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ARTICLE INFO ABSTRACT

Editor: Richard Handy Microplastics (MPs) can enrich pollutants after being released into the environment, and the contaminants-
loaded MPs are usually ingested by organisms, resulting in a potential dual biotoxic effect. In this paper, the
adsorption behavior of Sulfamethoxazole (SMX) on Polyamide 6 (PA6) MPs was systematically investigated and
simulated by the kinetic and isotherm models. The effect of environmental conditions (pH, salinity) on the
adsorption process was studied, and the desorption behavior of SMX-loaded PA6 MPs was focused on simulating
the seawater, ultrapure water, gastric and intestinal fluids. We found that lower pH and solubilization of SMX by
gastrointestinal components (bovine serum albumin (BSA), sodium taurocholate (NaT), and pepsin) can reduce
the electrostatic interaction between the surface charge of PA6 MPs and SMX. The result will lead to an increase
in the desorption capacity of SMX-loaded PA6 MPs in gastrointestinal fluids and therefore will provide a
reasonable mechanism for the desorption of SMX-loaded PA6 MPs in the gastrointestinal fluids. This study will
provide a theoretical reference for studying the desorption behavior of SMX-loaded PA6 MPs under gastroin-
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testinal conditions.

1. Introduction

When plastic wastes are inevitably introduced into the environment,
longtime exposure usually leads to changes in their mechanical and
physicochemical properties (Thompson et al., 2004). The changes in
properties can result in the formation of plastic fragments, which are
called microplastics (MPs) when they are < 5 mm in size (Cole et al.,
2011). In recent years, MPs pollution has been found in a variety of
environments around the world, and it is considered to be a potential
threat to the ecosystem and human health (Bradney et al., 2019; Stoll-
berg et al., 2021). In an aqueous environment, low-density MPs exhibit a
stronger tendency to enter the ocean via rivers and lakes than
high-density plastic debris (Wang et al., 2016b). Polyamide (PA),
commonly known as nylon, is a widely used plastic as woven fiber, of
which polyamide 6 (PA6) is the most common component. Owing to its
excellent mechanical, electrical, and wear resistance properties, PA has
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also been widely used as an engineering plastic. PA6 MPs are a relatively
low-density plastic (p = 1-1.15 g/cm®) and widely found in the natural
environment around the world, such as rivers (Kataoka et al., 2019),
oceans (Andrady, 2011), sediments (Wang et al., 2019), beaches (Lo
et al., 2018) and even in living organisms (Cole et al., 2019). Therefore,
PA6 MPs have a great possibility to migrate into the natural
environment.

As an emerging contaminant, Sulfamethoxazole (SMX) is also widely
present in the water environment (Thai et al., 2018). SMX in the water
environment not only affects the growth and development of organisms
but also induces the production of resistant bacteria or resistance genes
(Wang et al., 2016a). It has been shown that MPs can transport the
antibiotics into the organism through desorption when the aquatic or-
ganisms ingest MPs with surface-loaded contaminants accidentally,
thereby adversely affecting the organisms. Unlike the aqueous envi-
ronment, the complex biological conditions in the organism may
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enhance the potential effects of the MPs. Guo et al. (2019b) studied the
adsorption behavior of PP, PET, PS, PVC, PE and PA6 MPs for SMX
and found that PA6 MPs have a strong sorption capacity for SMX (Guo
et al., 2019b). So further studies on the desorption mechanisms of SMX
from PA6 MPs are necessary to complement the environmental risk
assessment of MPs in gastrointestinal fluids.

Recent research has mainly focused on the potentially toxic effects of
MPs on the aquatic ecosystem worldwide. Since MPs can absorb and
accumulate pollutants in the surrounding water, a wide range of pol-
lutants are co-present with MPs by being absorbed on their surfaces.
Bakir et al. (2014) showed that intestinal surfactants facilitated the
desorption rate of pollutants that absorbed on plastics, and the stomachs
of organisms were also the site for the desorption of pollutants from MPs
(Bakir et al., 2014). Previous studies have reported that simulated bio-
logical digestion fluid (simulated gastric fluid and intestinal fluid) can
promote the desorption of antibiotic from MPs (Xu et al., 2018; Fan
etal., 2021; Fan et al., 2023). Hence, it is necessary to further investigate
the adsorption and desorption relationships between PA6 MPs and SMX.
The desorption behavior of MPs with surface-loaded contaminants in the
gastrointestinal fluids is controlled by integrated factors of plastic
properties (crystallinity, pore, volume, and hydrophobicity), gastroin-
testinal fluid properties (digestive enzyme type, digestive fluid, fraction,
and pH) and the contaminants. Unfortunately, the exact mechanism is
still unclear, therefore the mechanism of contaminant transfer from PA6
MPs to the gastrointestinal fluids needs to be investigated (Liao and
Yang, 2020; Liu et al., 2020b).

Nowadays, the desorption mechanism of SMX from PA6 MPs in the
gastrointestinal fluids is still not clear. Therefore, this study intends to
provide some detailed information as follows: (1) To investigate the
adsorption behavior of PA6 MPs on SMX and further explore the effect of
solution pH and salinity on adsorption; (2) The desorption behavior of
SMX from PA6 MPs in ultrapure water, seawater, simulated intestinal
and gastric fluid conditions have been identified; (3) To explore the
effect of desorption under different gastrointestinal conditions (pH,
temperature, and salinity); (4) The desorption mechanisms of SMX-
loaded PA6 MPs under different conditions were proposed.

2. Experiment
2.1. Materials

Sulfamethoxazole (SMX) (> 98%) was purchased from Aladdin In-
dustrial Corporation (Shanghai, China). SMX was dissolved in acetoni-
trile for the preparation of a 10 g/L stock solution. Then the stock
solution was kept in the dark at 4 °C. PA6 MPs (the mean size of 150 pm)
were purchased from Tesulang Chemical Company (Guangdong, China).
Pepsin (molecular weight of 35 kDa), bovine serum albumin (BSA, >
98%, molecular weight of 66 kDa), and sodium taurocholate (NaT, >
97%) were all purchased from Aladdin Industrial Corporation
(Shanghai, China). All chemicals were used analytical grade or higher
purity and solvents were HPLC grade. The properties of selected PA6
MPs were summarized in Table S1.

2.2. Sorption experiments

The sorption experiments were carried out according to batch
methods. All experiments were performed in triplicate, The control
group used the same method in the same solution of SMX but without
MPs.

For SMX sorption kinetic experiments, the initial concentration of
SMX was 6.0 mg/L. The final acetonitrile concentration used in exper-
iments was maintained at < 0.1% (v/v) to avoid co-solvent effects
during the experiment, and the low acetonitrile content does not affect
the overall experimental results. 200 mg PA6 MPs were added into 50
mL brown glass vials with threaded lids containing 40 mL of 6 mg/L
SMX, then the vials were shaken in the dark at 25 °C in a thermostatic
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shaker at 160 rpm. These concentration ranges were determined from a
preliminary experiment to guarantee 20%—80% uptake of the sorbates
at equilibrium. The adsorption capacity was assessed at time intervals of
0.15,0.5, 1, 2, 4, 8, 12, 24, and 48 h. The kinetics data showed sorption
equilibrium of SMX on PA6 MPs was achieved within 24 h, so 24 h was
adopted for subsequent adsorption tests. For the sorption isotherm
experiment, the SMX solutions with different concentrations (1, 2, 4, 6,
8, 10, 12 mg/L) were added into the brown glass vials, then the samples
were shaken at 160 rpm for 24 h to achieve equilibrium. To examine the
effect of pH and salinity, the pH was adjusted in the range of 3-9 with
0.1 mol/L HCl and NaOH; the salinity was adjusted to 5-35%o using
NaCl. The initial concentration of SMX solution was 6 mg/L, and all the
samples were shaken at 160 rpm for 24 h. All collected samples were
passed through 0.22 um filters to remove PA6 MPs.

2.3. Desorption in simulated gastric and intestinal conditions

To make the desorption amount easy to detect and to reduce the
experimental error, we set the concentration of SMX adsorbed by PA6
MPs to 20 mg/L. The SMX-loaded PA6 MPs were prepared by spiking 20
mg/L SMX solution into 50 mL brown glass vials containing 200 mg PA6
MPs. The mixture was shaken at 160 rpm for 24 h to reach sorption
equilibrium according to the adsorption kinetics experiment. After
sorption equilibrium, the MPs were collected via vacuum filtration,
washed three times with ultrapure water, and then airdried for 48 h. The
amount of SMX absorbed onto PA6 MPs was 1.2 mg/g.

The simulated gastric fluid was prepared by adding pepsin in 100
mmol/L of NaCl solution to a final concentration of 3.2 g/L. Simulated
intestinal fluid consisted of 5.0 g/L bovine serum albumin (BSA) and 10
mmol/L sodium taurocholate (NaT) in 100 mmol/L NaCl solution (Lee
et al., 2019; Mohamed Nor and Koelmans, 2019). The pH of gastric and
intestinal fluids was adjusted to 2.0 and 7.0, respectively to mimic the
acidic stomach and neutral gut environments. Simulated seawater (550
mmol/L NaCl and pH 7.0) was prepared for comparison (Coffin et al.,
2019). For desorption kinetic experiments, 40 mL of gastrointestinal
fluid was spiked into a vial containing 200 mg SMX-loaded PA6 MPs,
respectively. then incubated in a rotary shaker at 160 rpm for 72 h. The
temperature was kept at 18 °C and 37 °C to mimic the gastrointestinal
conditions of cold- and warm-blooded marine organisms, respectively
(Tanaka et al., 2015). At each sampling point, 1 mL solution was with-
drawn and passed through 0.22 um filters to remove MPs. The residual
amounts of SMX on MPs were calculated by mass balance.

Because various types of marine organisms have different gastroin-
testinal conditions and for the same organism, its gastrointestinal con-
dition may also be different from fasted- to fed-states (Bucking and
Wood, 2009), the desorption experiments were performed in various
digestion conditions including pH (2.0, 4.5 and 7.0 for gastric fluid, and
4.5, 7.0 and 9.5 for intestinal fluid) and ionic strength (10.0, 100.0 and
200.0 mmol/L of NaCl). Control sorption experiments with no SMX were
performed using the reactor system containing PA6 MPs to enhance the
experiment’s accuracy, and the desorption amount of SMX from PA6
MPs in gastrointestinal fluids was corrected according to control
experiments.

2.4. Sorption and solubility experiments

To clarify the desorption mechanisms of SMX from PA6 MPs in
gastrointestinal fluids, sorption experiments of PA6 MPs for SMX (1, 2,
4, 6, 8, 10, and 12 mg/L) were conducted under pH 2.0 and 7.0 of
background solutions (100.0 mmol/L NaCl) and gastric (3.2 g/L of
pepsin) and intestinal fluids (5.0 (g/L)/10 mM of BSA/NaT). The solu-
bility of SMX was tested under various concentrations of pepsin (0.0,
0.4, 0.8, 1.6, 3.2 and 5.0 g/L), BSA (0.0, 0.5, 1.0, 2.5, 5.0 and 7.5 g/L),
NaT (0.0, 1.0, 2.0, 5.0, 10.0 and 15.0 mmol/L) and BSA/NaT (0, 0.5/1.0,
1.0/2.0, 2.5/5.0, 5.0/10.0 and 7.5/15.0 (g/L)/mmol/L), and various
water pH (2.0, 4.5, 7.0, 9.5 and 11.5). In addition, the sorption
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experiments of pepsin (0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 g/L), BSA (0.5, 1.0,
2.0, 3.0, 4.0, and 5.0 g/L) and NaT (1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 g/L) on
PA6 MPs were conducted to probe the potential interaction between
MPs and gastrointestinal components, respectively.

2.5. PA6 MPs characterization

The zeta potential of PA6 MPs in the solid state was directly
measured by an Electrokinetic Analyzer (SurPass 3, Anton Paar, Austria)
coupled with the cylindrical cell, avoiding their uneven dispersion in
solution. The morphology and microstructure of PA6 MPs were char-
acterized by field-emission scanning electron microscopy (SEM, SU-
8010, Hitachi Ltd., Japan). The functional groups of sorbents were
observed utilizing a Nexus 670 Fourier transform infrared (FTIR) spec-
trometer (Nicolet Instrument Corporation, Madison, USA).

2.6. Analytical methods

The amount of SMX absorbed onto PA6 MPs was calculated by Eq.
1):

\%
O :;(C,;*Cz) €9)

where Q; (mg/g) is the uptake of SMX by MPs, m (g) is the mass of the
MPs, V (L) is the volume of SMX solution, C, (mg/L) and C,(mg/L) are
the initial and final SMX concentrations, respectively.

The pseudo-first-order model (PFOM) and pseudo-second-order
model (PSOM) were used to describe the sorption kinetics. The
pseudo-first-order model and pseudo-second-order model were applied
to explore the adsorption process in detail, which are expressed as fol-
lows by Egs. (2, 3):

Pseudo — first order model : Q, = Qe(l — e’k”) 2

Qezk2t

1+ Q. 2kt 3

Pseudo — second order model : Q, =

wherek; (h™Dand k- (g/(mg h)) is the adsorption rate constants for
different models; t (h) is adsorption time; The pseudo-first-order model
is based on the assumption that the physical diffusion process is the rate-
limiting step (Wang and Wang, 2018). In the pseudo-second-order
model, the adsorption rate is related to the square of the amount of
unoccupied adsorption sites on the adsorbent surface (Zhang et al.,
2019), which involves chemical interactions between adsorbents and
adsorbates such as electron sharing and electron transfer (Liu, 2018;
Zhang et al., 2019).

The adsorption isotherms curves were fitted with the most
commonly used isotherm equations (i.e., the Langmuir and Freundlich
models) as follows by Egs. (4, 5):

mK e
Langmuir model : Q, = 1Q+—KLLCLZ 4
Freundlich model : Q, = Krc,'" 5)

Qn(mg/g) is the maximum adsorption capacity of per gram of MPs.
C.(mg/L) represents the equilibrium concentration of SMX. K; (L/g)
and Kr (L/g) are the affinity constants of the Langmuir and Freundlich
models, respectively. n refers to the surface heterogeneity factor. The
Langmuir model demonstrates ideal monolayer adsorption on homo-
geneous adsorbent surfaces, where each adsorption site exerts the same
force on adsorbate molecules (Ma et al., 2019b). The Freundlich model
is an empirical formula based on the heterogeneity of adsorbent surfaces
(Wang and Wang, 2018).
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3. Results and discussion
3.1. Characterization of PA6 MPs

Fig. 1 shows the SEM micrographs of PA6 MPs. The surface of PA6
particles was relatively smooth, several micropores, wrinkles, and
cracks can be found on the surface of PA6 MPs. The properties of
selected PA6 MPs are listed in Table S1.

The zeta potentials of PA6 MPs in a series of pH conditions are
presented in Fig. S1, and the pKa values of SMX were 1.83 and 5.57 (Yi
et al.,, 2015). The isoelectric point of SMX is 4.06 according to the
calculation through ChemAxon. The different surface charges of PA6
MPs at various pH values may affect the sorption behaviors via elec-
trostatic effects.

3.2. The sorption kinetics and isotherms

The effect of time on the adsorption of SMX by PA6 MPs is shown in
Fig. 2. The adsorption process was fast in the beginning, then slowed
down, and finally reached dynamic equilibrium. The adsorption process
can be divided into 3 main stages: In the first 12 h, the reaction was a fast
adsorption process, and the adsorption followed by a slow adsorption
stage for the next 12 h. The dynamic adsorption equilibrium was
reached a dynamic equilibrium at 24 h with an adsorption capacity of
0.59 mg/g (Fig.2a). This result agrees with previous adsorption studies
of antibiotics to MPs in simple water mediums (Xu et al., 2018; Guo
et al., 2019b; Liu et al., 2020a). Guo et al. (2019) studied the adsorption
of SMX on six types of microplastics (polyamide (PA), polyethylene (PE),
polyethylene terephthalate (PET), polystyrene (PS), polyvinyl chloride
(PVC) and polypropylene (PP)) and revealed different equilibrium time
of antibiotics on microplastics is significantly influenced by the mass
transfer limiting steps, which include the external/internal mass trans-
fer, and the adsorption on active sites (Guo et al., 2019a; Kong et al.,
2021).

The rate-limiting steps of SMX adsorption on PA6 MPs were inves-
tigated by kinetics fitting (Fig.2b). The correlation coefficients (R?)
fitted by the different kinetic models are listed in Table 1. It can be seen
that the pseudo-second kinetic model fitted the kinetic data better,
which indicates that the adsorption of SMX on PA6 MPs is also probably
influenced by the sorption onto surface sites, mass transfer, and intra-
particle diffusion was involved in the sorption process. The reason for
the above result is mainly the rough surface of PA6 MPs with more
cracks and pores which can provide more adsorption sites. This result is
consistent with previous research, which has found antibiotics adsorp-
tion to MPs fitted the pseudo-second-order model (Liu et al., 2020a; Yu
et al., 2020).

The adsorption isotherms can reveal the equilibrium state of the
adsorbate in solution and adsorbent, and further clarify the occurrence
of the adsorption mechanism. Fig. 3a shows the adsorption isotherm
data of SMX on PA6 MPs. To investigate the mechanism of SMX
adsorption on PA6 MPs, Freundlich, and Langmuir isotherms were used
for the isotherm data, as shown in Table 1 and Fig.3b. In general, the
Freundlich model fits better (R > 0.997) than Langmuir (R? > 0.985),
indicating that the adsorption of SMX on PA6 MPs is the heterogeneous
multi-layer sorption process. PA6 MPs have amide groups in which both
O and N can easily form hydrogen bonds with the H atoms of the two
amine parts of the SMX structure. Therefore, the formation of hydrogen
bonding may be the possible mechanism for the adsorption of SMX by
PAG6 MPs. This result can also be drawn from FTIR images in Fig. S2. The
Freundlich constant Ky value for PA6 was 0.0919 L/g, indicating that
the adsorption was favorited and PA6 MPs had a high affinity for SMX.
Similar trends were reported that the Freundlich model fitted the
sorption data of SMX on MPs well (Xu et al., 2018; Guo et al., 2019b).
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Fig. 2. (a) Adsorption of PA6 MPs for SMX; (b) The fitting curves of adsorption kinetic models.

Table 1
Parameters of the kinetics and isotherm models for sorption experimental data of
SMX on PA6 MPs.

Model Type Parameter PA6 MPs
Kinetics Pseudo-first order q; (mg/g) 0.5475 + 0.0184
K; (g/(mg h)) 1.3259 + 0.2341
R? 0.934
Pseudo-second order qe (mg/g) 0.5641 + 0.0078
K> (g/(mg h)) 4.0617 + 0.4362
R? 0.991
Isotherm Freundlich Kr (L/8) 0.0919 + 0.0076
N 1.0723 + 0.0429
R? 0.997
Langmuir qm (mg/g) 7.0992 + 3.1733
Ky (L/g) 0.0125 + 0.0062
R? 0.985

3.3. The influence of salinity and pH

To simulate the change of salinity from the river to the ocean, the
salinity gradient for the corresponding experiments was set from 5%o to
35%o in NaCl solution to observe the effect of the ionic strength under-
water conditions. Fig. 4a results suggest that the change of salinity can
significantly affect the adsorption of SMX by PA6 MPs, While the sorp-
tion capacities of SMX on PA6 MPs decreased slightly with higher
salinity. Previous researches have examined the effect of salinity on the
sorption behaviors of microplastics. Li et al. (2018) demonstrated that
the sorption of antibiotics on microplastics in seawater was lower than
the sorption capacities in freshwater (Li et al., 2018). Llorca et al. (2018)
reported that the uptakes of PFAS by microplastics decreased in

seawater. The concentrations of Na™ increased with increasing salinity.
Since the surface of microplastics is negatively charged, the positively
charged Na' is easier to be sorbed on microplastics by electrostatic
attraction reactions (Llorca et al., 2018). The acidic groups of micro-
plastics may be substituted by H' in this process, which could influence
the formation of hydrogen bonding (Aristilde et al., 2010). Thus, the
sorption capacities of SMX on microplastics decreased. It indicated that
the electrostatics interactions may play an important part, and the for-
mation of hydrogen bonding is presumed to be the main mechanism in
this process.

The pH can not only affect the surface charge of the MPs but also
determine the molecular morphology of SMX in solution, which can
potentially alter the interaction between the MPs and SMX. The effect of
the pH change in the solution is shown in Fig. 4b. The adsorption ca-
pacity under alkaline conditions was significantly lower than the acidic
and neutral conditions. SMX are ionizable compounds, but the ioniza-
tion constant (pKa) of SMX usually differed significantly because of the
specific functional groups. Thus, in a specific pH condition, SMX will
exhibit different speciation of the cation (pH < pKal), zwitterion
(pKal < pH < pKa2), and anion (pH > pKa2). The speciation of ionic
chemicals can influence their sorption extent on MPs. The pKal and
pKa2 values of SMX are 1.83 and 5.57, respectively (Yi et al., 2015).
When the pH in water is less than 1.83, the positively charged SMX" is
the main ion species and SMX mainly exists in neutral forms within the
pH range of 1.83 — 5.57 and transforms to anionic species within pH
range of 5.57 — 9.00. Microplastics polymers are always negatively
charged in alkaline solutions and the surface of microplastics is inclined
to be protonated with decreasing pH values. Since the electro negativity
of the surface of PA6 MPs increases with the increase of pH values, the
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electrostatic repulsion can decrease the sorption capacity of SMX on PA6
MPs in an alkaline environment. Laboratory evidence showed that the
increase of pH decreased the sorption of humic acid (HA) on PS, PVC
(Zhang et al., 2022), triclosan on PVC (Ma et al., 2019a), and tylosin on
PS and PVC (Guo et al., 2018), which were in agreement with our re-
sults. This result suggests that electrostatic interactions also affect the
adsorption behavior of MPs in the adsorption process.

3.4. Desorption mechanisms in gastric and intestinal conditions

3.4.1. Desorption kinetics of SMX from PA6 MPs
The desorption kinetics of different matrices were investigated at an
average adsorption concentration (1.2 mg/g) of SMX by PA6 MPs.

a)o

( ) 0.8+
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Fig. 5a represents the desorption kinetic curves of PA6 MPs under four
simulated conditions, which can be found that the highest desorption
capacity of SMX-loaded PA6 MPs was 0.7 mg/g with 59.9% desorption
rate in simulated seawater due to the higher ionic strength. Moreover,
the high desorption capacity in the simulated intestinal fluid was
0.7 mg/g with a 58.3% desorption rate, which is probably because of the
neutral pH, higher ionic strength, and the solubilization of SMX by the
intestinal fluid components BSA and NaT. In the simulated gastric fluid,
the high desorption capacity was 0.5 mg/g with a 45.4% desorption rate
due to the acidic pH, the high ionic strength, and the solubilization of
SMX by the gastric fluid component pepsin. The lowest desorption ca-
pacity was 0.4 mg/g with a 36.4% desorption rate in ultrapure water.
Previous research has found an increased desorption of fluoxetine from
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Fig. 5. (a) Desorption time of SMX; (b) Desorption kinetics of SMX on PA6 MPs in various desorption conditions and the fitting curves of adsorption kinetic models.
The solid line and dash line represent the desorption kinetics fitted by the pseudo-first-order model and the pseudo-second-order model, respectively.
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polyethylene MPs in gastric fluids compared to intestinal fluids and river
water (McDougall et al., 2022). Therefore, once ingested by organisms,
the SMX-loaded PA6 MPs would pose a high risk to the organisms due to
the potential dual bio-toxic effects.

The desorption rate of SMX-loaded PA6 MPs under all four desorp-
tion conditions was fast in the first 20 h, and then the desorption rate
decreased significantly. The fast desorption phase can be completed
within 20 h, whereas the slow desorption phase will last from several
months to several years. Usually, The rapid desorption phase is more
important for assessing the desorption behavior of SMX in the simulated
gastrointestinal tract because the actual digestion time of marine or-
ganisms is limited. The desorption data for SMX-loaded PA6 MPs fitted
with the pseudo-first-order and the pseudo-second-order kinetic models
is shown in Fig. 5b and Table 2. The pseudo-second kinetic model fitted
the desorption kinetic data well with R? (0.977-0.997), which is also
inconsistent with the adsorption kinetic data.

Fig. S3 shows that when the temperature was increased to 37 °C, the
desorption rate was faster in the first 10 h and slower thereafter. Since
the rapid desorption phase can be completed within 10 h with temper-
ature changing from 18° to 37°C, therefore increasing the temperature
could accelerate desorption. The desorption capacity in gastric fluid
increased to 0.6 mg/g with a 48.6% desorption rate, and the desorption
capacity in intestinal fluid increased to 0.7 mg/g with a 64.0% desorp-
tion rate, respectively. The rate constant of desorption was K (simulated
intestinal fluid 37 °C) = 1.0586 > K (simulated intestinal fluid 18 °C)
= 0.6304; K2 (simulated gastric fluid 37 °C) = 1.2317 > K (simulated
gastric fluid 18 °C) = 0.5929. This result further indicates that high
temperature enhances the desorption of SMX in gastric fluid, which
means increasing ambient temperature, cold-blooded organisms have
higher utilization of SMX-loaded PA6 MPs. Once organisms ingest SMX-
loaded PA6 MPs accidentally, there is a high probability of SMX transfer
from the microplastic surface to the gastrointestinal fluids.

3.4.2. Desorption of SMX from PA6 MPs in various gastric and intestinal
conditions

The desorption behavior of SMX in PA6 MPs under different
gastrointestinal conditions was further investigated by examining
different digestion ratios. From the effect of pH on desorption shown in
Fig. 6a, it can be found that when gastric pH increased from 2.0 to 7.0,
the capacity of desorption increased by 1.2-1.3 times, and the desorp-
tion capacity in intestinal fluid increased 2.2-2.3 times when intestinal
pH increased from 4.5 to 9.5. The significantly promoted desorption of
SMX in PA6 MPs may be due to the different solubility of SMX at
different pH conditions. SMX has a higher solubility at high pH condi-
tions (Fig. S4). The difference in SMX solubility affects their partitioning
between MPs and the aqueous phase, which reduces the electrostatic
interaction between the surface charge of the MPs and the antibiotic,

Table 2

Ecotoxicology and Environmental Safety 264 (2023) 115400

subsequently altering the desorption of SMX from the MPs.

Fig. 6b shows that salinity has less effect on the desorption of SMX
from PA6 MPs, and the increase in salinity inhibits the desorption in
gastric fluid. On the one hand, high salinity induced the salting-out ef-
fect of organic compounds, hence enhancing the partition of chemicals
on MPs (Wu et al., 2016), which might explain the reduced desorption in
the gastric and intestinal fluids. Moreover, high salinity results in the
structural change and salting-out effect of pepsin (Kristiansen et al.,
2008; Mahapatra and Roy, 2019), which potentially affects the in-
teractions of pepsin with antibiotics and MPs, and then decrease the
desorption of SMX. On the other hand, the increased salinity can
neutralize the surface charges on MPs via the compression of the electric
double layer. NaCl can inhibit mass transfer from the aqueous to the
solid phase by increasing the viscosity and density of the solution, thus
enhancing the desorption of SMX on PA6 MPs, which is also consistent
with the previous results of salinity on adsorption experiments where
high ionic strength can inhibit adsorption and thus increase desorption.

3.4.3. Solubilization of SMX by the gastric and intestinal components

The solubility of the SMX was measured under various concentra-
tions of pepsin and BSA/NaT, respectively (Fig. 7). For SMX, its solu-
bility gradually decreased from 0.3 to 0.27 g/L when the concentrations
of pepsin increased from 0.5 to 5 g/L (Fig. 7b). However, the solubility
of SMX was slightly increased compared to the solubility of SMX in ul-
trapure water (pH = 7). Moreover, the solubility of SMX was increased
from 0.18 to 0.58 g/L in the concentration ranges of BSA/NaT from 0 to
5/10 (g/L)/mM, which indicates that the solubilization effect of pepsin
and BSA/NaT to the SMX (Fig. 7a). The increased solubility cannot only
enhances the hydrophilic interaction between SMX and MPs but also
increases the partition of SMX in aqueous phase (Wang et al., 2011).
From Fig. 7a, BSA/NaT exhibited the higher solubilizing ability to SMX
than pepsin, thus supporting the higher desorption amount in intestinal
fluid.

Which components (BSA or NaT) play a major role in enhancing the
solubilization of SMX was further investigated in the intestinal fluid. As
shown in Fig. (7c, d), both BSA and NaT enhanced the dissolution of
SMX by maximum factors of 6 compared to that in ultrapure water,
indicating the similar roles of BSA and NaT in promoting the desorption
of SMX in intestinal fluid. For example, the solubility of SMX was 0.59 g/
Lin 5 g/L of BSA solution (used in the desorption tests), which was 1.7
times higher than that in 10 mM of NaT solution. This indicates that BSA
plays a more important role in driving the desorption of SMX than NaT
in intestinal fluid.

3.4.4. Adsorption of SMX on PA6 MPs in the gastric and intestinal
conditions
To date, there are few studies on the desorption mechanism of

Parameters of the kinetics data for desorption of SMX from PA6 MPs in the simulated seawater, ultrapure water, gastric and intestinal fluids.

Type Parameter Desorption matrix
Ultrapure water at Sea water at Gastric fluid at Gastric fluid at Intestinal fluid at Intestinal fluid at
25°C 25°C 18°C 37°C 18°C 37°C
Kinetics Pseudo-first q; (mg/g) 0.4310 0.7094 0.6885 0.5314 0.6690 0.7519
order + + + + + +
0.0123 0.0191 0.0025 0.0143 0.0301 0.0278
K; (g/(mg 0.3364 0.5531 0.3141 0.4975 0.3530 0.5538
h)) + + + + + +
0.0374 0.0751 0.04816 0.0618 0.0619 0.0958
R? 0.966 0.932 0.934 0.934 0.913 0.930
Pseudo-second q2 (mg/g) 0.4757 0.7622 0.7486 0.5714 0.7397 0.8000
order + + + + + +
0.0050 0.0090 0.0157 0.0068 0.0206 0.0193
K, (g/(mg 0.9360 1.0253 0.5929 1.2317 0.6304 1.0586
h)) + + + + + +
0.0501 0.0773 0.0694 0.0909 0.0887 0.1604
R? 0.997 0.991 0.988 0.991 0.977 0.977
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contaminants from MPs into the gastrointestinal fluids. SMX was
absorbed on PA6 MPs in gastric fluid, background solution I, intestinal
fluid, and background solution II. According to Table 3 and Fig. S5, it
can be found that the adsorption process onto PA6 MPs was both well
fitted by Langmuir and Freundlich models. By comparing R? values, it
can be observed that the R? values calculated by the Freundlich model
(0.969-0.999) were higher than those calculated by the Langmuir model
(0.963-0.999). Such results indicated that the Freundlich model is more
suitable for simulating SMX adsorption than the Langmuir model.
Freundlich isotherm adsorption is non-uniform adsorption that is not
limited to a single molecular layer, which suggests that the adsorption of
SMX on PA6 MPs in four conditions is non-uniform adsorption of mul-
tilayers. The reason for the above result may be due to the non-uniform
distribution of adsorption sites on the surface of the PA6 MPs. Ky and N
are related to the adsorption amount and intensity.

Table 3 suggests that the Kr of gastric and intestinal fluids changes

little compared with their background solutions, Ky (gastric fluid)
=0.184 L/g, Kr (background solution i) =0.182L/g, Kr (intestinal
fluid) = 0.020 L/g and K (background solution ii) = 0.021 L/g, which
indicates that the gastrointestinal components have a certain effect on
the adsorption of PA6 MPs. This result is also consistent with the
adsorption experimental results of SMX on PA6 MPs in the gastrointes-
tinal components. It was also found that the adsorption amount of SMX
on PA6 MPs increased under the gastric and background solution con-
ditions, while decreasing under the intestinal and background solution
conditions. In the previous adsorption isotherm experiment, Kp
= 0.092 L/g, which is significantly lower than gastric conditions but
higher than intestinal conditions, further indicates that the adsorption of
SMX on PA6 MPs in the gastrointestinal fluids is caused by a variety of
factors such as solubilization of SMX by the gastrointestinal components,
ionic strength and pH of the solution, but not related to the PA6 MPs
themselves.
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Adsorption isotherm parameter of SMX on PA6 MPs in gastrointestinal fluids relative to those in background solutions.

Kinetics Type Parameter Sorption matrix
Background' Background” Gastric fluid Intestinal fluid
Isotherm Freundlich Kr (L/g) 0.182 0.020 0.184 0.021
+ + + +
0.001 0.001 0.002 0.001
N 1.0057 1.3442 1.0089 1.3541
+ + + +
0.0001 0.0089 0.0001 0.0093
R? 0.999 0.970 0.999 0.969
Langmuir Grmax (Mg/g) 145.1392 0.4457 281.8240 0.3159
+ + + +
34.4987 0.0683 179.6480 0.0512
K (L/g) 0.0013 0.0338 0.0006 0.0549
+ + + +
0.0003 0.0006 0.0004 0.0251
R? 0.999 0.992 0.999 0.963

3.4.5. Sorption of gastric and intestinal components on PA6 MPs

A new sorption-desorption equilibrium was established when the
SMX-loaded MPs were introduced into an antibiotic-free solution, and
during this period, the gastrointestinal components might occupy the
sorption sites on MPs and drive the desorption of SMX-loaded MPs. The
competitive sorption between SMX and pepsin or BSA/NaT on PA6 MPs
was investigated. Unfortunately, the pepsin, BSA, and NaT were not
absorbed on the PA6 MPs after 60 h according to the adsorption contact
time curve, and this result is also consistent with the adsorption results
of PA6 MPs on SMX in gastrointestinal conditions. In terms of desorption
mechanisms, the ability to desorb contaminants from the surface of MPs
depends on the strength of the interfacial bond between the contami-
nants and the MPs. In the gastrointestinal environment, the interfacial
binding of MPs to contaminants changes, resulting in the detachment of
contaminants from the surface of MPs, and the strength of the interfacial
binding is influenced by a combination of the physicochemical proper-
ties of MPs (e.g., functional groups, specific surface area, micropore
volume, and crystallinity) and the nature of the loaded contaminants
themselves. The desorption of contaminants from MPs in the gastroin-
testinal tract is regulated by a combination of factors and interactions,
and the degree of desorption changes dynamically at different stages of
the gastrointestinal tract, depending on the solution environment (Liao
and Yang, 2020; Liu et al., 2020b).

4. Conclusion

In this study, the adsorption-desorption behavior of PA6 MPs on SMX
was investigated. The results indicate that the adsorption of SMX by PA6
MPs reached equilibrium after 24 h, the adsorption kinetics was in
accordance with the pseudo-second kinetic model, and the adsorption
isotherms fitted with the Freundlich model well. The adsorption ca-
pacity varied with environmental conditions (e.g., ionic strength and
pH), and the increased desorption capacity in simulated seawater was
mainly dependent on the ionic strength of the seawater. In gastrointes-
tinal fluids, the solubilization of gastrointestinal components, ionic
strength, and pH of the solution were responsible for the increase of
desorption. Once SMX-loaded MPs are ingested by organisms acciden-
tally, they will produce potential dual bio-toxic effects and pose a high
risk to organisms. This study reveals important information about the
contaminant-loaded environmental MPs to the gastrointestinal fluids of
marine organisms. Insights into the desorption mechanism of contami-
nants from PA6 MPs to the organisms is important for assessing the
ecological risk in the environment. Based on these results, future studies
should focus on the joint toxicity mechanism of MPs and SMX in marine
organisms.
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