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Abstract

Micro- and nanoplastics represent ubiquitous environmental contaminants with emerg-
ing concerns regarding their impact on human health. The gastrointestinal tract is the
primary site of contact, where micro- and nanoplastics may interact with the intestinal
epithelium, potentially disrupting barrier integrity, altering microbiota composition, and
triggering inflammatory or oxidative stress responses. Moreover, variability in particle
size, shape, chemical composition, and surface modifications adds complexity to assessing
their health impact. Findings remain inconsistent, and the mechanisms of toxicity are not
yet fully elucidated. This study developed a tri-culture in vitro intestinal barrier model
incorporating Caco-2 enterocytes, HT29-MTX mucus-secreting cells, and Raji B-induced
M-like cells to mimic the structural and functional features of the human gut epithelium.
Polystyrene beads of different sizes (40 nm and 200 nm) and surface functionalization
(carboxylated and aminated) were characterized and exposed to the model to examine
their effects on barrier integrity, cellular uptake, and cytotoxicity. The results showed that
size and surface chemistry play key roles in particle interaction dynamics with the intesti-
nal barrier, affecting cellular internalization and toxicological outcomes. This validated
in vitro model provides a valuable tool for investigating micro- and nanoplastic behavior
upon oral exposure, contributing to more accurate health risk assessments associated with
plastic pollution.

Keywords: microplastics; nanoplastics; intestinal barrier; protein corona; tri-culture
model; polystyrene nanoparticles; cellular uptake; TEER; surface functionalization;
Caco-2/HT29/Raji co-culture

1. Introduction
Plastics have become integral to modern life, but their widespread use has also given

rise to severe pollution challenges. Micro- and nanoplastics, which are defined as plastic
particles with sizes less than 5 mm and 100 nanometers, respectively, have emerged as
pervasive environmental contaminants with significant ecological and health implications.
The global proliferation of these particles stems from a combination of primary sources,
such as microbeads in cosmetics, and secondary sources, including the fragmentation
of larger plastic debris [1,2]. Microplastics, often categorized by their origins, include
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primary microplastics such as resin pellets and secondary microplastics derived from the
breakdown of larger plastic materials through photodegradation, mechanical abrasion, and
chemical reactions [3,4]. Nanoplastics, on the other hand, result from further fragmentation
of microplastics or are directly produced during industrial manufacturing processes [5].
The size distinction between these two categories has significant implications for their
environmental behavior, bioavailability, and potential for toxicity [6]. As their presence
in terrestrial and aquatic environments continues to rise, a growing body of research is
focusing on the role that particle size and surface coatings play in determining the impacts
of these contaminants [7,8].

Smaller particles, such as nanoplastics, exhibit increased surface area-to-volume ratios
compared to microplastics, which enhances their interaction with surrounding media [9].
This property enables nanoplastics to bind more readily with pollutants, metals, and other
contaminants, acting as vectors for the transport of hazardous substances [10]. Conversely,
larger microplastics may physically obstruct the feeding mechanisms of aquatic organisms,
causing direct mechanical harm [11]. These size-dependent differences in effects highlight
the need to study particle size as a critical factor in understanding the ecological and health
impacts of plastic pollution.

Among these, polystyrene-based micro- and nanoplastics have garnered particular
attention. Polystyrene is a widely used polymer in the production of consumer goods, pack-
aging, and insulation materials, which makes it a significant contributor to environmental
plastic waste [12]. The unique characteristics of polystyrene micro- and nanoplastics, such
as their lightweight structure and potential to fragment into smaller sizes, amplify their
environmental presence [13]. These particles are often used as models in scientific research
to understand the behavior of plastics in biological and ecological systems due to their
chemical stability and ease of detection [14].

Polystyrene nanoplastics, for instance, have been shown to cause cellular stress in
aquatic organisms, including oxidative damage and disruption of normal metabolic pro-
cesses [14]. Their small size enables them to penetrate cellular barriers more effectively than
larger particles, raising concerns about their potential bioaccumulation and toxicity [15,16].
Moreover, polystyrene surfaces readily interact with organic and inorganic pollutants,
enhancing their role as vectors for secondary contamination in ecosystems [17].

In addition to size, the surface characteristics of micro- and nanoplastics play a pivotal
role in shaping their environmental and biological interactions. Plastic particles rarely
exist in their pristine form after entering ecosystems. Instead, they acquire a variety of
surface coatings, including natural organic matter, biofilms, and adsorbed pollutants such
as polycyclic aromatic hydrocarbons (PAHs) and heavy metals [18]. These coatings can
significantly modify the properties of plastic particles, including their hydrophobicity,
buoyancy, and chemical reactivity [19].

For example, biofilms, complex assemblages of microorganisms, can form on the
surfaces of plastics, altering their interaction with marine organisms [20]. Biofilm-coated
plastics may be more readily ingested by aquatic species due to the biofilm’s resemblance
to natural food sources, thereby increasing the likelihood of trophic transfer of plastics
through the food chain [21]. Similarly, the adsorption of toxic pollutants onto the surfaces
of plastics can enhance their toxicity, posing additional risks to organisms that come into
contact with or ingest these particles [22]. Polystyrene micro- and nanoplastics, in particular,
have been shown to acquire diverse surface coatings that increase their environmental
persistence and influence their interaction with aquatic life [19].

Micro- and nanoplastics have been shown to affect various environmental compart-
ments, including soil, freshwater systems, and marine ecosystems. Their small size enables
them to penetrate deeper into sediments and tissues, while their surface coatings influence
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their behavior and persistence [1]. In terrestrial environments, for instance, nanoplastics
can disrupt soil microbiomes, affecting nutrient cycling and plant growth. Coatings, such
as humic substances, can alter the mobility of plastics in soil and groundwater systems,
affecting their distribution and potential to contaminate crops [23]. In aquatic environments,
the differences in size and coatings of plastics also influence their ingestion by a wide range
of organisms, from zooplankton to fish and even marine mammals [24]. Smaller particles,
such as nanoplastics, can cross biological barriers, entering cells and tissues where they
may induce oxidative stress, inflammation, and other adverse effects [25]. Coated plastics,
on the other hand, may deliver a cocktail of toxic substances that amplify their impact
on organisms. Polystyrene-based particles have demonstrated these effects prominently,
showing their ability to impair reproduction and growth in various marine species [26].

Human exposure to micro- and nanoplastics is another growing concern, as these
particles are increasingly detected in food, water, and air. The role of coatings, such as
protein coronas formed in biological fluids, and the size-dependent uptake of plastics into
cells and tissues are key areas of investigation in understanding their potential health
impacts [27,28]. Early research suggests that smaller particles are more likely to translocate
across biological membranes and accumulate in organs, while coatings can affect their
cellular interactions and toxicity profiles [29,30].

Given the diversity of plastic types, sizes, and coatings, interdisciplinary research is
essential to elucidate the full spectrum of effects associated with micro- and nanoplastics.
The interactions between particle size, surface coatings, and environmental conditions
require a combination of analytical techniques from materials science, toxicology, ecology,
and environmental chemistry [31,32]. Advanced imaging technologies and molecular
approaches are being used to characterize the physical and chemical properties of micro-
and nanoplastics, while laboratory and field studies aim to uncover their impacts on
organisms and ecosystems [33].

Addressing the challenges posed by micro- and nanoplastics also demands a global
effort to reduce plastic pollution at its source. Strategies such as improving waste man-
agement systems, promoting the use of biodegradable materials, and reducing the release
of microplastics from consumer products are critical for mitigating their impacts [34].
Additionally, policymakers and researchers must collaborate to establish standardized
methods for measuring and evaluating the effects of plastic particles, particularly with re-
spect to their size and coatings, facilitate cross-comparative studies, and inform regulatory
frameworks [35].

In this study, we investigated the impact of different-sized and functionalized fluo-
rescent carboxylate-modified polystyrene beads (200 and 40 nm (-COOH beads), green
and red, respectively) and amine-modified polystyrene beads (-NH2 beads) (200 nm, red)
on an in vitro gastrointestinal barrier model developed with a tri-culture of Caco-2, HT29-
MTX, and Raji B cell lines to best represent the different cell types present in the human
gastrointestinal barrier.

2. Materials and Methods
2.1. Chemicals

All chemicals were of analytical grade and were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise indicated.

2.2. Micro- and Nanobeads (MNBs) Characterization (TEM and DLS)

First, 200 nm green fluorescent -COOH beads (505 nm excitation, 515 nm emission),
200 nm red fluorescent -NH2 beads, and 40 nm red fluorescent -COOH beads (580 nm
excitation, 605 nm emission) were purchased from Invitrogen (Carlsbad, CA, USA). They
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were functionalized with two different surface functional groups, carboxylate-modified
polystyrene beads (-COOH) (200 and 40 nm, green and red, respectively) and amine-
modified polystyrene beads (-NH2) (200 nm, red). Due to their fluorescence, they are
easy to detect and have been recommended for use in ecotoxicological studies [36]. The
stability of the MNBs, in terms of dispersion, aggregation state, and morphology during the
treatment in culture medium, was examined using transmission electron microscopy (TEM)
and Dynamic Light Scattering (DLS). Aliquots of micro- and nanobeads resuspended in
culture medium at T0 and after 24 h of incubation, corresponding to the time of treatment,
were placed on 200-mesh copper grids and analyzed using a Hitachi HT7700 transmission
electron microscope (Hitachi, Tokyo, Japan) at 100 kV.

The hydrodynamic dimensions of the MNBs were measured with the Dynamic Light
Scattering technique using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern,
UK); the MNBs were suspended in ultrapure water.

2.3. Cell Cultures

The established cell lines were purchased from Merck Life Science Srl with the follow-
ing catalog references: 86010202-1VL, Caco-2 human Caucasian colon cell line; 85011429-
1VL, Raji human Negroid Burkitt’s lymphoma cell line; 91072201-1VL, HT29 human Cau-
casian colon cell line.

The Caco-2 and Raji B cells were cultured separately in RPMI medium (Cambrex,
Verviers, Belgium) supplemented with 10% heat-inactivated (56 ◦C for 20 min) fetal bovine
serum (FBS) (Cambrex, Verviers, Belgium), 2 mM L-glutamine (Cambrex, Verviers, Bel-
gium), 100 IU/mL penicillin–streptomycin solution, 10.000 U/mL amphotericin B (anti-
fungal solution) (Sigma-Aldrich, St. Louis, MO, USA), and 1% non-essential amino acids
(Cambrex, Verviers, Belgium) in a humidified atmosphere with 5% CO2 at 37 ◦C. The HT29
cells were cultured in McCoy’s 5A medium (Cambrex, Verviers, Belgium) supplemented
with 10% heat-inactivated FBS (Cambrex, Verviers, Belgium), 2 mM L-glutamine (Cambrex,
Verviers, Belgium), 100 IU/mL penicillin–streptomycin solution, 10.000 U/mL ampho-
tericin B (antifungal solution) (Sigma-Aldrich, St. Louis, MO, USA), and 1% non-essential
amino acids (Cambrex, Verviers, Belgium) in a humidified atmosphere with 5% CO2 at
37 ◦C. Caco-2 and HT29 cells were seeded in the apical compartment at a 7:3 ratio, with a
total of 2 × 105 cells in RPMI medium supplemented with 10% FBS, 2 mM L-glutamine,
100 IU/mL penicillin–streptomycin, and 1% non-essential amino acids. The co-culture
was cultured for 14 days in a 5% CO2 humidified atmosphere at 37 ◦C, with the culture
medium changed every other day. Subsequently, 5 × 104 Raji cells were added to the
basolateral compartment in RPMI medium supplemented with 10% FBS to induce the
differentiation of M cells. The triple-cell culture was maintained for 5 days in a 5% CO2

humidified atmosphere at 37 ◦C, with the culture medium changed every other day. For
the establishment of the intestinal barrier in a triple-cell culture system, Transwell systems
with polycarbonate filters featuring a 0.4 µm pore diameter and a surface area of 4.12 cm2

(Corning Incorporated, New York, NY, USA) were used (Figure 1). To optimize the devel-
opment of the tri-culture intestinal barrier model, a comparative approach was employed
wherein cells were cultivated not only in the tri-culture system but also in simpler models,
including mono-culture (Caco-2) and co-culture systems (Caco-2/HT29 and Caco-2/Raji B).
This comparison allowed for a detailed evaluation of the distinct morphological, functional,
and barrier properties characteristic of each culture condition. The morphology of the cell
culture was observed by using a light microscope Eclipse 80i (Nikon, Tokyo, Japan).
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Figure 1. A schematic overview of the experimental workflow and timeline used to establish the
in vitro reconstruction of the gastrointestinal barrier over 21 days using a triple-culture model (Caco-2,
HT29-MTX, Raji B cells), as reported in Section 2; the schematic representation of the model is better
explained on the right, reporting the presence of the components characterizing the gastrointestinal
barrier in the Transwell system.

2.4. Hematoxylin/Eosin (H&E) and Alcian Blue Staining

For histological evaluation, after 21 days in culture, cells in the insert were fixed with
cold methacarn solution (60% methanol, 30% chloroform, 10% acetic acid) for 1 h at 4 ◦C to
preserve the mucus layer. After fixation, cells were rinsed thoroughly with distilled water;
then, 1% Alcian blue pH 2.5 solution was subsequently added to the apical compartment
and allowed to react for 30 min at room temperature to stain acidic mucins. Excess dye was
removed through multiple washes with MilliQ water, and then samples were dehydrated
with increasing concentrations of alcohol (70%, 95%, 100% ethanol), submerged in Xylene
for 2 min and mounted with a coverslip. Layer morphology was assessed using standard
hematoxylin and eosin (H&E) staining. Briefly, 4% formaldehyde-fixed cells were stained
with Mayer’s hematoxylin for nuclear visualization, followed by bluing under running tap
water. Cytoplasmic components were counterstained using eosin Y. To ensure long-term
preservation and high-resolution imaging, the stained samples were dehydrated through a
graded ethanol series (70%, 95%, and 100%), cleared in xylene, and permanently mounted
with a resinous medium and a coverslip. Observations were performed using a light
microscope Eclipse 80i (Nikon, Tokyo, Japan).

2.5. Evaluation of Barrier’s Integrity (TEER and ZO-1 Staining)

The integrity of the Caco-2-only, co-culture, and tri-culture models was evaluated
by measuring transepithelial electrical resistance (TEER) using a Millicell-ERS volt/ohm
meter (Merck KGaA, Darmstadt, Germany). TEER measurements were taken throughout
the differentiation process every seven days during each medium replacement to moni-
tor confluence evolution, and before and after experiments with micro- and nanobeads
to evaluate barrier integrity. Only barriers with TEER values over 200 Ω·cm2 were se-
lected for permeability studies. Measurements were then performed with the tri-culture
barrier model after treatments with 10 µg/mL nano- and microbeads. Treatment was
stopped 24 h post exposure, followed by triple washing of the apical compartments
with PBS 1X and replacement with fresh RPMI. The basolateral compartments were also
emptied, washed, and refilled with fresh RPMI. The experiment was conducted in three
independent replicates, each including duplicates, with measurements taken from two
different points of each sample insert. TEER values were calculated using the formula
TEER = [Ω (cell inserts) − Ω (cell-free inserts)] × 1.12 cm2.

The presence of tight junctions, one of the characteristics of mature intestinal ep-
ithelium, was confirmed in the Caco-2 cell monolayer, in the Caco-2/HT29-MTX and
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Caco-2/Raji B co-culture, and in the Caco-2/HT29-MTX/Raji B tri-culture by labeling the
tight junction protein Zonula Occludens-1 (ZO-1). Cells were fixed with 4% paraformalde-
hyde in PBS for 10 min, permeabilized with 0.1% Triton™ X-100 for 10 min, and blocked
with 1% BSA for 1 h at room temperature. Cells were then labeled with ZO-1 Monoclonal
Antibody (ZO1-1A12) and Alexa Fluor 488 (Invitrogen, Ltd., Paisley, UK) at a concentration
of 5 µg/mL in 0.1% BSA and incubated for 3 h at room temperature. After three washes
with PBS (3 × 5 min), slides were covered with Mowiol 4-88 (Sigma Aldrich, St. Louis, MO,
USA). Cells were analyzed using a Carl Zeiss LSM 700 laser scanning confocal microscope
(Zeiss, Jena, Germany), and image acquisition was performed with ZEN software 2012
(Zeiss, Jena, Germany).

2.6. Wheat Germ Agglutinin (WGA) Conjugate Staining

To confirm the formation of M cells in the Caco-2/HT29-MTX/Raji B tri-culture model,
fluorescein isothiocyanate (FITC)-labeled wheat germ agglutinin (WGA) was utilized due
to its strong affinity for sialic acid and N-acetylglucosamine residues present in M-cell
surfaces. Studies have demonstrated that M cells exhibit a characteristic high-intensity
ring-like WGA staining pattern [37]. Tri-culture models were rinsed twice with PBS before
fixation with 4% paraformaldehyde for 15 min at room temperature (RT). Following three
additional PBS washes, cells were incubated with WGA-FITC conjugate (5.0 µg/mL in
PBS) solution (Sigma Aldrich, St. Louis, MO, USA) for 15 min at RT. After two further
PBS washes, the inserts were carefully excised and mounted onto microscope slides using
Mowiol 4-88 (Sigma Aldrich, St. Louis, MO, USA). Imaging was performed a Carl Zeiss
LSM 700 laser scanning confocal microscope (Zeiss, Jena, Germany), and image acquisition
was performed with ZEN software (Zeiss, Jena, Germany).

2.7. Scanning and Transmission Electron Microscopy

Before exposing the barrier to micro- and nanobeads, the morphological profiles of
the cells composing the barrier were analyzed using scanning electron microscopy (SEM)
(Zeiss, Jena, Germany) to identify differentiated enterocytes (E), mucus-secreting cells (G),
and M cells and transmission electron microscopy (TEM) to verify the ultrastructure of our
model. For SEM, after being cultured as previously described, cells were first washed with
cacodylate buffer (0.1 M, pH 7.4) and then fixed in 2.5% glutaraldehyde in the same buffer
for 2 h on ice. Following fixation, after two washes in cacodylate buffer, post-fixation was
performed in 1% OsO4 in the same buffer for 1 h on ice. After being washed in the buffer,
the cells were dehydrated using increasing concentrations of acetone: 25% (2 × 10 min at
4 ◦C), 50% (2 × 10 min at 4 ◦C), 70% (overnight at 4 ◦C), 90% (2 × 10 min at 4 ◦C), and 100%
(3 × 20 min at 4 ◦C). Critical point drying with CO2 was then performed using a Balzers
030 Critical Point Dryer (Balzers, Liechtenstein), followed by gold sputter coating of the
samples using a Balzers SCD 050 sputter coater (Balzers, Liechtenstein). Samples were
observed using a Zeiss EVO HD 15 (Zeiss, Jena, Germany) scanning electron microscope.

For TEM, cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4
for 1 h in ice and post-fixed with 1% OsO4 in the same buffer for 2 h in ice. Cells were
stained overnight with 0.5% uranyl acetate. Cells were dehydrated with increasing degrees
of ethanol (25%, 50%, 70%, 90%, and 100%) and embedded in Epoxy Spurr resin (TAAB
Laboratories Equipment Ltd., Aldermaston, Berks, RG7 8NA, UK). The 60 nm sections
were examined under a Hitachi 7700 (Hitachi High Technologies America Inc., Dallas, TX,
USA) transmission electron microscope (TEM) operating at 80 kV.

After optimizing the in vitro intestinal barrier model, the analyses were conducted
exclusively using the tri-culture.
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2.8. Cell Viability (MTT Test)

After establishing the gastrointestinal barrier model as previously described, micro-
and nanobeads (10 µg/mL) were added to the apical compartment in RPMI medium sup-
plemented with 10% FBS, 2 mM L-glutamine, 100 IU/mL penicillin/streptomycin, and 1%
non-essential amino acids. The cells were then incubated for 24 h in a 5% CO2 humidified
atmosphere at 37 ◦C. The cytotoxicity of micro- and nanobeads was assessed using the
MTT assay. Cells treated with RPMI culture medium alone served as the negative control.
At 24 h post treatment, the culture medium was removed, and the cells were washed twice
with phosphate-buffered saline (PBS) (0.2 M pH 7.4). Fresh culture medium containing
1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) salt was
then added to each well. Following a 2 h incubation at 37 ◦C in a 5% CO2 humidified atmo-
sphere, MTT was reduced by mitochondrial reductase in viable cells, forming formazan salt,
a dark insoluble product. The formazan salts were dissolved in dimethylsulfoxide (DMSO),
producing a violet solution. The absorbance of this solution was measured at 570 nm
using the Ultrospec 4000 UV–visible spectrophotometer (Pharmacia Biotech, Stockholm,
Sweden). Cell viability was calculated as the relative growth rate (RGR) percentage using
the following formula:

RGR = (Dsample/Dcontrol) × 100 (1)

where Dsample and Dcontrol represent the absorbances of the treated samples and the negative
controls, respectively. Morphological analysis of treated and untreated cells was performed
using an Eclipse 80i inverted microscope (Nikon, Tokyo, Japan).

2.9. Uptake of MNBs

After treatments on the gastrointestinal barrier model, as for the MTT test, samples
were fixed with 4% paraformaldehyde in PBS (0.2 M pH 7.4) for 15 min. Subsequently,
the cells were washed with 3% BSA in PBS and permeabilized with methanol for 1 min at
−20 ◦C. Cells were then incubated for 1 h at room temperature with a blocking solution
(1% BSA in PBS), followed by overnight incubation at 4 ◦C with a primary anti-tubulin
antibody (2 µg/mL in 0.1% BSA) for samples exposed to green microbeads. After three
5 min washes, cells were incubated for 2 h with a TRITC-conjugated secondary antibody
(1:50 dilution in 0.1% BSA in PBS) (Sigma Aldrich, St. Louis, MO, USA).

Cells exposed to 40 nm-sized red nanobeads and 200 nm-sized red microbeads were
instead stained with FITC-conjugated phalloidin (Sigma Aldrich, St. Louis, MO, USA) to
visualize actin filaments in green. Following three PBS washes, nuclei were stained with
DAPI (1:1000 in distilled water) for 15 min, then washed with PBS (3 × 5 min). Slides were
mounted using Mowiol® 4-88 (Sigma Aldrich, St. Louis, MO, USA). Samples were analyzed
using a Carl Zeiss LSM 700 laser scanning confocal microscope (Zeiss, Jena, Germany).
Image acquisition was performed using ZEN software (Zeiss, Jena, Germany).

To calculate the efficiency of internalization of MNBs, after 24 h of exposure, the
total medium was collected, the wells were washed twice with PBS, and fluorescence was
measured with a Synergy HT Multi-Detection Microplate Reader (Agilent, Santa Clara, CA,
USA) at excitation/emission wavelengths of 505/515 nm and 580/605 nm for green and
red MNBs, respectively. The obtained values were converted into MNB concentrations,
based on the controls (DMEM with the same concentration of each particle type used). The
reported percentages of translocation are the MNB amounts in the samples divided by the
MNB amounts to which cells were exposed.

2.10. Assessment of Protein Corona

MNBs at a concentration of 10 µg/mL were incubated with the tri-culture gas-
trointestinal barrier model for 24 h at 37 ◦C, following the method described by
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Lundqvist et al. (2008) [38]. To eliminate loosely bound proteins, the samples were sub-
jected to three rounds of washing via centrifugation (18,000 rpm, 15 ◦C, 40 min). After each
centrifugation, the pellet was resuspended in 1 mL of PBS and transferred to a fresh tube.
The final pellet was resuspended in Laemmli Sample Buffer (BIO-RAD, CA, USA) contain-
ing β-mercaptoethanol (Sigma; Steinbach, Germany). The samples were then boiled for
5 min. Following this, another centrifugation step was performed to separate the particles
from the proteins that had desorbed from their surfaces. The resulting protein-containing
supernatant was loaded onto an SDS-PAGE gel for analysis. One-dimensional polyacry-
lamide gel electrophoresis (SDS-PAGE) was conducted using 12% polyacrylamide gels
with a thickness of 1 mm (Mini-PROTEAN TGX Gels, BIO-RAD, CA, USA), operated at
90 V for approximately 80 min. Each gel included a molecular weight marker ranging from
10 to 180 kDa (Proteintech, Rosemont, IL, USA). Following electrophoresis, the gel was
washed in water, then stained with Bio-Safe Coomassie Stain G-250 (BIO-RAD) for 1.5 h.
Gel was subsequently destained through repeated washes in a solution of 40% methanol
and 10% acetic acid. Gel imaging was carried out using Chemidoc (BIO-RAD, Hercules,
CA, USA) and densitometric analysis was conducted with ImageJ software 1.54p.

2.11. Statistical Analysis

Experiments were performed in three independent biological replicates (n = 3), each
including two Transwell inserts per condition (technical replicates, n = 2 inserts/replicate).
Data are presented as the mean ± SD from a total of 6 inserts per condition, with statistical
significance determined by one-way ANOVA followed by Tukey’s post hoc test (p < 0.05).

3. Results and Discussion
3.1. Stability of MPs and NPs

The measured hydrodynamic average sizes at T0 for the functionalized micro- and
nanoplastics, 272.4 ± 62.5 nm (200 nm -COOH, sample a), 39.4 ± 15.2 nm (40 nm -COOH,
sample b), and 265 ± 45.2 nm (200 nm -NH2, sample c), suggest good monodispersity,
particularly considering the inherent variability associated with particle synthesis and
surface functionalization. After 24 h of incubation in DMEM, no significant changes in
hydrodynamic diameter or signs of aggregation were observed. This indicates strong
colloidal stability, which is crucial for particle behavior in biological systems (Figure 2).

 

Figure 2. Average hydrodynamic diameters (DLS) of carboxylated polystyrene (PS-COOH) and
aminated polystyrene (PS-NH2) in DMEM at T0 and after 24 h in complete DMEM medium culture.
TEM micrographs of 200 nm -COOH MPs (a), 40 nm -COOH NPs (b), and 200 nm -NH2 MPs (c) after
24 h in complete DMEM medium culture.

3.2. Cell Model Characterization: Assessment of Cell Barrier Formation

The current study aimed to demonstrate the successful establishment of a 3D intestinal
in vitro model composed of differentiated enterocytes, mucus-secreting cells, and M-like
cells for studying the impact and internalization of nano- and microplastics. Optimization
of the intestinal epithelial barrier model was carried out by comparing different culture con-
figurations based on Caco-2 cells. Initially, human colorectal adenocarcinoma Caco-2 cells
in mono-culture were used to establish baseline barrier properties, as these cells are widely
recognized for their ability to acquire morphological and functional characteristics very
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similar to enterocytes upon differentiation and the consequent formation of a monolayer
with tight junctions, apical and basolateral sides, and a brush border with microvilli on the
apical surface. Subsequently, co-culture systems combining Caco-2 with HT29 or Raji B
cells were evaluated in order to better mimic the complexity of the intestinal epithelium,
incorporating mucus-secreting and immune-related components. HT29 cells, in particular,
are capable of secreting vacuoles filled with mucin, providing a protective extracellular
mucus layer and mimicking goblet cell function. The in vitro system was further enhanced
by adding Raji B cells (lymphoblast-like) to the Caco-2/HT29 co-culture. These cells are
incorporated into the basolateral chamber of the insert on which the Caco-2/HT29 cells
grow to induce the differentiation of Caco-2 cells towards a microfold (M) cell phenotype.
M cells are specialized cells with the ability to transport particulate matter via endocytosis,
such as bacteria, viruses, nanoparticles, and microparticles [39]. The optimization process
therefore relied on a stepwise comparison among mono-culture, co-culture, and tri-culture
systems to select the most physiologically relevant model. This complex system offers a
physiologically relevant platform for studying intestinal barrier properties and interactions
with exogenous compounds, including micro- and nanoplastics [39].

3.3. Barrier Morphology and Functionality

Phase-contrast microscopy (Figure 3a–d) revealed progressive cellular morphological
maturation and functional specialization across intestinal barrier models, with mucus
secretion (M) emerging as a hallmark of co-culture complexity. Monolayer Caco-2 cells
(Figure 3a) exhibited a typical cobblestone morphology characteristic of differentiated
enterocytes, while co-culture with HT29 cells (Figure 3b) introduced prominent mucus-
producing goblet cells, visible in the figure as gray dense regions. The addition of Raji
B cells (Figure 3c) maintained epithelial integrity without mucus, but the tri-culture of
Caco-2/HT29/Raji B (Figure 3d) displayed optimal physiological relevance, featuring
dense mucus layers that mimic the native intestinal mucus barrier. Hematoxylin–eosin
staining (Figure 3e) confirmed the formation of a continuous epithelium indicative of robust
cell–cell adhesion essential for barrier function. Alcian blue staining (Figure 3f) specifically
highlighted acidic sulfated mucins (blue) secreted by HT29-derived goblet cells like within
the tri-culture model.

 

Figure 3. (a–d) Live-cell phase-contrast microscopy (inverted microscope) showing cellular morphol-
ogy and mucus secretion (M) in (a) Caco-2 cells; (b) Caco-2/HT29 cells; (c) Caco-2/Raji B cells; and
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(d) Caco-2/HT29/Raji B cells. M = mucus. Bar = 20 µm. (e) Hematoxylin–eosin (H&E) staining
reveals the formation of a continuous epithelium. (f) Alcian blue staining highlights acidic mucins
(blue) in mucus-producing cells; M = mucus. Bar = (e,f) 5 µm.

Once the morphological organization of the cell monolayers in terms of cell growth,
confluence, and the formation of mucus was confirmed by optical microscopy, transepithe-
lial electrical resistance (TEER) measurements were performed to quantitatively evaluate
barrier formation and tight junction functionality (Figure 4). TEER measurements con-
firmed the formation of a mature and functional epithelial barrier. The observed TEER
values above 200 Ω·cm2 are in line with recent findings from advanced tri-culture intestinal
models, which demonstrate strong barrier properties and effective tight junction assem-
bly [40,41]. Such TEER stability reflects the development of a well-organized epithelial
monolayer capable of regulating paracellular transport and maintaining selective perme-
ability. The mono-culture of Caco-2 cells routinely generates high TEER values, often over
200 Ω·cm2 depending on experimental conditions, cell passage, and measurement systems,
demonstrating pronounced tight junction formation and low paracellular permeability.
This is consistent with our measured value of 387 ± 3.5 Ω·cm2, which falls within published
ranges for Caco-2 mono-cultures. When Caco-2 cells are co-cultured with HT29 MTX cells,
which produce mucus, or with immune-like Raji B cells, the TEER values decrease notice-
ably (275 ± 5.8 Ω·cm2 for HT29 MTX co-culture; 268 ± 4.3 Ω·cm2 for Raji B co-culture).
This reduction is well documented in the literature, as the inclusion of goblet-like cells
and immune components tends to modulate tight junction assembly and more closely
approximates the leaky and dynamic nature of the intestinal epithelium in vivo. The triple
co-culture model (Caco-2/HT29 MTX/Raji B) yields a TEER value of 354 ± 6.9 Ω·cm2.
Intriguingly, this value is higher than that of either double co-culture (Caco-2/HT29 MTX
or Caco-2/Raji B alone) but remains lower than that of the Caco-2 mono-culture. This
suggests that the combined presence of mucus-producing and immune-like cells supports
moderate tight junction integrity, while retaining essential physiological features. The liter-
ature reports comparable values for these complex models, underscoring their relevance
for mimicking the intestinal barrier for absorption, transport, and toxicity studies. The
high TEER values observed in intestinal co-culture models result from the complex interac-
tion among absorptive enterocytes, mucus-secreting goblet cells, and immune-like cells,
which together promote robust barrier integrity. Goblet cells contribute to increasing TEER
values by secreting mucins that form the protective mucus layer, reducing passive perme-
ability and enhancing barrier function, as demonstrated particularly in Caco-2 and HT29
co-cultures [42]. Immune cells, such as macrophage-like cells incorporated in advanced
triculture models, further modulate barrier stability via cytokine signaling, influencing
tight junction protein expression and organization [43]. Maintaining elevated TEER is es-
sential for in vitro intestinal models to reliably simulate nutrient absorption, drug transport,
and nanoparticle uptake, offering physiological fidelity to human gut functions. Robust
barrier integrity indicated by high TEER is critical for toxicology and disease modeling to
avoid confounding by barrier disruption, ensuring accurate interpretation of experimental
outcomes [44].

The maturation and maintenance of tight junction proteins, such as claudins, occludin,
and zonula occludens-1 (ZO-1), are essential for establishing high TEER and low paracellu-
lar permeability. ZO-1 staining revealed continuous and well-defined fluorescence along
intercellular boundaries in all culture conditions, including Caco2, Caco2-HT29, Caco2 Raji
B, and the Caco2-HT29/Raji B triple-culture system (Figure 4a–d). This finding confirms
the establishment of functional tight junctions (Figure 4e,f), a critical feature ensuring
epithelial barrier integrity and precise regulation of paracellular transport. The organized
localization of ZO-1 indicates the presence of a mature, cohesive epithelial monolayer
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capable of regulating permeability and maintaining selective barrier function, as supported
by recent advanced in vitro intestinal models [45,46].

Figure 4. Confocal microscopy micrographs of Caco-2 cells (a), Caco-2/HT29 co-culture (b), Caco-
2/Raji B co-culture (c), and Caco-2/HT29/Raji B tri-culture (d), following immunolabeling of the
tight junction protein ZO-1 with the ZO-1 Alexafluor 488 monoclonal antibody. In (d), increased
fluorescence is observed corresponding to mucus (M) accumulation zones. Bar = 10 µm. (e,f) Trans-
mission electron microscopy images of the Caco-2/HT29-MTX/Raji B tri-culture intestinal barrier
model. The magnification image (f) highlights a tight junction indicative of robust paracellular barrier
integrity. Bar = (e) 2 µm; (f) 500 nm.

Recent research highlights the enhancement in tight junction protein expression, in-
cluding ZO-1, in tri-culture systems that integrate immune cell components such as Raji
B cells, which better mimic the in vivo microenvironment of the intestinal mucosa. This
co-culture induces signaling pathways that promote tight junction assembly and overall
barrier robustness [42,47]. Additionally, the presence of mucus-producing cells in the
co-culture further supports tight junction stability by creating a protective mucosal environ-
ment [45]. These observations establish the tri-culture and related co-cultures as valuable
models for studying intestinal permeability, drug transport, and barrier dysfunction in
response to external stimuli, including pathogens and nanomaterials. The findings agree
with contemporary protocols that emphasize tight junction integrity as a critical endpoint
for validating in vitro intestinal epithelium models [42,47].

3.4. Cell Morphology and Specialization

The SEM analysis performed on the 3D culture revealed the cell types characteriz-
ing the gastrointestinal barrier, i.e., enterocytes (E), goblet-like cells (G), and M cells (M)
(Figure 5a–e). The observation of abundant mucus-producing cells (Figure 5a,c) signifi-
cantly enhances the model’s physiological relevance to the gastrointestinal barrier. Recent
research, including that by Santoni et al. (2025) [48], demonstrates that the inclusion of
HT29-MTX cells in tri-culture models robustly promotes mucus layer formation. This mu-
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cus acts as a selective barrier, modulating epithelial permeability and providing protection
against pathogenic and chemical insults, thus closely resembling the structure–function
relationships found in vivo [49].

 

Figure 5. SEM analysis of the intestinal barrier model based on the co-culture of three cell lines
(a) (G = Goblet cell like). M cells (M) were identified based on the absence of microvilli on the
cell surface, whereas Caco-2 cells (E) display microvilli organized into the typical brush border of
enterocytes (b,e). In (c), details of mucus-secreting HT29 cells are shown. In (d), details of an M cell are
shown. The rupture along intercellular junctions is an artifact of the SEM sample preparation procedure.
Bar = (a) 10 µm; (b–d) 5 µm; (e) 2 µm. In (h), a confocal microscopy image acquired after labeling with
wheat germ agglutinin (WGA) lectin to evaluate the differentiation of Caco-2 cells into M cells in the
presence of Raji B cells is shown. Bar = 10 µm. In (f) and (g), TEM micrographs show apical microvilli
arranged to form the characteristic brush border of enterocytes. Bar = (f) 10 µm, (g) 1 µm.

The highly differentiated morphology of enterocytes, distinguished by dense and
uniform apical microvilli forming a well-defined brush border, an established hallmark
of absorptive function in the intestinal epithelium, is reported in Figure 5e–g. This struc-
tural organization is a recognized indicator of cell polarization and epithelial maturation,
as highlighted in recent standardized approaches for advanced in vitro intestinal mod-
els [42,48]. The identification of M-like cells, recognized by the absence of apical microvilli
(Figure 5d), is in line with the well-characterized process through which the presence of
Raji B cells in the Caco-2/HT29 co-culture promotes M-cell differentiation in Caco-2 cells.
Such morphological changes closely mirror the transformation mechanisms demonstrated
in contemporary studies [48]. Moreover, wheat germ agglutinin (WGA) staining displayed
strong fluorescence intensity across the cells, supporting the presence of M-like cells in our
gastrointestinal barrier (Figure 5h). WGA selectively binds to terminal N-acetylglucosamine
and sialic acid residues, which are highly expressed on the apical surface of M cells. This
glycan enrichment provides a reliable biochemical signature for identifying M-cell popula-
tions within differentiated intestinal models [48,50]. These M-like cells represent a critical
population for investigations into antigen sampling, translocation, and interaction with
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gut luminal contents. By integrating enterocyte polarization, M-cell differentiation, and
mucus secretion, our results confirm the tri-culture system’s ability to recapitulate the
complex functions and microarchitecture of the human intestinal epithelium. This model
not only ensures more accurate predictions in permeability and immunity studies but
also aligns with the most recent literature and regulatory standards for in vitro intestinal
systems [42,48,49].

The efficient differentiation of M-like cells in the co-culture model supports its appli-
cability in mechanistic investigations of nanoparticle translocation and antigen sampling
across the intestinal barrier. Modern nanotoxicology studies highlight the importance of M
cells as preferential sites for particulate uptake and transepithelial transport.

Rejinold et al. (2025) [45] contributed insights into the microenvironment and immune
cross-talk, emphasizing the functional role of the glycocalyx marked by WGA in mediat-
ing epithelial–immune cell communications. Wang et al. (2025) [46] developed bioactive
nanomotors capable of efficient passage through the intestinal barrier by interacting with
mucosal glycocalyx structures highlighted by WGA staining, demonstrating the importance
of this epithelial feature for nanoscale transport regulation. Previous work by Vincentini
et al. (2022) [49] demonstrated that WGA staining reliably indicates the differentiation and
mucus production in advanced in vitro intestinal barrier models, supporting functional bar-
rier properties for nanoscale transport and immune interactions. Santoni et al. (2025) [48]
further validated this by showing enhanced mucus continuity and faster epithelial differen-
tiation in co-culture models under mechanical stimulation, with WGA marking the mucus
layer integrity crucial for physiological relevance.

3.5. Internalization and Cytotoxicity of MNBs in 3D Cell Model

The internalization of plastic particles by our in vitro gastrointestinal barrier model
based on the tri-culture of Caco-2, HT29-MTX, and Raji B cell lines was determined by
confocal microscopy and by evaluating the presence of MNBs in the culture medium after
24 h of exposure of the barrier. A single mass-based concentration (10 µg/mL) and a 24 h
exposure period were selected, in line with commonly used in vitro micro/nanoplastic
protocols, with the primary aim of validating and functionally characterizing the advanced
intestinal barrier model rather than performing an extensive dose– and time–response
analysis. Previously, we evaluated the impact of plastic beads on the viability of cell-
forming barriers and on TEER values (Figure 6C).

In general, the obtained data demonstrate that carboxylated polystyrene nanobeads
show a much greater cytotoxic effect toward intestinal epithelial cells than larger microscale
particles or amine-modified variants. Exposure of the 3D cultures to polystyrene micro-
and nanobeads for 24 h led to a substantial decrease in barrier function and viability across
all particle types, as illustrated in Figure 6A. The effect is most pronounced for the 40 nm
(-COOH) red nanobeads, where the reduction is significantly greater than with either
200 nm (-COOH) green or 200 nm (-NH2) red beads. This outcome suggests that smaller
particles with carboxylate surface groups disrupt the intestinal epithelium more efficiently
than larger or aminated beads. Recent research confirms that nanoparticle size and charge
are pivotal in determining epithelial disruption and permeability: negatively charged
surfaces such as –COOH can interact more strongly with cell membranes and tight junction
proteins, impairing barrier resistance measured as TEER [51–53]. Moreover, these findings
reflect the complex interplay between mucus, epithelial, and immune cell components
in 3D co-culture models that more accurately mimic physiological responses compared
ro mono-cultures. Studies further note that small, highly charged particles can trigger
oxidative stress, inflammation, and cytoskeletal rearrangement, all of which compromise
cellular integrity, as observed in the greater decrease for 40 nm (–COOH) beads [54].
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Figure 6. (A) Cell viability (MTT assay) of the intestinal barrier model based on the co-culture of three
cell lines treated with 10 µg/mL of 200 nm (PS-COOH), 40 nm (PS-COOH), and 200 nm (PS-NH2).
The viability measured as indicated in the Methods Section represents the values as a percentage of
the respective control (untreated cells) values from three independent experiments. Asterisks indicate
significant values (p < 0.05) from the respective untreated control cells. (B) Analysis of internalization
efficiency by measuring the amount of MNBs remaining in the culture medium of the intestinal
barrier 24 h after treatment with 10 µg/mL of MNBs. The values are reported as percentages relative
to the control (10 µg/mL MNBs in DMEM) from three independent experiments. Asterisks indicate
significant values (p < 0.05) from the respective untreated control cells. (C) TEER measurement for
the evaluation of tri-culture barrier integrity at 24 h after treatment with 10 µg/mL of MNBs. The
values are reported from three independent experiments.

Interestingly, 200 nm-sized aminated beads appear less damaging. Positively charged
nanoparticles, such as aminated (-NH2) polystyrene beads, often demonstrate reduced
cytotoxicity in intestinal barrier models compared to negatively charged counterparts. This
phenomenon is explained by their electrostatic interactions with the intestinal mucus layer,
which is rich in negatively charged glycoproteins (mucins). The positive surface charge
promotes stronger adhesion to the mucus, effectively trapping the nanoparticles within
the mucus and limiting their direct contact with epithelial cells. This sequestration reduces
cellular uptake and the resultant cytotoxic stress on epithelial cells, thereby preserving
barrier integrity [53,55]. Moreover, mucus entrapment delays or prevents nanoparticle
penetration to the epithelial surface, which decreases the induction of reactive oxygen
species (ROS), inflammation, and apoptosis, common mechanisms by which nanoparticles
induce cytotoxicity. Studies have shown that positive charge favors the retention of particles
in the luminal mucus, acting as a physical barrier against epithelial disruption, whereas
negatively charged particles tend to diffuse more freely through the mucus and interact
with cell membranes [46,56].

The evaluation of uptake of plastic particles corroborates the observed effects on
barrier integrity. Our results reveal a clear effect of both nanoparticle size and surface
functionalization (-NH2 vs. -COOH groups) on cellular internalization, as reflected by
the percentage of micro/nanoplastics (MNBs) remaining in culture medium after 24 h
(Figure 6B). In particular, 200 nm-sized (-NH2) red particles show the lowest percentage
left in the medium after 24 h, meaning that they have been internalized by cells to a greater
extent compared to both 40 nm-sized (-COOH) red and 200 nm-sized (-COOH) green
particles. This trend highlights the dual influence of size and surface chemistry.

https://doi.org/10.3390/microplastics5010031

https://doi.org/10.3390/microplastics5010031


Microplastics 2026, 5, 31 15 of 24

Studies such as Marcellus et al. (2025) [57] and Zhang et al. (2025) [58] found that
among polystyrene plastic particles, those with smaller dimensions and a higher surface
area produced more extensive membrane damage and were taken up more efficiently by
intestinal cells. They often triggered oxidative stress and inflammatory signaling pathways,
which lead to cell dysfunction and death. Other works, including Kustra et al. (2025) [59]
and Domenech et al. (2021) [60], observed that nanoplastics cause pervasive sublethal stress:
they do not always kill cells immediately but can alter gene expression linked to DNA
repair (including base excision and double-stranded break repair) and reduce the cells’
ability to recover from further injury, thus increasing the risk of genome instability and
long-term health effects. Carboxylation on the surface further enhances these interactions,
increasing cytotoxicity compared to neutral or amine-modified surfaces.

Confocal microscopy analysis confirmed that all tested polystyrene particles were
successfully internalized by our gastrointestinal barrier model, demonstrating their strong
ability to penetrate cellular barriers, as shown in the confocal and z-stack mode images
reported in Figure 7.

 

Figure 7. Confocal microscopy images acquired after staining with (A) anti-tubulin (red labeling
acquired with the 555 laser) to label the microtubules of cytoskeleton. Polystyrene microbeads are
shown in green (green labeling acquired with the 488 laser), and nuclei are stained in blue with DAPI
(blue labeling acquired with the 405 laser). (B,C) FITC-conjugated phalloidin (green labeling acquired
with the 488 laser) was used to label the microfilaments of the cytoskeleton. Polystyrene nanobeads
and microbeads are shown in red (red labeling acquired with the 555 laser), and nuclei are stained
in blue with DAPI (blue labeling acquired with the 405 laser). The lower graphs in (A–C) show 3D
reconstructions derived from z-stack scans of the triple-culture model.
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Studies consistently report that particle size plays a decisive role in the translocation of
polystyrene particles across intestinal models. Generally, nanobeads exhibit higher rates of
uptake and translocation compared to larger microbeads due to their smaller size, greater
surface area, and propensity for exploiting endocytic pathways such as clathrin-mediated
and fast endophilin-mediated endocytosis [61–63]. In tri-culture models composed of
Caco-2, HT29-MTX, and Raji B-induced M-like cells, nanoplastics not only traverse the
mucus layer more efficiently but also show higher passage rates toward the basolateral
compartment relative to microplastics, which are often partially retained by the mucus
and cellular junctions [57]. Surface chemistry significantly influences particle interaction
with intestinal cells. Carboxylate polystyrene beads, for example, demonstrate enhanced
adhesion and are more readily internalized compared to non-functionalized beads, owing to
their amphiphilic nature and ability to interact with hydrophilic cells [64,65]. In tri-culture
models, amine-functionalized particles (positively charged) display stronger binding to
negatively charged cell membranes and mucins, often resulting in different uptake patterns
compared to carboxylate (negatively charged) or pristine beads. These findings have
important implications for understanding human exposure to micro- and nanoplastics.
The efficient internalization, especially of nanosized and surface-modified particles, raises
concerns due to their potential for systemic distribution and interference with gut barrier
integrity, host–microbiota interactions, and immune modulation [66]. Larger microplastics
may be more likely to elicit local effects, whereas nanoplastics can reach deeper tissue
layers and even enter the circulatory system, possibly impacting distant organs [67].

Overall, our results corroborate recent studies showing that optimal cellular internal-
ization is not dictated by size alone, but by a combination of size and surface chemistry.
Positively charged (-NH2) surfaces can compensate for limitations imposed by a larger
particle size, significantly boosting uptake rates. Conversely, negatively charged (-COOH)
particles suffer reduced internalization regardless of particle size [68].

From a size perspective, the literature shows that smaller nanoparticles are usually
taken up by cells more efficiently, as their dimensions favor endocytosis and membrane
wrapping processes [51]. However, in this dataset, the 200 nm-sized NH2-modified particles
outperform even the 40 nm-sized COOH-functionalized particles in terms of uptake. This
result suggests that surface chemistry, particularly the presence of NH2 groups, can override
the effect of size alone. The NH2 groups on the particle surface impart a net positive charge,
which strongly interacts with the negatively charged cell membranes, facilitating particle
adhesion and uptake via endocytic pathways [52]. For the COOH-functionalized beads,
the negative surface charge leads to weaker interactions with cell membranes, reducing
internalization efficiency even for smaller particle sizes such as 40 nm. The 200 nm -COOH
beads are internalized least efficiently, supporting the concept that both a large size and
negative charge restrict cellular uptake [52].

The concept that the optimal nanoparticle size for cellular uptake may vary depending
on cell type and nanoparticle material is well supported in recent research. Different cell
types exhibit distinct endocytic capacities, receptor expressions, membrane compositions,
and cytoskeletal arrangements, all of which modulate how efficiently they internalize
nanoparticles of various sizes. For instance, cancer cells often exhibit enhanced endocytic
activity compared to normal cells, which can shift the size range at which uptake is
maximized. Moreover, the physicochemical properties of the nanoparticle material, such
as core composition, surface coating, density, and rigidity, impact how cells interact with
and internalize these particles. For example, heavier or denser nanoparticles may be
internalized differently than lighter ones of the same size, and surface coatings may alter
protein corona formation, thereby influencing recognition by cell surface receptors.
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3.6. Role of Protein Corona

When particles enter a biological fluid or the environment, biomolecules like proteins,
lipids, ions, and other small molecules bind to the surface, changing the chemical properties
and further modulating particle uptake and toxicity. In fact, the corona layer completely
changes the particles’ interactions with cells and, in turn, the cells’ responses. Among
molecules forming layers around particles, proteins are more abundant; so, we decided to
compare the protein profiles of our barrier model and the Caco-2 cell mono-culture.

It should be noted that the protein corona characterization performed in this study
is qualitative in nature and was not intended to provide a quantitative or normalized
assessment of protein abundance. The observed differences in protein corona composition
should therefore be interpreted as descriptive and indicative of distinct biological identi-
ties acquired by particles under different experimental conditions, rather than as direct
mechanistic determinants of penetration or barrier disruption.

The analysis of the protein corona profiles revealed clear differences related to both
particle size and surface chemistry, as well as to the culture model used for incubation
(Figure 8). The 40 nm -COOH beads (Lane 2), when exposed to the barrier model based
on the tri-culture composed of Caco-2, HT29, and Raji B cells, displayed a markedly
higher abundance of high-molecular-weight proteins, including putative adhesion proteins,
large glycoproteins, and protein complexes. This effect may be attributed to particles’
higher curvature and surface-to-volume ratio, which facilitate the assembly of large pro-
tein complexes, and to a specific affinity of the negatively charged –COOH groups for
large proteins present in the complex biological environment of the tri-culture. These
findings align with Lundqvist et al. (2008) [38], who demonstrated that smaller particles
exhibit increased and more selective binding of multidomain proteins compared to larger
particles, primarily due to enhanced surface curvature. Further, Wang et al. (2020) [69]
and Rampado et al. (2022) [70] corroborate that surface chemistry crucially determines
corona composition; negatively charged surfaces preferentially adsorb large, glycosylated,
or hydrophobic proteins, consistent with the selective enrichment observed here for the
-COOH-functionalized nanobeads.

Figure 8. SDS-PAGE showing the protein corona of MNBs after 24 h of incubation with tri-culture
or Caco-2 alone. The standard ladder is given on the left side; from the top to the bottom: 180 KDa,
140 KDa, 100 KDa, 75 KDa, 60 KDa, 45 KDa, and 35 KDa. The sample order is indicated above the
lanes. DMEM: culture medium control. On the right: profile of average band intensities indicating
the difference in the amount of protein corona on the MNB surface and identified with different
colors as reported in the legend. Lane 1: 200 nm -COOH; Lane 2: 40 nm -COOH; Lane 3: 200 nm
-NH2 (from MNBs in incubation with 3D model); Lane 4: 200 nm -COOH; Lane 5: 40 nm -COOH;
Lane 6: 200 nm -NH2 (from MNBs in incubation with Caco-2 alone); Lane 7: DMEM.
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In contrast, the 200 nm -NH2 beads (Lane 3) preferentially bind to smaller proteins.
The amine surface, positively charged under physiological conditions, may favor elec-
trostatic interactions with negatively charged, low-molecular-weight proteins or soluble
fragments released by the cells within the tri-culture. This matches observations by Ab-
stiens et al. (2019) [71], who reported that amine-modified surfaces show affinity for
low-molecular-weight hydrophilic proteins. The 200 nm COOH beads (Lane 1) exhibited
a more heterogeneous corona, consisting of a combination of small- and medium-sized
proteins, with a relatively lower accumulation of high-molecular-weight species compared
with the 40 nm -COOH sample. This phenomenon can be explained by the lower curvature
and reduced surface-to-volume ratio of larger particles. Larger particles provide a flatter
surface that tends to favor the adsorption of proteins with diverse sizes but may be less con-
ductive to stabilizing large, multidomain proteins or complexes. Monopoli et al. (2012) [72]
demonstrated that nanoparticle size influences protein binding kinetics and affinity hi-
erarchies, producing coronas with distinct profiles depending on particle dimensions.
According to Gonzalez Solveyra et al. (2022) [73], the interplay between surface curvature
and protein conformation affects adsorption stability—flatter surfaces of larger particles
tend to favor loosely bound, smaller proteins that might be displaced over time, whereas a
high curvature promotes the stable binding of large, folded, and glycosylated proteins.

From a biological perspective, the strong enrichment of high-molecular-weight pro-
teins on the 40 nm -COOH beads in the tri-culture suggests that a complex cellular envi-
ronment containing enterocytes, mucus-secreting cells, and immune-like cells promotes
the secretion or retention of large proteins and complexes that preferentially associate
with small, negatively charged nanoparticles. Such differences in corona composition may
influence nanoparticle recognition and immunoreactivity in biological systems. Studies
using multi-cellular intestinal models have demonstrated that mucins, secreted by goblet
cells like HT29, readily adsorb onto nanoparticle surfaces to form a protein corona that
significantly alters their biological fate and cellular interactions. Yang et al. (2024) [74]
specifically showed that mucin-derived protein coronas act as both “spear and shield,”
modulating nanoparticle transcellular transport in enterocytes and enhancing intracellular
trafficking through altered protein composition. The presence of immune-like cells further
enriches the extracellular environment with immune-related proteins, including comple-
ment components, immunoglobulins, and acute-phase proteins, which preferentially bind
to nanoparticles and fundamentally alter their biological identity [75].

In the Caco-2 mono-culture, the 200 nm -COOH beads (Lane 4) showed a pronounced
enrichment of high-molecular-weight proteins, similar to that observed in the 40 nm
-COOH beads under tri-culture conditions. This indicates that even the epithelial cell line
alone produces large proteins capable of interacting with carboxylated surfaces. The 40 nm
-COOH beads in mono-culture (Lane 5), however, appeared less enriched in large proteins
than their tri-culture counterpart, implying that the presence of HT29 and Raji B cells
provides additional secreted factors that promote the adsorption of large proteins onto small
nanobeads. The 200 nm -NH2 beads in mono-culture (Lane 6) exhibited the weakest signal,
suggesting a less abundant or less diverse protein corona in the absence of the additional
cell types present in the tri-culture. This finding is well supported by the literature on
epithelial cell secretion and culture media composition. Caco-2 cells, when differentiated
into mature enterocytes, secrete several large proteins and extracellular matrix (ECM)
components that readily interact with nanoparticle surfaces. DiMarco et al. (2017) [76]
showed that Caco-2 cells produce and deposit fibronectin and other ECM proteins that
form a complex microenvironment capable of engaging large, glycosylated proteins with
nanoparticles. Moreover, Caco-2 cells express and secrete various adhesion molecules,
including E-cadherin, occludin, and claudins, as well as large glycoproteins involved in
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cell–cell interactions, all of which are substantial macromolecules that can readily adsorb to
carboxylated surfaces and have high affinity for -COOH functionalized nanobeads.

When directly comparing tri-culture and mono-culture conditions for each particle
type, further trends emerged. The 200 nm -COOH beads (Lanes 1 and 4) displayed distinct
profiles: in mono-culture, the corona was dominated by high-molecular-weight proteins,
whereas in tri-culture the profile was more balanced and included additional mid- and
low-molecular-weight components. This suggests that proteins secreted by HT29 and Raji
B cells, such as mucins or small peptides, may compete with larger proteins for adsorption
sites. For the 40 nm -COOH beads (Lanes 2 and 5), the tri-culture induced a substantial
enrichment in high-molecular-weight proteins, indicating that additional extracellular
factors or immune-derived proteins promote the association of large protein complexes
with smaller nanoparticles.

Baimanov et al. (2022) [77] demonstrated that protein corona formation is a dynamic
process rather than an immediate one. Initially, small nanoparticles bind mainly to highly
abundant proteins, but over time these are replaced by proteins with higher affinity for the
nanoparticle surface. In the tri-culture system, mucin-rich secretions and immune-derived
protein complexes provide a rich source of large, biologically active macromolecules that
can strongly associate with small, negatively charged nanoparticles. Finally, the 200 nm
-NH2 beads (Lanes 3 and 6) exhibited more intense low-molecular-weight bands in tri-
culture than in mono-culture, implying that the presence of multiple cell types enriches
the medium with negatively charged small proteins or peptides that preferentially adsorb
to amine-functionalized surfaces. Yu et al. (2020) [78] showed that the nature of protein
adsorption and exchange is intimately tied to both surface properties and the protein
pool available; hydrophilic charged surfaces display higher protein exchange rates and
greater sensitivity to environmental protein composition. Indeed, the protein corona
exhibits a “memory effect,” whereby particles transitioning from one biological context
to another retain elements of their original corona while gradually acquiring new species,
a phenomenon that becomes more pronounced when the environmental protein pool
changes dramatically.

4. Conclusions
This study successfully developed and optimized a physiologically relevant 3D in vitro

intestinal barrier model integrating enterocytes, mucus-secreting goblet cells, and M-cell-
like immune components. Compared to mono-culture and co-culture systems, the tri-
culture model exhibited enhanced barrier functionality and structural complexity, as con-
firmed by TEER measurements and the expression of key marker proteins. The use of this
advanced model enabled a more realistic evaluation of size- and surface chemistry-dependent
interactions between polystyrene micro- and nanoplastics and the intestinal epithelium.

Within this context, our findings demonstrate that both particle size and surface
functionalization play a central role in shaping nanoparticle behavior at the gut interface.
Smaller nanoparticles, particularly those with a diameter of 40 nm, provided higher surface
curvature and relative surface area, favoring the stabilization and recruitment of large
multidomain proteins and protein complexes when available. Notably, 40 nm -COOH-
functionalized nanobeads in the tri-culture system were enriched in high-molecular-weight
proteins, supporting the notion that small, negatively charged particles efficiently attract
large protein assemblies from complex biological environments. Surface chemistry further
modulated corona composition: negatively charged carboxyl groups promoted interactions
with positively charged protein domains, enhancing the adsorption of large, hydrophobic,
or glycosylated proteins, whereas positively charged amine groups preferentially associated
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with smaller, negatively charged, or more hydrophilic proteins, resulting in less abundant
or more selective protein coronas.

Importantly, the influence of the cellular microenvironment emerged as a key de-
terminant of nanoparticle biological identity. The tri-culture system introduced mucins,
extracellular matrix components, immune-related proteins, and secreted factors absent in
simpler models, profoundly altering both the qualitative and quantitative composition
of the protein corona. These results underscore that nanoparticle–biological interactions
cannot be fully understood based solely on physicochemical properties but must also
consider the complexity of the surrounding cellular environment.

Overall, this work advances our understanding of how micro- and nanoplastics inter-
act with the intestinal barrier and highlights the necessity of employing complex in vitro
systems to capture the multifaceted nature of nanoparticle–biological interfaces. The tri-
culture model presented here offers a robust and physiologically relevant platform for
future mechanistic studies investigating microplastic bioavailability, toxicity, and transport.
In particular, future work will address a full dose–response curve and multiple exposure
durations, including repeated and chronic exposures, to better capture the long-term and
low-dose effects of micro and nanoplastics on intestinal barrier function and host responses.
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Abbreviations
The following abbreviations are used in this manuscript:

BSA Bovine Serum Albumin
Caco-2 Human Colorectal Adenocarcinoma Cell Line
CO2 Carbon Dioxide
-COOH Carboxylate (Functional Group)
DLS Dynamic Light Scattering
DMEM Dulbecco’s Modified Eagle Medium
DAPI 4′,6-Diamidino-2-Phenylindole
FBS Fetal Bovine Serum
FITC Fluorescein Isothiocyanate
HT29-MTX HT29 Mucus-Secreting Cell
IU International Unit
M Mucus
MNBs Micro- And Nanobeads
MPs Microplastics
MTT 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide
-NH2 Amine (Functional Group)
NPs Nanoplastics
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PAHs Polycyclic Aromatic Hydrocarbons
PBS Phosphate-Buffered Saline
PS Polystyrene
Raji B Raji B Cell Line
RGR Relative Growth Rate
RPMI Roswell Park Memorial Institute Medium
RT Room Temperature
SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
SEM Scanning Electron Microscopy
SD Standard Deviation
TEER Transepithelial Electrical Resistance
TEM Transmission Electron Microscopy
WGA Wheat Germ Agglutinin
ZO-1 Zonula Occludens-1
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