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ARTICLE INFO ABSTRACT

Keywords: Human ingestion of microplastics (MPs) is common and inevitable due to the widespread contamination of food
Microplastics items, but implications on the gastric digestion of food proteins are still unknown. In this study, the interactions
Polystyrene

between pepsin and polystyrene (PS) MPs were evaluated by investigating enzyme activity and conformation in a
simulated human gastric environment in the presence or absence of PS MPs. The impact on food digestion was
also assessed by monitoring the kinetics of protein hydrolysis through static in vitro gastric digestion of cow’s
milk contaminated with PS. The binding of pepsin to PS showed that the surface chemistry of MPs dictates
binding affinity. The key contributor to pepsin adsorption seems to be n—x interactions between the aromatic
residues and the PS phenyl rings. During quick exposure (10 min) of pepsin to increasing concentrations (222,
2219, 22188 particles/mL) of 10 pm PS (PS10) and 100 pm PS (PS100), total enzymatic activities were not
affected remarkably. However, upon prolonged exposure at 1 and 2 h, preferential binding of pepsin to the small,
low zeta-potential PS caused structural changes in the protein which led to a significant reduction of its activity.
Digestion of cow’s milk mixed with PS10 resulted in transient accumulation of larger peptides (10-35 kDa) and
reduced bioavailability of short peptides (2-9 kDa) in the gastric phase. This, however, was only observed at
extremely high PS10 concentration (0.3 mg/mL or 5.46E+05 particles/mL). The digestion of milk peptides,
bound preferentially over pepsin within the hard corona on the PS10 surface, was delayed up to 15 min in
comparison to bulk protein digestion. Intact caseins, otherwise rapidly digested, remained bound to PS10 in the
hard corona for up to 15 min. This work presents valuable insights regarding the interaction of MPs, food
proteins, and pepsin, and their dynamics during gastric digestion.
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1. Introduction attention from the scientific community, government agencies, and the
general population. Ingestion or oral exposure is one of the major ways

The presence of microplastics (MPs) in the environment and their that humans are exposed to microplastics (Galloway, 2015). Hence,
transfer into the food chain and human body has attracted significant research efforts have focused on MP contamination of several food items

Abbreviations: (MPs), Microplastics; (PS), polystyrene; (PS10), 10 pm PS; (PS100), 100 pm PS; (SGF), simulated gastric fluid; (SSF), simulated salivary fluid; (Hb),
hemoglobin; (GIT), gastrointestinal tract; (PM), pepsin and milk; (PMPS1), pepsin and milk mixed with 3.9E-03 mg/mL PS10; (PMPS2), pepsin and milk mixed with
0.3 mg/mL PS10.
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and beverages (EFSA, 2016).

Drinking water is the most highly studied beverage, especially
bottled water,owing to its high consumption worldwide (Pivokonsky
et al., 2018; Zuccarello et al., 2019; Kankanige & Babel, 2020; Tong,
Jiang, Hu, & Zhong, 2020; Chanpiwat & Damrongsiri, 2021; Makh-
doumi et al., 2021; Zhou et al., 2021). Bottled water was found to have a
higher MP content (10.4 particles/L) compared to tap water (5.45 par-
ticles/L) due to the migration of debris from the plastic containers and
caps (Mason et al., 2018; Pivokonsky et al., 2018; Kankanige & Babel,
2020). However, MP contamination coming from water treatment and
packaging processes should not be overlooked since even drinking water
packaged in glass bottles has also been reported to contain MPs (Jin
et al., 2021). Other commonly consumed beverages such as milk, tea,
beer, wine, and soft drinks were also previously reported to be
contaminated (Hernandez et al., 2019; Diaz-Basantes et al., 2020; Prata
et al., 2020; Shruti et al., 2020). In these products, water is the main
ingredient and majority of the MPs most likely came from this source
(Shruti et al., 2020).

The highest reported MP contamination in beverages comes from
plastic containers in combination with thermal processing, such as
heated tea or coffee cups and infant polypropylene (PP) bottles (Li et al.,
2020; Schwabl, 2020; Ranjan et al., 2021). Around 25,000 Nile-red
tagged MPs per 100 mL water were released from disposable paper
cups, and even more MPs were detected from sterilized infant PP bottles
and accessories (Li et al., 2020). Recently, a greater focus has also been
given to terrestrially grown products, such as fruits and vegetables. In
2020, Conti et al. reported that carrot samples contained the highest
number of MPs (<10 pM) compared to lettuce, broccoli, and potatoes,
while apples were found to be more contaminated than pears. Fruits
(median 223,000 particles/gram) contained more MPs than vegetables
(median 97,800 particles/gram) due to the larger size and network of
vascularization in fruit trees.

Despite the extensive documentation of food contamination by MPs,
there is still limited information regarding their behavior in complex
fluid mixtures in the gastrointestinal tract (GIT). MPs come into contact
with the GIT the moment contaminated food and beverages enter the
mouth. Reports on gut homeostasis, toxicity, cellular uptake, and
translocation of MPs are available (Hirt and Body-Malapel, 2020; Dong
et al., 2023), but these studies mostly focused on the cellular component
while digestive fluids and enzymes necessary to breakdown food are
overlooked. To date, only gastric lipid digestion has been examined
where lipase activity and lipid digestion were both inhibited by MPs
(Tan et al., 2020). Food proteins, however, have not yet been explored.
This group of macronutrients is not only an important source of bioac-
tive peptides and essential amino acids, but it can also exhibit adverse
effects in humans, particularly in susceptible individuals (food allergies,
celiac disease, and food intolerances).

Hence, in this study, we focused on pepsin, the major protease in the
stomach (Goodsell et al., 2015), its affinity to and behavior in the
presence of 10 pm and 100 pm PS MPs, and the digestion of cow’s milk
proteins. PS is the most prominent MP in Korean clams (de Guzman
et al.,, 2022) and it is one of the most highly manufactured polymers
globally (Erni-Cassola et al., 2019). Cow’s milk is an important source of
proteins, and also one of the most important sources of food allergens
(Gendel and Zhu, 2013). Implications on the specific activity and
conformation of pepsin during and after exposure to PS were investi-
gated. Furthermore, consequences of PS on the breakdown of proteins
were explored using liquid cow’s milk subjected to in vitro simulated
human oral and gastric digestion (Brodkorb et al., 2019). This study
provides first evidence of a possible impairment of protease activity and
protein digestion by PS MPs.
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2. Materials and methods
2.1. Reagents, materials, and equipment

Pepsin from porcine gastric mucosa (Sigma-aldrich, P7012-5G) was
used in all enzymatic experiments. Monodispersed microparticle stan-
dards of PS10 (Sigma-Aldrich, 72822-10 ML-F) and PS100 (Sigma-
Aldrich, 59336-5 ML-F) were purchased as 2% w/v suspensions of
known particle concentrations. Hemoglobin (Hb) (Sigma-Aldrich,
H6525-25G) served as a substrate for the enzyme activity assay, while
5% w/v trichloroacetic acid (TCA, Sigma-Aldrich, T6399-5G) was used
to stop the reaction. Ultrafree® MC-HV centrifugal filters, 0.45 pm
(UFC30HVNB, Merck Millipore, Cork, Ireland), were used to separate PS
beads from the solution. The concentration of pepsin was measured
using a Pierce™ BCA protein assay kit (23225, ThermoFisher scientific,
Massachusetts, USA).

Absorbance values were recorded using a Jenway 7315 UV-Visible
spectrophotometer (Cole-Parmer, Illinois, USA), while Thermo Scienti-
fic Nicolet iS5 FTIR with iD7ATR (ThermoFisher Scientific, Massachu-
setts, USA) was used to collect FTIR spectra. SEM analysis was
performed using a FEI/Philips XL30 ESEM (FEI, Oregon, USA). SDS-
PAGE and gel imaging were conducted using a Bio-Rad Mini-PRO-
TEAN tetra cell and Bio-Rad ChemiDoc XRS+ with Imagelab™ software
(Bio-Rad, California, USA), respectively. Far and near UV CD spectra
were recorded on a J-815 CD spectropolarimeter (JASCO, Tokyo,
Japan). Intrinsic tryptophan fluorescence was acquired using
FluoroMax-4 spectrofluorometer (Horiba Scientific, Kyoto, Japan). Zeta
potential measurements were performed using a Malvern Zetasizer Nano
ZS (Malvern Panalytical, Worcestershire, UK) with disposable folded
capillary cells (DTS1070), while data was analyzed with the Zetasizer
Software (VN: January 8, 4906, Malvern Panalytical, Worcestershire,
UK).

2.2. Pepsin activity assay

The specific activity of pepsin was determined using a spectropho-
tometric stop reaction based on Anson and Mirsky (1932) where Hb was
used as substrate. One unit of activity corresponds to AAzgy of 0.001 per
minute. This experiment was conducted in two formats — (1) quick (10
min) exposure to PS before addition of the Hb substrate, and (2) 1 h (1h)
and 2 h (2h) exposure to PS with subsequent removal of the beads before
the addition of Hb. In the first format, MPs, enzyme, and substrate were
all present in the mixture during the reaction. The second format allows
close examination of the interaction between PS and pepsin for a longer
period of time (1h and 2h). Enzymatic activity was determined at pH 2
while simulated gastric fluid (pH 3) was based on Infogest 2.0
(composition of SGF is in Table S1 of SI) (Brodkorb et al., 2019).

In the first format, a 40 pL aliquot of PS10 or PS100 (in SGF), with
three different particle counts: (1) low- 142 particles, (2) moderate-
1420 particles, and (3) high- 14200 particles, were added to 100 pL of
five different pepsin solutions having a concentration between 5 and 25
pg/mL. The low particle count was based on the average daily MP
consumption estimated by Cox et al. (2019). After 10 min of incubation
at 37 °C (with gentle shaking), 500 pL of 2% w/v Hb, pH 2, was added.
At this point, the PS concentrations were: (1) low- 222 particles/mL, (2)
moderate- 2219 particles/mL, and (3) high- 22188 particles/mL. The
corresponding mass concentrations for PS10 were: (1) low- 0.12 pg/mL,
(2) moderate- 1.22 pg/mlL, and (3) high- 12.20 pg/mL. For PS100, the
mass concentrations were as follows: (1) low- 122.0 pg/mL, (2) mod-
erate- 1219.8 pg/mL, and (3) high- 12198.2 pg/mL. The surface area per
unit volume of PS10 was (1) low- 6.97E-04 cm ™, (2) moderate- 6.97E-03
cm™, and (3) high- 6.97E-02 cm™, while the following was for PS100: (1)
low- 6.97E-02 cm™, (2) moderate- 6.97E-01 cm™, and (3) high- 6.97
cm . This mixture of pepsin, Hb, PS10/PS100 was allowed to react for
10 min at 37 °C (with gentle shaking). A mixture containing only Hb and
pepsin were incubated at the same time to serve as control. To stop the
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reaction, 1 mL 5% w/v TCA was added followed by centrifugation at
6000xg for 30 min. The PS beads were removed from the supernatant
using 0.45 pm filters. The control was filtered in the same way to ac-
count for loss of peptides due to binding on the filter. The absorbance of
TCA-soluble tyrosine-containing peptides was measured at 280 nm. A
blank solution was prepared by first mixing Hb and TCA followed by the
addition of pepsin. Final total pepsin activity was calculated by taking
the average total activity of the five different pepsin concentrations.

In the second case, 0.3 mL of 0.167 mg/mL pepsin (in SGF) was
mixed with 0.2 mL of PS10/PS100 (in SGF) to give a final concentration
of 0.1 mg/mL pepsin, and 222 (low PS), 2219 (moderate PS), and 22188
(high PS) particles/mL PS, which is the same concentrations used in the
first case after addition of Hb substrate. This gives a pepsin:PS10 mass
ratio of 820, 82, and 8.2. In the case of PS100, the pepsin:PS mass ratios
were 0.82, 0.082, and 0.0082. After 1h and 2h of pepsin exposure to PS
at 37 °C (with gentle shaking), particles were removed using 0.45 pm
filters. Corresponding Oh, 1h, and 2h pepsin controls (without PS) were
treated in the same way. Pepsin activity was determined by reacting 100
pL of the resulting pepsin solutions to 0.5 mL of Hb for 10 min at 37 °C
(with gentle shaking). The reaction was terminated with TCA and
absorbance was measured as previously described. There were six
different replicates for each level of PS concentration (low, moderate,
high) and each level of exposure time (Oh, 1h, 2h). The total and specific
enzyme activities were determined by taking the average of the six
replicates. To calculate the specific activity, the protein content in the
filtered solutions, after 1h and 2h exposure to PS, was measured using
microBCA protein assay following manufacturer’s protocol.

2.3. Circular dichroism and fluorescence spectroscopy

Pepsin was incubated with PS10 and PS100 in SGF for 1h and 2h at a
concentration of 685 pg/mL for both pepsin and MPs, resulting in a 1:1
mass ratio. After removing the PS beads, CD spectra were collected using
a 0.1 mm path length cell in the far UV region (190-260 nm) and a 10
mm path length cell in the near UV region (260-320 nm) with a scan rate
of 50 nm/min and accumulation of three scans. The spectra were cor-
rected by subtracting the buffer spectra, and the ellipticity values were
converted into molar ellipticity using the following equation:

B 0 x Mr
T CxIx10

(0]

where [6] is molar ellipticity in mdeg x cm?/dmol, Mr is molar weight of
pepsin (35000 Da), C is concentration of pepsin that remained in solu-
tion after incubation with PS, and [ is path length of cell (0.01 cm for far
and 1 cm for near UV CD).

Secondary structure content was calculated by transforming molar
ellipticity from far UV CD spectra to molar ellipticity per residue by
dividing [0] values with the number of amino acids in pepsin (326).
Obtained data was then analyzed by CONTIN algorithm in CDpro soft-
ware. SP29 was used as database.

The intrinsic fluorescence spectra of the same pepsin solutions were
recorded at room temperature using a quartz cuvette with 1 cm path
length at an excitation wavelength of 280 nm and emission range from
290 to 450 nm. The final concentration of pepsin and MPs was 32.5 mg/
mL (mass ratio 1:1). Slits were set at 5 nm for both excitation and
emission. Obtained emission spectra were corrected by subtraction of
spectra obtained from the buffer.

2.4. Static in vitro digestion of milk proteins

Cow’s milk (Korean brand Maeil) was subjected to static in vitro oral
and gastric digestion based on Infogest 2.0 (Brodkorb et al., 2019).
Centrifugation was conducted at 4000xg for 30 min at 4 °C prior to the
experiment to further reduce the fat content of the sample. The final fat
content was determined by a gravimetric method (Section S1 of SI) and
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was estimated to be 0.5g/100 mL. Simulated salivary fluid (SSF) and
SGF were also prepared beforehand following Infogest 2.0 protocol. The
composition of the simulated fluids is shown in Table S1.

The following sets were prepared to serve as controls: (1) M-milk
only, (2) P- pepsin only, and (3) PM-pepsin and milk. For the first
experimental set (PMPS1), pepsin and milk were spiked with high
(14200 particles) PS10, resulting to a concentration of 3.9E-03 mg/mL
PS (7.1E+403 particles/mL) in the final gastric mixture. A total of 8 tubes
were prepared for each treatment, each tube corresponding to the
following time points of gastric digestion: 5, 10, 15, 20, 30, 60, 90, and
120 min. This was done to monitor the progress of protein breakdown in
the sample. During the oral phase, 0.5 mL of milk or DI water was mixed
with 0.5 mL of SSF and incubated while mixing for 2 min at 37 °C.
Salivary amylase was not added to SSF since the sample did not contain
starch. At the end of the oral phase, the pH of the oral bolus was
measured and adjusted to 3.0 before proceeding to the gastric phase.

In the gastric phase, the oral bolus was diluted with SGF to reach a
final ratio of 1:1 (v/v). Porcine pepsin solution was added at 0.685 mg/
mL, which gives an activity of 2000 U/mL in the final mixture. DI water
was added instead of pepsin solution in the control set containing milk
only. Right after the addition of pepsin, the mixture was incubated for 5,
10, 15, 20, 30, 60, 90, and 120 min with mixing at 37 °C. The pH was
adjusted to 7.0-8.0 at the end of the different incubation times to
inactivate pepsin. For solutions containing PS, beads were removed
using centrifugal filters after pepsin inactivation. Solutions were kept at
4 °C prior to SDS-PAGE or at —20 °C when overnight storage was
necessary.

A second experimental set (PMPS2) was prepared in the same way as
described above, but the quantity of spiked PS10 was increased from
1.42E+04 (3.9E-03 mg/mL) to 1.09E+06 particles. This gives a final
concentration of 0.3 mg/mL PS or 5.46E+05 particles/mL in the final
gastric mixture.

After gastric digestion, digesta from all timepoints were analyzed by
SDS-PAGE as described in Section S2. The PS beads were also collected,
and the protein corona was extracted according to Section S3 and
further analyzed by SDS-PAGE.

2.5. Data analysis

Enzyme activities are reported as total activity (Units, U) or specific
activity (Units per mg, U/mg). Final activities are expressed as mean +
SEM (standard error of the mean). SPSS statistics 26.0.0.0. was used for
statistical analysis. Equality of variance among treatment groups was
first tested using Levene’s test. Differences between treatments (i.e., size
of PS, concentration of PS, and exposure time) were determined by one-
way ANOVA when variance was equal, or Brown-Forsythe test when
variance was unequal. Tukey HSD was performed right after ANOVA,
while Games-Howell test was conducted following Brown-Forsythe test
(significance level of p < 0.05) when post hoc test was applicable.

3. Results
3.1. Characterization of PS beads

Commercial PS10 and PS100 particles were first characterized by
ATR-FTIR, SEM, and zeta potential analysis as described in Section S4 of
SL. The polymer identity matches the reference spectrum of low mo-
lecular weight polystyrene with a match score of 63.53 for PS10 and
64.64 for PS100 (Fig. 1A). As expected, both sizes of PS were in the form
of beads or spheres, and particle surface was smooth and not porous
(Fig. 1B and C). Visible residue on the surface of the beads most likely
came from the solvent which was dried-off prior to SEM.

The corresponding weights and total surface area of different con-
centrations of PS10 and PS100 are shown on Table S2 and S3. These
values were calculated as described in Section S5 and S6 of SI. The mass
of PS100 was always 1000 times higher than PS10 at the same particle
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Fig. 1. Characterization of PS beads. (A) FTIR spectra of PS10 and PS100. Inset shows the reference spectrum of low molecular weight PS; SEM images of (B) PS10
and (C) PS100; (D) Zeta potential of PS10 and PS100 at pH 2 (10 mM HCI) and pH 3 (SGF). (*) denotes significant difference at p < 0.05.

count due to the larger diameter of PS100. Similarly, the total surface
area was always 100 times larger for PS100 compared to PS10. Low
PS100 and high PS10 have the same surface area at 4.5E-02 cm?. Zeta
potential analysis revealed a slight negative charge at pH 2 and pH 3 as
illustrated in Fig. 1D. PS100 consistently showed a significantly negative
(p < 0.05) zeta potential compared to PS10 for both pH levels. However,
in terms of stability, this difference is negligible since the values are not
higher than +£30 mV (Clogston and Patri, 2011).

3.2. Changes in pepsin activity

The pepsin activity was determined using two different approaches.
In the first approach, pepsin and PS were shortly incubated (10 min) in
SGF, followed by the reaction with Hb substrate for another 10 min.
Fig. 2A shows that increasing concentrations of PS10/PS100 did not
significantly affect pepsin activity during the 10-min exposure. This
suggests that PS size and concentration had no effect on enzyme per-
formance during this short contact period. Furthermore, displacement of
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pepsin from the surface of PS may have occurred upon the addition of
Hb, which had a 4x higher concentration (15.6 pg/mL vs 3.9 pg/mL).

In the second approach, the exposure time was prolonged to 1h and
2h, and PS particles were removed from the pepsin solution prior to the
addition of Hb. The total activity of the control remarkably decreased
with time (Fig. 2B). The lowest total activity was observed after 2h
exposure to high PS10 (p < 0.05). The specific activity of pepsin exposed
to high PS10 for 2h was also notably lower (p < 0.05) than that of the
controls at Oh and 1h (Fig. 2C).

Pepsin exposed to PS100 for 2h yielded comparable enzyme activ-
ities to the controls, while 2h exposure to high PS10 consistently led to
the inhibition of pepsin (Figure B and C). The soluble pepsin concen-
tration decreased after 1h and 2h exposure to PS (Fig. S1). At 2h, the
least protein concentration was observed in high PS10, with approxi-
mately 50% and 40% of pepsin significantly lost (p < 0.05) relative to
the Oh and 2h controls, respectively, due to protein denaturation and

adsorption on the PS beads.

3.3. Binding of pepsin to PS

The adsorption of pepsin on PS was fitted using four adsorption
models: Langmuir, Freundlich, Redlich—Peterson (RP) and
Guggenheim—Anderson—de Boer (GAB) as described in Section S7 of SI
(Majd et al., 2022). According to adsorption equilibrium data (Fig. S2),
better correlation coefficients were obtained for PS10 compared to
PS100 for all tested adsorption models as shown in Table 1. The results
showed that pepsin had a higher affinity for PS10 than for PS100, as
indicated by K; (Langmuir constant), K, (Redlich—Peterson constant)
and Kpqerq ¢ (adsorption constant for the hard corona), which are mea-
sures of pepsin affinity toward PS MPs. High ratio of Kuard 6/Ksoft 6>
which signifies adsorption from soft corona to hard corona, was about
four times higher for PS10. This suggests much lower desorption of
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Table 1

Langmuir, Freundlich, Redlich—Peterson and GAB isotherms constants for the
adsorption of pepsin onto PS 10 and PS 100 MPs obtained by nonlinear
regression analysis.

Isotherm model Parameters PS10 pH PS100 pH
3 3
Langmuir K; (ml/mg) 2.836 1.264
Q. (mg/g) 456.95 485.32
Ry 0.169 0.322
R? 0.942 0.681
Freundlich Kr ((mg/g)*(L/ 324.74 266.06
mg)/m)
N 2.865 2.160
R? 0.91 0.669
Redlich—Peterson Kg (ml/mg) 1358 626
a (ml/mg) 3.58 1.47
p 0.976 0.983
R? 0.928 0.575
Guggenheim—Anderson—de Qg (mg/g) 408.05 331.64
Boer Khara G (ml/mg) 3.438 2.246
Ksoft g (ml/mg) 0.045 0.112
R? 0.929 0.579

pepsin molecules from hard corona to soft corona in PS10 compared to
PS100 due to stronger pepsin binding in the hard corona of PS10.

Furthermore, the adsorption capacity of PS MPs for pepsin was
evaluated using Q (maximum amount of adsorbed protein), Kp
(Freundlich constant, adsorption capacity), and Qg (surface concentra-
tion of strongly adsorbed protein). According to Kr and Qg, PS100 had
about 20% lower capacity than PS10. The adsorption occurred at het-
erogeneous sites based on Freundlich isotherm since N values were
higher than 1 for both PS10 and PS100. Heterogenicity was higher for
PS10 than PS100 which is most likely due to multilayer adsorptions.
Values 1<N < 10 indicate that pepsin was favorably adsorbed by both
PS MPs, but adsorption was not linear, e.g., there was decreased inter-
action between PS and pepsin with the increase in pepsin density on MPs
surface.

In RP isotherm, # values were close to 1 for both PS MPs, suggesting
that experimental isotherms are approaching Langmuir more than
Freundlich. The calculated Ry, values (Langmuir equilibrium parameter)
were 0 < Ry, < 1 for both tested MPs which implies that adsorption was
favorable.

3.4. Changes in pepsin structure

To acquire insights on the structural changes of pepsin after incu-
bation in SGF for 1h and 2h, with and without PS, far and near UV CD
spectra, and Trp intrinsic fluorescence spectra of pepsin were recorded
in solution after removal of PS particles. In this case, we used a pepsin:PS
mass ratio of 1:1 (685 pg/mL of pepsin and PS) which is 8 times lower
than pepsin:high PS10 mass ratio in Section 3.2 in order to perform
better inspection of pepsin conformation changes.

The far UV CD spectra of pepsin alone (Fig. 3A, solid curves) showed
a gradual increase in p-sheet on account of decrease in o-helix and
random coil (Table 2). The a-helix/p-sheet ratio also decreased with
time. When PS10 was present, differences were observed in the sec-
ondary structure content compared to native pepsin at all times (Fig. 3A,
dotted curves), with a slight decrease in p-sheet and an increase in
a-helix and random coil (Table 2).The a-helix/B-sheet ratio increased
immediately after the addition of PS10 and continued to increase with
time, which was opposite to the decreasing trend in pepsin alone. At 2h,
the ratio with PS10 was 50% higher than pepsin without PS, indicating
that pepsin adopted different conformations.

Pepsin alone showed decreased signal up to 295 nm with a weakened
Trp peak at 290 nm, indicating a loosened tertiary structure with aro-
matic residues less fixed within the asymmetric environment (Fig. 3C,
solid curves). However, PS10 led to an increase in signal at 260 nm and a
drastic increase in Trp peak at 290 nm (Fig. 3C, dotted lines), implying
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stabilization and rigidification of the tertiary structure of pepsin by
PS10.

A decrease in intrinsic Trp fluorescence can be observed for pepsin
without PS (Fig. 3E, solid curves) as conformational changes shielded
Trp residues from the aqueous phase. With PS10, Trp residues were
already slightly shielded at Oh and remained shielded after 1h and 2h,
confirming rigidification of tertiary structure by PS10 (Fig. 3E, dotted
curves).

PS100 showed minimal changes in pepsin’s secondary and tertiary
structure with time, maintaining stability of the structure without the
additional rigidification observed with PS10 (Fig. 3B, D, and F). Ac-
cording to fluorescence spectroscopy, after 2h, Trp residues were
exposed to solvent as in native pepsin (Fig. 3F). This implies that PS100
stabilized pepsin’s native-like secondary structure and maintained ri-
gidity while preventing loosening of the tertiary structure.

Pepsin has a relatively high content of aromatic residues, with 10.7%
compared to the 8.2% average in proteins (Prilusky et al., 2011). Trp
intrinsic fluorescence suggests that a high portion of these residues are
not buried, with Amax™ for native pepsin at 350 nm (Fig. 3E). In gen-
eral, Trp Amaxt™ correlates with the degree of solvent exposure of the
chromophore, ranging from 308 nm to 355 nm for buried and fully
exposed Trp, respectively (Vivian and Callis, 2001).

3.5. Effect of PS10 on the gastric digestion of milk proteins

To study the impact of pepsin-MPs binding on the digestion of
complex food samples, we simulated the gastric digestion of cow’s milk
in the presence of high PS10. This treatment was chosen since the lowest
total and specific activities were observed after 2h exposure to high
PS10. Milk proteins remained stable throughout the digestion process
(Fig. S3A) and were quickly broken down into lower molecular weight
peptides in PM (Fig. 4A). Caseins were completely digested within the
first minutes, while beta-lactoglobulin, a protein known for its resistance
to pepsin digestion, remained intact at 18 kDa (Reddy et al., 1988).

Most of the digestion products in PM were concentrated within the
10-35 kDa region of the gel. There was no drastic change in band
thickness during the first 20 min, but a decline was observed from 30
min onwards. With PS10 (PMPS1), the pattern of digestion products was
similar to PM as shown in Fig. 4B, but the total relative density at 10-35
kDa was slightly higher for 5-20 min and 30-120 min (Table 3). There
was also a slight increase in total relative density of 2-9 kDa fragments.

In PMPS2, where PS10 increased from 3.9E-03 mg/mL to 0.3 mg/
mlL, the digestion products were similar to PMPS1 (Fig. 4C). However,
total relative density increased even more for 10-35 kDa 2-9 kDa
fragments (Table 3). This suggests that PS10 leads to accumulation of
larger peptide fragments during the first minutes of digestion even
though intact caseins were rapidly digested. A similar pattern of diges-
tion products was observed regardless of the presence of PS and the
delay in breakdown of larger peptides was more pronounced.

3.6. Formation of protein coronas

PS10 beads from PMPS2 were analyzed to examine the proteins/
peptides bound to the surface during digestion. SDS-PAGE analysis
revealed the formation of a soft corona and a hard corona consisting of
loosely and strongly bound proteins, respectively. In the soft corona of
pepsin alone, faint bands are present at 10 min and 15 min (Fig. 4D) and
more pronounced bands can be observed in the hard corona at 5 min and
from 20 min onwards (Fig. 4F). This suggests that unstable hard corona
forms within first the 5 min which desorbs to the soft corona at 10 and
15 min. Finally, from 20 min, a stable hard corona was formed which
remained until the end of digestion.

With milk, soft corona was not observed (Fig. 4E) while abundant
hard corona was visible at 15 min (Fig. 4G). LC-MS/MS analyses (Sec-
tion S8) revealed that majority of the prominent peptide bands on the
hard corona (Fig. S4A) during the first 15 min of digestion came from
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Table 2

Estimated secondary structure content of pepsin.
Incubation time a-helix p-sheet p-turn Random o-helix/
(hours) (%) (%) (%) (%) B-sheet

ratio

Pepsin in SGF
0 9.2 32.7 24.7 33.4 0.281
1 9.2 36.7 22.7 31.6 0.251
2 8.0 37.3 24.0 30.7 0.214
Pepsin in SGF with PS10
0 10.1 32.0 23.3 34.6 0.316
1 9.9 321 23.7 34.2 0.308
2 10.2 31.7 23.4 34.7 0.322
Pepsin in SGF with PS100
0 10.4 34.4 23.3 32.0 0.301
1 8.8 32.9 24.9 33.4 0.267
2 9.4 32.8 22.4 35.4 0.286

caseins (Fig. S4B and Table S4). After 10 and 15 min, fragments (<17
kDa) of caseins were present in the hard corona even though they could
not be seen in solution of PMPS2 (Fig. 4C), while from 20 min until the
end of digestion, only faint pepsin band was visible. This means protein
fragments are bound to PS10 only during the existence of unstable
pepsin hard corona. After its stabilization, the fragments are almost
completely excluded due to Vroman effect (Hirsh et al., 2013).

4. Discussion

Despite the importance of ingestion exposure route and extensive
documentation on sources and types of food contaminated with MPs,
there is still limited information regarding its behavior and interaction
with the human GIT. With the limited bioavailability of MPs, the highest
exposure concentrations that will most likely cause potential health ef-
fects occur in the GIT (Ramsperger et al., 2022). We particularly focused
on small size PS (10 pm) due to high potential exposure to 1-10 pm MP.
It has been shown that apples contain 2.23E+05 particles/g of small MPs
(Oliveri Conti et al., 2020). With the intake of only one apple (cca 100 g)
for every 250 mL gastric fluid in adults (Mudie et al., 2014) or 25 mL of
gastric fluid in children (Van der Veken et al., 2022), transient con-
centration of small size MPs can result in around 9.2E+02 to 9.2E+03
particles/mL. This transient peak concentrations upon ingestion of food
contaminated with high number of MPs were mimicked in our study. We
also investigated lower exposure level of MPs, such as 2.2E+02 parti-
cles/mL, that could be more relevant for foods containing larger MPs
(50-250 pm) and less MP particles/individual such as seafood (World
Health Organization, 2022).

Quick exposure to PS10 or PS100 (1st format of the activity assay,
Fig. 2A) did not affect enzyme performance which suggests that only a
minimal amount of pepsin interacted with PS followed by its quick
displacement by the more abundant Hb substrate. Despite the unre-
markable differences, activity with PS100 was slightly higher than PS10
due to stronger interaction between PS100 and Hb. At pH 2, Hb is
positively charged (pI = 6.9) which makes it electrostatically attracted
to the more negative PS100 (Fig. 1D). This led to minimized pepsin-
PS100 interaction and better enzyme performance. It is also inter-
esting to note that exposure to high PS100 yielded slightly higher ac-
tivity (p > 0.05) than the control (Fig. 2A). This was most likely due to
PS100-induced conformational changes in Hb which made it more
susceptible to peptic cleavage.

When exposure to PS10 or PS100 was prolonged (2nd format of the
activity assay), specific activity remarkably decreased only for PS10,
even though for the same number of particles, PS100 had 100 times
larger surface area and 1000 times higher mass than PS10 for the same
number of particles. As long exposure to PS is expected to occur in re-
ality based on the time of gastric retention, negative effect on enzyme
activity is not entirely inconceivable; but surprisingly, it was only
observed in PS10. This is once again a consequence of the pronounced
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negative charge of PS100 compared to PS10 (Fig. 1D). Since pepsin has a
pl of 2.76-2.90 (Lee et al., 2020), it has a negative charge in pH 3 SGF.
Therefore, there was greater repulsion between pepsin and PS100,
reducing their tendency to interact and inactivate pepsin. In the absence
of abundant protein substrate (Hb), pepsin binds to PS and affinity
constants calculated for PS10 are higher than for PS100 (Table 1).
Although the PS beads used in this study were unmodified and
non-functionalized according to the manufacturer, charged groups were
still present on top of the hydrophobic backbone and aromatic phenyl
group, resulting in a measurable negative zeta potential. Sulfate groups
are highly likely to be present on the beads since general synthesis of PS
involves the use of potassium persulfate as initiator. This leaves terminal
sulfate groups at the surface of the particles which gives a net negative
surface charge (Al-Sid-Cheikh et al., 2020).

The binding interaction between pepsin and PS (Table 1 and Fig. S2)
show higher binding constant between PS10 and pepsin. Although our
experimental system (adsorption of proteins to plastic microparticles)
does not meet any of Langmuir assumptions (monolayer adsorption,
homogeneous sites, constant adsorption energy and no lateral interac-
tion between the adsorbed molecules)(Majd et al., 2022), this model can
provide at least a rough estimation of adsorption affinity and capacity
(Table 1). However, Langmuir isotherm cannot discriminate adsorption
capacity between PS10 and PS100 compared to Freundlich and GAB
models. In general, for protein adsorption on micro/nanoparticles (NPs),
GAB model seems to be the most relevant (Meissner et al., 2015; J. G. Lee
et al., 2020) providing additional K. ¢ constant describing adsorption
and desorption between soft corona and bulk solution.

Protein adsorption on MPs and NPs depend on the type of plastics,
protein sequence and conformation, particle size, particle surface, as
well as conditions in solution such as pH, ionic strength, and tempera-
ture. In our study, PS10 and PS100 differ only in surface per mass unit
and surface charge per surface unit. This explains why PS10 and PS100
differ in adsorption capacity and affinity in all models. The surface area
of PS10 is ten times higher than that of the same mass of PS100, resulting
in lower adsorption capacity. The difference in adsorption affinity can
be explained by the greater repulsion between pepsin and PS100. Even
though pepsin have few basic residues (Arg307, Arg315, and Lys319)
whose positive charge may contribute to electrostatic interaction, these
residues engage in the formation of ion pairs, thereby making it unlikely
to be involved in the interaction with PS (Andreeva et al., 1981).
However, adsorption of pepsin in soft corona (K ¢) is higher in PS100,
implying that protein to protein adsorption, e.g., protein — protein
binding is stronger in PS100, in comparison to PS10.

The hydrophobic interaction between the aromatic side chains of PS
and aromatic residues of pepsin, which includes 14 Phe, 5 Trp, and 16
Tyr (Bateman et al., 2021), play an important role in PS-pepsin binding.
In a study by Zhang and Casabianca (2018), it was shown that electro-
static and hydrophobic interactions of long-chain aliphatic amino acids
lead to relatively weak binding, while aromatic amino acids exhibit
comparatively much stronger binding to negatively-charged PS NPs,
indicating n—= interactions between the aromatic side chain of the
amino acid and the phenyl rings in PS.

As discussed in Section S9 of SI, 20 of the 35 aromatic residues in
pepsin are not buried which makes them available for interaction with
the phenyl side chains of P S (Fig. S5 and Table S5). In pepsin, Trp Amax is
347 nm, suggesting that tryptophans are mostly solvent exposed. This
means that in the folded conformation, tryptophans are involved in 1—=n
interactions with phenol rings of PS while other hydrophobic in-
teractions contribute to a lesser extent. However, upon more extensive
unfolding of pepsin, PS hydrophobic interactions with buried aliphatic
and aromatic residues become significant.

This hydrophobic interaction through the backbone and aromatic
side chain of PS was favored by the high ionic strength of SGF- it
weakened the negative charge of (1) PS sulfate groups and (2) depro-
tonated pepsin carboxyl group, thus reducing repulsion, and (3) sup-
pressed eventual electrostatic interactions of polar residues with the PS
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Pepsin

Pepsin, milk, and 0.3 mg/mL PS10 (PMPS2)
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Fig. 4. Polyacrylamide gels showing gastric digestion products from (A) PM- Pepsin and milk, (B) PMPS1- Pepsin, milk, and 3.9E-03 mg/mL PS10, and (C) PMPS2-
Pepsin, milk, and 0.30 mg/mL PS10; Soft protein corona extracted from the beads after in vitro simulated gastric digestion involving (D) pepsin only and (E) pepsin
with milk; Hard protein corona extracted from the beads after in vitro simulated gastric digestion involving (F) pepsin only and (G) pepsin with milk; Numbers on top
of the gels indicate the timepoint of gastric digestion; R signifies the band used as reference for the calculation of rel. den.; M is cow’s milk only; P is pepsin only.

sulfate group which further stimulated hydrophobic interactions.

The loss of specific activity after being separated from PS (2nd format
of pepsin activity) suggests more profound effects on the protein
conformation and functionality as observed in CD and fluorescence
spectroscopy. After prolonged exposure to PS10, the soluble pepsin
fraction showed an increased a-helix/p-sheet ratio (Table 2) which in-
dicates a conformational change where structure becomes more rigid,
opposite to the changes that occurred in pepsin alone (incubated for the
same time in SGF). Increase in the Trp characteristic peak (Fig. 3C) could
signify Trp residues becoming more anchored to the asymmetric

environment. Decline in intrinsic Trp fluorescence (Fig. 3E) also in-
dicates a shielding effect brought by the stiffening of the structure. These
changes could not be observed on the enzyme exposed to PS100 (Fig. 3D
and F, and Table S4). There was a slight change in conformation but no
additional rigidification occurred because of the lower binding affinity
brought about by the more negative zeta potential of PS100 (Fig. 1D).
Even though a high degree of secondary and tertiary structure was
retained after 2h for pepsin with PS10 and pepsin alone, the necessary
conformation for the enzyme to stay active was not maintained. In its
native conformation, pepsin’s active site is located in between its two
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Table 3
Total relative density of peptide bands. PM- Pepsin and milk; PMPS1- Pepsin,
milk, and 3.9E-03 mg/mL PS10; PMPS2- Pepsin, milk, and 0.30 mg/mL PS10.

Sample Total relative density

10-35 kDa peptides 2-9 kDa peptides

5-20 min 30-120 min 5-20 min 30-120 min
PM 8.69 + 2.29 3.33+0.38 55.76 + 0.17 35.91 +1.25
PMPS1 10.93 £+ 0.72 6.43 £ 2.23 55.95 + 2.59 42.13 + 4.23
PMPS2 12.06 + 1.18 9.44 + 2.46 44.90 + 12.90 41.02 £ 12.75
Fold-change
PMPS1/PM 1.26 1.93 1.00 1.17
PMPS2/PM 1.39 2.83 0.81 1.14

domains where each domain holds a catalytic aspartic acid residue
(Asp32 and Asp215). As such, proper conformation of both domains is
crucial in preserving the active site cleft (Dee et al., 2006). The relatively
rigid or loose pepsin structure increasingly dominated the soluble phase
as the incubation progressed. However, the inhibition cannot be
considered as solely a consequence of structural changes. The physical
removal of pepsin due to adsorption on PS also slightly contributed.
Autolysis or autodigestion of proteolytic enzymes is also another factor
to consider. Pepsin autolysis is a known phenomenon where pepsin di-
gests itself leading to peptide bond hydrolysis and specific activity decay
(Perlmann, 1954; Qiao et al., 2002). The rate of autolysis is higher at
lower pH values (e.g., pH 2 vs pH 4) and low protein concentrations,
which are similar to the conditions of the PS-pepsin exposure experi-
ment in this study.

Cow’s milk proteins were rapidly digested by pepsin, particularly the
most abundant proteins, caseins. In the presence of PS10, the pattern of
protein digestion was not affected. Digestion of caseins also proceeded
rapidly in the presence of PS10. However, the increased fold-change of
10-35 kDa fragments in the presence of PS10 suggests accumulation of
larger polypeptides (Table 3). The effect was more pronounced with the
higher concentration of MPs added to the digestion mixture (Fig. 4C and
Table 3). As no significant inhibition of digestion was observed, it seems
that proteins from the milk intervened or shielded pepsin from the po-
tential loss of activity since they were more abundant (7.5 mg/mL) than
pepsin (0.685 mg/mL).

In a multi-protein system, more abundant proteins adhere first to the
particle surface in a very short time to form dynamic entities, and then
are replaced by proteins with higher affinity to form stable entities (Yu
et al., 2022). Corona formation in a dynamic multi-component system,
such as digestive tract, is probably even more complex. Analysis of hard
and soft corona during 2h digestion demonstrated that stable pepsin
hard corona is formed after 20 min (Fig. 4F), and that milk protein
fragments/peptides are bound to PS10 (Fig. 4G) only during existence of
unstable pepsin hard corona. After its stabilization, protein fragments
are almost completely excluded from hard corona due to Vroman effect.
Therefore, digestion proceeds even with proteins bound in the hard
corona but with important consequences on the survival of larger pol-
ypeptides/intact proteins for a longer period than in the case of diges-
tion without the presence of MPs.

Interestingly, the most abundant protein identified in the hard
corona was agp-casein (Fig. S4 and Table S4).This protein is just a minor
fraction of milk proteins, making up only 9-10% of the total caseins in
cow’s milk and only around 20% of all as-caseins (Farkye and Shah,
2014), but it became enriched in the hard corona. Furthermore, the
fragments of the agp-casein bound in hard corona span the C-terminal
part of the protein, known for its hydrophobicity, susceptibility to fibril
formation under physiological conditions (Thorn et al., 2008), and
harboring epitopes (AA 171-180 on agy-casein) relevant in persistent
cow’s milk allergy (Jarvinen et al., 2002). This may present serious
health implications as the epitopes are carried during realistic gastric
emptying process. On the other hand, it could also reduce the avail-
ability of these allergens and minimize their potential interaction with

10
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immune system components.

In a study by Tan et al. (2020), exposure to PS MPs resulted in
reduced lipid digestion by gastric lipases. PS also altered the native
structure of lipase which led to a decline in its activity, similar to what
was observed in this study. Lipids and lipases were also found to bind to
PS which is parallel to the adsorption of pepsin and milk proteins. An
important observation that stems from our study is the impact of surface
chemistry of MPs on their biological effects in the GIT. Aged MPs may
exhibit quite different biological effects than manufactured particles
commonly used for in vitro testing.

The reduced gastric breakdown of milk proteins in the presence of
small size PS could potentially create complications on downstream
nutrient assimilation. Protein hydrolysis by pepsin is a critical part of
food disintegration during the gastric phase (Guo et al., 2020). Trypsin
and chymotrypsin will further hydrolyze the peptides in the intestine,
but the reduced fraction of short peptides in the stomach already limits
the bioavailability of nutrients being fed downstream.

The static in vitro gastric model used in the study has limitations
especially in terms of gastrointestinal passage. As such, this model does
not mimic the natural emptying of the gut. The constant gut emptying
process may allow the PS MPs, and the proteins bound to it, to reach the
lower GIT which could provide different repertoire of peptides and
epitopes of allergenic proteins. This deserves further investigation
through in vitro dynamic multi-compartmental models coupled or not to
cellular cultures, 3D models like intestinal organoids, and gut-on-a-chip
microfluidic devices (Fournier et al., 2021). Furthermore, the static
digestion model does not emulate the conditions of people suffering
from digestive disorders such as enzyme deficiency. Despite these lim-
itations, this is the first study demonstrating that pepsin, as well as its
protein substrates, absorb to MPs leading to enzyme inhibition and
altered protein digestion.

According to the results of this study, the presence of MPs in GIT of
adults will hardly cause any significant effect on protein digestibility,
considering that the relevant effects are only seen during digestion of
real food with very high concentrations of MPs. The approach used in
our study may open path for the further research, particularly on the
effects of nanoplastics, able to pass cell membranes and blood-brain
barrier (Shan et al., 2022), on proteins whose structural changes are
directly related to autoimmune diseases, prion diseases, neurological
and neurodegenerative diseases such as Alzheimer’s or Parkinson’s.

5. Conclusion

This study provides in-depth investigation of the impacts of PS MPs
on pepsin and protein gastric digestion in physiologically relevant
conditions (simulated gastric environment). To the best of our knowl-
edge, this is the first study that describes the kinetics of in vitro gastric
digestion of actual food proteins in the presence of PS MPs. We found
that binding forces between pepsin and MP, which are predominantly
dictated by surface chemistry, direct its biological activity or enzymatic
action. Small size, practically uncharged PS, reduced pepsin activity
with the following mechanism: (1) binding of pepsin to PS in hard
corona due to hydrophobic interactions between phenyl groups and
aromatic amino acid residues, and (2) gradual changes in bulk enzyme
structure forming rigid, non-natively folded conformation. In the pres-
ence of food proteins, small MPs preferentially bind cow’s milk proteins
and pepsin. Digestion in the presence of small PS led to a transient
accumulation of larger peptides of cow’s milk proteins (10-35 kDa) in
the digestion mixture, as well as reduced bioavailability of short pep-
tides (2-9 kDa) in the gastric phase.

The focus of this study was on monodispersed PS MPs of a well-
defined size, but MPs found in food are mixed, variable, and poly-
dispersed. Nevertheless, this work presents valuable insights regarding
the interaction of PS MPs, food proteins, and pepsin, and their dynamics
during gastric digestion which provides new knowledge and under-
standing on the potential risks of MPs to human health.
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