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Plastic pollution is an escalating global concern, as the degradation of plastic waste generates micro- and
nanoplastics that can be ingested by living organisms and interact with the intestinal epithelial barrier.
However, the effects of nanoplastics on human intestinal epithelial function, particularly with respect to
transepithelial ion transport, remain insufficiently understood. To better understand the effects of
nanoplastics on the intestinal epithelium, we aimed to investigate the impact of 100 nm polystyrene
nanoplastics (PS-NPs) on mucus secretion, ion transport, and epithelial integrity in the human intestinal
epithelial cell line Caco-2. The cellular response to nanoplastic exposure was assessed by measuring
cytotoxicity, transepithelial electrical resistance (TEER), and cell migration. Transepithelial ion transport was
assessed in Ussing chamber system on treated and untreated Caco-2 cell monolayers, and the activity of
specific ion-channels was analysed using selective pharmacological modulators. Despite some alterations,
nanoplastic exposure did not exert marked cytotoxic effects, changes in barrier integrity, and in cell
Received 15th December 2025, migration. lon transport analysis revealed decreased CFTR activity and enhanced CaCC activity in
Accepted 19th February 2026 nanoplastic-treated cell monolayers. Nanoplastic exposure also induced an increase in mucus secretion.
These findings suggest that polystyrene nanoplastics modulate intestinal epithelial ion transport and
stimulate mucus secretion, which may be associated with TMEM16A activation. This response may
rsc.li/es-nano represent a protective mechanism of intestinal epithelial cells against nanoplastic exposure.

DOI: 10.1039/d5en01169n

Environmental significance

As plastic debris fragments into micro- and nanoplastics, human exposure through food and water is increasingly unavoidable, raising concerns about
intestinal health. This study demonstrates that environmentally relevant concentrations of 100 nm polystyrene nanoplastics alter key physiological
functions of the human intestinal epithelium. Exposure increased mucus secretion and disrupted transepithelial ion transport, characterized by reduced
CFTR activity and enhanced TMEM16A activity. Because mucus secretion is essential for maintaining the intestinal protective barrier, these findings
indicate that nanoplastics can directly influence epithelial defense mechanisms. By identifying ion channel modulation as a response to nanoplastic
exposure, this work provides new insight into how plastic pollution may affect gut homeostasis and highlights the importance of incorporating epithelial
function into environmental and human health risk assessments.

1. Introduction fragment into smaller particles with greater persistence,
mobility, and biological reactivity.” As a result, MNPs are now
widespread in air, water, and soil, increasing human exposure
via ingestion, inhalation, and dermal penetration.® Among
these, oral ingestion is considered the primary route of MNPs'
entry into the human body.” It is estimated that an average
person ingests between 39000 and 52000 plastic particles
annually.® Once ingested, nanoparticles can reach the intestinal
lumen, where they interact with gastrointestinal fluids, the
mucus layer, microbiota, and the epithelial barrier, potentially
enabling their translocation.’

The intestinal epithelium serves as a crucial barrier against

Department of Physics and Biophysics, Institute of Biology, Warsaw University of toxins and pathogens: consisting of the mucosal epithelium,
Life Sciences, 02-776 Warsaw, Poland. E-mail: miroslaw_zajac@sggw.edu.pl mucus, microbiota, immunoglobulins, and digestive fluids.'®"

In 2021, global plastic production reached approximately 390.7
million tonnes," with projections suggesting a potential fourfold
increase by 2050.> The massive scale of plastic production,
combined with its resistance to degradation and insufficient
recycling, has led to its widespread environmental distribution.’
The accumulation of plastic waste has increased levels of micro-
(MPs) and nanoplastics (NPs), collectively termed micro- and
nanoplastics (MNPs).* Through degradation processes, plastics

1730 | Environ. Sci.. Nano, 2026, 13, 1730-1739 This journal is © The Royal Society of Chemistry 2026


http://crossmark.crossref.org/dialog/?doi=10.1039/d5en01169h&domain=pdf&date_stamp=2026-03-19
http://orcid.org/0009-0001-9269-4104
http://orcid.org/0000-0002-3095-162X
http://orcid.org/0000-0002-7125-0715
http://orcid.org/0000-0002-4287-4377
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5en01169h
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN013003

Open Access Article. Published on 09 Mé&erz 2026. Downloaded on 11.06.26 21:34:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Nano

Epithelial cells form a barrier via tight junctions (TJs) and
regulate paracellular and transcellular transport of small
molecules. The intestinal mucus layer, produced mainly by
goblet cells and enterocytes, is essential for gut protection and
homeostasis,"” and its properties are tightly regulated by ion-
transporting proteins. Ion channels therefore play a crucial role
in rapidly adapting mucus to maintain its protective and
functional roles.'® Among them, the cystic fibrosis
transmembrane conductance regulator (CFTR) and calcium-
activated chloride channels (CaCCs) are particularly
important."® CFTR, the principal chloride-secreting channel at
the apical epithelial surface, also regulates the activity of other
ion transporting proteins. In addition to chloride, CFTR secretes
bicarbonate ions, maintaining extracellular pH and enabling
mucin expansion."* TMEM16A, a member of the CaCC family,
regulates intracellular Ca*" localization, promotes CFTR
activation through adenylyl cyclase, protein kinase A (PKA), and
tyrosine kinase signaling, and facilitates mucin exocytosis —
making it essential for mucus secretion.'®

Although research on nanoplastics and gut health is
expanding, most work has focused on inflammation, oxidative
stress, barrier disruption (TJs), and microbiota alterations. By
contrast, studies specifically investigating their impact on
intestinal ion  transport remain scarce. To date,
electrophysiological approaches have not been applied,
providing a novel perspective. This study addresses the critical
gap in understanding the effects and potential hazards of
polystyrene nanolastics (PS-NPs) on the intestinal epithelium.
Using Caco-2 cells as a physiological model of the intestinal
barrier, we investigated cellular responses to exposure to 100
nm PS-NPs. PS-NPs were selected, as polystyrene accounts for
approximately 7-10% of global plastic production and is
extensively used in food packaging, consumer products,
aquaculture, electronics, and automotive applications.’® The
size of 100 nm was selected as it is small enough to interact
with cellular membranes, undergo endocytosis, and potentially
cross biological barriers, yet remain experimentally detectable
and well-characterized. Their commercial availability and stable,
reproducible physicochemical properties make them suitable
for standardized in vitro toxicity and mechanistic studies.'”” We
examined the potential of PS-NPs to modulate ion channel
activity, with a particular focus on CFTR and TMEM16A, and
assessed their effects on mucus production. These findings
offer new insights into the biological mechanisms underlying
nanoplastic effects in vitro.

2. Materials and methods
2.1. Polystyrene particles

In this study, a standardized sample of polystyrene
nanoparticles obtained from Sigma-Aldrich, St. Louis, MO, USA
(cat. no. 43302) and previously used by our group'® was
employed. Briefly, the sample consisted of an aqueous
suspension (10% w/w) of particles with an average diameter of
100 nm and a density of 1.05 g cm ™. Nanoplastic samples were
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maintained under sterile conditions at 2-8 °C throughout the
experiments.

2.2. Cell culture

The human colon adenocarcinoma cell line Caco-2 (Sigma-
Aldrich, St. Louis, MO, USA), widely used as a model of the
intestinal epithelium as it spontaneously forms an integral
monolayer, develop tight junctions, express brush-border
enzymes, and establish active transport systems,'®>°
employed in the experiments. During culture, they polarize
and acquire morphological and functional characteristics of
small intestinal enterocytes.”® To better mimic in vivo
conditions, in some experiments, Caco-2 cells were grown on
porous supports, which enhance their differentiation.°

Cells were cultured in Dulbecco's modified Eagle medium
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) containing
t-glutamine and sodium pyruvate, and supplemented with non-
essential amino acids (NEAA; 10 mg mL™"; Sigma-Aldrich, St.
Louis, MO, USA), 10% fetal bovine serum (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), and penicillin-streptomycin (10
mg mL"; Sigma-Aldrich, St. Louis, MO, USA). Cultures were
maintained at 37 °C in a humidified incubator with 5% CO,.
Cells were passaged twice weekly at 70-80% confluence using
0.25% trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA), and
passages below 40 were used for the experiments.

was

2.3. Viability assays

To assess the viability of Caco-2 cells exposed to PS-NPs, a
spectrophotometric Trypan blue exclusion assay (0.02%
Trypan blue solution; MERCK, Darmstadt, Germany) was
performed following Hammoudeh et al?' using a plate
reader (Multiskan SkyHigh, Thermo Fischer Scientific,
Waltham, MA, USA). Cells were seeded into 96-well plates at
a density of 5000 cells per well and incubated with PS-NPs at
concentrations of 0, 10, 50, 100, 200, and 300 pg mL™" for 24,
48, and 72 hours.

2.4. The migration and proliferation assay

Effects of PS-NPs on cell migration and proliferation were
assessed using the scratch assay, as previously described.*
Caco-2 cells were seeded in 24-well plates (Sarstedt,
Niimbrecht, Germany) at a density of 2.5 x 10> cells per well
and cultured for 48 h to reach confluence. A linear scratch
was created using sterile 100 pL pipette tips, and cells were
rinsed twice with PBS to remove debris before adding fresh
cell culture medium supplemented with PS-NPs at varying
concentrations (0, 10, 50, 100 ug mL™). Scratch areas were
monitored and photographed at 0, 3, 6, 24, and 48 h using a
DLTX1080PCMOSHDU2SD camera (DELTA Optical, Minsk
Mazowiecki, Poland) mounted on an inverted optical
microscope (OLYMPUS IMT-2, Tokyo, Japan). Images were
saved in TIFF format using DLT Cam Viewer software and
analyzed with Image] software (version 1.54 k). Results were
expressed as the percentage of scratch area remaining at each
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time point, with a decrease in scratch size indicating cell
migration and proliferation.

2.5. Transepithelial electrical resistance (TEER)
measurements

For barrier integrity measurements, cells were grown on porous
supports. Briefly, cells cultured in flasks and reaching 80-90%
confluence were rinsed by PBS and detached using 2 ml of
0.25% trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA).
Subsequently, 8 mL of fresh culture medium was added, and
the cell numbers were determined using a TC20 cell counter
(BioRad, Hercules, CA, USA). The cells were then transferred to
15 mL falcon tubes and centrifuged at 1500 rpm for 5 minutes.
The resulting cell pellet was resuspended in fresh cell culture
medium. 200 pl of cell suspension was seeded onto the apical
compartment of Corning Costar Transwell inserts (TC-treated
PET membrane, 0.4 um pore size, 0.33 cm”> surface area) at a
density of 2.5 x 10° cells per insert, while the basolateral
compartment was filled with 600 pL of fresh cell culture
medium. The cell culture medium was changed every other day
and the transepithelial electrical resistance (TEER) was
measured using a Millicell ERS-2 voltohmmeter (Millipore,
MERCK, Darmstadt, Germany) with STX-2 chopstick electrodes
(Millipore, MERCK, Darmstadt, Germany) prior to medium
replacement. Cells grown on porous support were maintained
at 37 °C in a humidified incubator with 5% CO, for 17-21 days
until TEER values stabilized above 1000 Qcm?. The final TEER
values were calculated on the basis of the following equation:
TEER = (R - Rp) x S, where R [Q)] is the resistance of filter insert
with cells, Ry, [(?] is the resistance of the filter alone (blanc) and
S is the growth area of the filter [cm?].

To assess the effect of PS-NPs on barrier integrity, cell
monolayers were apically exposed to varying concentrations
of PS-NPs (0, 10, 50, and 100 pg mL™'), and TEER was
measured after 24, 48, and 72 hours as previously described.

2.6. Mucus staining

For mucin detection, Caco-2 cells were seeded on both
Transwell inserts (as described above) and 96-well plate (at a
density of 10000 cells per well). Confluent cells cultured on
96-well plate were exposed to PS-NPs at concentrations of 0,
10, 50, and 100 pg mL ™" for 72 hours. After incubation, the
culture medium was removed, and the cells were washed
with PBS.

Subsequently, the cell monolayers were stained with 0.2 mL
of Alcian Blue solution (pH 2.5) prepared in acetic acid (MERCK,
Darmstadt, Germany) which was apically added to each insert
and incubated for 30 minutes at room temperature. Excess dye
was removed by washing three times with PBS. Cells cultured
on 96-well plate were stained using Alcian Blue - Periodic Acid
Schiff method according to manufacturer's instructions (Abcam,
Cambridge, UK). Stained cells were examined using an inverted
optical microscope (Olympus CKX53, Olympus, Tokyo, Japan),
and images were captured with a DLTX1080PCMOSHDU2SD
camera (DELTA Optical, Minsk Mazowiecki, Poland). The
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amount of mucus produced by the cells was quantified as a
percentage of stained area with Image] software (version 1.54 k).

2.7. Ion transport measurements

Ion channel activities of polarized cell monolayers were
measured in Ussing chambers as previously described.>* Briefly,
polarized Caco-2 cell monolayers were mounted in Ussing
chambers (Easy Mount Chamber system EM-CSYS, Physiologic
Instruments, Reno, NV, USA) connected to a VCC MC8-8S
voltage/current clamp unit (Physiologic Instruments, Reno, NV,
USA). Signals were digitized and recorded using acquire and
analyze module (Physiologic Instruments, Reno, NV, USA).

The experimental chambers were filled with modified Krebs-
Henseleit solutions on both sides. Chloride concentration
gradient across the cell monolayers was applied by differential
composition of basolateral (145 mM NacCl, 3.3 mM K,HPO,, 10
mM HEPES, 10 mM b-glucose, 1.2 mM MgCl,, 1.2 mM CaCl,
and pH adjusted at 7.35) and apical medium (with 145 mM
NaCl replaced by 145 mM Na-gluconate and pH adjusted at
7.35).

The experiments were performed at 37 °C using heated water
jackets, the experimental solutions were bubbled with carbogen
gas (95 0,-5% CO,) and the short circuit current (Isc) was
measured under voltage clamp configuration. To investigate
particular ion transporting proteins activities, the following
inhibitors and activators were used: the ENaC-channel inhibitor
amiloride (100 pM; Spectrum Chemical, NJ, USA) to inhibit Na*
reabsorption; cAMP agonist forskolin (10 puM; MERCK,
Darmstadt, Germany) to activate transepithelial cAMP
dependent CFTR current; the specific CFTR inhibitor Inh-172 (5
uM; MERCK, Darmstadt, Germany), the specific TMEM16A
inhibitor Ani-9 (9 uM; MERCK, Darmstadt, Germany), and
adenosine triphosphate ATP (100 pM; MERCK, Darmstadt,
Germany) to investigate purinergic calcium-dependent CI°
secretion. To assess the effect of PS-NPs on ion transport,
polystyrene nanoplastic was directly added to the apical
chamber. The effect of NPs on TMEM16A activity was assessed
for concentrations of 10 ug mL ™, 50 pg mL™, 100 pg mL™ in
the absence and presence of its specific inhibitor Ani-9, while
the effect on CFTR activity was assessed for the PS-NPs
concentration of 100 ug mL™. Isc change after CFTR inhibition
(AIscinna72), following its activation by Forskolin (Alscprsk),
served as an index of CFTR function.

2.8. Intracellular calcium level detection

To assess changes in intracellular calcium levels, cells were
seeded in 96-well plates and incubated with PS-NPs
nanoplastics at concentrations of 10, 50, 100 ug mL ™" for 1, 24,
and 48 hours. After incubation, cells were washed with DPBS
(MERCK, Darmstadt, Germany) to remove residual PS-NPs.
Intracellular calcium was measured using the ratiometric
fluorescent dye Fura-2, according to the manufacturer's
instructions. Ionomycin was used as a positive control.
Fluorescence intensity was measured using a Fluoroskan Ascent
microplate reader (Thermo Fisher Scientific, Waltham, MA,
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Fig. 1 Time- and dose-dependent changes in Caco-2 cell viability
following PS-NP exposure. Caco-2 cell viability after exposure to PS-
NPs (0, 50, 100, 200, and 300 pg mL™) for 24, 48, and 72 h, measured
by the Trypan blue assay. Data are expressed as percentage values,
with bars representing mean * SD (n = 4). Statistical comparisons
within each group versus control were performed using one-way
ANOVA. Significance levels at *p < 0.05.

USA) at an excitation wavelength of 340 and 380 nm and an
emission wavelength of 538 nm. Intracellular calcium levels
were calculated as the ratio of fluorescence intensity at 340 nm
to that at 380 nm (Fs40/F350), providing a quantitative measure
of cytosolic calcium concentration.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). Each experiment
was repeated at least three times, and the data are presented
as mean + SD. Comparisons were performed with one-way
ANOVA or Students's t-test as appropriate. Differences were
considered statistically significant at *p < 0.05, **p < 0.01 or
*x¥p < 0.001.

3. Results
3.1. PS-NPs slightly impact cell viability

To evaluate the potential risks of plastic cytotoxicity, the first
step of this study examined Caco-2 cell viability after PS-NPs
exposure at different concentrations and time points. As shown
in Fig. 1, cell viability remained largely stable across treatments.
Although some variations were observed compared with

View Article Online

Paper

controls, most differences were not statistically significant. A
significant increase in cell viability was detected only after 48 h
exposure, where viability increased to 115 + 7% in cells treated
with 10 ug mL™ and 115 + 11% in cells treated with 50 pg mL™
PS-NPs. Based on the cell viability assay results presented here,
our previous study,’® and published literature, PS-NPs
concentrations of 10, 50, and 100 pg mL ™" were selected for
subsequent experiments. Concentrations up to 100 pug mL™" are
commonly used in studies investigating the intestinal
toxicological effects of PS-NPs, facilitating cross-study
comparisions.”>** Additionally, plastic microparticles have been
reported at levels up to 100 pg mL ™" in human gastrointestinal
fluids.>

3.2. Effects of PS-NPs on cell proliferation/migration

To evaluate the effect of PS-NPs on cell proliferation and
migration, a scratch assay was performed. The results,
expressed as the percentage of the scratch area, are shown in
Fig. 2. A slight reduction in cell proliferation was observed
following PS-NPs exposure, with the most pronounced effect
at the highest concentration tested (100 pug mL™"). However,
these differences were not statistically significant.

3.3. PS-NPs do not affect the transepithelial electrical
resistance (TEER)

After confirming that PS-NPs did not induce acute
cytotoxicity or affect cell proliferation, a more physiologically
relevant model using Transwell inserts was established.
Polarized Caco-2 cell monolayers with stable transepithelial
electrical resistance (TEER) were exposed to PS-NPs at
concentrations of 0, 10, 50, and 100 ug mL ™", and TEER was
measured after 24, 48, and 72 h. As shown in Fig. 3, none of
the tested PS-NPs concentrations significantly altered TEER,
although a slight increase in TEER values was observed in all

PS-NPs-treated cell monolayers when compared to controls.

3.4. PS-NPs exposure results in increased mucus production

To explore the potential mechanism behind the TEER increase
in PS-NP-exposed monolayers, Alcian Blue/PAS staining was
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Fig. 2 PS-NP-induced changes in Caco-2 cell migration (scratch assay). Quantitative analysis of migration is expressed as the percentage of the
scratch area relative to the initial time point (0 h), and was measured after 3, 6, 24, and 48 h of exposure to PS-NPs at concentrations of 10 ng
mL™? (A), 50 pg mL™ (B), and 100 pug mL™? (C). Data represents the mean scratch area * standard deviation (SD) from three independent
experiments (n = 3). Statistical significance was determined using one-way ANOVA.
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Fig. 3 Time- and dose-dependent effects of PS-NPs on TEER in
Caco-2 cell monolayers. Transepithelial electrical resistance (TEER) of
Caco-2 cell monolayers exposed to PS-NPs at concentrations of 0, 10,
50, and 100 ug mL™ for 24, 48, and 72 h. Data are expressed as mean
+ standard deviation (SD) (n = 3). Statistical significance relative to the
control within each group was assessed by one-way ANOVA.

used to evaluate mucus production. Initial stainings were
performed on cells cultured in 96-well plates treated with 10,
50, and 100 ug mL™" PS-NPs, and a concentration-dependent
increase in mucus production was observed after 72 hours of
treatment (Fig. 4A and C). To better mimic the physiological
environment of the intestinal epithelium, Alcian Blue staining
was also performed on polarized Caco-2 monolayers exhibiting
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appropriate TEER values. The monolayers were treated with PS-
NPs at concentrations of 10, 50, and 100 pug mL ™" for 72 hours
prior to staining. As shown in Fig. 4B and D, mucus production
increased in a PS-NP concentration-dependent manner. At the
highest concentration tested (100 pg mL™"), visible mucus
clumps were observed, indicating that PS-NPs stimulate mucus
production in Caco-2 cells.

3.5. Measurements of ion transport across Caco-2 cell
monolayers exposed to PS-NPs

To investigate whether PS-NPs affect ion transport across
Caco-2 monolayers, short-circuit current measurements were
performed. Initial findings showed that PS-NPs exerted a
modest inhibitory effect on CFTR channel activity. As shown
in Fig. 5A, acute addition of 100 ug mL™ PS-NPs reduced
CFTR activity, as assessed by channel inhibition with Inh-172
following forskolin-induced activation. The change in CFTR-
mediated CI” current, calculated as the difference between
the absolute current value after inhibition and the forskolin-
induced Cl” current increase, was significantly lower in PS-
NP-exposed monolayers compared with untreated controls
(Fig. 5B). This observation may indicate a reduction in basal
CFTR activity caused by PS-NPs. A small, but not significant,

100 pg/mL

100 e/t

— PS-NPs [ug/mL]:

. 0
0 10
=3 50
= 100

Fig. 4 Mucus staining in Caco-2 cells exposed to PS-NPs. (A) Alcian Blue/PAS staining of mucus in Caco-2 cells cultured on 96-well plates. (B)
Alcian Blue staining of mucus in Caco-2 cells cultured on Transwell inserts. (C) Semi-quantitative analysis of the stained area [%] in cells grown on
96-well plates (n = 5). (D) Semi-quantitative analysis of the stained area [%] in cells grown on Transwell inserts (n = 5). Cells were exposed to PS-
NPs at concentrations of 0, 10, 50, and 100 ug mL™ for 72 h. Images were acquired using a DLTX1080PCMOSHDU2SD camera (DELTA Optical,
Minsk Mazowiecki, Poland) mounted on an inverted optical microscope (Olympus IMT-2, Tokyo, Japan). Stained area [%] was quantified using
Imaged software. Data are expressed as mean * standard deviation (SD). Statistical significance was determined using Student's t-test. Significance

levels: *p < 0.05, **p < 0.05.
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Fig. 5 Effect of 100 ug mL™ PS-NPs on short-circuit Cl” current in Caco-2 cell monolayers. (A) Effects of PS-NPs on CFTR activity assessed by the
CFTR inhibition by Inh-172, following forskolin-induced activation. (B) Changes in CFTR channel activity, calculated as the difference between
CFTR-mediated current inhibition after forskolin activation in PS-NP-treated and untreated Caco-2 monolayers. (C) Effect of PS-NPs presence on
ATP-stimulated Cl” currents. Data are expressed as mean + SD (n = 3). Statistical significance relative to the control was determined using

Student’s t-test. Significance levels: *p < 0.05.

decrease in ATP-induced CI current was also observed
(Fig. 5C).

Acute apical addition of PS-NPs to the Ussing chamber
induced a transient, concentration-dependent increase in Cl~
current (Fig. 6A). This suggested the activation of alternative
apical ion channels. Based on the current characteristics, we
hypothesized that calcium-activated chloride channel (CaCC)
was implicated. To test this hypothesis, Ani-9 was added to
the apical side of the cell monolayer prior to PS-NPs
exposure. As shown in Fig. 6B, this treatment completely
abolished the effect of PS-NPs observed in non inhibited cell

monolayers, confirming the involvement of TMEM16A in

response to PS-NPs. Treatment with Ani-9 alone did not alter
the Isc, indicating that TMEM16A is not active under basal
conditions (Fig. 6C).

3.6. Intracellular calcium level detection

Since the TMEM16A channel belongs to the family of
calcium-depentend chloride channels family, the effect of PS-
NPs on intracellular calcium homeostasis in Caco-2 cells was
investigated by measuring changes in [Ca®"] using the Fura-2
ratiometric dye. As shown in Fig. 7, the alterations in [Ca*']
were observed, however, none of the concentrations used
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Fig. 6 Effect of acute PS-NPs exposure on short-circuit Cl™ current in Caco-2 cell monolayers. (A) Cl” current change in the absence of Ani-9. (B)
Cl current change in the presence of Ani-9. (C) The effect of Ani-9 on Cl” current change. Data are expressed as mean + SD (n = 3). Statistical
significance was determined using Student’s t-test. Significance levels: *p < 0.05.
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Fig. 7 Intracellular calcium levels in Caco-2 cells following PS-NP
exposure. Cells were treated with 10, 50, 100 ug mL™ PS-NPs for 1,
24, and 48 hours. Results were calculated as the fluorescent ratio of
F340/F380 and presented as the mean + SD (n = 6). Statistical
significance was determined using one-way ANOVA. Significance
levels: *p < 0.05, **p < 0.01.

changed the [Ca®"] levels after 1 hour. Statistically significant
changes were observed in cells treated with 50, 100 pg mL™
of PS-NPs after 48 hours of incubation.

4. Discussion

Plastics are increasingly recognized as major environmental
pollutants, with their presence documented across diverse
ecosystems and raising concerns about potential risks to
living organisms.”® However, the precise mechanisms
underlying these interactions remain poorly understood.’
There is still limited experimental data concerning the effect
of nanoplastic on intestinal epithelium, especially from the
electrophysiological point of view. The data presented here
suggests that polystyrene nanoplastic causes elevated
TMEM16A channel activity, which can lead to enhanced
mucus production by intestinal cells. The involvement of
TMEM16A activity was demonstrated utilizing its specific
inhibitor. Additionally, nanoplastic caused a decrease in
CFTR channel activity, a transporting protein playing a
paramount role in mucus expansion.

PS-NPs do not affect Caco-2 cells viability and proliferation

The cell viability results indicate that 100 nm PS-NPs do not
exert cytotoxic effects on Caco-2 cells. Our findings are
consistent with several studies reporting no or only mild
cytotoxicity in Caco-2 cells exposed to PS-NPs of different
sizes (50-100 nm, 200 nm) or larger microparticles (1, 2, 4, 5,
and 10 pum) across a wide range of concentrations and
exposure times (1-72 h).>”~>° However, some reports present
conflicting results. Wu et al. observed no effect on Caco-2
viability after 24 h of exposure to 5 um PS-NPs, but a mild
reduction after 48 h.>® Similarly, Xu et al. reported no toxicity
in Caco-2 cells treated with 100 nm PS nanoparticles for 24
h, yet viability declined at the highest dose (480 pg mL™)
after 48 h and at all tested doses following 96 h.*!
Interestingly, 100 nm PS-NPs disrupted plasma membrane
integrity after 96 h, whereas 5 um particles did not.>> These
findings suggest that the cytotoxic effects of PS-NPs are
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complex and dependent on both particle size and
concentration. In contrast, another study on undifferentiated
Caco-2 cells reported no toxicity, even after prolonged
exposure for 7 days.*?

In addition, no effect of PS-NPs on Caco-2 cell migration
was detected in the scratch assay. Previous studies in lung
cancer cell lines have demonstrated that PS-NPs can alter cell
proliferation, either through inhibition or enhancement.***
In contrast, our study showed no significant changes in the
migration capacity of Caco-2 cells exposed to 100 nm PS-NPs
at the tested concentrations. These findings suggest that
cellular responses to nanoplastics are highly variable and
depend on cell type or even specific cell lines, thereby adding
to the complexity of their potential effects at the organismal
level.

PS-NPs do not significantly affect the barrier integrity

A small but not significant increase in TEER after 24, 48, and
72 h, indicated that the integrity of Caco-2 monolayers
remained preserved following PS-NPs treatment. These
findings are consistent with previous reports.*****” For
example, Marcellus et al. observed no significant effect on
either Caco-2 monocultures or Caco-2/HT29-MTX/THP-1 tri-
cultures exposed to different PS-NPs sizes (50 nm, 500 nm, 1
um) for 24 h.** Additionally, Choi et al. reported an increase
in TEER in Caco-2 monolayers treated with polystyrene
particles (50, 100, 500 nm) after 24 and 48 h, followed by a
decrease after 72 h.”” The cause of this decline remains
unclear, as viability assays indicated no cytotoxicity of
polystyrene. Moreover, the barrier integrity of the Caco-2
monoculture was functionally preserved, as shown by intact
ZO-1 organization, suggesting that tight junctions remained
structurally resilient despite particle exposure.’” Similar
findings were reported in intestinal organoid-derived
epithelial tissue models, where TEER values declined only
upon exposure to smaller PS-NPs (30 nm) or to high
concentrations (1000 ug mL™") of 100 nm PS-NPs.*®

Transient TEER fluctuations may reflect subtle alterations
in ion transport, membrane permeability, or paracellular
conductance rather than overt disruption of tight junction
complexes. This suggests that PS-NPs can induce mild,
reversible functional changes without compromising the
structural integrity of epithelial barriers, although prolonged
or high-dose exposure may eventually destabilize junctional
regulation.

PS-NPs increase mucus production in Caco-2 cells

In recent years, the intestinal mucus layer has received
increasing attention as a key component of the intestinal
barrier and a regulator of gut homeostasis. Secreted by
epithelial cells, it protects from chemical insults,
environmental pollutants, and pathogenic microorganisms,
while also provides hydration that safeguards against
mechanical damage.***° Dysregulated mucus production
disrupts intestinal and systemic homeostasis: excess mucus

This journal is © The Royal Society of Chemistry 2026
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can trigger inflammation, alter microbiota, and increase
infection risk,*"** while insufficient mucus weakens the
barrier by increasing epithelial permeability and making the
gut more vulnerable to inflammation and infection. In
addition, inadequate mucus impairs nutrient absorption and
may contribute to gastrointestinal disorders.****

Our results show that exposure of Caco-2 cells to PS-NPs
induced a concentration-dependent increase
production. Formation of mucus plugs suggests that PS-NPs
trigger mucus hypersecretion. Such hypersecretion may
represent a defensive mechanism aimed at limiting particle
penetration; however, it could also result in mucus
accumulation, altered barrier properties, and disrupted host-
microbiota interactions.*” Importantly, these effects may pose
a greater health risk in individuals with a compromised
intestinal mucus barrier.*® Similar findings have been
reported in other studies, where nanoplastic exposure was
shown to stimulate mucin expression as part of a protective
epithelial response. For instance, Cui et al. demonstrated, in
both in vitro and in vivo models, that exposure to 20 nm
nanoplastics significantly increased MUC2 protein expression
in the intestinal epithelium.*” Interestingly, in contrast to
our findings, several rodent studies have reported reduced
mucus secretion following oral nanoplastic exposure,
indicating that the impact of PS-NPs on mucus regulation
may depend on model system, exposure route, or species-
specific differences.*®*°

in mucus

PS-NPs alter ion transport across Caco-2 cell monolayers

Our short-circuit current data suggests that PS-NPs can
modulate the activity of epithelial ion channels, particulary
CFTR and TMEM16A, which mediate CI” secretion and drive
water movement into the intestinal lumen.’°”> The
inhibitory effect on CFTR channel is particularly interesting,
as CFTR mediates bicarbonate secretion, which is critical for
mucus expansion and proper barrier function.’*>*
Disruption of CFTR-mediated ion transport can therefore
alter mucus viscosity, compromise epithelial protection, and
disturb host-microbiota interactions.”® The dense, cell-
attached mucus plugs observed in PS-NPs treated Caco-2
monolayers may thus result from reduced bicarbonate
secretion, which impairs mucus expansion, and when
combined with hypersecretion, leads to abnormal mucus
accumulation.

TMEM16A has been also shown to play an indispensable
role in mucus secretion'® as well as gastrointestinal
motility.”” Our data show that PS-NPs activate the TMEM16A
channel, which might be associated with increased mucus
secretion. Furthermore, intracellular Ca*'
activators of TMEM16A°” —were significantly elevated in cells
exposed to PS-NPs.

In this study, we focused primarily on the acute effects of
PS-NPs on ion transport. In contrast, previous studies have
shown that prolonged exposure of intestinal cells to PS-NPs
can alter both the expression and protein levels of multiple

levels—known
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ion transporters.”® Consistent with these findings, PS-NPs-
treated mice exhibited significantly reduced mRNA levels of
Ano1, Cftr, Slc26a3, Slc26a6, Nkccl, and Nhe3 compared with
untreated controls.”® Collectively, these results highlight the
need for future studies to investigate the long-term effects of
PS-NPs on the regulation of a broader spectrum of ion
transport proteins.

Clinical consequences of findings

Together, our findings suggest that PS-NP exposure may subtly
alter intestinal epithelial function in humans. Reduced CFTR
activity may lead to thicker, denser mucus, similar to that
observed in CFTR-dysfunction states. A chronic mucus-
hypersecretory phenotype without overt epithelial injury could
progressively impair intestinal barrier function. An altered
CFTR/TMEM16A balance may reduce mucus clearance,
increasing susceptibility to low-grade inflammation, dysbiosis,
or enhanced uptake of luminal irritants without causing acute
toxicity. It is therefore likely that PS-NP exposure may exacerbate
pre-existing gastrointestinal conditions rather than induce
disease de novo.

5. Study limitations

In this study, we provide new insights into the effects of PS-
NPs on Caco-2 cells; however, it is not without limitations.
First, the experiments were conducted in a simplified in vitro
monoculture model, which cannot fully replicate the
complexity of the intestinal environment, including
interactions with immune cells, microbiota, and mucus
dynamics in vivo. Second, only one nanoparticle type (100 nm
PS) was tested, whereas environmental exposure involves a
wide range of plastic sizes, shapes, surface chemistries, and
additives that may differentially affect epithelial responses.
Third, the concentrations and exposure times used in this
study may not directly reflect real-world exposure scenarios,
which limits extrapolation to human health risk. Finally, the
study primarily focused on acute effects, leaving the long-
term consequences of chronic, low-dose exposure unresolved.
Future research should therefore employ co-culture systems,
intestinal organoids, and in vivo models to better capture the
physiological relevance of nanoplastic exposure.

6. Conclusions

Limited electrophysiological data are available on how
nanoplastics interact with the human intestinal epithelium,
creating uncertainty about their potential health impact. Our
study demonstrates that, although polystyrene nanoplastics
do not induce direct cytotoxicity or compromise epithelial
monolayer integrity, they do modulate the activity of two
chloride-secreting channels, leading to increased mucus
secretion. These findings provide novel mechanistic insights
into interactions between PS-NPs and epithelium, contribute
to a better understanding of their potential biological
consequences.
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