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Microplastics are prevalent in the environment and have a strong affinity to
pollutants owing to their large specific surface area and hydrophobicity. Once
ingested, microplastics transport pollutants into organisms. This study
investigated bisphenol A (BPA) desorption behavior from three microplastic
materials, namely, polystyrene (PS), polypropylene (PP), and polyamide (PA),
under simulated biological gastrointestinal conditions. The results showed that
BPA can rapidly desorb from microplastic carriers under simulated
gastrointestinal conditions, with different BPA desorption percentages in the
order of PP > PS > PA. This was related to the amorphous structure and functional
groups of the polymers. The BPA desorption behavior of microplastics in gastric
juices was not significantly affected by pH; however, within the pH range of
intestinal juices, the BPA desorption percentage increased significantly as the pH
increased. The increase in Na® concentration in the gastrointestinal tract
exhibited a certain inhibitory effect on BPA desorption from microplastics
owing to the salting-out effect. The temperature of digestive juices positively
affected BPA desorption, suggesting that endothermic organisms are more
susceptible to it. Our findings help elucidate the potential health risks of
exposure to microplastics and their sorbed pollutants in the environment.

KEYWORDS

microplastic, bisphenol A, desorption, gastrointestinal tract, bioaccessibility,
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1 Introduction

Plastic products are widely used in human life owing to their versatility. However,
because of their strong stability, discarded plastics can remain in the environment for a
long time. These plastics are gradually decomposed into smaller fragments through a series
of physicochemical and biological processes (Habib et al., 2020). Plastic particles smaller
than 5 mm are called microplastics, and their widespread prevalence in the environment
enables their accidental ingestion by various organisms (Desforges et al., 2015).
Microplastics have been found in a variety of animals, including those consumed by
humans (Windsor et al, 2019; Zheng et al, 2019). Owing to their persistence in the
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environment, microplastics inevitably encounter a series of other
pollutants, which can have a strong affinity for microplastic surfaces
owing to their large specific surface area and strong hydrophobicity
(Wang et al, 2020). Furthermore, during the manufacture of
plastics, organic additives are often used to modify the properties
of polymers (Cheng et al., 2020), and the resulting microplastics can
function as a pollutant source in the environment.

Bisphenol A (BPA) is an endocrine disruptor widely present in the
environment and is an essential additive in plastic production (Corrales
et al,, 2015). BPA can damage biomes by disrupting the endocrine
system of organisms (Simonelli et al.,, 2017). The BPA concentrations
associated with the presence of microplastics in the environment
usually range from ng-g”' to mgg™', and the concentration of BPA
in edible fish is higher than that of other bisphenols (e.g., BPB, BPF,
and BPS) (Vandenberg et al,, 2019; Barboza et al., 2020). When BPA-
containing microplastics are ingested by fish, BPA is likely to be
desorbed in the fish digestive tract. Furthermore, some microplastics
can translocate from the gut into the circulatory system (Browne et al,,
2008), thereby increasing the distribution of these contaminants in
different tissues and posing health risks to organisms.

This study aimed to explore the desorption behavior of BPA-
contaminated microplastics under different conditions of the
digestive system, which have not been investigated in detail in
previous studies. We hypothesized that the desorption of BPA from
microplastics would be enhanced under the gastrointestinal
conditions of organisms compared to that under freshwater
conditions. To verify this hypothesis, three common microplastics
were selected to adsorb BPA to saturation, and they were exposed to
fresh water. Then, in vitro digestion models under different
conditions were used to evaluate their desorption properties.

2 Materials and methods
2.1 Raw materials

We selected polystyrene (PS), polypropylene (PP), and polyamide
(PA) microplastics for this study. These three types of microplastics are
widely detected in water worldwide (Jiang et al., 2019). Considering the
biological eftects of microplastic particle size (the smaller the particle
size, the more likely it is to be inadvertently ingested) (Zu et al., 2023),
we chose 50 um-sized (average particle size) microplastics. PS, PP, and
PA microplastics (50 pm) were purchased from Dongguan Shunjie
Plastic Technology Co., Ltd., and BPA was sourced from Beijing
Bailingwei Technology Co., Ltd. Sodium taurocholate, bovine serum
albumin, and pepsin were purchased from Hefei Qiansheng
Biotechnology, Co. Ltd.; sodium chloride was purchased from
Tianjin Zhiyuan Chemical Reagent Co., Ltd; and acetonitrile and
methanol were purchased from Sichuan Xilong Chemical Co., Ltd.

2.2 Preparation of microplastics and
digestive juice

The simulated digestive juice was configured according to the
relevant components found in the digestive system of aquatic
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organisms (Wagstaff and Petrie, 2022). The gastric juice was
composed of pepsin and NaCl at concentrations of 3.2 gL' and
100 mmol-L ™", respectively, and the pH was adjusted to 2.0 using
HCI to simulate an acidic gastric environment. The intestinal fluid
was composed of bovine serum albumin, sodium taurocholate, and
NaCl at concentrations of 5 g-L"!, 10 mmol-L™}, and 100 mmol-L",
respectively. The pH was adjusted to 9.0 using NaOH to simulate
the weakly alkaline intestinal environment.

To explore the general pattern of BPA desorption by
microplastics in these digestive fluids, 1.0 g each of microplastics
(PS, PP, and PA) were placed in BPA solutions at concentrations of
0.01, 0.05, 0.10, 0.50, and 1.00 mg-L_1 before the experiment. The
solution was shaken at 25 + 1°C and 200 rpm for 96 h. Preliminary
experiment (kinetic adsorption) results showed that 96 h was
sufficient to achieve equilibrium adsorption of BPA on PP, PS
and PA microplastics.

Liquid chromatography-mass spectrometry (ACQUITY, TQD,
Waters Corp, USA) was used to measure the BPA content in the
liquid phase, and the adsorbed amount was calculated based on the
difference in concentration before and after adsorption. At different
initial concentrations of BPA (0.01, 0.05, 0.10, 0.50, and 1.00
mg-L™"), the BPA adsorption capacity of PP was 0.006, 0.018,
0.043, 0.067, and 0.103 mg~g71; that of PS was 0.009, 0.024, 0.053,
0.083, and 0.111 mg-g_l; and that of PA was 0.014, 0.036, 0.063,
0.092, and 0.131 mg-g ", respectively.

2.3 Batch experiments

1) Desorption kinetics: A total of 100 mg of PS, PP, and PA
microplastics (at an adsorption equilibrium of 1.00 mg-L™"
BPA) were placed in 30 mL of ultrapure water (18°C),
gastric juice (18°C and 37°C), and intestinal fluid (18°C and
37°C). The different temperatures represent the different
gastrointestinal environments of ectothermic and
endothermic organisms. The samples were shaken at 100
rpm for 72 h. Samples were drawn at 0.5, 1, 3,5, 7, 9, 12, 24,
36, 48, 60, and 72 h, and their BPA concentrations were
assessed after filtration and separation.

2) Desorption thermodynamics: A total of 100 mg of PS, PP,
and PA microplastics (at an adsorption equilibrium of
0.01-1.00 mg-L™' BPA) was used for the desorption
thermodynamic experiments. The desorption duration
was 72 h, and the remaining steps and parameters were
similar to those in the desorption kinetics experiment.

3) The effects of different environmental factors in the
simulated gastrointestinal tract were investigated. A total
of 100 mg of PS microplastics (at an adsorption equilibrium
of 1.00 mg-L™' BPA) were subjected to desorption
experiments in gastric and intestinal juices under different
conditions, with a desorption duration of 72 h. Control
conditions included pH (2, 4, 6, 8, and 10), Na*
concentration (10, 50, 100, and 1000 mmol-L™), and
temperature (18, 24, 30, and 37°C). The remaining steps
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and parameters were similar to those in the desorption
kinetics experiment.

The desorption experiment was performed three times, and
blank groups were prepared to eliminate any error caused by
adsorption to the container surface. Considering the limited
amount of digestive fluid in the digestive tract of real organisms,
the concentration of microplastics in the digestive fluid after the
microplastics are ingested by organisms is likely to be quite high.
Therefore, a high concentration of microplastics was set in the
experiment (much higher than that of microplastics in the real
environment), which was also similar to the concentration of
microplastics used in previous studies (Coffin et al., 2019b).
Before conducting the batch experiments, controlled experiments
were conducted, and they confirmed that BPA was not detected in
the microplastic-only system.

The desorption kinetics of BPA from microplastics can be
described by a first-order kinetic model, as follows (Johnson
et al., 2001):

% = Ffast exp ( - kfastt) + Fslow exp ( - kslowt) (1)
0

where g, is the BPA load in microplastics at time ¢, mg-g™'; qq is the
initial load of BPA in the microplastics, mg-g™"; kg and kqq, are
the fast and slow desorption rates, respectively, h™!; and Fp,and
Fyow are the BPA fractions in the fast and slow adsorption stages,
respectively, for which Fp + Fgow = 1.

The desorption thermodynamics of BPA from microplastics
can be described by the Langmuir (Ju et al,, 2021) and Freundlich
(Chen and Zhang, 2014) models, as follows:

quLCe
= 2
% 1+K.C, @
9e = KeCY" 3)

where ¢, is the BPA concentration in the solid phase at equilibrium,
mg-g~'; g is the saturated load of BPA in the solid phase, mg-g™";
C. is the equilibrium concentration of the solute, mg-L™'; K and K
are Langmuir and Freundlich constants, respectively; and # is the
surface heterogeneity constant.

The degree of reversibility of the reaction was assessed using the
hysteresis index (HI) (Berhane et al.,, 2016):

d_ s
H :‘ZeqS‘Ze e 4)

€

where g¢ and g denote the concentration of the adsorbate on the
adsorbent during the desorption and adsorption process,
respectively; and T and C, denote the temperature and
equilibrium concentration in the liquid phase, respectively.

2.4 Statistical analysis

SPSS (version 21, IBM, USA) was used for data analysis. The
difference between two groups of data was analyzed using f-tests.
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One-way analysis of variance (ANOVA) and post-hoc Tukey
multiple comparisons were used to determine the significance of
differences between the experimental groups. Pearson coefficient
was used for the correlation analysis. The average of three
independent experiments was used as the result of each
experiment, and values are presented as mean + standard deviation.

3 Results and discussion
3.1 Desorption kinetics in different matrices

The desorption kinetics of BPA from PP, PS, and PA in water and
the gastric and intestinal juices of ectothermic and endothermic
organisms were investigated. BPA was rapidly desorbed from the
three microplastics, and the desorbed amount exceeded 80% of
equilibrium desorption within 12 h (Figure 1). Subsequently, the
increase in BPA concentration in the desorption solution decelerated
until it reached equilibrium. Most exposed microplastics have a
limited residence time (from hours to days) in the gastrointestinal
tract of animals, thus the rapid desorption of BPA from microplastic
carriers is of great significance. Liu et al. (2020) reported that
atorvastatin (ATV) and amlodipine (AML) can be rapidly desorbed
from PS microplastics. Bakir et al. (2014) demonstrated that PVC and
PE sorbed with dichlorodiphenyltrichloroethane, phenanthrene, and
perfluorooctanoic acid can reach desorption equilibrium within a
short time. These results suggest that upon ingestion, these
contaminants can be rapidly transferred from the microplastic to
the digestive juices and can subsequently enter the circulatory system
through the intestinal walls.

A first-order kinetic model was used to fit the BPA desorption
from microplastics data (Table 1). The desorption fractions (Fp,g) of
PP, PS, and PA microplastics in the fast desorption stage were
higher in the digestive juices of endothermic organisms than in
those of ectothermic organisms. This phenomenon indicates that
endothermic animals are more susceptible to BPA-carrying
microplastics, which is likely related to the enhanced desorption
of BPA from microplastics in warmer environments. For the same
species (ectothermic or endothermic organisms), the BPA released
in intestinal juices was substantially higher than that in gastric juice,
and the release in gastric juice was lower than that in water
(Figure 1). The desorption fraction in the fast desorption stage
showed the following trend: intestinal juice > water > gastric juice.

The fast desorption rate constant (k) indicates that BPA can
be rapidly desorbed from microplastics in a short period in
intestinal juices. The ratio between the fast desorption rate
constants of gastric juice and water was 0.05-0.82, whereas that
between intestinal juice and water was 1.12-3.08. These differences
can be attributed to the different components of the digestive juices
(Liu et al., 2020). In addition, different pH conditions in gastric and
intestinal juices may cause BPA to exist in the matrix in different
forms (Bis(OH),, Bis(OH)O™, and BisO,>), thereby leading to
differences in BPA desorption rates in different environments
(Han et al., 2012). This is further discussed in Section 3.3.

In general, different types of polymers have different adsorption
capacities for BPA; in other words, the amount of BPA that can be
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FIGURE 1

Bisphenol A (BPA) concentrations in matrices containing polystyrene
(PS), polypropylene (PP), and polyamide (PA) microplastics: (A) water,
(B) gastric juice, and (C) intestinal juice. C and W represent the
simulated digestive juices of ectothermic (18°C) and endothermic
organisms (37°C), respectively

loaded onto different microplastics varies (Li et al,, 2021). The
differences in the amount of BPA carried and BPA concentrations
in solid and aqueous phases can lead to differences in the desorption
amount of different microplastics. Therefore, the desorption
percentage, rather than desorption capacity, was used to further
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evaluate the desorption of BPA from different microplastics in the
digestive juices.

As shown in Figure 2, within the investigated concentration
range, the desorption percentages of the three microplastics to BPA
in different matrices were substantially different. The desorption
percentage of BPA from PP ranged from 13.6-79.1%, whereas that
of PS and PA ranged from 6.4-46.5% and 5.1-34.6%, respectively.
Evidently, regardless of water, gastric juice, or intestinal juice, the
desorption percentage of BPA from the rubbery PP polymer was
substantially higher than that of from glassy PS and PA polymers.
This might be related to the greater fluidity and free volume of
molecular chains in rubbery polymers. Rubbery domains are
flexible and highly accessible for hydrophobic organic pollutants,
which might accelerate the movement of the latter (Guo et al,
2012). By contrast, the strong cohesion and cross-linking of glassy
polymers may hinder the diffusion of pollutants in non-crystalline
regions (Fu et al,, 2021).

Among the three microplastics, PA presented the weakest BPA
desorption, which was attributed to the irreversible adsorption of
BPA on PA resulting from hydrogen bonds. The amide bond (-CO-
NH-) in the PA molecular chain can be used as a hydrogen bond
acceptor, while the hydroxyl group (-OH) in BPA can be used as a
hydrogen bond donor, which results in the interaction of BPA and
PA via hydrogen bonding (Liu et al., 2019b). The strong hydrogen
bond energy (2-40 KJ/mol) contributes to more stable binding sites,
hindering BPA desorption from microplastics.

Compared with water, gastric juices significantly inhibited BPA
desorption from microplastics, whereas the intestinal juices of
endothermic animals significantly promoted BPA desorption,
which is consistent with the previous conclusions obtained by
fitting the first-order kinetic model. These results suggest that
when BPA-contaminated microplastics are ingested by organisms,
BPA can be released in large quantities from certain polymers into
the organism’s gut and that endothermic animals are more
susceptible to such forms of complex pollution.

3.2 Desorption thermodynamics in
different matrices

Figure 3 shows the desorption isotherms of BPA in water, gastric,
and intestinal juices using the Langmuir and Freundlich models to
describe the relationship between the BPA concentration in the solid
phase (g.) and in solution upon desorption equilibrium (C,) (Table 2)
(Wu et al, 2020). Among the five matrices, the correlation coefficient
(r*) obtained by fitting the Freundlich model ranged from 0.941-0.996,
which was higher than the values of the Langmuir model (0.883-
0.977). The better fitting effect of the Freundlich model indicate that
multilayer desorption was crucial for BPA desorption from PP, PS, and
PA microplastics (Putra et al., 2009). The surface heterogeneity
constant n obtained by fitting the Freundlich model reflects the
desorption trends, and the 1/n values obtained by fitting the BPA
desorption in the five matrices were all less than 1, indicating that the
desorption process was nonlinear and that the desorbed amount
increased as the initial BPA adsorption on each microplastic
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TABLE 1 Results of fitting first-order kinetic model for bisphenol A (BPA) desorption from microplastics in water and simulated gastric and intestinal

juices.

Solution Kejow (1073)
‘Water 0.395 + 0.107 0.174 + 0.042 0.589 + 0.005 0.411 + 0.005
Gastric-C* 0.124 + 0.033 0.076 + 0.021 0.541 + 0.007 0.459 + 0.007

PP Intestinal-C 0.647 + 0.124 0.512 + 0.109 0.632 + 0.003 0.368 + 0.003
Gastric-W?* 0.287 + 0.068 0.105 + 0.017 0.557 + 0.012 0.443 + 0.012
Intestinal-W 1.217 + 0.042 0.873 £ 0.214 0.664 + 0.003 0.336 + 0.003
‘Water 0.323 + 0.095 0.132 + 0.031 0.572 + 0.005 0.428 + 0.005
Gastric-C 0.026 + 0.006 0.042 + 0.003 0.511 + 0.006 0.489 + 0.006

PS Intestinal-C 0.495 + 0.113 0.327 + 0.076 0.596 + 0.002 0.404 + 0.002
Gastric-W 0.264 + 0.063 0.083 + 0.009 0.549 + 0.011 0.451 + 0.011
Intestinal-W 0.693 + 0.201 0.664 + 0.013 0.656 + 0.007 0.344 + 0.007
‘Water 0.291 + 0.092 0.123 £ 0.011 0.561 + 0.002 0.439 + 0.002
Gastric-C 0.014 + 0.004 0.017 + 0.007 0.481 + 0.004 0.519 + 0.004

PA Intestinal-C 0.326 + 0.081 0.153 + 0.052 0.577 + 0.005 0.423 + 0.005
Gastric-W 0.113 + 0.023 0.051 + 0.006 0.532 + 0.003 0.468 + 0.003
Intestinal-W 0.501 + 0.137 0.411 + 0.071 0.613 + 0.006 0.387 + 0.006

*C and W represent the simulated digestive juices of ectothermic (18°C) and endothermic organisms (37°C), respectively. PP, polypropylene; PS, polystyrene; and PA, polyamide.

increased (Wu et al,, 2020). In addition, the Freundlich adsorption
constant K is related to the spontaneity of the reaction. In water and
gastric juices, the Ky values of each microplastic were higher than those
in intestinal juices, suggesting that the degree of BPA desorption from
microplastics in water and gastric juices was low.

Based on the desorption thermodynamic data, the desorption
hysteresis coefficient HI of BPA from microplastics in different
matrices was calculated (Table 2). BPA desorption from

100 - ‘
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& 8077 Condition-W !
< 1 i
[5) | i
) i i
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: e o -
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FIGURE 2
Bisphenol A (BPA) desorption percentage from three microplastic
materials (polypropylene [PP], polystyrene [PS], and polyamide [PA])
in different matrices. C and W represent the simulated digestive
juices of ectothermic (18°C) and endothermic organisms (37°C),
respectively. (*significant difference compared with water;
**extremely significant difference).
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microplastics in all five matrices experienced hysteresis at varying
degrees depending on the type of matrix and microplastic. For the same
polymer, the BPA desorption hysteresis was the largest in gastric juices
and the smallest in intestinal juices. However, for the same matrix, the
degree of desorption hysteresis was in this order: PA > PS > PP.

The main causes of desorption hysteresis are generally the loss of
adsorbate (caused by degradation, volatilization, or improper
operation), irreversible binding of adsorbate at specific adsorption
sites, and capture of adsorbate by the internal structure of the
adsorbent (Monson, 2012). Because the results exhibited strong
regularity, the loss of adsorbate is unlikely the dominant reason for
desorption hysteresis. Compared to rubbery plastics (i.e., PP),
hydrophobic organic pollutants diffuse more easily into the interior
of glassy plastics (PS and PP), which may be detrimental to their
desorption (Wu et al,, 2020). In addition, the benzene rings in PS can
form m-m conjugation with benzene compounds (BPA), thereby
enhancing the adsorption between the two and increasing its
irreversibility (Shen et al., 2018). Similarly, hydrogen bonds
strengthen the binding interactions between PA and BPA, which
increases hysteresis during desorption (Zhou et al,, 2014). However,
the reason for the different BPA desorption hysteresis in different
matrices might be related to other environmental factors, which are
further discussed in Section 3.3.

3.3 Influence of gastrointestinal
environmental factors on desorption

As mentioned in the previous section, the amount of BPA
desorbed by the same type of microplastics exhibited vast
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Desorption isotherms of bisphenol A (BPA) from three microplastic materials (polypropylene [PP], polystyrene [PS], and polyamide [PA]) in water,
gastric juices, and intestinal juices. C and W represent the simulated digestive juices of ectothermic (18°C) and endothermic organisms (37°C),

respectively.

differences in digestion matrices. On the one hand, this may be
related to the presence of different components in the digestive
juices, including pepsin, sodium taurocholate, and bovine serum
albumin (Liu et al, 2020). On the other hand, it might also be
related to the different gastrointestinal environments (Han et al,
2012). In fact, significant differences in the amount of microplastic-
mediated contamination in the gastrointestinal tract of different
organisms in the same exposed environment have been reported
(Coffin et al.,, 2019a). Although these differences cannot be directly
attributed to the different environmental conditions of the
gastrointestinal tract, they are undeniably affected by the
environmental factors of the gastrointestinal tract.

As shown in Figure 4, there was a large difference between the
BPA desorption percentage in gastric and intestinal juices as the pH
increased. Within the pH range of gastric juices, BPA desorption
was not significantly affected by pH (p > 0.05). However, within the
pH range of intestinal juices, the BPA desorption percentage
increased significantly as the pH increased. Although BPA is a
neutral molecule with a dissociation constant (pK,) of 9.56, its two
polar hydroxyl groups allow it to exist as three different forms in
different pH solutions (Han et al., 2012). When the pH of the
digestive juices is relatively low, BPA mainly exists as an uncharged
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molecule; however, it gradually dissociates into monovalent and
divalent anions (Bis(OH)O™ and BisO,>") as the pH increases. As
the surfaces of PS microplastics are negatively charged under weakly
acidic or alkaline conditions, the electrical repulsion between
bisphenol anions and the negatively charged surfaces of PS
microplastics may be the main reason for the increased
desorption percentage of BPA in intestinal juices.

In addition, the BPA deprotonation in alkaline solution
enhances BPA solubility (Gong et al.,, 2009), which can alter the
partitioning of BPA between solid and aqueous phases, thereby
enhancing BPA desorption from microplastics. The pH of digestive
juices can significantly affect the desorption of fluoxetine,
propranolol, atorvastatin, ketamine, and carbamazepine sorbed
onto microplastics in the gastrointestinal tract (McDougall et al.,
2022). Wu et al. (2022) explored the desorption potential of 17(3-
estradiol and 170-ethinylestradiol on microplastics and similarly
reported that pH changes can modify the distribution of substances
in both solid and aqueous phases by altering their hydrophobic and
electrostatic interactions. These findings suggest that the pH
conditions of the gastrointestinal tract of organisms can
significantly affect the desorption behavior of pollutants from
microplastics. For microplastics sorbed with BPA, although BPA
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TABLE 2 Results of fitting Langmuir and Freundlich models for bisphenol A (BPA) desorption from microplastics in water and simulated gastric and

intestinal juices.

Langmuir Model

K

Freundlich Model

Kr

(Lmg™) (mg~ "L Vng) 1/n
Water PP 0.081+-0.021 19.672+ 12.844 0.977 0.101+ 0,019 0.216+ 0.096 0.996 0.41-0.79
PS 0.106 0.035 1441 1213 0.942 0.451+ 0.066 0.778+ 0366 0.957 0.63-1.12
PA 0.233+ 0.092 2461+ 1.549 0.962 0.342 0.265 0.351+ 0.318 0.984 1.33-1.80
Gastric-C* PP 0.115+ 0.062 32,289+ 6.707 0.941 0.053 0,011 0.307+ 0.167 0.961 0.98-1.52
PS 0.098+ 0.014 32337+ 11.625 0.961 0.133+ 0,039 0.004+ 0.002 0.980 1.43-1.81
PA 0.203+ 0,022 10.633+ 6.539 0.931 0.193+ 0.041 0.022+ 0.019 0.986 2.39-3.11
Gastric-W* PP 0.096:+ 0.022 54162+ 12.783 0.920 0.386:+ 0.432 0.585+ 0.251 0.987 0.64-1.13
PS 0.079+ 0.011 95.157+ 12.486 0.965 0.165+ 0.035 0.014+ 0,011 0.995 0.59-1.12
PA 0.145+ 0.017 39.817+ 9.823 0.961 0.343+ 0.042 0.196+ 0.028 0.983 1.90-2.53
Intestinal-C PP 0.068+ 0.074 5.118+ 1.745 0.883 0.067+ 0.037 0.196+ 0.128 0.941 0.10-035
PS 0.080+ 0011 81571+ 12.860 0.973 0.089+ 0.016 0.057+ 0.015 0.970 0.53-0.96
PA 0.118+ 0021 59.759+ 33.469 0.937 0.118+ 0.096 0.517+ 0319 0.977 0.67-154
Intestinal-W PP 0.041+ 0.006 10.632+ 1773 0.952 0.043+ 0.008 0.038+ 0.005 0.966 0.02-0.17
PS 0.067+ 0.010 91.653+ 13.891 0.967 0.071+ 0.009 0.031% 0.016 0.979 0.29-0.63
PA 0.084+ 0.008 67.110+ 24.348 0.940 0.063+ 0.046 0.311+ 0.052 0.961 0.61-1.32

“Cand W represent the simulated digestive juices of ectothermic (18°C) and endothermic organisms (37°C), respectively. PP, polypropylene; PS, polystyrene; PA, polyamide; g, saturated load of

BPA in the solid phase; K;, Langmuir constant; Kg, Freundlich constant; HI, hysteresis index.

is not desorbed in large quantities in the stomach, organisms with a
higher pH in the intestinal environment may be more susceptible to
desorption. Furthermore, because the pH of the gastrointestinal
tracts of organisms varies between fasting and eating, BPA
biotoxicity mediated by microplastics may differ substantially
before and after eating.

The desorption percentages of BPA from microplastics in
gastric and intestinal juices with different ion concentrations
(Na™) are shown in Figure 5. In the concentration range of 10-
1000 mmol-L ™", the salt ions significantly inhibited BPA desorption
from the microplastics. On the one hand, high concentrations of salt
ions can induce the salting-out of organic compounds (Liu et al.,
2019a). The hydrophobic surfaces of microplastics provide a good
attachment point for BPA, thus weakening their distribution in the
liquid phase. On the other hand, the biophysical properties of
proteins in digestive juices may change under the stress of high
ionic concentrations, thus affecting the hydrophobic binding sites
on the surface of the microplastics. This then disrupts the BPA
equilibrium in the solid and aqueous phases, subsequently
hindering its further desorption (Mahapatra and Roy, 2019).

In addition, homogeneous aggregation of microplastics plays an
important role in highly concentrated salt solutions (Lu et al., 2018).
Aggregates with denser structures can further hinder BPA
desorption from their surfaces. As mentioned above, electrical
repulsion is the main reason for the higher desorption percentage
of BPA in intestinal juices. Upon addition of ions, the ionic diffusion
and electrostatic attraction between oppositely charged ions lead to
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the adsorption of Na™ onto the surface of microplastics, which
neutralizes part of the negative charge on the microplastic surface
(Alimi et al., 2018). This then weakens the electrical repulsion
between microplastics and Bis(OH)O™ or BisO,%", thereby
decreasing the desorption percentage.

The BPA desorption percentage in digestive juices at different
temperatures (18, 24, 30, and 37°C) is shown in Figure 6. The
increase in temperature significantly enhanced the desorption of
BPA in the gastric and intestinal juices from 7.0 + 0.8% and 30.1 +
1.7% to 20.3 + 1.7% and 41.9 + 2.6%, respectively. Temperature
changes can alter the van der Waals forces between molecules,
surface tension between substances, and solubility of organic
pollutants, which may affect the interaction between organic
pollutants and microplastics (Alsarraf et al., 2021). As the
temperature increases, the mobility and solubility of the
molecules also increase, which, to some extent, facilitates BPA
desorption from microplastics (Zhan et al., 2016). In addition,
under certain temperature conditions, chemical bonds may be
broken, and the surface tension of microplastic particles may be
reduced, thereby adversely affecting the binding between
microplastics and organic compounds, which shifts the
equilibrium towards desorption (Chen et al., 2019). Although Liu
et al. (2020) observed that excessive temperature inhibited the
desorption of ATV and AML in digestive juices to a certain
extent, the significant positive correlation between the fast
desorption percentage constant Kg, and temperature confirmed
the positive effect of temperature on desorption. In summary, in the
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FIGURE 4

Bisphenol A (BPA) forms and the desorption percentage of BPA in
simulated gastric and intestinal juices at different pH values.
Significant differences between desorption rates at different pH
values in each digestive juice are denoted using letters.

gastrointestinal temperature range, an increase in temperature
significantly improved BPA desorption from microplastics.
Therefore, we speculate that the risk of ingesting BPA-
contaminated microplastics is greater for organisms with higher
body temperatures than in those with lower body temperatures.
Because ectothermic organisms have no mechanism to regulate
body temperature, the risk of pollutant release caused by changes in
body temperature when the ambient temperature rises cannot thus
be ignored.
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FIGURE 5

Desorption percentage of bisphenol A (BPA) in simulated gastric and
intestinal juices at different ionic (Na*) concentrations. Significant
differences between desorption rates at different ionic
concentrations in each digestive juice are denoted using letters.
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Desorption percentage of bisphenol A (BPA) in simulated gastric and
intestinal juices at different temperatures. Significant differences
between desorption rates at different temperatures in each digestive
juice are denoted using letters.

4 Conclusions

Our results showed that BPA was rapidly desorbed from
microplastic carriers under simulated gastrointestinal conditions
and that multilayer desorption was crucial for the desorption
process. The desorption of BPA from different polymers can vary
because of the different crystalline structures and functional groups
associated with the polymers. Under specific pH, ion concentration,
or temperature conditions, the desorption of BPA from
microplastics in the simulated digestive tract of organisms was
enhanced. The main interactions that influence desorption are
electrostatic interaction, hydrophobic interaction, and van der
Waals forces. Microplastics exhibited desorption hysteresis in the
simulated gastrointestinal environment, and the degree of BPA
desorption from microplastics was substantially higher in the
intestinal environment than in the gastric environment. In
addition, microplastics are desorbed at a higher percentage in the
gastrointestinal environment of endothermic organisms than in
that of ectothermic organisms. These results suggest that when
BPA-contaminated microplastics are ingested by organisms, the
specific gastrointestinal environment can increase the
bioaccessibility of these pollutants, leading to health hazards. In
addition, to explore the general pattern of BPA desorption from
microplastics in digestive fluids, the initial saturation of the
microplastics must be carried out in a higher concentration of
BPA solution. However, it is more likely that microplastics would be
exposed to a lower level of BPA in real environments where both
contaminants co-occur. In this case, the mass of adsorbed BPA at
equilibrium would likely be much lower. Therefore, additional
studies that better simulate real environmental conditions are
needed to further assess the impact of microplastic intake on the
health of organisms.
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