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Abstract
The interactions between microplastics (MPs) and aquatic organisms are becoming increasingly frequent due to the extensive
distribution of MPs in aquatic environments. MPs from the aquatic environment tend to accumulate and move through living
organisms. Therefore, MPs can affect human health though the food chain and human consumption. In this brief review, the
environmental distribution, sources, and transport ofMPs are reviewed, and the potential consequences of the presence ofMPs in
the aquatic environment to human food are discussed. This review also summarized the toxicity effects and toxicity mechanisms
of MPs based on various environmentally relevant test species and discussed the combined toxicity effects of MPs and various
pollutants in aquatic ecosystems. The knowledge of the adverse effects on combined toxicity and the mechanism ofMPs toxicity
are very limited. Thus, a systematic assessment of the aquatic environmental risk in various species fromMPs is challenging. In
the end, we identify the knowledge gaps that need to be filled and provide suggestions for future research.
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Introduction

Plastics are widely used to manufacture industrial and daily
life products due to their unique properties, such as low

production costs, light weight, versatility, and durability
(Wang et al. 2016). The amount of plastic in diverse environ-
ments has increased dramatically over the last few years since
global production has increased drastically (Derraik 2002).
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Jambeck et al. (2015) reported that over 10million metric tons
of plastic waste enters the oceans each year. Microplastics
(MPs) are defined as tiny plastic particles smaller than 5 mm
in size that have environmental persistence, bioavailability
and harmful effects on the ecosystem (Scheurer and Bigalke
2018). Polyethylene (PE), polypropylene (PP), and polysty-
rene (PS) particles in cosmetic and medical products are the
main sources of MPs in the environment. MPs can enter the
aquatic environment through household sewage discharge or
runoff from landfills. In addition, anthropogenic activities,
such as littering, municipal solid waste collection and disposal
processes, are also secondary sources of MPs in the environ-
ment (Horton et al. 2017). Different forms of MPs, such as
pellets, fibers, and fragments, have been found in environmen-
tal samples. The amount of research on MPs has also been
growing rapidly in marine and freshwater environments.
Studies on plastic waste in aquatic environments have
attracted attention since the early 2000s. MPs undoubtedly
created enormous threats to human health and ecological bal-
ance. MPs pose a great threat to the aquatic environment due
to their permanence and toxic potential (Barletta et al. 2019).
Hidalgo-Ruz et al. (2012) reported that MPs were detected in
various aquatic environments, such as surface water, shore-
lines, deep water, sediment, beaches, and benthic zones.
Wright et al. (2013) found that MPs could be ingested and
accumulate in different marine species, such as barnacles,
mussels, lugworms, crustaceans and fishes, turtles, and seals.
The continuous ingestion and accumulation of MPs in marine
environments are unavoidable and exacerbating potential
threats to organism survival and human health. Abbasi et al.
(2018) suggested that MPs could accumulate in the human
body though the consumption of seafood. MPs also cause
physiological damage (internal scratches and obstructions) to
organisms via ingested exposure. In addition, the toxicity to
organisms could be changed through the sorption of chemical
contaminants to MPs. Watts et al. (2014) found that the con-
tamination sported by MPs might also affect marine food
chains from the smallest planktivorous organisms to large fish
and mammals.

Some research has been focus on in vitro and in vivo study
to analyze MPs toxic effects on aquatic organisms. In vivo is
experimentation using a whole, living organism as opposed to
a partial or dead organism. It facilitates probing the experi-
mental effects of MPs on living subject. An in vivo test is
considered a good method with which to investigate long-
term toxicity and can better reveal in vivo organism toxicity.
However, it is time and money consuming as its disadvan-
tages. In vitro studies in experimental biology are those that
are conducted using components of an organism that have
been isolated from their usual biological surroundings in order
to permit a more detailed or more convenient analysis than can
be done with whole organisms, such as microorganisms, cells,
or biological molecules. The primary advantage of in vitro

work is that it permits an enormous level of simplification of
the system under study, so that the investigator can focus on a
small number of components. Using in vitro study can also
avoid ethical issues by using animals. In vitro techniques al-
low specific biological and mechanistic pathways to be isolat-
ed and tested under controlled conditions in ways that are not
feasible in in vivo tests. The toxic effects of MPs described in
the in vivo and in vitro studies have mainly included cytotox-
icity (altered metabolism, decreased growth, and lytic or apo-
ptotic cell death), proliferation, genotoxicity, altered gene ex-
pression, oxidative stress, growth inhibition, and neurotoxici-
ty. In aquatic toxicity studies of MPs are concerned more and
more on many kinds of species including fish, algae, shellfish,
shrimp, and marine mollusks. In addition, organisms reared in
aquaculture can also ingest MPs similar to wild populations,
which are consumed by humans as food (Bessa et al. 2018).
As a result, the concern about the potential threat of MPs to
human health has increased. In this review, we summarized
the biotoxicity of MPs on aquatic organisms and discussed the
toxicological impacts of MPs on organisms. We also
discussed the distribution and transport of MPs in the environ-
ment. The sorption behavior of MPs with changing joint tox-
icity effects of other chemicals has been summarized in this
review. Furthermore, the present shortage of research, future
challenges, and potential hazards of MPs to human health are
discussed in depth.

Environmental distribution, source,
and transport of MPs in food chain

MPs are widespread in global environments and are highly
persistent in different aquatic environments, such as marine
water, freshwater (rivers and lakes), groundwater, ocean sed-
iments, and river sediments (Klein et al. 2015). Frere et al.
(2017) found that the most polluted regions of MPs were
ocean estuaries and other coastal areas in regions heavily im-
pacted by anthropogenic factors. Most MPs come from con-
tinental sources entering the marine environment mainly
through rivers, soil and beach sediment runoff, rainfall, and
industrial and urban effluents (Lebreton et al. 2017).

Riverine transport to the marine environment is an impor-
tant pollutant transfer behavior for MPs. Andrady (2011) also
discussed the degradation of plastics via weathering on the
beaches, which results in surface embrittlement and
microcracking, yielding MPs that are carried into the water
by wind or wave action. Zylstra (2013) found that MPs with
higher densities were susceptible to wind and surface runoff
and were more likely to enter surface aquatic and terrestrial
systems. The other sources of MPs entering the marine
environment are direct inputs, including oil and gas
extraction, aquaculture, and litter released during human
activities. Retama et al. (2016) found that 60–80% of marine
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and ocean litters are various types of plastic particles, such as
polystyrene, polyvinyl chloride, polyethylene, nylon, and
polycarbonates. Gewert et al. (2017) suggested that marine
MPs are divided into primary MPs, which are originally
formed in MPs size range (from cosmetics, cleaning products,
industries, or industrial wastewater) and secondary
microplastics, produced by breakdown of larger size plastic
debris through physical, sunlight radiation, and biological
degradation processes. A considerable amount of such plastic
debris has been found worldwide and is highly persistent in
the Atlantic and Pacific oceans. Moreover, some researchers
reported that MPs were also detected in the open ocean and
abyssal and polar regions, ranging from the Caribbean Sea to
the Mediterranean Sea in terms of enclosed oceans (Barnes
et al. 2009; Welden and Lusher 2017). Obbard et al. (2014)
found that MPs have accumulated far from population centers
and that polar sea ice represents a major historic global sink of
man-made particulates. Moreover, MPs are one of the most
significant organic pollutants in freshwater. Mani et al. (2015)
reported that a peak concentration of 3.9 million particles/km2

was measured in the Rhine-Ruhr (Rhine, one of the largest
rivers in Europe) metropolitan area. The concentrations of
MPswere diverse along and across the river, reflecting various
sources and sinks, such as wastewater treatment plants, tribu-
taries, and weirs. In addition, MPs concentrations demonstrat-
ed statistically significant positive correlations with popula-
tion density and proportion of urban/suburban development
within watersheds. The greatest MPs concentrations also oc-
curred after major rain events in estuarine rivers (Chesapeake
Bay) (Yonkos et al. 2014). Lusher et al. (2015) indicated that
the concentration of MPs ranged from 0.34 to 102,000 parti-
cles/m3 in aquatic environments. Klein et al. (2015) suggested
the importance of rivers as vectors of transport of MPs into the
ocean. In addition, large rivers are the major pathways
for the transport of land-based plastic litter into the
ocean (Lechner et al. 2014). For example, approximate-
ly 4.2 t of MPs flow into the Black Sea via the Danube
each day (Lechner et al. 2014). Freshwater sediments
have also attracted attention during the investigation of
sediments in aquatic environments. MPs have been de-
tected in river shore sediments of the Rhine and Main
rivers in the Rhine-Main area in Germany (Klein et al.
2015). MPs ultimately accumulate in sediments world-
wide due to their properties, such as buoyancy, extreme
durability, and synthetic polymers. It has been reported
that 4.8 to 12.7 million tons of MPs were estimated to
be released into the marine environment every year
(Jung et al. 2018). A lot of MPs accumulate on beaches
and coastal areas, float on the oceans, sink, and remain
in the sediment at the bottom of the ocean (Qiu et al.
2016). Browne et al. (2011) showed that MPs contami-
nated the shorelines at 18 sites worldwide representing
six continents from the poles to the equator, with more

material in densely populated areas. MPs from coastal
sediments of the Algarve region and Southern
Portuguese shelf waters were retrieved from sediment
samples, and the concentration of MPs ranged from 10
to 3320 items/kg (Frias et al. 2016). Imhof et al. (2013)
reported that a high concentration of MPs was detected
in the beach sediments of a subalpine lake. Di and
Wang (2018) found that the MPs pollution in the sur-
face waters and sediments from the Three Gorges
Reservoir reached levels from 25 to 300 n/kg wet
weight (WW). With the large production and rapid
expansion of MPs, there is a crucial need for a critical
review of health risk assessments of MPs in the
environment.

Lebreton et al. (2017) found that MPs come from con-
tinental sources entering the marine environment mainly
through rivers, industrial and urban effluents, and runoff
of beach sediments and neighbor f ie lds . River
hydrodynamics, water surface area, depth, prevailing
wind, and surface current affected MPs distributions,
with profound implications for emissions to marine
systems. Andrady (2011) explained that surface runoff
was the main mechanism for MPs transported in water
along rivers and into oceans. Zylstra (2013) found that
wind could disperse substantial amounts of trash > 2 km
into protected natural areas and suggested that the accu-
mulation of trash poses a potential threat to desert ecosys-
tems. This research also found that MPs with higher den-
sities were more susceptible to wind and surface runoffs
and, furthermore, were more likely to reach surface aquat-
ic systems. In addition, the organisms in the soil also act
as a good medium for the transport of MPs in the water
through surface runoff. There is an increasing tendency
for global MPs abundance and dispersion with the wide
use of MPs. MPs in the environment also have the poten-
tial to absorb various pollutants, including heavy metals,
polycyclic aromatic hydrocarbons, polychlorinated biphe-
nyls, perfluoroalkyl acids, and other toxic chemicals. The
different chemicals are always adsorbed to the surface of
the plastics. Hydrophobic and electrostatic forces in the
solution are suggested to be another mechanism of MPs
toxicity, which refers to the interaction of different pollut-
ants in the water environment. Wu et al. (2019a) sug-
gested that hydrophobic and electrostatic interactions
were the main reasons for the sorption of other contami-
nants. Hydrophobic interactions relate to the attraction of
non-polar molecules to the non-polar MPs surface, which
are considered to be the main reason for the sorption of
hydrophobic organic chemicals to MPs. Electrostatic in-
teractions are caused by the attraction of oppositely
charged molecules or repulsion of similarly charged mol-
ecules. In addition, size and shape may also affect adsorp-
tion, but absorption does not depend on the availability of
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sorption sites on the surface (Tourinho et al. 2019). The
adsorption characteristics depend on the physicochemical
characteristics of MPs, as well as their composition, size,
shape, and color. Particles usually present a high area-to-
volume ratio, which is expected to have high adsorption
capacity, such as the particles with smaller sizes and ir-
regular shapes. The contaminants can be released from the
surface of MPs during their transport in the environment
or inside organisms. Pollutants adsorbed by MPs can pen-
etrate cells, disrupt molecules, and affect biological sys-
tems (Rochman et al. 2014). Hydrogen ions (H+) also
affect the sorption of pollutants onto MPs when proton
donor and proton acceptor groups are involved. For ex-
ample, polyamide had a greater sorption capacity for a
group of antibiotics than other MPs due to the hydrogen
bond caused by the proton donor characteristic of the
amide group in polyamide (Li et al. 2018).

Aquatic organisms can be exposed to MPs by different
processes. Ingestion is an important absorption route for
marine species exposure to pollution. After ingestion,
MPs are transported through the circulatory system of an
organism and transferred into different tissues and cells,
potentially resulting in several types of adverse effects,
such as pathological damage, lysosomal membrane desta-
bilization, cell death, inflammatory response, develop-
ment inhibition, and muscle scratches (von Moos et al.
2012). These adverse effects in organisms may be caused
by the physical damage or biological toxicity of MPs.
MPs can biologically accumulate in aquatic animal tissue
(including wild populations and aquaculture) via the
ingesting process, and this tissue is ultimately consumed
by humans as food. Lusher et al. (2017) suggested that
bivalves cultured in estuaries and coastal lagoons were
more inclined to ingest MPs due to contamination with
these particles in such areas. MPs have also been detected
in seafood sold from markets, including in fish, bivalves,
crustaceans, and shellfish sold for human consumption
(Rochman et al. 2015). Furthermore, fish, shrimp or other
farmed species could ingest MPs through the food chain,
which also enhances the potential effects on human
health. Abbasi et al. (2018) suggested that regardless of
the mode of accumulation, the presence of MPs in heavily
fished species of fish and crustaceans raised concerns
about the potential transfer of synthetic materials into
humans. Akhbarizadeh et al. (2018) suggested that con-
sumption of meal ratios of 300 and < 100 g/week for
adults and children, respectively, was recommended with
no human health risk. In addition, the trophic transfer of
MPs between species (Mateos-Cardenas et al. 2019) has
been reported. The information about the toxicity effects
of MPs on the human health through the food chain be-
havior is still lack. This review was to provide an over-
view of MPs potential risks in aquatic environment for

human food security and health. The influence of physical
characteristics of MPs on distribution and transport in the
environmental was also need future investigation.

MPs research in the aquatic environment

In vivo toxicology studies

Aquatic organisms are directly or indirectly exposed to MPs
due to their widespread water environments. Direct exposure
is when pollutants come into direct contact with organisms
through amedium such as water, soil, or air. However, indirect
exposure is a form of exposure in which pollutants are toxic to
organisms through the food chain or in combination with oth-
er compounds. Direct exposure generally causes short-term
acute toxicity, while indirect exposure causes chronic organ
toxicity. MPs can exposure to aquatic organisms by different
exposure processes (intravenous, transdermal, subcutaneous,
inhalation, intraperitoneal, and oral) and finally accumulate in
the tissues and organs. The different exposure processes tend
to different environmental condition. In vivo tests tend to fo-
cus on intravenous, subcutaneous, intraperitoneal, oral, and
skin exposure. While in aquatic environmental tend to focus
on inhalation, oral, and skin exposure. In addition, the adverse
effects of MPs on organisms can be physical and biological.
The physical effect of MPs causes the mechanical death, or-
gan, tissue, or skin damage of aquatic organisms. The bio-
chemical effect of MPs induces oxidative stress, inflamma-
tion, growth inhibition, accumulation distribution, and trans-
portation in organs and impacts to lipid metabolism in aquatic
organisms.

Ingestion is one type of common physical impacts on
aquatic organisms. The ingestion of MPs could reduce diges-
tion and feeding capacity and increase undernutrition and the
disease states of aquatic animals due to blockages of the di-
gestive tract by MPs (Van Franeker 1985). Small sizes of the
MPs enhance their translocation across the gastro-intestinal
membranes via endocytosis-like mechanisms and distribution
into tissues and organs (Alimba and Faggio 2019). Since the
last century, the ingestion of MPs by seabirds and turtles has
been widely reported and reviewed (Tourinho et al. 2010).
Fish as one of the largest and most diverse animal groups in
the aquatic environmental and also be affected by plasticMPs.
For example, in a tropical estuary of the Brazilian Northeast,
Cathorops spixii and Cathorops agassizii, 18% and 33% of
individuals had ingested plastic debris in their stomachs, re-
spectively. These plastics were threat to feeding resource in
southwestern Atlantic estuaries (Possatto et al. 2011). Sharks
and rays were also reported as being physical affected byMPs
ingestion (Boerger et al. 2010).MPs are thought to be ingested
by a wide range of marine organisms and be translocated in
other organs before being excreted (Collard et al. 2017).
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The adverse biological effects of MPs on vertebrates in-
clude accumulation, distribution, and transportation in organs.
For example, polystyrene MPs could induce microbiota
dysbiosis and inflammation in the gut of adult zebrafish (Jin
et al. 2018). Lei et al. (2018) found that the exposure of
zebrafish to ~ 70 μmMPs caused intestinal damage, including
cracking of villi and splitting of enterocytes. Exposure to MPs
also induced alterations of metabolic profiles in zebrafish liver
and disturbed lipid and energy metabolism (Lu et al. 2016).
Furthermore, 7 days of exposure to 5 μm diameter MPs re-
sulted in accumulation in the gills, livers, and guts of fish,
while 20 μm diameter MPs accumulated in only the gills
and guts of fish (Lu et al. 2016). Collard et al. (2017) sug-
gested that there was one translocation pathway of MPs be-
tween organs: smaller pieces agglomerated into large particles
and passed through the intestinal barrier to other organs. In
addition, the muscle, gut, and gill of fish are also considered
common organs for MPs accumulation and distribution.
Akhbarizadeh et al. (2018) suggested that MPs accumulated
in the muscles of pelagic fish species, including Platycephalus
indicus, Epinephelus coioides, Alepes djedaba, and
Sphyraena jello. MPs could be transported into the circulatory
system of the mussel Mytilus edulis and accumulated in the
gut (Browne et al. 2008). Watts et al. (2014) found that shore
crab (Carcinus maenas) could take up MPs through transport
across the gills as well as ingestion of pre-exposed food (com-
mon mussel Mytilus edulis). Moreover, the adverse effects of
MPs also include oxidative stress, inflammation, growth inhi-
bition, and impacts to lipid metabolism in aquatic organisms.
Inflammation and oxidative stress were observed in the gut of
zebrafish after exposure to MPs (5-pm beads; 50 vig/L and
500 irg/L) for 21 days (Qiao et al. 2019). Oliviero et al. (2019)
showed a decrease in larval length in plutei exposed to low
concentrations of MPs and a blockage of larval development
in sea urchin embryos exposed to the highest dose. In
addition, MPs elicited immunological responses and induced
oxidative stress in aquatic organisms via altered gene
expression and free radical generation. For example, Zhang
et al. (2019) found that 48-h exposure to MPs (0.1 mg/L)
activated the activities of catalase (CAT), glutathione peroxi-
dase (GPx), and superoxide dismutase (SOD) in Daphnia
magna. Acute exposure of MPs could activate the stress re-
sponse of the scleractinian coral Pocillopora damicornis and
repress its detoxification and immune system through the JNK
and ERK signal pathways (Tang et al. 2018).

The research on MPs toxicity in invertebrates has mostly
focused on amphipods. Some research found that MPs could
decrease the growth and reproduction of Hyalella azteca (Au
et al. 2015; Syakti et al. 2019) and increase the mortality of
starved daphnids (Aljaibachi and Callaghan 2018). However,
ingestion of MPs had no apparent impact on amphipod mor-
tality or mobility after 24 or 48 h of exposure (Mateos-
Cardenas et al. 2019). Bruck and Ford (2018) reported that

ingesting low concentrations of 8 mmMPs did not impair the
feeding or growth of amphipods during the exposure period.
In addition, after chronic exposure over 48 days, MPs did not
significantly affect the survival, development (molting), me-
tabolism (glycogen, lipid storage), or feeding activity of
Gammarus pulex (Weber et al. 2018). Some studies found that
MPs could inhibit the root growth of Lemnaminor (Kalcikova
et al. 2017), inhibit the growth of Skeletonema costatum
(Zhang et al . 2017), inhibi t the shoot length of
Myriophyllum spicatum (van Weert et al. 2019), inhibit the
growth of the freshwater algae Chlorella pyrenoidosa (Mao
et al. 2018), affect the growth of Chlorella pyrenoidosa and
Microcystis, (Wu et al. 2019a, b) and decrease the growth rate
of Tetraselmis chuii (Davarpanah and Guilhermino 2019). In
addition, MPs also caused reproductive toxicity in Daphnia
magna, Daphnia pulex, and Ceriodaphnia dubia (Jaikumar
et al. 2019) after chronic exposure and reduced photosynthetic
activity in the freshwater algae Chlorella pyrenoidosa (Mao
et al. 2018).

Furthermore, the potential for MPs to biologically accumu-
late in organisms and the fate of biological chain transfer are
largely unexplored. This review presents the trend of aquatic
MPs pollution with a focus on its current toxicological conse-
quences in mammals, fish, and plants.

In vitro toxicology studies

The toxic effects of MPs on aquatic species at the molec-
ular level have always been evaluated in vitro, but the
research is very rare. MPs can be taken up into cells and
induce cell-level toxicity. For example, Espinosa et al.
(2018) suggested that continued exposure of fish to
polyvinylchloride (PVC) and PE MPs could impair fish
immune parameters, probably due to the oxidative stress
produced in the fish leukocytes. However, there was no
evidence of oxidative stress or cellular damage in the liver
of fish that had ingested MPs (Alomar et al. 2017). von
Moos et al. (2012) found notable histological changes and
a strong inflammatory response demonstrated by the
formation of granulocytomas after 6 h of MPs exposure
in the blue mussel Mytilus edulis L. Pannetier et al. (2019)
suggested that DNA damage was observed after exposure
to four microplastic samples in six tested rainbow trout
liver cell lines. Aquatic plant cells are also an important
index in the assessment of in vitro MPs toxicity. MPs-
exposed cells could modulate their energy metabolism to
properly acclimate to the stress conditions. Seoane et al.
(2019) found a significant decrease in cellular esterase
activity and neutral lipid content in Chaetoceros
neogracile after exposure to MPs. In addition, exposure
of Chlorella vulgaris to MPs exerted a significant inhibi-
tory influence on cell photosynthesis (Luo et al. 2019).
Although in vitro studies can explain the toxicity effects
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of MPs at the molecular level, unfortunately, at present,
the available in vitro studies on aquatic species are very
rare. This review presents the urgency and importance of
future research on the influence of in vitro MPs. The
studies demonstrating the toxicity effects in aquatic spe-
cies exposed to MPs are reviewed in Table 1.

Toxicity mechanisms of MPs in aquatic
environment

Oxidative stress is summarized as the main proposed mecha-
nisms for the environmental toxicity of pollutants and
ecotoxicity in organisms (Du et al. 2018a; Du et al. 2018b).

Table 1 MPs research in the aquatic environment

Study Focus of the toxicity Aquatic sample Size/concentration/
exposure time

Pannetier et al. (2019) DNA damage Rainbow trout liver cell line 1 mu m to 5 mm

2–71 ng/g

Seoane et al. (2019) Decreased in the cellular esterase activity
and the neutral lipid content

Cell of Chaetoceros neogracile 0.5 and 2 mu m

2.5 mug/mL

72 h

Luo et al. (2019) Inhibitory influence on cell
photosynthesis

Cell of Chlorella vulgaris 1.6 g/L

12–24 h

Zhang et al. (2019) Activities of CAT, GST, andMDA levels Daphnia magna < 5 mm

48 h

Oliviero et al. (2019) Decrease of larval length Paracentrotus lividus < 5 mm

24 h

Alimba and Faggio
(2019)

Increase in morbidity and mortality Seals, sea lions, dolphins, and sea snake < 5 mm

Long exposure

van Weert et al. (2019) Inhibited shoot growth Myriophyllum spicatum 20–500 mu m

0–24 h

Davarpanah and
Guilhermino (2019)

Reduced the average specific growth rate Tetraselmis chuii 5 nm

96 h

Wu et al. (2019b) Inhibited growth Chlorella pyrenoidosa andMicrocystis 5, 10, 50, 100, 250, 500
mg/L,
1-8 days

Mao et al. (2018) Growth inhibition and reduced
photosynthetic activity

Chlorella pyrenoidosa 0.1 and 1.0 mu m

0–35 days

Tang et al. (2018) Repress detoxification and immune
system

Scleractinian coral 1.0 μm

6, 12, and 24 h

Espinosa et al. (2018) Affect the cell viability Gilthead seabream (Sparus aurata) and
European sea bass (Dicentrarchus labrax)
head-kidney leukocytes

1, 10 and 100 mg/mL

1 and 24 h

Zhang et al. (2017) Growth inhibition and photosynthesis
inhibition

Skeletonema costatum 1 mm

96 h

Kalcikova et al. (2017) Inhibited root growth Lemna minor < 5 mm

48 h

Grigorakis et al. (2017) Accumulate in the gut Carassius auratus < 5 mm

1.5 h–6 days

Lu et al. (2016) Inflammation and lipid accumulation
in fish liver

Zebrafish 5 μm

0–7 days

Au et al. (2015) Decreased growth and reproduction Hyalella azteca 71.43 MPs/mL

10 days

Watts et al. (2014) Adsorbed on the surface of the gill Carcinus maenas < 5 mm

14 days, 21 days

von Moos et al. (2012) Histological changes and inflammatory
response

Cells and tissue of the blue mussel Mytilus edulis
L.

> 0–80 mu m

3, 6, 9, and 96 h
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Oxidative stress can disturb the balance of the capacity of an
organism to deal with excessive reactive oxygen species
(ROS), which can induce the antioxidant defense of organisms
and cause oxidative damage to molecules (Prokic et al. 2018).
ROS were necessary for organisms at moderate levels (Du
et al. 2018a). Excessive ROS caused peroxidation of polyun-
saturated fatty acids, damaged the cell membrane permeabil-
ity, and damaged the structure of other molecules, such as
DNA, proteins, and lipids. The damage of biomolecules trig-
gers a series of reactions, such as inflammatory response, cell
death, tissue damage, and DNA damage (Bartoskova et al.
2013). Oxidative stress can be adjusted through free radical
production (non-enzymatic antioxidants) and antioxidant de-
fenses, which balance excessive ROS and repair damaged
cells (Sayre et al. 2005).

The toxicity mechanisms underlying the oxidative stress
(free radical production, antioxidant defense regulation, some
signal pathways, and gene expression) that is induced in
aquatic organisms by MPs are summarized in this review.
Several studies have indicated that antioxidant defenses are
generated after exposure to MPs. For example, Ribeiro et al.
(2017) found that exposure of Scrobicularia plana to 1 mg/L
(20 mm) of MPs for 14 days and depuration for 7 days caused
DNA damage, neurotoxicity, and oxidative damage.
Oxidative stress biomarkers were detected in the tissues of
organisms. In addition, MPs could induce significantly in-
creased activities of SOD and CAT, indicating that oxidative
stress was induced after treatment with MPs (Lu et al. 2016).
MPs significantly increased the activities of SOD and CAT
and decreased GPx and alkaline phosphatase after
scleractinian corals were exposed to MPs for 6, 12, and 24 h
(Tang et al. 2018). Lei et al. (2018) suggested that MPs caused
oxidative stress in Danio rerio and Caenorhabditis elegans
through free radical formation, as an overproduction could
alter physiological homeostasis of cellular components via
suppressing the activity of antioxidant systems. Ribeiro et al.
(2017) found that exposure of Scrobicularia plana to MPs
induced a reduction in lipid oxidative damage, inflammation,
and destabilization of lysosomal membranes, which was like-
ly due to sufficient neutralization of ROS by the activation of
antioxidative defense enzymes (Ribeiro et al. 2017). Some
researchers found that the activation of the stress response
was related to some signal pathways or gene expression. For
example, Qu et al. (2018) found that nanopolystyrene particles
(1 mu g/L) dysregulated the expression of some genes re-
quired for the control of oxidative stress and activated the
expression of the Nrf signaling pathway after prolonged ex-
posure in Caenorhabditis elegans. In a previous study, MPs
activated oxidative stress by repressing the detoxification and
immune system through the JNK and ERK signaling path-
ways after acute exposure in P. damicornis for 12 h (Tang
et al. 2018). Additionally, Lei et al. (2018) suggested that
0.1, 1.0, and 5.0 μm sizes of MPs elicited oxidative stress

by activating the expression of glutathione S-transferase 4 in
nematodes. The production of ROS can cause DNA damage
resulting in DNA strand breaks in response toMP exposure of
organisms. Avio et al. (2015) indicated that MPs could induce
irreversible loss of DNA integrity (nuclear alterations) and
increased frequency of micronuclei in marine mussels.
However, MPs did not produce oxidative stress and genetic
damage, with the exception of a significant modulation of
CAT and GSH activities in the freshwater zebra mussel
Dreissena polymorpha exposed to MPs for 6 days (Magni
et al. 2018). Other molecular mechanisms were proposed
based on cytotoxicity. For example, both decrease in cellular
esterase activity and inhibitory influence on cell photosynthe-
sis after exposure toMPs could inhibit plant growth (Luo et al.
2019; Seoane et al. 2019). But the research on cytotoxicity of
MPs is very rare in aquatic environment. Non-oxidative
stress-related mechanism of MPs toxicity are required to fill
knowledge gaps. The toxicity mechanisms of MPs are very
important for understanding the harmful effects on aquatic
organisms. The information on mechanisms is necessary to
design more safe MPs products for human use and to analyze
environmental risk assessment.

MPs influence on other chemical contaminant
toxicity in aquatic environment

The pollutants attached to the MPs surface could improve
some MPs properties and change the toxicity effects in organ-
isms. MPs can be a vector for pollutants to enter an organism
due to the sorption characteristics. For example, the solubility
and Kow of polybrominated diphenyl are two important fac-
tors for determining pollutant sorption to MPs (Chua et al.
2014). Rochman et al. (2014) suggested that plastic debris
associated with several chemical pollutants could disrupt the
functioning of the endocrine system, alter gene expression,
and affect the proliferation of germ cells. The interaction of
MPs and compounds alters the toxicity effect of individual
chemicals. It is important to determine the bioavailability of
MPs and their coexisting pollution. Further investigations are
needed to evaluate the potential risk of MPs and their
coexisting characteristics in aquatic species.

There are usually three different complex toxicity effects
on combined pollutants for aquatic species, including antago-
nistic, additive, and synergistic. The common aquatic species
used in toxicity studies are microalgae, Daphnia magna, and
fish. For example, the pesticide chlorpyrifos was found to
adsorb onto MPs surfaces, which decreased bioavailability
in the algal cells and inhibited microalgae growth (Garrido
et al. 2019). Davarpanah and Guilhermino (2019) also found
that a mixture containing 3 mg/L gold nanoparticles + 4 mg/L
MPs significantly reduced the average specific growth rate of
Tetraselmis chuii. This study also indicated that the tested
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MPs and gold nanoparticles had a relatively low toxicity to
T. chuii, but the toxicity increased when they were in mixtures
containing high concentrations of both substances. However,
the joint toxicity of two types of MPs in combination with
triclosan decreased more than that of single MPs when ex-
posed to Skeletonema costatum. The increased adsorption ca-
pacity of triclosan onMPs is one possible reason for the great-
er reduction in co-exposure toxicity (Zhu et al. 2019).
Bellingeri et al. (2019) found that Cu in combination with
MPs exposure caused no significant difference in algal growth
inhibition compared with a single exposure in short-term as
well as long-term tests. Zhang et al. (2019) suggested that co-
exposure ofDaphnia magna to MPs and roxithromycin could
activate the activities of CAT and GST as well as the MDA
levels. The results showed that the responses of GPx and
MDA inD. magna co-exposed to 1-μmMPs were significant-
ly decreased, while co-exposure to 10-μm MPs significantly
decreased the responses of GST and MDA compared with
exposure to ROX alone. Rainieri et al. (2018) found that the

combined effect of MPs and methylmercury significantly al-
tered organ homeostasis, such as in the liver, intestine, mus-
cular tissue, and brain, compared with MPs exposure alone.
However, the adsorption characteristics were also dependent
on the physicochemical characteristics of pollution (composi-
tion, size, shape, and color) and the endpoint analyzed. Zhang
et al. (2019) also suggested that the effect of combined toxicity
was largely dependent on the experimental method. For ex-
ample, the presence of MPs did not influence the toxicity
effects of gold nanoparticles on juveniles (Ferreira et al.
2016), but the presence of MPs caused significantly reduced
predatory performance at high concentrations of chromium
(VI) in Pomatoschistus microps in Lima but not in Minho
Pomatoschistus microps (Luis et al. 2015). The studies dem-
onstrating the combined toxicity effects in aquatic species
exposed to MPs are reviewed in Table 2. Some researchers
have noted that the affinity between pollutants affects the
characteristics of sorption and that the toxicity effect of MPs
interacts with other pollution (Tourinho et al. 2019). At

Table 2 The combined toxicity of MPs research in the aquatic environment

Study Focus of the toxicity Aquatic sample Pollutions

Garrido et al. (2019) Growth inhibition Microalgae MPs and the pesticide chlorpyrifos

Davarpanah and
Guilhermino (2019)

Growth inhibition Tetraselmis chuii MPs and gold nanoparticles

Zhu et al. (2019) Growth inhibition and oxidative stress Skeletonema costatum MPs and triclosan

Bellingeri et al. (2019) Growth inhibition Algal MPs and Cu

Zhang et al. (2019) Activate the activities of CAT and GST
and MDA levels

Daphnia magna MPs and roxithromycin

Rainieri et al. (2018) Altered the organs’ homeostasis Zebrafish MPs and methylmercury

Ferreira et al. (2016) No influence on the toxicity Juveniles MPs and gold nanoparticles

Luis et al. (2015) Reduced of the predatory performance Lima Pomatoschistus microps MPs and chromium (VI)

Luis et al. (2015) No influence on the predatory performance Minho Pomatoschistus microps MPs and chromium (VI)

Rochman et al. (2014) Disrupted the functioning of the endocrine
system, altered gene expression, and
affected the proliferation of germ cells

Japanese medaka (Oryzias latipes) MPs and other chemical

Fig. 1 The number of articles
about the toxicity of MPs
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present, the combined toxicity study ofMPs is still scarce. The
mechanism research of combined toxicity requires filling the
gap in the aquatic environmental system.

Conclusions

The database Web of science was searched on
November 1, 2019, for research that focused on MPs
aquatic environmental toxicity, and the articles were se-
lected published between 2005 and 2020. After system-
atic analysis, 89 pertinent articles were isolated. A sum-
mary of the search results is detailed in Fig. 1. This
review was to provide an overview of the potential eco-
logical risks associated with the presence of MPs in the
aquatic environment. The environmental occurrence,
transport, human food security, toxicity mechanism, tox-
icity effect, and ecological compatibility of MPs were
reviewed and discussed in this review, as shown in
Fig. 2. It is necessary to understand the interaction tox-
icity of pollutants and MPs in aquatic environmental. In
addition, more studies are needed to be done to inves-
tigate the potential consequences for sustainability and
human food safety with environmental accumulation of
MPs in the future. The transport behaviors of MPs in
aquatic environmental pathways are the main factor in
affecting the human health. Therefore, there is urgent
need to study the toxicity effect transfer with other

pollutants though food chain and environmental behav-
ior. A systematic understanding of the toxicity of MPs
is important for restricting use. In the end, we indicated
the current research gaps and proposed further research
interests as follows:

1. The biological coverage of MPs toxicity research is not
broad. In vitro research on animals mostly focuses on cell
of aquatic organisms (fish), while the available in vitro
studies on aquatic species are very rare.

2. The potential toxicity effects of MPs on other compounds
should be highlighted. Biocompatibility is an important
design criterion forMPs use in human product and release
into the environment. The ecological toxicology risk as-
sessment of MPs is required for the government formu-
lating policy coordination.
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