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An increase in plastic waste and its release into the environment has led to health concerns over micro-
plastics (MPs) in the environment. The intestinal mucosal layer is a key defense mechanism against
ingested MPs, preventing the migration of particles to other parts of the body. MP migration through
intestinal mucus is challenging to study due to difficulties in obtaining intact mucus layers for testing and
numerous formulations, shapes, and sizes of microplastics. Previous studies have primarily used mucus
from animals, hydrogel models, and mucus samples from other parts of the body as substitutes. This
study examines how different MP compositions, sizes (40-500 nm), and surface functionalizations alter
MP migration through human intestinal mucus; how the mucus layer protects cells from MP uptake, tox-
icity, and inflammation; and how the intestinal mucus prevents the migration of other environmental
toxins via MP particles. The presence of a mucus layer also provides critical protection against cytotoxicity,
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such as streptavidin, are particularly harmful to cells with high toxicity and inflammation. Understanding
the properties that assist of impede the diffusion of MPs through mucus is relevant to the overall bioaccu-

rsc.li/biomaterials-science mulation and health effects of MPs as well as drug delivery purposes.
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1 Introduction

Common types of MPs include polypropylene (PP), polyethyl-
ene (PE), polystyrene (PS), and polymethylmethacrylate
(PMMA), used in cosmetics, textiles, and packaging, among
other uses." After disposal, plastics gradually break down into
microplastics (MPs), defined by the National Oceanic and
Atmospheric Administration (NOAA) as small plastic pieces
<5 mm long.> These MPs often end up in the environment, in
the soil, water, and air, and are ingested or inhaled.**
According to the World Health Organization, the concen-
tration of MPs in drinking water ranges between 0 and 10 000
particles per L with some studies reporting values as high as
2.40 x 10° particles per L for bottled water.>” Although many
particles pass through the human body, inhalation and inges-
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tion of MPs can also lead to uptake and accumulation of par-
ticles in our bodies over time.®

Microplastics and nanoplastics (NPs) have gained increas-
ing attention due to mounting evidence tying them to health
issues. The gastrointestinal (GI) tract is the most likely site of
exposure, due to ingestion of contaminated food,” and is there-
fore the site of many health effects. Direct impacts on the gut
include reduced mucus secretion,® gut barrier dysfunction,’
intestinal inflammation,'®"" gut microbiota dysbiosis, meta-
bolic disorders,"” and altered iron transport.” Research has
also shown that the particles are capable of migrating from
the intestine to other organs'® causing metabolic disorders,®
liver inflammation,'® neurotoxicity," DNA damage," and organ
dysfunction.’

MPs can also facilitate the ingestion of other harmful
chemicals.'® The high surface area of MPs facilitates chemical
attachment and absorption.’® Some of these environmental
pollutants can lead to additional health problems such as
kidney disease, digestive problems, weakening of the bones,
and nerve damage."® These include common water toxins such
as heavy metals like cadmium (Cd), plastic additives, such as
bisphenol A (BPA), food preservatives including butylated
hydroxyanisole (BHA) and chemicals like dibutyl phthalate
(DBP) used in paints and textiles."” The Environmental
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Protection Agency (EPA) has set limits'®"®7° for these chemi-
cals as they have been shown to negatively affect aquatic life
and human health due to bioaccumulation. However,
additional work is needed to understand how MPs aggravate
the health risks of other pollutants.

To prevent and mitigate these health impacts, the human
intestine contains a mucosal layer that acts as a protective
barrier, allowing the passage of certain substances while
restricting others.”>** Mucus is a viscoelastic hydrogel network
of long negatively charged bottlebrush-like glycoproteins.**®
Intestinal mucus is primarily comprised of the glycoprotein,
MUC2.>* The mucus is crosslinked, creating a mesh of both
hydrophilic and hydrophobic domains with a mesh pore size
ranging from ~100 nm to ~500 nm in the gut.>"*> Some dis-
eases, such as Crohn’s disease and ulcerative colitis result in a
compromised mucus layer.>*®”” The human body has several
defense mechanisms against foreign substances such as an
acidic stomach environment. However, previous studies have
indicated that the stomach environment causes no significant
alteration of the polymer surface of MPs, meaning that intesti-
nal mucus is critical in preventing MP absorption.”®*° While
MPs have been linked to an array of health problems, it is
unknown whether a dysfunctional mucus layer might put
patients at a higher risk of MP exposure.

Understanding the chemical and biophysical properties that
assist of impede the diffusion of MPs through mucus is relevant
to the bioaccumulation of MPs needed to quantify health
effects, and for the drug delivery applications using particles.
However, previous work has several limitations.>® Key studies
have examined the effects of particle composition but are
focused primarily on PS and PE particles. These are two of the
most common microplastics which are often found in cos-
metics, textiles, and paints, as well as have been identified in
human stool samples, however, other compositions, such as
polypropylene and acylates merit investigation.”®"*31737
Additional particle compositions, such as PMMA, used in this
study lack extensive previous investigation but have been shown
to be both an environmental and health concern.?® This study
examines particles including PMMA, and silica in addition to
the PP, PS, and PE based on environmental abundance and
accessibility. Silica, although not a plastic, was included due to
high ingestion. Silica can comprise up to 2% weight in food
according to the Food and Drug Administration guidelines.*”

In addition to particle composition, other aspects of par-
ticles have been shown to alter the diffusion of microparticles
through mucus or mucus hydrogel models, including particle
size®*® and surface charge.*** A challenge to studying the
transport of MPs through mucus and uptake by human cells is
the difficulty of obtaining intact human mucus samples.
Mucus from colonoscopies is often damaged during bowel
preparation.”® Most of what is known about the MPs in intesti-
nal mucus comes from alternate mucus models, such as
porcine gastric mucus or airway mucus to replicate the stiff
and stable properties of human intestinal mucus. In this study
we use HT29-MTX cells that reach confluency and produce a
robust mucus layer.>>** We leverage microrheology to track
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the migration of MPs through the mucus layer, while still
attached to the cell monolayer, thereby preventing any damage
to the mucosal structure. We examine factors affecting MP
migration through human intestinal mucus using a broad
range of particle sizes, surface functionalizations and compo-
sitions; determine the extent to which the mucus protects
against cell cytotoxicity, ROS production, and uptake; and
measure the protective effects of mucus against MPs combined
with common environmental pollutants.

2 Experimental

2.1. Cell culture and exposure conditions

HT-29-MTX cells were grown as a monolayer in Dulbecco’s
Modified Eagle Medium (DMEM) containing 4.5 ¢ L™" glucose,
t-glutamine, 10% fetal bovine serum (FBS), and without
sodium pyruvate (Corning, Corning, NY) at 37 °C and a
humidified atmosphere with 5% CO,. The cells were grown
until 21 days after initial seeding for a mature mucus layer.
Cells were co-exposed to MPs and/or chemicals for 24 hours
using a microplastic concentration of 1 mg ml™' culture
media.”*> The particle concentration and exposure time were
selected to follow previous in vitro studies. The concentrations
used for the chemicals followed EPA limits and were 5 x 107°
mg ml™", 0.2 mg ml™%, 0.0001 mg ml™", and 0.2 mg ml~" for
Cd, BHA, BPA, and DBP respectively.'®'*>°

All particles were obtained from Abvigen (Newark, NJ)
including functionalized MPs (Fig. 1). Dibutyl phthalate,
cadmium chloride, butylated hydroxyanisole, and bisphenol A
were all obtained from Sigma-Aldrich (St Louis, MO). To mini-
mized particle agglomeration, the stock MP suspensions were
sonicated for 20 minutes at a frequency of 40 kHz before being
added to the culture media. For each test, cells treated with
only cell culture media with no particles were included as
negative controls. All tests were performed in triplicate.

2.2. Microrheology

Cells were cultured in 6-well plates (Corning) on 22 mm circu-
lar cover glasses (Thermo Fisher Scientific, Waltham, MA) for
21 days. When including an additional environmental pollu-
tant, the chemical was added to the culture media 24 hours
before testing. The particle of interest was added to the culture
media at a concentration of 1 ul ml™" and left to equilibrate for
15 minutes. The cover glass was then removed from the well
and placed up-side-down in a 23 mm diameter fluorodish
(World Precision Instruments, Sarasota, FL). The diffusion of
particles through the mucus layer was imaged on an Elyra
Super Resolution Microscope (Zeiss, Germany) using a 63x/1.4
oil objective and a sCMOS TV2 camera. A 500 frame time
series was collected with a step of 0.05 s with at least 3 biologi-
cal replicates and at different locations over the cell monolayer.
The same imaging conditions were used for tracking particles
in both mucus and phosphate buffered saline (PBS). Images
were analyzed using Image] Trackmate software using the DoG
detector and LAP tracker options.*® Linking between frames
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Fig. 1 (a) Zeta potential and (b) size distribution for MPs with various compositions tested in this study.

was set to 1 pm. Tracks were imported into Matlab
(Mathworks, Natick, MA) for analysis using the msdanalyzer to
determine mean squared displacements and diffusion coeffi-
cients for over 1000 tracks per sample group.

2.3. Surface charge and size

Zeta potential and size were measured using a Malvern Nano
Zs Zetasizer (Malvern Pananalytical, Malvern, U.K.). Solutions
were prepared in 2 ml tubes at a concentration of 0.1% weight
to volume of deionized water given three hours to equilibrate
before being transferred to polystyrene of zeta potential folded
capillary cuvettes for measurement. All sample groups were
tested in triplicate. A range of 40 nm to 500 nm particles were
selected.

2.4. Cell viability assays

Cytotoxicity was tested using an MTT assay kit (Abcam,
Boston, MA) which measures the reduction of 3-(4,5-
dimenthythiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT)
to formazan salt due to the activity of cellular dehydrogenases
and is an accepted assay for comparing cytotoxicity.>
Confluent cell layers were grown in 96-well plates for 21 days.
Cells part of the ‘no mucus’ group had the mucus layer
flushed off by pipetting. Cells were then exposed to the rele-
vant MPs and/or chemicals for 24 hours at the EPA limits for
each chemical. Additional experiments were also conducted at
chemical concentrations of 1 mg ml ™, except for Cd, which
had a concentration of 0.01 mg ml™" due to its high cyto-
toxicity. After 24 hours, the media containing MPs and chemi-
cals was removed and cells were washed with PBS two times
before adding 50 pl of MTT reagent and 50 pl of serum free
media were added to each well. The cells were incubated at
37 °C for 3 hours before adding 150 pl of MTT solvent to each
well. The plates were wrapped in aluminum foil and placed on
an orbital shaker for 15 minutes to dissolve the formazan crys-
tals. The absorbance was then measured at 590 nm on a
SpectraMax plate reader (SpectraMax, San Jose, Ca). The
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culture medium background was subtracted from the assay
reading and the average of three readings was taken for each
sample condition.

2.5. ROS

The production of reactive oxygen species (ROS) was measured
using a dichlorodihydrofluorescein diacetate (DCFDA) kit
(Abcam). Confluent cell layers were grown in 96-well plates.
After 21 days, the mucus layer was removed via pipetting to
cohesively delaminate and remove mucus from half of the
wells. All cells were exposed to different MPs for 24 hours,
using the same concentrations used for the MTT tests.
Following exposure, the media containing MPs and chemicals
was removed and 100 pl per well of 1x buffer was added. The
1x buffer was removed and 100 pl per well of diluted DCFDA
solution was then added. Cells were incubated for 45 minutes
at 37 °C in the dark. The DCFDA solution was removed follow-
ing incubation and 100 pl per well of 1x buffer was added
without phenol red. Tert-butyl hydroperoxide (TBHP) was
added to 3 control wells for 3 hours as a positive control at a
concentration of 50 puM according to the manufacturer rec-
ommendations. Following the 3 hour incubation, the plate was
then measured immediately on a fluorescence plate reader at
an excitation/emission of 485/535 nm. The control cell fluo-
rescence was used to determine the ROS fold change and all
values were corrected based on the number of cells deter-
mined through the MTT cytotoxicity assay (ROS fold change/
(1-cytotoxicity/100%)) (section 2.4). All exposures were done in
triplicate for each MP or chemical condition.

2.6. Flow cytometry

Flow cytometry was conducted to determine how cell uptake of
MPs varied in the presence and absence of a mucus layer.
Cells were grown in 24-well plates for 21 days. Half of the cells
had the mucus layer removed before MPs were added at a con-
centration of 1 mg ml™" for 24 hours. Following exposure, cells
were washed three times with 0.5 ml PBS before being trypsi-

This journal is © The Royal Society of Chemistry 2025
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nized with 0.2 ml per well. Cells were washed and suspended
in 0.5 ml per well DMEM + 10 T FBS per well before being
transferred into a 2 ml tube. The tubes were centrifuged at
300g for 5 minutes and the supernatant was discarded. Cells
were washed with 0.5 ml per well PBS before adding 1 pl of
efluor 450 dye per 1 ml of cell solution. Samples were then vor-
texed immediately and incubated for 30 minutes at 2-8 °C,
protected from light for live/dead staining. Cells were sub-
sequently washed with PBS and centrifuged at 300g for 5 min.
The supernatant was then discarded and the cell pellets were
resuspended in 0.2 ml of 4% paraformaldehyde (PFA) in PBS
for 10 minutes at room temperature for fixation. Cell suspen-
sions were then centrifuged for 5 minutes at 300g, washed,
and resuspended in PBS. Cells were centrifuged again to
remove PBS and resuspend cells in FACS buffer (PBS and 10%
FBS). Cells were filtered using a 40 pm FACS tube cell strainer
(Thermo Fisher Scientific) and measured using an Attune N x
T (Thermo Fisher Scientific) cytometer was used to measure
fluorescence of the single cell suspension. Excitation and
emission for each cell was measured at 488/507 nm, 405/
450 nm and 651/660 nm.

2.7. Microscopy

Cells were grown in 8 well p-sldies (Ibidi, Fitchburg, WI) and
exposed to particles for 24 hours. Cells were stained with
LysoTracker Deep Red in PBS (Thermo Fisher Scientific) at a
concentration of 75 nM for 1 hour at 37 °C. Cells were covered
with 0.2 ml per well. LysoTracker Deep Red stains lysosomes
and late endosomes. A decrease in fluorescence of LysoTracker
Deep Red provides an indication of cell damage. Cell layers
were washed three times with PBS and fixed with 4% PFA in
PBS for 10 minutes at room temperature. Following fixation,
cells were washed three times with PBS. Hoechst 33342
(Thermo Fisher Scientific) was used to stain nuclei as a viabi-
lity indicator at a dilution of 1:1000 in 1% BSA/PBS for
10 minutes at 37 °C protected from light. Cells were sub-
sequently washed three times with PBS before aspirating
media and imaging on a confocal multiphoton microscope
using a 40x magnification water objective (Zeiss, Germany).

2.8. Statistical analysis

Two-tailed Student’s t-test with equal variances were used to
determine if statistically significant differences existed
between groups. Correlation tests were conducted to determine
trends between groups with multiple factors.

3 Results and discussion

3.1. Changes in MP diffusivity due to composition, surface
charge, and size

We investigated the diffusivity of various particles in intact
human intestinal mucus layers, still attached to the cell mono-
layer, using microrheology. We confirmed, through qPCR, that
our intestinal cells express MUC2 at a higher level than either
MUC5B or MUCS5AC, matching healthy intestinal mucus

This journal is © The Royal Society of Chemistry 2025
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(Fig. S1).*” The diffusivity value captures how key factors such
as composition, surface functionalization, size, and surface
charge affect particle migration through mucus. Theoretical
predictions for the diffusivities of freely moving particles can
be made by applying the Stokes-Einstein theory, which states
that the diffusivity or diffusion coefficient is related to the
temperature (T), solution viscosity (i), and particle radius (a)
by the Boltzmann constant (k = 1.3807 x 107> ] K™!) and a
factor of 1/6 © (eqn (1)).

kT
e (1)

We verified that microrheology performed in PBS yields
similar values to the theory as shown in Fig. S2.1 The diffusiv-
ity values for particles moving in mucus would be expected to
have lower diffusivity due to increased viscosity. Particle com-
position, charge, surface functionalization and non-homo-
geneous media contribute to deviations from the theoretical
diffusivity values. Other models, such as the hopping model
for the diffusion of nanoparticles in polymer matrices, pro-
posed by Cai and Rubenstein, may provide better predictions
but are impractical to apply due to the lack of characterization
of intestinal mucin properties.*®*°

Diffusivity was affected by both composition and size. We
measured the diffusivity values for different particle compo-
sitions, as shown in Fig. 1a. Zeta potential values for the
different compositions varied from —42.93 mV to 14.96 mV, as
shown in Fig. 1a. Note that particle size also ranges somewhat
due to additional surface functionalizations and manufacturer
processing variation (Fig. 1b). The diffusivity values for various
100 nm particle compositions range from 0.63 pm?® s™' to
3.14 pm® s~* (Fig. 1a). All diffusivity values for different com-
positions and surface functionalizations with the same theore-
tical size were statistically significantly different from one
another (P-values < 0.0001) (Fig. S31). Assuming a 50 pm thick
mucus layer, the time to diffuse through the mucus would
range from 13-63 hours for the differently composed particles,
assuming the mucus is homogeneous and the particle sizes
are uniform. The estimated thickness value is based on in vivo
rodent studies of the inner colonic mucus layer.’® The thick-
ness of the human inner mucus layer is yet to be accurately
measured and the mechanisms controlling mucus thickness
are not yet understood.’® Therefore, we have considered the
current in vivo thickness data available for the inner colonic
mucus layer that adheres to the cell layer as the mucus does in
our model. The particles with the highest diffusivities include
PS, PE, PS-PEG, and PS-COOH. The close to neutral charge of
PS might contribute to its high diffusivity value. Carboxylic
acid groups can cause dispersion of mucus aggregates slightly
increasing the diffusivity of this group.>® PEG is well known
for being bioinert and acts to shield particles from mucus
interactions, thereby increasing diffusivity.”> The particles
with the lowest diffusivity values are silica, PS-SA, and PS-NH,.
These particles were measured to be above the theoretical size
of 100 nm. These functionalizations alter surface charge and
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may also increase the interactions with mucus, hindering
migration throughout the mucus layer. Previous studies also
report that amine-functionalized particles diffuse more slowly
than carboxylic acid particles, likely due to differences in
charge.?® Streptavidin is also known to bind with biotin which
is critical for maintaining mucus surfaces.>*>> A combination
of composition, surface charge and surface functionalization
results in each particle group having a statistically unique
diffusivity value for the same manufacturer defined size (Fig. 2
and S371).

The diffusivity values show a statistically strong trend with
particle size and zeta potential. As expected, according to the
Stokes-Einstein equation, decreasing particle radius increases
diffusivity with a correlation coefficient, r, equal to —0.94, indi-

a)

Diffusivity Varies with
Composition

=

w

—
L

Diffusivity (Hm?/s)
N

o

@ R & & o ¥
é’\\@QQ\&\OOQg‘\Q“Q

View Article Online

Biomaterials Science

cating a strong negative correlation between size and diffusiv-
ity (|r|>0.5) (Fig. 2b). The 500 nm particles did not diffuse
through the mucus as these are larger than the mucus mesh
size of approximately 214 nm.>® In contrast, the 40 nm par-
ticles diffused easily through the mucus matrix. Fig. 2c shows
a clear decrease in diffusivity approaching the mucus mesh
size when comparing all the particles measured, with R?
values of the PBS and mucus power law trendlines of 0.67 and
0.57 respectively, as previously reported. In contrast,
Cobarrubia et al. reported an R* value of only 0.30 in a litera-
ture review of particle diffusivity related to particle size for
various compositions in different mucus samples.>®
Additionally, we find that the same particles plotted according
to zeta potential show a parabolic trend in both the PBS

b)
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Fig. 2 Surface charge and particle size are key factors affecting particle migration. (a) Diffusivity of 100 nm particles with varied functionalization
and composition within the mucus layer. All compositions are statistically significantly different from one another (p-value < 0.0001) (Fig. S37). (b)
Diffusivity for 500 nm, 200 nm, 100 nm, and 40 nm PS-COOH particles within the mucus layer. All sizes are statistically significantly different from
one another (p-value < 0.0001). (c) Diffusivity shows a parabolic trend with zeta potential for particles suspended in PBS and within the mucus layer
attached to cells. (d) Diffusivity decreases with increasing particle size with values well below the theoretical limits for diffusion for spherical particles

based on thermodynamic forces opposed by only the drag of the fluid.
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control (R*> = 0.70) and the mucus (R*> = 0.71) samples with
neutral and slightly negative particles having the highest diffu-
sivity values (Fig. 2d). Cobarrubia et al. reported an R* value of
0.67 in their review of particle diffusivity and zeta potential.>®
The mucus curve appears to be shifted downward in both
plots, as expected, due to the higher viscosity.

3.2. Cellular uptake of particles with and without the
mucosal barrier

We next asked whether mucus acts as a barrier to prevent the
uptake of all types of particles. Decreased fluorescence of
Hoechst 33342 and LysoTracker Deep Red in the absence of
mucus compared to when a mucus layer was present, indicates
decreased viability and membrane destabilization of the acidic
vacuolar compartment, aligning with previous work by Visalli
et al. (Fig. 3a, S4-S71).” The mechanism of cell death and DNA
damage due to microparticle exposure for gastrointestinal cells
has been well studied in previous work.”*” Cell damage can be
most acutely observed with PS-COOH patrticles, as there is a loss
of intact lysosomes and late endosomes, indicated by the loss of
LysoTracker deep red stain compared to PS (Fig. 3a).” All MP
compositions and sizes are included in Fig. S4-S7.7 The fold
change in mean intensity for each of the red, blue, and green
image channels is included to quantify changes that are difficult
to see by eye (Fig. S71). The particle compositions with the great-
est fold-change in uptake, as measured by flow cytometry, were
PS-COOH, PP, and PS-SA (Fig. 3b), indicating that mucus is a
more effective barrier against these compositions. The fluo-
rescence intensity plots for the “mucus” and “no mucus” groups
are included in Fig. S8.1 Due to the large range in the data, the
fold change values are plotted in Fig. 3b and c. Low uptake was
observed for PS-PEG, which is well known for being bioinert.>?

Microscopy shows clear increase in particle uptake for
smaller particles. We compared 500 nm and 40 nm PS-COOH
particles (Fig. 3a). Cells without a mucus layer show diffuse
green cytosolic fluorescence showing increased uptake of par-
ticles. The presence of mucus had the largest effect on the
uptake fold change of 200 nm and 100 nm particles (Fig. 3c).
All fold changes were statistically significant between no
mucus and mucus groups (p-values < 0.0001). The presence of
mucus did not greatly change the uptake of 500 nm particles
likely due to the large particle size hindering uptake more gen-
erally and the smaller mucus mesh size. The smallest, 40 nm,
particles had high absolute fluorescence with mucus present,
leading to a low fold-change value and indicating that mucus
is a less effective barrier for smaller particles (Fig. S8a and bf¥).
The clear shift in fluorescent peaks due to particle uptake rela-
tive to the controls is shown in histograms for the flow cytome-
try data (Fig. S9a-1f). Overall, the microscopy and flow cytome-
try results highlight how the mucus barrier prevents cell
damage and particle uptake.

3.3. Effects of MPs on the epithelial cell layer with and
without the mucosal layer

To measure the role of mucus in protecting cells against MPs,
we examined cytotoxicity and ROS production with an intact
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mucus layer and cells in which the mucus layer was delami-
nated and removed. Whereas some compositions may be
easily taken up by cells with little effect, other plastics are
highly cytotoxic, or result in oxidative stress, often an indi-
cation of inflammation.?" Mucus offers clear protection with
lower cytotoxicity for all compositions and sizes (Fig. 4). The
control samples, for which no MPs are introduced, show a neg-
ligible increase in cytotoxicity indicating that the process of
removing the mucus layer is not deadly to cells. Although the
particles are ordered by increasing zeta potential, there is no
correlation between surface charge and mortality with or
without mucus present. The highest cytotoxicity levels are
observed in cells exposed to PS-SA and PS-NH, functionaliza-
tions, while the lowest values are seen in PS-PEG. This may be
due to SA and NH,, binding to biotin or mucus readily, severely
impacting cell processes, whereas PEG is known for being bioi-
nert due to its affinity for water.’>**>® Cytotoxicity increases
with decreasing size when a mucus layer is present with r =
—0.95 (Fig. 4b). This trend is less obvious but still highly sig-
nificant, without the mucus layer (r = —0.8). Mucus is less
effective when the particles are smaller than the mesh size.
The data highlights the critical role of gut mucus in preventing
cytotoxicity for particles of various compositions particularly at
sizes approaching or above the mesh size.

Mucus protection is also demonstrated by decreases in ROS
production induced by any of the particle compositions and
sizes (Fig. 4c and d). ROS production values were corrected
based on the cytotoxicity levels of each particle type. ROS pro-
duction was not significantly affected by the process of mucus
removal. TBHP was used as a positive control, however, a low
concentration was used such that the microparticles induced
greater ROS levels. In contrast to cytotoxicity, ROS appears to
show a trend with zeta potential. As surface charge increases,
ROS production levels are higher, both when mucus is present
(r = 0.66) and absent (r = 0.55). The most cytotoxic particles,
PS-SA and PS-NH,, also had the highest fold-change in ROS
production. PS-PEG had low ROS production, in addition to
low uptake seen in section 3.2. The ROS levels for PS-PEG are
still comparable to other particles such as silica and PE. If
PS-PEG is neglected from the statistical analysis due to its high
zeta potential, the correlation coefficients for mucus and no
mucus groups between ROS production and zeta potential
increase to r = 0.81 and r = 0.73. ROS production strongly
increases with decreasing particle size (mucus r = —0.80, no
mucus r = —0.85) (Fig. 4d), although mucus clearly prevents
ROS production in response to particles larger than or close to
the mesh size and is much less effective against much smaller
particles.

3.4. Mucus layer protection in an environmental context:
MPs as vectors for other toxins

In addition to causing many negative health impacts, MPs also
serve as a vector for other environmental toxins entering the
body." Drinking water and soil contains a cocktail of different
MPs and pollutants.’”””® We measured how the particle diffu-
sivity, cell cytotoxicity, and ROS production vary when MPs are
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combined with pollutants of concern to reflect the increased
risk present in the environment. These tests were conducted
based on previous MP concentrations used in previous in vivo
mouse studies®” and EPA limits for Cd, BHA, BPA, and DBP
(Fig. 5).'%'%2° Higher concentrations were also explored with
cells co-exposed to particles and chemicals both at a concen-
tration of 1 mg ml™' to further highlight the differences
between mucus and no mucus groups (Fig. S107).

1016 | Biomater. Sci, 2025, 13, 1010-1020

Chemicals decrease particle diffusivity for each toxin tested.
First, the diffusivity of PS particles at 100 nm decreased signifi-
cantly for each chemical (Fig. 5a). This may be due to an
increase of dead cells and cellular debris that hindered particle
migration. The change was most notable for BHA which also
showed high cytotoxicity, particularly at the concentration of
1 mg ml™"' (Fig. 5b and S10bf). The addition of chemicals
alters the expected diffusivity of MPs, indicating a need for

This journal is © The Royal Society of Chemistry 2025
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further study of how these changes in diffusivity affect cell

responses, specifically cytotoxicity and ROS production.

In all cases, the mucus barrier appeared to play a role in
protecting cells from cytotoxicity and ROS induction due to

This journal is © The Royal Society of Chemistry 2025

particles. For cytotoxicity, the combined chemical and particle
treatment values were similar to the cytotoxicity of PS alone.
The removal of mucus exacerbated cellular responses to the
combined treatment, compared to MPs or chemicals in the

Biomater. Sci,, 2025, 13,1010-1020 | 1017
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presence of mucus (Fig. 5b and c). The lack of a significant
difference in Cd and Cd with particles is likely due to the close
environmental control on heavy metals leading to a very low
EPA limit. At the EPA concentrations the chemicals do not
appear to greatly increase the cytotoxicity beyond that of solely
MPs. ROS production for all cells treated with chemicals was
significantly increased compared to the no chemical control
groups except for BPA with mucus present. Chemicals also
increased the ROS production in the presence of particles com-
pared to particles alone. At chemical concentrations above the
EPA limits (Fig. S10t), the effects of combined particles and
pollutants is much higher than each toxin alone. These tests
support the need for public health regulation specifically
addressing the combined effects of environmental toxins and
MPs.

4. Conclusions

We examined how MP migration in human intestinal mucus
varies based on particle composition, surface functionali-
zation, and size. Mucus proved most effective at blocking
highly charged and larger particles with diameters close to or
larger than the mucus mesh size. This study also examined
the barrier function of mucus through investigating cell
responses, including uptake, cytotoxicity, and ROS pro-
duction, in the presence and absence of the mucus layer.
Results highlight the role of mucus as a protective barrier for
particle transport, preventing cytotoxicity, ROS production,
and uptake for all compositions and sizes. Notable particle
groups were PS-SA and PS-NH, which induced high ROS pro-
duction and cytotoxicity likely due to biotin binding and
other interactions with mucus. The most abundant MPs in
the environment due to single-use plastics, PP, PE, and PS,
had high diffusivity values but were shown to induce only
moderate levels of cytotoxicity and ROS production. However,
the cellular response was much higher when cells were co-
exposed to PS and high concentrations of other environ-
mental toxins. PE and PS are often used in food packaging
and disposable water bottles and are likely to encounter
chemicals used as food preservatives, such as BHA, and
plastic additives, including BPA and DBP. The response to
combined MPs and chemicals highlights the need for public
health regulations of chemicals that can use MPs as vectors
to migrate throughout the body as higher cytotoxicity and
ROS production were observed when chemicals surpassed
EPA limits. We demonstrated that adding chemicals alters
MP diffusivity in mucus and co-exposure of particles with
environmental chemicals can exacerbate cell responses com-
pared to chemicals of plastics alone.

Our work identifies the risk certain MPs have for individ-
uals with reduced mucus barrier function, however additional
studies are required to address the limitations of this study
through further exploration of the effects of mucus compo-
sition, an even broader array of surface functionalizations,
and to develop better microplastic detection methods.

1018 | Biomater. Sci., 2025, 13, 1010-1020
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Additional properties such as shape and hydrophobicity also
merit further study. Various inflammation associated gastro-
intestinal diseases alter the composition of mucus itself and
may change how particles migrate and interact with the
mucus barrier. For example, patients with Crohn’s disease
have a lower mesh size for mucus which may assist in lower
particle migration but also have lower fluid in the mucus and
incomplete glycoproteins which decreases mucus shedding
and may alter particle diffusion.®”®" Leveraging a microflui-
dic platform in combination with our mucus layer may
further improve our model. Understanding how a broader
array of surface functionalizations, including antibody and
drug functionalizations interact with different mucus compo-
sitions would also help in developing treatments for these
conditions.®® This study was limited to “virgin” microplastics.
Future work is also needed to address how microplastics that
have interacted with other pollutants, beyond heavy metals,
affect the intestinal epithelia. Lastly, current detection
methods are often limited to ~100 nm sized particles.
Improved techniques are required for bioremediation of
MPs and to identify health risks.” These future research direc-
tions will advance both medical care and environmental
stewardship.
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