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Micro and nanoplastics pose a growing environmental threat with complex implications for human health.
Despite the extensive research on the cytotoxicities of microplastics, gaps remain in understanding cellular
responses to the interplay between environmental weathering and physiological processes. This study aims to
fill this knowledge gap by evaluating and comparing the in vitro cellular responses to pristine polystyrene
particles, particles weathered under UV light in DI water and seawater, and particles with subsequent
incubation in simulated gastric fluid (SGF). In this study, Fourier transform infrared spectroscopy in attenuated
total reflection mode (ATR-FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS) were implemented to conduct surface
chemistry and morphology characterizations of the particles. The combination of these techniques allowed a
comprehensive understanding of surface morphology and chemistry alterations due to the weathering
degradation and SGF incubation. Results showed nitrogen and carbonyl groups formed on weathered
particles, and seawater-weathered particles showed a more pronounced weathering degree. After SGF
incubation, stronger nitrogen and amide groups were detected on the surface of weathered particles, and
more organic matter was attached. Two cell lines that are widely used for the evaluation of microplastic
cytotoxicity were used, RAW264.7 macrophage and Caco-2 intestine epithelial cells. Results showed
weathered and SGF-treated particles enhanced macrophage metabolic activity, viability, and pro-inflammatory
effects compared to pristine particles. Elevated reactive oxygen species (ROS) generation was detected for all
particle groups. Weathered particles caused higher cytotoxicity effects on Caco-2 cells and damaged tight
junction integrity. The organic matter formation from the SGF incubation protected tight junction integrity and
reduced cytotoxicity. These findings highlight the importance of taking both environmental and physiological
factors into account for a more comprehensive assessment of microplastic toxicity.

Studying weathered microplastics and physiologically representative microplastics holds crucial environmental importance, particularly amidst the growing
concern over the pervasive threats that microplastics pose to both environmental ecosystems and human health. Our research addresses significant

knowledge gaps by integrating weathering and simulated physiological digestion environments to assess the impact of these particles on various cell lines.

The findings underscore the imperative of incorporating weathering and biological processes for a comprehensive understanding of microplastics’
cytotoxicity and implications for public health risk assessment.
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resulting in significant variations in their adsorption and
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uptake,®* distribution and fate,”® and influences on animal
behaviors.””® However, previous research on microplastic
cytotoxicity assessment has predominantly focused on using
pristine particles, with only a handful of studies utilizing
artificially ~ weathered  microplastics,”™  and
incorporating biological processes.”*™*® This underscores the
critical need for further research to bridge the knowledge gap
and enhance our understanding of the combined impacts on
microplastics resulting from both environmental and
biological factors, which are essential for conducting accurate
public health risk assessments related to microplastics.

The process of aging or weathering plastics in natural
environments involves complex interactions of physical,
chemical, and biological degradation."'® The interplay of
these natural forces breaks down larger plastics into
microplastics, altering their physicochemical properties.
Weathering mechanisms are typically classified into
hydrolysis, photooxidation, chemical oxidation, microbial
degradation, organic matter adsorption, and others."”” Each
degradation mechanism has distinct effects on particle
properties, resulting in particle heterogeneity and complex
variations in their impact on toxicological assessments.'®
Consequently, research utilizing laboratory-controlled
artificially weathered microplastics for more representative
toxicology evaluations is on the rise. To name a few, Englert
et al. compared the hepatotoxicity in human liver cells
between pristine and UV-weathered micro - and nano
polystyrene (PS) particles. It was found that UV-weathered
PS particles induced cytotoxicity after 24 hours of
incubation at a low concentration of 0.1 ug ml™, but other
cellular stress responses were only detected for cells exposed
to particles at higher concentrations. It was also found that
micro-sized (3 pum) PS particles caused more pronounced
cytotoxicity than nano-sized PS particles (25 and 100 nm).""
Recently Koner et al. evaluated the cytotoxicity of naturally
aged polypropylene (PP) particles and non-aged PP particles
on RAW264.7 murine macrophage cells. Decreased cell
viability was found for both types of PP particles, although
aged-PP particles induced less cellular oxidative stress,
membrane damage, and apoptosis compared with non-aged
PP particles."® While studies have noted
increased cytotoxicity and cellular stress resulting from
weathered microplastics,'®***' a few have reported similar
findings indicating that weathered microplastics may not
necessarily exhibit more adverse effects than pristine
microplastics.?*** The contrasting cellular impacts are likely
due to the variations in experimental setups, whereas
cellular responses to microplastics are dependent on many
key variables, such as microplastic particle size,>***
concentration,”*>® and type.>**° Additionally, the absence
of standardized laboratory weathering methods reduces the
comparability of research findings."” Therefore, further
experiments are required to address existing research gaps,
incorporating comprehensive assessments of key variables
to enhance our understanding and evaluation of the toxicity
of weathered microplastics.
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In addition, the physiological environment can
significantly alter particle properties, thereby affecting their
interactions with cells. Ingestion is one of the primary routes
for microplastics to enter human bodies,* and several
studies have evaluated cellular responses to microplastics
treated with simulated digestion fluids. Paul et al studied
Caco-2 cellular responses to four types of nanoplastics that
were processed by simulated saliva, gastric, and intestinal
fluids. Decreased cellular interactions and increased
transportation across cellular barriers were found for
digested particles. It concluded that the organic matter
formed on the particles during the digestion process
enhanced the translocation through the Caco-2 epithelium.*?
Similarly, Liu et al® observed corona formation on
polystyrene microplastic after incubation in simulated
digestion fluids, and reduced cytotoxicity and transport
function disorder, but increased pro-inflammatory effects of
Caco-2 cells. Wang et al. found enhanced hepatic cytotoxicity
of polystyrene nanoparticles after chemically transformed by
simulated gastric fluid.>* Studies also investigated other
physiological responses to micro- and nanoplastic treated
with simulated digestion fluids, for example, lipid
digestion,**® and interaction with microbiota.>”*® However,
all these studies utilized pristine particles, neglecting the
potential effects of particle aging and chemical
transformations in digestion fluids. Given that prior research
has highlighted the impact of protein corona on cellular
behaviors, it is crucial to integrate both weathering and
simulated digestion processes into studies, as environmental
weathering can substantially modify protein corona
composition and subsequently alter cellular responses.***
Despite this importance, studies combining environmental
weathering and simulated in vivo digestion processes remain
relatively scarce.

Herein, our study aims to elucidate the cumulative impact
of weathering and physiological digestion on microplastic
toxicity. Specifically, 10 pum polystyrene (PS) microplastic
particles underwent a simulated weathering process under
UV exposure in deionized (DI) water and seawater.
Subsequently, pristine and weathered particles were
subjected to simulated gastric fluid (SGF) to partially
replicate the digestive environment. The interplay between
weathering and physiological digestion is a complex process
in real-world scenarios, where ingested particles are rarely
pristine.”’ In this study, we aim to simulate real-life
conditions by first weathering the particles and then
exposing them to SGF. While weathering and digestion can
occur concurrently in nature, isolating these factors in our
study allows us to examine the physicochemical changes that
occur at each stage and assess their distinct impacts on
cellular responses. To understand the physicochemical
alterations at each stage, particle surface chemistry and
physical properties were analyzed using multiple techniques
including SEM-EDS imaging analysis, FTIR and Raman
spectroscopy, and XPS analysis. Additionally, polystyrene
particles are widely used as a model for studying microplastic
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cytotoxicity across a broad size range, from various sources,
with different aging protocols,*>™* and it is one of the most
abundant microplastics in nature and found in human
tissue.*® We decided to use 10-micron polystyrene particles as
a starting point for the weathering, which allowed us to
investigate the particle properties changes more in detail.
Microplastics within this size range have been found
abundant in tissue but cytotoxicity is less explored.”” This
selection helps provide continuity with previous studies while
addressing unexplored aspects of particle transformations to
better predict micro- and nanoplastic cytotoxicities. To
evaluate the biological impacts, the cellular responses of
RAW264.7 and Caco-2 cells were assessed after incubation
with these particles for 24 hours. These cell lines were chosen
for their established utility in assessing diverse properties of
PS microplastic particles.*** Cell viability, reactive oxygen
species (ROS) generation, pro-inflammatory cytokine TNFo
secretion, tight junction integrity, and particle uptake were
evaluated at two common concentrations found in the
literature.>®™® Overall, the findings from this study
contribute to filling the existing knowledge gap by providing
a detailed characterization of PS particles after weathering
and SGF treatment, and by evaluating their impacts on
cellular responses. These insights underscore the importance
of conducting comprehensive studies using representative
environmental and physiological models for
microplastic toxicity assessments.

accurate

2. Experimental
2.1. Microplastic particle preparation

PS particles with a diameter of 9.5-11.5 pum (Cospheric, Santa
Barbara, CA) were incubated in DI water (ACS reagent grade,
Fisher Scientific, USA) and surface seawater (Narragansett
Bay, RI, USA). Surface seawater was first passed through a 63
um stainless steel filter into a glass jar. It was then treated
with 30% stabilized H,0, in the dark for 48 hours to digest
organic matter, such as bacteria, to eliminate potential
biological contaminants and microbial and particle
interactions.>® Both waters were filtered using a 0.22 pm
membrane at the final step. Subsequently, 150 mg of PS
particles were added to glass beakers containing 300 mL of
water samples. The beakers were then exposed to UV-A of 340
nm wavelength (maximum irradiance of 0.89 W m™ nm™)
for 500 hours in a UV chamber (Q-Lab, Westlake, OH, USA)
(Fig. S1, ESIY), followed similar weathering protocols with a
few previous studies.®>°"

2.2. SEM-EDS analysis

Particle surface morphology and elemental analysis were
investigated using a field emission scanning electron
microscope (Zeiss Sigma VP FE-SEM, Oberkochen, Germany).
Initially, PS particles were centrifuged at 6000 rpm for 15
minutes. The supernatant was removed and 2 pL of the
particle-containing solution was pipetted onto a silicon wafer.
SEM-EDS elemental mapping was performed with the PS
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particles as-is under 10 KV acceleration voltage. For better
morphology imaging, the samples were subsequently coated
with a 2 nm-thick gold layer using a Cressington 108 sputter
coater (Cressington, Watford, UK). Uncoated particles were
used for the EDS analysis.

2.3. ATR-FTIR analysis

The characterization of surface chemical functional groups
was investigated using an FTIR spectrophotometer equipped
with ATR (Shimadzu IRTracer-100, Kyoto, Japan). Particles
were centrifuged at 6000 rpm for 15 minutes and the
supernatant solution was removed. Subsequently, 2 uL of the
solution was placed onto the ATR prism and left to dry
completely. The final spectrum was collected at an
integration time of 120 seconds, covering a wavenumber
range from 400 c¢cm™' to 4000 cm™', and plotted as %
transmission.

2.4. Micro Raman spectroscopic analysis

Raman spectroscopy was also performed to investigate the
surface chemical functional groups. We used a micro-Raman
spectrometer (WITec Alpha 300R+, Ulm, Germany) equipped
with a 100X objective with a numerical aperture of 0.9, a 532
nm laser source set at 10 mW power, and a CCD detector
with 600 lines per cm grating. 1 pL of the particle solution
was pipetted onto a silicon wafer and left to dry completely.
An integration time of 5 seconds and 100 accumulations were
employed for the acquisition of a single spectrum. The
spectra were processed using WITec Control Five software
(version 5). The final spectrum wavenumber range was 300
em™ to 3600 cm ™.

2.5. XPS analysis

Particle surface elemental composition was analyzed by XPS.
The K-Alpha system from Thermo Fisher Scientific with an Al
Ko source was used. Samples were cast onto silicon wafers
and left to dry in a desiccator completely. The investigation
of elemental composition was conducted using the survey
scan function.

2.6. SGF particle incubation

SGF solution is commonly utilized in biological studies to
replicate in vivo gastric digestive conditions.®* ** To prepare the
SGF, 0.2% w/v NaCl and 0.7% v/v HCI were added to ultrapure
water and adjusted to achieve a final pH near 2.5. 10 mg of
porcine gastric mucosal pepsin (P7012, Sigma Aldrich, St.
Louis, Missouri, USA) was then added to 10 mL of the buffer
solution.®*°> The solution was thoroughly mixed using a vortex
mixer and filtered through a 0.22 pm membrane. For the
particle incubation, 1 mL of the prepared SGF was pipetted into
centrifuge tubes containing the pristine PS particles, DI water-
weathered PS particles and seawater-weathered PS particles.
The particles were incubated at 37 °C for four hours to simulate
the average transit time of food in the stomach.®® Following

This journal is © The Royal Society of Chemistry 2025
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incubation, the particles were centrifuged, rinsed with PBS,
and subsequently resuspended in cell culture medium to
prepare for cellular analysis.

2.7. Cellular viability analysis

RAW 264.7 cells (ATCC number TIB-71) were cultured in T75
flasks using DMEM high glucose medium containing 10%
heat-inactivated fetal bovine serum (FBS) and maintained at 37
°C in a humidified atmosphere (5% CO2, 95% air). The cells
were passaged to passages 5 or 6 (P5 or P6) for all experiments.
Caco-2 cells (ATCC HTB-37) were cultured in the same medium
supplemented with penicillin-streptomycin and reached 85%
confluency for the experiments. The Cell Counting Kit-8 (CCK-
8) assay kit (96990, Sigma Aldrich, St. Louis, Missouri, USA)
was utilized to assess cell viability in both cell lines. Cells were
seeded in 96-well plates at a density of 1 x 10" cells per mL.
Following the initial 24 hour incubation, 100 pL of particle-
containing medium was added to each well. After 24 hour
incubation, the cells were thoroughly washed with phosphate-
buffered saline (PBS 1x) and then replenished with 100 pL of
fresh medium. All subsequent test procedures were conducted
following the manufacturer's protocol. The final absorbance
was measured using a microplate reader (SpectraMax M2,
Molecular Devices, San Jose, CA, USA).

2.8. Intracellular ROS analysis

The Invitrogen total ROS assay kit (88-5930-74, Thermo
Fisher, Waltham, Massachusetts, USA) was used to measure
reactive oxygen species (ROS) generation of RAW 264.7 cells
after 24 hour incubation with particles. Cells were initially
seeded in 96-well plates at a density of 1 x 10* cells per ml.
Subsequently, the cells were stained with the ROS test
reagent according to the manufacturer's protocol, and then
cells were thoroughly washed with PBS, and particles were
added and incubated for 24 hours. Fluorescent images of 500
pm x 500 um area of each well were captured using Opera
Phenix high content screening system (Perkin Elmer,
Waltham, Massachusetts, USA) in the FITC channel.
Fluorescent intensity was calculated using Image]J.

2.9. Pro-inflammatory cytokine TNFa analysis

Standard mouse TNFo (tumor necrosis factor o) and human
TNFo ELISA kits (BioLegend, San Diego, CA, USA) were used
to quantify the secretion of TNFa for RAW264.7 and Caco-2
cells. Cells were seeded in 96-well plates at a density of 1 x
10* cells per ml. Subsequently, PS particles were added to the
wells. Following a 24 hour incubation, 50 pL of cell culture
supernatant was harvested for cytokine level determination.
All procedures followed the manufacturer's protocol.

2.10. Caco-2 tight junction integrity and particle uptake
analysis

Immunofluorescent analysis of the Caco-2 tight junction was
done using ZO-1 antibody (green) (61-7300, Thermo Fisher
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Scientific). Cells were fixed with 4% paraformaldehyde for 15
minutes and permeabilized in 0.1% Triton X-100 in PBS for 10
minutes, followed by blocking with 1% BSA. Then, cells were
incubated with Goat anti-Rabbit IgG (heavy chain), Alexa Fluor
488 conjugate (#A27034, Thermo Fisher Scientific). Cell nuclei
were counter-stained with DAPI (D1306, Thermo Fisher
Scientific) afterward. The Opera Phenix high-content screening
system was utilized for imaging with a 63x water objective.

2.11. Statistical analysis

OriginLab (version 2024, Northampton, MA, USA) was used to
plot spectrum graphs. GraphPad Prism software (version 6.0; La
Jolla, CA, USA) was utilized for creating graphs and conducting
statistical analyses. Each experimental group consisted of three
replicates. Data are presented as means + standard error of the
mean (S.E.M). Two-way ANOVA tests are performed for data
analysis. Significance levels were denoted as follows: *p < 0.05,
*Ep < 0,01, ¥F¥p < 0.001, **¥¥p < 0.0001.

3. Results

3.1. Physicochemical characterization of PS particles

Particle surface chemical functional groups were investigated
using ATR-FTIR and Raman spectroscopy techniques. Pristine
particles and weathered particles exhibited similar FTIR
spectra looking at the full spectrum range (Fig. 1A). However
in the wavenumber range between 1000 cm ' and 1800 cm™
(Fig. 1B), a broadband peak around 1094 c¢cm™, associated
with the C-O carboxyl group can be seen for SGF-treated
particles,®” and a minor peak at 1716 cm™, corresponding to
the C=0 carbonyl group can be seen for DI water-weathered
and seawater-weathered particles.®® The formation of these
chemical functional groups has been frequently reported as
indicative of the chemical transformations that polymers
undergo during photooxidation weathering.®*””* The minimal
change observed in the IR spectrum for C-O carboxyl groups,
coupled with a significant increase in C=0 groups for the
weathered particles, suggests a rapid transition from C-O to

—O. This may indicate that in aqueous weathering
conditions, unstable C-O groups quickly oxidize to C=O,
progressing to an advanced oxidation stage of polystyrene.
This result is consistent with previous studies on polystyrene
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Fig. 1 ATR-FTIR spectrum of surface chemical functional groups on
all particles. A. Spectrum of all types of particles at full wavenumber
range from 500-4000 cm™ and B. spectrum of wavenumber range
from 900-1800 cm.
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weathered in aqueous conditions,”*”> which differs from
observations of polystyrene weathered in dry conditions
where C-O formation is often more pronounced.”®””
Additionally, a distinct peak near 1530 cm™ " can be detected
for particles of seawater-weathered, SGF-treated DI water-
weathered, and SGF-treated seawater-weathered. This peak is
indicative of the formation of N-O stretching.”® A strong
broad IR band within the range of 1600-1700 cm™* can be
seen for SGF-particles, this IR peak range is identified as
primary amine scissors group N-H,.”® The formation of these
nitrogen-containing groups suggests the attachment of
organic matter to the particles. Moreover, the SGF-treated
seawater-weathered particles exhibited strong broadband in
the FTIR and Raman spectra within the wavenumber range
of 2500-3300 cm ™, and the seawater-weathered particles also
showed a very weak indication of this band. This signifies
the presence of O-H stretching (Fig. S2, ESIt).%

The formation of oxygen-bonding groups and nitrogen-
bonding groups indicates the oxidation and attachment of
organic matter on the particle surface. Therefore, the surface
morphology and elemental compositions of PS particles were
further investigated using SEM and EDS mapping analysis.
Fig. 2 shows the surface morphology of different types of
particles and the atomic % of oxygen and nitrogen
composition on the particle surface. The pristine PS particle
has the lowest amount of oxygen and nitrogen detected on
the surface. Also, a smooth surface can be seen. Both
weathered particles showed increased oxygen and nitrogen
on the surface, and seawater-weathered particles showed
much higher oxygen than DI-water-weathered particles. The
seawater-weathered particles showed some organic matter
attachment to the particle surface which can be seen better
in the SEM images at high magnification on gold-coated
particles (Fig. S31). The SGF treatment strongly increased the
oxygen and nitrogen composition of DI water-weathered
particles and seawater-weathered particles, but not so much
for the pristine particles. Both DI water-weathered and
seawater-weathered particles showed clear attachment of

DI water weathered PS

seawater weathered PS

SGF treated pristine PS  SGF treated DI water weathered PS SGF treated seawater weathered P! T T T
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organic matters and slight deformation (Fig. 2 and S37). In a
recent study done by Jiménez-Arroyo et al., organic matter
was also seen on the polylactic acid (PLA) particles after the
simulated gastric digestion phase.®’ In addition, the more
abundant organic matter formed on the weathered particles
is in agreement with previous studies.®>%

XPS analysis was done to further validate the degree of
surface oxidation and elemental composition of the particles.
Characteristic signals of polystyrene, specifically the C-C and
C-H bonds are shown at a binding energy of 285 eV for
pristine PS and 284.5 eV for weathered PS particles. The C-O
bond, indicative of either ether or alcohol groups, was
detected in weathered particles at 286.5 eV but was absent in
pristine particles.* Seawater-weathered particles exhibited a
more pronounced peak at 289.5 eV, representative of carbon
from the -O=C-O- group (Fig. 3A).** In the Nis region
(Fig. 3B), the pristine PS showed little surface nitrogen, while
both DI water- and seawater-weathered particles exhibited
prominent nitrogen peaks at 400 eV.*” In addition, the C1s
spectra for SGF-treated particles exhibited new peaks at 288
eV or 288.5 eV (Fig. 3C), which are indicative of the C=0
groups associated with acyl groups in proteins.®®
Furthermore, all SGF-treated particles exhibited strong
nitrogen peaks in the N1s region (Fig. 3D). Moreover, the XPS
survey revealed that PS particles weathered in seawater also
contained trace amounts of magnesium and sodium, along
with other elements typical of seawater exposure (Fig. S47).
In summary, the oxygen-containing groups on the weathered
particles verified the oxidation from the weathering effects,
and the increased oxygen and nitrogen-containing groups
further confirmed the existence of organic matter on the
surface of the particles.

3.2. Cell viability analysis of RAW 264.7

Macrophages are a critical component of the innate immune
system, playing a central role in regulating cellular responses
to microplastic exposure.*”®® To study microplastic

B ——— SGF treated seawater weathered PS|
2000 —— SGF treated DI water weathered PS
——— SGF treated pristine PS
seawater weathered PS
—— DI water weathered PS
1500 pristine PS
3 0.392,N 0.525.0
% 1000 -
Q
o
500 :
0l g M—:’_—:

0.4 05 06 0.7

Fig. 2 Particle surface morphology and surface nitrogen and oxygen composition. A. Surface morphology of particles using SEM. Larger images
are taken at 25kx. Images are taken in SE2 mode under 2 kV. Smaller images are taken at 35kx. Scale bar is 1 pm; B. EDS analysis of nitrogen and
oxygen composition on particle surface. Nitrogen (N) is detected at Ko = 0.392 keV. Oxygen (O) is detected at Ko = 0.525 keV. EDS is performed

under 10 kV.
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(blue), seawater-weathered PS (yellow); B. N1s for spectra for pristine, DI
water-weathered, and seawater-weathered particles; C. Cls spectra for
SGF-treated particles; D. N1s spectra for SGF-treated particles.

cytotoxicity to macrophages, cells were incubated with
different samples for 24 hours at two concentrations (100
and 500 pug ml™), to provide comparisons across studies as
well as represent real-world accumulation effects.®”

Cell viability was evaluated using the CCK-8 kit. The CCK-
8 assay relies on the reduction of a water-soluble tetrazolium
salt (WST-8) by cellular dehydrogenases in viable cells to
produce an orange-colored formazan dye. The amount of
formazan dye generated is directly proportional to the
number of living cells. This method provides a measure of
cellular metabolic activity, and an indirect representation of
cell viability as only metabolically active cells are capable of
reducing WST-8. Therefore, increased formazan production
can indicate enhanced cellular viability or metabolic activity,
making CCK-8 an effective tool for assessing the cytotoxicity
of microplastics. It has been widely used to evaluate the
cytotoxicity of microplastics.’® ™

Fig. 4A illustrates that at the lower concentration, cell
metabolic activity (viability) remains consistent across all
samples. Neither the weathering nor SGF treatments had
discernibly different impacts on the viability compared to
pristine particles. None of the particle types caused any
significant adverse impacts on the viability. This result is in
agreement with the findings in the literature.”® Interestingly,
at the higher concentration (Fig. 4B), a noticeable increase in
macrophage cell metabolic activity (viability) was observed
after a 24 hour incubation with PS particles. Specifically,
weathered PS particles resulted in significantly higher
viability compared to pristine particles, with the highest
viability seen in seawater-weathered and SGF-treated
seawater-weathered particles. Although, the SGF treatment
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Fig. 4 RAW264.7 metabolic activity (viability) measured by CCK-8. A.
Cell metabolic activity relative to the control group at 100 ug ml™; B.
cell viability relative to the control group at 500 pg ml™.

further slightly enhanced cell viability in each group, the
differences are not prominent. The increased cell metabolic
activity at this concentration level (500 pg ml™") after 24
hours of exposure is similar to some of the previous findings,
possibly due to the short exposure time.'* A recent study
also showed increased cell viability for THP-1 macrophages
after given PS particles (1 pum) that were processed with
in vitro simulated digestion juice.”” Although many of the
studies reported increased cytotoxicity or reduced viability of
cells to PS particles even after short exposure time, typically
24 hours, the cytotoxicity of PS particles is highly dependent
on particle size, particle shape, surface functional groups,
and cell types. Additionally, exposure to microplastics has
been found to increase cell proliferation to promote pro-
inflammatory responses.”®%®

3.3. ROS generation of RAW264.7

Reactive oxygen species (ROS) are chemically reactive molecules
containing oxygen, including a variety of substances such as
peroxides, superoxide, and hydroxyl radicals. Typically, ROS is
a natural byproduct of the normal metabolism of oxygen, yet
under certain conditions, ROS levels can increase dramatically,
which can result in significant damage to cell structures.”®
Previous studies suggest that the presence of microplastics can
trigger the overproduction of ROS, leading to cellular and
tissue damage.' %%

ROS generation at the 24 hour endpoint was evaluated for
both concentrations wusing the high-content screening
imaging technique. It was observed weathered particles and
SGF-treated particles are stained due to the surface oxidation
effect and cause inaccuracy in the fluorescent intensity
analysis'®* (Fig. S5T). Therefore, the intensity of particles was
subtracted using Image], and absolute fluorescent intensity
for cellular ROS was measured. The final cellular ROS from
each test group was the average of nine randomly selected
areas for the three replicas of each test group, three areas in
each well. Fig. 5A and B are example images of one area
showing FITC fluorescent intensity for each type of particle
group. Fig. 5B shows the weathered particles, and SGF-
treated weathered particles having fluorescent on the surface
(pointed by arrows).
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Fig. 5C shows the quantified relative cellular ROS production
after being treated with particles at 100 pg ml™". Elevated ROS
generation is observed for all groups compared to the control
group. Both DI water-weathered and seawater-weathered groups
showed a significant increase in ROS generation compared to
the control group. Cells treated with pristine particles did not
show significantly higher ROS than the control group. At the
same time, no significant difference was found comparing the
weathered particles with pristine particles, although a slight
increase can be seen. The effect of SGF treatment was also not
obvious. At the 500 pg ml™" concentration level, all particle
groups showed higher ROS generation than the control group,
which is consistent with the observations from the lower
concentration level. Similarly, only a small increase in ROS
generation can be seen for the weathered particles compared to
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Pristine PS

Control group DI water-weathered PS

SGF-treated
seawater-weathered PS

cri SGF-treated
SGF-treated Pristine PS DI water-weathered PS
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Relative ROS generation (%)

Fig. 5 ROS generation of RAW264.7 at the 24 hour endpoint. A. Use
of high-content screening imaging absolute FITC fluorescent
intensities for ROS generation for particles at low concentration (100
ug mL™) for one selected area; B. absolute FITC fluorescent intensities
for ROS generation for particles at high concentration (500 ug mL™)
for one selected area; C and D. the quantified average fluorescent
intensity is shown as relative intensity to the control group for the two
concentrations. Intensies generated by particles are subtracted using
Imaged. Background noises are subtracted by limiting the threshold.
Scale bar is 20 um.
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the pristine particles. Though the difference is not significant,
the increase in ROS generation is consistent with the previous
findings that compared between weathered PS particles and
pristine PS particles.'**'% The increase in ROS is also consistent
with the increased metabolic activity seen in the weathered
groups but not in the SGF-treated groups. Interestingly, a slight
decrease in ROS generation can be seen for the SGF-treated
particles, compared to the non-SGF-treated particles, this is
likely due to the existence of the organic matter that acted as a
protective shield for the cells against the particles."*

3.4. Pro-inflammatory cytokine TNFa analysis of RAW264.7

Microplastic particles have been found to induce pro-
inflammatory responses in macrophages. Specifically, it has been
found that PS microplastic particles can activate macrophages
and affect the secretion of inflammation biomarkers.'*”'*® TNFo
is considered a representative pro-inflammatory biomarker for
macrophages due to its pivotal role in initiating and amplifying
inflammatory responses. TNF-a. production reflects the activation
and inflammatory state of these cells. Therefore, it is a valuable
biomarker to assess the pro-inflammatory effects of PS
microplastic particles on RAW264.7 cells.

To study the pro-inflammatory responses of RAW264.7 to the
different types of PS particles used in this study, TNFo secretion
after 24 hours of exposure to PS particles was evaluated. The
absolute concentration level was derived from the standard curve
that is developed based on the manufacturer's protocol (Fig. S67).
A significant elevation (P < 0.0001) was observed for all particle
types compared with the control group, despite the particle
concentrations or types (Fig. 6). The TNFa secretion of the
weathered PS particles did not appear to significantly differ from
that of the pristine groups. This phenomenon was also seen in a
previous study where pristine PS particles (2 pm) were found to
induce a higher level of TNFo secretion than the artificially
weathered particles.’”” To evaluate the effects of SGF treatment,
there was a significant decrease in TNFo secretion of the SGF-
treated seawater-weathered particles compared with the seawater-
weathered particles, a similar trend can be seen for the SGF-
treated pristine particles compared with pristine particles. The
reduced secretion of TNFa for the SGF-treated groups is likely

»
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Fig. 6 RAW264.7 TNFo secretion at 24 hour endpoint. A. TNFo
secretion for low-concentration particle groups (100 pg ml™); B. TNFa
secretion for high-concentration particle groups (500 ug ml™).
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due to the attachment of organic matter on the surface of the
particles, as the organic matter can act as a protein corona layer,
which has been used to mitigate nanoparticle cytotoxicity.'®
Additionally, several studies have reported protein corona or bio-
corona formed on the surface of micro- and nanoparticles and
have mitigated inflammatory responses of macrophages.''* ™"

3.5. Cell viability analysis of Caco-2

Caco-2 cells, derived from human colon carcinoma, have
become a valuable tool for investigating various aspects of
intestinal physiology and pathophysiology."** Unsurprisingly,
these cells have also been extensively utilized to study the
intestinal cellular effects (e.g., inflammation, oxidative stress,
and alterations in barrier function) of microplastics over the past
years.""*® In addition, the simulation of a more realistic
digestive environment is also crucial to the study of microplastic
impact on Caco-2 cells, as factors such as pH levels and protein
enzymes can potentially alter the properties of microplastics and
affect intestinal cellular responses.**

The evaluation of Caco2 cellular viability was performed to
understand the impact of exposure to the different types of PS
particles. It was observed that at both concentrations, seawater-
weathered particles exhibited reduced cellular metabolic activity
and cell viability compared to other types of particles (Fig. 7). This
decrease in viability for the seawater group, relative to both
pristine and DI water-weathered groups, may be attributed to the
deformation of seawater particles, coupled with the stronger
surface oxidation effects."'”"*® Interestingly, the SGF treatments
reversed this impact, as a significantly increased metabolic
activity and viability was seen in the SGF-treated seawater-
weathered group than the seawater-weathered group. This is also
in agreement with other studies that little cytotoxicity effects from
microplastic particles to Caco-2 cells in most cases,""*"*' and
protein corona can further act as the protective mechanism for
the particles and reduce cytotoxicity to Caco-2 cells.'**

3.6. Pro-inflammatory cytokine TNFa analysis of Caco-2

TNFa is also often used as a biomarker to evaluate the
inflammatory states of Caco-2 cells after exposure to the
different types of PS particles.”*>'** In this study, TNFa
secretion of Caco-2 cells after 24 hours of incubation with
particles were measured. A slightly increased TNFo secretion
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Fig. 7 Caco2 cell metabolic activity (viability) after incubation with
particles for 24 hours. Relative metabolic activity for A. low and B. high
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was detected for all particle groups compared to the control
group at both concentrations, however, the difference is not
significant (Fig. 8). The variation of TNFa secretion at the
two concentrations is small. In addition, the reduction of
TNFa secretion for the SGF-treated groups is also negligible.
The differences in the pro-inflammatory weathered particles
and SGF-treated particles on Caco-2 cells are not detectable
at the concentrations tested in this study. Previous studies
have reported that the effects of pristine particles do not have
significant effects on Caco-2 cells."**"** Similarly, TNFo
secretion of Caco-2 cells treated pristine and UV-oxidization
have also been found negligible."*® However, it has been
found at a much higher concentration (1 mg ml™"), the
cytotoxicity of microplastic particles to Caco-2 cells is
significantly  increased,’” and longer exposure to
microplastic particles has also been observed to increase
cytotoxicity and alter inflammatory responses.">®

3.7. Tight junction integrity and particle uptake analysis of
Caco-2

Caco-2 cells often serve as an established in vitro model of
the intestinal epithelium, allowing researchers to simulate
and understand how microplastic particles might impact gut
barrier function. The integrity of tight junctions in Caco-2
cells is critical for maintaining the selective permeability of
the intestinal barrier, regulating the transport of nutrients,
ions, and other molecules while preventing the entry of
pathogens and toxins into the bloodstream.

In immunofluorescent imaging analysis, the damages of
tight junction integrity could manifest as gaps,
discontinuities, or irregularities in the fluorescent staining
pattern along the cell borders (green). Such changes suggest
a loss of tight junction integrity, which can have implications
for barrier function and cell-cell interactions. Increased
permeability associated with damaged tight junctions may
allow microplastic particles or other substances to cross the
intestinal barrier more readily, potentially triggering
inflammatory responses or other diseases.'*® In addition,
counter-staining with DAPI can help visualize nuclei
morphology and fragmented nuclei often indicate cell death,
which can be used as validation for the cytotoxicity effects.

Therefore in this study, we evaluated the tight junction
integrity of Caco-2 cells after 24 hours of incubation of the
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Fig. 8 Caco2 TNFa secretion after 24 hours of incubation with
particles. A and B. TNFa secretion for groups of low (100 ug ml™) and
high concentration (500 pg ml™) respectively.
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different types of PS particles to evaluate the effects on
barrier integrity from the weathering and SGF-treatment.
Fig. 9 shows random fields of view acquired for each
treatment condition at the height of 2 pm from the bottom
of the well to avoid operator bias. Fig. 9B-D all showed
disruptions of tight junctions compared to the control group
in Fig. 94, indicating damage to barrier integrity after the
cells are incubated with pristine, DI water-weathered, and
seawater-weathered particles for 24 hours. So far there have
been few studies directly investigating barrier function to
weathered microplastics, although it has been found that
carboxylated PS particles induced barrier function disruption,
which can explain the damages we see with the weathered
particles, as the carboxylic functional groups formed on the
surface of the particles."*°

The SGF-treated groups all showed intact tight junction
integrity, especially for SGF-treated pristine particles and
SGF-treated seawater-weathered particles. Recently it has
been reported that microplastic particles undergo a
simulated digestion process that mitigates barrier disruption,
which aligns with our findings."**

For particle uptake analysis, due to the stronger surface
oxidation effects, weathered particles and SGF-treated
weathered particles were stained with Alexa Fluor 488 and
showed green fluorescence (pointed by arrows). However, the
presence of the particles does not sufficiently indicate
particles are uptaken by the cells, even though the cells were
washed thoroughly during the staining process, and particles
can be seen in the 3D images from Z-stack imaging (Fig.
S7t). Microplastic particle uptake by Caco-2 cells has been
studied previously, and it has been found that the uptake of
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particles is size-dependent, and 10 um PS particles have
much less uptake efficiency than the smaller-sized
particles.'*® Therefore, the remaining particles shown in the
images are likely due to the increased permeability of the
barrier function of Caco-2 cells, which has been seen in
previous studies. Further studies using permeability models,
such as quantitative TEER (trans-epithelial electrical
resistance) measurement of gut-on-chip and transwell models
are suggested to validate the findings.

4. Discussions

In recent years, the study of micro- and nano-plastic cytotoxicity
has gained significant attention, though findings vary due to
factors like particle type, size, shape, and different cell lines
used. Dose-dependent cellular responses to microplastics have
also been reported.'*""'** Despite numerous studies, a critical
gap remains in exploring environmentally and physiologically
relevant particles. The effects of weathering and physiological
interactions on particle properties and their influence on
cellular responses have been largely overlooked, compromising
the accuracy of cytotoxicity assessments. To address this gap,
we designed a study investigating the effects of environmental
weathering and simulated gastric fluid treatment on
microplastics, focusing on their physiochemical changes and
cellular impacts.

In this study, we employed a laboratory-controlled
weathering protocol to artificially age PS particles. To mimic
real-world conditions and explore different weathering
scenarios, PS particles were incubated in various water
sources (DI water and seawater) in a UV chamber for 500

Fig. 9 Caco-2 tight junction integrity and nuclei immunofluorescent staining analysis after 24 hours of incubation with PS particles. A. Negative
control group (untreated); B. pristine particle; C. DI water-weathered particle; D. seawater-weathered particle; E. SGF-treated pristine particle; F.
SGF-treated DI water-weathered particle; G. SGF-treated seawater-weathered particle. The scale bar is 100 um.
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hours. Following this, both pristine and weathered particles
underwent SGF treatment to simulate the early stages of
digestion upon ingestion. The particles were then diluted
into two concentration groups: 100 pg mL™', aligning with
concentrations commonly used in microplastic cytotoxicity
studies,”**™** and 500 pug mL™', chosen to represent an
extreme condition from the experimental aspect to provide
more insights at a high concentration range, and reflect the
potential accumulation effects suggested by estimates of
adult microplastic consumption.*>"** Our primary goals were
to investigate the physiochemical changes in particles
weathered under different conditions and evaluate cellular
responses of RAW264.7 and Caco-2 cells to both pristine and
weathered PS particles, with and without SGF treatment.

Initially, particles subjected to weathering in various water
sources exhibited disparate degrees of degradation.
Specifically, particles incubated in seawater displayed more
pronounced weathering effects compared to those in DI
water, as evidenced by heightened surface oxidation observed
through FTIR, SEM-EDS, and XPS analyses. Following SGF
treatment, a considerable accumulation of organic matter
was observed on the particle surfaces, accompanied by
noticeable deformations in the weathered particles.
Weathered microplastics undergo a series of chemical
transformations, often characterized by the formation of
carboxyl (COOH) and carbonyl groups on their surface.'®’
These alterations are indicative of the initial stages of
photooxidative degradation in the environment. When
exposed to environmental stressors such as sunlight,
microplastics, particularly  PS  particles, undergo
photooxidation, leading to the incorporation of oxygen-
containing functional groups on their surfaces as shown on
the FTIR spectrum.'®® This process can be accelerated in
aqueous environments due to the presence of reactive oxygen
species generated by the combination of UV radiation and
water molecules."*® Seawater, with its higher salinity and
diverse array of organic and inorganic compounds, provides
an environment that can contribute to accelerated weathering
of microplastics compared to DI water."**'*" Additionally,
exposure to UV radiation in seawater enhances the
photooxidation process, resulting in more pronounced
weathering effects on PS particles.”>'*> The observation of
minimal changes in C-O bonds coupled with significant
increases in C—=O groups and overall oxidation in the IR
spectrum underscores the necessity for comprehensive, time-
resolved weathering studies. Such studies should compare
results under various conditions, an approach that has been
rarely implemented in existing literature.”>'*>

Following incubation in SGF, PS particles exhibited a
notable accumulation of organic matter on their surfaces.
This phenomenon can be attributed to the adsorption of
organic compounds present in the SGF onto the particle
surfaces. Specifically, the pepsin used in this experiment
interacts with the PS particles, leading to the deposition of
organic material. Interestingly, pristine PS particles
demonstrated comparatively lower levels of organic matter
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accumulation after SGF exposure, likely due to their
smoother surface. In contrast, weathered PS particles, with
their increased surface roughness and higher abundance of
functional groups, provided more sites for organic matter
attachment, and the potentially changed surface charge that
can all contribute to the enhanced deposition."*® However,
more comprehensive studies are needed to understand the
binding mechanism between organic compounds for
different types of microplastics, as it has been found that
weathered particles do not always enhance the adsorption of
organic compounds.**  Furthermore, the weakened
physiochemical structural integrity from the weathering
effects facilitates the enzymatic degradation process in the
SGF acidic environment for the weathered particles,
therefore, changes in particles are easily deformed in the
weathered particles compared to the pristine particles.'*>*4¢
As a result, all these alterations in particle physiochemical
properties can affect particle-cell interactions and lead to
distinct cellular responses compared to pristine particles.
Our findings revealed notable variations in the cellular
responses of RAW264.7 and Caco-2 cells to the different
particles. Moreover, distinct effects were observed regarding
the influence of weathering and SGF treatment, along with
particle concentration on these cellular responses. For the
RAW264.7 macrophages, we evaluated cellular viability
(metabolic activity), ROS generation, and TNFo secretion at
24 hours endpoint incubation with particles. When the
macrophages were given particles at lower concentration
levels, there was no significant variation in cellular viability
between the test groups and the control group. However, the
effects of the particles became prominent at the higher
concentration level. Overall, weathered particles significantly
increased cellular metabolic activity, with seawater-weathered
particles exhibiting the most pronounced effect. SGF
treatment further amplified this increase in metabolic activity
slightly. This phenomenon could be attributed to several
factors. Firstly, macrophages possess innate mechanisms for
phagocytosis and degradation of foreign particles, the
presence of PS particles may have triggered the upregulation
of cellular processes involved in particle clearance, leading to
enhanced cell metabolic activity (viability)."*”"'*® Moreover,
the surface characteristics of the PS particles play a crucial
role in determining their interaction with macrophages.
Weathered particles, with their increased surface roughness
and abundance of functional groups, may have facilitated
more efficient recognition and engulfment by macrophages
compared to pristine particles, consequently promoting
macrophage metabolic activity."**'*° Additionally, the SGF
treatment slightly increased macrophage metabolic activity,
possibly by altering the surface properties of the particles
and the formation of organic matter that could also mitigate
cellular responses." It is noteworthy to discuss that previous
studies reported increased cytotoxicity effects associated with
microplastic exposure, it is essential to consider the
discrepancies in particle size used. Previous studies
predominantly focused on nanoplastics, where smaller
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particle sizes were found to induce higher cytotoxicity than
larger particles.'>® Furthermore, it has also been reported
that PS particles have a higher chance to aggregate in salty
aquatic environments, which further increases particle size
and reduces contact with the cells."”™® This discrepancy
highlights the critical role of particle size in influencing
cellular responses and emphasizes the need to include
nanoplastics in future studies using the developed protocol
for comparison. Additionally, the duration of incubation may
also influence macrophage metabolic activity and viability
dynamics. Increased metabolic activity might occur within
the initial 24 hours of exposure, possibly due to the activation
of cellular defense mechanisms. However, with longer
incubation periods, cellular stresses may accumulate, leading
to a subsequent decrease in metabolic activity (viability).">*
The formation of organic matter on the particle surface has
been shown to mitigate cytotoxicity, whether it takes the form
of an eco-corona or a protein corona.'> Typically, these
layers shield the particles with organic compounds, resulting
in particle aggregation, alteration of particle surface charge,
and ultimately reduced particle-cell interaction and
uptake.®® This mechanism often leads to decreased
cytotoxicity. The organic matter observed on the particle
surfaces in this study is presumed to consist primarily of
degraded polystyrene residues and, predominantly, pepsin
from the SGF, which has been shown to mitigate cytotoxicity
to macrophages.””” And the results showed that this
protective behavior from pepsin attachment is also seen for
Caco-2 cells.

Reactive oxygen species (ROS) are key indicators of cellular
oxidative stress when cells encounter foreign particles and
have been widely investigated as biomarkers for micro and
nanoplastic-induced cellular responses.'”®'*® Our results
align with previous findings showing that PS particles
stimulate macrophages to produce elevated levels of ROS.
Since ROS is a natural byproduct of cellular metabolism,
particularly in active cells, additional oxidative stress markers
are needed to determine whether the observed ROS increase
is due to oxidative stress, heightened metabolic activity, or
both. In our study, increased ROS generation was seen with
both pristine and weathered particles, it may be due to a shift
to anaerobic glycolysis in response to oxidative stress.'®® The
effects of SGF treatment varied across particle types, and the
slight increase in cell metabolic activity was not correlated
with higher ROS levels. This suggests that SGF may have
reduced cellular oxidative stress, allowing cells to resume
normal metabolic activity, or that other intriguing dynamics
between macrophage ROS and metabolic pathways are at play
that need further investigation.'®™'®* Additionally, ROS
elevation was detected across the two concentrations utilized
in this study, which is widely acknowledged to be highly
dose-dependent.'®® Although, we observed no significant
variation in ROS generation between weathered and pristine
particles, indicating the weathering effect alone under our
experimental conditions did not necessarily increase cellular
oxidative stress compared with pristine particles, which
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further signaling the importance to conduct comprehensive
study and standardized protocol for micro and nanoplastic
cytotoxicity evaluation.

Our findings showed all types of PS particles induced pro-
inflammatory responses in macrophages. This heightened
inflammatory state may be attributed to several factors,
including the activation of innate immune pathways in
response to the presence of foreign particles, and the
physical interaction between PS particles and macrophages
triggering inflammatory signaling cascades.'®® Previous
studies also showed enhanced inflammatory responses of
macrophages to microplastic particles.®® Interestingly, the
weathering effect on PS particles did not significantly alter
their inflammatory potential compared to pristine particles.
However, our results revealed a substantial reduction in
inflammatory responses, particularly TNFo secretion,
following SGF treatment. This observation suggests a
potential mitigating effect of SGF treatment on the
inflammatory properties of PS particles. The increase in
TNFo secretion may also explain the increase in glycolysis
metabolic activity and viability of the macrophages.'®® Firstly,
the process of phagocytosis may stimulate cellular signaling
pathways associated with cell and cytokine
production, thereby promoting macrophage viability and
TNF-o. secretion.'®” Moreover, the physicochemical properties
of PS particles, such as their size, surface charge, and surface
chemistry, can influence their interaction with macrophages
and subsequent cellular responses.'*® It is also possible that
certain characteristics of the PS particles may elicit a
favorable response from macrophages, leading to enhanced
viability and cytokine production, and specifically, the SGF-
treated particles further change these responses, either by
enhancing the same or altering the signaling pathways. The
pro-inflammatory effects on Caco-2 cells were not detected in
this study, possibly due to the increase in cell death.
Therefore, it is also recommended to study pro-inflammatory
effects on Caco-2 cells at lower concentrations, typically a
concentration that does not induce significant cell death.

A significant route for microplastic particles to enter the
human body is through the transepithelial pathway, which
differs from the endocytosis mechanism observed in Caco-2
cells. Rather than being internalized by cells, micro and
nanoplastics can breach the epithelial barrier, primarily
through disruption of tight junction integrity.'®® In this
study, 10-micron-sized particles were utilized, and notable
impairment of tight junction integrity was observed,
particularly in the case of weathered particles. This
observation suggests that weathering processes may
exacerbate the ability of micro and nanoplastics to
compromise the epithelial barrier, facilitating their
translocation across epithelial cell layers.'®” Moreover, the
presence of organic matter, particularly pepsin, appeared to
play a protective role in preserving tight junction integrity,
particularly evident for pristine particles. Organic matter,
such as pepsin, present in the SGF, may exert a stabilizing
effect on tight junction proteins, thereby mitigating the
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disruptive effects of micro and nanoplastic exposure on
epithelial barrier function.'®® It is possible that pepsin, along
with other organic compounds, forms a barrier or coating on
the particle surface, shielding it from direct interaction with
tight junction proteins.'® Additionally, organic matter may
modulate cellular signaling pathways involved in tight
junction regulation, thereby preserving barrier integrity.
Maintaining barrier integrity is crucial for the protective
function of intestinal epithelial cells. The significant
alterations observed due to weathering and SGF treatment
underscore the necessity of assessing the impact of
microplastics on Caco-2 or other intestinal epithelial cells
using environmentally and physiologically representative
microplastics. Employing such models can offer valuable
insights into the translocation mechanisms of microplastics
within the body, thereby enhancing our understanding of
their potential health implications.

5. Conclusion

This study dived into the combination effects of weathered
and SGF-incubated microplastic on RAW264.7 and Caco-2
cells. The weathering effect and SGF treatment altered the
physical properties and surface chemistry of the particles,
consequently inducing distinct cellular responses compared
to pristine particles. Seawater-weathered groups underwent
more complex surface chemical alterations compared to the
DI water-weathered group. SGF incubation enhanced organic
matter attachment on particles, with weathered particles
having more pronounced organic matter attachment. Overall,
weathering effects led to increased macrophage metabolic
activity, ROS production, and TNFa secretion, enhancing cell
viability. Weathered particles exhibited higher cytotoxicity
toward Caco-2 cells compared to pristine particles. The
incubation with SGF, which facilitated the formation of
organic matter on the particles, further amplified
macrophage metabolic activity and viability, while mitigating
the cytotoxicity in Caco-2 cells for both pristine and
weathered particles. Additionally, SGF treatment helped
preserve the tight junction barrier integrity of Caco-2 cells,
reducing the disruptive effects of the particles. Based on our
findings, future studies should include time-dependent
analysis to better clarify the effects of weathering on particle
transformations and their biological impacts, as well as
exploring weathering and SGF effects on cellular metabolic
pathways linked to cellular responses.

This study has underscored the importance of combining
environmental and physiological factors for a more
comprehensive understanding of microplastic cytotoxicity
and offers several potential avenues for future research. We
employed weathered microplastics and physiologically
relevant SGF to enhance the representation of real-world
conditions. This in vitro study provides valuable insights into
micro- and nanoplastics toxicity and predicts their potential
in vivo behavior. Further validation with in vivo studies is
essential. Ongoing work should apply the protocol to a

This journal is © The Royal Society of Chemistry 2025
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broader size range, including submicron and nanoplastics, to
deepen our understanding of their toxicity across scales.
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