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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Microplastics (MPs) and mesoplastics are able to sorb harmful substances and often contain additives, e.g.,

Keywords: endocrine disrupting chemicals (EDCs), that can cause adverse effects to organisms. The present study aims to
Microplastics determine EDC concentrations and their endocrine activities in leachates of field-collected marine MPs and
Mesoplastics mesoplastics under stress conditions that are known to occur during the plastic life cycle. Estrogens were the
Endocrine disrupting chemicals dominant EDCs on plastic particles and were either concentrated from the surrounding water or originated from
Seafood

plastic manufacturing. Bisphenol A had the highest detection frequency (75%) with an average concentration of
475 + 882pg/kg, followed by bisphenol S, octylphenol and nonylphenol. Moreover, smaller marine MPs lea-
ched greater quantities of EDCs because the sorption from surrounding seawater is more efficient for smaller
particles. It was found that normal life stresses such as microwaving (MW) and autoclaving (AC) can decrease
EDC concentrations, but solar irradiation (solar) can increase EDC concentrations in leachates. Even though
organisms with higher metabolic ability exhibited greater estrogenic effects, the comprehensive toxicity of
plastic leachates after common life treatments was still limited (below the EC;, value) if 0.1% is taken as the EDC
uptake from plastic. In future studies, the accurate contribution of plastic bound EDCs needs to be further
explored, and the monitoring of MPs and mesoplastics in the human diet remains important because the con-
centrations of these plastics may change in the future.

Normal life stresses

1. Introduction

The issue of marine plastic debris has received growing global at-
tention (Guzzetti et al., 2018). This has raised concerns about their
potential effects to marine ecosystems (Alimba and Faggio, 2019;
Savoca et al., 2019). Plastic debris can be classified as nanoplastics
(< 0.001 mm), microplastics (MPs, =0.001 mm and < 5mm), meso-
plastics (=5mm and < 25 mm), and macroplastics (=25mm) (Shim
et al., 2018). Both polar and nonpolar compounds can sorb onto plastics
depending on solution chemistry alterations (Seidensticker et al.,
2018). Highly hydrophobic organic contaminants (HOCs) have been
detected on commonly found marine plastics (Chen et al., 2018; Chen
et al., 2019; Endo et al., 2005; Hirai et al., 2011). However, research on
the presence and effects of plastic-associated moderately HOCs is re-
latively limited. Among the moderately HOCs, endocrine disrupting
chemicals (EDCs) such as bisphenol A (BPA), nonylphenol, and octyl-
phenol are widely incorporated into plastics and primary MP pellets

and abrasion beads produced directly from industry as plastic anti-
oxidants and plastic packaging stabilizers or their reaction reagents
(Chen et al., 2017; Hansen et al., 2013; Nizzetto et al., 2016). Endocrine
disrupting chemicals are a group of endocrine disruptors, which are
exogenous substances or mixtures that alter function(s) of the endocrine
system and cause adverse health effects in organisms (Damstra et al.,
2002). Little research has been done so far to explore the occurrence
and concentrations of different kinds of EDCs on marine plastics.

It is noteworthy that EDCs are more easily released from plastic
debris than highly hydrophobic chemicals, because the K, values (an
organic pollutant partitioning coefficient between plastic and water) for
EDCs are much lower than highly HOCs (Liu et al., 2019; Lohmann,
2012). Bisphenol A, an important plasticizer (Oehlmann et al., 2008;
Sajiki and Yonekubo, 2003), can leach into the aqueous phase from
plastic bottles and the average migration rates of BPA can reach
1.84-4.83 ng/cmz/h at 70 °C (Cao and Corriveau, 2008). Other plastic
additives such as nonylphenol and octylphenol can also quickly migrate
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from plastic to water or milk (Bittner et al., 2014a; Loyo-Rosales et al.,
2004). Excess EDCs can disrupt normal functioning of endocrine sys-
tems in human beings as well as in wildlife, affecting reproductive
systems and metabolism and causing obesity (Bergman et al., 2012;
Kabir et al., 2015). Therefore, the leaching of associated EDCs from
plastics may pose a potential ecological risk.

Microplastics and mesoplastics are dominant plastic pieces in the
marine environment and could reenter our daily life (Lebreton et al.,
2018; Ter Halle et al., 2016). In the Great Plastic Garbage Patch
(GPGP), MPs account for 94% of the plastic pieces floating in the area.
The MP and mesoplastic concentrations in GPGP have reached 678,000
and 22,000 pieces/km?, respectively (Lebreton et al., 2018). It is
comparable or higher than the reported data in the North Atlantic
Garbage Patch (358000-537,000 pieces/km2 for MP and
99,000-150,000 pieces/km? for mesoplastic) and that in the Medi-
terranean Sea (0-4480 pieces/km2 for MP) (Ter Halle et al., 2016; Zeri
et al., 2018). Plastic litter is frequently mistaken for food by marine life
(Efferth and Paul, 2017). Examples of marine areas with extensive
plastic pollution include The North Pacific Subtropical Gyre, which is a
fishing place (Polovina and Woodworth-Jefcoats, 2013), and the well-
known GPGP (Moore, 2003). Plenty of studies have reported the oc-
currence of plastic in zooplankton (Desforges et al., 2015), barnacles
(Goldstein and Goodwin, 2013) and various species of fishes (Davison
and Asch, 2011; Jantz et al., 2013) within the GPGP. The vast majority
of plastic fragments found in barnacles in the GPGP are within the
range of 0.5-15mm (Goldstein and Goodwin, 2013). These aquatic
organisms could be prepared into feed or food stuffs and subsequently
consumed by humans. In that case, the pollutants on plastics would
enter into human daily life system. While salinity and dissolved organic
matter have minor effects on the release of EDCs, high temperature has
an enhanced effect on some EDCs (such as BPA) leaching process (Le
et al., 2008; Liu et al., 2019). In the course of everyday cooking at
home, common cooking stresses such as microwaving (dry heat) and
autoclaving (moist heat) may change the potential risks of leachable
EDCs.

We hypothesize that EDCs associated with MPs and mesoplastics
can leach out under normal life stresses, and toxic consequences and
risks may occur if the leached EDCs are exposed to biota. Hence, to test
these hypotheses, we examined the concentrations of EDCs on marine
MPs and mesoplastics under different normal life stresses such as mi-
crowaving, autoclaving and solar irradiation. We also tested the po-
tential toxicity of contaminants leached out of the plastics by in vitro
bioassays and analyzed the potential risk to human health.

2. Materials and methods
2.1. Sampling and identification of marine microplastics and mesoplastics

Marine MP and mesoplastic samples were collected from the North
Pacific Subtropical Gyre while abroad the RV Ocean Starr in August
2015 by a manta trawl with a mouth opening of 15cm X 90 cm and a
mesh size of 500 um. Sample collection was conducted by The Ocean
Cleanup Foundation and was reported previously by Chen et al. (2018).
In the present study, three size classes of small (=0.5mm and < 1.5
mm), medium (=1.5mm and < 5mm), and large (=5mm and <
15mm) plastics were separated. All of the plastics selected for study
were hard plastics (fragments and objects made of plastic with thick
walls of ~1-3 mm) consisting of polyethylene, which are the dominant
type of MPs and mesoplastics (Chen et al., 2018), as verified by micro-
Fourier Transform Infrared Spectroscopy (Bruker, LUMOS FTIR, UK).

2.2. Extraction of EDCs
In the present study, we did not use dichloromethane (DCM) to

achieve a complete extraction, but EDCs on plastic particles were ex-
tracted with 1 mL of 100% ethanol or a saline-based solution (saline:
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DMEM/F-12 medium without phenol red, Gibco, Cat. 21041025) in
order to simulate common life extraction scenarios. We chose saline as
a cell culture medium to simulate the cooking of soup. The saline
medium contains several amino acids, vitamins, salts and sugar (Table
S1, Supporting Information (SI) pages S8-S9), whose components are
similar to those in seafood soup. A pilot experiment was conducted for
the comparison of EDC extraction efficiency between saline and
ethanol. There were no significant differences in the concentrations of
most EDCs extracted by ethanol or saline (Fig. S1, SI page S18). Since
the chemical and bioassay analyses took several months, we used
ethanol for extractions in the formal experiments to decrease the risk of
bacterial contamination. Detailed explanation can be found in the SI
(pages S3-S4).

In each extraction treatment, 100 mg of plastic was soaked in
ethanol or saline and gently shaken at 300 rpm (equals to 0.3 g) on a
well-plate shaker at 30 + 1 °C for 24 h. The extraction time was based
on a pilot experiment, which suggested that equilibria of leached EDCs
can be reached after 24 h (Fig. S2, SI page S19). The glass tubes con-
taining the plastic particles were rinsed twice with 100 uL of methanol
before use. After shaking, the liquid phase was transferred to clean glass
vials with glass pipettes. For each ethanol extract (the liquid phase),
one half was preserved for further chemical analysis, and the other half
was dried under a stream of nitrogen and redissolved in dimethyl
sulfoxide (DMSO) for further bioassay analysis. Each saline extract (the
liquid phase) was filtrated through a 0.2 pm filter (Whatman, PTFE) for
chemical analysis and comparison.

2.3. Quantification of estrogens, androgens, progestogens, and
glucocorticoids

Endocrine disrupting chemicals were quantified using a Xevo TQ
triple-quadruple Mass Spectrometer (Waters, USA) fitted with an elec-
trospray ionization (ESI) source. Chromatographic separation was
conducted using an Acquity UPLC system fitted with a BEH C18 column
(1.7 um, 2.1 x 100 mm) maintained at 30 °C according to (Zhang et al.,
2011) with slight modification. Internal standards were spiked into
procedural blanks and all samples to automatically compensate for the
loss of compounds during sample preparation. Recoveries and detection
limits of the analytes are shown in Table S2 (SI page S10). Detailed
information can be found in the SI pages S4-S5.

The 29 measured EDCs include the estrogens estrone (E1), 17p-es-
tradiol (E2), estriol (E3), diethylstilbestrol (DES), dienoestrol (Dieno),
hexestrol (Hex), estradiol benzoate (E2-ben), bisphenol A (BPA), bi-
sphenol S (BPS), bisphenol F (BPF), 4-n-nonylphenol (NP), and 4-tert-
octylphenol (OP), the androgens testosterone (TES), methyl testos-
terone (Me-TES), 19-nortestosterone (Nortes), trenbolone (Tren), nan-
drolone phenylpropionate (Nan-phen), testosterone propionate (TES-
pro), and boldenone (Bold), the progestogens progesterone (Proges),
norgestrel (Norges), medroxyprogesterone (Me-pro), megestrol acetate
(Me-ace), and hydroxyprogesterone (Hydrop), and the glucocorticoids
prednisone (Predn), cortisone (Corti), dexamethasone (Dexa), pre-
dnisolone (Prednl), and methyl prednisolone (Me-prednl).

2.4. Cytotoxicity analysis by MTT bioassay

The cell viability bioassays using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were performed to estimate the
cytotoxicity of plastic extracts under normal life stresses prior to con-
ducting the Estrogen Receptor mediated Chemical Activated Luciferase
gene eXpression (ER-CALUX) and Lyticase Yeast Estrogen Screen
(LYES) bioassays according to (Brinkmann et al., 2014).

2.5. In vitro analysis of estrogenic effects

The ER-CALUX assays were performed according to (Legler et al.,
1999) with previously reported modifications (Kuckelkorn et al., 2018;
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Maletz et al., 2013; Valitalo et al., 2016). T47D human breast adeno-
carcinoma cells (T47Dluc) expressing the endogenous estrogen re-
ceptors alpha that have been stably transfected with an estrogen-re-
sponsive luciferase reporter gene (pEREtata-Luc) were used. The
estrogenic effects were quantified by measuring the luciferase activity
with a luminescence counter (Berthold, Germany). Detailed description
can be found in the SI pages S6-S7.

The LYES assays were conducted as described by (Routledge and
Sumpter, 1996) with modifications according to (Kunz et al., 2017).
Genetically modified yeast cells were used that contain the DNA se-
quence of hERa and expression plasmids carrying the reporter gene lac-
Z encoding the enzyme p-galactosidase (-gal) under the control of an
estrogen-responsive element (ERE), thus allowing quantification of re-
ceptor activation. Yeast cell density was measured at 595 nm and the
amount of converted chlorophenol red-3-D-galactopyranoside (CPRG)
was measured at 540 nm. Detailed description can be found in the SI
pages S6-S7.

2.6. Estrogenic effect equivalence calculations

Data analysis of both ER-CALUX and LYES bioassays were con-
ducted following the recommendations of (Villeneuve et al., 2000).
Average luminescence and absorbance values of plastic leachate sam-
ples and 17-estradiol (E2) standards were corrected for the response of
the solvent controls. As there were various kinds of EDCs on marine
plastics, we adopted a mass balance approach (Wolz et al., 2008) based
on the concentration addition mechanism (Kortenkamp, 2007) to
evaluate the toxicity of mixtures of EDCs leached from plastic particles.
Estrogenic effects determined in the bioassays were expressed as bio-
logical toxicity equivalency concentrations of estradiol (Bio-EEQ) (Wolz
et al., 2008).

Bio — EEQ = ECyy(E2)/ECy (plastic extract) (¢}

where EC, refers to the concentration of the extracted mixture which
induces a response that is 20% of that of E2 standard.

The chemical equivalency concentrations (Chem-EEQ) were calcu-
lated according to Eq. 2,

n
Chem-EEQ = )’ REP-C;
i=1 )

REP, = ECs0(E2)/ECs (i) 3)

where REP represents the relative estrogenic potential, i represents a
chemical, ECs, refers to the concentration of the extracted mixture
which induces a response that is 50% of that of E2 standard. REP; was
calculated using Eq. (3) with the ECsq value of the reference compound
estradiol and the matching ECso value of the detected estrogen. The
ECso values were obtained from the literature to calculate REP (Bovee
et al., 2004; Molina-Molina et al., 2013; Pillon et al., 2005).

2.7. EDC concentrations alteration under normal life stresses

The stress application methods were adopted from (Bittner et al.,
2014b) with slight modifications. First, for simulating the real-life stress
of exposure to dry heat, microwave radiation (MW treatment) was
applied. Glass tubes with plastic particles were incubated in a micro-
wave at 1200 W for 2 min followed by a 30 min pause. This microwave-
pause cycle was repeated five times. Second, for simulating the real-life
stress of moist heat, an autoclaving process (AC treatment) was applied
by heating plastic samples in a pressure cooker (Perfect Plus, WMF,
Germany) to 120 °C (resulting in a pressure of 1.8 atm) and maintained
for 20 min. Third, for simulating natural solar irradiation, an irradiation
process (solar treatment) was applied by irradiating under artificial
sunlight for 1 month (Altlas SUNTEST XXL + ST, USA). Meanwhile, a
no treatment (NT) group was also included by putting plastics in me-
thanol-rinsed glass tubes without any further stresses. Procedural
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blanks were using clean glass tubes without plastic particles throughout
the experiment.

2.8. Statistics

Data in the present study was processed using SPSS (version 22.0).
Endocrine disrupting chemical concentrations among different plastic
treatments were first tested for normality and homogeneity of variance.
Subsequently, one-way ANOVA tests or t-tests were conducted when
parametric assumptions were met, otherwise nonparametric multi-
variate rank tests were conducted. The ANOVA tests were applied to
compare the concentrations of estrogens, androgens, progesterones,
and glucocorticoids, to test the MP and mesoplastic size effects on EDC
concentrations, to compare the EEQ values among different samples,
and to compare the effects of different treatments (NT, MW, AC, and
solar) on the release of EDCs. The t-tests were applied to compare the
differences in extracted EDC concentrations between ethanol and
saline. Figures containing bars or symbols with an asterisk or lowercase
letters above them represent significant differences (p < 0.05).

3. Results and discussion
3.1. Estrogens are dominant EDCs on plastics

The results suggested that estrogens had the highest concentrations
on MPs and mesoplastics among all categories of the measured EDCs.
The concentration of estrogens (525.6 + 912.2 ug/kg) was even sig-
nificantly higher than the sum of androgens (16.2 = 38.8 ug/kg),
progesterones (138.1 £ 269.3 ug/kg) and glucocorticoids
(31.8 + 91.4ug/kg) combined (p < 0.05) (data in the Fig. 1). Among
all the estrogens, the highest detection frequency was found for BPA
(75%), followed by bisphenol S (BPS, 68%), octylphenol (63%) and
nonylphenol (49%); the average concentrations of these chemicals were
475.1 + 881.5pg/kg, 7.3 = 25.9ug/kg, 2.5 = 8.7pg/kg, and
3.7 = 7.7 ug/kg, respectively. Bisphenol A and nonylphenol are im-
portant stabilizers or antioxidants for plastics (Hermabessiere et al.,
2017; Loyo-Rosales et al., 2004), and therefore they are added during
plastic manufacturing. Consistent with earlier findings, BPA and non-
ylphenol are frequently detected EDCs on PE or polypropylene (PP)
MPs collected from the Pacific Ocean (Hirai et al., 2011). Bisphenol S is
often used to replace BPA in ‘BPA-free’ plastic products, whose usage is
increasing rapidly, and octylphenol is used as an antioxidant in plastic
stabilizers (Hansen et al., 2013). Thus, the high detection frequencies of
these two kinds of estrogens on marine MPs and mesoplastics are rea-
sonable due to the additive usage during manufacturing. Similarly, high
BPA, octylphenol, and nonylphenol concentrations in MPs
(34.4 = 123.1pug/kg, 9.9 = 25.2pg/kg, and 238.1 = 642.0 pg/kg,
respectively) and in seawater (38.9 * 7.6ng/L, 24.6 * 29.5ng/L,
and 59.2 + 48.7ng/L, respectively) have been reported previously
(Hirai et al., 2011; Staniszewska et al., 2014). The high concentrations
of estrogens on marine plastic particles can either be derived from the
surrounding water or be leftovers from plastic manufacturing
(Hermabessiere et al., 2017).

3.2. Effects of size on EDC concentrations

It is noteworthy that the average detection frequencies of EDCs for
the small-sized MPs (59%) were much higher than those for the
medium- and large-sized plastics (34% and 50%, respectively).
Correspondingly, the estrogen concentration in the small-sized group
was 1093.0 = 1607.5 pg/kg, which was significantly higher than that
in the medium-sized (250.0 = 445.3 ug/kg, p = 0.001) and the large-
sized (270.6 = 557.6 ug/kg, p = 0.002) groups (data in the Fig. 1).
Similarly, total EDC concentrations on marine plastics were also re-
ported to range from sub pg/kg to mg/kg (Hirai et al., 2011; Teuten
et al., 2009). With further analysis, we found that for most of the EDCs
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Fig. 1. Heatmap of leached EDCs from marine MPs and mesoplastics under common life stresses. Plastic particles were all composed of PE and classified as small
(0.5-1.5 mm), medium (1.5-5mm), or large (5-15 mm). Treatments included no treatment (NT), microwaving treatment (MW), and autoclaving treatment (AC).

analyzed, concentrations on plastic particles increased with decreasing
particle size.

In general, small sized particles yielded higher EDC concentrations
than medium and large sized particles (Fig. 2). Five estrogens, one
androgen, four progesterones, and two glucocorticoids had significantly
higher concentrations in small MPs (0.5-1.5mm) than that in large
mesoplastics (5-15mm) (p < 0.05) (Fig. 2). The size of the plastic
pellet or fragment strongly affects the rate at which sorbed HOCs are

taken up (Teuten et al.,, 2009). The small plastics had higher EDC
concentrations, which is probably because they can adsorb EDCs from
seawater faster than the larger plastic particles. Even though strong
weathering on the small MPs may lead to lower K, values for EDCs,
faster sorption still outcompetes a lower K, at a sufficiently long enough
scale, and the residence times of these marine MPs and mesoplastics in
the ocean are very long (Koelmans et al., 2016).
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3.3. Different estrogenic effects in ER-CALUX and LYES bioassays

Previous studies have reported that nonylphenol- or phthalate-
containing leachates from plastic products can lead to immobility of
Daphnia magna and 11-60% lethality of coral reef fish Pseudochromis
fridmani (Hamlin et al., 2015; Lithner et al., 2009). However, in the
present study, we did not find strong toxic effects using mammalian and
yeast cells. The LYES bioassay showed comparatively weaker estrogenic
effects to those in ER-CALUX bioassay (Fig. 3A). This trend is because
the metabolic abilities for EDCs of yeast cells in the LYES bioassay were
much lower than those of mammalian cells (T47Dluc) in the ER-CALUX
bioassay (Brinkmann et al., 2014). The elevated estrogenic activity in
the ER-CALUX bioassay may be attributed to increased formation of
phenolic moieties (which is a good predictor of chemical estrogenic
activity) during the exposure (Yang et al., 2011). Benzene moieties are
often converted to phenolic moieties when they are exposed to mam-
malian cell lines. This conversion occurs because the oxidation reaction
is one of the most important phase I biotransformations, which can
introduce —OH and —-COOH functional groups into the xenobiotics (Yu
et al., 2016), and therefore more phenolic hydroxyl groups could be
formed in the ER-CALUX bioassay.

3.4. Causal links between chemical and biological signals

We compared the bioassay results with the identified causative
chemical compounds by calculating the Chem-EEQ values (Fig. 3B).
The contribution percentages (Chem-EEQ/Bio-EEQ) of estrogenic che-
micals for biological effects were plotted (Fig. S3, SI page S20). The plot
suggested that Chem-EEQ values were generally lower than Bio-EEQ
values, as most contribution percentages were lower than 100%. This
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result may be due to metabolism effects during exposure especially for
the ER-CALUX bioassay, and the limited number of quantified estro-
genic chemicals in the present study.

However, the Chem-EEQ values for a small fraction of samples
(large-NT, large-MW, large-AC, and medium-NT) were higher than their
Bio-EEQ values (contribution% > 100%) (Fig. S3, SI page S20). It was
thought that the estrogenic effects can be affected by other EDCs. One
possibility is that some steroids (e.g., estrone and estradiol) are aryl
hydrogen (Ah) receptor ligands (Umbuzeiro et al., 2011), which can
enhance catabolism of cellular estrogens via induction of cytochrome
P450 1A1; therefore, the presence of these EDCs could decrease the net
estrogenic effects (Kortenkamp, 2007). Moreover, these steroids are
also related to the transcription of estrogen response genes, and thus the
ligand-Ah receptor complex can down regulate estrogen receptor ex-
pression after their binding (Chen et al., 2001). Another explanation is
that negative modulation can be observed at relatively low concentra-
tions by Ah receptor agonists. For example, PCB-126 and benzo[a]
pyrene showed negative modulation starting at 10nM and 1 puM, re-
spectively, even though an actual estrogen was present at higher con-
centrations (Evans et al., 2012).

3.5. Normal life treatment effects on the release of EDCs

Endocrine disrupting chemical concentrations appeared to differ for
the different treatments applied, namely, no treatment (NT), micro-
waving (MW), autoclaving (AC), and solar irradiation (solar) (Fig. 4).
Four chemicals from each group (estrogens, androgens, and progesto-
gens) were plotted to compare the treatment effects. In general, the
solar treatment increased, whereas MW or AC treatments decreased the
release of EDCs compared with the NT treatment.
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Fig. 3. (A) Bio-EEQ values and (B) Chem-EEQ values for EDC extracts of plastic particles. Small: 0.5-1.5 mm plastic particles; medium: 1.5-5 mm plastic particles;
large: 5-15 mm plastic particles. E2: 17B-estradiol, as a reference compound for estrogenic effect. Different lowercase letters represent significant differences between

treatment groups (p < 0.05).
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Fig. 4. Comparisons of twelve EDCs released into ethanol (normalized to pg EDC/kg plastic unit) from marine MPs and mesoplastics after 4 h of extraction. No
treatment (NT) (N = 6), microwaving (MW) (N = 16), autoclaving (AC) (N = 14), and solar irradiation (Solar) (N = 6). Different lowercase letters represent sig-
nificant differences (p < 0.05). BPA: bisphenol A, BPS: bisphenol S, OP: 4-tert-octylphenol, NP: 4-n-nonylphenol, Me-ace: megestrol acetate, Proges: progesterone,
Norges: norgestrel, Hydrop: hydroxyprogesterone, Nan-phen: nandrolone phenylpropionate, Me-TES: methyl testosterone, TES: testosterone, Tren: trenbolone.

There are several possible reasons for the relatively higher leaching
of EDCs upon solar irradiation. Photodegradation of the polymer sur-
face can accelerate the increase in plastic surface area (Holmes et al.,
2012). An increase in the size of pores on plastic may increase effective
diffusivities of the EDCs (Mato et al., 2001). Moreover, solar weathering
also introduces oxygen-containing groups and consequently may have
increased the polarity of the polymer surfaces (Mato et al., 2001). This
change may decrease the sorption capacity of plastic for hydrophobic
pollutants. In this case, the chemical diffusion gradient is from plastic to

the ethanol/saline phase, and therefore the dissolved concentrations of
EDCs increased after solar irradiation. It has also been reported that UV
photolysis can degrade EDCs including BPA, ethinyl estradiol, and es-
tradiol; however, this requires strong UV irradiation, such as pressure
UV lamps at 254 nm (Rosenfeldt and Linden, 2004). In the present
study, we used natural solar irradiation, which contained low intensity
UV light, therefore leading to negligible degradation of EDCs.

In contrast, MW and AC treatments decreased the release of EDCs
relative to the control, even though they have been considered as
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attractive alternative methods for the extraction of hormones (Hibberd
et al., 2009; Labadie and Budzinski, 2005). It was shown that most EDC
concentrations after MW and AC treatments were lower than those for
the NT control and were significantly lower than those in solar treat-
ment leachates (p < 0.05) (Fig. 4). There are two possible influences of
MW and AC treatments. On the one hand, both MW and AC can increase
the sample extraction temperature, which could have affected EDC
leaching rates and increased EDC vaporization. However, previous
studies showed that different treatment temperatures showed no posi-
tive linear effects for most EDCs (Hamid and Eskicioglu, 2013). Fur-
thermore, the AC method also had negligible effects on the vaporization
of EDCs because the temperature was controlled at 120 °C, whereas the
melting points of most EDCs are much higher than 120 °C (Table S3 SI
pages S9-S15) even under the autoclaving pressure, except for non-
ylphenol and octylphenol (41-42.5 and 84.5°C, respectively). The
boiling points of nonylphenol and octylphenol are 293-297 and
206.3°C (at 1 atm), respectively. Thus, some of these two chemicals
were possible to evaporate out of glass tubes at high temperatures and
under high pressure. On the other hand, MW and AC have been used as
a way of EDC removal in engineering and sewage disposal processes
(Carballa et al., 2006; Hamid and Eskicioglu, 2013). In general, the MW
treatment decreased hormone concentrations (estrone, testosterone and
androstenedione) in the soluble phase (Hamid and Eskicioglu, 2013).
Similarly, the AC process was also reported to efficiently remove es-
trone and 17f-estradiol (Carballa et al., 2006). The decrease in EDC
concentrations by either MW or AC could have been caused by the
abiotic transformation of hormones. This transformation is attributed
partly to autoxidation. As shown in Table S3 (SI, pages S11-S17), many
EDCs have ring structures similar to those of sterols, which have been
well documented in the literature as being susceptible to autoxidation
and denaturation by heating (Hamid and Eskicioglu, 2013).

Hence, solar irradiation can increase the leaching of EDCs, but other
common normal life stresses (MW and AC) led to lower EDC leaching
compared to no treatment (NT). For some compounds (e.g., non-
ylphenol), a substantial decrease was observed (Fig. 4), indicating that
normal life stresses (frequently used in cooking) have the ability to
remove plastic-associated EDCs to some extent.

3.6. Potential estrogenic effects of plastic-containing seafood

Among the measured EDCs, only BPA has a suggested tolerable
daily intake (TDI) value (Bang et al., 2012). Thus, we first compared
uptake with the TDI value for BPA, which is 50 ug/kg body weight/day
(Bang et al., 2012). The plastic extracts were aimed to simulate plastic-
containing seafood (such as mussels and barnacles) soup. According to
the literature, in the sampling area, barnacles and mussels contain 1-30
and 0.2-0.36 MPs and mesoplastics per organism (only “particle” data),
respectively (Goldstein and Goodwin, 2013; Van Cauwenberghe et al.,
2015; Van Cauwenberghe and Janssen, 2014). If a person (62kg)
(Walpole et al., 2012) takes in BPA through 1 kg seafood with a cooking
density of approximately 50 barnacles in 0.5L soup after boiling ac-
cording to a common recipe (CookingLisbon, 2019), and we use the
average BPA concentrations on plastics, calculations show that a person
would need to consume thousands to millions of barnacles per day
(corresponding to 1,111,485, 313,647, and 76,494 particles for
0.5-1.5mm, 1.5-5 mm, and 5-15 mm marine plastics, respectively), to
reach the TDI threshold. These calculated quantities far outnumber the
estimated consumption of MPs of 11,000 pieces per person per year by
eating seafood (Van Cauwenberghe and Janssen, 2014). Thus, it can be
seen that plastic-containing seafood cooking will lead to a negligible
intake of BPA with respect to the TDI threshold. However, these cal-
culations may underestimate BPA uptake because EDCs can also be
accumulated along the food chain, as barnacles and mussels prey upon
aquatic plankton (Wieters et al., 2008). In addition, we did not account
for the temperature, pH, BPA diffusion efficiency in biota, organism
conditions in this calculation, which can also change the BPA uptake

Environment International 130 (2019) 104938

amounts in human beings and other organisms (Hu et al., 2006; Kang
et al., 2007).

Additionally, we utilized the same recipe (50 barnacles in 0.5L
soup) to predict comprehensive biological effects based on the ER-
CALUX bioassay results for the plastic extract mixtures. Here, we as-
sume that 0.1% of the EDCs in the plastic extracts could be accumulated
by biota, because the uptake of additives via plastic is thought to
be < 0.1% of the total dietary exposure (Lusher et al., 2017). The EC;o
value can replace the No Observed Effect Concentration (NOEC) (Hung
et al., 2006), which is a commonly used parameter in microbial tests.
Following this criterion, none of the NT, MW, or AC samples have po-
tential estrogenic effects (all below the EC;q value).

What needs illustration is that the bioavailability of EDCs on MPs
and mesoplastics (< 0.1%) calculated above depends on temperature,
pH and the concentration gradients between plastics and the sur-
rounding water or organism (Lusher et al., 2017). However, in our
present study, there is a difference with respect to exposure of EDCs. We
used plastic extracts (the liquid phase) under normal life stress condi-
tions for exposure. Therefore, the EDCs were present in the liquid phase
and that may change the bioavailability to some extent. For example,
the use of extracts negates the time necessary for EDCs to diffuse from
polymers to the liquid phase and is likely increases the EDC bioavail-
ability to > 0.1%. Therefore, in future studies, the actual contribution
of plastic-bound EDCs through seafood cooking needs to be further
explored. Then, a more realistic estimate of comprehensive estrogenic
effects through normal life stresses can be approached.

In conclusion, with evidence from the present study, we found a size
effect: the smaller the particle size is, the greater the resulting EDC
concentrations are. Marine MPs had higher concentrations of estrogens
than mesoplastics, but estrogenic effects mediated by both MPs and
mesoplastics may be negligible. Uptake of EDCs through MP- and me-
soplastic-bearing seafood cooking may not raise a safety concern.
However, if plastic particles become even smaller, estrogenic effects
could probably no longer be ignored, and EDCs on nanoplastics need to
be explored in future studies. Moreover, even though no obvious risks
are indicated at present, monitoring of seafood that contains MPs and
mesoplastics remains important because the concentrations of these
particles may change in the future.
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