, necessitating the
use of multiple independent experiments and complementary assays.
Despite this approach, ESR measurements showed considerable
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Fig. 5. Quantification of the ESR spectroscopy measurements of the second DMPO OH peak (in arbitrary units), and ROS formation measurements with CellROX
Orange Reagent. A: Summary of the height of the second peak minus their respective controls of LDPE_5( in MilliQ water (LDPE_50,-MQ), LDPE_5, incubated in ASA
stored in plastic (LDPE_50-ASAp), and LDPE_s incubated in ASA stored in glass (LDPE_50-ASAg). B: Summary of the surface of the second peak minus their
respective controls of LDPE_50-MQ, LDPE_5,-ASAp, and LDPE_5(-ASAg. C: summary of the median gray value of CellROX Orange Reagent intensity of individual
particles minus their respective controls of LDPE_s, in MilliQ water (MQ water), LDPE_5q incubated in ASA (ASA), LDPE_s, incubated in ASA without glucose (ASA -
glucose), and LDPE_sq incubated in glucose (Glucose). The summary data Graphs A and B represent individual single values (dots), average and SEM, and Graph C
represents a violin plot with median (dotted line) and quartiles (line). Statistical significance was assessed by one-way ANOVA with control using Dunnett’s method if
the distribution was normal. If not, the Wilcoxon test was applied to the data set. *** p < 0.001.
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variability, likely reflecting the high sensitivity of the technique to
heterogeneous samples (Davies, 2016). Therefore, findings were inter-
preted alongside results from other assays and validated across different
plastic types to strengthen their robustness. We do have to note that, due
to the sensitivity of the equipment, chemical analyses required plastic
amounts 33-330 times higher than those used in cell-based experiments.
The simplified ASA weathering model and Caco—2 cell system can also
be considered as limitations, although they were deliberately selected to
provide a controlled and reproducible framework for identifying specific
physicochemical changes and their biological consequences. A limita-
tion of our ASA model is that it focuses solely on chemical gastric
weathering during a 30-min exposure, which is primarily representative
of liquid digestion and does not capture the full complexity of gastro-
intestinal processes. Similarly, while the widely used Caco—2 model
facilitates comparison with existing studies, it does not fully reproduce
the intestinal epithelium in vivo. Nevertheless, the insights gained from
this study provide a foundation for future experiments incorporating
more complex digestion models and advanced intestinal systems in a
stepwise manner (Bredeck et al., 2022). By systematically addressing
key sources of variability and incorporating thorough microplastic
characterization, we advance our understanding of the potential health
impacts of microplastics and provide insights that support the devel-
opment of safer polymer materials.

5. Conclusions

Our study demonstrated that fragment-shaped LDPE MPs can nega-
tively affect Caco—2 cells, even in the absence of detectable cellular
uptake. Exposure to a simplified artificial stomach acid model,
mimicking human gastric chemical weathering, altered the physico-
chemical properties of LDPE particles and shifted their toxicity profile.
Our data indicated that pristine plastics sediment more readily, being
associated with a higher membrane integrity loss, supporting the hy-
pothesis that pristine MPs primarily exert effects through direct particle-
cell interaction. In contrast, ASA-treated LDPE showed a higher redox
potential, which was a trend in other particles, even though there was
variation between polymers. These physicochemical differences trans-
lated into downstream effects in mitochondrial network dynamics,
possibly linked to the measured metal leaching present in ASA-treated
LDPE. While the proposed links require further validation, a key
strength of this study is its integration of physicochemical and biological
analyses. Extending such combined approaches, particularly under more
physiologically relevant conditions and using a more comprehensive
digestion model, will be crucial for a better understanding of the effects
of real-world plastic particles in future work.
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