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Abstract
As emerging pollutants, direct and indirect adverse impacts of micro(nano)plastics (MPs/NPs) are raising an increasing 
environmental concern in recent years due to their poor biodegradability and difficulty in recycling. MPs/NPs can act as 
carriers of bacteria, viruses, or pollutants (such as heavy metals and toxic organic compounds), and may potentially change 
the toxicity and bioavailability of pollutants. Ingested or attached MPs/NPs can also be transferred from low-trophic level 
organisms to high-nutrient organisms or even the human body through the food chain transfer process. This article reviews 
the emerging field of micro- and nanoplastics on organisms, including the separate toxicity and toxicity of compound after 
the adsorption of organic pollutants or heavy metals, as well as possible mechanism of toxicological effects and evaluate 
the nano- and microplastics potential adverse effects on human health. The inherent toxic effects MPs/NPs mainly include 
the following: physical injury, growth performance decrease and behavioral alteration, lipid metabolic disorder, induced 
gut microbiota dysbiosis and disruption of the gut’s epithelial permeability, neurotoxicity, damage of reproductive system 
and offspring, oxidative stress, immunotoxicity, etc. Additionally, MPs/NPs may release harmful plastic additives and 
toxic monomers such as bisphenol A, phthalates, and toluene diisocyanate. The vectors’ effect also points out the potential 
interaction of MPs/NPs with pollutants such as heavy metals, polycyclic aromatic hydrocarbons, organochlorine pesticides, 
polychlorinated biphenyls, perfluorinated compounds, pharmaceuticals, and polybrominated diphenyl ethers. Nevertheless, 
these potential consequences of MPs/NPs being vectors for contaminants are controversial.
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Introduction

Micro(nano)plastics, as emerging contaminants, attract the 
increasing interest of researchers due to their accumulation 
and biological persistence in environment and undoubtedly 
wide distribution in all the compartments causing inelucta-
ble human exposure. The term of microplastics (MPs) was 
first proposed by Thompson et al. (2004), generally with 
the size range of 100 nm to 5 mm in diameters (Alimi et al., 
2018). Microplastics in the environment are a kind of com-
pound pollutants with uneven spatial distribution owing to 
their unique physical and chemical properties (such as size, 
shape, color, weathered, and density) and multiple dynamic 
characteristics because of continuous changes of various 
environmental conditions in nature, and the chemical stabil-
ity and high heterogeneity of these compounds which make 
the characterization and environmental analysis unreliable 
(Browne et al. 2011). In the human body, the inhaled micro-
plastic fibers (polyester) were taken up by lung tissue and 
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may be related to tumors (Pauly et al. 1998). The disperse 
blue dyes of polyester and acrylic fibers had been shown to 
cause dermatitis (Pratt and Taraska. 2000). The bioavail-
ability of release monomers, dispersive dyes, mordants, and 
plasticizers from manufacture and sorbed contaminants from 
sewage is likely to be greater from fibers of polyester and 
acrylic, compared to the more hydrophobic microplastics 
(e.g., polyethylene, polypropylene) that have more hetero-
genic atoms (Browne et al. 2008). Nanoplastics (NPs) are 
the particles unintentionally produced (i.e., from the deg-
radation and the manufacturing of the plastic objects) of 
size range from 1 to 1000 nm and with a colloidal behavior 
(Gigault et al. 2018). The presence of microplastics with 
size of 1.6 μm confirmed the possibility of the decompo-
sition of microplastics into nanoplastics (Galgani et  al. 
2010). The clear evidence for the toxicological potential of 
microplastics (nanoplastics) is complex and multifaceted, 
encompassing primarily physical damage, chemical, bio-
logical, and ecological toxicity. Microplastics ingested by 
microorganisms can decrease ingestion rates (Kaposi et al. 
2014; Sıkdokur et al. 2020), cut the internal organs of the 
organism, and lead to intestinal inflammation (Provencher 
et al. 2010). NPs can be transferred through the digestive 
tract of organisms to the circulatory and immune system, 
even visceral and tissue cells, and affect innate immune sys-
tem (Elizalde-Velázquez et al. 2020).

Aside from causing adverse implications per se, 
micro(nano)plastics (MPs/NPs) can release additives and 
monomers to the organisms or biota, which represent more 
toxic sources of pollution than the MPs (or NPs) themselves 
(Wardrop et al. 2016; Liu et al. 2020). Moreover, MPs/NPs 
can act as carriers of chemical pollutants, and transfer pol-
lutants to organisms through enrichment, transport, dif-
fusion, and biological absorption, posing a great threat to 
aquatic and terrestrial organisms. The toxicological inter-
action between microplastics, nanoplastics, and other envi-
ronmental pollutants is of great concern. MPs/NPs are well-
known to interact with heavy metals (Zhou et al. 2019; Khan 
et al. 2015; Luís et al. 2015; Rochman et al. 2014), polycy-
clic aromatic hydrocarbons (Oliveira et al. 2013; Avio et al. 
2015; Kleinteich et al. 2018; Karami et al. 2016; Ma et al. 
2016), organochlorine pesticides (Ogata et al. 2009), poly-
brominated diphenyl ethers (PBDEs) (Wardrop et al. 2016) 
and pharmaceuticals (Fonte et al. 2016; Guilhermino et al. 
2018), etc. Contaminants initially adsorbed on the surface of 
microplastics are released when microplastics are ingested 
and remain in the human body with lower pH, higher tem-
peratures, and the presence of digestive surfactants. Fur-
thermore, among these contaminants, some are toxic, muta-
gens, endocrine disruptors, and bio-amplifiers transferred 
through nutrients (Cole et al. 2011). A recent study found 
that pigmented microplastic fragments (5–10 µm in size) 
were detected in human placenta samples collected from six 

consenting women with uneventful pregnancies by Raman 
microspectroscopy (Ragusa et al. 2021), which may trigger 
immune responses (Wright and Kelly. 2017) and the release 
of toxic contaminants causing adverse pregnancy and fetus 
outcomes (Jiang et al. 2020). In addition to adversely affect-
ing individual organisms, ingested or adhering MPs/NPs can 
be transferred from low-nutrient organisms to high-nutrient 
organisms and even humans through food chain transfer pro-
cesses, causing a potential menace to organisms and human 
health (Catarino et al. 2018). Nevertheless, to date, the 
impact of MPs/NPs on environmental pollution and human 
health remains controversial. This may be that the dose 
effectiveness or time effectiveness concerning MPs/NPs 
has not yet been explored. Moreover, the sorption behav-
iors of bacteria, viruses, or chemicals on MPs/NPs have a 
bearing on plastic size, types, and other chemical or physi-
cal properties as well as ambient environment (Endo et al. 
2005; Kang et al. 2021; Moresco et al 2021; Mughini-Gras 
et al. 2021). However, together with poor biodegradability 
and ubiquitousness, research of nano- and microplastics 
influence in this field is realistic and urgent. Although there 
have been few reports of direct relevance to humans, this 
review brings together increasing evidence that exposure 
to nano- or microplastics can directly or indirectly inter-
fere with various biological functions of organisms. In this 
study, toxic effects of nano- and microplastics on organisms 
are reviewed, including the separate toxicity and toxicity of 
compound after the adsorption of organic pollutants, heavy 
metals or pathogens, and the potential adverse effects of 
MPs/NPs on human health, as well as possible mechanism 
of toxicological effects from the perspectives of laboratory 
exposure, field observation, or model simulation.

The inherent toxic effects of microplastics/
nanoplastics

The accumulation of ingested or adhered microplastics in 
organisms will lead to various physical and chemical dam-
ages, and ultimately may result in unpredictable risks to 
the ecosystem. Exposed microplastics can cause change of 
predation behavior, obstruction of the digestive tract, and 
induced satiety, which may lead to decreased growth and 
development and even survival rates (Wright et al. 2013; 
Luís et al. 2015). For mussels (Mytilus edulis), microplastics 
may affect their growth and development, and have immuno-
toxicity (Canesi et al. 2015; Détrée and Gallardo-Escárate, 
2018), genotoxicity (Avio et al. 2015) and neurotoxicity 
(Avio et al. 2015; Magni et al. 2018). After a period of 
exposure to water containing PS, the filtration rate decreased 
(Wegner et al. 2012) and energy expenditure increased by 
25% in mussels (Van Cauwenberghe et al. 2015). In addi-
tion, exposure to microplastics induced a significant increase 
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of granulocytes then a strong inflammatory response, and 
caused the lysosomal membrane less stability as the expo-
sure time increased in mussel (von Moos et al. 2012). PE and 
PS could damage mussels’ immune system and the stability 
of lysosomal membrane, and have toxic effects of immune 
system and nervous system (Avio et al. 2015). For fish com-
mon goby Pomatoschistus microps (P. microps), poor preda-
tory performance was found when exposed to microplastics 
(Fonte et al. 2016). The accumulation of microplastics in 
medaka can also lead to liver glycogen depletion and intra-
hepatic fat vacuoles (Rochman et al. 2013a). However, it 
has also been reported that goldfish (Carassius auratus) can 
quickly excrete microplastics, so that microplastics will not 
accumulate in their gut (Grigorakis et al. 2017), suggesting 
that microplastics have different effects on fish. Neverthe-
less, the presence of micro(nano)plastics may benefit organ-
isms. With the presence of microplastics, algae (Raphidoce-
lis subcapitata) in the exposed medium grew more (Canniff 
and Hoang 2018). Microplastics had a negative effect on 
the reproduction of cladoceran Daphnia magna at low algal 
concentrations, while a positive effect at high algal concen-
trations (Ogonowski et al. 2016). Li et al. (2020a, b) reported 
low concentrations of nanoplastics (5 mg/L) may enhance 
the viability of juvenile shrimp, whereas high concentrations 
(10, 20, 40 mg/L) had inhibitory and/or toxic effects.

Nanoplastics can be absorbed by living organisms and 
accumulated in the body and transferred along the food 
chain. Nanoplastics can penetrate through cell membranes 
and get into the circulatory system and lymphatic tissue sys-
tem of the organisms, leading to stunted growth and devel-
opment, decreased reproductive capacity, genetic toxicity, 
immunotoxicity, decreased survival rate, increased mortal-
ity, etc. The algal species Pseudokirchneriella subcapitata 
(Nolte et al. 2017), Chlorella spp., and Scenedesmus spp. 
(Bhattacharya et al. 2010) can adsorb nanoplastics on their 
surface due to electrostatic interaction. This hindered the 
absorption and utilization of carbon dioxide and photons, 
thereby decreasing the photosynthetic efficiency and thus 
inhibiting algal growth (Bhattacharya et al. 2010). Toxicity 
to organisms largely relied on the particle size and surface 
chemical properties of the nanoplastics. Nanoplastics with 
positive charge have more significant effect on normal physi-
ological activities of cells than those with negative charge. 
Nanoplastics can lead to oxidative damage though decreas-
ing antioxidant capacity and/or increasing reactive oxygen 
species (ROS) production (Bhattacharya et al. 2010). The 
toxicity of polystyrene nanoplastics (Nano-PS) is variable 
but is related with feeding behavior (Wegner et al. 2012; 
Cedervall et al. 2012), oxidative stress, neurotoxicity, immu-
notoxicity, and energy imbalance in aquatic species (Liu 
et al. 2021, 2018; Pitt et al. 2018a, 2018b; Veneman et al. 
2017). Previous data have shown that Nano-PS (34–40 nm) 
can accumulate in zebrafish embryos under environmental 

exposures or maternal transplantation and affect the develop-
ing heart, the antioxidant system, and the locomotor activity 
of the larvae (Pitt et al. 2018a, 2018b). Nano-PS can have 
longer intestinal residence time than polystyrene microparti-
cles (Ward and Kach, 2009). Polystyrene microplastics (PS-
MPs, 45 μm) exhibited no obvious effects; however, Nano-
PS (50 nm) caused neurotoxicity to zebrafish (Danio rerio) 
larvae regarding the locomotor activity (Chen et al. 2017b). 
Exposure of Nano-PS can cause zebrafish (Danio rerio) 
embryos accumulate nanoplastics mainly in lipid-rich areas 
like the yolk sac, and then transfer to the digestive organs, 
heart, and brain (Pitt et al. 2018b). Exposing primary pro-
ducers such as algae to Nano-PS can cause the nutrient trans-
fer of nanoplastics to fish and crustaceans (Chae et al. 2018), 
and Nano-PS can also be inherited to offspring (Brun et al. 
2017; Pitt et al. 2018a). Plastics with particle size can influ-
ence their tissue distribution pattern in mice. Xu et al. (2021) 
reported that in mice exposed to 1 mg/day 100-nm Nano-
PS by oral gavage once a day for 28 days, Nano-PS were 
highly detected in the stomach, small intestine, and large 
intestine, and were less detected in other tissues with the 
order of testis > brain > kidney > lung. Compared to Nano-
PS, PS-MPs were mainly detected in the liver, gut, kidney, 
and testis (Jin et al., 2021; Deng et al., 2017). Nano-PS could 
penetrate blood–brain barrier of the adult fish medaka (Ory-
zias latipes) and mice and reach the brain (Kashiwada 2006; 
Xu et al. 2021). Nano-PS can affect the feeding behavior 
and lipid metabolism of top consumers through the aquatic 
food chain from algae through zooplankton to Crucian carp 
(Carassius carassius) (Cedervall et al. 2012). Overview of 
the literature involved in the inherent toxic effects of micro- 
and nanoplastics in vivo are shown in Table 1.

Block the feeding organs and digestive tract, reduce 
growth performance, and alter behavior

Exposure to MPs (or NPs) can obstruct the feeding organs 
and digestive tract (AU et al. 2015; Besseling et al. 2014; 
Blarer and Burkhardt-Holm 2016; Nasser and Lynch 2016; 
Rehse et al. 2016; Huang et al. 2020), decrease the feeding 
rate (Nasser and Lynch 2016), or disturb the feeding pro-
cess directly (AU et al. 2015; Blarer and Burkhardt-Holm 
2016), reduce filtration rate (Oliveira et al. 2018; Sıkdokur 
et al. 2020), and change predatory performance (Yin et al. 
2018), leading to energy deficiency and developmental 
anomaly (e.g., growth, molting) (Cole et al. 2019), reduced 
activities or reproductive capacity (AU et al. 2015; Bes-
seling et al. 2014; Casado et al. 2013; Rehse et al. 2016), 
and even individual death (AU et al. 2015; Besseling et al. 
2014; Blarer and Burkhardt-Holm 2016; Casado et al. 2013). 
After exposure to PE microplastics (PE-MPs), the Medi-
terranean mussel Mytilus galloprovincialis’ filtration rate 
was decreased with the concentration increase of PE-MPs 
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(Abidli et al. 2021). However, studies with the cladoceran 
Daphnia magna (D. magna), a non-selective filter feeder, 
have shown that in exposure to 25, 50, and 100 mg/L PE-
MPs (63–75 μm), no significant effect on survival and repro-
duction in of D. magna was found although the gut was filled 
with PE microbeads (Canniff and Hoang 2018).

In mammals, microplastics are currently thought to be 
unable to penetrate deep into the organs and therefore only 
cause localized inflammatory responses, although nega-
tive surface charges and smaller sizes can cause increased 
uptake. A 28-day study in male mice showed that PS-MPs 
did not cause histologically detectable damage or inflam-
matory responses, and did not interfere with human mac-
rophage model’s differentiation and activation (Stock et al. 
2019).

The potential influence of microplastics exposure 
on lipid metabolism

In addition to physical damage, the accumulation of micro-
plastics can also lead to liver glycogen consumption, lipid 
vacuoles, and lipid accumulation in fish (Rochman et al. 
2013a; Lu et al. 2016). When brine shrimp Artemia Parthen-
tica larvae were exposed to 10 μm PS-MPs at a concentra-
tion of 10 particles/mL for 24 h, a greater abundance of lipid 
droplets appeared among the epithelia (Wang et al. 2019). In 
the gut tissue of fish, zebrafish (Danio rerio) and European 
sea bass (Dicentrarchus labrax), similar histopathological 
changes (vacuolation of enterocytes) may occur when chron-
ically exposed to microplastics through ingestion (Qiao et al. 
2019; Pedà et al. 2016). For male mice, oral administration 
of PS-MPs can cause inflammation and lipids droplets in liv-
ers (Deng et al. 2017) and reduce liver mass and cause lipid 
disorders (hepatic TG and TC decreased) (Lu et al. 2018a; 
Deng et al. 2017).

Adverse effects on the gut epithelium and intestinal 
microbiota

Exposure of nano- and microplastics can disrupt the intesti-
nal microbiota and key intestinal functions include dysbiosis 
and destruction of intestinal epithelial permeability. Lu et al. 
proved that 0.5-μm and 50-μm PS-MPs with a concentra-
tion of 1000 μg/L for 5 weeks can reduce the secretion of 
intestinal mucus and change the composition of the intestinal 
microbiota (Lu et al. 2018a). Exposure to PS-MPs reduced 
the activities of digestive enzymes in the intestinal tract, 
stimulated the expression of intestinal immune responses, 
and induced imbalance of the intestinal microbiota of juve-
nile guppy (Poecilia reticulata) (Huang et al. 2020). Micro-
plastics can alter the diversity and composition of the gut 
microflora of Chinese mitten crabs Eriocheir sinensis (Liu 
et al. 2019). Wang et al. (2021c) studied Nano-PS toxicity 

in intestines of juvenile orange-spotted groupers Epinephe-
lus coioides and found that Nano-PSs at exposure concen-
trations of 300 and 3000 μg/ml, respectively, for 14 days 
decreased the specific growth rate; reduced the activities 
of digestive enzymes lipase, trypsin, and lysozyme; altered 
microbial community composition; and increased harmful 
bacteria (Vibrio and Aliivibrio).

Inhibition of brain AChE activity indicates 
neurotoxicity

Significant microplastic-induced inhibition of brain acetyl-
cholinesterase (AChE) activity was found in fish, suggesting 
an adverse effect on cholinergic neurotransmission, there-
fore, potentially on neurological and neuromuscular function 
(Avio et al. 2015; Luís et al. 2015; Oliveira et al. 2013, 2018; 
Barboza et al. 2018a; Miranda et al. 2019). Polyethylene 
microplastics (1–5 μm) caused the AChE activity inhibition 
by 22% in common goby Pomatoschistus microps (Oliveira 
et al. 2013). Bivalve Corbicula fluminea exposed to micro-
plastics showed inhibition of cholinesterase (CHE) activity, 
indicating neurotoxicity (Guilhermino et al. 2018; Oliveira 
et al. 2018). Microplastics can cause juvenile European 
seabass (Dicentrarchus labrax) neurotoxicity by inducing 
brain AChE inhibition and lipid peroxidation (Barboza et al. 
2018a).

Impacts on reproduction and offspring

The main impacts of MP exposure include reproductive sys-
tem damage, decrease in the number and quality of oocytes 
and gametes, fertility, testicular spermatogenesis, sperm 
quality, sperm speed, testosterone level, and offspring qual-
ity (Martínez-Gómez et al. 2017; Sussarellu et al. 2016; 
Sharifinia et al. 2020; Deng et al. 2021). Nano-PS could 
cross rats’ placental barrier and deposit in fetal placenta, 
fetal liver, lungs, heart, kidney, and brain and reduce fetal 
and placental weights (7 and 8%, respectively) and increase 
number of fetal reabsorptions after an acute maternal pul-
monary exposure to 20-nm Nano-PS during late-stage 
pregnancy (Fournier et al. 2020). Exposure to 100 ·  ml−1 
1-μm and 10-μm microplastics to larvae of Pacific oyster (C. 
gigas) for 8 days had no significant effect on growth, how-
ever caused reproductive damage of adult Pacific oysters (C. 
gigas) (Cole and Galloway 2015). Adult oysters (C. gigas) 
were exposed to virgin PS-MPs (2 and 6 μm, 0.023 mg·L−1) 
for 2 months in one reproductive cycle, and oocyte diam-
eter, number, and sperm speed decreased significantly, and 
larval production and larval development of progenies from 
exposed parents reduced (Sussarellu et al. 2016). PS or PE-
MPs could reduce the sperm number and quality and testos-
terone level, and induce abnormal testicular spermatogenesis 
in mouse testis (Deng et al. 2021; Jin et al. 2021; Hou et al. 

40424 Environmental Science and Pollution Research (2022) 29:40415–40448



1 3

2021). Smaller-sized PE MP fragments (17.23 ± 3.43 μm) 
decreased the number of offspring in D. magna when com-
pared with MP beads (39.54 ± 9.74 μm) (An et al. 2021). 
Maternal mice PS-MP exposure (0.5 and 5 μm with 100 and 
1000 μg/L in drinking water) during gestation had no sig-
nificant effect on growth of F1 offspring, but caused blood 
and liver lipid disorder, and changed amino acid metabolism 
and carnitine metabolism homeostasis, and 5-µm MPs were 
more pronounced (Luo et al. 2019).

Effects on oxidative stress and lipid oxidative 
damage

Microplastics induced oxidative stress in some species 
(Oliveira et  al. 2013; Avio et  al. 2015; Barboza et  al., 
2018a, 2018b; Wan et al. 2019; Wang et al. 2021c). Marine 
fish European seabass (Dicentrarchus labrax) exposed to 
microplastics showed induction of oxidative stress in both 
the liver and gills, and lipid oxidation in muscle and brain 
(Barboza et al. 2018a, 2018b). Polyethylene microplastics 
(40–48 μm) induced oxidative damage (LPO) in mussels 
(Mytilus galloprovincialis) at low concentrations (1 and 
10 μg/L) and significantly decrease of LPO in 1000 μg/L 
treated group of females, and inactivation of antioxidant 
systems (CAT and GST) in the ampholytic digestive glands 
at high concentrations (100 and 1000 μg/L) (Abidli et al. 
2021). Su et al. demonstrated that microplastics can serve as 
an external stressor on dinoflagellate Cladocopium goreaui 
(C. goreaui), with enhancing oxidative stress though increas-
ing the activity of superoxide dismutase and caspase 3, and 
reducing the activity of glutathione S-transferase (Su et al. 
2020). Juvenile gilthead seabream Sparus aurata exposed 
to virgin and weathered MPs showed the activation of anti-
oxidant enzymes (Rios-Fuster et al. 2021). PS-MPs induced 
endoplasmic reticulum (ER) stress via mitochondrial ROS 
production in the mice (Wang et al. 2021c).

Adverse impacts on immune system

In mussels Mytilus galloprovincialis, MPs can cause blood 
cell immunotoxicity, lysosomal membrane instability, and 
reduced phagocytic activity (von Moos et al. 2012; Avio 
et al. 2015; Détrée and Gallardo-Escárate, 2018). High-den-
sity polyethylene (HDPE, < 80 μm) plastic particles can be 
enriched in the digestive system of mussels, leading to blood 
flow granulocytosis, instability of lysosomal membrane, and 
inflammation of the body’s immune system after only 3 h of 
exposure (von Moos et al. 2012). For crabs Eriocheir sinen-
sis, low concentrations (0.040 and 0.4 mg/L) or short periods 
of exposure to microplastics can enhance immune enzymes’ 
activities, while negative effects were found in high con-
centrations (4 and 40 mg/L) or long periods of exposure on 
all aspects of innate immunity (Liu et al. 2019). Nano-PS 

particles can activate complement system in fish (Veneman 
et al.2017; Elizalde-Velázquez et al. 2020), and can also be 
phagocytized by neutrophils and macrophages and activated 
macrophages, and enhance the recruitment of neutrophils 
to release interferon gamma and interleukin 1 beta (Brun 
et al. 2018; Lu et al. 2018a, b). Alterations in the innate 
immune response in adult fish were found after exposure to 
nanoplastics through the ingestion of species from a lower 
trophic level; the gene expression of neutrophil cytosolic 
factor (ncf), macrophage stimulating 1 (mst1), and comple-
ment component 3 (c3) were downregulated in the kidney 
and liver (Elizalde-Velázquez et al. 2020).

Leaching of plastic additives and toxic monomers

Microplastics can also leach out chemicals such as resid-
ual toxic monomers and plastic additives, which can have 
toxic effects on human health and the environment. Plastic 
additives are chemical compounds that are used primarily 
as stabilizers, plasticizers, flame retardants, pigments, and 
antioxidants. It has been reported that plastic particles may 
contain up to 4% by weight as additives, such as plasticiz-
ers (Andrady and Neal 2009). Different types of plastics, 
depending on their purpose, use different types of additives, 
such as plasticizers, which increase the flexibility, durabil-
ity, and tensile properties of the plastic polymer. Bisphenol 
A (BPA), the monomer of polycarbonate (PC), is a stabi-
lizer for other polymers, and can be released from MPs, and 
has carcinogenic, teratogenic, mutagenic, and reproductive 
effects on organisms (Hu et al. 2021; Seachrist et al. 2016; 
Harnett et al. 2021). The chemical substances leaching from 
polyvinyl chloride (PVC) and polyurethane could produce 
acute toxic effects (immobility) for Daphnia magna (Lith-
ner et al. 2009). Plasticizers do not chemically bind to the 
polymer and therefore can leach from the plastics (OECD 
2004). Phthalates, as a kind of endocrine-disrupting chemi-
cals, account for 95% of all plasticizers (OECD 2004) and 
are widely spread in the environment today, some of which 
may cause developmental and/or reproductive toxicity con-
cerns even at environmental concentrations (Zhang et al. 
2021). Plasticizers butylbenzyl phthalate and dibutyl phtha-
late (DBP) can disrupt the antioxidant system of human 
erythrocytes that causes eryptosis (Sicińska 2018; Sicińska 
et al. 2020). Monomer toluene diisocyanate reacting with 
polyether or polyester to form polyurethane usually along 
with catalysts (Harper and Petrie 2003) is an allergenic, has 
very high acute toxicity, and is environmentally hazardous 
with long-term effects (Ott 2002; Zhuang et al. 2020). The 
leachates of polymer PS and HDPE fluff were more toxic to 
sea urchin embryos than the virgin materials or the aging 
materials themselves. The raw material microplastics may 
release unknown chemicals, such as residual toxic mono-
mers or additives, which seems to be the main cause of the 
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seen sea urchin embryo toxicity (Martínez-Gómez et al. 
2017).

Combined toxic effects of micro(nano)
plastics and persistent, bioaccumulative, 
and toxic substances

In addition to the hazards of microplastics per se or lea-
chates, micro(nano)plastics can also alter the form, local 
concentration, environmental persistence, environmental 
behavior, and ecological risks by adsorption and desorption 
of coexisting organic pollutants (Tanaka et al. 2013; Wright 
et al. 2013; Llorca et al. 2018) because of their small parti-
cle size (< 5 mm) and large specific surface area (Law and 
Thompson 2014). Toxicological interactions between MPs/
NPs and persistent, bioaccumulative, and toxic substances 
are of grave concern, as MPs/NPs can cause a “Trojan 
Horse” effect by transferring other environmental pollutants 
to organisms and the environment that are directly exposed, 
or indirectly, through the long-distance transport of particu-
late matter and food webs (Avio et al. 2017). This vector 
effect also points out the potential interaction of microplas-
tics with pollutants such as heavy metals (Ashton et al. 2010; 
Wen et al. 2018; Massos and Turner 2017; Kim et al. 2017; 
Khan et al. 2015; Kang et al. 2021), polycyclic aromatic 
hydrocarbons (PAHs) (Oliveira et al. 2012, 2013; Guven 
et al. 2018; Sørensen et al. 2020; Avio et al. 2015; Trevisan 
et al. 2019), organochlorine pesticides (Ogata et al. 2009), 
polychlorinated biphenyls (PCBs) (Engler 2012; Velzeboer 
et al. 2014), perfluorinated compounds (Wang et al. 2015; 
Bakir et al. 2014), pharmaceuticals (Wei et al. 2019; Wang 
et al. 2018; Li et al. 2019a, b; Xu et al. 2018a; Zhang et al. 
2019), and personal care products (Wu et al. 2016), PBDEs 
(Wardrop et al. 2016). MPs may change these chemicals’ 
bioavailability, environmental behavior, and toxicity in the 
environment, for example, increasing their concentration to 
100 times that in sediments, six orders of magnitude higher 
than the background concentration in surrounding seawater 
(Lee et al. 2014; Rochman et al. 2013b), and may modulate 
targets and patterns of action of plastic particles and related 
compounds at the molecular level. PS and PE microplas-
tics are considered to be the plastic polymers of the high-
est adsorption capacity for hydrophobic organic pollutants 
(Sørensen et al. 2020). Black or aged MPs can absorb more 
pollutants that are colored or white ones (Verla et al. 2019). 
Toxicological interactions between micro(nano)plastics 
and heavy metals in vivo are shown in Table 2. Overview 
of in vivo studies of toxicological interactions between 
micro(nano)plastics and organic environmental pollutants 
are summarized in Table 3.

Heavy metals and MPs/NPS

Heavy metals and MPs/NPS are two types of persistent con-
taminants in the water environment owing to their persis-
tence and poor biodegradability, bioaccumulation, and pos-
sible biological amplification in the food chain (Abdolahpur 
Monikh et al. 2013; Grigorakis et al. 2017; Gu et al. 2015; 
Vendel et al. 2017). MPs/NPS and heavy metals both can 
get into the food web (chain) by direct or indirect exposure 
(Hosseini et al. 2015; Vendel et al. 2017). In the field sce-
nario, lead (Pb) and cadmium (Cd) are more abundant in 
microplastics than in other metallic elements (Ashton et al. 
2010; Massos and Turner 2017). Akhbarizadeh et al. (2018) 
investigated the relationship between MPs and some metals 
(As, Cr, Cu, Mn, Ni, Pb, Zn, V, Fe, Se, and Hg) in differ-
ent species fish muscles; a positive linear relationship was 
observed between MPs and metal content in shrimp scad 
Alepes djedaba and bartail flathead Platycephalus indicus, 
respectively, while the relationship between MPs and metal 
pollution index (MPI) in orange-spotted grouper Epinephe-
lus coioides was negative in northeastern Persian Gulf. The 
desorption rate of zinc by microplastics in the intestinal tract 
of earthworms is much higher than that of soil, indicating 
that microplastics may increase metal elements’ bioavail-
ability (Hodson et al. 2017). MPs may absorb metallic ele-
ments from the aquatic environment and the concentrations 
of metals absorbed on MPs were much higher than those 
of local estuary sediments (Rochman et al. 2014; Turner 
and Holmes 2015). There is also growing concern in regard 
to the potential role of MPs as transport carriers of heavy 
metals and transport of metals into fish, which may change 
the bioavailability and uptake route of metals in fish tissues. 
Silver-incubated MPs could increase the biological accumu-
lation of silver in zebrafish (Danio rerio) intestines (Khan 
et al. 2015). The presence of MPs in water environment 
influenced the acute toxicity (96 h) of Cr(VI) on early juve-
nile gobies, such as enhanced oxidative damage, and reduced 
the predation performance in fish (Luís et al. 2015). When 
co-exposed to 20–200 μg  L−1 PS-MPs (5 μm) and 10 μg  L−1 
 CdCl2, the accumulation of Cd and toxic effects increased in 
D. rerio compared to the effect of  CdCl2 exposure alone (Lu 
et al. 2018b). Lang et al. (2020) reported that compared with 
the pristine PS, the adsorption capacity of  Cd2+ after aging 
was significantly enhanced. Aging will not only increase the 
specific surface area of PS, but also oxidize the functional 
groups on the surface of PS and form surface microcracks, 
resulting in a significant increase in the content of carbonyl 
and carboxyl groups. The adsorption process of  Cd2+ by 
pristine PS mainly occurs on the surface, but with the contin-
uous aging of PS, the adsorption mechanism of  Cd2+ by PS 
is the coexistence of physics and chemistry. MP can absorb 
mercury from surrounding water and increase the degrada-
tion of mercury in water with increasing concentrations of 
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microplastics, thus influencing the mercury accumulation in 
the European seabass (Dicentrarchus labrax) (Barboza et al. 
2018a). The inhibition rate of the combination of nickel and 
carboxylated polystyrene (PS-COOH) on Daphnia magna 
was higher than that of nickel alone. PS-MPs caused a slight 
antagonistic effect on nickel (Ni) toxicity, while PS-COOH 
MPs had a slight synergistic effect with Ni (Kim et al. 2017). 
Exposure to nano-scale plastics (50 nm) intensified arsenic 
(As) toxicity of rotifer Brachionus plicatilis in marine, while 
As toxicity was mitigated by micro-scale ones (6 μm) (Kang 
et al. 2021).

However, other studies showed that microplastics had 
no significant effect on the bioavailability and toxicity of 
heavy metal copper (Davarpanah and Guilhermino 2015). 
Therefore, the impacts of different types of microplastics 
and heavy metals on different organisms may be very dif-
ferent. These findings indicated that MPs could not neces-
sarily increase the bioavailability of heavy metals, which 
might rely on the physical and chemical properties of MPs 
(size, color, and concentrations) and the type and content of 
metals. Moreover, the long-term toxicological interactions 
between MPs and heavy metals are largely unclear.

Polycyclic aromatic hydrocarbons and MPs/NPS

Fish co-exposed to microplastics and PAHs have shown 
impaired swimming ability in young gobies (Oliveira et al. 
2012). In mussels (Mytilus galloprovincialis), exposed to 
pyrene contaminated of polyethylene and polystyrene plas-
tics, obvious biological accumulation of these chemicals 
was observed in gills, digestive gland, and blood lymphatic 
(Avio et al. 2015), and PE and PS microplastics can adsorb 
pyrene with a dose- and time-dependent relationship and 
augment pyrene’s bioavailability and toxicity in Mytilus gal-
loprovincialis (Avio et al. 2015). PS-MPs had little effect 
on the absorption and bioaccumulation of fluoranthene, 
but could change its purification (detoxification) and regu-
late the kinetics and toxicity of fluoranthene. After puri-
fication, compared with mussels exposed to fluoranthene 
alone, higher concentrations of fluoranthene were detected 
in mussels when co-exposed to PS-MPs and fluoranthene, 
because the micro-plastics can weaken metabolic transfor-
mation of polycyclic aromatic hydrocarbons by inhibiting 
metabolic enzymes (Paul-Pont et al. 2016). The Nano-PS 
(50 nm) can increase the accumulation of phenanthrene and 
have synergistic toxic effects with phenanthrene in Daphnia 
magna. Meantime, Nano-PS can also inhibit the degradation 
of phenanthrene and its metabolites to augment the accumu-
lation of phenanthrene in Daphnia magna (Ma et al. 2016). 
However, studies have found that exposure to PE microplas-
tics (1–5 μm) can delay pyrene-induced death in marine fish 
P. microps juveniles and increase the concentration of pyr-
ene metabolites in the bile of fish (Oliveira et al. 2013). 

The presence of microplastics can decrease the damage of 
toxic organic pollutants to the DNA of zebrafish gill cells. 
This may be due to the strong adsorption of anthracene by 
polystyrene particles, which can prevent anthracene from 
being completely desorbed on the gill surface after entering 
the zebrafish tissue, thereby reducing anthracene toxicity 
(Cai et al. 2017).

Pharmaceuticals and MPs/NPS

Some studies have reported several new types of ionizable 
organic pollutants (such as antibiotics) can be adsorbed on 
the surface of microplastics (Wei et al. 2019; Wang et al. 
2018; Li et al. 2019a, b; Xu et al. 2018a, 2018b; Zhang et al. 
2019; Guilhermino et al. 2018). Antibiotics with ion form 
of the pH 6 to 9 in natural water can also be accumulated 
on microplastics surface. For instance, aromatic antibiot-
ics tetracycline and oxytetracycline containing hydroxyl 
and amino groups have maximum adsorption at neutral 
pH (with minimal electrostatic repulsion) (Xu et al. 2018b; 
Zhang et al. 2018). Changes in oxytetracycline adsorption on 
the PS-MP foams with changing pH were more prominent 
for the beached samples than the virgin samples owing to 
higher surface area, micropore area, and oxidation degree 
of the former (Zhang et al. 2018). The inhibition of ChE 
activity (32%) when bivalve Corbicula fluminea (C. flu-
minea) was exposed to florfenicol (1.8 and 7.1 mg/L) and 
ChE activity inhibition of 31% when exposed to 0.2 mg/L 
of microplastics was found, and no other significant altera-
tions were observed, whereas mixtures led to feeding inhi-
bition (57–83%), significant suppression of ChE (44–57%) 
and isocitrate dehydrogenase activities, and increased lipid 
peroxidation levels and anti-oxidant enzyme activities, sug-
gesting that mixtures of florfenicol (low ppm range) and 
microplastics (ppb range) were much more toxic to C. flu-
minea (Guilhermino et al., 2018). PVC microplastics raised 
the antidepressant drug venlafaxine’s accumulation in fish 
mitochondria of M. anguillicaudatus, and magnified venla-
faxine’s bioaccumulation factor of tissue by more than 10 
times (Qu et al. 2019). The presence of PS-MPs significantly 
increased the bioaccumulation of roxithromycin (ROX) in 
the gut, gills, brain, and liver of red tilapia, whereas the 
inhibition of AChE activity and oxidative damage caused by 
ROX was alleviated in the presence of PS-MPs after 14 days 
of exposure (Zhang et al. 2019).

PCBs and MPs/NPS

It has been reported that discolored MPs can adsorb more 
PCBs than non-discolored ones (Endo et al. 2005). The 
adsorption capacity of PE for environmental pollutants 
was generally higher than that of other plastics (Alimi 
et al. 2018). The sorption of PCBs to Nano-PS was 1–2 
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orders of magnitude higher than that of PE-MPs because 
of greater aromaticity and surface area/volume ratio of 
Nano-PS (Nano-PE was not available, but the relative effect 
of surface adsorption and volume distribution can still be 
deduced by comparing Nano-PS and PE-MPs) (Velzeboer 
et al. 2014). Previous study showed that low doses of PS 
(0.074%) increased biological accumulation of PCBs with 
the coefficient of 1.1–3.6, the influence of which was sig-
nificant for ΣPCBs and a couple of separate homologs; how-
ever, at higher doses, biological accumulation reduced when 
compared with the low dose, but which only PCB105 was 
significant (Besseling et al. 2013).

Polybrominated diphenyl ethers and MPs/NPS

The detritivorous marine amphipod Allorchestes compres-
sa’s body tissue can take in PBDEs from the microplas-
tics, while environmental MPs may reduce the uptake of 
PBDEs compared to unabsorbed free chemicals, which can 
transfer PBDEs into marine organisms (Chua et al. 2014). 
On the contrary, when rainbow fish (Melania fluviatilis) 
absorbed PBDEs, the accumulation of PBDEs in its tissues 
was greater, and low-bromine homologs were easier to accu-
mulate in its tissues, while the high-bromine homologs were 
not easy to transfer to the organs due to the stronger binding 
power of microplastics (Wardrop et al. 2016).

Phthalate esters & MPs/NPS

Polyethylene (PE) MPs (45–53 μm) could absorb four phtha-
late esters (PAEs) (DEHP > DBP > DEP > DMP) and trans-
port PAEs into mice gut and induce aggravated intestinal 
inflammation and metabolic disorders (Deng et al. 2020). 
PAE-contaminated PE-MPs (0.4–5 μm) aggravated male 
mice reproductive toxicities manifested by greater altera-
tions in sperm physiological alterations, spermatogenesis 
disorders, and oxidative stress in the testis (Deng et al. 
2021). In contrast, adsorption to PS-MPs led to decreased 
bioavailability of DBP, resulting in reduced toxicity of DBP, 
and antagonistic toxicity between the two pollutants was 
observed in acute and chronic trials in marine copepod 
Tigriopus japonicus (Li et al. 2020a, b).

Microplastics (nanoplastics) and other toxic 
substances

Adsorption of Nano-PS increased the concentration of BPA 
in zebrafish viscera and head by 2.6 times and 2 times, 
respectively, and aggravated BPA neurotoxicity to cen-
tral nervous system and dopaminergic system (Chen et al. 
2017a). PS (or PE) microplastics increased the toxicity of 
organophosphorus flame retardants, and induced higher 
oxidative stress (greater superoxide dismutase (SOD) and 

catalase (CAT)) and neurotoxicity in mice (Mus musculus) 
(lowered AChE) (Deng et al. 2018).

Micro(nano)plastics as vectors 
of microorganisms or invasive substances

Micro(nano)plastics in the environment can be used as car-
riers for selection and transmission of animal and human 
pathogens such as Vibrionaceae, Flavobacteriaceae, Campy-
lobacteraceae, and Aeromonadaceae (Frère et  al. 2018; 
Kirstein et al. 2016; Viršek et al. 2017; He et al. 2018); 
invasive species; and harmful algae (Wright and Kelly. 2017; 
Keswani et al. 2016). Meanwhile, pathogens such as bacteria 
and viruses by the ingestion or direct contact with organ-
isms through micro(nano)plastics can also cause toxicologi-
cal effects (Mughini-Gras et al. 2021; Moresco et al. 2021; 
Wang et al. 2021a). Moreover, antibiotic resistance genes 
(ARGs) and antibiotic-resistant bacteria were found on 
microplastic surfaces (Lu et al. 2020). Micro(nano)plastics 
not only accelerate the spread of organisms in the environ-
ment, leading to biological invasion, but also increase the 
gene exchange between attached biofilm groups, leading to 
the transfer of pathogenic genes and ARGs (Arias-Andres 
et al. 2018; Mughini-Gras et al. 2021). In free-living or nat-
urally aggregated bacteria, microplastics can increase the 
frequency of plasmid transfer. Microplastic biofilms serve 
as new hot spots for the transmission of ARGs through hori-
zontal gene transfer (Arias-Andres et al. 2018). On micro-
plastic particles of polyethylene, polystyrene, and polypro-
pylene, pathogenic vibrio parahaemolyticus was detected 
in the North/Baltic Sea (Kirstein et al. 2016). Viršek et al. 
(2017) reported that 28 bacterial species were identified on 
the microplastics particles in the North Adriatic including 
Aeromonas spp. and hydrocarbon-degrading bacterial spe-
cies. These studies showed that potential pathogenic micro-
organisms in the ocean may catch up with micro(nano)plas-
tic particles and spread around the world through water or 
air currents. The potential harm caused by this is unclear and 
needs further scientific verification.

Nevertheless, there is controversy regarding this poten-
tial consequence, as some researchers object to MPs (or 
NPs) as pollutant carriers. According to Gouin et  al. 
(2011) and Beckingham and Ghosh (2017), the transfer 
of organic contaminants into biological organisms by die-
tary MPs may be a small or limited contribution compared 
to other natural routes of exposure in most cases. It was 
reported that contaminated PE microplastics displayed a 
negligible vector role in terms of mercury bioaccumula-
tion in the clams (Sıkdokur et al. 2020). The presence of 
polyethylene plastic microspheres in artificial sea water 
of a salinity of 18 ± 1 g/L test media did not significantly 
change the toxic effects of gold nanoparticles (ppb range) 
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to P. microps juveniles (Ferreira et al. 2016). Therefore, 
MPs can introduce these harmful chemicals into organ-
isms only when fugacity of a chemical in microplastics 
is greater than that in organism, which may result in an 
exposure risk. Moreover, the sorption behavior of chemi-
cals on MPs is related to polymer type, particle size, color, 
temperature, salinity, the degree and typology of plastic 
aging (mechanical, UV or biological degradations), and 
other physical and chemical properties (Endo et al. 2005; 
Sørensen et  al. 2020; Binda et  al. 2021) and biofilms 
(Guan et al. 2020). In addition, the presence of other sor-
bents is also important. In exposures more relevant to the 
environment, modeling studies showed the total organic 
contaminant fraction or metals absorbed by plastic was 
much smaller than that adsorbed by other media like dis-
solved organic carbon and colloids in the ocean (Koelmans 
et al. 2016; Lohmann 2017) or freshwater environments 
(Guan et al. 2020). Seidensticker et al. (2017) found that 
the concentration of dissolved organic matter may alter 
the distribution of pollutants between MPs and water. In 
addition, the increase of MP concentration will increase 
the adsorption of chemical substances.

Urgency and challenges

Lack of effective indicator organisms and biomarker

Although a large number of studies have confirmed the 
widespread presence of micro(nano)plastics in various 
marine media, there is no uniform international technical 
method for marine micro(nano)plastics monitoring and 
ecological risk assessment. Seabirds and turtles have been 
widely used to monitor plastic debris with a size of more 
than 1 mm. It is also reported that mussels are suitable 
bioindicator for microplastic pollution because of their 
wide distribution, vital ecological niches, susceptibility 
to microplastic uptake, and close connection with marine 
predators and human health (Li et al. 2019a, b). How-
ever, there is a lack of effective indicator organisms for the 
monitoring of smaller size microplastics. Further studies 
are needed on efficient biomarker screening and ecological 
risk assessment techniques to indicate toxicological effects 
of micro(nano)plastics.

Effects of seafood cooking and/or processing 
on micro(nano)plastics toxicity

Thus far, available data on the toxicokinetics of micro(nano)
plastics mainly include absorption and distribution, with less 
information on metabolism or excretion. There is no data on 
the potential effects of cooking and/or processing seafood at 

high temperatures on micro(nano)plastics toxicity. The toxic 
effect of micro(nano)plastics on human body must be first 
digested by digestive tract and then absorbed by intestinal 
wall cells to enter the circulatory system. It has been docu-
mented that ingested microplastics in Antarctic krill turned 
into nanoplastics through digestive fragmentation (Dawson 
et al. 2018); however, whether the micro(nano)plastics will 
be destroyed in the process of digestion, how much is the 
absorption and utilization rate in the process of absorption, 
and what factors (food matrix/digestion environment/particle 
size of microplastics) will lead to the decrease of its digest-
ibility and utilization are also worthy of further study.

Lack of direct evidence of micro(nano)plastics 
affecting organisms in the field

Over the past decade, it is an indisputable fact that 
micro(nano)plastics are ubiquitous in the environment and 
the quantity keeps increasing rapidly. However, in the field, 
there have been few direct evidence that micro(nano)plas-
tics have an impact on the organisms. Although laboratory 
experiments showed that micro(nano)plastics can produce a 
variety of toxicological effects on organisms, the real condi-
tions and intrinsic dynamic evolution characterizing the phe-
nomena in natural ecosystems cannot be easily reproduced at 
laboratory or pilot scale. For instance, unpredictable factors 
as climatic variations causing modifications of the current 
regime in sea and lakes cannot be totally investigated in lab 
experiments involving MPs/NPs. Therefore, the data cannot 
be applied to the ecological and health risk assessment of 
micro(nano)plastics because of the great difference between 
indoor research and field environment in aspects of weath-
ering, and adsorption of organic environmental pollutants 
and organisms, etc. Moreover, in these laboratory experi-
ments, the concentration of micro(nano)plastics tested was 
not environmentally relevant (de Sá et al. 2018; Zocchi and 
Sommaruga 2019), even several orders of magnitude higher 
than would be found in the environment.

Limitation of the methods of sample collection, 
separation, and identification of micro(nano)
plastics

To date, only a part of the microplastics, especially nano-
plastics information in the environment, are obtained due 
to the limitations of current sample collection, separation, 
and identification methods. The characterization index of 
microplastics in the environment, mainly including abun-
dance, size, shape, and color, is often characterized by 
rough ranges or proportions. Despite some recent com-
ments on microplastic sampling and analysis (Campan-
ale et al 2020; Bellasi et al. 2021), it is still difficult to 
properly quantify dispersed particles in sediments. Due 
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to the lack of consistent and standardized methods and 
protocols for evaluating and quantifying microplastics 
present in sediment or aqueous phase systems, appropri-
ate comparisons between different sites are not possible, 
which hinders the current knowledge of the environmen-
tal and toxicological effects of microplastics. In the aque-
ous phase, characterization methods that only refer to the 
concentration of chemical pollutants are not feasible for 
micro(nano)plastics, and establishing a “characteristic 
spectrum of microplastics” may be an effective method 
for more comprehensive characterization of micro(nano)
plastics in the environment.

Occasionality and contradiction in studies 
on the toxicity of micro(nano)plastics

Uncertainties remain regarding the extent of harm caused 
to organisms directly by ingestion of micro(nano)plastics, 
and over the effect they make to overall exposures to hazard-
ous chemicals. Although current studies have reported that 
micro(nano)plastics will have a series of adverse effects on 
organisms, the toxic effects of these reports are sometimes 
uncertain and contradictory, and different results may be 
obtained in different studies and different biological tissues. 
Several studies have reported that microplastics caused lit-
tle or no physical or chemical harm to marine biota (Koe-
lmans et al. 2014), and had limited function as carriers of 
hydrophobic pollutants compared to natural phytoplankton, 

bacterioplankton, and yeasts (Frydkjær et al. 2017). In terms 
of the toxicity of microplastics to organisms, some condi-
tions or factors such as species, the size, shape, polymer 
type, exposure time, and concentration of microplastics 
used in exposure, and environmental factors, such as food 
abundance (Chae and An 2020), may affect the correspond-
ing experimental results. The toxic changes caused by the 
adsorption of pollutants on micro- and nanoplastics are still 
controversial, which depends on the chemical and physical 
interaction, the corresponding changes in bioavailability; the 
changes in intake, transport, and accumulation in organisms; 
and the characteristics of pollutants. When pollutants are 
combined with microplastics or nanoplastics, their toxic-
ity may undergo various modification, rather than simple 
additive, synergistic, or competitive effects. Future research 
still needs to explore different biological indicators to find 
specific indicators that are sensitive to microplastics.

Lack of long‑term and systematic toxicity studies

The current studies on microplastics or nanoplastics are 
mainly acute and short-term toxicity, but there is a lack 
of long-term and systematic toxicity studies. Therefore, 
there is an urgent need for future long-term and systematic 
toxicity studies related to micro- and nanoplastics.

Fig. 1  Summary of toxicity 
pathways of microplastics and 
nanoplastics
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Conclusions

This review summarized inherent toxic effects of micro- 
and nanoplastics in vivo (shown in Fig. 1), which mainly 
include the following implications: physical injury (block 
the feeding organs and digestive tract), reduced growth 
performance and behavioral alteration, induced lipid 
metabolic disorder, induced gut microbiota dysbiosis and 
disruption of the gut’s epithelial permeability, neurotoxic-
ity (inhibition of AChE activity), damage of reproductive 
system and offspring, oxidative stress, immunotoxicity, 
etc. We also outline the potential mechanism of toxico-
logical effect for MPs/NPs in the body (Fig. 2). Addition-
ally, besides hazardous consequences related to MPs/NPs 
themselves, plastics additives and residual and toxic mon-
omers are diverse and complex, and the harm caused by 
their release cannot be ignored. Moreover, we generalize 
simultaneous toxic effects of micro- and nanoplastics with 
persistent, bioaccumulative, and toxic substances (heavy 
metals and organic environmental pollutants), as well as 
adverse effect as vectors of microorganisms, and invasive 
substances. Nevertheless, these potential consequences are 
controversial because some researchers object the idea that 

MPs (NPs) act as a vector for contaminants. Finally given 
the facts laid out above, we put forward the existing prob-
lems in the toxicity research of micro(nano)plastics and 
the direction of future efforts.
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