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The ever-increasing prevalence of microplastics and different bisphenols made the presence of
bisphenol-attached microplastics a critical concern. In this study, experiments were performed to
examine desorption behaviors and cytotoxicity performance of contaminated microplastics in aquatic
surroundings and intestinal environment after ingestion by organisms (cold-/warm-blooded). The ki-
netic study shows that the rate of desorption for bisphenols can be enhanced threefold under simulated
warm intestinal conditions. The Freundlich isotherms indicate multiple-layer desorption of the bisphe-

f\(/l?é ‘:;JO;& ss:tics nols on the heterogeneous surfaces of polyvinyl chloride (PVC) microplastics. Hysteresis was detected in
Bisphenols the adsorption/desorption of bisphenols in a water environment, but no adsorption/desorption hyster-

esis was observed in the simulated intestinal conditions of warm-blooded organisms. Due to enhanced
bioaccessibility, the desorption results imply that the environmental risk of contaminated PVC micro-
plastics may be significantly increased after ingestion at a high bisphenols dosage. Although with
different ICsg, the five bisphenols released under the intestinal conditions of warm-blooded organisms
can cause higher proliferation reduction in fish and human cell lines than the bisphenols released in
water. This study helps elucidate the consequential fate and potential cytotoxicity of contaminated
microplastics and the possible implications of the microplastics as a critical vector for bisphenols to

increase the potential health risks.
© 2020 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As the current global-scale exposure is hardly reversible, plastic
litter materials have been reported to fulfill the essential conditions
of planetary boundary threats [1,2]. Plastics may ultimately enter
and persist in the aquatic environment and then undergo embrit-
tlement, fragmentation and degradation caused by effects such as
physical stress, ultraviolet radiation, temperature changes,
oxidizing conditions, wave impacts, and biological processes [3].
Once these fragments reach a diameter of less than 5 mm, they are
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typically defined as microplastics by the National Oceanic and At-
mospheric Administration [4]. For examples, it has been predicted
that 45—129 thousand tonnes of plastics debris float inside the
North Pacific Subtropical Gyre [5], while an approximately up to
2.55 x 10% items-m™ of microplastics were found in the surface
water of an inland water within Guangdong-Hong Kong-Macao
Greater Bay Area [6]. These microplastics would contain a large
specific surface area [7], and they may thus act as potential carriers
or adsorbents for concentrating pollutants such as endocrine dis-
rupting chemicals (EDCs) [1], which may give rise to further
contamination of the aquatic ecosystem [5,8].

Currently, a series of conceptual frameworks have been dis-
cussed for the potential propagated effects of pristine and/or
contaminated microplastics. For example, microplastics can inter-
fere with algal feeding by causing a false feeling of satiation [9]. At a
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higher trophic level, hard biodegradable microplastics were found
in a crab’s stomach upon exposure and were retained in the in-
testinal tract for almost 14 days [10]. Several previous studies have
demonstrated that the association between microplastics and
polychlorinated biphenyls (PCBs) could increase lipid accumulation
and mortality, generating an increased public health impact [11,12].
On the other hand, Diepens and Kolemans [13] found that more
ingestion of microplastics could decrease the toxicity of PCBs in the
stimulated food web by weakening their bioaccessibility . Although
these effects are still controversial, it is generally recognized that
contaminated microplastics can generate toxicity for aquatic or-
ganisms by the following two pathways [14—16]: small micro-
plastics can penetrate the cell membrane and directly induce great
intracellular oxidative stress, and the attached pollutants can be
released from the contaminated microplastics and generate further
impacts.

Thus, the transfer and release behaviors of contaminated
microplastics are of critical importance in the exploration of their
role as culprits and/or vectors for the aforementioned toxicity.
Therefore, systematic experiments were performed in this study
to examine the desorption behaviors and cytotoxicity perfor-
mance of contaminated microplastics. Desorption can occur in
aquatic surroundings or in the intestinal environment after the
microplastics are ingested by organisms (cold- or warm-blooded)
[15,17]. Since polyvinyl chloride (PVC) microplastics are widely
distributed along the water column [6,18,19] and are one of the
most toxic plastics as described by Healthy Child Healthy World
[20], they were selected as the representative microplastics in this
study. In addition, bisphenols (e.g., bisphenol A, bisphenol AF,
bisphenol B, bisphenol F, and bisphenol S) are widely applied as
plasticizers in the production of PVC plastics [3,19]. Since they are
identified as typical EDCs, bisphenols were further selected as the
representative contaminants in our study. Bisphenols can disrupt
hormone synthesis and induce hepatic stress in fish cells [21,22].
Moreover, BPA and its analogues were also found in the human
urine [23], blood [24] and even breast milk [25] at a relatively high
level (ng-mL~1), due to the long history of plastic products like the
epoxy resins and polycarbonates plastics [24,25]. The toxicity of
the bisphenols for organisms or human beings has been reported
by a large volume of literature [23,26,27]. For example, the
oxidative stress and damage in human cells have been discovered
in human erythrocytes [23] with the exposure of bisphenols. It
was also reported that bisphenol analogues contain the estro-
genic/antiandrogenic potencies, which are similar as or greater
than that of BPA at around dozens or hundreds of nanograms per
milliliter [26,27]. Therefore, to further evaluate the cytotoxicity of
bisphenol-attached microplastics, two model cell lines (the grass
carp hepatocyte cell line, L8824; the human breast adenocarci-
noma cells, MCF-7) commonly applied as the perfect model in
hepatotoxicity [28] or estrogen toxicity [29] studies, were selected
in this study to represent the cold- and warm-blooded organism
cell lines, respectively.

This study first elucidated the desorption behaviors of bisphe-
nols from bisphenol-attached PVC microplastics under different
scenarios such as water and simulated intestinal conditions of cold-
and warm-blooded organisms. Subsequently, cytotoxicity assays of
pristine microplastics and bisphenols were performed on 18824
and MCF-7. Then, the potential impacts of the bisphenols released
from the adsorbed microplastics were evaluated. By exploring the
transfer behaviors and potential cytotoxicity of the contaminated
microplastics, this study will contribute to a better understanding
of their roles as sources or carriers for emerging pollutants, which
may help to fill the knowledge gap in studies on the impacts of
pollutant-associated microplastics.

2. Material and methods
2.1. Raw materials

PVC microplastics (dso = 13.2 pm; p = 1.4 g cm~3) were obtained
from Goodfellow Company (Huntington, UK), with Figure S1 of
Supporting Information (SI) showing the surface morphology, X-
ray diffraction pattern and zeta potential of the raw material.
Bisphenols including BPA, BPS, BPF, BPB and BPAF, were purchased
from Sigma-—Aldrich (St. Louis, USA), with the corresponding
octanol—water partition coefficients (log Do) listed in Table S1 of
the SI. Optimal-grade methanol was obtained from Fisher Scientific
(Pittsburgh, USA). The sodium chloride (NaCl) was of analytical
grade (Aladdin Chemistry Co., Shanghai, China), and the sodium
carbonate (NayCOs3) and sodium azide (NaNs3) were purchased from
Fisher Scientific (Ottawa, Canada). Other detailed information
regarding these raw materials is further provided in “Section 1.1” of
the SIL

2.2. Adsorption and desorption of bisphenols from PVC
microplastics

First, the adsorption of bisphenols onto PVC microplastics was
examined according to the procedures reported by Wu et al. [3]. In
summary, each bisphenol was dissolved in ethanol and then diluted
in the glass bottle (1 L) with initial concentrations ranging from 0 to
1.0 mg L™, representing the common and limiting conditions
[24,30,31]. 1.5 g of PVC microplastics were then added and the
containers were shaken with 200 rpm at room temperature for 48 h
to reach adsorption equilibrium. Three replicates were performed
for every adsorption experiment. Then, the amounts of adsorbed
BPA, BPAF, BPB, BPF and BPS on the PVC were measured and were
found to be 0.19, 0.24, 0.23, 0.16, and 0.15 mg g~ !, respectively (as
described in “Section 1.2” of the SI). According to the method re-
ported in previous studies [17,31], desorption of the PVC micro-
plastics attached by each bisphenol was transferred to three
different conditions, including water and simulated intestinal en-
vironments of both cold- and warm-blooded organisms (simplified
as “cold-1” and “warm-I", respectively). In brief, the simulated in-
testinal liquid was composed of sodium chloride (0.12 M), sodium
carbohydrate (0.02 M), and sodium taurocholate (15.50 mM), with
different pH values and temperatures [32,33] (cold-I: 7.5, 291K;
warm-I: 6.5, 311K; aquatic: 7.0, 291K). “Section 1.3” of the SI pro-
vides a detailed description of the procedures used for the prepa-
ration of the three aforementioned types of desorption conditions.

The glass bottle (1 L) sealed with Teflon screw caps for
desorption experiments were placed in an oil bath with rotary
agitation at 200 rpm until desorption equilibrium was reached. The
temperature was set at 291 K for the water system and the cold-
blooded system and at 311 K for the warm-blooded system. Ex-
periments for the desorption Kkinetics were carried out by
measuring the concentrations of bisphenols after desorption at
different time intervals from 0 to 75 h. Desorption isotherms were
obtained for the bisphenol-attached PVC microplastics from the
adsorption processes with initial bisphenol concentrations in the
0.10—1.00 mg-L~! range. After filtering the supernatants of each
series using a 0.45 pm glass microfiber filter (Whatman, UK), the
concentrations of the bisphenols were measured according to the
methods described in “Section 1.4” of the SI Prior to the batch
experiments, two series of control experiments were conducted,
and their detailed parameters are summarized in Table S2 of the SI.
The results of the control experiments show that no bisphenols
were determined during the adsorption/desorption process with
only PVC microplastics present, and the loss of each bisphenol was
below 3% in the processes without the microplastics. With such low
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losses, each concentration of the desorbed bisphenol was almost
equal to the detected value after desorption equilibrium. All of the
experiments were conducted in triplicate.

2.3. Cell culture and cytotoxicity assay

The L8824 and MCF-7 cell lines were purchased from Wuhan
Cell Institutional Repository (Wuhan, China) and American Type
Culture Collection (ATCC NO.: HTB-22, Manassas, USA), respec-
tively. The L8824 cells were cultured in minimum Eagle’s medium
(MEM, Sigma, USA) with 10% of fetal calf serum added (FCS, Sijiqing,
Hangzhou, China). Following the method described by Wei et al.
[34], the MCF-7 cells were preserved in phenol red-free Dulbecco’s
modified Eagles’s medium (DMEM, Thermo Fisher Scientific, USA)
with 10% of fetal bovine serum (FBS, Thermo Fisher Scientific, USA).
In the cultures for both L8824 and MCF-7, the concentrations of
penicillin and streptomycin were 100 units-mL™" and 100 pg-mL™,
respectively. The incubation was conducted in a humid atmosphere
with 5% of CO, at 291 K for L8824 and 311 K for MCF-7. The me-
diums were refreshed every 24 h, and subculturing was carried out
after the cells were almost 80% confluent. The cytotoxicity assays
were carried out by plating the two cell lines onto a 96-well plate.
The two types of cells were maintained in their corresponding
media for 48 h and then were harvested by 0.25% trypsin. Then,
each type of cell was suspended again and transferred into a new
dish to achieve approximately 105 cells per milliliter. Then, the
above solution (0.10 mL) was seeded into each well and incubated
for another 24 h.

Cytotoxicity assays were considered and determined from two
aspects: pristine PVC microplastics and each bisphenol analogue.
The pristine PVC microplastics (with the amount as 1.50 g-L™1)
were first sonicated in MEM or DMEM for 10 min and were then
immediately vortexed to obtain a stable solution prior to addition
into the cells. Each bisphenol was dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, USA) at a series of concentrations (0.10,
0.50, 1.00, 5.00, 10.00, 20.00, 50.00, 100.00, 150.00 and 200.00 uM)
for cytotoxicity measurements. The medium in the wells was
replaced with either the PVC microplastics or the serial bisphenols-
containing medium. All of the exposed cells were cultured for
another 72 h at 291 K for L8824 and at 311 K for MCF-7.3-(4,5-
Dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
(10.00 pL, 5 g-L™") in phosphate-buffered saline (PBS, Sigma-
Aldrich, USA) was added to each well. After 4 h, the medium was
removed, and DMSO (100 pL) was added to dissolve the purple
formazan precipitate. Finally, the light absorbance at 490 nm was
determined using a multilabel plate counter (VICTOR X3, Perki-
nElmer, Washington, USA). Each cytotoxicity experiment was
conducted with six replicates. A control study was also performed
on the cells by exposing the cells to 0.5% DMSO-containing medium
without bisphenols.

3. Results and discussion

3.1. Transfer behavior of bisphenols from the bisphenol-attached
microplastics

Our preliminary study found that a reversible process always
accompanied the adsorption of bisphenols onto PVC microplastics
[3]. A study was further conducted on the desorption of bisphenols
from bisphenol-attached PVC microplastics to determine the
desorption kinetics, desorption isotherm and adsorption/desorp-
tion hysteresis. The kinetics results were used to illustrate different
desorption stages, while the isotherms reflected the equilibrium
amount of each bisphenol released from the adsorbed
microplastics.

3.1.1. Desorption kinetics

Kinetics studies were conducted to analyze the variation in
bisphenol concentrations with prolonged desorption processes
under the conditions of water and simulated intestinal environ-
ments of warm- and cold-blooded organisms. Fig. 1 summarizes
the desorption kinetics of the five bisphenols in the three different
environmental conditions, and the results show that the release of
bisphenols increased substantially during the first 5 h and then
began to slow until reaching the desorption equilibrium at
approximately 35 h.

Based on these results, a first-order model (Eqs. S2-S6 of the SI)
was applied to describe the desorption processes of the bisphenols,
with the fitting results summarized in Table 1. The rapid fraction
(Frgp) of every bisphenol had the highest value in the warm-I
environment relative to the corresponding values for the other
two environments, suggesting that the highest desorption rate of
bisphenols is found in the intestinal liquid of warm-blooded or-
ganisms. The slow fraction (Fsow) of BPA, BPAF and BPB was
observed with the highest value in the cold-I environment, indi-
cating that the highest proportion of the above three bisphenols is
desorbed slowly in the intestinal environment of cold-blooded
organisms compared to the case in the other two environments.
Meanwhile, the highest Fgy,, of BPF and BPS found in the water
environment shows that the largest fraction of each of these
bisphenols was released slowly in the aquatic environment relative
to the other bisphenols. In the very slow stage, a significant
decrease in the F,; was found in the warm-I environment
comparing to the other two conditions. This phenomenon indi-
cated that a certain amount of adsorbed bisphenols, which may
release in the very slow stage, was transferred to the rapid or slow
fractions with the enhancement of the warm-I environment.

Since the Fyqp value is higher than the values of the other two
fractions (Fsjow and Fys) for all of the bisphenols, the rapid stage can
be regarded as the most crucial process that should be examined
further. Therefore, the rapid rate constants (k) of each bisphenol
were selected for comparison among the different environments.
Table 1 shows the calculated ratios of k;qp in the cold-I and warm-I
environments to those in water. While the ratios of cold-I/water
range from only 1.01 to 1.26, a much higher range (2.58—3.28)
was observed for the corresponding warm-I/water ratios. The kg
value for each bisphenol is very close in cold-I and water, indicating
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Fig. 1. Concentrations of the five different bisphenols in the desorption liquids of the
water, cold-l and warm-I conditions, representing the desorption amounts of
bisphenols from the bisphenol-attached PVC microplastics at different times during
the 75 h desorption process. Water condition: pH 7.0 & 291 K; Cold-I condition: pH 7.5
& 291 K; Warm-I condition: pH 6.5 & 311 K. Cold-I and warm-I conditions represent
the simulated intestinal liquids of cold- and warm-blooded organisms, respectively
(NaCl 0.12 M, Na,COs5 0.02 M, and Cy6H44NNaO;S 15.5 mM).
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First-order model fitting results for bisphenol desorption from bisphenol-attached PVC microplastics in the water, cold-I, and swarm-I conditions.

Adsorbate  Solution £, (1 02)* Ratiol Ky (109 K, (105)% Fm,,+ F.vlon'+ p".v"'

Water?  0.746+0.206 5.979+0.555 6.997+0.788  0.640£0.003  0.284+0.004  0.076:0.004

BPA Cold-# 0.809i04302) 108  1090£0.407 9.44240.716  0.561£0.003  0.395:0.003  0.04320.005

Warmi?  2.16320456® 290 1140£0898 9.069£0.647  0.677£0.004  0.303:0.046  0.019£0.003

Water  0.794:0.230 598310498 6314+0.606  0.6600.006  0.272+0.010  0.068+0.002

BPAF Cold-T 1.007¢0.318) 126 995740755  <0.01 0.588+0.005  0.409£0.002  0.003+0.001
Warm-T  2609:0521¢ 328 138012684  <0.01 0.684+0.004  0.315£0.007 <0.001

Water  0.777+0.285 675140274 6.992+0.534  0.6600.004  0.293+0.006  0.046+0.002

BPB Cold-I 0.864i0.209) LIL 108040.737  7.718+0.488  0.484+0.004  0.456£0.005  0.059+0.001

warmd  2479+0452% 31% 1890:2818  <0.01 0.682£0.003  0308£0.003  0.010£0.001

Water  0.619+0.179 6.650+0.441  <0.01 0.578+0.003  0371£0.004  0.051+0.002

BPF Cold-I 0.662i0.241) 107 6906+0.579 2367+0.112  0.548+0.014  0335:0.002  0.017+0.004

Warm-1  1.744+0373% 282 987741415 577820325  0.669+0.005  0.308£0.003  0.005+0.001

Water  0.580+0.174 6.789+0.198  <0.01 0.561£0.003  0.410£0.007  0.028+0.002

BPS Coldl  0587+0228 J| 101 76120336 12.03+0.685  0.532+0.002  0.383x0.001  0.085+0.002
Warm-1  1497+039147 258 100041191 11.338+0.322  0.6630.005  0.325+0.005 <0.001

a similar rate of desorption in both environmental conditions.
However, as reflected from the k;qp ratios of warm-I to water, the
bisphenols desorption rate can be enhanced by ~3 times in warm-I
compared to those in cold-I and water environments, which may be
due to deformation of the interstitial pore structure at lower pH
values and the availability of additional energy at higher
temperatures.

3.1.2. Desorption isotherms

From the kinetic results above, a similar desorption behavior
was observed under the water and cold-I conditions, while a sig-
nificant difference was detected in the warm-I condition. Therefore,
an isotherm study was then performed to compare the water and
warm-I environments. Langmuir and Freundlich desorption
isotherm models (Eqs. S7 and S8 of the SI) were employed to
describe the relationships between the bisphenol amounts on PVC
microplastics after desorption (g.) and the bisphenol concentra-
tions in the solution at equilibrium (c.) [35], with the results
summarized in Fig. 2 and Table S3 of the SI. The correlation co-
efficients (R?) of the Freundlich model range from 0.978 to 0.996 in
water and from 0.993 to 0.999 in the warm-I condition for all of the
bisphenols, and these values are higher than the corresponding
values obtained by Langmuir modeling (0.891—0.989 in water and
0.978—0.997 in the warm-I condition). Better fitting of the experi-
mental data was observed for the Freundlich model than for the
Langmuir model, indicating a multiple-layer process of bisphenols
desorption from the bisphenol-attached microplastics, which is in
agreement with our previous adsorption results [3].

According to the Freundlich model, the slope and intercept
correspond to (1/n) and k,‘l, respectively. The value of n > 1 for
each bisphenol indicates that the desorption is nonlinear and
favorable, implying that the desorption may be enhanced with
increased amounts of bisphenols initially adsorbed onto the PVC
microplastics [36]. Moreover, the value of k,‘? (Table S3 of the SI)

for each bisphenol in the water was larger than the corre-
sponding value in the warm-I condition, which may be due to the
higher affinity between the bisphenol and PVC microplastics in
the water environment [37,38]. In other words, the desorption
degree of bisphenols from PVC microplastics was relatively lower
in the water condition. Moreover, the order of kﬁ (water) > ki
(water) > k;’ (warm-I) also suggested that the hysteresis may
occur in the water condition rather than the warm-I condition.
Thus, a part of the adsorbed bisphenols will be irreversibly
retained in PVC microplastics in the water condition. Based on
these results, the desorption routes of the bisphenols may be
different under these two environmental conditions, requiring
further examination.

3.2. Hysteresis analysis

Adsorption/desorption hysteresis, which is a consequence of the
difference between the routes of the adsorption and desorption
processes, was observed for the five bisphenols on PVC micro-
plastics under the water and warm-I conditions. The parameters
obtained from the isotherm measurements are summarized in
Table 2, together with the adsorption data from our previous study
[3] and the desorption data under both the water and warm-I
conditions of this study. It was observed that there was no
adsorption/desorption hysteresis in the simulated intestinal con-
ditions of warm-blooded organisms, with the k¢ value of each
bisphenol in the warm-I condition lower than the corresponding kf
value of the bisphenol in the water. This phenomenon can be
further explained by the fact that the desorption of bisphenols was
promoted under conditions with a lower pH and higher tempera-
ture. However, clear adsorption/desorption hysteresis was
observed for bisphenols in the water condition, demonstrating that
the bisphenol adsorption by PVC microplastics may not be fully
reversible.
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Fig. 2. Desorption isotherms of the five bisphenols from the contaminated PVC microplastics fitted by Langmuir and Freundlich models under the water and warm-I conditions. The
correlation coefficients obtained by Freundlich fitting (0.978—0.996 in water and 0.993—0.999 in the warm-I condition) are higher than those for the Langmuir equation
(0.891—-0.989 in water and 0.978—0.997 in the warm-I condition), indicating the better fitting by the Freundlich model. Water condition: pH 7.0 & 291 K. The warm-I condition (pH
6.5 & 311 K) represents the simulated intestinal liquids of warm-blooded organisms (NaCl 0.12 M, Na,CO3 0.02 M, and CygH44NNaO-S 15.5 mM).

Table 2

Parameters from Freundlich modeling and hysteresis analysis for the adsorption/desorption of bisphenols on PVC microplastics.

Adsorption?® (water) Desorption (water)

Desorption (warm-I)

k?:h nh RZh kgb nh RZI) Hl? kgb nh RZI) HIIP
BPA 0.801 1.21 0.994 1.033 1.512 0.995 0.289 0.398 1.218 0.997 <0
BPAF 1.458 1.14 0.993 1.933 1.155 0.994 0.326 0.465 1.154 0.999 <0
BPB 1.182 1.16 0.993 1.542 1.237 0.996 0.304 0.428 1.179 0.999 <0
BPF 0.575 1.13 0.993 0.720 1.594 0.991 0.252 0.388 1.186 0.993 <0
BPS 0.503 1.15 0.995 0.602 1.649 0.971 0.197 0.341 1.207 0.998 <0

P HI is the hysteresis index.
3 Adsorption parameters were taken from Wu et al.2,

b kiand I<§(mg’”“~L’” n.g~1) are the Freundlich constants for adsorption and desorption, respectively. n is the surface heterogeneity constant. R? is the correlation coef-

ficient of the model.

€ Warm-I represents the simulated intestinal liquids of warm-blooded organisms.

Hysteresis results can be classified as either artifacts [39] or true
hysteresis [40], with the artifacts mainly caused by adsorbate loss
and incomplete desorption. Adsorbate loss occurs due to degra-
dation, volatilization, and glass-wall adsorption [39]. However, in
our case, degradation is unlikely to occur because NaNs3 salt was
added to all of the solutions to avoid any degradation. Moreover,
control experiments showed that the mass losses of all bisphenols
were less than 3%, implying that glass-wall adsorption can be
neglected. In addition, adequate time (48 h for adsorption and 75 h
for desorption) was provided in this study to reach adsorption/
desorption equilibrium for the bisphenols in the water condition.
Hence, it is unlikely that artifacts are the primary origin of the
hysteresis phenomenon observed in this study. True hysteresis may
be derived from two sources, namely, the formation of irreversible
bonding between the sorbents and sorbates [38] and the entrap-
ment of the sorbates by the intrinsic structure of the sorbents
[41,42]. In our previous study [3], noncovalent bonding (hydrogen
and halogen bonding) was reported to be involved in bisphenol

adsorption onto PVC microplastics and may give rise to the
adsorption/desorption hysteresis. The specific surface area of the
pristine microplastics is 9.77 + 0.28 m?-g~!, while that of the
microplastics after desorption is 8.64 + 0.51 (water) and
1112 + 032 (warm-1) m?-g~!, indicating different desorption
behavior of bisphenols in water and warm-I conditions. In water,
bisphenols can be entrapped in the dense and glassy structure
[43,44] of the PVC microplastics, which therefore plays a substan-
tial role in giving rise to the irreversible desorption. However, with
larger porosity of the microplastics in warm-I conditions, the
desorption rate of bisphenols can be enhanced.

Furthermore, the hysteresis index (HI) of each bisphenol was
calculated and is listed in Table 2, while the hysteresis loops were
illustrated in Figure S2 of the SI. It was observed that the HI of the
adsorption/desorption processes in water increased in the order of
BPS < BPF < BPA < BPB < BPAF. Moreover, the correlation analysis
presented in Fig. 3 further illustrates the excellent linear association
(R?> = 0.975) between the HI and log D, data sets, showing a
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Fig. 3. Correlation between the octanol-water partition coefficient (log Do) for the
five bisphenols and the adsorption/desorption hysteresis index (HI) in the water
condition. The correlation coefficient is 0.975, indicating the critical effect of hydro-
phobic interactions on the adsorption/desorption hysteresis of bisphenols from the
bisphenol-attached PVC microplastics.

positive correlation between the adsorption/desorption hysteresis
and the hydrophobicity of the bisphenols. Moreover, more hydro-
phobic bisphenols (e.g., BPAF and BPB with higher log Do, value)
can be more easily entrapped in the inner spaces of the glassy PVC
microplastics due to micropore filling [42], but this is energetically
unfavorable for their subsequent desorption into the bulk aqueous
solution. However, the less-hydrophobic bisphenols (BPS and BPF)
appear to be unlikely to enter the inner polymeric domain because
of surface adsorption by PVC microplastics, as reported by Wu et al.
[3]. As a result, the desorption of BPS and BPF from the contami-
nated PVC microplastics was more reversible than that of the other
bisphenols.

3.3. pH and temperature effect on the desorption of bisphenols

As shown in Fig. 4a, in solutions with pH lower than pKj, the
desorption of bisphenols were decreased from 0.070 to
0.062 mg-L~! for BPA, 0.082 to 0.071 mg-L~! for BPAF, 0.081 to
0.070 mg-L~! for BPB, 0.064 to 0.059 mg-L~! for BPF, and 0.059 to
0.056 mg-L~! for BPS, respectively with the increased pH value.

0.09
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~O-BPAF PK,=9.2
-/A-BPB pK,=10.1
oos] B ~/-BPF PK.=75
8\ —>-BPS  pK,=8.2
> 0—0
- e
2 o007{ © 8\8fé——4
oﬂ)
‘\/\“\}?\D\lﬂ —
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5 Q\ \//
O\O_————O—O—O
0.05 +— . . . r
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pH

However, at pH higher than each acid dissociation constant of BPA
(pKq = 9.5), BPB (pK, = 10.1), BPAF (pK, = 8.2), BPF (pK, = 7.55), BPS
(pKq = 9.2), the desorption amount was found to increase slightly
with the further elevated pH value. The slight increase of desorp-
tion at higher pH range (8.0—11.0) is attributed to the electrical
repulsion generated between PVC microplastics and bisphenols.
The majority of the bisphenols would be deprotonated and exist as
anions in conditions with pH higher than pK; [3], while the surface
of PVC microplastics is negatively charged in the solution when pH
value is higher than its zero-point charge (pHp, 3.41)
(Figure S1(b)). Therefore, the concentration of each chemical in the
solution would be enhanced by electrostatic repulsion between
PVC microplastics and the anionic fractions partially ionized from
the bisphenols. However, the bisphenols mainly exist as molecules
in condition with pH < pKa, and in this case the electrical repulsion
is not predominant any more. However, more protons in the solu-
tion will attack or corrode the microstructure of the adsorbents,
causing larger inner space [38,42], causing more bisphenols mol-
ecules released according to the micropore filling mechanism [42].
Therefore, in solutions with pH < 7.0, the number of bisphenols was
higher at lower pH value.

Fig. 4b further demonstrates the desorption of bisphenols in
solutions with different temperatures (281, 291, 301, 311K). The
results show that the desorption amount was largely enhanced in
the solutions with higher temperatures, with the value of
0.052—-0.081, 0.058—0.092, 0.055—0.090, 0.045—-0.072, and
0.041-0.065 mg-L~! for BPA, BPB, BPAF, BPF, and BPS, respectively.
The increase in bisphenol desorption with elevated temperatures
can be explained by the thermodynamic behavior of the com-
pounds [3]. The bisphenol molecules possessing polar groups are
able to have electrostatic interaction with the surface of PVC
microplastics. At higher temperatures, the equilibrium will be
shifted to the reverse side, causing more molecules released from
the adsorbed microplastics.

3.4. Cytotoxicity and potential health effects of bisphenol-attached
PVC microplastics

To evaluate the potential health effects of bisphenol-attached
microplastics, the cytotoxicity of pristine PVC microplastics and
bisphenols was tested on both grass carp hepatocyte (L8824) and
breast adenocarcinoma (MCF-7) cell lines. The corresponding
viability of both cell lines was measured via the MTT method, and
the data in Fig. 5a and Figure S3 of the SI illustrate the effect of

0.10

0.08 +

0.06

0.04 4

280 290 300 310 320

Temperature (K)

Fig. 4. Desorption concentration of bisphenols in conditions with different (a) pH and (b) temperatures. The desorption experiments were carried out in solutions at 291 K, stirring
at 200 rpm until reaching the equilibrium. The initial amounts of the five bisphenols adsorbed on PVC plastics were within the range of 0.787—1.050 mg-g~". For the desorption

experiment under different temperatures, the solution pH is 7.0.
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Fig. 5. (a) Cell viability after incubation with bisphenols for a grass carp hepatocyte cell line (L8824) and breast adenocarcinoma cells (MCF-7). **: p < 0.01. The ICsq values of BPA,
BPAF, BPB, BPF and BPS were 16.19 + 3.22, 3.43 + 0.54, 9.67 + 0.92, 11.29 + 2.12 and 35.89 + 6.01 puM, respectively, for L8824, while the corresponding values of 36.88 + 4.46,
7.87 + 3.98, 21.65 + 4.92, 31.89 + 1.69 and 57.92 + 7.76 uM, respectively, were obtained for MCF-7. (b) Bioaccessibility of the bisphenols from the bisphenol-attached PVC
microplastics in the water (striped bars) and warm-I conditions (gray bars). The bioaccessibility was calculated as the percentage of desorbed bisphenols to the total adsorbed

bisphenols on the PVC microplastics (with initial bisphenols concentration as 2.0 mg-L™

bisphenols and pristine PVC microplastics on the cell viability,
respectively. An examination of the results shows that the pristine
PVC microplastics (with a concentration of 1.5 g-L™') did not display
obvious cytotoxicity toward either L8824 or MCF-7 cells, which still
maintained a log-growth phase. However, with an increased
dosage of bisphenols, the cell viability was found to increase
slightly and then decrease clearly (Fig. 5a). Table 3 lists the IC50
values of the bisphenols, and it was observed that the IC50 of each
bisphenol for L8824 showed a slightly lower value than the cor-
responding value for MCF-7. The obvious impairment of both cell
lines is clearly illustrated by the data presented in Fig. 5a, and the
IC50 values (Table 3) for both cell lines follow the same order of
BPAF < BPB < BPF < BPA < BPS. With an IC50 < 10 pM, BPAF
exhibited the strongest ability to induce acute cytotoxicity effects

Table 3
IC50 values (uM) of the bisphenols to L8824 and MCF-7 cell lines.

L8824 (uM) 18824 (mg-L~')  MCF-7 (uM)  MCF-7 (mg-L™1)
BPA 16.19 + 322 370 + 0.73 36.88 + 446 842 +1.02
BPAF  3.43 + 0.54 1.15 £ 0.18 7.87 + 3.98 2.65 + 1.34
BPB 9.67 + 0.92 234 +023 2165+492 525+1.19
BPF 1129 £2.12 226+ 043 31.89+1.69 639 +0.34
BPS 35.89 + 6.01 8.98 + 1.51 57.92 +7.76 1450 + 1.95

¢ The data was reported as “mean + standard error” based on six replicates.

1,

[47] in both cell lines, while BPB expressed an acute cytotoxicity
effect toward the L8824 cells. In addition, as the bisphenol with the
lowest cytotoxicity in this study, BPS showed IC50 values for L8824
and MCF-7 that were 10.46 and 7.35 times higher than those for
BPAF, respectively. The comparable IC50 values for MCF-7 were also
reported in previous studies [45,46], as well as a similar cytotoxicity
sequence of different bisphenol analogues [47,48]. The differences
in the toxic sensitivities of the cells to the chemicals may originate
from the physiochemical properties of the materials such as hy-
drophobicity, and solubility [47—49]. Generally, chemicals with a
relatively low hydrophobicity always exhibit low toxicity [47,48],
which is consistent with our findings that the IC50 values increase
with decreasing hydrophobicity for most of the bisphenols (BPAF,
BPB, BPA and BPS). However, different behavior is observed for BPF,
which showed a higher toxic effect than that of BPA but had a lower
log Dow (2.80 of BPF vs 3.32 of BPA). As reported in our previous
study, BPAF, BPB, BPA and BPS are found mainly in the molecular
form in neutral conditions, while the solubility of BPF can be
enhanced by a higher degree of deprotonation. Therefore, higher
cytotoxicity was observed for BPF than for BPA, which may be due
to the increased combination of BPF with proteins [50]. In addition
to the properties of the chemical itself, bioaccessibility has also
been regarded as a critical feature in evaluating potential health
risks [51]. In this study, the bioaccessibility of bisphenol-attached
microplastics was characterized by the desorption performance of
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Table 4
The desorbed concentration of each bisphenol and its potential cytotoxicity for L8824 and MCF-7 in water and warm-I conditions.
Bisphenosl Water Water Cytotoxicity Cytotoxicity (MCF- Warm-I ~ Warm-I Cytotoxicity Cytotoxicity (MCF-
(uM) (mg-L"1) (L8824, %) 7,%) (uM) (mg-L1) (L8824, %) 7,%)
Low concentration BPA 0.031 0.007 — — 0.140 0.032 — —
(0.1mgL1 BPAF 0.036 0012 - - 0.104 0.035 - -
BPB 0.041 0.010 — — 0.140 0.034 — —
BPF 0.035 0.007 - — 0.139 0.028 - —
BPS 0.039 0.001 - - 0.108 0.027 - -
High concentration BPA 145 0.33 20.08 12.36 3.05 0.70 29.75 21.75
(2mgL™1) BPAF 1.07 0.36 32.70 24.19 2.50 0.84 46.31 36.87
BPB 1.53 0.37 26.25 18.79 3.30 0.80 36.95 29.53
BPF 1.87 0.38 27.15 20.83 295 0.59 33.24 26.54
BPS 1.54 0.39 12.89 12.56 2.28 0.57 17.59 17.33

(with both units as uM and mg-L~).

the bisphenol-attached PVC microplastics. After desorption in the
water and warm-I conditions, the concentrations of the five
bisphenols were measured, with the obtained results listed in
Table 4. For a common scenario (initial bisphenols concentration as
0.1 mg-L™"), 1.8%—15.3% of bisphenols were desorbed from the PVC
microplastics in water, but 43.7%—54.0% were desorbed in the
warm-I conditions. Meanwhile, in the limiting scenario (initial
bisphenols concentration as 2.0 mg-L™!), 249-43.1% of the
bisphenols were desorbed from the PVC microplastics in water, but
58.4%—63.1% were desorbed in the warm-I condition (Fig. 5b). Such
high bioaccessibility of the bisphenol-attached microplastics in the
warm-I condition may be due to the lower pH and higher tem-
perature, as discussed in the kinetics study section.

Accordingly, the proliferation reductions in L8824 and MCF-7
were calculated following the procedures described in detail in
“Section 1.5” of the SI, and the obtained results are summarized in
Table 4. The proliferation reduction values of BPA, BPAF, BPB, BPF
and BPS in the water environment, were 20.08%, 32.70%, 26.25%,
27.15% and 12.89%, respectively, for L8824 and 12.36%, 24.19%,
18.79%, 20.83%, and 12.56%, respectively, for MCF-7, while they
were 29.75%, 46.31%, 36.95%, 33.24% and 17.59%, respectively, for
L8824 and 21.75%, 36.87%, 29.53%, 26.54% and 17.33%, respectively,
for MCF-7 in the warm-I condition.

4. Conclusions

The conclusions of this study can be further emphasized, as
described below, with respect to the transfer/release behaviors and
potential toxicity of bisphenols-attached PVC microplastics. The
release of bisphenols is much more serious in the simulated in-
testinal environment (warm-I conditions) than in the aquatic
environment (water). The enhanced bioaccessibility indicates that
the health risk for bisphenol-attached PVC microplastics may be
significantly increased after ingestion. The released bisphenols play
a crucial role in the potential toxicity, and microplastics acting as a
vector for bisphenols and even other pollutants may provide a
critical route for increasing the potential health risks.
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