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ABSTRACT

Microplastics have become one of the most pervasive emerging pollutants in the marine environment because of their
wide occurrence and high sorption ability for hydrophobic organic contaminants (HOCs). Among the associated
HOGs, dioxin-like chemicals (DLCs) can pose severe health risks; however, information on effects of microplastics
bound DLCs is lacking. To fill this knowledge gap, this study integrated chemical analysis and in vitro bioassays to
elucidate the potential dioxin-like effects of microplastics bound DLCs. Chemical analysis results demonstrated that
styrofoams possessed significantly greater DLCs than other coastal or open ocean plastic particles. This was probably
due to the presence of additives and greater sorption ability of expanded polystyrene. However, styrofoams did not
show as strong dioxin-like effects as predicted by the bioanalysis equivalent model in bioassays. This could be
attributed to the decreased DLC bioavailability and increased competition with the presence of styrene oligomers.
Besides, bioassay results also demonstrated that aging increased the associated DLC concentrations, since extra
sorption from surrounding environment occurred during prolonged retention periods. Finally, it was estimated that
the leaching of DLCs could induce dioxin-like effects in marine organisms under 100% (11/11) and 18% (2/11)
scenarios for aged pellets and styrofoams through aqueous or dietary exposures.
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Q. Chen et al.

1. Introduction

The widespread occurrence of plastic debris in the environment has
raised concern about their potential for causing serious environmental
and health hazard [1]. Plastic debris can be separated into microplastics
(0.1-5mm), mesoplastics (5-25mm), and macroplastics (> 25 mm)
[2,3]. Moreover, when microplastics can further fragment or degrade to
even smaller nanoplastics (< 100 nm) [4,5]. Since the pioneering study
on microplastics in seas published by Richard Thompson in 2004 [6],
the severity of microplastic contamination in the oceans and coastal
regions has been widely demonstrated [7]. Plastic debris is widely
dispersed in the marine environment. Microplastics are stranded or
buried on beaches or found floating on open ocean surfaces [8,9].
Different marine ambient conditions can alter the shape, surface area,
and coloration of the microplastic particles. Moreover, the sorbed pol-
lutants and additive contents in microplastics can also be affected and
subsequently lead to different environmental impact and toxicological
consequences [10-12]. For example, enhanced neurotoxicity and be-
havioral abnormality, increased pollutant metabolites concentrations,
and endocrine disrupting effects have already been observed to occur in
zebrafish (Danio rerio) [13,14], goby fish (Pomatoschistus microps) [15],
and medaka (Oryzias latipes) [16], respectively.

Due to the high sorption capacity of plastics toward hydrophobic
organic contaminants (HOCs), microplastics act as a “vector” that are
loaded with numerous organic pollutants [17,18]. Polymeric particles
contain additives used to improve their performance, and the release of
these organic additives may take place during the life of the plastics or
after their disposal [19]. Plasticizers, flame retardants, and anti-
microbial agents are commonly found toxic additives [20]. In addition
to the release of organic additives, microplastic polymers can also be-
have like passive samplers, accumulating “environmental pollutants”
present in the surrounding compartments [21,22]. These environmental
potentially toxic substances (PoTSs) could further exacerbate the
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complications in all stages of marine plastic debris [12]. With their
relatively longer half-life than most natural substances or products
[23], microplastics can also enhance the transport of associated che-
micals by “sorb and shuttle” processes [24]. These processes, whereby
contaminants adsorb to microplastics and are transported, can result in
the extensive distribution of chemical-associated microplastic, even to
remote regions like the Arctic [25] and to every level of food chain in
the marine environment [7]. Upon ingestion, the plastic-associated
organic compounds can become bioavailable to organisms and can
accumulate in the food chain [13,14,26].

There is increasing number of studies reporting HOCs on micro-
plastics in recent years. Among these HOCs, polyaromatic hydrocarbons
(PAHSs) and polychlorinated biphenyls (PCBs) have the highest detec-
tion and reporting frequencies. Researchers [8,9,27] and the Interna-
tional Pellet Watch Program [28] chose PAHs and PCBs as the most
important monitoring chemicals because of their relatively high po-
tential to cause adverse health effects. However, few investigations
focused on dioxin-like PAHs or PCBs, whose congeners have similar
toxic effects as dioxins (2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)),
are environmentally hazardous and carcinogenic even in small
amounts. Effects of such dioxin-like chemicals (DLCs) include thymic
atrophy, hepatotoxicity, certain types of cancer, immunotoxicity, and
reproductive toxicity [29]. Additionally, DLCs are coplanar molecules,
which have relatively higher sorption affinities toward plastics [30];
therefore, more attention should be directed toward the adverse effects
of DLCs associated with microplastics.

A number of studies have demonstrated that many of the toxic ef-
fects from dioxin-like PAHs and PCBs are mediated via the aryl hy-
drocarbon receptor (AhR) [31]. The AhR binds co-planar aromatic
compounds with high affinity and translocates them into the nucleus
[29]. However, it is still not clear at present whether DLCs on micro-
plastics will pose a threat to organisms, or if microplastic retention time
in the environment will change the fate and toxicity of the associated
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DLCs. One of the main reasons of uncertainty is that details about the
exposure of microplastic bound DLCs at environmentally relevant
concentrations are quite limited.

In the present study, we compared concentrations of dioxin-like
PAHs and PCBs in plastic debris from two plastic accumulation zones in
marine environments. One accumulation zone was located in Shandong
Peninsula (North Pacific Coastal zones; high plastic debris density and
high human activity due to laminaria and sea cucumber cultures) and
the other was located in the open ocean (North Pacific plastic accu-
mulation zone; high plastic debris density and low human activity). The
collected plastic particles included different polymer types (poly-
ethylene (PE), polypropylene (PP) and polystyrene (PS)), and different
aging time (unaged and aged microplastics). The objectives of the
present study were to: (1) examine the effects of marine regions,
polymer types, and aging effects on microplastic bound DLCs; (2) assess
the associated DLC health risks based on chemical quantification,
micro- ethoxyresorufin-O-deethylase (micro-EROD) bioassays and pre-
dicted dioxin-like effects to marine organisms through either aqueous
or dietary exposures.

2. Experimental
2.1. Sample collection and preparation

Coastal microplastics samples were collected from the beaches of
Shandong Peninsula, East China using a clean stainless-steel shovel
from the top 2 cm profiles in the intertidal zone between the waterline
and high tide line. Open ocean plastic samples were collected in the
North Pacific Accumulation Zone by manta trawl with an opening
mouth of 15 cm X 90 cm and a mesh size of 500 um (Fig. 1). The plastic
samples were grouped as shown in Fig. S1 with different marine re-
gions, sizes, polymer types, and aging time. In each sampling site, we
could only collect a few plastic particles, thus we pooled all collected
plastic particles together for coastal and open oceanic regions, respec-
tively. Then, we separated the coastal samples into 3 groups of UA
pellet (unaged pellets), A pellet (aged pellets), styrofoam (styrofoams);
and we also separated the open oceanic samples into 3 groups con-
sisting of small (0. 5-1.5mm hard plastics), medium (1.5-5mm hard
plastics), and large (5-15 mm hard plastics). Aged/unaged pellets were
defined according to Endo et al. [26]: aged pellets were discolored
pellets with a visible yellowness of 40 or more when they were laid on a
white disposable towel under a fluorescent lamp, while unaged pellets
were clear, opaque white or grey pellets. We performed procedural
blanks which were conducted all the same in the field and lab processes
only without plastics to ensure the operation reliability. Besides, we
also prepared virgin commercial PE, PP, and PS plastic particles by
cutting purchased plastic thick sheets into 1.5-5mm particles (Alfa
Aesar, Germany). Further information and details about the extraction
procedures can be found in the SI (See S2.1, Table S1).

2.2. Identification of marine plastic polymer composition

Among the hundreds of marine plastic particles collected, twenty
out of each sampling group were randomly selected for polymer com-
position identification via micro-Fourier Transform Infrared
Spectroscopy (Bruker, LUMOS FTIR Microscope, UK) [32]. The details
can be found in SI (See S2.2).

2.3. Quantification of PAHs and PCBs

The marine plastic samples were extracted, purified and analyzed
for sixteen PAHSs, including 7 dioxin-like PAHs (dI-PAHs) of benzol[a]
anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene (BbF), benzo
[klfluoranthene (BKF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene
(InP), and dibenz[a,h]anthracene (DbahA); and 9 other PAH congeners
(naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE),
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fluorene (FLR), phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLN), pyrene (PYR), benzolg,h,ilperylene (BghiP)). Eighteen mea-
sured PCB congeners were comprised of 8 dioxin-like PCBs (CB-77, CB-
81, CB-105, CB-114, CB-118, CB-126, CB-156, CB-169) and 10 other
PCB congeners (CB-28, CB-52, CB-101, CB-123,CB-138, CB-153, CB-
157, CB-167, CB-180, CB-189) according to Clemons et al. [33] for in
vitro rat liver cell lines bioassays. The details about the methods of
quantification and limitations can be found in SI (See S2.3).

2.4. Neutral red assay

The neutral red uptake assay was performed to estimate the cyto-
toxicity of extracts prior to conducting the micro-EROD bioassays ac-
cording to previous methods [34,35]. Experimental details can be found
in SI (See S2.4).

2.5. Micro-EROD assay

A well-documented effect of DLCs is the aryl hydrocarbon receptor
(AhR)-mediated induction of cytochrome P450 enzymes such as the
CYP1A-dependent monooxygenases [36]. This mechanism is examined
in the micro-EROD assay and deployed in the present work to assess
(micro/meso) plastic-associated substances for dioxin-like effects [37].
Experimental details can be found in SI (See S2.5).

2.6. Bioanalytical equivalent quantification and comparison

Considering the complexity of organic pollutants and the relatively
low concentrations of each chemical on marine environmental plastic
particles, concentration addition mechanism has been suggested as a
conservative approach to evaluate the mixture toxicity of the associated
pollutants [38]. Here, we adopted the bioanalytical equivalent quotient
(BEQ) concept [39] to determine the contribution of detected DLCs to
the micro-EROD biological effects, by comparing the BEQ from bioa-
nalysis (BEQbio) and from chemical analysis (BEQchem) [40]. Ac-
cording to the bioassay responses, BEQbio in the present study can be
calculated as follows.

. EC,sTCDD [pg/mL]
BEQy;, = BioTE /g]l= —————M=——
Qb Qas[pg/gl ECssample[g/mL] o
BEQchem values of DLCs are calculated as Eq. (2):
BEQchem = Y, REP-C;
i=1 2

where REPi represents the relative equivalent potency (REP) of the
detected DLCs [41]. REP values for DLCs can be found in Table S2.

2.7. Statistical analysis

The data analysis in the present study was processed using SPSS
(version 22.0). PAH and PCB concentration data among different
sampling locations, sizes, polymer types, and ages were first tested for
normality and homogenous variance and transformations (log) were
applied when needed. Subsequently one-way ANOVA tests or t tests
were conducted when parametric assumptions were met; otherwise
non-parametric multivariate rank tests were conducted.

3. Results and discussion
3.1. Elevated PAH concentrations on coastal plastics

The PAH concentrations were significantly greater in plastic parti-
cles from coastal beaches (1722.9-31764.8 ug/kg) than in plastic par-

ticles from open ocean areas (nd-6298.8 ug/kg) (Fig. S2A; p = 0.034;
nd= not detectable, which represents values < limit of quantification
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(LOQ)). As for dioxin-like PAHs (dl-PAHs), the concentration ranges
were 5.2-9170.3 and nd-13226.2 ng TCDD/g plastic for coastal and
oceanic plastics, respectively (Fig. 2A purple dots; p = 0.076). A pre-
vious study reported PAH concentrations on microplastics within the
same coastal region close to Shandong Peninsular ranged from 136.3 to
1586.9 ug/kg and from 397.6 to 2384.2 ug/kg [42], which is compar-
able to the PAH concentrations from coastal regions observed in the
present study. The greater PAH concentrations observed in our study
were likely because the Shandong Peninsula coast is located near in-
dustrialized areas and urban beaches are closer to pollution sources
[43,44]. The elevated concentrations of PAHs on coastal plastics are
likely to be the result of sorption from the surrounding environment,
because PAHs have a strong affinity to plastic particles [19], with K4
values of 5.6-7.0 for dioxin-like PAHs on PE [45].

Furthermore, it is noteworthy to state that styrofoam microplastics
exhibited particularly greater PAHs/dl-PAHs than or the other plastic
particles, which had been marked with highlighted red background
colour in Fig. 2A. This was probably because that PS plastic functioned
as a sink for some kinds of PAHs. Rochman et al. [46] reported that
seven non-dioxin-like parent PAHs of ACY, ACE, FLR, PHE, ANT, FLN
and PYR presence on virgin PS plastics from 5.2 to 25.4 ug/kg plastic.
But we did not detect PAHs in our virgin PS plastics which was probably
due to different production engineering (Table S3). Another explana-
tion was that styrofoam is composed of expanded PS, which had greater
sorption ability for PAHs if compared with PE or PP plastics due to more
amorphous regions on styrofoams [47]. Detailed discussion will be
carried out in Section 3.3.2.

3.2. Concentrations of PCBs on coastal and oceanic plastics

Concentrations of sum PCBs detected on the plastic particle samples
did not show significant location differences between coastal areas
(68.9-261.4 pg/kg) and open ocean (nd-694.0 nug/kg) among all sizes of
plastic particles (Fig. S2B; p = 0.40). In contrast, dioxin-like PCBs (dl-
PCBs) were higher in coastal areas than those in open ocean, with re-
lative equivalent BEQchem values of 0-4996.6 and 24.8-507.6 pg
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TCDD/g plastic, respectively (Fig. 2B purple dots; p = 0.27). As for
open ocean plastics, a previous study of ours reported PCB concentra-
tions in North Pacific subtropical regions (0.7-308.4 pg/kg) [8] that
were lower than those of the present study for the same type of plastic
particles within the same region. Differences in PCB concentrations
between studies can be attributed to the measurement of different PCB
congeners.

Coplanar PCB congeners (the dominant PCB congeners in the pre-
sent study showed lower photoreactions than other PCB congeners,
therefore preventing their photolysis under sunlight and ultraviolet
light due to increased electron affinity with the extended conjugation
between two phenyl rings in the planar configuration [48]. The high
detection frequency for CB-77 (32%) (Fig. 2B) in open ocean plastic
samples also suggests the potential occurrence of photodegradation.
The degradation product of many dl-PCB congeners (CB-105, 118, 126,
169) have a high yield of CB-77 after photolysis [48,49]. Moreover, dl-
PCBs can even be generated from some potential precursor congeners
during photodegradation, which are very abundant in commercial PCB
mixtures (e.g., Aroclor products) [48]. Thus, CB-77 was detected in all
coastal plastics (Fig. 2B), largely due to CB-77 formation during high-
temperature processes [50] and photodegradation that would typically
occur on the shore [48,49]. In the coastal region, d1-PCBs seldom exist
naturally, but they can be detected in some industrial products or
formed through combustion [50]. PCBs tend to accumulate in the or-
ganic phase of sediments [51], thus, it is not surprising that we also
observed elevated concentrations of dI-PCBs on coastal plastics, which
follow the same partitioning mechanisms for PCBs as sediments [52].

3.3. The influence of plastic size, type, and aging

3.3.1. Plastic particle size

We tested the size effect of plastic particles on pollutants associated
with open ocean plastics (Fig. 2). PAH concentrations nd-6.2, nd-
6298.8, and nd-8.3pug/kg (p = 0.323) and PCB concentrations nd-
210.1, nd-412.4, nd-694.0 ug/kg (p = 0.4193) did not significantly
differ among small, medium and large particle sizes, respectively. This

u Concentrations of PCB congeners (ug/kg plastic)
(_) 200 400 600 800 1000

mmm CB-28
CB-77
CB-81
CB-123
CB-126

0 2000 4000 6000
Relative equivalent potential value (pgTCDD/g plastic)

Fig. 2. (a) PAH congener concentrations (stacked pillars: pg/kg plastic) and dioxin-like PAH concentrations (purple dots: pg TCDD/g plastic); (b) PCB congener
concentrations (stacked pillars: pug/kg plastic) and dioxin-like PAH concentrations (purple dots: pg TCDD/g plastic) on marine plastic particles. Coastal: UA pellet
(unaged pellets); A pellet (aged pellets); styrofoam (styrofoams). Open ocean: small (0.5-1.5 mm hard plastics); medium (1.5-5 mm hard plastics); large (5-15 mm
hard plastics) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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result suggests that pollutant concentrations versus particle size did not
occur, which is likely due to the partition sorption mechanisms of PAHs
and PCBs onto plastics [8,53]. Similar to the present study, no effect of
the particle size (0.5 mm-150 mm) was also previously observed for
other HOCs (such as polybrominated diphenyl ethers and hex-
abromocyclododecane) that we measured on plastic debris from the
North Pacific Open Ocean [8]. Under non-equilibrium conditions,
smaller particles possess a shorter intrapolymer diffusion path length
than larger ones, which may lead to HOC concentration dependence on
size. However, Koelmans et al. [23] predicted that 80-90% of plastic
debris present in the ocean are older than 2-4 years, a time length that
ensures the majority of HOCs achieve or are close to sorption equili-
brium. Additionally, another explanation is that the plastic particle
samples examined in the present study were all in the millimeter-size
range. According to our best knowledge, it has been predicted that
plastic particles with smaller sizes had a higher surface area for sorption
than larger particles [54], and our unpublished data found that poly-
ethylene plastic (um-mm) sorption ability for antibiotics increased with
decreasing plastic sizes. Thus, the effect of size may need to be verified
further by accounting for micrometer- or even nanometer-sized plastics
in future studies.

3.3.2. Plastic polymer type

Polymer type showed significant influence on HOC concentrations
on plastics in the coastal region. Concentrations of organic pollutants
on styrofoam (PS, XPCBs = 234.6 = 26.1ug/kg, XPAHs =
23,696.7 = 8516.3 ug/kg) were much greater than those in unaged
and aged pellets (PE/PP, ¥PCBs = 116.0 += 69.2ug/kg,
ZPAHs = 2958.2 + 1522.1pg/kg) (p = 0.027 for PAHs; p = 0.024 for
PCBs). A similar phenomenon was also observed by Lee et al. [18], who
found that the partitioning coefficients between different types of mi-
croplastics and concentrations of PAHs and PCBs in seawater were
generally in the order of PS > PE > PP. Meanwhile, Rochman et al.
[46] also found that PS behaved as a sink for parent PAHs, with 8-200
times greater sorption of PAH concentrations on PS than on poly-
ethylene terephthalate (PET), polyvinyl chloride (PVC), PE and PP.
Greater sorption on PS may be attributed to the different degree of
crystallinity of these polymers, which usually contain crystalline and
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amorphous regions [47]. PP, high-density polyethylene (HDPE) and
low-density polyethylene (LDPE) can be classified as semi-crystal
polymers with 70-80%, 70-80%, and 45-55% crystallinity, respec-
tively [55].The crystal region within the polymers have regularly ar-
ranged atoms in terms of positions and motions. Therefore, pollutants
do not favorably absorb to crystalline regions because a high energy is
required to disrupt tightly associated polymeric chains [47]. However,
PS is an amorphous polymer, where polymeric chains are more ran-
domly oriented and a larger free volume is available for organic che-
micals to move into and be absorbed [47]. An additional explanation
for greater concentrations of pollutants on styrofoam is that styrofoam
has larger surface area for contact with surrounding seawater per unit
mass. The density of expanded PS (styrofoam) is 0.01-0.04 g/cm?, lar-
gely lower than PE (0.89-0.98 g/cm®) and PP (0.83-0.92 g/cm?) [56].
Although there were contrasting results for the PS sorption capacity
[57], the lowered PS sorption ability was more likely due to the dif-
ferent polymer composition produced by different manufacturers.

3.3.3. Plastic aging effect

For coastal microplastics, we compared the aging effect on coastal
plastic burdens of PAHs and PCBs. The microplastic pellets showed
differences to some extent with regard to the influence of aging (Fig. 2).
In particular, FLN, PYR and BghiP significantly increased their con-
centrations during the aging time (p < 0.05) (Table S3). One ex-
planation may be that the increased occurrence of PAH congeners had
high background sedimentary concentrations reported in the same
coastal area [58], and thus these pellets undergoing aging processes
were exposed to, and further sorb various PAHs, in the coastal area
during their longer residence time. Therefore, the aging process could
influence the PAH composition and concentration on coastal micro-
plastics, which would also subsequently alter their potential ecotoxi-
city.

3.4. Integrated micro-EROD bioanalysis and chemical analysis
Due to high hydrophobicity and large surface area to volume ratio,

microplastics can contain a variety of organic micropollutants, and
therefore the screened DLCs may only be a small fraction of the
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chemicals present on microplastics. Based on this, the micro-EROD
bioassay can be a valuable analysis to targeted chemical quantification,
which provides comprehensive conclusions about AhR activation ef-
fects.

Overall, we found that the BEQ model was suitable to investigate
the dioxin-like effects driven by DLCs on microplastic pellets by as-
suming an addition mixture toxicity mechanism [39]. The calculated
BEQbio values were 219-260 and 2269-6070 pgTCDD/g plastic for
unaged pellet and aged pellet respectively, according to micro-EROD
bioassays (Fig. 3a &b). By comparing BEQbio and BEQchem values
(Fig. 4a & b), it was found that the unaged and aged pellets exhibited
high induction for the AhR activated dioxin-like effects, and with re-
lative good chemical-biological causal explanation of 37-73% and
11-112% for unaged and aged pellets, respectively (Table S4). The AhR
effect was dominantly driven by BbF and BkF chemicals for both aged
and unaged pellets, whereas, dioxin-like PCB concentrations increased
in aged plastics, which may be attributed to the sorption during the
prolonged retention time in the marine environment (Fig. 1).

However, for styrofoam samples, it was difficult to determine the
contribution of detected chemicals to dioxin-like effects. Although
elevated concentrations of BbF and CB-77 were present in extracts of
styrofoam samples (Fig. 2), and the total predicted REP values were the
highest, the micro-EROD bioassay measured dioxin-like effect in styr-
ofoam samples were lower than that of the aged pellet extracts (Fig. 3c),
thus abnormally high chemical contribution percentages for styrofoam
samples were obtained (114-534%, Table S4).

We further explored the underlying reasons for the abnormally low
activation of micro-EROD activity for styrofoam samples (Fig. 3c). One
reason is likely due to the lowered bioavailability of DLCs in the styr-
ofoam samples. Partial PS molecules can be dissolved during extraction
with dichloromethane (DCM), because PS possesses polarizable side
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groups and can be dissolved by aromatics or strongly polar groups
containing solvents, such as DCM [59]. Therefore, DCM molecules have
favorable interactions with PS. Additionally, styrene polymer segments
may be present in solution and sorb DLCs, subsequently decreasing
their bioavailability to exposed cells. On the other hand, styrene oli-
gomers, such as styrene trimers can be present in the extracts, which
have previously been reported to be derived from PS degradation [60].
Styrene is known to have three aromatic rings, which is structurally
similar to AhR-active compounds [61], and Hong et al. [62] demon-
strated that the REPs of styrene were 1000- to 10,000- fold less than
BaP. Due to the large amounts of styrene trimmers, competition with
other DLC molecules may exist due to the occupation of binding posi-
tions.

In order to verify this, we diluted the original styrofoam extracts by
1000 folds, which can alleviate the competition status for Ah receptor.
Then we measured the diluted styrofoam extraction samples with
micro-EROD bioassays, and found that much higher micro-EROD ac-
tivity induction effects were observed for the diluted samples (Fig. 3d),
and subsequently much better linkage between chemical analysis
(BEQchem) and biological signals (BEQbio) were also observed after
dilution (Fig. 4c) with an alleviation of the competition by styrene
oligomers (Fig. 4d).

3.5. Potential dioxin-like effects on marine organisms

In order to simulate actual scenarios, we predicted the DLC con-
centrations desorbed from microplastics to marine organisms through
either aqueous or dietary exposure ways. According to the literature,
the releasing percentages of organic contaminants from microplastics
were from lower than 1% in seawater to 78% in simulated gut surfac-
tants of 15 mM sodium taurocholate (ST) (Table 1) [63,64]. Although
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Table 1

The predicted the exposure concentrations of DLCs desorbed from microplastics (UA pellet, A pellet, and styrofoam) to marine organisms through either aqueous or dietary exposure ways. The predicted concentrations

were corresponding concentrations relative to micro-EROD activity of TCDD (ECx values) calculated based on Fig. 3. Note: UA pellet = unaged pellet; A pellet = aged pellet; ST = sodium taurocholate; PHE

phenanthrene; DEHP

bis-2-ethylhexyl phthalate.

styrofoam

predicted conc

(ECx)

A pellet

predicted conc

(ECx)

UA pellet

predicted conc

Temp leaching%
(ECx)

polymer

retention time

medium

chemical organism

uptake

Ref

< EC10
< EC10
< EC10
EC10-20

1.7-4.8
1.6-1.8
3.0-3.4

EC10-20
EC10-20
EC10-20
> EC20
> EC20
EC10-20
EC10-20
> EC20
> EC20
> EC20
> EC20

3.5-11.4
4.0-11.6
9.4-16.6

< EC10
< EC10
< EC10
< EC10
< EC10
< EC10
< EC10
< EC10
< EC10
< EC10
< EC10

0.6-3.6
0.7-3.6
1-4.06
3.42-7

<1%

3%

20°C

PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE

5-15d
3h
3h

seawater

marine organisms
marine organisms
marine organisms
marine fish

seabird

BDE-209
PHE
D]

aqueous
aqueous
aqueous

[63]

18°C

seawater

[64]

16%

18°C

seawater

DT

11.4-14.3

4.8-5.6

21.7-49.7
12.4-26.6
4.0-11.6
9.9-17.8

45%

20°C

5-15d
5-15d
3h
3h
3h
3h
3h
3h

stomach oil

BDE-209

ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion

[63]

< EC10
< EC10
< EC10
< EC10
< EC10
< EC10
EC10-20

1.47-4.63

0.7-3.6
1.1-4.2
1.4-4.5
1.6-4.8
2.1-5.4

13.50%
2.6-6

3%

38°C

stomach oil

BDE-209
DEHP
PHE

1.6-1.8

18°C

15 mM ST
15 mM ST
15 mM ST

marine organisms

[64]

3.3-3.8
4.6-5.3

19%

18°C

marine organisms
marine organisms
marine organisms

11.9-25.2
13.2-29.2
16.0-37.1

31%
39%

18°C

DDT

5.4-6.2

38°C

15 mM ST
15 mM ST
15 mM ST

DEHP
PHE

7.2-8.6

59%

38°C

marine organisms
marine organisms

8.8-10.7

18.3-42.7

78%

38°C

DDT
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the compounds (i.e., BDE-209, PHE, DDT, and bis-2-ethylhexyl phtha-
late (DEHP)) tested [63,64] were not all the same as those measured in
the present study, their logarithm of octanol water distribution coeffi-
cients (logKow) (4.46-9.97) were quite similar.

For pollutants on unaged pellets, all scenarios exhibit effects below
EC10 thresholds, which suggests that dioxin-like effects may not occur.
This is because that the EC10 can replace the No Observed Effect
Concentration (NOEC), which is a commonly used effect parameter in
microbial tests [65]. However, the results suggest that particular at-
tention should be given to aged pellets and styrofoams. Their predicted
leaching DLC concentrations have exceeded EC10 thresholds with
100% (11 out of 11 scenarios) for aged pellets and 18% (2 out of 11
scenarios) for styrofoams, implying that dioxin-like effects are likely to
occur once these microplastics exposed to marine organisms.

4. Conclusions

In conclusion, the concentrations of DLCs on plastic particles are
mainly influenced by coastal/oceanic regions, polymer types, and aging
effects, but not plastic size. Chemical analysis demonstrated that coastal
styrofoams possessed the greatest DLC concentrations, because of the
presence of additives and greater sorption ability relative to other
plastics (PP and PE). However, the comprehensive micro-EROD
bioassay results indicated a relative lower dioxin-like effect for styr-
ofoam samples. The discrepancies could be attributed to the decreased
DLC bioavailability and increased receptor binding competition in the
presence of styrene oligomers. Furthermore, aged pellets and styr-
ofoams have been observed to have potential dioxin-like risks to marine
organisms through either aqueous or dietary exposure scenarios. While
DLCs bound on marine microplastics are not yet reported according to
our best knowledge, this work demonstrates that it is an important
consideration in risk assessment because they can pose strong health
risks to organisms, especially when considering their light density and
easy to transport behavior in the marine environment.
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