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ABSTRACT

Nowadays, microplastics are an omnipresent environmental pollutant. They are small enough to be
ingested by humans directly or via consumption of, for example, contaminated (sea)food.
Consequently, microplastics enter the gastrointestinal tract and interact with the intestinal
epithelium. To develop a basic scientific understanding about this interaction, several in vitro studies
have been conducted. However, current data on microplastic uptake and transport is inconclusive
due to variations in experimental approach and lack of fundamental understanding. This study aims
to provide an overview of the effects of different exposure conditions on the uptake and transport of
Polystyrene microplastics in vitro. Human epithelial Caco-2 cells, and a co-culture with HT29-MTX
cells, were exposed to carboxylated Polystyrene spheres (200 nm or 2 um). After physicochemical
characterisation, uptake and transport were evaluated using FACS, confocal microscopy, and
fluorescence intensity measurements. Our data show that MPs are taken up and transported by
Caco-2 cells. In addition, they suggest that the presence of serum proteins in cell medium causes a
reduction in uptake (up to 36%). We found a trend towards increased uptake for longer exposure
durations and smaller microplastic size. Lastly, an effect of cell model was observed. Further
differentiation of the cells negatively affected uptake, and the presence of mucus reduced transport
to less than half. These results indicate that caution should be taken when comparing and interpreting
research data as varying exposure conditions significantly affect microplastic uptake and transport
across a Caco-2 monolayer. However, additional research is necessary to fill in remaining knowledge

gaps.

INTRODUCTION

Plastic has become ubiquitous in the modern world.
Since the start of its production in the 1950s, plastic
usage has increased more than three hundred-fold
(1, 2). The most abundant polymer types include
Polyethylene (PE), Polypropylene (PP), and
Polystyrene (PS). They account for the majority of
plastic waste found in aquatic environments (3).
Larger plastic pieces are widely studied in relation
to entanglement and digestive tract congestion (4,
5). However, smaller plastics, such as
microplastics (MPs) (<5 mm), are possibly even

more dangerous (6). Since researchers are only at
the start of the scientific discovery regarding MPs,
a fundamental understanding of the consequences
their presence might have on the environment as
well as human health is still limited (7-9). In a
recent report, EFSA stated that information on
plastic particle uptake kinetics is still insufficient
for a reliable risk assessment (6).

Some MPs, called primary MPs, are
intentionally manufactured on the microscale. They
have a wide range of applications in medical,
pharmaceutical, industrial, and cosmetic fields, and
are therefore of great interest (10). Secondary MPs
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originate from larger plastic debris that is degraded
by environmental factors such as UV radiation,
ocean waves etc. As such, plastics occur in a variety
of shapes and sizes, including spheres, fibres, and
fragments  (11). These physicochemical
characteristics have been shown to significantly
affect MP uptake and transport in living cells (12).
Both primary and secondary MPs often end up in
the environment. They may be taken up by aquatic
organisms and pollute drinking water. Hence, they
can enter the food chain and cause human exposure
(13).

The oral route is considered one of the main
exposure routes for humans. It has been shown that
the average person ingests up to 100 000 plastic
particles yearly via diet or inhalation (11). Not only
contamination from packaging, like plastic bottles
or tubs, but also consumption results in exposure.
Seafood, drinking water, salt, beer, and even
teabags contain a vast amount of MPs (14-18).
Schwabl et al. demonstrated the presence of MPs in
human stool samples, proving exposure via
ingestion (19).

Current studies dealing with MP exposure
mainly focus on polystyrene (PS) spheres (10, 20-
22). The popularity of PS in human exposure
research is due to its environmental abundance,
well-defined characteristics, relatively low cost,
and the wide variety of commercially available PS
MPs (23). This synthetic polymer is often used in
food containers and disposable cutlery. Fiorentino
and colleagues already proved the uptake of 44 nm
PS plastics by primary human cell cultures (24).
Additionally, in vivo research showed transfer of PS
microspheres from the Gl-tract to the circulation
after oral ingestion in rats (25).

Because of the wide variety of MP types
and sizes, it is not feasible to routinely assess the
safety of MPs via in vivo models. Consequently,
alternative testing methods to reduce animal studies
are becoming increasingly important due to societal
demand (10). For this purpose, an immortalized cell
line of human epithelial colorectal adenocarcinoma
cells, called Caco-2 cells, can be applied (26, 27).
The Caco-2 monolayer model is well-established
and has been shown to simulate the human
intestinal barrier effectively (28). However,
scientific literature on MP uptake and transport is
controversial due to the inconsistent use of
exposure conditions and techniques. Some papers
assess MP exposure in serum-free medium (29, 30),
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while others add foetal bovine serum (FBS) to the
cell medium (10, 20, 22). Occasionally, a study uses
limited exposure durations of 10 - 120 min (20), but
prolonged exposures of 24 - 96 h are applied as well
(21, 26, 31). Additionally, MP sizes ranging from
25 nm to 6 um and more are studied (26, 32, 33).
The effect of this variety in experimental set-ups
remains unclear.

In this study, we aim to enhance the
interpretation of MP research by providing
coherent and fundamental information on the
effect of different exposure conditions on MP
uptake and transport in an in vitro intestinal
model. First, we focus on characterising the MPs.
Next, we assess uptake in different exposure
conditions. The effect of variations in exposure
duration, FBS addition, MP size, and stage of cell
differentiation on MP uptake will be compared
using multiple techniques. In addition, we perform
a pilot study to determine the role of active
transport by analysing the consequences of
blocking (caveolae-mediated) endocytosis. Finally,
we compare transport across a Caco-2 monoculture
and a Caco-2 HT29-MTX co-culture to determine
the influence of mucus on MP transport across the
monolayer. In summary, this research focuses on
providing the knowledge necessary to create more
coherent and representative research on the effects
of MPs in intestinal model systems.

EXPERIMENTAL PROCEDURES

Microplastics

Carboxyl-modified, red fluorescently labelled (Ex/:
530/590) PS spheres of two different sizes (200 nm,
and 2 um) were purchased from Magsphere
(Pasadena, USA). In the further course of this
paper, the 200 nm MPs will be referred to as PS200-
RF and the 2 ym MPs as PS2-RF. Detailed
information provided by the manufacturer is
described in Table 1. The sizes were chosen to
represent submicron and micron scale. Stock
solutions of 1 mg/ml were prepared in Milli-Q and
sterilized with gamma irradiation at 30 Gy. All
suspensions were stored at 4°C. Before
experiments, the PS MPs were further diluted in the
relevant medium.
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Table 1: Specifications of the PS microplastics as provided by the manufacturer.

D Diameter + SD % Solids Polymer Density Fluorescent Dye Surface Groups Surfactant Em/Ex Wavelength
(um) (g/ml) Contents (Yow/w) (nm)

PS200-RF 0.215+0.022 25% 1.05 0.68 Carboxyl Anionic 505-545/560-630

PS2RF 2.0+0.1 2.5% 1.05 0.3 Carboxyl Anionic 505-545/560-630

PS200-RF, polystyrene particles of 200 nm; PS2-RF, polystyrene particles of 2 pm

Cell cultures

Adherent human epithelial colorectal
adenocarcinoma cells (Caco-2; ATCC® HTB-
37™, passage 30-40) and human colon

adenocarcinoma mucus-secreting cells (HT29-
MTX, Sigma Aldrich, Germany, passage 20-30)
were cultivated in 75 cm?® culture flasks (Greiner
Bio-One International, Austria) containing cell
culture medium. Medium was prepared by
supplementing  Dulbecco’s Modified Eagle
Medium (DMEM, Sigma-Aldrich, Germany) with
10% heat-inactivated Foetal Bovine Serum (FBS,
Sigma-Aldrich, Germany), 1%
Penicillin/Streptomycin ~ (P/S,  Sigma-Aldrich,
Germany), and 1% Minimum Essential Medium of
Non-Essential Amino Acids (MEM-NEAA,
Sigma-Aldrich, Germany). This medium, further
referred to as DMEM®, was refreshed every other
day. Cells were incubated at 37°C in a humidified
5% CO; incubator (Binder Inc., USA), unless
indicated otherwise. Cells were subcultured every
seven days at 80-90% confluency.

Physicochemical characterisation of PS MPs

To determine the effects of the applied cell medium
on the diameter and charge of PS MPs,
physicochemical characterisation was performed.
Particle size was verified with Transmission
Electron Microscopy (TEM) (Table 2). Briefly,
TEM specimens were prepared using the drop-on-
grid method on pioloform-coated 150 mesh copper
grids. The grids were treated with Alcian blue to
render a positive charge (34). A set of ten TEM
micrographs was randomly recorded in bright-field
TEM mode using the Philips EM 208 S equipped
with a TEM charge-coupled device camera
(Morade Soft Imaging System), operating at 60k V.
Magnifications in the range of 5600 to 28000 times
were selected. Analyses were carried out with
ImageJ software. Next, the Zetasizer Ultra-Red
(Malvern Panalytical Ltd, UK) was applied to
analyse the hydrodynamic size of PS MPs
(10mg/ml solution) with the Dynamic Light

Scattering (DLS) technique and their surface charge
with zeta-potential determination (in a 1mM KCI
suspension). These measurements were performed
on PS MPs of 200 nm and 2 pum suspended in Milli-
Q or DMEM*.

Quantitative uptake assessment of PS MPs
Association was quantitatively assessed with either
the FLUOstar Omega (BMG Labtech, Germany) or
FACSCalibur™ (BD Biosciences, USA) for
spectrophotometry  and  flow  cytometry,
respectively. For the FLUOstar, black 96-well
plates were used for seeding 8.10* cells/well; which
were incubated for 5-7 days. After 2 h, 4 h, 8 h, or
24 h of 100 pg/ml PS200-RF exposure in DMEM*,
cells were washed (Phosphate Buffered Saline
(PBS) + Ca?*, Mg?") and measured in PBS (EX/Em
544/590). For flow cytometry, samples were
prepared by detaching the cells from the culture
flask similar to subculturing, followed by multiple
washing steps in FACS buffer (PBS + 2% FBS).
Next, the cells were fixed in 4% Paraformaldehyde
(10 min, RT) (Sigma-Aldrich, Germany), pelleted
(5 min, 300 g), and washed again with FACS
buffer. Samples were preserved in FACS buffer at
4°C. Then, 10 000 gated cells were measured with
the FACSCalibur™ (BD Biosciences, USA).
Forward scatter was plotted versus side scatter and
the percentage of cells associated with red
fluorescent PS MPs was consequently determined
by plotting the fluorescence (FL2-H) versus cell
counts.  Percentages were  corrected  for
autofluorescence by subtracting control values.

Confocal  microscopy to study particle
association/uptake (Qualitative assessment)

To generate a confluent monolayer, cells were
seeded at a density of 3.10* cells/well on ethanol-
sterilized coverslips  (24-well plate, VWR
International, USA) and cultured for 5-7 days. To
generate a differentiated monolayer, cells were
seeded (5.10* cells/well) on transwell inserts (3.0
um pore size, 1.12 cm?, Corning Costar, USA) and
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Table 2: Characterisation of PS MPs in Milli-Q and DMEM*

TEM
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Z-potential (mv)

Milli-C DMEM* (t=2h)

DMEM* (I:J/lh] DMEM Milli-Q DMEM* DMEM* DMEM
-FBS (t=24h) (t=2h) (t-24h) -FBS (t-24h)

D Feretmin  Feretmax AR Mean (pm) pdi

(pm) (um)

PS2-RF 2,047 2.146 1.035 1.508 0.567
+0.359 +0.371

Mean (um) Pdi

PS200-RF 0.203 0.210 1.035 0.216 0.014 0.258 0.084
=0.003 +0.017 =0.004 =0.019

Mean (um) Pdl

Mean (pm) Pdi

6.476 2.022 -2.96 -7.226
2474 +0.076 +0.49 +3.005

0.483 0.353 0.256 0.052 -40.39 -13.9 4115 -24.14
=0.017 =0.030 +0.005 +0.027 =0.341 =1.464 =4.413 =0.193

TEM: Transmission Electron Microscopy; AR: Aspect Ratio; PS200-RF: polystyrene particles of 200 nm; PS2-RF: polystyrene particles of 2
pum; DLS: Dynamic Light Scattering. DLS and z-potential measurements are represented as + SD.

cultured for 21 days. To enable visualization of
uptake and/or attachment of PS MPs, CellMask
Green and Hoechst 33342 stainings (Thermo Fisher
Scientific, Canada) were performed to stain the cell
membrane and nucleus, respectively. After 2 h, 4 h,
8 h, or 24 h of 100 pg/ml MP exposure, cells were
washed once and incubated with 1/250 CellMask
Green (5 mg/ml) for 30 min (37°C, dark). Next,
cells were washed and fixed with 4%
Formaldehyde/PBS (Sigma-Aldrich, Germany) for
10 min (RT). Then, cells were washed again and
incubated with 1/1000 Hoechst 33342 (1 mM stock,
10 min, RT). Lastly, the cells were washed and
mounted onto a glass slide with the cell layer
upwards using Shandon Immu-Mount (Thermo
Fisher Scientific, Canada). Slides were left to dry at
4°C in the dark before visualisation with confocal
microscopy (LSM900, Zeiss, Germany).

The Laser Scanning Microscopy (LSM)
mode was applied with Diode UV (405 nm, 1%
power), Diode (488 nm, 1.6% power), and Diode
SHG (561 nm, 2% power) lasers. Pinhole size was
always set at LAU and, and the gain equalled 665 v,
645 v, and 873 v for the three lasers, respectively.
The 40x water immersion objective created images
with a resolution of 512 x 512 pixels. All washing
steps were performed with PBS (+Ca?*, Mg?").
Experiments were conducted in triplicate. Five
random sections per experiment were counted
manually to obtain a representative particle count.
For each section, z-stack images were taken. Using
the ZEN-software, the xyz acquisition mode was
selected to show the complete cell layer. In this
mode, an xy plane near the middle of the z-axis was
selected, and the number of cells and total particles
were counted on orthogonal views using ImageJ
software. Next, a 160 pm trajectory line was
scrolled through the xz plane to count the number
of cells containing particles. Means and standard
deviations were determined for each experiment.

Additionally, autofluorescence of Caco-2 cells was
assessed by visualising unstained cells with
confocal microscopy (LSM900, Zeiss, Germany).

PS MP in vitro transport assessment

The Millicell® ERS-2 Epithelial Volt-Ohm Meter
(Merck Millipore, Germany) was used to measure
TEER of cells grown on transwell inserts. After
each medium refreshment and before and after PS
MP exposure, TEER was determined. This
indicated whether the Caco-2 monolayer was intact,
and inserts could be considered for experiments
(>500 Q.Cm?). TEER values were also applied to
record possible differences in membrane integrity
caused by MP exposure. For each measurement, an
insert without cells was included as a blank. TEER
was then calculated by subtracting the blank and
correcting for the inserts growth area.

After 21 days in culture, the differentiated cells
were exposed to 100 pg/ml PS200-RF in phenol-
free medium (DMEM* without phenol red).
Controls without MPs were included to determine
the background signals. Transport of PS MPs was
studied using fluorescence intensity measurements
(EXJEm 544/590, FLUOstar Omega, BMG
Labtech, Germany) in the basolateral medium. To
determine the lower limits of quantification
(LLOQ), the standard deviation of five blank values
was multiplied by nine. Based on a standard
calibration curve of PS MPs in phenol-free
medium, the obtained fluorescence intensities were
converted to MP concentrations (pg/ml).

Endocytosis inhibition experiments

Nystatin inhibits transport by decreasing the
amount of cholesterol present in the cell and thus
blocking caveolae-mediated endocytosis (active
transport). Similar experimental procedures were
used as described in ‘PS MP in vitro transport
assessment‘, buta 2 h, 4 h, 8 h, and 24 h 100 pg/ml
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PS MP exposure was preceded by 1 h of incubation
with 120 u/ml Nystatin (35). Low-temperature
incubation (4°C) during 2 h and 4 h of 100 pg/ml
PS MP exposure were used to inhibit endocytosis
(energy-dependent transport) in general.

Statistical analysis

Statistical analysis was performed with GraphPad
Prism 5. Results are shown as mean + SD.
Normality was assessed using a Shapiro-Wilk test.
Homoscedasticity was determined with Brown-
Forsythe and Welch tests. For normally distributed
data, either an Unpaired Student’s t-test, a two-way
ANOVA followed by a Holm-Sidak post hoc test,
or a one-way ANOVA with Tukey’s post hoc
analysis was applied. For data that was not
normally distributed, a Mann-Whitney test was
performed. A P-value < 0.05 was considered
statistically significant. Each experiment was
independent and conducted in triplicate.

RESULTS

Characterisation of PS MPs

Physicochemical properties of MPs affect their
interactions with cells. To characterise the MPs,
TEM, DLS, and z-potential measurements were
carried out (Table 2). TEM results validated the MP
sizes provided by the manufacturer. For the 2 um
MPs, TEM measurements showed an average size
of 2.097 um. The 200 nm MPs were found have an
average size of 0.207 um after TEM. Interestingly,
we detected an increase in hydrodynamic diameter
and PdI after incubation in DMEM* for both 200
nm and 2 um particles. The hydrodynamic diameter
of PS2-RF went from 1.508 £ 0.359 pm in Milli-Q
t0 6.476 £ 2.474 um after 24 h DMEM" incubation,
showing a more than fourfold increase. Pdl rose
from 0.567 + 0.371 to 2.022 + 0.076. However, it
should be noted that the PS2-RF MPs approache the
limit of the DLS technique. Therefore, these
measurements could be erroneous. For the PS200-
RF, we measured a more than twofold increase in
hydrodynamic diameter from 0.216 £ 0.003 um in
Milli-Q to 0.483 + 0.017 um after 24 h in DMEM®.
Accordingly, the Pdl increased from 0.014 + 0.017
to 0.353 + 0.030. Additionally, the z-potential was
measured. These results show a decline in z-
potential for PS2-RF from -2.96 = 0.49 mv to -
7.226 + 3.005 mv. PS200-RF first displayed a z-
potential rise from -40.39 + 0.341 mv to -13.9 +
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1.464 mv after 2 h of incubation in DMEM®,
followed by a decrease to -41.15 + 4.413 mv after
24 h of incubation in DMEM™. Lastly, 200 nm MPs
were characterised in medium without FBS to
determine the influence of serum proteins on the
size and charge of MPs. This data displayed a slight
increase of 0.04 + 0.048 um in hydrodynamic
diameter and a rise of 0.038 + 0.014 in Pdl, as well
as a z-potential increase to -24.14 + 0.193 mv
following a 24 h incubation period in DMEM-FBS.
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Figure 2: Quantitative measurements of PS MP association
with Caco-2 cells using FACS. Cells were exposed to 100 pg/ml
PS MPs. Percentages were calculated relative to the control (no
exposure). A. Percentage of confluent and differentiated cells
associated (uptake or attachment) with particles after PS200-RF
exposure in DMEM™ for 2 h, 4 h, 8 h, or 24 h. B. Percentage of
confluent cells associated (uptake or attachment) with particles
after 24 h PS200-RF exposure in DMEM with or without FBS. C.
Comparison of percentage of PS200-RF or PS2-RF associated with
confluent cells after 24 h DMEM* exposure. Two way ANOVA,
followed by Sidak multiple comparison post hoc analysis (A) or an
Unpaired Student’s t-test with Welch’s correction (B-C) were
applied to analyse statistical significance (P < 0.05) a: Significantly
different from other exposure condition. b: Significantly different
from consequent exposure duration (within an exposure
condition). c: Significantly different compared to control (within
an exposure condition). Data are represented as mean + SD.
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Figure 3: Orthogonal views of Caco-2 cells stained with CellMask & Hoechst 33342 and exposed to PS2-RF or PS200-RF. Cells were
exposed to 100 pg/ml of either PS200-RF or PS2-RF. A. Differentiated Caco-2 monolayer exposed to PS2-RF in DMEM* for 24 h. B. Confluent
Caco-2 monolayer exposed to PS200-RF in DMEM* for 24 h. C. Differentiated Caco-2 monolayer exposed to PS200-RF in DMEM* for 24 h.
Nuclei were stained blue using Hoechst 33342, and cell membranes were stained green with CellMask Green. White arrows indicate the presence
of red fluorescent PS MP particles (B, C: confirmation of MP internalisation in the cell layer). Images were taken using the Zeiss LSM900 Confocal

Microscope at 40X with water immersion.

Association of PS MPs with an in vitro Caco-2 cell
model.

To quantitatively assess the association (attachment
or uptake) of MPs in different exposure conditions,
we performed FACS on cells exposed to 100 pg/ml
MPs. Firstly, we observed a significant difference
in associated PS200-RF between a confluent and
differentiated monolayer for multiple exposure
durations, i.e., 4 h, 8 h, and 24 h exposure (P < 0.05)
(Fig. 2A). Secondly, within both the confluent and
differentiated monolayer, an increasing trend of
associated PS200-RF is observed related to
exposure duration. A validation experiment in the
confluent monolayer using spectrophotometry
confirmed these findings (Fig. S1).

Thirdly, PS200-RF exposures with and without
serum proteins were compared, showing that in
DMEM-FBS on average 7% less cells were
associated with particles, however, these results
were not statistically significant (Fig. 2B). Finally,
to analyse the effect of MP size on association with
the Caco-2 cells, a confluent monolayer was
exposed to 100 pg/ml PS200-RF or PS2-RF for 24
h in DMEM®. Significantly more cells were
associated with PS200-RF than with PS2-RF (P <
0.05) (Fig. 2C).

Uptake of PS MPs in in vitro Caco-2 models

MPs uptake was qualitatively determined using
confocal microscopy  (Fig. 3). Initially,
autofluorescence of the Caco-2 cells was tested,
which was not observed (Fig. S2). Additionally,
staining methods for visualisation of the cell

nucleus (Hoechst 33342) and membrane (CellMask
Green) were optimized (Fig. S3). By manually
counting the cells and particles in z-stack images, a
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Figure 4: Uptake of PS MPs in a Caco-2 monolayer using
confocal image analysis. Cells and particles were counted on
orthogonal views of confocal images to determine the percentage
of cells that internalized a particle compared to the total number of
cells visible on the image. Cells were exposed to 100 pg/ml PS
MPs. A. Percentage of confluent or differentiated cells containing
PS200-RF MPs after 2 h, 4 h, 8 h, or 24 h exposure in DMEM* B.
Percentage of confluent or differentiated cells containing PS200-
RF after 24 h exposure in DMEM with or without FBS. C.
Comparison of the percentage of differentiated cells containing
PS200-RF or PS2-RF MPs after 24 h DMEM®* exposure. Two way
ANOVA, followed by Sidak multiple comparison post hoc
analysis (A), an Unpaired Student’s t-test with Welch’s correction
(B), or a Mann-Whitney test (C) were applied to analyse statistical
significance (P < 0.05) a: Significantly different from other
exposure condition. Data are represented as mean + SD.
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semi-quantitative result for the percentage of cells
that internalized particles compared to all cells
present on the image was obtained. We observed a
significant difference of on average 48% between
the confluent and differentiated monolayer for all
exposure durations (P < 0.05) (Fig. 4A). These
results display similar trends compared to the
above-mentioned FACS data (Fig. 2A).

The influence of serum proteins on PS200-RF
uptake was tested by comparing exposures in cell
medium with and without FBS. Within the
confluent monolayer, 36% fewer cells with
internalized particles were found after PS200-RF
exposure in DMEM medium containing FBS (Fig.
4B). Confocal microscopy images confirmed these
findings as more particles were visible in samples
without FBS (Fig. S4). Additionally, results
differed between the two cell models, with the
confluent monolayer displaying significantly more
internalisation of PS200-RF than the differentiated
monolayer (P < 0.05). For the purpose of comparing
the uptake of differently sized MPs, the
differentiated monolayer was exposed to the same
mass concentration of PS200-RF or PS2-RF. We
found that larger particles were taken up less by the
cells (Fig. 4C).

Transport of PS200-RF by an in vitro differentiated
Caco-2 monolayer

Besides uptake, the percentage of MP translocation
across the cell monolayer relative to the exposure
dose was determined. First, we observed transport
across the differentiated monolayer of 0.1 - 2.4%
for various exposure conditions (Fig. 5). A slightly
increasing trend was observed for percentage
PS200-RF transport related to exposure duration
(Fig. 5A). Second, a pilot experiment showed that
inhibiting  caveolae-mediated transport  with
Nystatin resulted in approximately four times more
translocation (compared to regular transport of
PS200-RF) after 24 h incubation in a differentiated
Caco-2 monolayer (Fig. 5A). Comparing inhibition
of energy-dependent (active) transport at 4°C in a
differentiated Caco-2 monolayer between 2 and 4 h
duration resulted in a trend towards less transport of
PS200-RF after 4 h of exposure (Fig. 5B). TEER
data indicated that the 4 h exposure substantially
affected monolayer integrity (Fig. S5). Lastly,
transport across a co-culture differentiated
monolayer (Caco-2 + HT29-MTX) was compared
to the Caco-2 differentiated monolayer. Although

Senior internship- 2" master BMW

no effect on the monolayer TEER integrity was
observed (Data not shown), translocation was
reduced by more than half in the co-culture
differentiated monolayer (P < 0.05) (Fig. 5C).
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Figure 5: Transport of PS200-RF by an in vitro differentiated
Caco-2 monolayer using plate reader-based fluorescence
intensity measurements. Differentiated cells were exposed to 100
pg/ml PS200-RF MPs. Measurements were performed in the
basolateral medium. A. Percentage of MPs that translocated across
the cell monolayer (compared to the total amount added apically
during exposure) after 2 h, 4 h, 8 h, or 24 h of exposure. PS200-RF
is the control exposure (37°C, 100 pg/ml, PS200-RF). Nystatin
was added one hour prior to exposure (37°C, 100 pg/ml, PS200-
RF) to inhibit caveolae-mediated endocytosis. B. Percentage of
PS200-RF that translocated across the cell monolayer (compared
to the total amount added apically during exposure) after Cold
incubation (4°C) used to inhibit general endocytosis. C. Percentage
of PS200-RF that translocated (compared to the total amount
added apically during exposure) across the Caco-2 cell monolayer
and a Caco-2 HT29-MTX co-culture (3:1). Two way ANOVA,
followed by Sidak multiple comparison post hoc analysis (A), a
Mann-Whitney test (B), or an Unpaired Student’s t-test with
Welch’s correction (C) were applied to analyse statistical
significance (P < 0.05) a: Significantly different from other
exposure condition. b: Significantly different from consequent
exposure duration (within an exposure condition). Data are
represented as mean + SD.

DISCUSSION

Microplastics are important environmental
polluters and are found in products that we
consume, including seafood, table salt, and even
beer (6, 14, 17, 18). One of the major routes of
human exposure is ingestion. However, possible
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risks to human health are still uncertain (6). This is
mostly due to the variety of research methods in
existing literature on MP uptake and transport. A
lack of fundamental understanding causes
difficulties in the interpretation and comparison of
the research data. Therefore, we aimed to provide a
knowledge basis for the effect of different exposure
conditions on PS MP uptake and transport.

The key findings of our study are that
uptake and association of PS MPs with the Caco-2
monolayer varied from 1 to 88%, depending on the
exposure condition. Association/uptake was found
to be influenced by MP size as the PS200-RF were
significantly more internalized and associated with
the Caco-2 monolayer than PS2-RF. Similar results
were found by Wu et al., who observed more MP
uptake in Caco-2 cells after exposure to 100 nm PS
spheres compared to 5 pum PS spheres via
fluorescence microscopy measurements (36). Stock
et al. found that changes in uptake related to size
could be explained by different internalisation
mechanisms for differently sized plastics (26).
Smaller particles are mainly internalised via
caveolae-mediated (x 200 nm) and clathrin-
mediated (x 100 nm) mechanisms, while larger
particles mostly use alternative transport
mechanisms, such as phagocytosis (0.5-10 pm) or
macropinocytosis (0.2-5 um) (26, 37-39). This
explains why the Caco-2 cells need more time to
internalise 2 um PS MPs compared to 200 nm PS
MPs as uptake mechanisms for larger particles,
such as phagocytosis, are generally considered
more energy-consuming. However, it is important
to state that for both 200 nm and 2 pum plastics, a
mass concentration of 100 pg/ml was used. Since
these particles differ in size, thousand times fewer
PS2-RF MPs were exposed to the Caco-2 cells for
the same mass concentration. Additional
experiments focussing on MP exposure with a
similar number of plastics (different mass
concentration) could be interesting to investigate
the size effect.

Together with MP size, exposure duration
is important to consider when studying MP
uptake/association in cells. We determined
uptake/association of PS MPs in a Caco-2
monolayer after different exposure durations and
stages of cell differentiation (confluent monolayer
versus differentiated monolayer). For both the
confluent and differentiated cells, FACS results
showed that more PS200-RF were associated with
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the cells after increasing exposure durations. Semi-
quantitative uptake analysis using confocal images
displayed a similar trend for the differentiated
monolayer but not for the confluent monolayer.
FACS cannot differentiate between uptake or
attachment of PS MPs in cells. The semi-
guantitative method was used to assess uptake by
the Caco-2 cells exclusively. Therefore, the
difference between both results could be due to
particle attachment, which was not determined
separately. Important to note here is that
characterisation our PS200-RF MPs showed a
small increase in hydrodynamic diameter after 2 h
incubation in DMEM* and a more than doubling of
the hydrodynamic diameter after 24 h in DMEM*.
This is possibly due to the formation of a protein
corona. Lynch et al. demonstrated that plastic
particles immediately generate a protein corona
upon contact with biological fluids (40, 41). The
protein corona has been shown to increase the size
of nanoparticles by the formation of multiple
protein layers (42). Surprisingly, our uptake results
show that the increased hydrodynamic size does not
seem to negatively impact uptake related to
exposure duration. In fact, we observed an
increasing trend for the percentage of Caco-2 cells
with PS200-RF uptake/association after prolonged
exposure times. However, increasing
internalisation and association with longer
exposure duration seems intuitive since prolonged
exposure gives the cells more time to interact with
and internalize particles (20). Additional
experiments with longer exposure durations and
thorough characterization of the protein corona
using SDS-PAGE and proteomics analysis would
be of great value.

Our results concerning the effect of serum
proteins on MP uptake displayed that confluent
cells internalised fewer particles when exposed to
PS200-RF in DMEM?* (for 24 h) compared to
DMEM-FBS exposure (for 24 h). This decrease in
uptake is possibly related to the formation of a
protein corona. Due to the presence of serum
proteins in medium containing FBS, a protein
corona forms on the MPs (43). This was supported
by characterisation experiments, where MPs in
DMEMT not only increased in diameter but also in
PdlI. The increase in diameter, related to the protein
corona, could impact uptake since larger size has
been shown to affect MP uptake (PS2-RF versus
PS200-RF experiment) (44, 45). Additionally, the

8



»> |UHASSELT

rise in Pdl after DMEM* incubation indicates more
particle agglomeration of the MPs, which could
also be the reason for the observed decrease in
uptake (46, 47). Even though the effect is small,
incubation in cell medium without proteins
(DMEM-FBS) also resulted in a slight increase in
hydrodynamic diameter and Pdl. This is possibly
due to interactions of the negatively charged
(carboxylated) MPs with positive ions in the
medium and MP agglomeration, respectively (47,
48). From these data, we recommend that the
aforementioned interactions and effects should
always be taken into account when interpreting
experiments on PS MP uptake/association.

When comparing differentiated and
confluent monolayers, we observed a significant
decrease in both association and uptake of PS200-
RF for the differentiated monolayer. Previously,
Francia et al. demonstrated that 200 nm
carboxylated PS MPs entered less HUVEC cells
after seven days of differentiation than after three
days of differentiation (49). Furthermore, Milovic
et al. found significantly higher polyamine uptake
rates in confluent than in differentiated Caco-2 cells
(50). A possible explanation for these results is the
area present for MP uptake. In the differentiated
monolayer, more cells are present per surface area.
Therefore, fewer particles are added per cell in the
differentiated monolayer compared to the confluent
monolayer, possibly leading to less uptake per cell
(which was analysed in this study). These results
demonstrate an effect of cell differentiation state on
PS MP uptake/association.

After the association and uptake
experiments, we analysed PS200-RF transport
across a differentiated monolayer. Our results are in
line with previous in vitro transport studies of Caco-
2 cell models, which found a translocation of 0.2 -
10% for varying PS particle sizes and charges (10,
20). Monolayer integrity and the intactness of tight
junctions was investigated using TEER
measurements. Exposure to 100 pg/ml PS200-RF
significantly decreased TEER for all exposure
durations. These data suggest an effect of MP
exposure on barrier integrity. Therefore, the
observed transport could be due to both paracellular
(via the tight junctions) and transcellular
(endocytosis)  transport.  Hence, transport
mechanisms were the next cellular process we
investigated.
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Nystatin was applied to inhibit caveolae-
mediated endocytosis. Nystatin is a polyene
antibiotic that leads to cholesterol depletion within
the cell membrane, thereby inhibiting this active
transport mechanism (35, 51, 52).

Transport was slightly decreased after 2 h
and 4 h of PS200-RF exposure with Nystatin
(compared to regular PS200-RF exposure),
indicating the effectiveness of this inhibiting agent

and the involvement of caveolae-mediated
endocytosis. Rejman et al. found that 200 nm
particles mainly rely on caveolae-mediated

transport in mouse melanoma B16 cells (39). To
our surprise, we found an increase of percentage
translocation after 24 h Nystatin inhibition. This
could be due to interference from other transport
mechanisms. For example, a rescue mechanism
may be activated after prolonged Nystatin
inhibition. Alternative transport mechanisms, such
as phagocytosis, macropinocytosis or clathrin-
mediated transport could be increased in response
to declining caveolae-mediated endocytosis (37).
Our co-culture experiments indicated a
decrease in overall transport in a co-culture
monolayer compared to a monoculture monolayer.
These preliminary results show an effect of the
presence of mucus on PS200-RF transport, which
was also previously observed by other researchers
(24, 53). Since monocultures lack this mucus layer,
co-culture experiments are especially valuable for
charged microplastics due to electrostatic repulsion
(10). The PS MPs used in our study are negatively
charged as a result of carboxyl groups present on
their surface. Since mucus is also negatively
charged, it can repulse the carboxylated PS200-RF
MPs along with physically decreasing transport by
the viscous mucus layer (54). On the contrary,
Stock et al. demonstrate more uptake of negatively
charged (sulphate or carboxyl groups) PS MPs in a
Caco-2 HT29-MTX co-culture compared to a
Caco-2 monoculture. However, these results were
discovered in MPs of 1 um and 4 pum, which is
much larger than the MPs used in our experiments
(26). As previously explained, internalisation and
transport mechanisms vary according to MP size.
Therefore, these results are not directly comparable
to the data from our study. In summary, comparing
data between studies should always be performed
with care as transport and uptake are largely
dependent on cell type, complexity of the model
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system, and physicochemical characteristics of the
MP (31, 37).

This study has some important strengths.
First, we included both confluent and differentiated
monolayers. When the cells are differentiated, they
become fully functional and possess completely
developed tight junctions. Even though the
inclusion of a differentiated monolayer slightly
increases the complexity of the Caco-2 model
system, it still allows for studying specific exposure
conditions to gather fundamental knowledge. This
would not be possible in more complex models.
Additionally, the use of these two cell models
facilitates direct comparison between confluent and
differentiated monolayers. Second, we included co-
culture experiments as well as monoculture data.
The use of this co-culture model gives a more
realistic image of PS200-RF uptake, therefore
increases the reliability of our data. Lastly, we
applied multiple methods to assess MP
uptake/association with the Caco-2 cells. The
combination of FACS, plate reader data, and
confocal image analysis provides a comprehensive
overview of exposure conditions that affect PS MP
uptake and association, such as exposure duration
or the presence of serum proteins.

Some limitations regarding this study are
acknowledged as well. We used an exposure
concentration of 100 pg/ml for all experiments,
which is too high to be environmentally relevant.
Because low transport rates were expected (10, 20),
this high concentration was chosen to be able to
guantify transport. Furthermore, it allows for
detection of the effects different exposure
conditions might have on PS MP uptake and
transport, even if these effects are rather small.
Furthermore, confocal image analysis was only
performed by one person and could thus be prone
to bias. This analysis was performed on one slide
near the middle of the z-stack rather than all slides;
hence results should be regarded as such. Due to
time constraints and Covid-19, we were not able to
determine cell viability. However, previous
experiments from our research group indicated that
a PS200-RF exposure concentration of 100 pg/ml
did not affect cell viability.

Several future experiments could be
interesting as well. The observed increase in
hydrodynamic size after DMEM™ incubation along
with the rising PS MP uptake/association trend with
prolonged exposure indicate an effect of exposure
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duration and involvement of a protein corona.
Therefore, future studies should also include longer
and shorter exposure times as well as experiments
with DMEM-FBS incubation for varying exposure
durations. Some suggestions based on scientific
literature are: 10 min, 30 min, 1 h, 48 h, 72 h, and
96 h (20, 21, 36). In addition, uptake and transport
experiments with weathered PS MPs or PS MPs
that did undergo in vitro digestion would be
valuable. Microplastics are broken down/weathered
by environmental factors (UV radiation, ocean
waves etc.) as well as by gastrointestinal juices after
ingestion. Previous research has shown that
digestive processes lead to a change in
physicochemical characteristics of the PS MPs
(21). For this reason, experiments with in vitro
digested and weathered MPs could clarify the
influence of the aforementioned processes on MP
uptake and transport (55). Finally, endocytosis
mechanisms acquire further investigation. As the
results of this study are preliminary, we propose
additional experiments on the specific endocytosis
mechanisms involved in PS200-RF and PS2-RF
internalization. First of all, we propose further
experimentation with the cholesterol depleting
agent Nystatin (to inhibit caveolae-mediated
transport). Moreover, experiments using other
inhibiting agents, such as chlorpromazine for
clathrin-mediated endocytosis and amiloride for
micropinocytosis would clarify the role of different
endocytosis mechanisms in PS MP uptake and
transport. Nonetheless, valuable information was
obtained in this study. By enhancing insight into the
influence of varying exposure conditions (exposure
time, presence of serum proteins, MP size, mucus-
producing cells etc.), we provided the information
necessary for improved interpretation and
comparison of results from MP research.

CONCLUSION

Taken together, our work presents an overview of
the influence of exposure duration, stage of cell
differentiation, MP size, and the addition of serum
proteins on MP uptake. Furthermore, inhibition of
(caveolae-mediated) endocytosis and the presence
of mucus-producing cells on MP transport was
clarified. This knowledge can be used as a basis for
performing, interpreting, and comparing (future)
research in this field. However, to fully understand
the processes involved in MP uptake and transport,
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more research is necessary on physicochemical
characterization of MPs, including the protein
corona formation, as well as other uptake and
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Figure S1: Quantitative uptake measurements of PS200-
RF in a confluent Caco-2 monolayer using plate reader-
base fluorescence intensity measurements. Confluent cells
were exposed to 100 pug/ml PS200-RF MPs. After washing
the cells twice with PBS, fluorescence was measured at
Ex/Em 540-590. A Brown-Forsythe and Welch one way
ANOVA followed by Tukey’s post hoc test was applied to
analyse statistical significance (P < 0.05). a: Significantly
different from other exposure condition. Data are represented
as mean + SD.

Figure S2: Orthogonal view of unstained Caco-2 cells to assess
autofluorescence. Images were taken using the Zeiss LSM900
Confocal Microscope at 40X with water immersion.

15



»» |UHASSELT| Senior internship- 2" master BMW

Original Protocol
PBS

.l
o
1%

Hoechst 33342

> CeliMask -
Green (1:250) — 4% FA/PBS » (1:1000
O O
Expose cells in Incubate 30 min, Incubate 10 min, Incubate 10 min,
DMEM* 37°C RT RT

l PBS

HO ]

Mount with Slowfade

Mountant
Optimalisation 1 Optimalisation 2
» » §
PBS DPBS Mount with Slowfade Mount with
Mountant Immu-Mount

No Ca*, Mg* With Ca*, Mg**

More cells remain attached Visualization more clear

Figure S3: Optimalization procedure for the CellMask & Hoechst 33342 staining for cell membrane and nucleus, respectively. Washing
steps with PBS (no Ca?*, Mg?*) were replaced by washing steps using PBS with Ca?*and Mg?* to overcome detatching of the cells. Cells were
mounted onto a glass slide using Immu-Mount instead of Slowfade Mountant for a more clear image.

Figure S4: Orthogonal views of Caco-2 cells stained with CellMask & Hoechst 33342 and exposed to PS200-RF. A. Confluent Caco-2 cells
exposed to 100 pg/ml PS200-RF in DMEM* for 24 h. B. Confluent Caco-2 cells exposed to 100 pg/ml PS200-RF DMEM-FBS for 24 h. Nuclei
were stained blue using Hoechst 33342 and cell membranes were stained green with CellMask Green. Images were taken using the Zeiss LSM900

Confocal Microscope at 40X with water immersion.
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Figure S5: Transepithelial electrical resistance (TEER) data in
percentage of control. TEER was measured with each change of cell
medium and before and after 2 h, 4 h, 8 h and 24 h of PS200-RF exposure
in DMEM?* using a Millicell® ERS-2 Epithelial Volt-Ohm Meter. Statistical
significance was analysed with a Two-way ANOVA, followed by Holm-
Sidak multiple comparison post hoc analysis (P < 0.05). a: Significantly
different from control (before exposure) b: Significantly different from
PS200-RF. Data are represented as mean + SD
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