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Abstract

This study aims to review the effects of microplastics (MPs)
with and without adsorbed organic pollutants or heavy
metals on marine animals and the associated risks. First,
the sources, composition, migration, and distribution of
MPs in the marine environment is presented. Second, the
effects of the abovementioned MPs were summarized,
revealing that MPs alone affect the  behavior and
physiology of marine animals, whereas MPs adsorbed with
pollutants exhibit either synergistic or antagonistic effects
(increasing or decreasing bioaccumulation and toxicity,
respectively). The impacts pose risks to marine animals at
both the individual and population levels. Moreover, the
migration of MPs within the food chain introduces
additional threats to marine ecosystems. Meanwhile, by
consuming contaminated marine animals, MPs can enter
and accumulate in the human body, damaging human
health. This review provides a reference for similar studies
investigating the marine environment and a scientific basis
for the protection and management of marine ecosystems.

Keywords: microplastics, organic pollutant, heavy metals,
marine animals, marine environment, risks

1. Preface

1.1. Introduction

Concerns regarding plastic pollution first emerged in the
ocean. Specifically, Carpenter and Smith (1972) reported
the widespread presence of granular plastic debris
measuring approximately 0.25-0.5 cm in diameter in the
western Sargasso Sea; however, this finding did not attract
the attention of researchers at the time. Moore et al.
(2001) reported that the mass of plastic litter in the North

Pacific was six times higher than that of zooplankton.
Thompson et al. (2004) first introduced the concept of
“microplastics (MPs),” defining it as plastic debris sized <5
mm. With MPs being increasingly discovered, people are
becoming aware of the harmful effects of MPs on the
environment. Rands et al. (2010) reported that MPs are
widespread in the marine environment and may cause
harm to marine life. The Yearbook of Emerging Issues in the
Global Environment published by the United Nations
Environmental Programme (UNEP) listed plastic litter in the
oceans as one of the top 10 emerging environmental issues
worldwide (UNEP, 2014). Since then, marine MPs have
attracted widespread attention worldwide, and research
on this topic has entered a phase of rapid development.

Plastic are widely and globally used because of their
excellent properties, such as low cost, durability, light
weight, and ductility (Jacques and Prosser, 2021). Since the
use of plastic became widespread, the exponential growth
of plastic production has led to an increase in the amount
of waste entering aquatic ecosystems. More than 300
million tons of plastics are currently produced annually,
which far exceeds the production of only 1.5 million tons of
plastic in 1950 (Boucher and Friot, 2017). The UNEP
reported that MPs, which account for at least 85% of the
total marine litter, are a growing threat to ocean
ecosystems. Without effective interventions, the amount
of plastic waste entering aquatic ecosystems is expected to
nearly triple from 23 to 37 million tons per year by 2040
(UNEP, 2021). To understand the impact of MPs on marine
animals and the associated risks, it is necessary to first
explore their source, abundance, composition, migration,
and distribution statuses in the marine environment.

The widespread distribution of plastic debris in marine
ecosystems, including beaches, surface waters, deep-sea
sediments (Moore et al. 2001; Thompson, 2004), and even
remote environments (e.g., Equatorial Western Atlantic)
(lvar et al. 2009), poses a significant threat to marine
animals, humans, the environment, and the economy
(Napper and Thompson, 2019). Plastic debris can injure or
kill marine macrofauna by entangling or clogging their
intestines (Laist et al. 1997). Additionally, plastic litter
fragments into small particles that are easily ingested by
marine animals at different trophic levels (Guzzetti et al.
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2018). The entry of MPs into their bodies can affect their
growth and development, reproductive capacity,
behavioral characteristics, as well as other aspects (Wang
et al. 2020b). Furthermore, marine animals may suffer
pollutant-related damages caused by the enrichment of
MPs with toxic additives and the accumulation of
persistent organic pollutants and heavy metals in the
surrounding environment (Fred-Ahmadu et al. 2020). This
enrichment may be transferred along the food chain,
causing harmful effects on marine organisms as well as
human.

Most of the previously published reviews have summarized
the toxicological studies of MPs for a single trophic level or
a single species. This review summarizes more
comprehensively the effects of MPs with and without
adsorbed contaminants on a wide range of marine animals.
On this basis, the risks posed by MPs to marine animals,
marine ecosystems, and even human health are discussed,
and the remaining shortcomings in current research are
prospected. Hopefully, this review will benefit future
investigations in related fields.

1.2. Data sources

The Elsevier and Web of science databases were employed
to search the literature for this review. Relevant
information was searched individually or jointly using
keywords such as “microplastics,” “marine microplastics,”
“marine animals,” “sorption,” and other related phrases.
As of 2023, upon searching the keyword “microplastics,”
the number of articles retrieved from Elsevier and Web of
science was 8340 and 12,822, respectively. When' the
keyword “marine” was added, 2514 and 6891 articles were
retrieved, respectively. When the last keyword “animal”
was included, the relevant publications were 179 and 480
in number, respectively. The literature was screened based
on the abovementioned searches, and the articles
published between 2008 and 2023 (up to January) were
assimilated and analyzed.

2. MPs in the marine environment
2.1. Sources

Based on their sources, MPs in the environment can be
divided into two categories: primary and secondary.
Primary MPs refer to tiny plastic particles that are already
present in nature (Cole et al. 2011) and are predominant in
the marine environment, accounting for approximately
15%—31% of the total marine plastics (Boucher and Friot,
2017). Secondary MPs are fragments that are produced
after the gradual breaking of larger plastic items present in
the environment via physical action, chemical action, and
biodegradation (Cole et al. 2011).

The ocean receives a large amount of MPs from a wide
range of sources (Figure 1), which can be divided into two
categories: terrestrial and marine. Terrestrial sources
include wastewater and waste derived from daily activities
(Cheung and Fok, 2017), agriculture (Steinmetz et al. 2016),
industry (Alimi et al. 2018), and other activities, which
account for ~80% of marine plastic litter and are the main
pathways of the entry of MPs into the marine environment
(Andrady, 2011). The main types of discharged items are
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bags, garbage bags, footwear, and household products
(Barnes et al. 2009). The main inputs derived from marine
sources are aquaculture (Sui et al. 2020), coastal tourism
(Chen et al. 2020a), and ship transport (Chen et al. 2021).
In addition, atmospheric wet deposition is an important
source of marine MPs (Long et al. 2022). A modeling study
estimated that 30% of the MPs produced by the global road
traffic are transported by the atmosphere to the oceans
(Evangeliou et al. 2020). A large number of complex MPs
compounds have been detected in the marine
environment. Among them, polypropylene (PP), low-
density polyethylene (LDPE), high-density polyethylene
(HDPE), polyvinyl chloride (PVC), polystyrene (PS), and
nylon (PA) represent ~24%, 21%, 17%, 19%, and 7% of the
total marine MPs, respectively (Andrady, 2011).

Microplastic sources

T
Atmospheric
wet deposition

Marine sources
i i

[ I | [ [

s " Shi
- - f‘.l Daily life {E"‘,“A".“m‘ ct Coastal Tourism i .
Y activities transportation

J) % o o @ =

Figure 1. Sources of marine MPs
2.2. Migration

Terrestrial sources

The migration of MPs in the marine environment can be
divided into two types: one is the migration between
environmental media, where fragments are transferred
under the influence of external conditions, such as
currents, wind, and gravity; the other is the migration
between marine food chains, where MPs are taken up and
absorbed by organisms at lower trophic levels and then
enter the food chain and migrate toward higher levels.

2.2.1. Migration of MPs between environmental media

MPs present different environmental migration behaviors
between different environmental media (Figure 2).
Particles derived from terrestrial sources can enter the
ocean through point sources (e.g., sewage treatment
plants and sewer overflows) or diffusion pathways (e.g.,
rainwater, surface runoff, and wind) (Siegfried et al. 2017).
For example, MPs derived from personal care products
(e.g., toothpaste, scrubs, and makeup), plastic materials
from households as well as laundry wear and tire wear
particles can enter the marine environment through rivers
(Sundt et al. 2014), which are therefore considered as
carriers allowing the migration of MPs from terrestrial
sources to the ocean.

In addition, the migration of MPs is affected by currents
and meteorological factors as particles enter the ocean.
Under the influence of currents and wind, MPs can be
rapidly and widely dispersed and transported over long
distances from their sources (Van et al. 2012). Kim et al.
(2015) investigated the factors affecting the spatial
variation of MPs on the high-tidal coastal beaches of Korea
and reported that monsoons and currents considerably
impacted particle size distribution and spatial
homogeneity. Moreover, owing to the influence of rainfall
and the northeast monsoon, the abundance of MPs was
substantially higher on the western coast than on the
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eastern coast of Hong Kong (Cheung et al. 2016). Another
mode of MPs migration is sea ice, which serves as a
transport vehicle. The formation of sea ice can capture
microplastic particles in the water column and carry them
over long distances as it drifts away (Kanhai et al. 2020).
Additionally, some MPs floating in offshore areas can be
transported from the ocean to tidal flats via tidal action
(Ilwasaki et al. 2017).

External factors (e.g., wind (Kim et al. 2015), rainfall
(Cheung et al. 2016), and flow velocity (Breivik et al. 2011))
can affect the migration of MPs. Specific characteristics of
MPs, such as density and size, also affect the migration
process. Reportedly, during atmospheric transport, smaller
the particle size, easier is the transport via wind;
conversely, MPs with diameters >1000um usually cannot
be easily transported over long distances via wind (Bullard
et al. 2021). Medium-sized MPs are more likely to migrate
from freshwater environments to the ocean than larger
MPs (Moore, 2008). Another point of interest is that
particles can migrate vertically depending on their
characteristics. Those with higher density can directly
reach the deep sea or seafloor, while those with lower
density (lower density than seawater) can produce
polymerization with microorganisms, increase their
specific gravity, sinking slowly in the water column and
finally depositing on the sea floor (Li et al. 2017). Moreover,
biofouling and the adsorption of other contaminants onto
microplastic particles increase their density, thereby
facilitating their settling (Kim et al. 2009).
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Figure 2. Migration of MPs between environmental media;
bolded arrows indicate the focus on the transport of MPs in
environmental media and the food chain

2.2.2. Migration of MPs through food chains

As MPs are similar in size to plankton, marine animals have
difficulty in distinguishing them from food items during
feeding and can easily ingest them by mistake (Moore et al.
2001; Moore, 2008). Moreover, some marine animals can
incorporate MPs into their bodies through respiration (e.g.,
crabs inhale MPs through their gill aperture (Watts et al.
2014)). As a result, MPs in the ocean can easily enter the
food chain.

After entering the food chain at lower trophic levels,
animals at higher trophic levels ingest MPs indirectly while
feeding on contaminated organisms, resulting in the
transport of MPs from low to high trophic levels. For
example, crabs (Carcinus maenas) that ingested

microplastic-contaminated mussels (Mytilus  edulis)
reportedly accumulated ~167, 1007, and 68 particles in the
gills, stomach, and ovaries, respectively (Farrell and Nelson,
2013). Another study showed that mysid shrimp (Neomysis
integer) fed with plastic-contaminated copepods
(Eurytemora affinis) exhibited MPs accumulation in the
intestines 3 h after ingestion (Setala et al. 2014). Studies on
the tertiary transport of MPs along the marine food chain
have found that particles can be transported along the
algae-Daphnia-fish food chain (Cedervall et al. 2012;
Mattsson et al. 2014) (Figure 3), resulting in accumulation
at higher trophic levels. Moreover, organic pollutants
(POPs) can be desorbed from MPs into Artemia nauplii and
then transferred to zebrafish (Danio rerio) (Batel et al.
2016). This suggests that MPs ingested by marine animals
can also potentially act as carriers of contaminants as they
migrate through the food chain.
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Figure 3. Migration of microplastics along the food chain.
2.3. Distribution status

MPs are widely distributed in the marine environment
owing to their diverse modes of migration and are found
along the water column from surface waters to deep-sea
sediments as well as in numerous areas ranging from
densely populated coastal waters to the sparsely
populated polar areas (Table 1). Offshore regions are
densely populated and frequently disturbed by human
activities and are the location of numerous terrestrial
sources of river pollution; therefore, microplastic pollution
in these areas is more serious. MPs in offshore areas are
mainly distributed in surface seawater, beaches, and
sediments (Bagaev et al. 2018; Wang et al. 2018;
Hengstmann et al. 2018; Lo et al. 2018; Taha et al. 2021).
The analysis of the distribution of plastics in different areas,
such as coast, bays, estuary, and around islands, reveals
that offshore areas microplastic pollution has become
quite common (Kim et al. 2015; Cheung et al. 2016; Zheng
et al. 2019; Kang et al. 2015; Aytan et al. 2016; Collicuttet
al. 2018).

Marine MPs are capable of long-range migration into
distant oceans and polar regions under the influence of
factors such as currents and monsoons. MPs mainly
migrate with currents and have been found in the
Northeast Atlantic (Lusher et al. 2014), Western Pacific (Liu
et al. 2021), East Indian Ocean (Li et al. 2022), and South
Pacific (Bakir et al. 2020). Currents are also responsible for
the collection of floating plastic litter in five main global
ocean circulation centers of comparable density (Cozar et
al. 2014). At the same time, MPs are widespread in polar
regions and, in particular, they have been detected in
surface and subsurface seawater around the Svalbard
archipelago, Arctic Sea (Lusher et al. 2015), sediments of



the Canadian Arctic Sea (Adams et al. 2021), Weddell Sea
(Cunningham et al. 2022), and surface seawater (Cincinelli
et al. 2017) and sediments (Munari et al. 2015) in the Ross
Sea, Antarctica.

Table 1. Status of microplastic pollution in some marine areas of the world

QIN et al.

Region Research Location Environmental MPs References
Media Abundance Type
Offshore regions West Coast of Hong Surface water 528 + 193-9067 + 7009 PET, PVC (Cheung et al. 2016)
Kong, China items/m?
East Coast of Hong Kong, Surface water 1177 +570-1348 + 755 PET, PVC
China items/m?
Jiaozhou Bay, China Surface water 46 + 28 items/m3 PET, PP, PE (Zheng et al. 2019)
Baltic Sea Surface water 0.40 + 0.58 x 103 items/m3 / (Bagaev et al. 2018)
Black Sea Surface water 1.2 +1.1x 103 items/m? / (Aytan et al. 2016)
Korean southeastern Surface water 0.64-860 items/m?3 PLY, PE, alkyd, PS (Kang et al. 2015)
coastal
Maowei Sea, China Surface water 4.5 +0.1 x 103 items/m3 RN, PLY (Zhu et al. 2018a)
Bohai Sea, China Surface water 0.33 £ 0.34 items/m3 PE, PP, PS (Zhang et al. 2017)
Yellow Sea, China Surface water 0.330 + 0.278 items/m?3 / (Wang et al. 2018)
North Yellow Sea, China Surface water 545 + 282 items/m? PE, PP (Zhu et al. 2018b)
Malaysia Surface water 211.2 + 104 items/m?3 PA, PE, PP (Taha et al. 2021)
Soya Island, Korea Beach 56-285,673 items/m? EPS, PP, PE (Kim et al. 2015)
European Beach 72 +24-151 + 187 items/kg PET, PP, PE (Lots et al. 2017)
Vancouver Island, British Beach 60.2 + 63.4 items/kg / (Collicutt et al. 2018)
Columbia
Baltic Sea Beach 88.10 items/kg PET, PVC (Hengstmann et al.
2018)
Hang Kong Beach 0.58-2116 items/kg PE, PP, PET (Lo et al. 2018)
Jiaozhou Bay, China Sediments 15 £ 6 items/kg PET, PP, PE (Zheng et al. 2019)
Yellow Sea, China Sediments 2.58 + 1.14 items/g / (Wang et al. 2018)
North Yellow Sea, China Sediments 37.1+42.7 items/kg PE, PP (zhu et al. 2018)
Ocean Northeast Atlantic Ocean Surface water 2.46 + 2.43 items/m?3 / (Lusher et al. 2014)
Western Pacific Surface water 0.02-0.10 items/m?3 PP, PE, PES, (Liu et al. 2021)
PMMA, PR, ER
Eastern Indian Ocean Surface water 0.40 £ 0.62 items/m? PP, PET, PE (Li et al. 2022)
Vanuatu, South Pacific Surface water 0.09-0.57 items/m?3 PS, PE, PP, PEVA (Bakir et al. 2020)
Vanuatu, South Pacific Sediments 333 +115-33,300 + 7300 /
items/kg
Polar Region Svalbard, Arctic Surface water 0.34 +0.31 items/m3 PET, PA, PE, AC, (Lusher et al. 2015)
Subsurface water 2.68 £ 2.95 items/m? PVC, CE
Ross Sea, Antarctica Subsurface water 0.17 £ 0.34 items/m3 PE, PP (Cincinelli et al. 2017)
Canadian Arctic-wide Sediments 0.6-4.7 items/g PVC, PAM, PS, PU, (Adams et al. 2021)
PE
Ross Sea, Antarctica Sediments 676.5 +536.4 items/ m? ( PE, PP, PA, SBS, (Munari et al. 2017)
max) PVC, PS, TPU,
PVA, EPR
Deep Sea Research Location Environmental Microplastic Abundance Depth(m) Reference
Media
Mariana Trench Seawater 2.06-13.51 items/dm3 2673-10908 (Peng et al. 2018)
Mariana Trench Sediment 200-2200 items/kg 5108-10908
Arctic Sediment 42-6595 items/kg 2340-5570 (Bergmann et al.
2017)
SW Indian Ocean Sediment 28-80 items/kg 900-1000 (Woodall et al. 2014)
NE Atlantic Sediment 120-800 items/kg 1400-2200
Mediterranean Sediment 200-700 items/kg 300-1300
Polar Front of the Sediment 0-40 items/kg 2419-4881 (Van Cauwenberghe

Southern Ocean

et al. 2013)

Note: "/" indicates that the information is not specifically mentioned in the article.
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MPs can also reach the sea floor or abyssal areas through
vertical migration. A study of MPs in the Mariana Trench
conducted by Peng et al. (2018) at the Chinese Academy of
Sciences showed that the microplastic content of seawater
at depths of 2,673-10,908 m was several times higher than
that in the surface and subsurface layers of oceans.
Sediment samples obtained from the Mariana Trench at
depths of 5,108-10,908 m also contained considerably
higher amounts of MPs compared with that in most deep-
sea sediments collected from other seas (Table 1). In
addition, a study involving MPs at three depths in the
waters of Santa Monica Bay and California reported that
the density of surface and mesopelagic MPs was less
offshore than that on the seafloor (Lattin et al. 2004).
Consequently, MPs abundance may be greater on the
seafloor than in the surface layer offshore due to vertical
migration.

3. Impacts of MPs on marine animals

3.1. Enrichment of MPs in marine animals

MPs in the ocean are abundant and poorly biodegradable
and can therefore be easily ingested by marine animals
with different feeding patterns and at different trophic
levels (Figure 4). Typically, zooplankton, which are at the
bottom of the food chain, feed on items that are within the
size range of MPs, unintentionally ingesting particles and
favoring their transport through the food chain (Telesh and
Khlebovich, 2010). A study that evaluated the presence of
MPs in 29 species of commercial fish collected from the
Bohai Sea, China, found particles in about 85.4% of them
(Wang et al. 2021). In addition, some studies have pointed
out that in sea urchins (Echinoidea), which occupy an
important position in the food chain and are key to.its
material cycle and energy flow, the MPs detection rate was
as high as 89.52% (Feng et al. 2020; Dethier et al. 2019). It
is clear that MPs are present in most marine animals.

3.2. Behavioral changes in marine animals affected by MPs
3.2.1. Ingestion behavior

Most marine animals feeding on MPs undergo changes in
their ingestion behavior. For example, changes have been
reported in the European perch (Perca fluviatilis) larvae
(Lonnstedt and Eklov, 2016), blue mussel (Mytilus edulis)
(Wegner et al. 2012), mysid shrimp (Mytilus japonica)
(Wang et al. 2019), and brine shrimp (Artemia franciscana)
(Bergami et al. 2016). In most species, the altered behavior
manifests as reduced feeding efficiency and predation
capacity, resulting in reduced intake, increased mortality,
and suppressed growth (Wegner et al. 2012; Bergami et al.
2016). For example, the exposure of mysid shrimp to PS
MPs resulted in a 1-4-fold increase in mortality and a
4.38%—-9.57% inhibition in growth, while exposure to PS—
COOH increased mortality by 122%-293% and inhibited
growth by 2.07%—16.6% (Wegner et al. 2012). In particular,
P. fluviatilis larvae exposed to different PS concentrations
exhibited altered feeding preferences; they no longer
preferred to feed on prey but rather on MPs (Lonnstedt and
Eklov, 2016). Such alteration can negatively impact this
species, reducing its ability to feed and increasing the
mortality rate.

3.2.2. Motile behavior

MPs can also affect the motile behavior of marine animals.
Numerous studies have reported that MPs affect the
swimming activity of a wide range of organisms, including
the mysid shrimp (Neomysis japonica) (Wang et al. 2019),
brine shrimp (Artemia franciscana) (Bergami et al. 2016),
Pacific oysters (Crassostrea gigas) (Bringer et al. 2020), and
sheepshead minnow (Cyprinodon variegatus) (Choi et al.
2018). Among these, mysid shrimps exhibited a significant
reduction by 25.2% in their maximum swimming speed
when exposed to PS at a concentration of 250 nL™ (Wang
et al. 2019), and Pacific oysters exposed to microplastic
microbeads demonstrated a decrease ' in_-maximum
swimming speed (Bringer et al. 2020). A study that tested
the effects of microplastic shapes on Cyprinodon
variegatus revealed that the total swimming distance was
smaller and maximum velocity was lower after exposure to
irregularly shaped MPs than after exposure to spherical
MPs (Choi et al. 2018).
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Ocypode quadrata
Fenneropenacus indicus

Halichoerus grypus

Marine animals

Delphinapterus leucas
Argyrosomus argentatus
Pampus argenteus

Zooplankton

0 ; :
o 0.01 0.1 1 10 100 200

Abundance of microplastics (items/ind)

Figure 4. Microplastic contamination in some marine animals
(detailed data are shown in Table S1).

3.3. Effects of MPs on the physiological activities of marine
animals

3.3.1. Digestive system

The digestive tract is the main organ where marine animals
accumulate MPs after ingesting them. MPs can harm fish
by blocking their digestive system and enzyme production
and affecting the intestinal flora (Wright et al. 2013).
Reportedly, the most direct effect of MPs on the digestive
tract of fish is intestinal injury, and the degree of damage
varies from site to site, with the distal intestine being more
damaged than the front and middle sections (Peda et al.
2016). Moreover, the ingestion of MPs can have affect the
relevant digestive enzymes and intestinal flora. For
example, the exposure of juvenile large yellow croaker
(Larimichthys crocea) to PS considerably altered the
proportion of the three dominant bacterial phyla present
in the intestinal tract. In addition, there was a substantial
increase in the proportion of potentially pathogenic
bacteria and decrease in lysozyme activity and specific
growth rate, resulting in a higher total mortality of juvenile
fish (Gu et al. 2020). In addition to damaging the intestine
of fish, MPs affect the digestive system of Mediterranean
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mussels (Mytilus galloprovincialis) (Brate et al. 2018) and
whiteleg shrimp (Litopenaeus vannamei) (Chae et al. 2019).

Table 2. Effects of MPs on selected marine animals and the associated risks.

Effect Type Subject Animal MPs Exposure Single-action Risks References
Type Size Duration Effects
Ingestion Perca fluviatilis PS 90 um 2d Change in Predatory ability {, (Lonnstedt and
behavior ingestion mortality T EkI6v, 2016)
preference
Mytilus edulis PS 30 nm 8h Filtration rate Negative effects (Wegner et al.
decreased, 2012)
leading to
starvation
Neomysis PS, PS-COOH 5 um 96 h Reduced feeding PS, PS-COOH: (Wang et al.
japonica efficiency and mortality rate 1 (1-4 2019)
predatory ability  times), (122%—293%),
growth inhibition
rate 1 (4.38%—
9.57%), (2.07%—
16.6%)
Artemia PS—COOH 40 nm 48 h Reduced food Affects survival under (Bergami et al.
franciscana intake prolonged exposure 2016)
Motor Neomysis PS, PS-COOH 5 um 96 h Decreased speed Mortality rate 1, (Wang et al.
behavior japonica and frequency, growth inhibition 2019)
reduced ability to rate P
hunt and explore
Artemia PS-NH2 50 nm 48 h Reduced motor Affects survival under (Bergami et al.
franciscana ability prolonged exposure 2016)
Crassostrea gigas / 1-5 pm 24 h Changing No significant (Bringer et al.
swimming mortality, significant 2020)
behavior (speed sublethal effects
and trajectory)
Cyprinodon PE 150-180 4d Total distance (Choi et al.
variegatus um, 6— swam and 2018)
350 um maximum speed
reduced
Digestive Dicentrarchus PVC <0.3 mm 90d Impaired bowel (Peda et al.
system labrax function 2016)
Larimichthys PS 100 nm 14d Decrease in Total mortality rate (Gu et al. 2020)
crocea enzyme activity, M (up to 42.8% at
change in the high concentrations)
proportion of
dominant phyla,
increase in
potential
pathogenic
bacteria
Mytilus PE 50-570 21d Digestive tube Negative effects (Brate et al.
galloprovincialis um epithelial cell 2018)
thinning,
digestive tract
structural
changes, blood
cell tissue
necrosis
Litopenaeus PS 44 nm 21d Altered microbial (Chae et al.
vannamei and enzymatic 2019)
activity
Metabolic Epinephelus PS 22.3 um, / Lipid deposition, No significant (Wang et al.
activity moara 20-100 liver lesions, mortality, significant 2020b)

growth inhibition

sublethal effects
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Km,
-38.6um
Carassius PS 24 nm / Liver damage and Negative effects (Cedervall et al.
(nanoparticle) changes in fat 2012)
metabolism
Cherax PS 200 nm 21d Affected lipid (Chen et al.
quadricarinatus (microsphere) metabolism 2020b)
Respiratory Gasterosteus PE, PES 27-32 2h Long retention (Pratte et al.
effect aculeatus um, 500- time of 2018)
um long microplastics in
gills
Oryzias latipes PES, PP 10-20 21d Changes in gill Affects survival under  (Hu et al. 2020)
um, 50— morphology, prolonged exposure
60 um affecting
respiration
Ostrea edulis PVC, HDPE 0.6-363 2 mo Increased Decrease in biomass (Green, 2016)
pum 0.48— respiration rate
316 um
Carcinus maenas PS 8 um 1h Affects gill No significant (Watts et al.
function and mortality, significant 2016)
reduces oxygen sublethal effects
consumption
Perna viridis PVC 1-50 um 44 d Reduced Mortality rate (Rist et al. 2016)
respiratory rate
Mytilus edulis PS 40 mm 14d Increased Affects survival under (Van
respiration prolonged exposure Cauwenberghe
et al. 2015)
Reproductive Oryzias latipes PE <0.5 mm 2 mo Downregulation Reproduction rate ,,  (Rochman et al.
development of reproductive affecting individuals 2014)
gene expression, and populations
abnormal germ
cell proliferation
in male fish
Crassostrea gigas PS 2,6 um 2 mo Decrease in Larval (Sussarellu et al.
oocyte number production,(41%), 2016)
and diameter, larval development
sperm velocity rated, (18%)
Emerita analoga PP <0.1lmm 71d Decrease in egg Mortality ™ (Horn et al.
hatching rate and 2019)
change in embryo
development
rate
Lytechinus PE / 24 h Increased rate of Abnormal larval (Nobre et al.

variegatus

developmental
abnormalities

development
(17.2%-53.3%)
Abnormal
development of
embryos (55.2%—
61.9%)

2015)

Note: "/" indicates that the information is not specifically mentioned in the article.

3.3.2. Metabolic activity

The ingestion of MPs by marine animals can also disrupt
metabolic activities. In fish, the main source of energy is
lipid metabolism, which mainly occurs in the liver (Greene,
1987). MPs exposure damages fish through liver injury. For
example, juvenile groupers (Epinephelus moara) that were
fed with three different PS microbeads (i.e., C-PS, P-PS, and
PD-PS), and it was found that bioaccumulation of all three
types of MPs in the liver increases and releases

endogenous toxins, which led to lipidosis-driven hepatic
lesions of groupers (Wang et al. 2020b). Cedervall et al.
(2012) studied the effects of nano-PS MPs on crucian carp
(Carassius carassius) after transmission through the
tertiary food chain and detected liver damage and changes
in lipid metabolism due to nanoparticles binding to
apolipoprotein A-l in serum and inhibiting the utilization of
body fat reserves regulated by this protein. In addition, the
ingestion of MPs by the crustacean redclaw crayfish



(Cherax quadricarinatus) resulted in disruption of
hepatopancreatic lipid metabolism and inhibition of
hepatopancreatic cells' ability to utilize fatty acids (Chen et
al. 2020b).

3.3.3. Respiratory effects

Exposure to MPs can have effects on the respiratory system
of marine animals. The gills are the main site of respiration
and waste exchange in fish and are one of the organs
directly exposed to microplastics (Pratte et al. 2018).
Three-spined sticklebacks (Gasterosteus aculeatus) stored
more MPs in the gills and retained them for a longer period
of time on average after exposure to MPs compared to the
gut (Bour et al. 2020). This suggested that the gills are the
organ susceptible to MPs exposure. In addition, MPs can
affect the normal function of the gills, with repercussions
on fish respiration. For example, adult Japanese medaka
(Oryzias latipes) exposed to different concentrations of PES
and PP were found to develop an exfoliated gill arch
epithelium, fused primary gill lamellae, increased mucus in
the gill lumen, and an altered morphology of most of the
gill lamellae on the mouth side (Hu et al. 2020).

Effects on respiration have also been reported in shellfish
and crustaceans. Both shore crab (Carcinus maenas) (Watts
et al. 2016) and Asian green mussel (Perna viridis) (Rist et
al. 2016) were found to have reduced respiration rates
after exposure to MPs. European flat oysters (Ostrea
edulis) exposed to high concentrations of PLA (polylactic
acid) had increased respiration rates compared to the
control group and the group exposed to high
concentrations of HDPE (conventional high-density
polyethylene), and the respiration rate was 2.6 times
higher than that of the group exposed to high
concentrations of HDPE (Green, 2016). Another study
found that respiration increased in blue -mussel (Mytilus
edulis) exposed to MPs compared to controls and
suggested that it may be due to the organisms' attempts to
maintain physiological homeostasis while dealing with
increased stress (Van Cauwenberghe et al. 2015).

3.3.4. Reproductive development

Exposure to MPs ‘can have effects on reproductive
development in ' marine. animals, particularly on
reproductive gene expression, embryo development, and
reproductive rates. In Japanese medaka (Oryzias latipes),
PE exposure for 2 months considerably downregulated
reproductive gene expression in males and females and
abnormal germ cell proliferation in males (Rochman et al.
2014). In adult Pacific oyster (Crassostrea gigas), exposure
to PS microspheres of different sizes at certain
concentrations for 2 months substantially decreased
oocyte number (-38%) and diameter (-5%) and sperm
velocity (-23%), thereby decreasing larval production and
development rate (Sussarellu et al. 2016). Microplastic
toxicity studies reported that MPs induced abnormal
embryonic development in Pacific mole crabs (Emerita
analoga) (Horn et al. 2019) and sea urchins (Lytechinus
variegatus) (Nobre et al. 2015). Specifically, in sea urchin
embryos exposed to virgin and beach-stranded plastic
particles, the proportion of developmental abnormalities
increased by 58.1% and 66.5%, respectively. Other studies
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have reported that MPs may increase spawning rates by
acting as spawning vectors for certain marine animals. For
example, the spawning density of the pelagic insect
Halobates sericeus increased with increasing microplastic
content (Goldstein et al. 2012).

4. Impacts of MPs with adsorbed pollutants on marine
animals

4.1. Pollutant sorption by MPs in the marine environment

With the rapid development of the global economy, a large
number of pollutants (such as organic pollutants, heavy
metals, and MPs) continue to enter the marine
environment. MPs formed under natural conditions have
special surface characteristics, such as high porosity and a
large specific surface area, which confer them a strong
adsorption capacity (Hirai et al. 2011), allowing them to
easily adsorb organic pollutants and heavy metals from the
surrounding environment, as shown in Figure 5 (The data
contained in are only some of the collected data,which
does not show the reality of the totality of the studies
about metals in MPs).

Concentrat don(pg/hg) Concentration(g/kg) Concentration(ug/kg)
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Figure 5. Schematic representations of the concentration of
PAHs (a), DDT (b), and PCBs (c) in different locations worldwide,
and graphs illustrating heavy metal types and concentrations at

North Freemantle beach (d), Redhead beach (e), and Milna

beach (f). (“___” indicates non-determined data. Detailed data
are shown in Table S2)

4.2. Impact of the adsorption of organic pollutants by
microplastics on marine animals

4.2.1. Synergistic effects

The adsorption of organic pollutants on MPs can
synergistically affect marine animals. MPs can carry organic
pollutants into tissues or organs, consequently increasing
contaminant concentrations and leading to
bioaccumulation and toxic effects. For example, Avio et al.
(2015) reported that pyrene adsorbed on PE and PS
particles could be transferred to the hemolymph, gills, and
digestive system of mussels (Mytilus galloprovincialis),
where it increasingly accumulated. Granby et al. (2018)
reported that halogenated contaminants adsorbed onto
MPs could be absorbed by the intestinal system of
European seabass (Dicentrarchus labrax) and transferred
to the circulatory system, leading to increased contaminant
bioaccumulation and enhanced toxic effects (e.g., altered
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liver metabolism and immune system and oxidative stress).
Bellas et al. (2020) reported that in Acartia tonsa,
chlorpyrifos (CPF) was 4-25 times more toxic in
combination with PE than alone. Tang et al. (2019) revealed
that the combined toxic effects of PS with benzo[a]pyrene
(B[a]P) and 17B-estradiol (E2) reduced the number and
proportion of hemocytes in the ark shell Tegillarca
granosa, limiting the recognition, phagocytosis, and
degradation of foreign substances by these specialized

cells, and thus reducing the immunity conferred by them.
Browne et al. (2013) reported that in lugworms (Arenicola
marina), the combination of PVC and nonylphenol caused
at least a 60% reduction in the ability of colonocytes to
remove pathogenic bacteria. In addition, the combination
of PVC and triclosan reduced the ability of lugworms to
modify sediment, resulting in a mortality rate of >55%.

Table 3. Effects of MPs adsorbed with pollutants on selected marine animals and associated risks

MPs Exposure Organic
Effect . P . /Heavy Metal  Subject Animal  Co-action Effects Risks References
Type Size Duration
Type
Increases the
absorption of
rene and
PE <1000 Mytilus Py . (Avio et al.
7d Pyrene o affects immune
PS um galloprovincialis 2015)
response,
genotoxicity and
neurotoxicity
Increased Affects
Dicentrarchus bioaccumulation,  survival in (Granby et
PE <400 um 40d Halogenate
labrax enhanced long-term al. 2018)
toxicity exposure
Increases situations
bioaccumulation
and reduces
30 um, Tegillarca blood cell Tang et al.
PS " 4d B[alP, E2 §' , (Tang
500 nm granosa capacity 2019)
(recognition,
. phagocytosis,
Synergistic
ynerg degradation)
Survival
rate |,
egg laying
1.4-42 rate |, Bellas et
PE 24 h CPF Acartia tonsa Increased toxicity . . (
pm ingestion al. 2020)
‘L ’
hatching
rate |
Ability to
. remove
Reduces survival .
. . pathogenic
Nonylphenol, and ingestion, bacteria |
henanthrene, Arenicola impairs immune Browne et
PVC <330um  10d PN , P 60%),
Triclosan marina system and mortality al. 2013)
PBDE-47 ntioxidant
antioxi 1 (55%),
system . .
ingestion
L (30%)
100%
mortality
of fish,
toxic
effects
. Significant . .
. Pomatoschistus directly or  (Oliveira et
Antagonistic PE 1-5 um 96 h Pyrene . delayed o
microps ] indirectly al. 2013)
mortality
affect
individual
and
population

health
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Reduced
200-250 . . bioavailability (Sleight et
PVC 96 h Phe, EE2 Danio rerio . -
pum and toxicity of al. 2017)
Phe and EE2
Affect
Reduced -ec S
0.1 um, L . o survival in .
Tigriopus bioavailability (Lietal
PS 0.55 um, 96 h DBP . . . long-term
japonicus and toxicity of 2020b)
5um exposure
DBP . .
situations
Increased
bioaccumulation,
neurotoxicity,
Dicentrarchus oxidative stress (Barboza
PE  1-5pm 96 h Hg
labrax and damage, and et al. 2018)
altered activity of
energy-related
enzymes
Oxidative stress,
32-40 Symphysodon stimulation of Wen et al.
PS 304 cd ympnyso SHmutay (
pm aequifasciatus innate immune 2018)
. response Directly or
Synergistic -
Increased indirectly
bioaccumulation, affect
roducin individual
. . p ' u '| g individua (Lu et al.
PS 5 um 3w Cd Danio rerio oxidative and 2018)
damage and population
inflammatory health
responses
Reduces
. predatory ,
Pomatoschistus Luis et al.
PE 1-5um 96 h Cr i S’ u behavior and ( 2'015)
i
P AChE activity in
fish
pS 32-40 304 cd Symp.hyso.don . Reduced . (Wen et al.
pm aequifasciatus bioaccumulation 2018)
201.5- .
. . - (Kim et al.
PS 191.3 48 h Ni Daphnia magna  Reduced toxicity 2017)
Antagonistic nm
150
L Reduced .
3-5mm . . . . Incubation (Cheng et
PET . 72h Cd Danio rerio bioaccumulation
diameter o rate | al. 2020)
and toxicity
20 um

Note: "/" indicates that the information is not specifically mentioned in the article.

4.2.2. Antagonistic effects

The adsorption of organic pollutants on MPs also produces
antagonistic = effects in marine animals. Through
adsorption, MPs can reduce the free state of these harmful
substances in the environment, thus reducing their
concentration, bioavailability, and toxicity (Wang et al.
2020a). For example, Oliveira et al. (2013) observed a
substantial delay in mortality in juvenile common gobies
(Pomatoschistus microps) exposed to pyrene and
polyethylene MPs compared with those exposed to pyrene
alone. Sleight et al. (2017) reported that the adsorption of
phenanthrene (Phe) and 17a-ethinylestradiol (EE2) by MPs
reduced their bioavailability to zebrafish larvae (Danio
rerio) by 33% and 48%, respectively. Li et al. (2020b)
studied the combined effects of dibutyl phthalate (DBP)
and polystyrene MPs on the marine copepod Tigriopus

japonicus using acute mortality tests and found that the
MPs reduced the bioavailability of DBP, consequently
reducing its toxicity.

4.3. Impact of the adsorption of heavy metals on MPs on
marine animals

4.3.1. Synergistic effects

MPs can act as carriers of heavy metals in marine systems,
increasing the bioaccumulation and toxic effects of these
compounds in marine animals. For example, Barboza et al.
(2018) found that MPs can adsorb Hg from the surrounding
water environment, resulting in a significant increase in Hg
accumulation in European seabass (Dicentrarchus labrax).
Specifically, the individuals exposed to Hg-contaminated
MPs showed a 76% increase in accumulation compared to
those exposed only to Hg. Wen et al. (2018) showed that
exposure to Cd or MPs had no effects on the survival and
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growth of juvenile discus fish  (Symphysodon
aequifasciatus), but the combined exposure induced
oxidative stress and stimulated innate immune responses.
Similarly, Lu et al. (2018) reported that exposure to Cd-
contaminated MPs resulted in an increased
bioaccumulation of Cd in zebrafish (Danio rerio) and that
the toxic effects were higher compared to those observed
under the exposure to Cd alone. Luis et al (2015) found that
Cr exposure alone significantly decreased the predatory
performance (<74%) of juvenile gobies (Pomatoschistus
microps). Whereas, the combination of MPs and Cr
resulted in reduced gobies predatory performance (<67%)
and significant inhibition of AChE activity (<31%).

4.3.2. Antagonistic effects

The interaction of MPs and heavy metals also causes
antagonistic effects in marine animals. In particular, it
decreases the bioaccumulation and toxic effects of heavy
metals. For example, Wen et al. (2018) found that the
accumulation of Cd in juvenile discus fish (Symphysodon
aequifasciatus) decreased as the concentration of
microplastics increased. Cheng et al. (2020) studied the
combined effect of MPs and Cd in zebrafish embryos and
detected a reduced bioavailability and significantly reduced
accumulation of this heavy metal, which resulted in
reduced toxicity. Another study showed that simultaneous
exposure to microplastics and Ni was less toxic to Daphnia
magna compared to the exposure to Ni alone (Kim et al.
2017).

5. MPs with or without adsorbed contaminants do not
affect marine animals

5.1. Differential results on the impacts of MPs with or
without adsorbed contaminants on marine animals

Numerous studies have been conducted to show that MPs
are easily ingested by marine animals and stored in the
body; specifically, smaller particles enter organisms,
penetrate cell membranes, and reach tissues and cells,
producing toxic effects at the cellular and molecular levels
(Rist and Hartmann, 2017) and affecting the behavior and
physiology of marine animals. However, other studies have
reached the opposite conclusion. For example, sea
cucumber (Apostichopus japonicus) exhibited no significant
change in its swimming speed and distances covered in the
short term after exposure to MPs (Mohsen et al. 2019).
Juvenile spiny chromis (Acanthochromis polyacanthus), a
planktivorous fish, demonstrated no significant behavioral
or physiological changes after exposure to PET MPs with a
diameter of 2 mm (Critchell and Hoogenboom, 2018).
Exposure to 0.05-um PS MPs may lead to mortality in the
nauplii of the marine copepod Tigriopus japonicus due to
nutritional deficiencies or digestive inhibition; however, 6-
pum MPs did not have any effect on their survival (Lee et al.
2013).

Similarly, some studies have concluded that there are no
toxicological interactions between MPs and pollutants,
meaning that there are no synergistic or antagonistic
effects. For example, in planktonic sea urchin larvae that
ingested PE MPs, the toxicity of the hydrophobic organic
chemical 4-nonylphenol (NP) did not increase (Beiras and

Tato, 2019); in mussels, PVC MPs exhibited no significant
effects on Cd uptake into digestive tissues, and combined
exposure to PVC and Cd did not cause additional
deleterious effects on mussel health compared with Cd
exposure alone (Li et al. 2020a).

5.2. Reasons for impact or non-impact

The different conclusions present in the literature depend
on many factors. In the case of fish, contrasting results may
be related to the ability of fish to recognize MPs (Ory et al.
2018). Reportedly, in most cases, fish spit out isolated MPs
but swallow particles that are floating near food. This may
be because of the inability of fish to discriminate and reject
MPs while feeding (e.g., the spitting behavior of zebrafish
after microplastic ingestion) (Ory et al. 2018; Kim et al.
2018). Based on the above finding, it has been suggested
that smaller the microplastic particles, lower the
discrimination ability of fish and higher the intake of MPs
(Critchell and Hoogenboom, 2018).

Moreover, the type (Horn et al. 2018), shape (Choi et al.
2018, Beiras and Tato, 2019), and size (Sussarellu et al.
2016) of MPs as well as the concentration (Lee et al. 2013;
Mbedzi et al. 2019; Wen et al. 2018) and duration (Mohsen
et al. 2019) of exposure to marine animals varied in
different studies; furthermore, the affinity of different
pollutants to MPs (Koelmans et al. (2013a), (2013b) )
differed. In addition to these exposure-related factors, the
fact that the affected animals have different
biosensitivities, decontamination capabilities (Wang et al.
2019), and gastrointestinal conditions (Chua et al. 2014)
may contribute to variable results. At the same time, some
aspects related to the experiments conducted cannot be
ignored. For example, some experiments are acute, at
which point the possible chronic effects of MPs should not
be ruled out, and the health of the subject animals may be
potentially at risk under conditions of long-term, chronic
exposure (Bellas and Gil, 2020; Sun et al. 2022); using
smaller  particles, laboratory experiments may
overestimate the effects of MPs in nature (Burns et al.
2018); marine animals in their natural environments are
more bioresistant to MPs than those cultured in the
laboratory (Belzunce-Segarra et al. 2015).

6. Risks posed by MPs with and without adsorbed
contaminants to marine animals

In recent years, the effects of MPs with and without
adsorbed contaminants on marine animals have been
increasingly studied to better assess exposure risks in the
marine environment (Figure 6). Thus, both microplastic
types may or may not impact marine animals; however, as
shown in Tables 2 and 3, the effects produced lead to risks.
Moreover, a recent study reported that the combined
effect of MPs and pollutants considerably increased the
bioaccumulation of the latter by 31% and exacerbated their
toxicity by 18% (Sun et al. 2022).

On the one hand, MPs with and without adsorbed
contaminants pose a risk to marine animals both at the
individual and population scales. For example, MPs were
shown to affect the behavior and physiological activities of
the mysid shrimp (Wang et al. 2019) and brine shrimp
(Bergami et al. 2014), leading to growth inhibition and
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increased mortality. The exposure of adult Pacific oysters
to microplastic-contaminated environments resulted in
reduced larval production and development rates
(Sussarellu et al. 2016). Compared to the exposure to
pyrene alone, the combination of pyrene and PE MPs
caused a more significant delay in mortality in common
goby juveniles; however, they continued to die, and this
combined effect was also shown to potentially affect their
growth, reproduction, and behavioral activities (Oliveira et
al. 2013). The combined action of MPs and Ni on Daphnia
magna was shown to reduce the toxicity of this element,
but direct or indirect effects on the health of individuals
and population were still observed (Kim et al. 2017).

On the other hand, MPs with and without adsorbed
contaminants can migrate along the marine food chain,
posing a potential risk to the entire marine ecosystem. For
example, the swimming behavior of marine animals is
negatively affected, resulting in a reduced ability to hunt
and avoid predators, which will further alter prey—predator
relationships and energy flows in marine food webs (Wang
et al. 2019). Copepods ingest phytoplankton and
zooplanktonic protozoa and are in turn consumed by fish.
This represents an ecological link between primary
producers and the microbial cycle as well as higher trophic
levels (Roman, 2000; Reeve and Walter, 1977). A study
found that the combined action of CPF, an organic
pollutant, and MPs led to increased toxicity in the copepod
Acartia tonsa. This increased toxicity poses not only a direct
orindirect risk to copepod individuals and populations, but
also a potential risk to predators along the food chain,
threatening the entire marine ecosystem (Bellas and Gil,
2020). Similarly, the increase in Hg concentrations in fish
brain and muscle caused by MPs increases the health risks
to fish and predators, potentially affecting entire marine
ecosystems (Barboza et al. 2018).

7. Potential risks of MPs for human health

A study published in 2019 <@assessed the impact of
environmental pollution on cardiovascular disease in 28
European countries and ‘estimated that it reduced the
average life expectancy by ~2.2 years (Lelieveld et al. 2019).
Long-term exposure to high concentrations of MPs, which
are one of the factors of environmental pollution, may pose
risks to human health. Currently, studies have confirmed
that MPs can enter.and accumulate in the human body and
cause damages. For example, a recent study by Antonio et
al. (2021) detected 12 spherical- or irregular-shaped
microplastic fragments ranging in size from 5 to10um on
the fetal side, maternal side, and chorionic villus of the
human placenta. Dong et al. (2019) reported that
polystyrene MPs can cause the inflammation of lung cells
by inducing the production of reactive oxygen species and
that exposure to high concentrations of these MPs may
increase the risk of chronic obstructive pulmonary disease.
MPs pollution affects a large number of marine animals,
and there are risks of potential transmission to humans
through the food chain with negative consequences. For
example, as MPs are usually stored in the intestine after
ingestion by marine animals, their consumption (for
example that of fish, mussel, or crab offal) may pose a
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threat to human health (Farrell and Nelson, 2013; Wegner
et al. 2012; Barboza et al. 2018). Therefore, concerns
should be raised about the potential for MPs to reach
higher trophic levels, accumulation of environmental
pollutants, and health of animals, including humans.
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Figure 6. Schematic diagram of the impacts of MPs with and
without adsorbed organic compounds or heavy metals on
marine animals and associated risks (a) and influencing factors
connected to different effects (b)

8. Conclusion and prospect

The behavior of MPs after entering the marine
environment can be divided into three categories: physical
(transport and deposition), chemical (degradation and
adsorption), and biological (ingestion and migration)
(Wang et al. 2016). A large number of studies have
reported that marine MPs may be ingested by marine
animals, altering their behavior and physiological activities.
In addition to the toxicity of MPs, the combined toxicity of
MPs with adsorbed pollutants to marine animals is at the
forefront of research. Reportedly, >78% (Rochman et al.
2013b) of the pollutants adsorbed onto plastic debris are
classified as “priority pollutants” (Rochman, 2013a) and
can be harmful to marine animals.

MPs, as a new type of pollutant, not only considerably
impact the marine environment but also are widely present
in marine animals and may pose a risk to them. The
environmental and biological effects of MPs in the ocean
have been investigated; however, their abundance and
physicochemical properties, effects on the marine water
environment, and mechanisms underlying their single or
combined effects on marine animals and humans need to
be further elucidated. Therefore, future research needs to
focus on the following aspects:

The effects of MPs and pollutants on marine animals
remain inconsistency, and more research is warranted on a
wide range of chemicals and plastic types to provide a
theoretical basis for preventing and controlling marine
microplastic pollution.

Most models for risk assessment have been built using data
obtained from experiments regarding the toxicity of single
MPs (Santos et al. 2021). However, in the natural
environment, the combination of MPs and other pollutants
is inevitable. The synergistic effects arising from such
interaction deserve consideration and attention during risk
assessments.
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There are significant differences between laboratory and
real-world conditions, and more ecological and
environmentally relevant research is needed to fill the
knowledge gap on how to extrapolate laboratory results
that correspond to actual conditions in the natural
environment.

Most research on MPs has been conducted on animals, and
research involving humans remains in its initial stage. In the
future, research regarding the risks of MPs for human
health should be strengthened to reveal the mechanisms
underlying the effects at the genetic, cellular, and tissue
levels.

Based on the study of the mechanisms of microplastic
toxicity, attention should be focused on the migration
pattern and effects of MPs along the food chain to provide
a theoretical basis for preventing and controlling potential
risks to the marine ecosystem and human health.
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Animal Category Location Abundance (items/ind)

Shapes

References

Zooplankton Terengganu Estuary, 0.01 £0.002-0.20 £ 0.14

Fibers, fragments, pellets

(Lusher et al. 2014)

Malaysia
Pampus argenteus Bohai Sea, China 0.890.77 Fibers, fragments, pellets, (Wang et al. 2021)
Argyrosomus argentatus 2.11+2.36 films
Delphinapterus leucas Eastern Beaufort Sea, 97 +42 Fibers, fragments (Moore et al. 2019)
Canada
Halichoerus grypus South coast, Ireland 27.9+14.7 Fibers, fragments, film (Hernandez-Milian et al.
2019)
Fenneropenaeus indicus Cochin, India 0.39+0.6 Fibers, others (Daniel et al. 2020)
Ocypode quadrata Grussai Beach Arch, Brazil 1-158 Fibers, fragments, foam (Costa et al. 2019)

Holothuria mexicana Florida Keys, USA >1

Fibers, fragments

(Plee and Pomory, 2020)

Echinoidea Coastal areas, China 2.20+1.50-10.04 + 8.46

Fibers, fragments, film

(Feng et al. 2020)

Table S2. Coexistence of pollutants and MPs in some marine areas of the world.

Location Type of MPs Organic pollutant/Heavy metal type and concentration Reference
Central Pacific Gyre PP, PE PAHs (12-868 ng/g) (Hirai et al. 2011)
Pacific Ocean PAHs (112 ng/g)
Caribbean Sea PAHs (88—105 ng/g)
Costa Rica, beach DDTs (0.6-124.4 ng/g)
Vietnam, beach DDTs (11-118 ng/g)
Tokyo, urban beach DDTs (0.2-52 ng/g)
Los Angeles, urban beach DDTs (2.2-8.4 ng/g)
Kanagawa, urban beach DDTs (n.d—76 ng/g)
Parana State, southern coastline / PAHSs (1,454-6,020 ng/g) (Gorman et al. 2019)
PCBs (0.8-104.6 ng/g)
Sdo Paulo state, coastline state / PCBs (3.41-7554 ng/g) (Taniguchi et al. 2016)

South African, beach PE, PP, other

PCBs (25-61 ng/g)

(Ryan et al. 2012)

HCHs (2-5 ng/g)

DDTs (8-31 ng/g)

PCBs (2-223 ng/g)

(Antunes et al. 2013)

PAHs (136.3-1586.9 ng/g)

(zhang et al. 2015)

Portuguese, coastline /
Yellow Sea, beach Plastic resin
Yellow Sea, beach pellet

PCBs (34.7-213.7 ng/g)
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Bohai Sea, beach

PCBs (21.5-323.2 ng/g)

Belgian, coast

PE, PS

PAHs (1076-3007 ng/g)

(Gauquie et al. 2015)

Australian, North Freemantle
beach

Australian, Redhead beach

PE, PP, PS, PET

Se (12.74 pug/kg), As (89.58 pg/kg), Cd (94.73 pg/kg), Cr (165.38
ug/kg), Cu (1.16 mg/kg), Ba (22.35 mg/kg), Pb (0.24 mg/kg), Zn
(15.12 mg/kg), Mn (1.25 mg/kg)

Se (6.14 pg/kg), As (204.85 pg/kg), Cd (24.33 pg/kg), Cr (208.27
ug/kg), Cu (0.28 mg/kg), Ba (5.23 mg/kg), Pb (0.57 mg/kg), Zn
(2.27 mg/kg), Mn (0.54 mg/kg)

(Carbery et al. 2020)

Vis, Croatia, Milna beach

Cd (2.90 ng/g), Cr (0.21 pg/g), Cu (0.21 pug/g), Fe (40.3 ug/g), Mn
(1.78 ug/g), Ni (0.14 ug/g), Pb(0.26pg/g), Zn (2.08 pg/g)

(Marsic-Lucic et al.
2018)

England, beach

PE, PP, PS, PVC

Cd (30-50 pg/g), Pb (5-20 pg/g)

(Massos and Turner,
2018)






