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Abstract

The microplastic pollution and related ecological impacts in the aquatic
environments have attracted global attention over the past decade. Microplastics can
be ingested by aquatic organisms from different trophic levels either directly or
indirectly, and transferred along aquatic food chains, causing different impacts on life
activities of aquatic organisms. In addition, microplastics can adsorb various

environmental chemical contaminants and release toxic plastic additives, thereby

serving as a sink and source of these associated chemical contaRi and potentially
changing their toxicity, bioavailability, and fate. HoweveR dge regarding the
potential risks of microplastics and associat hemical contaminants (e.g.,

hydrophobic organic contaminants, heavy @ lastic additives) on diverse

organisms, especially top predators, be explored. Herein, this review

describes the effects of micro ) typical aquatic organisms from different

trophic levels, and system&icallg summarizes the combined effects of microplastics
and associated ¢ @on aquatic biota. Furthermore, we highlight the research
progress on trophidytransfer of microplastics and associated contaminants along
aquatic food chain. Finally, potential human health concerns about microplastics via
the food chain and dietary exposure are discussed. This work is expected to provide a
meaningful perspective for better understanding the potential impacts of microplastics
and associated contaminants on aquatic ecology and human health.

Keywords: Microplastics; Associated contaminants; Aquatic organisms; Combined

effects; Trophic transfer; Human health
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Abbreviations:

Mt, million tonnes.

PRISMA, Preferred Reporting Items for Systematic reviews and Meta-Analyses.

PE, polyethylene; LDPE, low-density polyethylene; MDPE, medium-density
polyethylene; HDPE, high-density polyethylene; PS, polystyrene; PS-COOH,
carboxylated polystyrene; PVC, polyvinyl chloride; PP, polypropylene; PET,
polyethylene  terephthalate; PC, polycarbonate; PA, polyamide; POM,
polyoxymethylene; PU(F), polyurethane (foam); PMMA, polymethyl metacrylate;
PTFE, polytetrafluoroethylene; ABS, acrylonitrile-butadiene-styrene; PHB,

polyhydroxybutyrate.
DDTs, sum of dichloro-diphenyltrichloroethane; PCBs, p %‘Ed biphenyls;

PAHSs, polycyclic aromatic hydrocarbons; PBDES, polybrOQy diphenyl ethers;
BPA, bisphenol A; PFOS, perfluoroocta sulfonic acid; HBCDs,
hexabromocyclododecanes; Ag, silver; Cd, ca b chromium; Cu, copper; Pb,
lead; Ni, nickel; Hg, mercury; Zn, zinc.


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polystyrenes

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

1. Introduction

Currently, various plastic products have been widely applied to human daily life
and global plastics annual production reached almost 359 million tonnes (Mt) in 2018
from 348 Mt in 2017 (PlasticsEurope, 2019). Along with the conveniences brought
about by plastic products, the negative sides of “Plastic Era” are gradually emerging
(Geyer et al., 2017, Law and Thompson, 2014). Due to overuse, mismanagement and

environmental durability of plastic products, about 6300 Mt plastic wastes had been

continuously produced from 1950 to 2015, 79% of whigc ischarged into
landfills or natural environments (Geyer et al., 2017). AqNM ironments are the
base of material circulation and energy flow on e nd have become an important

sink of plastic wastes. An estimated 4.8-1@ astic wastes from land were
discharged into the marine environ S 0 (Jambeck et al., 2015). Between
1.15-2.41 Mt plastic wastes wer, %to transport into the ocean from the global

rivers every year (Lebreton@l)z::ﬂ).

The plastic e Pito the environments may be gradually broken up into

microplastics throgh synergistically environmental and biological stresses.
Microplastics and nanoplastics existed in nature are either primary or secondary from
their origin. Primary microplastics are derived from microbeads widely added to
consumer products including cosmetics, exfoliants, facial scrubs, detergents,
sunscreens, and drug vectors (McDevitt et al., 2017, Hernandez et al., 2017, Rochman
et al., 2015a). Another source of primary microplastics include industrial abrasives

and accidental pellet spills with a size less than 5mm, which are intentional or
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unintentional released from industrial manufacture (McDevitt et al., 2017, Lechner et
al., 2014). Secondary microplastics originate from the extremely slow
fragmentation/degradation from large plastics through complicated weathering
processes, such as mechanical abrasion by sand or water scour, hydrolysis, UV
photodegradation, biodegradation, and temperature (Alimi et al., 2018, Chubarenko et
al., 2019, Hernandez et al., 2019). Evidence also showed that Antarctic krill by the
internal digestive function can break down the ingested PE microplastics (31.5 um)
into the smaller debris (<1 um) (Dawson et al., 2018). Moge e structure and
reactivity changes of the plastic polymer occur in the nd fragmentation
processes of plastics, including the peeling off plastic surface coatings, the
formation of pore and changes in the me@ trength, oxygen content and

molecular weight of microplastics (Sgig » 2017, Liu et al., 2019a, Liu et al.,

2020a). Plastic properties an t weathering processes also impact how
microplastics absorb/desor@ophobic organic chemicals and heavy metals in
environments, a

eQieMt to which they leach toxic chemicals into the aquatic

environment (Liu al.,, 2020a, Liu et al., 2019b, Lee et al., 2018). Notably,
microplastics can enter aquatic environments through the diverse and complex
pathways (Fig. 1). Recent evidence also showed that the floating atmospheric
microplastics derived from terrestrial areas can be considered as a nonnegligible
source of ocean microplastic pollution (Liu et al., 2019c). Microplastics were

generally defined as plastic fragments <5 mm in size (Arthur et al., 2009, Thompson

et al., 2004). There is a higher possibility of further degradation and fragmentation of
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microplastics to nanoplastics by environmental weathering and biodegradation
(Hernandez et al., 2019, Mattsson et al., 2018, Hartmann et al., 2019). Nanoplastics
were usually termed as plastic particles <100 nm or 1 pum in size (Hartmann et al.,
2019, Koelmans et al., 2015), but still lack of the internationally specified
microscopic size boundaries. Herein, 100 nm was suggested as the upper size limit for
nanoplastics, because this threshold has been widely adopted in nanotechnology field
and used in many microplastic toxicology studies for over a decade. Also, tire wear
particles can be considered as another common source of microRlagigapollution with a
high emission rate of millions of tons annually, and ma ported to aquatic
ecosystems through the road runoff and complex trgsgort pathways (Kole et al., 2017,

Wagner et al., 2018). Microplastics, as a div d complex contaminant, have

raised the wide concern about their n ic effects on diverse organisms and
ecosystems due to its persistenc y and diversity of plastic polymer, type, size,
morphology, color, Ieach@j itives and adsorbed environmental chemicals
(Rochman et al., f89)"

Once input i the aquatic environments, microplastics can distribute in
different water layers (e.g., surface water, water column and bottom sediment)
because of the polymer properties (e.g., density, plastic shapes, polarity), surface
biofilm, and water flow conditions (Kane et al., 2020, Kooi et al.,, 2017, Van
Melkebeke et al., 2020), influencing their availability and toxicity to aquatic biota

(Wang et al., 2019a). In recent years, studies about the impacts of microplastics on

aquatic organisms from different trophic levels have been widely performed (Wang et
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al., 2019a, Shen et al., 2019, Carbery et al., 2018, Wright et al., 2013). Microplastics
were detected in zooplanktons (Botterell et al., 2019, Canniff and Hoang, 2018),
mussels (Li et al., 2016a, Li et al., 2018a), oysters (Graham et al., 2019, Teng et al.,
2019), fish (Jabeen et al., 2017, Azevedo-Santos et al., 2019), waterbirds (Fossi et al.,
2018), penguins (Le Guen et al., 2020, Bessa et al., 2019), and cetaceans (Zhu et al.,
2019a, Burkhardt-Holm and N'Guyen, 2019). Microplastics can be ingested by
aquatic organisms from different trophic levels, and their impact on the aquatic
ecosystem might be worse than those caused by large plastjc it et al., 2013),
even causing a threat to the aquatic food chain (Carbery 18, Gross, 2015).
Aguatic organisms have different sensitivity to giygroplastics due to the diverse
habitats and regulatory ability, which res@ e difference of microplastic
distribution in aquatic organisms. MigrOpI"@ig® in aquatic organisms of low trophic

level can be transferred to the %

prey to predator (Wang et a@a, Santana et al., 2017). For example, microplastics
have been foundQatopNegltors, such as waterbirds (Fossi et al., 2018, Brookson et
al., 2019), seals (H&nandez-Milian et al., 2019), humpbacked dolphins (Zhu et al.,

2019a), beluga whales (Moore et al., 2020), sharks (Maes et al., 2020), and even

hic levels along aquatic food chain from

humans (Schwabl et al., 2019). Furthermore, microplastics could absorb various
environmentally relevant contaminants (e.g., heavy metals, hydrophobic organic
contaminants) and release plastics additives (Alimi et al., 2018, Koelmans et al., 2016,
Wang et al., 2018a, Brennecke et al., 2016), and transfer these associated chemical

contaminants to aquatic organisms (Boyle et al., 2020, Bakir et al., 2016, Rochman et
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al., 2013). At present, the combined effects of microplastics and associated chemical
contaminants on typical aquatic organisms have become a research hotspot. Although
the effects and trophic transfer of microplastics have been verified, several topics
remain to be further investigated, such as whether the interaction between
microplastics and associated chemical contaminants cause the biomagnification
effects, and whether the amounts of microplastics entering top predators and even

humans lead to enough health impacts.

Additionally, microplastic exposure by the food chains a n dietary is an
important pathway to human beings, and poses a potenti to food safety and
human health (Carbery et al., 2018, Zhang et al., a, Cox et al., 2019). Based on

the available knowledges, microplastics hav@ dely detected in commercial

aquatic products (Li et al., 2018a, Li " , Garrido Gamarro et al., 2020, Feng

et al., 2020a, Barboza et al., 20

al., 2019), table salts (Kir@,

drinking water al., 2018, Tong et al., 2020, Zuccarello et al., 2019,

er et al., 2020, Cho et al., 2019, Abidli et

018, Peixoto et al., 2019, Karami et al., 2017),

Mintenig et al., 208, Koelmans et al., 2019), and other human dietary exposure
(Kosuth et al., 2018, Mthlschlegel et al., 2017, Oliveri Conti et al., 2020, Karami et
al., 2018, Prata et al., 2020). Also, human intakes of microplastics via air inhalation
have gradually attracted attention (Zhang et al., 2020a, Cox et al., 2019, Prata, 2018).
Notably, Schwabl et al. (2019) found the presence of various microplastics in human
faeces with 2 particles/g. Nevertheless, studies on the nano- and micro-plastic

toxicology and pathology of humans are in infancy and need to further developed in
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the future. Moreover, the combined effects of microplastics and associated
contaminants to human food safety and health deserve more attention.

According to the PRISMA Statement (Moher et al., 2009), we conducted a
literature review using databases (ISI Web of Science and Science Direct) and
published volumes in some environment field journals (e.g., Environmental Science
& Technology, Water Research, Journal of Hazardous materials), for studies published

up to May 2020. Search terms used in this study were included: microplastics, aquatic

organisms, combined effects, trophic transfer, and human hdgl e also tracked
back to some literature with the relevant topics from thes references. After
the selection and removal process, we iden 202 studies consisted of

“microplastics-combined effects” (n=97), “mi@ s-trophic transfer” (n=27), and

“microplastics-human health” (n=78)ghi W aims to summarize the combined

effects of microplastics and ag#0% hemical contaminants on typical aquatic
organisms, and emphasize@i)trophic transfer from different trophic levels along
aquatic food chat potential risks to human health caused by microplastics
via the dietary expoqyre and food chains are discussed. Finally, the current knowledge

gaps and future research priorities about microplastics and associated contaminants in

the aquatic environment are prospected.

2. Effects of microplastics on typical aquatic organisms
Microplastic ingestion, or interaction by the multiple ways, has been reported in

a variety of aquatic organisms such as planktons, aquatic plants, invertebrates, fish,

10
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waterbirds and other top predators. Microplastic properties, such as environmental
concentration (Gutow et al., 2016), size (Desforges et al., 2015, Yuan et al., 2019),
shape and color (Ory et al., 2017), and released chemicals or odours (Savoca et al.,
2016, Savoca et al., 2017, Allen et al., 2017), can affect microplastic ingestion by
different aquatic organisms. Another important factors influencing microplastic
ingestion include plastic surface biofilm (Allen et al., 2017, Kach and Ward, 2008,
Vroom et al., 2017, Goss et al., 2018), aquatic habitat conditions (Peters and Bratton,
2016, Horton et al., 2018, McGoran et al., 2018, Ferreira et a Collard et al.,

2019), species difference (Botterell et al., 2019, Azevedo- al., 2019, Setdaet

al., 2014, Cartraud et al., 2019), life stages (Horton,aal., 2018, Cartraud et al., 2019,

\)

@l’ d eral., 2019, Reynolds and Ryan,

McNeish et al., 2018), and feeding strategy (¢
2018, Cuthbert et al., 2019, Kim et al, Colen et al., 2020, Germanov et al.,
2018). Also, trophic transfer ca n indirect approach of microplastic uptake
by different trophic level pgedatqs (Chagnon et al., 2018, Nelms et al., 2018). After
ingested or inteﬁd@impacts of microplastics vary from different aquatic
organisms. Micropl§tics in the aquatic organisms and surrounding environment
might affect the trophic transfer of microplastics from different trophic levels along
the food chain/web.
2.1 Effects of microplastics on plankton

Phytoplankton, as an important primary producer in the aquatic ecosystems,

takes CO> from atmosphere through photosynthesis and provides food sources and

oxygen supply for aquatic primary predator. The ubiquitous microplastics in the

11
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aquatic environments can disturb phytoplankton feeding, physical ingestion and
photosynthesis, and cause negative impacts on growth, development and reproduction,
potentially affecting phytoplankton communities and even aquatic ecosystem
sustainability (Wang et al., 2019a, Bhattacharya et al., 2010, Wu et al., 2019a, Liu et
al., 2020b, Besseling et al., 2014). Laboratory experiments have revealed that
microplastic exposure have toxic effects on various microalgae, with the smaller the
particles and the greater the toxicity (Anbumani and Kakkar, 2018, Sjollema et al.,
2016, Zhang et al., 2017). Also, the toxicity of nanoplastics §e cted by plastic
properties (e.g., type, concentration, surface modification %n chemistry (e.g.,
ionic strength and dissolved organic matter), and icle-algae cell wall interactions
(e.g., adsorption, complexation, agglomeratio@ al., 2020b, Nolte et al., 2017).

Larger microplastics can lead to advegse e y blocking the light and influencing

the photosynthesis, while smal@
wall by attaching to the@op ankton surface (Liu et al., 2020b). Smaller

microplastics int ytoplankton by adherence to their surface (Casabianca et

stics result in the destruction of algae cell

al., 2020). PS nanoastics can be attached on the surface of freshwater microalgae
Chlorella and Scenedesmus (Bhattacharya et al., 2010), as well as
Pseudokirchneriella subcapitata (Nolte et al., 2017, Bellingeri et al., 2019) due to
interaction of the electrostatic interaction, plastic surface properties, solution
chemistry and algal exudates, which hinder photosynthesis and result in increase of
the reactive oxygen species in algae cells. Additionally, Marine phytoplankton

aggregates, such as the diatom Chaetoceros neogracile and cryptophyte, could secrete

12
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extracellular polysaccharides and some viscous substances to form algae clusters, and
polymerize and concentrate 2 um PS microbeads in their surrounding environment,
potentially influencing microplastic vertical distribution and bioavailability in aquatic
systems (Long et al., 2017, Long et al., 2015). Recently, Feng et al. (2020b) revealed
that the exposure of PS-NH. nanoplastics (50 nm) at the concentrations of 3.40 and
6.80 pg/mL can inhibit photosystem-Il efficiency and enhance the microcystin
synthesis and release from cyanobacterial species. Thus, it increases the threats of
eutrophication and cyanobacterial blooms, and potential s to negative
consequences to freshwater ecosystems and human health.

Microplastics have been found in the vario oplanktons such as copepod,
rotifer and cladocera, which interact with mi by the surface adherence and
feeding behavior (Botterell et al., 20 es et al., 2015, Setdaet al., 2014,
Cole et al., 2013, Jeong et al., 2@ uptake and bioavailability of microplastics
by zooplankton depend onitheg species, taxa and life-stage of zooplankton, or the
size, concentratiﬁép hape of microplastics (Botterell et al., 2019, Cole et al.,
2013). When exposdy to 20 um PS microbeads and cultured algae, copepod Calanus
helgolandicus could ingest 11% less algae, cause reductions of ingested carbon
biomass and significantly decrease the fecundity (Cole et al., 2015). Rehse et al.
(2016) reported that ingestion of 1 um PE microplastics led to immobilization of the
limnic Daphnia magna with the concentration and exposure time increasing, but the

100 um that not be ingested by Daphnia magna did not cause the physical effects. A

recent study also reported that exposure of PE microbeads at size of 63-75 um have

13
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no significant impacts on survival and reproduction of Daphnia magna although their
guts were blocked, and promote the algal Raphidocelis subcapitata growth for 21 day
experiment (Canniff and Hoang, 2018). Notably, exposure of microplastics in
different sizes could result in significant size-dependent effects on zooplankton, such
as feeding capacity, reduced growth rate and fecundity, increased mortality, long
reproduction time and even affect the next generation (Besseling et al., 2014, Jeong et
al., 2016, Lee et al., 2013). The smaller plastic particles including nanoplastics are
generally more toxic and harmful to zooplankton (Lee et al., 2Q13giist et al., 2017).
Moreover, the excretion ability of microplastics may be SN tly correlated with
its particle size. Jeong et al. (2016) found t 0.05/0.5 pm and 6 pm
nonfunctionalized PS microbeads were excre nogonont Rotifer Brachionus
koreanus within 48 hours and 24 ho r er In short, microplastic ingestion
by zooplankton indicated that @ edators can interact with microplastics in
surrounding environments.
2.2 Effects of mi Ig}m aquatic plants

Microplastics fRd been widely spread in various aquatic environments, so they
can interact with aquatic plants such as duckweed (Dovidat et al., 2020), seagrass
(Goss et al., 2018), and mangrove (Li et al., 2018b). Aquatic plants could absorb and
accumulate microplastics to plant surface by phytostabilization, and “trap”
microplastics from the surrounding water environments by different potential
mechanisms such as plastic properties, electrostatic interactions, plant surface

morphology and biofilm (Yuan et al., 2019, Goss et al., 2018, Bhattacharya et al.,

14



293 2010, Nolte et al., 2017). Notably, microplastics absorbed on the plant surface are
294  easily ingested by various herbivorous species, thus it represent an underappreciated
295  pathway for transferring to the higher trophic levels via the food chain (Gutow et al.,
296 2016, Goss et al., 2018, Dovidat et al., 2020, Kal¢ikova, 2020).

297 Up to now, far less research focused on the impact of microplastics on the
298  aquatic higher plants. According to several limited researches, microplastics have
299  slight impacts on higher plants. For example, the growth rate and chlorophyll content
300 of duckweed Lemna minor were not affected by PE microplgstfgs i a size range of
301  4-45um (Kaléikova et al., 2017, Mateos-Cadenas et al., t their root growth
302 and cell viability were significantly reduced (KalGsgva et al., 2017). Dovidat et al.
303  (2020) also reported that 50 nm PS nanop@ 500 nm microplastics were

304 adsorbed externally to the roots of d ecies Spirodela polyrhiza, while had

305 no significant impacts on th of fresh weight, leaves and roots, and
306  chlorophyll concentrations.@er study showed that PS nanoplastics (50-190 nm, 3%
307  sediment dry wef P¥ microplastics (20-500 um, 10% dry weight) have slight
308 effects of root and S§oot on the growth of two macrophytes Myriophyllum spicatum
309 and Elodea sp. (van Weert et al., 2019). Notably, only nanoplastics (<20 nm) can
310 efficiently penetrate plant cell wall (Dietz and Herth, 2011) and some large
311 nanoparticles (<100 nm) may also enter by inducing the form of larger pores in cell
312 wall surface (Rastogi et al., 2017). Thus, the potential risk of nanoplastics on the

313  aquatic higher plants is nonnegligible. Bandmann et al. (2012) demonstrated that PS

314  nanobeads (20 nm) rapidly enter the BY-2 cells by endocytosis and accumulate in

15
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different endosomes, while the nano-beads (100 nm) are excluded. Recently, Yuan et
al. (2019) reported that PS nanoplastics (100 nm, 0-100 ug/mL) were massively
accumulated in the spore surface of aquatic plant fern Ceratopteris pteridoides and
penetrated into the roots of gametophytes. Moreover, PS nanoplastics exposure posed
seriously negative effects on the growth and reproduction of fern in different life
stages, and threatened the survival of this endangered ferns. Although microplastic
and nanoplastic toxicology of phytoplankton especially various microalgae have been
widely studied over a decade, the potential effect of plastic p r% higher aquatic
plants remain further explored (Kal¢ikova, 2020).

2.3 Effects of microplastics on aquatic invertebr

Aguatic invertebrates generally feed on rysproducers and are served as an

important food source for aquatic cargi ich play a vital ecology role. Due to

their feeding characteristics ic level of primary predator, aquatic
invertebrates are more i Iy%impacted by microplastic pollution. Various
molluscs (Teng ho et al., 2019), arthropods (Desforges et al., 2015) and
worms (Van Cauv§nberghe et al.,, 2015), as the typical species in aquatic
invertebrates, have been widely investigated. For example, Van Cauwenberghe and
Janssen (2014) reported that mussels Mytilus edulis and oysters Crassostrea gigas
cultured for human consumption contain microplastics with the average 0.47 and 0.35
particles/g, respectively. Another similar research showed that the total microplastic
abundance in 9 commercial bivalves from China was 2.1-10.5 particles/g wet weight

and 4.3-57.2 particles per individual (Li et al., 2015). According to an investigation of
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17 coastal cities in China, the average concentration of microplastics in four cultured
oyster species was 0.62 particles/g of tissue and 84% individuals ingested
microplastics (Teng et al., 2019). Also, Li et al. (2016a) reported that the abundance
of microplastics in mussels Mytilus edulis ranged from 0.9 to 4.6 particles/g from 22
sites along the China coast. Catarino et al. (2018) showed that the average abundance
of microplastics in wild mussels Mytilus spp. and subtidal Modiolus modiolus from

eight sampling stations of Scottish coast was 3.0 0.9 and 0.086 *0.031 particles/g.

Moreover, Li et al. (2018a) reported that wild mussels Mytjl & sampled from
the United Kingdom coast all contain microplastics with t ntration of 0.7-2.9
particles/g of tissue. As the ubiquity and ecotoxici microplastics in bivalves such

as mussels and clams, the species have bee@ d as a meaningful biological

indicator for aquatic microplastic polliorgig” al., 2016a, Li et al., 2019, Su et al.,

2018). On the other hand, D,

microplastics were found Qh)

Microplastics a(}tected in wild lugworm Arenicola marina with a

t al. (2015) reported that 816 £108 um

rill Euphausia pacifia in the Northeast Pacific.

concentration of 1.+ 2.8 particles/g (Van Cauwenberghe et al., 2015). In an field
investigation by Abidli et al. (2019), diverse microplastics was found in six
commercial mollusk species including three bivalves Mytilus galloprovincialis,
Ruditapes decussatus and Crassostrea gigas, two gastropods Hexaplex trunculus and
Bolinus brandaris, and one cephalopod Sepia officinalis in Bizerte lagoons, whose
microplastic abundances ranged from 703.95 +109.8 to 1482.82 +19.2 particles/kg

wet weight. Noticeably, Windsor et al. (2019) reported that microplastics were
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detected in 50% of freshwater macroinvertebrates (included Baetidae, Heptageniidae
and Hydropsychidae) in the urban river systems of South Wales, with an average
abundance of 0.14 particles/mg tissue. Additionally, different aquatic invertebrate
species have different living characteristics, so it affects the biological uptake models
of microplastics and its distribution in invertebrates. For instance, the respiratory
exposure can serve as a pathway of microplastic uptake into the common
nonfilter-feeder marine shore crab (Watts et al., 2014). Additionally, Kolandhasamy et

al. (2018) found that microplastic adherence to soft t's%mussels cause

accumulation of miroplastics exceeding the ingestion.

Toxicological effects of microplastic inges vary from different aquatic

invertebrates (Trestrail et al., 2020). The maj otoxicological studies showed
that microplastics have negative congggu e.g., feeding, growth, development,
reproduction, and survival) to t vertebrates (Trestrail et al., 2020, de S&et
al., 2018, Foley et al., 201®arellu et al., 2016), while limited effects were also
reported. For e Iwer et al. (2018) reported that the exposure of PET
microplastics (10-15§ um, 0.8-4000 particles/mL) for 24h have no significant impact
on feeding, growth and development of the freshwater amphipod Gammarus pulex.
Santana et al. (2018) also found that the exposure to PVC microplastics (0.1-1.0 pum,
0.125 g/L) for 90 days did not result in significant physiological damages to mussel
Perna perna. Evidence showed that Pacific oyster Magallana gigas can expel from

the majority of ingested PS microplastics in size range 100-500 um, suggesting that

the harm to the next trophic level is slight (Graham et al., 2019). Furthermore,
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Catarino et al. (2018) found that the potential impacts to human resulting from
microplastics ingestion by mussel consumption are lower than the household fibres
exposure. Accordingly, the potential risks of the trophic transfer of microplastics from
aquatic invertebrates remain further studied.
2.4 Effects of microplastics on fish

Fish can uptake microplastics either from aquatic environment or via the
secondary plastic ingestion from their prey (Kim et al., 2019, Chagnon et al., 2018).
According to the field investigations, microplastics have beergf in a variety of
wild fish living in freshwater, estuarine, and marine sys been et al., 2017,
Azevedo-Santos et al., 2019, Collard et al., 2019, er et al., 2013, Foekema et al.,
2013). The ingestion of microplastics by % ainly influenced by the fish

characteristics (e.g., species, life stageg,fe trategy and living habitat), exposure

conditions, plastic properties ( #size, shape, color), and biofilm aging of
microplastics (Ory et al., 2@53 et al., 2018, Collard et al., 2019, Adeogun et al.,
2020, Neves et 0 2013, Lusher et al. (2013) examined 504 fish with ten
pelagic and demers species collected from the English Channel, and found plastic
debris (0.13-14.3 mm) in 36.5% of fish intestinal tracts, 92.4% of which was
composed of microplastics. Then, Foekema et al. (2013) reported that microplastics
(0.04-4.8 mm) were present in 2.6% of the 1203 fish and the five of seven species that
caught from the North Sea. Recently, a global assessment showed that microplastics

can be ingested by 427 fish species in different aquatic environments such as

freshwater, estuarine, and marine, and exposed to different trophic levels of fish such
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as carnivore, omnivore, herbivore, algivore and detritivore (Azevedo-Santos et al.,
2019). In the Clyde and Thames estuaries at UK watersheds, McGoran et al. (2018)
found that microplastics can be ingested by 36% of 876 individual fish and the
fourteen of twenty fish species. The average microplastics in digestive tracts of
flatfish, other benthic fish and pelagic fish in Clyde was 3.92, 2.00 and 5.83 particles
per fish, and at Thames Estuary, an average of 2.93, 1.50 and 3.20 particles per fish
were observed, respectively. Moreover, Renzi et al. (2019) reported an average
microplastics of 4.63 and 1.25 particles per fish in stomac of two pelagic

fish species sardine Sardinia pilchardus and anchovy En crasicolus caught

from the Adriatic Sea, respectively. By contrast, t icroplastic abundance in three

benthic fish species (snailfish Liparis tan
herzensteini, and anglerfish Lophius &Ilected from 14 sites in the South
Yellow Sea was 27.5, 19.2 a@Qrticles/g wet weight in the soft tissues,
respectively, suggesting t@ surface sediments and benthic organisms were

severely poIIute%@’astic pollution (Wang et al., 2019b). Compared to the

marine studies, the INjeractions between microplastics and freshwater fish still exist in

knowledge gaps (Azevedo-Santos et al., 2019).

Fig. 2 shows the entry, migration and excretion of microplastics in fish.
Microplastics can interact with fish through the direct feeding, indirect trophic
transfer, respiratory exposure and skin absorption, but its distribution in fish is
complex. These plastic particles can be mainly accumulated in the gills and

gastrointestinal tracts (Barboza et al., 2020a, Peters and Bratton, 2016, Horton et al.,
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2018, Romeo et al., 2015, Zhang et al., 2019a, Bessa et al., 2018), and especially
nanoplastics, via the complex mechanisms, transported to different tissues and organs
such as liver, blood, muscle, and even brain (Barboza et al., 2020a, Kashiwada, 2006,
Mattsson et al., 2017, Lu et al., 2016). Ecotoxicological effects of microplastics and
nanoplastics on fish were verified in experimental studies, mainly affecting tissue and
organ health, behavioral and neurological functions, intestinal permeability,

metabolism, intestinal microbiome diversity, and even brain (Jacob et al., 2020).

Somewhat differently, ASmonaité et al. (2018) found gRgestion of the
relatively-large PS microplastics (100-400 um) pre-p y environmental
contaminants might resulted in a limited impac the hepatic stress and lipid

peroxidation of rainbow trout fish, and even (@ uence fillet quality. Generally,
the smaller plastic particles show the d than the larger one, and the higher
plastic concentration also plays % t role (Yang et al., 2020a, Gu et al., 2020).
Notably, in micro-size levegs of glastic particle, the toxic effect might not be simply
negatively corre Q’rs size and size-dependent effects need to be further
studied (Ding et al.N2020). As a common model species for evaluating toxicity, the
negative influences on zebrafish, such as plastic particle accumulation, intestinal
inflammation, tissues damage, developmental and reproductive impact, disorders of
intestinal microbiome, metabolomics changes, and immune dysfunction, have been
observed (Gu et al., 2020, Qiao et al., 2019a, Pitt et al., 2018, Lei et al., 2018).

Interestingly, Ding et al. (2020) found that the exposure of 5 m PS microplastics in

red tilapia lead to the more severe metabolism effects and oxidative stress than the
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70-90 um and 0.3 um microplastics. Yang et al. (2020a) reported that PS
microplastics (50 pm) accumulated in the digestive tracts of goldfish Larvae
Carassius auratus can cause oxidative stress, organs (e.g., gills, guts, liver) damage
and inhibit the growth and movement, and nanoplastics (70 nm) can penetrate the
epidermis of larvae into muscle tissues, resulting in the greater adverse effects. In
addition, the nanoplastics may pass through the blood-to-brain barrier of crucian carp
fish, causing brain damage and its behavior disorder (Kashiwada, 2006, Mattsson et
al., 2017). The negative combined effects of microplastics multi-stressors
(e.g., nanoparticles, temperature) on fish were also obser eira et al., 2016).
However, some field investigation demonstrated th icroplastics retained in fish are
so few that it can be not accumulated inside t@ al tracts for very long periods

and have limited effects on wild fish, egpe e top predatory fish (Chagnon et al.,

2018, Foekema et al., 2013). T ng the profound impacts of nanoplastics at

environmentally relevant @trations on various fish is particularly needed.
I

Furthermore, mi ic Jollution in aquatic organisms remains challenging to

monitor and to idenWfy its quantities and distribution, and meanwhile, microplastics
would be environmentally co-polluted with various chemical contaminants.
2.5 Effects of microplastics on waterbirds and other top predators

Waterbirds, including freshwater bird and seabird, would like to collect food
from the aquatic environments, thus they can be inevitably affected by the ubiquitous
microplastics (Fossi et al., 2018, Reynolds and Ryan, 2018, Basto et al., 2019). It is

worth noting that the migratory behavior of waterbirds may cause the movement of
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microplastics due to the presence of microplastics in avian feathers and faeces
(Reynolds and Ryan, 2018, Provencher et al., 2018a). Evidence showed that the
species, life stages and foraging behavior of birds, and availability of plastics in its
habitats affect microplastic ingestion by birds (Cartraud et al., 2019, Reynolds and
Ryan, 2018). These ingested microplastics be mainly retained in the gastrointestinal
tracts of birds (Brookson et al., 2019, Cartraud et al., 2019, Basto et al., 2019, Kithn

and van Franeker, 2012, Nicastro et al., 2018). Then, a portion of microplastics can be

excreted via their faeces (Provencher et al., 2018a), but th nt dynamics of
plastics in bird gastrointestinal tracts are largely unkno ocki et al., 2017).
Notably, some bird species such as Eurasian dipp reat skua and gulls ingest the

preys contaminated by plastic pollution and @ gitate the undigested residues

containing microplastics, suggesting tat r ation behavior of birds represents an

® urtado et al., 2016, Hammer et al., 2016,

D’Souza et al., 2020). Man@eg have shown that seabirds in different regions can

alternative route to excrete mic

ingest the differeQile microplastics (Cartraud et al., 2019, Basto et al., 2019,
Nicastro et al.,, 208, Masiaet al.,, 2019). As the majority of northern fulmars
Fulmarus glacialis in its stomachs contain plastic debris (Kthn and van Franeker,
2012, Terepocki et al., 2017), the species had been used as a bio-indicator for
monitoring and evaluating the microplastic pollution levels in oceans (van Franeker et
al., 2011, Herzke et al., 2016). Cartraud et al. (2019) reported that nine seabird species

in the western Indian Ocean ingested plastic debris, and the most contaminated

species were the tropical shearwaters (79% with plastics in guts) and Barau's petrels
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(63%), with an average of 3.84 +£0.59 and 6.10 +1.29 particles per bird, respectively.
Recently, two studies showed that Gentoo penguin and King penguin in the Antarctic
regions can uptake microplastics (mostly fibers), with a total of 20% and 77% of
penguin scats containing microplastics, respectively (Le Guen et al., 2020, Bessa et al.,
2019). However, it is unclear whether microplastics in penguins are derived from the
direct ingestion from surroundings or the trophic transfer through the polluted preys.

Compared with the seabirds, little studies focused on the microplastic abundance

in freshwater birds. For example, Holland et al. (2016) e presence of
microplastics (50 um-5 mm) in eight of eighteen freshwatoRIs ecies (e.g., ducks,
geese, and loons) in Canada and 15 of 350 i iduals. In an investigation by

Brookson et al. (2019), the double-crested c@ chicks Phalacrocorax auritus
collected from the Laurentian Gre &/ere investigated, 86.7% of which
contained an average of 5.8 pa ird in its gastrointestinal tracts, indicating
the trophic transfer of micr@%m the contaminated preys to cormorant parents
and then feedin @’ Moreover, Reynolds and Ryan (2018) reported seven
African duck specie}from the contaminated freshwater wetlands in South Africa, and
found that a total of 5% of faeces and 10% of feathers include microfibers. Liu et al.
(2019d) also reported that the average microplastic abundance in migratory bird
faeces in Poyang Lake wetlands is 4.93 particles/g, and microplastics in the active
range of birds significantly increase. Although the presence of microplastics in
various waterbirds including freshwater bird and seabird was confirmed, the

toxicological effects of microplastics on waterbirds are largely unknown. The first
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feeding experiment demonstrated that ingestion of PP microplastics (3-4.5 mm) by
Japanese quail Coturnix japonica at two environmental dose have no significant
impacts on the lasting toxicological effects, survival or population outcomes over
parental and two filial generations, but lead to the delays of growth and sexual
maturity (Roman et al., 2019). More seriously, Lavers et al. (2019) revealed that the
ingested plastic debris in Flesh-footed Shearwaters fledglings negatively affected its
morphometrics and blood calcium levels, and were positively correlated with the
concentration of uric acid, cholesterol, and amylase the condgnteggn of uric acid,
cholesterol, and amylase, suggesting that plastic pollutio e related with the
blood chemistry parameters of birds and p jally cause negative health
consequences. Furthermore, the combined @ microplastics and associated

contaminants (e.g., absorbed chemicglga tic additives) on birds are exploring

(Herzke et al., 2016, Guo et al offin et al., 2019). In short, waterbird as a

typical predator easily irfduen by aquatic environments, can be used as a
meaningful bio-iﬁ' at@‘nonitoring the microplastic pollution.

In addition to\waterbirds, seals are also affected by microplastics. Bravo
Rebolledo et al. (2013) first reported that ingestion of plastic debris by 11.2% of 107
harbour seals Phoca vitulina in the Netherlands was observed and young seals contain
more microplastics in its stomach. Few studies had directly detected microplastics in
the intestines of seals, while these retained microplastics may affect parasite
aggregations (Hernandez-Milian et al., 2019). By investigating the samples of seal

scats, microplastics exist in the South American fur seals Arctocephalus australis
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(Perez-Venegas et al., 2018), harbor seals Phoca vitulina vitulina and grey seals
Halichoerus grypus atlantica (Hudak and Sette, 2019), and northern fur seals
Callorhinus ursinus (Donohue et al., 2019). Furthermore, the trophic transfer of
microplastics from Atlantic mackerel to grey seals Halichoerus grypus was proved
through a feeding study (Nelms et al., 2018), which provides a valuable insight into
understanding the trophic transfer mechanisms of microplastics from low trophic
levels to top predators.

The megafauna species is one of most affected by mi ics due to their
unintentional ingestion, filter-feeding, and trophic transfer food chains (Zhu
et al., 2019a, Maes et al., 2020, Germanov et al., 2 Xiong et al., 2018). Studies on

microplastic ingestion by cetaceans have bee d primarily by dissecting the

death individuals from stranding or fi h (Nelms et al., 2019a). To date, the

presence of microplastics in the intestinal tracts of several dolphin species,
such as short-beaked com& Delphinus delphis (Hernandez-Gonzalez et al.,
2018), East Asia®Nl poises Neophocaena asiaeorientalis sunameri (Xiong et
al., 2018), harbour Worpoises Phocoena phocoena (van Franeker et al., 2018), and
Sousa chinensis (Zhu et al., 2019a), has been reported. Nelms et al. (2019a) also
found 261 microplastic particles in the gastrointestinal tracts of 50 stranding marine
mammal individuals around the coast of Britain that derived from 10 species
including 7 dolphin species, 2 seals, and 1 whale. Moreover, Sala et al. (2019) found
the high concentration levels (24.7 1g/g lipid weight) of total organophosphorus flame

retardant additives in tissues of common dolphins Delphinus delphis from the Alboran
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Sea. Additionally, microplastics may be an un-ignorable problem for the filter-feeding
megafauna such as filter-feeding sharks and baleen whale, because they would like to
filter plenty of water daily to gain adequate food and nutrition (Germanov et al., 2018).
Since 2012, Prof. Maria Cristina Fossi and her co-workers have continuously reported
the impacts of plastic pollution on Mediterranean fin whales Balaenoptera physalus,
and found the presence of microplastics and their associated contaminants (e.g.,

additive phthalates, persistent organic pollutants) in whales, suggesting the direct

microplastic ingestion and filter-feeding of contaminated pr i et al.,, 2014,
Fossi et al., 2012, Fossi et al., 2016). Furthermore, they pr e possible overlap
between the microplastic hot spot areas and whale ing habitat (Fossi et al., 2017a).

Also, by a two-step literature review appro@ essively to identify the main
prey species of two baleen whales ang.mi tic ingestion by whale prey species,
results showed that prey prefe feeding strategies can affect microplastic
ingestion by minke whale{@alagnoptera acutorostrata and sei whale Balaenoptera
borealis (BurkhY-)—@nd N'Guyen, 2019). Notably, Lusher et al. (2015)
developed an effec§ve method for detecting microplastics ingestion by marine
megafauna, and found microplastics and macroplasticss in the stomach and digestive
tracts of True's beaked whales. Recently, microplastics with an average of 97 +42
particles per individual were also reported in the gastrointestinal tracts of omnivorous
beluga whales Delphinapterus leucas (Moore et al., 2020). In addition, the
microplastic ingestion has been demonstrated in several shark species, including

basking shark Cetorhinus maximus (Fossi et al., 2014), whale shark Rhincodon typus
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(Germanov et al., 2019), blackmouth catshark Galeus melastomus (Alomar and
Deudero, 2017), and Porbeagle shark Lamna nasus (Maes et al., 2020). Fossi et al.
(2017b) conducted a toxicological investigation on 12 whale sharks from the
California Gulf by the indirect skin biopsies, and found the high levels of
organochlorine compounds (PCBs, DDTs), plastic additives (PBDEs) and
CYP1A-like protein in the subcutaneous tissues, suggesting the underlying impacts of
microplastic pollution to the endangered filter-feeding shark. Generally, top predator
species, such as seal, dolphins, sharks and whales, play an i t ological role in
biological indicators and monitoring the ecosystem hea ever, the research
fields of microplastic ingestion by these megafau e still fraught with challenges,

because of the difficulty in gaining accurat rom the large animals (e.g.,

gastrointestinal tracts). In addition, ko on the toxicological and clinical
pathology effects of potentia to microplastics and plastic-associated

contaminants is still scarce,@ requires to be explored in the further works.

3. Combined effect§ of microplastics and associated chemical contaminants on
aquatic organisms

In addition to toxicity and impacts of microplastics itself, its vector effects can
affect the bioavailability (e.g., distribution in vivo, bioaccumulation, toxicity,
transgenerational effects) of associated chemical contaminants to the aquatic
organisms. Over the past decades, scientists have started to explore the role of plastic

debris in transporting and releasing diverse chemical contaminants to the environment
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and wildlife (Teuten et al., 2009). Due to the microscopic size, hydrophobic surface,
large specific surface area, and strong mobility, microplastics have a high affinity for
hydrophobic chemical contaminants and absorb them from environment (Wang et al.,
2018a, Teuten et al., 2007, Mato et al., 2001, Velzeboer et al., 2014, Wang et al.,
2018b). In addition, microplastics can serve as a vector for transporting heavy metals
in aquatic environments (Brennecke et al., 2016, Godoy et al., 2019). Meanwhile,
studies suggested the desorption of these chemical contaminants from different

microplastics under natural aquatic environments and SikQu physiological

conditions (Liu et al., 2019b, Lee et al., 2018, Bakir et al. akir et al., 2014).
On the other hand, diverse additives and bypr ts (e.g., PBDEs, phthalathes,
nonylphenol, BPA, antioxidants) are ad@ lastic products during the
manufacturing process to improve r ormance. In recent years, evidence

r@ plastic debris or microplastics (including

micro-rubber) into the env@nt (Liu et al., 2019b, Chen et al., 2019a, Khaled et

showed that these additives ca

al., 2018, Palus 019, Turner et al., 2020), causing non-negligible health

risks (e.g., toxicity, &docrine disrupting, gene mutation) to aquatic organisms (Boyle
et al., 2020, Kolomijeca et al., 2020, Capolupo et al., 2020, Oliviero et al., 2019,
Pikuda et al., 2019). As a result, microplastics can be served as both sources and sinks
for associated chemical contaminants in different media environments, and enhance
them migration (Alimi et al., 2018, Wang et al., 2018a).

Three primary combined types of microplastics and associated chemical

contaminants are included: the interaction of microplastics and organic contaminants,
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microplastics and heavy metals, as well as the leaching of plastic additives. Generally,
there are two combined pathways to affect aquatic organisms: microplastics spiked
with associated contaminants and co-exposure to a combination of both microplastics
and associated contaminants. When exposed or ingested by animals, microplastics can
provide a feasible pathway to transfer absorbed chemical contaminants and released
additives into their tissues, posing a potential health risk (Bakir et al., 2016, Teuten et
al., 2009, Browne et al., 2013, Campanale et al., 2020). However, these combined
toxicities of microplastics and associated chemical c&tagaigants may be
chemical-specific and species-specific. Consequently, th to which diverse
types of microplastics and nanoplastics enhances itigates the environmental and
health impacts of these associated pollut@ ins unclear because of the

complexity of test organisms, micrgpla operties, pollutants, environmental

conditions, and exposure meth egard to the impacts of microplastics and
associated chemical conta@s on aquatic organisms, the relevant studies are
increasingly per 'n@tter understand the potential risks of microplastics in the
realistic aquatic enWyonments. In this section, these combined effects of different
microplastics and associated chemical pollutants on typical tested organisms were
summarized and discussed.
3.1 Combined effects of microplastics and hydrophobic organic contaminants
Under laboratory conditions, microplastics (e.g., PE, PVC, PP, and PS) have

been shown to adsorb chemical pollutants from the surrounding environment, with a

high sorption capacity for hydrophobic organic pollutants such as PAHs, PCBs, DDT,
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hexachlorocyclohexanes, chlorinated benzenes, pharmaceuticals, personal care
products (Wang et al., 2018a, Teuten et al., 2007, Velzeboer et al., 2014, Koelmans et
al., 2013, Zhu et al., 2019b). In field investigations, microplastics can efficiently
concentrate  hydrophobic organic pollutants (e.g., PCBs, dichlorodiphenyl
dichloroethylene, nonylphenol) from surrounding aquatic environments, due to the
hydrophobicity of these compounds and to the high specific surface area of
microplastic particles (Mato et al., 2001). Thus, microplastics can serve as carriers for
accumulation and transfer of hydrophobic organic contaminags ganisms in the
aquatic environments and affect wildlife populations and via the food chain
and daily exposure (Teuten et al., 2007, Ziccardi e 2016, Rochman, 2019, Gassel

and Rochman, 2019, Avio et al., 2015). in Table 1, the knowledges

organisms are systematically su

regarding the combined effects of mi &nd organic contaminants on aquatic
o

So far, there are st@n co-exposure of microplastics and hydrophobic
organic contami s@their biological interaction mechanism is extremely
complex. More avagble exploration about these combined effects is needed. In the
sediments polluted by PCBs, the low concentration (0.074% and 0.74% dry weight)
of PS microplastics (400-1300 um) significantly increased the PCBs bioaccumulation
in marine benthic lugworm Arenicola marina, while PCBs bioaccumulation reduced
at the 7.4% of PS microplastics (Besseling et al., 2013). Then, Browne et al. (2013)
added 230 pum PVC microplastics (5% of sands) pre-absorbed with

environmentally-relevant hydrophobic organic pollutants (nonylphenol and
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phenanthrene) and additives (Triclosan and PBDEs-47) into sands, and found that
these chemical contaminants can be transferred from ingested PVC to the gut tissues
of lugworm Arenicola marina. Results showed the ecophysiological function damage
of lugworms. In water environments, microplastics can affect the bioaccumulation of
hydrophobic organic contaminants and their combined toxicity (Ziccardi et al., 2016,
Yi et al., 2019a, Qu et al., 2020, Pittura et al., 2018). For example, Oliveira et al.
(2013) reported that PE microplastics (1-5 um) slowed PAHs pyrene-induced the

mortality of common goby Pomatoschistus microps an 0 ed the pyrene

biotransformation in bile. Meanwhile, PE microplastics i Wiation with pyrene

significantly inhibited the acetylcholinesterase agity and reduced the isocitrate

dehydrogenase activity. Somewhat differently et al. (2016) reported that PS
microplastics (mixture of 2 and 6 bination with fluoranthene did not

modify the bioaccumulation of e in the tissues of marine mussels Mytilus

spp., but resulted in the @ e.g., high histopathological damages, levels of
anti-oxidant mar . al. (2016) found that 50 nm PS nanoplastics remarkably
increased the bioacc§nulation of phenanthrene in Daphnia magna and both of exhibit
joint toxicity, while 10 um PS microplastics did not show significant effects. In
another chronic toxicity test, the increased concentrations of PE microbeads from
personal care products significantly increased toxic effects of paraquat to carp fish
and changed their biochemical parameters of blood (Nematdoost Haghi and Banaee,
2017). Guven et al. (2018) reported that the exposure to polystyrene divinilbenzene

microspheres (97 um, 100 particles/L) can influence the foraging/swimming behavior
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of barramundi juvenile Lates calcarifer and not significantly affect the acute effect of
pyrene on predatory performance. Interestingly, Qu et al. (2018) found that the higher
level of PVC microplastics (1-10 um) enhance accumulation of antidepressant
venlafaxine and its metabolites in loaches and sediments in four lab-scale freshwater
ecosystems (including sediments, duckweed Lemna minor, loaches Misgurnus
anguillicaudatus). Then, their following study reported that in the food chain from
green algae Chlorella pyrenoidosa to freshwater snails Cipangopaludian cathayensis
that co-exposed to the chiral methamphetamine and PS micr&plagigs (700 nm), PS
increased the bioaccumulation, biomagnification te toxicity of
methamphetamine to snails (Qu et al., 2020). Fo ing this, Brandts et al. (2018)

assessed the effects of PS nanoplastics (1101, 05 mg/L) in combination with

carbamazepine (6.3 ug/L) on Medite ssel, and revealed that co-exposure

induce physiological alterations genotoxicity and oxidative damage. Zhang
et al. (2019b) demonst@hat PS nanoplastics (100 nm) increased the
bioaccumulation ogargMmycin in red tilapia Oreochromis niloticus and affected
their metabolisms, Myt alleviated the neurotoxicity and oxidative damage caused by
roxithromycin. Also, the co-exposure of PS microplastics (1 and 10 um) and
roxithromycin led to the acute toxicity, oxidative stress and strong biological
responses in Daphnia magna (Zhang et al., 2019c). Another investigation by Felten et
al. (2020) into the combined effects of pesticide deltamethrin and PE microplastics

(1-4 um) on Daphnia magna for 21 days found the synergistic adverse impacts on the

survival, brood number, and fertility. Additionally, Tang et al. (2020) investigated the

33



711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

immunotoxicity of PS microplastics (30 um and 500 nm) and two persistent organic
pollutants (PAHs benzo[a]pyrene and 17pB-estradiol) to the blood clams Tegillarca
granosa, alone or in combination. In their study, results revealed the synergistic
immunotoxicity, and size dependent effect of microplastics on toxicity of
benzo[a]pyrene and 17p-estradiol. Under environmentally realistic conditions,
microplastics usually coexist with the complex matrices, such as NOM and salinity.
By the modeling calculation of the bioaccumulation effects in the complex matrices,
Lin et al. (2020a) first reported that the bioaccumulation g ixtures mainly
attribute to the dermal uptake of Daphnia magna, whi OM or NOM-PS
nanoplastics (100 nm) mixtures enhanced the ma nsfer of PAHSs to lipids in the

Q

Additionally, exposure to mi spiked with hydrophobic organic

contaminants indicated the bi e ponses at cellular and sub-cellular level,

such as alterations in oxid&gjve sress, immune and neurological responses, and gene

expression profi T@ with, Prof. Chelsea M. Rochman and her co-workers
deployed PE pellets§ San Diego Bay for three months, and then conducted a chronic
microplastic dietary exposure to Japanese medaka Oryzias latipes for two month
(Rochman et al., 2013, Rochman et al., 2014). According to their reported results,
ingestion of PE microplastics contaminated by the environmentally-relevant PCBs,
PAHs and PBDEs can result in the bioaccumulation of chemical pollutants and liver
toxicity and pathology (e.g., increased glycogen depletion, fatty vacuolation, and cell

necrosis) to medaka. Particularly, the endocrine-disrupting effects in fish and change
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of gene expression were also observed. Similarly, in another microplastic feeding
experiments, the chemical-polluted LDPE microplastics (125-250 um, 2% of feeding
composition) enhanced the bioaccumulation and bioavailability of typical
hydrophobic organic contaminants in zebrafish and European seabass, and exacerbate
their toxic effects to tissues (Rainieri et al., 2018, Granby et al., 2018). Moreover,
Avio et al. (2015) reported that PE and PS microplastics pre-absorbed with PAHs

pyrene can be transfer pyrene to the tissues (e.g., digestive tissues, haemolymph, gills)

of mussel Mytilus galloprovincialis. Results demonstrated the §d molecular and
cellular effects (e.g., immunological responses, peroxiso iferation, reduced
antioxidant defenses, neurotoxicity, genotoxicity), ene expression alterations. In

another studies, the accumulation and tro@ er of microplastics (1-5um

proprietary polymer and 10-20 pum ed with PAHs benzo[a]pyrene from

Artemia sp. nauplii to zebrafish yONM0 Was observed (Batel et al., 2016, Batel et
al., 2018). Karami et al. (Z@Wd that HDPE microplastics can cause toxicity to
African catfish ig’iepinus and modulate the adverse impacts of PAHs
phenanthrene on bioarker responses. Also, HDPE microplastics adsorbed with PAHs
benzo[a]pyrene enhanced the Benzo[a]pyrene bioaccumulation in whole tissues and
resulted in the chronic ecotoxicological effects to the two bivalve species Mytilus
galloprovincialis and Scrobicularia plana (Pittura et al., 2018, O'Donovan et al.,
2018). Another study done by Pannetier et al. (2019) assessed the combined toxicity

of pollutants adsorbed on virgin mixture microplastics (40% of LDPE, 25% of HDPE,

25% of PP and 10% of PS) and environmental microplastics collected on beaches.
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Their results revealed the adverse effects (e.g., high embryo mortality, low hatching
rate, biometry and swimming behavior changes, increase of EROD activity, gene
damage) on Japanese medaka embryos and prolarvae. Recently, the combined effects
of PE microplastics in combination with triclosan on two bivalve species including
oyster Crassostrea brasiliana and green-lipped mussel Perna canaliculus were
investigated (Nobre et al., 2020, Webb et al., 2020). According to these results,
microplastics promoted the uptake of triclosan by bivalves, and both of interaction
increased different biochemical biomarker responses and affect§d bigglve health.
However, some studies have demonstrated that bined effects of
microplastics and hydrophobic organic contamin on aquatic organisms may be
antagonistic or slight. Based on the prese@ ¥ the combined influences of

microplastics (PE, PA, PS) and nonylghe the growth of microalgae Chlorella

pyrenoidosa was antagonistic ( eNg¥, 2020b). Yang et al. (2020c) observed that
5 um PS microplastics re&@%accumulation and bioavailability of chlorinated
polyfluorinated te in zebrafish larvae but induced oxidative stress and
inflammatory respoige. Another studies were reported by (Yi et al., 2019a, 2019b),
their results suggested that the combined effect of PS microplastics (0.55 um) and
triphenyltin chloride on the green algae Chlorella pyrenoidosa was synergistic and
increased their bioavailability and toxicity, but the combined effect of PS
microplastics (0.1 and 5 um) and triphenyltin on the marine diatom Skeletonema
costatum was antagonistic and significantly reduced the toxicity with the smaller size.

Also, Li et al. (2020b) observed that 10 um PS microplastics at the 20 and 200 pg/L
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did not change the toxicity of PAHs phenanthrene, but 2 ug/L of PS microplastics
alleviated the development toxicity of phenanthrene (e.g., increased 25.8% of
hatchability, decreased malformation and mortality rates, restored abnormal
expressions of cardiac development-related genes). Similarly, several studies also
reported that the interaction between microplastics (e.g., PE, PVC, PS) and
hydrophobic organic contaminants (e.g., PAHs phenanthrene, triclosan) were
antagonistic and reduced the joint toxicity (Zhu et al., 2019b, Guo et al., 2020b).
Additionally, Garrido et al. (2019) reported that PE microplagti um) decreased

the acute toxicity of pesticide chlorpyrifos to the microal rysis galbana due

to the adsorption of chlorpyrifos onto microplasti owever, Bellas and Gil (2020)
found that PE microplastics (1.4-42 pm) sig@ Increased acute toxicity (e.g.,
reduced feeding and egg production gdec survival) of chlorpyrifos to marine
copepod Acartia tonsa. Notewo t toxicity of production of feeding and egg
was observed with the @osure PE microplastics and chlorpyrifos, while
microplastics s Q’chlorpyrifos remarkably decreased survival rates of
copepods. In a study§lone by Trevisan et al. (2019), it proved that PS nanoplastics (44
nm) reduced the bioavailability, bioaccumulation and toxicity of the environmentally
complex sediment-PAHs mixtures to zebrafish embryos and larvae, but nanoplastics
in combination with PAHs disturbed mitochondrial metabolism and efficiency, and
impaired energy production. After spiking microplastics with 4-n-nonylphenol and

4-methylbenzyliden, Beiras et al. (2019) found that PE microplastics (4-6 pm) did not

increase the bioavailability and acute toxicity of two hydrophobic chemicals to
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copepod Acartia clause and sea urchin larva Paracentrotus lividus. Based on studies
by (Magara et al., 2018, 2019), the co-exposure and pre-spiked exposure of 10-90 um
microplastics (PE and PHB) and PAHSs fluoranthene did not result in the synergistic
toxic effects to the blue mussel Mytilus edulis, and only have a slight impact on the
fluoranthene bioaccumulation and antioxidant responses. Collectively, these studies
provide evidences that the interactions between diverse microplastics and
hydrophobic organic contaminants to the aquatic organisms are extremely complex,
and thus further efforts to deeply understand joint toxicity QQf gggroplastics with
different chemical contaminants are needed. Besides, modelling studies
suggested that the pollutants transfer from aquatigs@gvironments to plastic debris is

naturally driven and the “carrier-role” o croplastic transfer the adsorbed

hydrophobic organic chemicals to livj ms would be minimal (Bakir et al.,

2016, Koelmans et al., 2013). investigations, the negligible impacts of
ingested microplastics on @umulation and tissue concentrations of persistent
organic pollutan .gdss, DDTs, PBDES) in the northern fulmars Fulmarus
glacialis were repoNed (Herzke et al., 2016, Provencher et al., 2018b). However,
whether the bioconcentration, biomagnify and trophic transfer of microplastics and
hydrophobic organic contaminants along aquatic food chains in the complex
conditions is required to further explored and verified (Diepens and Koelmans, 2018).

On the other hand, studies regarding the combined effects of hydrophilic

chemicals and microplastics to aquatic organisms still remain scarce. For example,

Fonte et al. (2016) found that PE microplastics (1-5 um) affected the toxicity (e.g.,
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predatory performance, acetylcholinesterase activity, lipid peroxidation levels) of
antibiotic cefalexin to the common goby juveniles Pomatoschistus microps.
Noteworthy, temperature rising from 20 to 25 <C increased combined toxicity of PE
and cephalexin, especially the higher predatory performance inhibition. Moreover,
Guilhermino et al. (2018) investigated the short-term toxicological interactions
between the polymer microspheres (1-5 um) and antimicrobial florfenicol, alone and
in combination, to the freshwater bivalve Corbicula fluminea. Their results
demonstrated that the mixtures containing microplastics and {logegjcol were more
toxic and cause adverse effects (e.g., feeding inhibition, a of histopathology
and other biomarkers). Prata et al. (2018) repg that the mixtures of 1-5um

polymer microspheres and two pharmaceutic@t amide and doxycycline led to

the higher toxicity (e.g., inhibition of & reduced chlorophyll) to the marine

microalgae Tetraselmis chuii t maceuticals alone. More recently, a study
by Zhou et al. (2020) as& effects of PS microplastics (500 nm) on the
bioaccumulation rinary antibiotics oxytetracycline and florfenicol in the
edible blood clam Tqgillarca granosa, and subsequent health risks to seafood lovers.
They found that microplastics aggravated the bioaccumulation of these two antibiotics,
and observably suppressed the clam glutathione-S-transferase activity and
detoxification processes. Although the direct toxicity caused by ingested contaminated
clams is lower, the potential antibiotic resistance risks are non-negligible due to the
dietary antibiotics exposure of human gut microbiota. Conversely, Zhang et al. (2018)

showed that PS-NH> microplastics (200 nm) alleviated the growth inhibition of
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herbicide glyphosate to blue-green algae microcystis aeruginosa due to the glyphosate
adsorption onto microplastics.

Thus, the above results revealed that the combined toxicities of microplastics and
organic pollutants on the aquatic organisms are chemical-specific and species-specific.
According to the present toxicity studies, whether the combined effects of
microplastics and organic pollutants are antagonism or synergism remains under
debate. It might depend on the complex factors, such as microplastic properties (e.g.,
type, size, surface functional groups), chemical pollutants, tegtel spgaes and exposure

conditions. Furthermore, operable assessment methods a mixture toxicities

pachemicals should raise more

\J)

attentions. Additionally, desorption and @" e

caused by microplastics and multiple compone
inetics of surface-absorbed
hydrophobic organic contaminants fro ted microplastics to organism tissues
are need to explored in the fL® s (Bakir et al., 2014, Mohamed Nor and
Koelmans, 2019).
3.2 Combined e S roplastlcs and heavy metals

Microplastics 2§ vectors for heavy metal ions have been verified (Brennecke et
al.,, 2016, Godoy et al., 2019). These heavy metals might be transferred from
microplastics to aquatic organisms. The studies regarding the combined effects of
microplastics and heavy metals (e.g., Hg, Cd, Cu, Pb, Cr, Ag, Au) are summarized in
Table 2.

In recent years, the toxicity of co-exposure of microplastics and heavy metals to

aquatic organisms has been investigated. For instance, Lu® et al. (2015) investigated
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the impacts of PE microplastics (1-5 um) on the short-term Cr(VI) toxicity to the
common goby juveniles Pomatoschistus microps collected from two wild estuarine,
and found that microplastics can affect the Cr(\V1) acute toxicity to goby juveniles.
Notably, the difference of natural living habitat significantly influence the sensitivity
and responses (e.g., predatory performance, oxidative damage) of fish inhabiting two
estuaries to the mixture of Cr(VI) and PE microplastics, suggesting the complexity of
toxicological effects of microplastics and associated contanminants to aquatic
organisms in long-term exposure to natural environmental cqadigags. In 2018, Dr.
Lu & Gabriel Ant& Barboza and his co-workers systemati rted the combined
effects of 1-5 um polymer microspheres (0.26 a 69 mg/L) and Hg (0.010 and
0.016 mg/L) on the European seabass ju% centrarchus labrax for 96h
exposure (Barboza et al., 2018a, Barb 018b, Barboza et al., 2018c). In their
experiments, results mdmated% oplastics can slightly decrease the Hg
bioaccumulation in fish t|(j g., brain, muscle) due to microplastic adsorption,
but the both mi neurotoxmty, lipid oxidative stress and damage, and
altered activities of §nergy-related enzymes. Then, the co-exposure of microplastics
and Hg adversely affected swimming performance of European seabass, causing the
erratic behavioural responses and decay of the swimming velocity and resistance time.
The Hg bioconcentration in gills and bioaccumulation in liver of European seabass
caused by microplastics was also observed. In addition, Lu et al. (2018) found that PS
microplastics (5 pm) promoted the Cd bioaccumulation in zebrafish tissues (e.g., gills,

guts, livers) and increase the Cd toxicity. Meanwhile, the co-exposure of PS and Cd
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for three weeks led to oxidative damage and inflammation in zebrafish. Then, Lee et
al. (2019) investigated the bioaccumulation and in-vivo toxicity of PS nano- and
micro-plastics (50, 200 and 500 nm) in combination with Au ion. Based on the
microscopic observation and embryonic toxicity analysis, the smaller PS nanoplstics
can penetrate into the zebrafish embryo, accumulate in the whole body, and cause
limited marginal effects (e.g., survival, hatching rate, developmental abnormalities,
cell death). More seriously, the interaction of PS and Au synergistically exacerbated
these marginal effects to zebrafish embryos and induced adit toxicity (e.g.,
production of reactive oxygen species, pro-inflammatory r and mitochondrial
damage). Moreover, the combination of Cd and P icrobead from scrub products
synergistically exacerbated the sub-lethal tox@ 0 the common carps Cyprinus
carpio and altered their biochemical gid ological parameters (Banaee et al.,
2019). In another study, Ro 020) showed that the exposure of PE
microspheres (10-90 pm) @ oth in alone and combination can lead to DNA
damage, oxidati re rotoxicity, and physiological effects to the neotropical
teleost Prochilodus \neatus. Considering the interaction in plasma Ca?*, combined
effects of PE and Cu might cause a greater impact than that of alone. Interestingly,
Yan et al. (2020) evaluated the combined toxicity of three heavy metal mixtures (10
ng/L Cd, 50 pg/L Pb, and 100 pg/L Zn) and PS microplastics (2.5 pm, 100 pg/L) to
the gut microbiota and gonadal development of marine medaka Oryzias melastigma.
Their results demonstrated that PS microplastics enhanced the bioaccumulation of Cd,

Pb, and Zn in the guts, brains, livers and gonads of marine medaka, and mainly
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caused reproductive disturbance by affecting gonad development. Also, the
combination of heavy metal mixtures and PS microplastics increased
combined-pollution load in the gut, and significantly perturbed the specific bacterial
species and gut function in the male medaka. Additionally, the polyacrylonitrile
microplastics (0.05-0.8 um) combined with Cu inhibited the growth of microalgae
Chlorella pyrenoidosa populations, negatively influenced the levels and function of
the photosynthetic pigments (e.g., chlorophyll a, b, total chlorophyll), and increased
antioxidant stress (e.g., H2O> content, catalase activity, and gidehyde content)

(Lin et al., 2020b). Recently, Tunali et al. (2020) showe e exposure of PS

microplastics (0.5 um, 100 mg/L) and metals (Cu , Zn, 0.25 mg/L) for 18 days

caused the greater inhibiting effect on the gr hlorophyll a concentration of
microalgae Chlorella vulgaris than thegin taminants.

However, some studies de that combined effects of microplastics and

heavy metals to aquatic arggnisng might be slight and even antagonistic. Davarpanah
and Guilhermin 1 rted the effects of PE microplastics (1-5 um) in mixture
with Cu on the groyth rates of marine microalgae Tetraselmis chuii. Their results
showed that Cu alone significantly decreased the microalgal population growth with
the increasing concentrations (0.02-0.64 mg/L), but the enhanced Cu-induced toxicity
was not observed in the co-exposure to PE microplastics for 96 h. Khan et al. (2015)
contrasted the uptake and localization of Ag in zebrafish between PE microplastics

(10-106 um) spiked with Ag and the co-exposure of microplastics and Ag. In the

co-exposure experiment, the presence of PE did not affect Ag uptake and localization
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in tissues (e.g., body, intestine, gills). Yet, the Ag-spiked PE microplastics
significantly decrease Ag uptake and observably increased its localization in intestine.
Moreover, Kim et al. (2017) found that immobilization of Daphnia magna exposed to
Ni and PS-COOH microplastics (182.7 nm) was higher than that of exposed to Ni and
PS microplastics (194 nm). PS microplastics led to mildly antagonistic effects on
Ni-induced toxicity to Daphnia, while PS-COOH in combination with Ni was slightly
synergistic. Their experiment showed combined toxic effects probably attributing to
the specific properties of microplastic surface functional &o and associated
contaminants. Also, Bellingeri et al. (2019) reported no ad ffect of PS-COOH

nanoplastics on the growth inhibition of fre ter microalgae Raphidocelis

subcapitata exposed to Cu in 72 h or 7da® other study for 14 days, the
co-exposure of polymer microsphe ) and Hg to freshwater bivalve
Corbicula fluminea reduced th rates and Hg bioconcentration, and led to
oxidative stress and neurot@xiciig (Oliveira et al., 2018). Nevertheless, these effects
(e.g., filtration ivigy of cholinesterase enzymes, activity of glutathione
peroxidase and glutahione S-transferases, lipid peroxidation) caused by microplastics
combined with Hg were lower than the sum of single effects, suggesting the slight
antagonism in combination of microplastics and Hg. Similarly, Sikdokur et al. (2020)
reported that co-exposure of PE microbeads (10-45 um) and Hg to Manila clam
Ruditapes philippinarum can decrease uptake of both Hg and PE and the filtration

rates, and cause alterations of histopathology (e.g., gills, digestive gland tissues),

indicating a negligible carrier role of microplastics in Hg uptake. Additionally, the
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mixture of PS microplastics (32-40 um) and Cd promoted severe oxidative response
and enhanced the innate immune of the discus fish juveniles, but the co-exposure did
not affect their growth and survival and decreased the Cd bioaccumulation (Wen et al.,
2018). Interestingly, Zhang et al. (2020b) reported that the toxic effects of PS (10 pum,
0.05, 0.1, 1, 5 and 10 mg/L) and Cd (0.01 mg/L) to embryo development (e.g., body
length, heart rate) are synergistic, while lethal toxicity (mortality rate) show
antagonistic effects. Also, these combined effects are positively related with
microplastic concentration.

On the other hand, microplastics absorbed with heav can affect aquatic
organisms. As shown by Khan et al. (2015), Ag-spisag PE microplastics significantly
decrease Ag uptake and facilitated its Iocaliz@ estine. Additionally, Jinhui et
al. (2019) prepared the Mysis baj &ng 15-80 um HDPE microplastics
pre-spiked with heavy metals @u, Cd, Pb), and analyzed the impacts of
polluted bait on the yell(s?‘\orse Hippocampus kuda. The unhealthy feeding
model enhanceﬁe@cumulaﬂon of HDPE and heavy metals, adversely
influenced the seaf§rse growth and suivival, and caused oxidative damage. By
comparison of three exposure pathway (e.g., HDPE microplastics spiked with Hg,
microalgae spiked with Hg, water-dissolved Hg) to mussels Mytilus galloprovincialis,
Rivera-Hernandez et al. (2019) found similar Hg bioaccumulation amounts in tissues
and Hg distribution among tissues varied. It is worth noting that more than 70% of Hg

uptake through HDPE microplastics can be rapidly eliminated due to the body surface

adhesion, faeces pathway and high adsorption of Hg by microplastics. Similarly,



975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

Fernandez et al. (2020) contrasted and investigated the role of HDPE microplastics
(10-15 um in mean size), microalgae Isochrysis galbana and water media as carrier
for the bioaccumulation of Hg, respectively. They also proved that HDPE
microplastics significantly enhanced the bioaccumulation and elimination of Hg,
indicating the limited toxicological risks of Hg adsorbed onto HDPE.

In the real aquatic environments, diverse microplastics would suffer from the
complex nature weathering or aging behaviours, such as UV-irradiation, mechanical
forces and microbial degradation. Aged-microplastics ma the adsorption
behavior, bioavailability and toxicity of different heavy me o0 the modification
of physicochemical properties in the plastic surf Fu et al. (2019) observed the
single and combined effects of UV-aged PV@ astics (<183 um) and Cu on

microalgae Chlorella vulgaris, and f V-aged PVC significantly inhibited

algal growth than the virgin o r, their results showed that the combined

interaction of UV-aged PV&‘&CS (10 mg/L) and Cu (0.5 mg/L) alleviated the
negative single tS.g¥ cell damage, growth inhibition, oxidative stress) and
enhanced growth ofWpicroalgae. Noteworthy, the reason of decreased toxicity may be
due to the pollutant adsorption ability of aged-microplastics with large surface and
oxygen-containing functional groups, and microplastic precipitation behavior. In
addition, Kalcikova et al. (2020) reported biofilm-aged behavior promoted Ag
adsorption onto PE microbeads from cosmetic products and affected its subsequent
leaching. Then, the biofilm-aged microbeads spiked with absorbed Ag significantly

increased combined toxicity to aquatic organisms, reducing the growth rates and root
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length of duckweeds Lemna minor and causing 100% mobility inhibition of daphnids
Daphnia magna. Moreover, Wang et al. (2020a) observed the chronic combined
effects of biofilm-aged PE microbeads with absorbed Cd on cladoceran Moina
monogolica for 21 day exposure. In their experiment, evidence suggested the greater
adverse dose-dependent toxicity to cladoceran on the growth, development, and
reproduction at the population level. Parental mortality, and poor nutritional and
energy reserves in offspring also appeared. These studies revealed that the different
aging behaviors of microplastics can significantly influ&gc e microplastic

properties, interaction with associated chemicals, and\N mbined toxicity.

Additionally, microplastic issues are environmen

related to environmental parameters (e.g., N@

(2019b) explored the interactions befyee /microplastics (100 nm and 20 pm)

relevant complex and usually

isting mixtures). Qiao et al.

and NOM to the bioaccumulati city of Cu in zebrafish Danio rerio. Based
on their results, Cu adsorpt@ loaccumulation in the livers and guts of zebrafish
were increased, icity (e.g., increased contents of malonaldehyde and
metallothionein, decgased superoxide dismutase) were also aggravated.
3.3 Effects of plastic additives

As plastic items break down into the smaller debris during weathering/aging
processes, diverse additives of organic and metal compounds (e.g., plasticizers, flame
retardants, antimicrobials, antioxidants, lubricants, colour pigments) may be released

into the environment. In addition to the combined effects of microplastics and

absorbed chemical contaminants, these leaching additives cause potential
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ecotoxicological risks to various aquatic organisms (Hermabessiere et al., 2017).
Estimated 35-917 tons of additives can be released into oceans annually (Suhrhoff and
Scholz-Bdtcher, 2016), and PBDEs, phthalathes, nonylphenol, BPA and antioxidants
are the common plastic additives (Hermabessiere et al., 2017).

Different environmental conditions such as water movement, salinity, UV
irradiance and other stressors can affect leaching behavior of additives from plastic
items, and its related toxicity to organisms (Kolomijeca et al., 2020, Suhrhoff and
Scholz-Bdtcher, 2016, Luo et al., 2019). For example, Khaled 018) found that

the solar simulator and outdoor irradiations enhance the fra jon of PS film (100
um) and accelerate leaching of various brow flame retardants and its
photoproducts. ~ Similarly, four organol@o ounds (e.g., dimethyltin,
& released from PVC microplastics
@ diation during 0.5-56 h, and meanwhile

photodegradation of parti@gjyotin occurred (Chen et al., 2019a). They further
demonstrated t t gh salinity exposure inhibited the release and
photodegradation of€\grganotin compounds, while the presence of humic acid enhance

organotin release and indirectly increase their degradation. Moreover, Paluselli et al.

monomethyltin, dibutyltin, monobut

(10-300 pm) under UV/visibl

(2019) reported that two commercial plastic debris including PVC-cable and PE-bag
significantly released different plasticizer phthalates into their surrounding seawater
samples during 0-12 weeks. According to their measurement, light condition and
bacterial exposure can affect the quantities and dominant types of phthalates leached

from two plastics, respectively. Also, Chen et al. (2019b) showed that
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marine-collected PE microplastics (0.5-5 mm) and mesoplastics (5-15 mm) released
into endocrine disrupting chemicals, which mainly include estrogens (e.g., bisphenol
A, bisphenol S, octylphenol, nonylphenol). Smaller microplastic sizes and natural
solar irradiation can enhance the leaching concentrations of endocrine disrupting
chemicals, while microwaving and autoclaving are the opposite. More recently,
Kolomijeca et al. (2020) demonstrated the impacts of environmental stressors (e.g.,

temperature, UV irradiation, water turbulence, CO>) on the leachate properties of tire

particles. In their experiment, changes to temperature an urbulence may
increase the leaching amounts of additive chemicals fror\ rticles and further
influence the toxic effects of leachates to fatheadsagganow fish. Notably, evidences

have shown that presence of Pb additives @ plastics results in a greater
adverse impacts (e.g., Pb concentratiggs, essibility) than Pb adsorption from
surrounding environment (Tur 020). In field investigations, Jang et al.
(2016) found that mussel @Ij galloprovincialis inhabiting marine PS styrofoam
debris can accu e roparticles and 5160 ng/g of brominated flame retardant
HBCDs, suggesting\the transfer of additives from styrofoam debris to mussels.
Barboza et al. (2020b) reported that levels of seven bisphenols in tissues (e.g., muscle,
liver) of wild fish in North East Atlantic Ocean were correlated with the higher
microplastic intake. These results revealed diversified and toxic organic and metal
compounds in the plastic leachates, thus the release mechanisms of plastic additives
under complex environmental stressors and their potential toxicity to aquatic

organisms required to be further studied.
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Some studies have verified toxic effects of plastic additives (including organic
and metal compounds) to aquatic organisms by the leaching experiments, as shown in
Table 3. According to wide investigations to diverse commercial plastic products,
plastic debris can leach additives into its surrounding water environments for a
short-term exposure and partial leachates lead to acute toxicity (e.g., embryo
development, immobility, physical activity, mortality) to typical tested species (e.g.,
Daphnia magna, copepod, shellfish, fish) (Lithner et al., 2009, Lithner et al., 2012,
Bejgarn et al., 2015, Li et al., 2016b, Gandara e Silva et al., 20 eover, Oliviero

et al. (2019) reported that three commercial PVC micro <250 pm,100 g/L)

with different colors can leach out metal compoundgRgtures for 24 h. These leachates

contained heavy metal coloring agents, and it larval development of sea
urchin and cause larval morphologj ions with the increasing exposure
concentrations, while pristine chate has no toxicity. Notably, by the
comparison of acute toxi&n-dialyzed PS nanoplastics (20 and 200nm),

IQ’ and an antimicrobial preservative sodium azide,

dialyzed PS n

experimental results\ndicated that commercial additives from PS at the high doses be
mainly responsible for mortality of Daphnia magna (Pikuda et al., 2019). This study
highlights the importance of assessment to ecotoxicological effects of additives in
commercial plastic products. In addition, Schrank et al. (2019) observed that flexible
PVC microplastics with its leachable plasticizer diisononylphthalate led to slight

alterations in body length and reduce offspring numbers of crustacean Daphnia

magna. Luo et al. (2019) reported that the additive leaching concentrations of
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light-aged PUF microplastics varied from the simulated and natural water media, and
leachates inhibited growth and cell photosynthesis of microalgae Chlorella vulgaris
with the increasing concentrations. In order to distinguish the role of additives in
leachate toxicity of PVC, HDPE, and PET microplastics, Boyle et al. (2020)
investigated the changes in biomarker expression of zebrafish larvae. In their
experiment, the leaching Pb from PVC elicited the response of metallothionein 2 gene
expressions in zebrafish, but HDPE and PET itself do not affected the expression.
Currently, Chae et al. (2020) evaluated the impacts of leachate{r ine fragmented
and spherical expanded PS microplastics/macroplasti e photosynthetic
performance of four marine microalgal species naliella salina, Scenedesmus

rubescens, Chlorella saccharophila, and Stic acillaris). However, leachate

a slight different trend. Additi , toxicity of leachates from wild-collected

exposure generally promoted the photf&w):n' ctivity of all microalgal species with

microplastics has rarely begn stgdied. Leachates from beach-collected micro-pellets
had a slightly ab a t on the embryos development of sea urchin, which was
lower compared wi§p that of virgin PE pellets (Nobre et al., 2015). Conversely,
Gandara e Silva et al. (2016) reported that toxicity (e.g., abnormal embryo) of the
leachate from beach-collected micro-pellets to brown mussels was higher than that of
commercially virgin PP pellets. These different outcomes may be due to the
microplastic surface-adsorbed contaminants from surrounding environments.

Furthermore, additives interacted with microplastics could result in different

impacts to aquatic organisms. In the previous study, Chua et al. (2014) investigated
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whether PBDESs absorbed in microbeads (11-700 um) from facial cleaning soap were
assimilated by marine amphipod Allorchestes compressa by microplastic ingestion.
Results showed that the presence of PE microbeads decreased the uptake of total
PBDEs into amphipod, but led to the greater proportion uptake of their
higher-brominated congeners into amphipod. Differently, Wardrop et al. (2016) found
that PE microbeads (10-700 um) from face scrub soap enhanced the bioaccumulation
of PBDEs in the rainbow fish Melanotaenia fluviatilis, and lower brominated
congeners had the highest assimilation but higher brominat ers can be not

transferred. Similarly, PS nanoplastics (50 nm) significa oted BPA uptake

and bioaccumulation in zebrafish tissues, and thej

BPA bioavailability and neurotoxicity (Cher@

reported that vector role of PS micro #s (2 um) for bioaccumulation of

-exposure treatment enhanced

17). Also, Xia et al. (2020)

decabromodiphenyl ether (BD the marine scallop Chlamys farreri was
greater than the scavenger@wus PS microplastics increased the adverse impacts
of BDE-209 on o@’ rate and DNA damage of hemocyte, and ultrastructural
changes in scallop §sues. Furthermore, co-exposure of tetrabromobisphenol A and
PE microbeads (100-400 pum) from two facial cleanser products to zebrafish Danio
rerio altered the integrated biomarker response index (e.g., glutathione S-transferase,
glutathione reductase, activities of Lactate dehydrogenase, acid phosphatase) and
induced significantly antioxidative stress response (Yu et al., 2020). Additionally, PS

microplastics (65 nm and 20 um) in combination with butylated hydroxyanisole

(BHA) increased the bioaccumulation of BHA in zebrafish larvae and developmental
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toxicity (e.g., reduced hatching rates, increased malformation rates, decreased
calcified vertebrae), and affected the development-related metabolism (Zhao et al.,
2020). However, Li et al. (2020c) observed that the combined effects of PS
microplastics (0.1, 0.55 and 5 pum) and dibutyl phthalate (DBP) to the microalgae
Chlorella pyrenoidosa were variable at different concentration ranges. When the PS
concentration was less than 10 mg/L, the interaction between PS microplastics and
DBP was antagonistic at low concentrations of DBP and was synergistic at relatively
high concentrations of DBP, but it was antagonistic at e 10 mg/L PS
microplastics. Noteworthy, PE microplastics (10-45 pm) serve as a vector
and effective scavenger for the bioaccumulatio PBDEs in Talitrus saltator,

suggesting a limited impacts (Scopetanl et a WAs suggested by Rehse et al.

(2018), the mixtures of BPA and P stlcs (5-50 um) caused the reduced

immobilization of Daphnia ma at of BPA alone. Another study by Horton
et al. (2020) into the corr@e ects of PA microplastics (<50 um, 1% of sand
sediments) and g)we pond snail Lymnaea stagnalis for 96 h showed the
alleviated weight chf§ge and no significant influence on the total PBDE uptake, and
the diversity and composition of the snail microbiome.

On the other hand, tire wear particles have become a common microplastic
pollution and a worthy concern due to the combination of physical interactions
between particles and organisms, toxic chemical compounds released from the tire

particles, and high emission guantities with millions of tons annually (Kole et al.,

2017, Wagner et al., 2018). Some studies regarding the impacts of tire particle and its
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leachates on aquatic organisms have been performed. For example, Villena et al.
(2017) prepared leachate from tire particle (<0.59 mm) for a week, and assessed its
adverse effects on the development and survival of the invasive mosquito Aedes
albopictus larvae and native mosquito Aedes triseriatus larvae. Their results revealed
that the high concentrations of tire leachate including Zn negatively affect population
growth of two mosquito species, but this invasive mosquito show a significantly
stronger tolerance than the native species. Furthermore, compared with the leaching
of PP, PET, PS and PVC microplastics, Capolupo et al. (2020%e ted the adverse
impacts leachate from car tire particles (1-2 mm) on the Idoalgae (freshwater
Raphidocelis subcapitata and marine Skeletonegsycostatum) and Mediterranean

mussel Mytilus galloprovincialis. By combv@ on-target and target chemical

analytical methods, their results ind mplex polymer-specific mixtures of

metals and organic compound eachates, and the high concentrations of
benzothiazole and n- cyclo@rmamlde in car tire particles, phthalide in PVC,
acetophenone in tire particles and PET, Zn in tire particles and PVC, Pb
in PP and antimony ¥ PET, respectively. Also, tire particle and PVC leachate showed
significantly higher growth inhibition to two microalgae species and toxicity to
mussel embryo development, survival and mobility than that of other microplastics.
Recently, Kolomijeca et al. (2020) explored the effects of typical environmental
stressors (e.g., turbulence, temperature, CO., UV irradiation) on the impacts of tire

particle leachate on fathead minnow embryos Pimephales promelas. According to

their analysis, these leachates mainly contained Zn and diverse PAHs congeners, and
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its ecotoxicological effects (e.g., hatching success, deformities) were significantly
affected by tire types and environmental conditions (especially water turbulence and
temperature). By contrast, Panko et al. (2013) reported that tire particles up to 10g/kg
sediments or its leachate from mixed sediments had a limited toxicity to four
freshwater aquatic biota (Ceriodaphnia dubia, Pimephales promelas, Chironomus
dilutus, and Hyalella azteca). As shown in Redondo-Hasselerharm et al. (2018),
in-situ adverse effects (e.g., feeding rates, growth, survival, populations) of tire
particles and associated leachate to aquatic organisms when d in sediments
might be lower than the previous studies after forced ad hing from car tire
particles. These widely varied outcomes might a te to the discrepancies of tire

properties, leaching approaches, tested spec@ xposed media environments.

Further efforts should be require to s the methods of leachate preparation

and toxicity assessments, and @ the long-term effects of plastic additives
exposure in different envir media on aquatic organisms.

Apart from e@ to diverse environmental plastic additives, few studies
on desorption of add§ives in the gastrointestinal tracts of aquatic organisms (e.g., fish,
bird) have been gradually raised attention. Koelmans et al. (2014) first proposed a
bio-dynamic model for estimating the leaching of nonylphenol and BPA from ingested
microplastics by lugworm Arenicola marina and North Sea cod. Their results showed
that microplastic ingestion by lugworm do not form an exposure pathway to leaching
chemicals in the intestinal tracts, while for sea cod, it serve as a potential exposure

pathway. Using both fish and seabird in-vitro laboratory gut mimic mode, evidence
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showed that gut conditions can enhance leaching of estrogenic chemicals (e.g., BPA,
phthalates) from sixteen macro/micro-sized commercial plastic items (including
LDPE + nylon, POM, PP, PS, PP, PA, LDPE, HDPE, PP, nylon + polyester, PE, LDPE,
PP, latex, isoprene and PS), and lead to significantly biological estrogenicity (Coffin
et al., 2019). Also, the leaching of additive-derived brominated flame retardants from
ABS microplastics (100 um-2 mm) was reported in simulated gastric and

gastrointestinal fluid (Guo et al., 2020a, Guo et al., 2019). In their following

experiment, results revealed that the co-ingested sediments gahdiets (e.g., fish,
clam, and rice) can affect the leaching proportions of add icals through the
migration and adsorption behaviors. Moreover, Smi#and Turner (2020) observed the

release of Br, Cd, Cr, Hg, Pb and Sb from nin@ stic samples (including PE, PP,

PVC, PC+ABS, and PU) exposed in dide nditions of seabirds over 168 h, and

found that its mobilization simple diffusion models. Thus, future

researches need to identif@i: suite of possible toxic chemicals leaching from
ingested micropl Q& sce’gastrointestinal environment, and adequately understand

their potential impacy to aquatic organisms.

Up to now, although combined effects of microplastics and their associated
contaminants (e.g., hydrophobic organic contaminants, heavy metals, plastic additives)
to aquatic organism have been widely studied, several perspectives need to concern.
(1) Which lead to the dominant toxicity of microplastics to aquatic organisms, due to

the microplastics itself, their associated contaminants, or both of combined effect?
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According to the previous section, microplastics itself, especially nanoplastics can
interact with different trophic level organisms by the multiple ways and affect their
physiological activity. Neverthless, relevant studies distinguishing between the effects
of the synthetic polymer itself and incorporated  additives  or
environmentally-absorbed chemicals in same polymer are still scarce. As shown by
Pikuda et al. (2019), the acute toxicity of commercial PS nanoplastics (20 and 200 nm)
can be mainly attributed to the additive preservatives (e.g., sodium azide) rather than
the PS itself, suggesting that toxicity assessments may be disturge the additives in
commercial plastic formulations. Similarly, PVC microp/aQ» jth different colors
showed the different toxicity mainly due to the vy metals in coloring agents
(Oliviero et al., 2019). Additionally, the pre-a@ plastic pellets collected from
sandy beaches may lead to a greater egvi tal impact than surface-adsorbed Pb
(Turner et al., 2020). Consequ e studies should consider the full suite of
chemicals in microplastic I@ and use effect-directed analysis to determine which
microplastics its @(ed chemicals are causing adverse effects.

(2) Should we pay n¥pre attention to the ecotoxicological impacts of weathering/aging
microplastics and associated chemical contaminants? Until now, few studies have
focused on the complex interaction between aged microplastics and associated
chemical contaminants, and its ecotoxicological effects to aquatic organisms (Fu et al.,
2019, Kalcikova et al.,, 2020, Wang et al., 2020a). Also, the impacts of
environmentally relevant factors (e.g., temperature, NOM, exposure condition and

pattern) on these combined effects should concern (Lin et al., 2020a, Fonte et al.,
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2016, Qiao et al., 2019b).

(3) According to the present toxicity studies, whether the combined effects of
microplastics and associated chemical contaminants are antagonism or synergism
remains under debate. Why are the toxicity assessment contradictory? These
discrepancies may be due to differences in microplastic properties, associated
chemicals, tested organisms, or exposure conditions, which are inconsistent across
studies. In addition, combined toxicities of microplastics and associated chemical
contaminants are chemical-specific and species-specific. The Q" of combined
effects can be not only mainly attributed to the ad of chemicals by
microplastics (Garrido et al., 2019, Fu et al., 2019)8face functional groups (Kim et

al., 2017), and particle agglomeration (Trevis 2019, Li et al., 2020c), and the

underlying mechanism needs to be further ed.

(4) Does the interaction of micr, t d associated chemical contaminants result
in their bioaccumulation, @centration and biomagnify? Combined effects of
microplastics an 0 contaminants from the lower trophic level organisms to

the higher levels aloRg aquatic food chains are urgently required to explore.

4. Trophic transfer of microplastics and associated contaminants along aquatic
food chain

Based on existing studies, microplastics can be transferred along the food chains
from prey to predator. It is thought that predators from aquatic environments,

especially top predators, are easier at risks than the lower trophic level organisms due
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to the high demands of food and energy, as well as possibility of microplastic trophic
transfer (Germanov et al., 2018, Chagnon et al., 2018, Nelms et al., 2018, D’Souza et
al., 2020). In addition, the microplastic bioaccumulation in prey and purification
capacity and rates of predators affect the trophic transfer process of microplastics in
different level predators (Santana et al., 2017, Au et al., 2017). To date, several studies
on trophic transfer of microplastics and associated chemical contaminants have been

performed on organisms at lower trophic levels, but the top predators are still poorly

investigated. As shown in Table 4, the information regarding hic transfer of
microplastics alone or with associated contaminants ent trophic level
organisms along aquatic food chains was systemati summarized.

4.1 Trophic transfer of microplastics @
In the aquatic environment, micr &ould be not only directly ingested by

different organisms intentional@ entionally, but also indirectly transferred
from low to high trophic I@a aquatic food chains (Wang et al., 2019a, Carbery
et al., 2018, Au Recent studies have indicated that microplastics trophic
transfer represent an§ndirect, yet non-negligible pathway of microplastic ingestion for
the higher trophic level organisms and even humans (Nelms et al., 2018, Catarino et
al., 2018, Nelms et al., 2019b) (Fig. 3). Consequently, it is particularly crucial to
research the transfer effect of microplastics along aquatic food chains. At present, we
summarize the imformation regarding the trophic transfer of microplastics along
aquatic food chains.

The fluorescently labeled technique of microbeads has been widely applied to
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laboratory studies on distribution and trophic transfer of microplastics in the typical
organisms. Farrell and Nelson (2013) firstly reported that PS microplastics (0.5 um)
were transferred to the tissues and haemolymph of crab Carcinus maenas from mussel
Mytilus edulis that filter-feed microplastics, but there were only a slight amount of
microplastics in haemolymph of crab after 21 days exposure. Then, Watts et al. (2014)
contrasted two uptake pathways of PS microplastics (10 um) in crab Carcinus maenas,
via both the ventilation exposure by gills and feeding on mussel containing
microplastics. Results showed that during 2-3 weeks, the ret&Qtiggmime and organs

(gill and gut) of microplastics in crabs vary from different pathways, and no

microsplastics exist in the hemolymph of crabs. Mpg®Rygver, Setd&et al. (2014) found

\)

roplastics (10 um), and the

that various zooplankton taxa can ingest
microplastics ingested by Marenzellgria and copepods can be individually
transferred to mysid shrimps via predation. Seaweed Fucus vesiculosu
adhered PS microplastics (@ can be ingested by the periwinkle Littorina littorea,
suggesting that RS ?@nail not recognized non-food microplastics as a hazard
(Gutow et al., 2016\ Goss et al. (2018) also reported that parrotfish can ingest the
wild collected seagrass Thalassia testudinum attached marine microplastics and prefer
to eat the seagrass with high densities of epibionts and biofilms. Another study
showed that the PE microplastics (10-45 um) can be transferred from the polluted
duckweed Lemna minor to freshwater amphipod Gammarus duebeni and only 28.57%

of amphipod retained 1-2 microplastics in the gut after the chronic exposure, but the

ingested microplastics did not affect the growth and mobility of amphipod
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(Mateos-Cadenas et al., 2019). Therefore, herbivory is a considerable pathway for
transferring microplastics from the primary producer to aquatic food webs.
Additionally, Santana et al. (2017) demonstrated that trophic transfer of PVC
microplastics (0.1-1.0 um) occurred from the Brown mussel Perna perna to blue crab
Callinectes ornatus and puffer fish Spheoeroides greeleyi, but there is no
microplastics in tissues and gut cavity of two predators after 10 days due to their
depuration ability. Also, trophic transfer of PS microplastics (2 um) happen in larval
stages from mosquitoes Culex pipiens to midge Chaoborus, figvi via predation,
but the functional responses (attack rates and handling t larval midge and
reproduction of adult mosquitoes were not signifigeyly affected by the presence of
microplastics (Cuthbert et al., 2019). In the@ model analysis, Griffin et al.

(2018) demonstrated that trophic trangfer vital role in microplastic uptake by

the filter feeders, such as musse@
by Van Colen et al. (ZOZO@p ic transfer of PS microbeads (4.8 um) from the

zooplankton Bal¥teNg Fmbryos to filter-feeding common cockles, and first

filter feeders. Recent finding was reported

explored whether m¥roplastic ingestion alters the predator-prey interactions. In their
experiments, the effect of ingested microplastics on zooplankton swimming behavior
lowered the 30% of predation rates by cockles and thus disturbed the predator-prey
interactions.

For nanoplastics, the threats of trophic transfer along food chain might be greater
with the smaller size. Cedervall et al. (2012) firstly revealed that uptake and transfer

of commercially PS nanoplastics (24 nm) through a tertiary food chain (Green algae
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Scenedesmus sp.-Zooplankton Daphnia magna-Crucian carp Carassius carassius).
Alarmingly, ingestion of zooplankton containing nanoplastics can change the feeding
time and result in lipid metabolism decrease and weight loss of the Crucian carp fish.
Similarly, Dr. Karin Mattsson and her co-workers reported that sulfonated PS
nanoplastics (24 and 27 nm) can be transferred via a three trophic level food chain
from algae-zooplankton-fish, affecting the feeding and social behaviors of the crucian
carp fish, as well as its metabolism of liver, muscles and brain (Mattsson et al., 2015).
Furthermore, they found that the amino-modified PS nanoplagti 3 and 180 nm)
through food chain transfer can penetrate the blood-to-brai of fish and lead to
its behaviour disorder, thus potentially threatening op predators health and natural
ecosystem function (Mattsson et al., 2017). T@ et al. (2018) observed that the

PS nanoplastics (51 nm) can be trangferr ugh a four trophic level food chain

comprised by the freshwater al domonas reinhardtii, zooplankton Daphnia
magna, fish Oryzias sine is,@sh Zacco temminckii. The direct exposure of
nanoplastics pa r@ the adverse effect of nanoplastic transfer on the
locomotive activity §oth of two fish, liver histopathological changes of fish Zacco
temminckii, and embryo of fish Oryzias sinensis (Chae et al., 2018). Thus, these
studies implied that nanoplastics can be easier transferred via food chain and enter the
organs of top predators by the complex mechanisms, potentially posing the greater
risks to the different trophic levels of aquatic organisms and even ecosystem level.

In addition to the laboratory studies, several field-sampling researches have been

performed to explore the trophic transfer of microplastics in nature. Remy et al. (2015)

62



1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

reported that the artificial fibers (0.1-6 mm) with industrial coloring agents were
found in the digestive tracts of the nine dominant macroinvertebrate species in
different trophic levels, which live in the detritus accumulation areas of the
Mediterranean zone, implying that the marine invertebrate communities have been
polluted by microplastics through environmental exposure and trophic transfer.
Notably, two studies in 2016 investigated the presence of plastic debris in the
regurgitated pellets of top-predatory seabird yellow-legged gulls and great skua
(Furtado et al., 2016, Hammer et al., 2016). Results showe! he majority of
regurgitated pellets containing plastic debris (includin lastics) from the
digestive tract of animal remains (e.g., prey birdg=%sh) that are captured by these

predatory seabirds, suggesting microplastic t@ m preys to predators. By the

comparative microplastic analysis befyee in-situ collected sea cucumbers and

sediments of its habitat, Renzi e

in the benthic environm@

transferred from Q& ti@otic component of the aquatic food chain. Another field

revealed that microplastics (100-2000 um)

e selectively ingested by sea cucumber and

investigation in East§y Island waters within the South Pacific found that microplastics
can be transferred from the flying fish Cheilopogon rapanouiensis to yellowfin tuna
Thunnus albacares but not accumulate in the digestive tract of the tuna, suggesting
that microplastic transfer may not pose a direct risk on the top predatory fish
(Chagnon et al., 2018). Also, Zhang et al. (2019a) investigated the microplastic
pollution in wild fish and crustacean species collected from Zhoushan fishing ground,

China, and indirectly found that microplastics can be transferred to the marine fish
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species at higher trophic level via the food chain. Interestingly, Nelms et al. (2018)
analyzed the scat of captive grey seals Halichoerus grypus and the digestive tracts of
wild collected Atlantic mackerel Scomber scombrus, and verified microplastic trophic
transfer existing in marine top predators. Furthermore, they put forward to a novel
methodology pipeline combining the scat-based DNA extraction techniques with
microplastic analytical methods, which can be applied to the most food webs to
analyze the relationships between the ingested microplastic abundance and its prey
composition in the high trophic levels (Nelms et al., 2019h). ing to a recent
field study at 15 sites from South Wales in UK, D’Souza 020) found plastic
particles in the 46.9% of 166 faecal and regurgita ellet samples from free-living

Eurasian dippers Cinclus cinclus, 74.2% f which are categorized as

microplastics (0.5-5 mm). Interesting &posed a steady-state model equation
to predict the flux of plastic pa@

ugh the food chain of individual Eurasian
dippers, with an average@§ngegion of 216.3 + 226.4 plastic particles per day,
indicating the trofa t@, of microplastics along the river food chains.

Evidence for tNg trophic transfer of microplastics from preys to predators has
been verified. Generally, microplastics may not accumulate gradually inside the
digestive tracts of aquatic organisms but are mostly expelled with its feces after some
time (Graham et al., 2019, McGoran et al., 2018, Watts et al., 2014). Because aquatic
organisms especially higher animals can excrete the majority of ingested
microplastics by its metabolism approach (Santana et al., 2017, Chagnon et al., 2018,

Batel et al., 2016), the evidence for bioaccumulation and biomagnification effect of
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microplastics via aquatic food chains remains uncertain. Different factors, such as the
concentration of microplastics in prey and depuration ability and rate of predator, can
affect the toxic effect and trophic transfer process of microplastics (Santana et al.,
2017). After digestion, microplastics would be excreted from the organisms and
re-enter the aquatic environment. Whether the physicochemical properties of the
surface of microplastics will be changed and their effects on the filter-feeding and
omnivorous organisms need to be further studied. Furthermore, although the
microplastic trophic transfer in the low-trophic levels and sim§e tic food chains
in laboratory experiment and field investigation has been enough evidences
about the higher trophic levels and multilevel aqu ood chains are lacking (Nelms
et al., 2018). The acute and chronic toxic nisms of trophic transfer of

nanoplastics along the food chain al

associated chemical contaminants

o &\her explored (Chae et al., 2018).
) SQ

4.2 Trophic transfer of microp,

As microplastics can osorig various environmental chemical contaminants and
release the toxiws@itives, its combined effects on different trophic level
aquatic organisms ayng food chain should be further assessed (Fig. 3). So far, the
knowledges regarding trophic transfer of microplastics and associated chemical
contaminants are still poorly understood (Table 4).

Firstly, Batel et al. (2016) reported the trophic transfer of microplastics (1-20 um)
and PAHs benzo[a]pyrene along an artificial food chain from Artemia sp. nauplii and
zebrafish Danio rerio. They found that the benzo[a]pyrene can be desorb in the

intestinal tracts of zebrafish and subsequently transferred to the intestinal epithelium
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and liver. Subsequently, the short-term trophic transfer of PE microspheres (38-45 um)
and PAHs with an environmentally concentrations from the beach hopper to
ray-finned fish was investigated, but the exposure of a microplastic-PAHs
contaminated diet has no significant impacts on the boldness and exploration
personality of ray-finned fish (Tosetto et al., 2017). Furthermore, Diepens and
Koelmans (2018) put forward to a theoretical model that simulated trophic transfer of
microplastics and hydrophobic organic chemicals (PCBs and PAHSs) along the food
chains including nine species from different trophic levels, ind§gatigahat PCBs have
no obvious biomagnification effects along the food chai Hs show obvious
biomagnification. In addition, Qu et al. (2018) o ed the removal efficiencies of
chiral venlafaxine varied from 58-96% i@ quatic ecosystems including

sediments, duckweed and loaches, an PVC microplastics (1-10 um) at the

high concentration promoted n of venlafaxine and its metabolites in
loaches and sediments. Fo@ this, they investigated how PS microplastics (700
nm) affect chiral thamphetamine through the aquatic food chain from the
microalgae Chlorell§ pyrenoidosa to freshwater snail Cipangopaludian cathayensis
(Qu et al., 2020). In their experiment for 45 days, results revealed that the toxicity,
bioaccumulation, biomagnification and distribution of methamphetamine were
significantly increased in the freshwater snail. Nevertheless, the biomagnification
effects of chemical contaminants caused by microplastics still remain unpredictable

because the effects of associated chemicals on organisms and ecology attribute to the

chemical species, relative concentrations and their complex mutual effects (Diepens
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and Koelmans, 2018). Moreover, the ability of the ingested microplastics to desorb
chemical contaminants and release plastic-additives through the intestinal digestion of
the high trophic level organisms is not negligible (Coffin et al., 2019, Batel et al.,
2016).

Consequently, there is an urgent need to clarify the role of microplastics in
bioaccumulation and biomagnification of the microplastic-associated contaminants

with environmentally relevant concentrations in the complex aquatic food chains. For

better understanding the complex desorption mechanisms a h risks among
microplastics and associated chemical contaminants in organisms, more
experimental studies and related models should erformed. The mechanism of
chemical partitioning, role of contaminants i with plastics, and mode of
action of both nano/microplastics an &1 chemicals in a range of organisms

and associated compartments/t% requires further research (Ribeiro et al.,
2019). Furthermore, it is \@assess the potential factors influencing the trophic
transfer of micro i ssociated contaminants, such as the different abiotic and
biotic conditions th¥ related to their ingestion, bioaccumulation, biomagnification,

and egestion (Au et al., 2017).

5. Potential risks of microplastics to human health
More recently, research on the impacts of microplastics to human health has
become a hotspot. A recent study firstly demonstrated that the mean abundance of

microplastics in human faeces is 2 particles/g, with a total of the nine different types
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of microplastics (50-500 pm) and the abundant PP and PET, suggesting the inevitable
ingestion of microplastics by humans from different sources (Schwabl et al., 2019).
The ubiquitous microplastics can be intake via the two exposure pathways (e.g.,
ingestion, inhalation) and potentially posed a threat to human health (Zhang et al.,
2020a, Cox et al., 2019, Wright and Kelly, 2017). Among them, the exposure of
microplastics by the food sources and dietary exposure is a vital pathway to humans
(Walkinshaw et al., 2020, Bouwmeester et al., 2015, Mercogliano et al., 2020,
Toussaint et al., 2019). Potential risks of microplastics to huntgn th via the food
chains and dietary exposure were demonstrated in Fig. 4 knowledge, many
studies have focused on microplastics in a wi ariety of commercial aquatic
products for food consumption (Baechler et a@ wDehaut et al., 2016, Santillo et
al., 2017, Akhbarizadeh et al., 2019, Ha al., 2019, Rochman et al., 2015b),
such as commercial fish (Barb 020a, Collard et al., 2019, Adeogun et al.,
2020, Neves et al., 2015, 8&018), bivalves species (Li et al., 2018a, Teng et
al., 2019, Cho etQi2 idli et al., 2019, Van Cauwenberghe and Janssen, 2014,
Li et al.,, 2015, BeWr et al., 2017), sea cucumbers (Renzi et al., 2018a), and sea
urchins (Feng et al.,, 2020a). On the other hand, the daily dietary has been
contaminated by the ubiquitous microplastics, because the presence of microplastics
are in various food sources (Cox et al., 2019), including table salts (Kim et al., 2018,
Peixoto et al., 2019, Karami et al., 2017, Yang et al., 2015, Gilindogdu, 2018, Ifiguez
et al., 2017), seaweed nori (Li et al., 2020a), canned fish (Karami et al., 2018), beer

(Kosuth et al., 2018, Liebezeit and Liebezeit, 2014), wine (Prata et al., 2020), sugar or
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honey (Mihlschlegel et al., 2017, Gerd and Elisabeth, 2015, Liebezeit and Liebezeit,
2013), tap water (Tong et al., 2020, Mintenig et al., 2019, Kosuth et al., 2018,
Pivokonsky et al., 2018, Wang et al., 2020b, Uhl et al., 2018, Paredes et al., 2020),
and even in bottled water (Of3nann et al., 2018, Zuccarello et al., 2019, Schymanski
et al., 2018, Mason et al., 2018). Recently, Oliveri Conti et al. (2020) showed the
presence of nanoplastics and microplastics in edible fruits and vegetables purchased
from markets in Catania and firstly evaluate the estimated daily ingestion by adults
and children.

The ubiquitous microplastics may threaten human curity and health
(Bouwmeester et al., 2015, Barboza et al., 201 When evaluating the risk of
microplastics to humans, the plastic particle @ contaminated foods and the

quantity transferred along the food gha uld be understood. Firstly, aquatic

products have been originally r, as an important source of microplastics to
human diet. According to @o different European recommendations for dietary

consumption by ﬁa@iduals at different life stages, the estimated microplastic
intake through fish §onsumption based on three wild edible fish species (European
seabass, Atlantic horse mackerel, Atlantic chub mackerel) ranged from 112-842
particles/year and 518-3078 particles/year/capita, respectively (Barboza et al., 2020a).
Also, the degree of microplastic pollution and bivalves consumption vary greatly from
countries, resulting in different levels of per capita microplastic intake in different

countries annually (Li et al., 2018a, Cho et al., 2019, Van Cauwenberghe and Janssen,

2014, Li et al., 2015). For example, the microplastic ingestion by European and
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Korean bivalves consumers was estimated to be 1800-11000 and 283
particles/year/capita, respectively (Cho et al., 2019, Van Cauwenberghe and Janssen,
2014). Additionally, Catarino et al. (2018) predicted that the mean amount of
microplastic ingestion by UK humans via mussel consumption was 123
particles/year/capita, while it reached 4620 particles/year/capita in some countries
(e.g., Spain, France, Belgium) that prefer to ingest mussels. Therefore, mussels can be
considered as a global bio-indicator of microplastic pollution in aquatic products for
human consumption (Li et al., 2019, Beyer et al., 2017). Sec roplastics have
been found in commercial salts (mostly sea salt) from m 20 brands around
the world (Zhang et al., 2020a, Kim et al., 2018, Pejp®o et al., 2019). According to an
investigation about 28 sea salt brands from 1@ on six continents, Kim et al.
(2018) reported that microplastics jg's s ranged from 0-1674 particles/kg
significantly beyond rock salts s, and Asian region had the relatively high
microplastic contents, sug@% sea salts also can be served as an indicator of
microplastic poRMONY uman daily dietary. However, the abundances of
microplastics in ss varied greatly from different countries such as Croatia,
Indonesia, Italy, USA, China, UK, Korea, India, Australia and France, with a wide
range from O to tens of thousands particles/kg (Zhang et al., 2020a). These differences
of microplastic abundance may be caused by regional microplastic pollution, salt
processing technologies and microplastic analytical methods. Thirdly, the presence of
microplastics in human drinking water, such as raw water, tap water and bottled water,

IS an emerging issue in nearly two years (Koelmans et al., 2019, Xu et al., 20193,
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Shen et al., 2020). Similar to aquatic products and salts, the microplastic abundances
in tap water and bottled varied from different countries and spanned several orders of
magnitude, with a wide range of 0-930 particles/L (Tong et al., 2020, Mintenig et al.,
2019, Kosuth et al., 2018, Pivokonsky et al., 2018, Wang et al., 2020b, Uhl et al.,
2018, Paredes et al., 2020) and 0-5.42x10" particles/L (ORnann et al., 2018,
Zuccarello et al., 2019, Schymanski et al., 2018, Mason et al., 2018), respectively.
Based on the dietary guidelines for Americans, the average microplastic intake by
humans (e.g., children, adults) via only bottled water apdgo tap water was
estimated to be 90000 and 4000 particles/year/capita, respa (Cox et al., 2019).
Consequently, it is necessary to develop an a ced treatment processes and

schemes for microplastics removal in drinki reatment plants (Wang et al.,

2020b, Shen et al., 2020). Notewo

tion plumbing systems due to the aging

rth &roplastics and plastic additives may
be released from drinking W&%Q

behavior of synthetic plas@c piges (mostly PVC and PE) caused by disinfectants,
water erosion, tﬁrﬁe}nd biofilms (Xu et al., 2019a), thus possible exposure
pathways of these pNstic particles should be identified and treated before the adverse
effects are found. Drinks package with the plastic materials can be served as an
important source of microplastics, potentially releasing microplastics and nanoplastics
due to the complex erosion effect (Prata et al., 2020). Overall, to better explore the
underlying implications to human health, more effective, accurate and standard
analytical methods (e.g., sampling, extraction, identification, data analysis) about

microplastics in the diverse foods and dietary exposure are required. Also, considering
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the current presence of microplastics in a variety of food sources and the potential of
exposure increase in the future, it is recommended that human food safety
management guidelines should include the detection and quantification of
microplastics and nanoplastics.

So far, it is still difficult to evaluate and confirm the actual risks of microplastics
on human health, based on the available data contained in aquatic products and other
food sources. If microplastics are very rare in foods, its harm may be negligible. For

example, Karami et al. (2017) reported that the lower hug%e of <149 pm

microplastics (maximum 37 particles/year/capita) from 17 s from 8 different

countries has a negligible health impacts. AnothpRgimilar research performed on

\J

@".o bf evidence for significantly

honey samples from Switzerland showed
contaminated by microplastics (Muysch t al., 2017). Recently, Zhou et al.
(2020) showed that the in microplastics (500 nm) promoted the
bioaccumulation of two vel@ antibiotics oxytetracycline and florfenicol in edible
blood clams, but§' C impacts of consuming these polluted clams on humans
by are negligible du&fo the estimated hazard quotients far below threshold. Moreover,
the direct risks to humans through consumption of aquatic products (e.g., fish,
bivalves, sea cucumbers) may be low because these edible animals are often
eviscerated before ingestion (Garrido Gamarro et al., 2020, Renzi et al., 2018a). Also,
Renzi et al. (2018b) found that cooking process decrease the microplastics abundance

(-14%) of the cooked mussel meat compared with the raw, due to natural variability

and thermal degradation of microplastics. Nevertheless, the trophic transfer of
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microplastics in edible parts along food chains and other food source in daily dietary
remains unknown. It is urgent to develop a standardized and practical analytical
method for accurately identifying and quantifying the number of nanoplastics and
microplastics in the food chains and dietary exposure. For example, the evaluation
method on sugar and honey was challenged due to the potential misidentification of
microplastics and contamination of background (Liebezeit and Liebezeit, 2013). On

the other hand, some evidences showed that microplastics may be not biomagnified

via edible parts from commercial aquatic products to humang, §hij e lower trophic

level organisms are at the highest risks (Walkinshaw et al. khbarizadeh et al.,

2019). Considering these influencing factors th uire further studied, there is

currently insufficient evidence to estimate w roplastics via the food chains

(Walkinshaw et al., 2020, Rist e

and dietary exposure will lead to:&dverse impacts on human health

In addition to the fooc(mys and dietary exposure, evidence for the ubiquity of
microplastics (iwéi cro-rubbers) have been reported in the atmospheric
environments from\indoor to outdoor, from urban to remote regions, with a
suspension/fallout concentrations spanning 1-3 orders of magnitude at different
sampling sites (Liu et al., 2019c, Zhang et al., 2020c, Abbasi et al., 2019, Zhang et al.,
2020d, Allen et al., 2019). The majority of floating microplastics are fibers. Human
intakes of microplastics via air inhalation exposure pathway have raised wide

attention (Zhang et al., 2020a, Cox et al., 2019, Prata, 2018, Wright and Kelly, 2017).

Once entering the respiratory tracts, most microplastics might be deposited on the
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airway or trapped by the lung lining fluid. Nevertheless, the partial plastic particles,
especially nanoplastics, may avert the clearance mechanisms of the respiratory tracts
and lung, and then participate in human life activities. By the complex mechanisms of
dust overload, endocytosis, persorption, oxidative stress, and gene mutation, the
inhalation of atmospheric microplastics by humans may cause the airway diseases,
interstitial lung inflammatory and immune responses, and even cancer (Prata, 2018,
Wright and Kelly, 2017). Therefore, it is meaningful to contrast the differences and
characteristics of two microplastic intake pathways between irgesiimig and inhalation.

A study reported that the human intake of rs (13731-68415

particles/year/capita) via household dust fallout

e@ particles/year/capita) via the

tarino et al., 2018). According to the

ing evening meal period was
significantly higher than the microplastic in
higher mussel consumption in some ¢
recommended dietary for Amerj et al. (2019) extrapolated that microplastic
intakes ranged from (3.9-5.@ particles/year/capita depending on age and sex, and
increased to (7. 10 particles/year/capita when inhalation is considered. By
comparison, Zhang § al. (2020a) estimated that human intakes of microplastics via
table salts, drinking water, and air inhalation were (0-7.3)<10% (0-4.7)<10% and
(0-3.0)x<10" particles/year/capita, respectively. Thus, these results suggested that
microplastic intake via air inhalation may be the major pathway entering human body,
and lead to more adverse impacts than via ingestion pathways including food sources

and dietary exposure.

Furthermore, researches on the microplastics toxicology and pathology of
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humans are so far in its infancy and require further developed (Amereh et al., 2020,
Rubio et al., 2020). If inhaled or ingested by humans, microplastics may accumulate
and exert localized particle toxicity by inducing or enhancing an immune response
and chronic effect. The potential molecular mechanisms regarding cell effects induced
by nanoplastics and microplastics are showed in Fig. 5. The exposure to PS
microplastics has been used in human in-vitro and rodent in-vivo studies (Rubio et al.,
2020, Stock et al., 2019). Microplastics can be considered as an inert hazardous
“micromaterials” because it could result in inflammation, cyjoRxigig (€.9., oxidative
stress, cells injury, cell viability, membrane function) (Schi ., 2017, Wu et al.,
2019b), genotoxicity (Wu et al., 2020), and immu sponse (Lehner et al., 2020) at
the cell and tissue levels. By the In-vitr@e ent with multispectroscopic
techniques, Ju et al. (2020) found th croplastics (5 um) can interact with
human serum albumin (HSA e electrostatic forces, induce the HSA
alteration of the microenv@nt and secondary structure at molecular level, and

then transferred 'ﬁgﬂissues following with the blood, potentially causing the

adverse impacts inYivo. These adverse impacts of microplastics may be mainly
affected by the exposure duration, particle properties (e.g., size, type, concentration,
surface charge and functionalization) and biological response of cells and tissues, as
well as the chemicals transfer caused by the adsorbed chemicals and released
additives (Amereh et al., 2020, Wu et al., 2020, Wang et al., 2020c, Xu et al., 2019b).

Moreover, the smaller particle size may cause the greater uptake and cytotoxicity of

PS microplastics, and meanwhile, the synergistic toxicity between nano-scale
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particles and BPA on human Caco-2 cells also increased (Wang et al., 2020c).
Nanoplastics can interact with different human cell lines and potentially penetrate the
outer cell membrane. The smaller size, the easier internalization into cell cytoplasm
(Xu et al., 2019b). In-vitro studies have reported the adverse effects (e.g., endocytosis
internalization, cytotoxicity, intracellular oxygen species (ROS), oxidative stress,
genotoxicity and even DNA damage) caused by PS nanoplastics in human cell
monocultures or even more complex human cell models (Xu et al., 2019b, Poma et al.,
2019). Then, Amereh et al. (2020) found the in vivo advers& s of virgin PS
nanoplastics (25 and 50 nm) on endocrine perturbation a uctive toxicity of
male Wistar rats. Using the fluorescence imaging nologies, the results indicated
nanoplastics bioaccumulation, histological da@a semen biomarkers alterations
of rats, and further revealed the potent f nanoplastics exposure to mammals
and human. Somewhat differe et al. (2020) reported that although a
relevant portion of PS @ astics (<100 nm), with a positively related
dose-dependent {S range of 1-100 pg/mL, can be uptake and internalized
by human colorectalNgdenocarcinoma Caco-2 cells, their associated biological impacts
were not statistically significant, suggesting the slight toxicity of nanoplastics
exposure at cellular and gene level. Until now, the cellular uptake routes, intracellular
fate, and tissue impacts of microplastics and nanoplastics have been still little studied.
In addition, knowledge gaps remain to be filled to gain accurate and comparable data
and results regarding the adverse health effects. There are currently no operable and

standardization analytical technologies and hazard assessment of microplastics. The
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comprehensive human bio-monitoring investigations regarding risk assessment of
microplastics and nanoplastics should be performed, rather than focusing on only few
plastic types and specific shape (e.g., spherical PS microspheres), as well as specific
tissues and organs (e.g., lung, gastrointestinal tracts). Also, in vivo studies regarding
long-term health adverse effects exposed to microplastics need to be sufficiently
explored. Overall, in spite of no observed clinical manifestations, there is an urgent
need to further comprehend the potential impacts of microplastics and nanoplastics on
human health, as well as its harm at the cellular and tissue leye

In addition, several non-negligible questions icroplastics and

nanoplastics to humans remain further studied. Figs¥y, microplastics and associated

contaminants (e.g., released additives, adsorb al contaminants) may threaten
the food safety, transferring chemicalglo bodies and causing negative health
effects (Baechler et al., 2020, e et al.,, 2020, Wright and Kelly, 2017,
Bouwmeester et al., 2015, %a ., 2019). For instance, the pigmented particles (<5
um) and plastic itl s(2,4-di-tert-butylphenyl)phosphite with high quantities
were detected in samples of bottled mineral water from 21 different brands
(Ofmann et al., 2018). Barboza et al. (2020b) reported that the levels of leaching BPA
and several analagous compounds in the liver and muscles of wild commercial fish
were correlated with the higher microplastic ingestion, suggesting the potential
exposure risks of microplastics and associated contaminants to humans by daily

dietary. Moreover, although evidences about desorption of chemical contaminants and

release plastic-additives from the ingested microplastics through the gastrointestinal
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digestion of animals (e.g., fish, birds) have been proved (Coffin et al., 2019, Batel et
al., 2016), there are lacking of adequate simulation experiments to explore desorption
mechanisms of these chemicals on human health. More seriously, microplastics may
interact with human biological systems and transfer associated chemicals into
different tissues and circulation systems. As suggested by Zhou et al. (2020), the
consumption of edible bivalve blood clams contaminated both by microplastics and
veterinary antibiotics change the dietary exposure to antibiotics and potentially
increase the antibiotic resistance risk in human gut microbia ities. Secondly,
microplastics can serve as a carrier for spreading huma enic bacteria and
parasite (Naik et al., 2019, Imran et al., 2019). H microplastics combined with

drug-resistant bacterial pathogens that co- environmental metals and

antibiotics are an emerging hotspot, a ous threats to humans by food chains

and dietary exposure. Further microplastics with biofilms are intake by
humans and partially acc@ in bodies, the complicated interaction between
microplastics an t Iy iota as well as human health is largely unknown (Lu et
al., 2019). Also, roplastics can serve as carriers for different antibiotics and
bacterial assemblages, and thus result in the enrichment of antibiotic resistant genes
(Ma et al., 2020, Wang et al., 2020d), potentially increasing the dietary exposure risks
to human gut microbiota through the food chain (Zhou et al., 2020). Thirdly, the
cellular uptake pathways, intracellular fate and potential impacts of nanoplastics

(<100 nm) on human health have so far been little studied (Lehner et al., 2019).

Generally, nanoplastics easily penetrated into tissues and may accumulate in the brain,
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liver and other tissues of various organisms. On the other hand, the exposure to
nanoplastics at the concentration of pg/mL can enhance the microcystin synthesis and
release from cyanobacteria species and potentially increase the threats of harmful
cyanobacterial blooms, causing negative consequences to freshwater ecosystems, food

and water safety, and human health (Feng et al., 2020b).

6. Conclusions and outlook

In conclusion, evidence for the combined effects ic transfer of
microplastics and associated chemical contaminants has b d. These research
topics gradually raised attention to understand their, ntial impacts on human health.

Research on trophic transfer of micropla ly include the monitor of

microplastics in field sampling organ ts predators, and laboratory feeding
experiments to simulating trophg n model in controlled food chains. However,
the potential impacts of cnbi effects and trophic transfer of microplastics and
associated contarigan he aquatic organisms, especially top predators, are still
not fully understo®l. In addition, the risk assessment to trophic transfer of
microplastics and associated contaminants along food chains and their implication for
human health exists in knowledge gaps in due to lacking of data on complicated
prey-predator relationships for microplastics and standardized quality criteria for the
assessment of microplastics in biota. Further researches should be considered, and

recommended suggestions to address this issue of microplastics in aquatic

environment are prospected.
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(1) Standardize the identification and assessment of microplastics and
nanoplastics in biological organisms. Quality standardization of microplastic
characterization and analytical methods can promote the effective and accurate
evaluation of the occurrence of microplastics in aquatic organisms and its surrounding
environment (Hermsen et al., 2018). Experimental researches on distribution and
trophic transfer of microplastics in typical organisms generally use fluorescence
labeling technique. This detection and analysis method has some limitations, such as
complex operation and high cost, difficulty in detecting t i lastics particle
numbers in the actual water sample accurately. Mor ed and practical
analytical methods were expected to be developed jgge future.

(2) Establish comprehensive research@ ultilevel trophic levels and

comprehend the chronic effects of mi g xposure on the higher animal health.

Knowledges regarding trophic e microplastics and associated contaminants
in the multilevel aquatic@dj ains are still scarce. Researches on effects of
microplastics o nsfer along the food chain mainly focused on the
secondary food chy and laboratory feeding experiments in the controlled food
chains, which is not sufficient for fully reflecting the real and complex biological
system. Generally, higher trophic level predators have stronger ability to clear
contaminants than the lower prey. Therefore, it is necessary to establish full-scale
experimental conditions to explore the biological effects of microplastics on the top
predators and eventually human. In addition, in-situ investigation of microplastics on

trophic transfer along the food chain should be paid more attention.
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(3) Explore the factors influencing the combined effects of microplastics and
associated contaminants on aquatic organisms. Based on the previous studies, the
combined effects (e.g., bioaccumulation, toxicity, biological responses) of
microplastics and associated contaminants are antagonism or synergism remains
uncertain due to the chemical-specific and species-specific interaction. It may be
affected by the complex factors, such as microplastic properties (e.g., type, size,
surface functional groups), chemical pollutants, tested species and exposure
conditions. The underlying mechanism needs to be further expl{n

(4) Evaluate the risk of “secondary” microplastics. ry studies showed
that aquatic organisms can excrete a portion ofsagjcroplastics, and their surface
physicochemical properties (e.g., size, surface@ groups, suspension stability)

may be changed after digestion. The ¢clan ysicochemical properties may affect

fate, bioavailability and toxicity@ astics. These excreted microplastics in the
aquatic environments may @gested by filter feeder and other aquatic organisms
intentionally or UQWe y, and potentially result in additional ecological risks.
(5) Investigate ¥e bioconcentration and biomagnification effect of microplastics
and associated contaminants from different trophic levels. Different factors such as
the microplastic abundance in surrounding environments, concentration of
microplastics in preys, and depuration ability and rate of predator can influence the
ecotoxicological effects and trophic transfer process of microplastics. Whether trophic
transfer of microplastics and associated contaminants affects their bioaccumulation,

biomagnification along aquatic food chains/web also needs to be further discussed.
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(6) Assess the potential risks of the chemical additives and degradation
byproducts released from microplastics. Most of previous studies have focused on
microplastics as vectors for chemical pollutants and microorganisms, but these plastic
additives and degradation byproducts presented a toxicological hazard on the aquatic
organisms and even human health are not well understood. Actually, weathering and
fragmentation behaviors of microplastics in the natural environment lead to the
leaching of various toxic additives and degradation products, such as organotin
compounds, bisphenol A, diethylhexyl phthalate and othege ine disrupting
chemicals (EDCs) (Liu et al., 2019b, Chen et al., 20193 jonally, so little is
known regarding the desorption of plastic additiv, om the ingested microplastics

through the intestinal digestion of higher anirr@o etal., 2019).

(7) Understand the potential imgacts oplastics. In addition to the greater

ecotoxicological effects cause noscale size and special physicochemical

properties, recent studiedqq shogved that nanoplastics potentially interact with
cyanobacterial bﬁs@ et al., 2020b) and climate change (Yang et al., 2020d),
affecting aquatic or§nisms and ecology. Developing operable methods to identify
and quantify nanoplastics in the environments and fully understanding their ecological
and human health impacts are urgently required.

(8) Explore the impacts of nano/microplastics and associated contaminants with
an environmentally relevant concentration on human health. So far, studies about the
human toxicology and pathology of microplastics and nanoplastics are in its infancy

and require further developed. Identification and quantification of microplastics and
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associated contaminants in human daily dietary is also necessary.

(9) Several emerging issues need to concern: a. Impacts of weathering/aging
behavior of microplastics on their combined toxicity assessment (Fu et al., 2019,
Kalcikova et al., 2020); b. microplastics as carriers for pathogen microbials and
related ecological risks (Hernandez-Milian et al., 2019, Naik et al., 2019, Imran et al.,
2019); c. Microplastics enrich antibiotic resistant genes due to its “vector-effect” for
different antibiotics and bacterial assemblages (Ma et al., 2020, Wang et al., 2020d),

potentially affect aquatic organisms and even human health u , 2020).
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