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Abstract

The issue of environmental pollution caused by the widespread presence of microplas-
tics (MPs) in environmental media has garnered significant attention. However, research
on MPs pollution has mainly focused on aquatic ecosystems in recent years. The sources
and pollution characteristics of MPs in the environment, especially in solid waste, have not
been well-described. Additionally, there are few reports on the ecotoxicity of MPs, which
highlights the need to fill this gap. This review first summarizes the occurrence character-
istics of MPs in water, soil, and marine environments, and then provides an overview of
their toxic effects on organisms and the relevant mechanisms. This paper also provides an
outlook on the hotspots of research on pollution characterization and ecotoxicity of MPs.
Finally, this review aims to provide insights for future ecotoxicity control of MPs. Overall,
this paper expands our understanding of the pollution characteristics and ecological toxic-
ity of MPs in current environmental media, providing forward-looking guidance for future
research.
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Introduction

Microplastics (MPs) refer to plastic particles or fragments with a diameter of less than 5
mm, including primary MPs and secondary MPs [1]. They are widely distributed in envi-
ronmental media such as soil, oceans, rivers, and lakes and have even been detected in
remote areas like polar regions, high mountains, and deep-sea sediments [2, 3]. The pro-
duction, transportation, use, and storage of plastic products are the main sources of MPs,
and the widespread use of disposable masks during the COVID-19 pandemic has also
increased pollution from MPs in the environment [4]. The main types of polymers for MPs
include polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene
(PS), and polyethylene terephthalate (PET). It has been reported about 3 million tons of
MPs were lost into the environment in 2015 alone, and it is estimated that by 2060, MPs
will account for 13.2% of the total weight of plastic waste worldwide [5, 6]. Due to their
small particle size, high specific surface area and difficulty in degradation, MPs can be
transported long distances in the environment and persist for a long time. They are easily
ingested by aquatic or terrestrial organisms and accumulate through food chains. Despite
lacking evidence to show that MPs are toxic to human bodies, the toxicological test results
on organisms, cells, and mammals may provide certain clues. For instance, MPs could
cause pulmonary diseases [7], inducing disorder of hepatic lipid metabolism and dysbio-
sis of gut microbiota and disorder in mice [8], and so forth. PS particles have been dem-
onstrated to induce inflammatory and cytotoxic effects in epithelial cells of human lung,
ultimately posing potential hazards to human health (Fig. 1). Therefore, it is necessary to
pay attention to the pollution characteristics and ecological toxicity effects caused by MPs
in the environment [9]. However, previous reviews on environmental pollution characteris-
tics and ecological toxicity effects related to MPs have mostly focused on specific aspects,
lacking a systematic overview of MP’s pollution characteristics across water environments,
soil, and oceans along with its ecological toxicity effects. In order to better understand
the behavior of MPs in the environment and their pollution control, this paper first sys-
tematically summarizes the sources and occurrence characteristics of MPs in wastewater
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Fig.1 Fugacity of MPs in different environmental media and harmful effects on organisms
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treatment plants, marine environments, soil environments, and urban solid waste. Secondly,
this work analyzes the toxic effects of MPs on aquatic ecosystems, terrestrial organisms,
and human health, and reveals the relevant mechanisms. Finally, this paper looks forward
to the research hotspots and urgent environmental issues related to MPs. This paper will
help clarify the pollution characteristics of MPs in different environmental media, under-
stand the mechanisms of MPs-induced ecological toxicity effects, and provide a theoretical
basis for the deep pollution control of MPs.

Pollution Characteristics of MPs in Environmental Media

Due to their stable structure and strong hydrophobicity, MPs can be transported by external
forces, such as wind, rivers, and ocean currents, in the environment. Their presence has
been found all over the world, including rarely visited places like Antarctica [9]. Organ-
isms in the environment may ingest MPs and become carriers, leading to biomagnification
through the food chain. This not only causes ecological pollution but also poses a threat
to human health [10]. Currently, research on MP pollution mainly focuses on terrestrial
and aquatic environments. MPs in water mainly originate from sewage treatment plant dis-
charge, marine fishing activities, and ship transportation emissions [11], while those on
land primarily come from plastic products breaking down at landfill sites or being used for
agricultural purposes, as well as MPs present in soil [12, 13].

Pollution Characteristics of MPs in Wastewater Treatment Plants

MPs in urban wastewater treatment plants mainly come from urban sewage, which is a type
of mixed sewage that usually includes domestic and industrial wastewater, with the former
accounting for the largest proportion [14].

Pollution Characteristics of MPs in Domestic Sewage

The primary sources of MPs in domestic sewage are plastic microbeads in personal care
products and fibers released during clothing washing. Fabric fibers become pollutants in
laundry wastewater during the cleaning process as they enter the water [15, 16]. Each piece
of clothing washed can produce thousands of fibers that eventually reach the wastewater
treatment plant via the sewer system [17]. The amount of fiber released depends on wash-
ing methods, textile properties, and detergents used [18]. Textile fibers can break down
under UV radiation, mechanical wear, or biological decomposition, making clothes and
fabrics an essential source of MP pollution in the environment [19]. Fiber MPs account for
50% of all MPs found in urban wastewater treatment plants, making laundry wastewater
one of their main sources [20].

Moreover, plastic microbeads are commonly used in cosmetics and personal care prod-
ucts, including facial cleansers, bath gels, toothpaste, and makeup, to enhance cleansing
ability or adjust viscosity [21]. These microbeads are spherical or irregularly shaped and
can be used for exfoliation or cleansing. A single use of a microbead-containing product
can release up to 94,500 microbeads into the drainage system [21]. A survey conducted
at major supermarkets in Beijing showed that 7.1% of facial cleansers and 2.2% of bath
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products contained plastic microbeads (with an average size range between 313+130 um
and an average addition amount ranging between 25.04+10.69 mg/g for facial cleansers
and between 422+185 pm and an average addition amount ranging between 17.80+7.50
mg/g for bath products) [22]. These microbeads are released during use, enter the wastewa-
ter from bathing, and become another significant source of MPs in urban domestic sewage.

MPs in Industrial Wastewater

MPs found in industrial wastewater originate from the processing and manufacturing of
plastic products. For instance, textile mills and printing and dyeing factories produce sig-
nificant amounts of fiber MPs during their production processes. The production of fibers
occurs during spinning, weaving, cutting, and other manufacturing processes, and tradi-
tional cutting methods can extract up to 31 times more fiber MPs than laser cutting [23,
24]. The concentration of microfibers in textile dyeing wastewater can reach up to 54,100
MFs/L, and the average concentration of microfibers is 537.5 MFs/L in treated effluent
from sewage treatment plants [24].

Another significant contributor to the presence of MPs in the environment is tire wear,
road abrasion, and the shipping industry. Research estimates that tire wear alone releases
63 tons of MPs annually in the UK, 125 tons in Germany, and 240 tons in Japan [25].
These tiny particles are also present in air pollution and can be washed out by rain, snow,
and dew condensation, eventually making their way into wastewater treatment plants via
run-off. As a result, the presence of MPs in industrial wastewater contributes significantly
to their presence in wastewater treatment plants and the environment as a whole.

The Occurrence Characteristics of MPs in Urban Sewage

Wastewater containing MPs undergoes three stages of treatment when entering a wastewa-
ter treatment plant, including primary treatment such as grid screens and primary sedimen-
tation tanks, secondary biological purification, and advanced treatment [26]. However, part
of the incoming MPs is discharged into the environment with treated effluent after various
processes, while another part is enriched in sludge through settling and flocculation, affect-
ing the subsequent processing and disposal of sludge [27].

Wastewater treatment plants can be a significant source of MP-containing sludge and
water pollution (Table 1), as large amounts of sewage enter the plant and MPs become
trapped in the sludge. The methods used to treat sludge, such as anaerobic digestion, thick-
ening, lime stabilization, and thermal dehydration, are inadequate for removing MPs from
it [27]. After sludge processing, 69 to 80% of MPs remain in the produced biological sol-
ids, which are often used as soil fertilizers for agricultural land use, leading to a significant
accumulation of MPs in soil [12]. Therefore, wastewater effluent and sludge from wastewa-
ter treatment plants need to be treated for MP removal before being released into aquatic or
soil environments.

Studies have shown that wastewater treatment plants in China have lower interception
rates for incoming MPs compared to foreign counterparts, with removal rates ranging from
35.99% for primary-treated effluent to 80.97% for secondary-treated effluent [28]. This
indicates the need for improving waste management systems to control sources contrib-
uting to environmental pollution by MPs. Domestic or industrial wastewater containing
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large amounts of plastic and other pollutants should not be discharged without treatment.
Sustainable wastewater infrastructure should be developed, especially in developing coun-
tries where people lack access to waste treatment facilities. More effective technologies are
needed to eradicate MPs from sewage and sludge at the source for more efficient source
control.

Characteristics of MPs Pollution in Marine Environment

Since the 1970s, a growing number of studies have reported the ubiquitous presence of
MPs in seawater, sediments, and marine ecosystems, drawing increasing attention to their
pollution of the ocean [33]. It is estimated that more than 10 million tons of plastic enter
the ocean each year on a global scale, with a cumulative total of 250 million tons of plastic
projected to accumulate in marine environments by 2025 [34, 35]. The high mobility of
MPs enables them to permeate the global marine system ubiquitously [12]. Pollution char-
acteristics of MPs in different sea areas are presented in Table 2, which demonstrates that
the marine environment has become a significant source of MPs pollution.

Coastal waters are the interface of marine and terrestrial systems, closely linked to
human activities [48]. MPs enter the ocean and are transported by wind, waves, suspended
sand, and ocean currents before eventually accumulating in beaches and nearshore sedi-
ments [49]. From a global perspective, coastal areas are heavily contaminated with MPs,
especially bays, estuaries, islands, and other densely populated areas. The characteristics
of marine MP pollution mainly stem from the analysis of surface seawater. The abundance
of MPs collected from small volumes (2.2-2.8 L) of micro-surface seawater off the south-
ern coast of Korea reached 1.63 x 10* items-m~>, according to studies by Song et al. [50]
Antunes et al. [51] detected MP content at 362 items-m~> along Portugal’s coastline. Vib-
hatabandhu et al. [52] found an abundance level as high as 9.97x10% items-m™> in Thai-
land’s Gulf region, which is currently one of the most heavily polluted coastal regions

Table 2 Reported MPs concentrations in marine.

Survey area Abundance MP size (mm) References
The Pacific Ocean  Vancouver West Coast 171041110 items-m™  0.064—5 [36]
Bohai Sea 0.33+0.34 items'm™>  0.3-5 [37]
Haikou Bay, Hainan, China 0.44+0.21 items'm™  0.33-4.9 [38]
Northeast Pacific 279+178 items-m™> 0.064-5 [36]
The Indian Ocean  South East Coast of South 12154276 items-m™>  0.08-5 [39]
Africa
Charkhaar Bay, Iran 0.49+0.43 items'-m™>  0.1-5 [40]
The Atlantic Ocean Eastern Atlantic Coast 1.15+1.45 items-m™>  0.25-5 [41]
Port of Bjork, Sweden 450+283 items-m™> 0.08-5 [42]
Northeast Pacific 2464243 items-m™  0.2-5 [43]
Northeast coast of Greenland 2.440.8 items-m™> 0.08-5 [44]
The Arctic Ocean  Eastern Canadian 1940 items-m™> 5.3x1072 [45]
Arctic Central Basin 8.18 items-m™> 1.3x1073 [46]
Other Ocean Beaches of Guanabara 12-1300 items-m™> <5 [47]
Malaysia Coast 300 items-m~> 0.315 [144]
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globally. Surface seawater samples taken from China’s East Sea, South Sea, and Bohai
Sea also demonstrate evidence of MP pollution. This may be related to China’s booming
coastal economy, where industrialization, fishing industry development, and tourism activ-
ity are relatively dense, resulting in higher levels of MP abundance [53-56].

According to numerous studies, MPs have become a ubiquitous presence in the deep
sea and their distribution and transfer depend on several factors. Sedimentation or gravity-
driven transport plays a significant role in the distribution of MPs, as particles with greater
density than seawater sink more easily into deeper waters [57]. Biological transportation is
another factor contributing to the spread of MPs in the deep sea [58]. While most studies
exploring deep-sea MP pollution focus primarily on abundance levels, rather than spatial
distribution patterns, the abundance of MPs in deep-sea sediments is lower compared to
nearshore sediments, as they tend to remain suspended in the water for longer periods due
to surface tension effects and ocean currents [59].

Studies investigating MP abundance levels in deep-sea sediments have shown that their
presence is relatively low. MP abundance levels ranging between 2x10 “-4x10 # items-m ™
were detected in sediment samples from the Southern Ocean and North Atlantic deep sea
(water depth > 4000 m) [59]. Low concentrations of MPs were also found in sediment
samples taken from the Mediterranean Sea (water depth 3500 m), Pacific Ocean (water
depth 2200 m), and Indian Ocean (water depth 1000 m), with values ranging between
1.2x10 °-8%10 3 items-m™> and between 3x10 *~6x10 * items-m™3, respectively [60, 61].
However, a continuous increase in the concentration of MPs in garbage collected near
the Polar Hasgatang Observatory, located near a deep-sea area with a water depth of up
to 5570 m, has been observed from 2002 to 2014. The highest concentration level found
among sediment samples collected in 2015 reached as high as 6595 items-kg~!, which
some researchers attribute to melting ice leading to higher MPs sources [62]. Few stud-
ies have explored MPs abundance levels within deep-sea waters. However, Courtene-Jones
et al. [58] detected an MPs concentration level of 70.8 items-m ™ in seawater sampled from
the Roccal Sea Trench, located at depths of 2227 m off the Northeastern Atlantic coast.
Overall, the widespread presence of MPs in various marine environments and sediment
layers worldwide suggests that MP pollution cannot be ignored.

Characteristics of MPs Pollution in Soil

The pathways for MPs entering soil include degradation of agricultural plastic films, irriga-
tion using industrial wastewater or sludge application along with organic fertilizers [63].
Once they enter soil environments, it becomes easier for MPs to be ingested by organisms,
altering soil properties and affecting soil biological functions and diversity [64].

Agricultural Pollution

With the widespread adoption of modern agricultural practices, plastic products have
become essential tools for planting, fertilization, and mulching. However, the degrada-
tion of plastics in agricultural soils increases the number of MPs in soils and even within
crops themselves [65]. Among these sources, plastic films are the largest proportion and
are widely used in cold, arid regions worldwide to maintain suitable temperatures for crop
growth, resulting in increased yields [66]. Exposure to light or mechanical forces from
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tillage operations can cause these films to break down into MPs that enter agricultural
soils, especially in regions where film recovery rates are low [67]. For example, Table 3
shows high levels of MPs in agricultural soils from Xinjiang (40.35 items-kg™"), Shanghai
vegetable fields (78.00 + 12.91 items~kg‘l), and Wuhan (320-12560 items~kg‘l) [68, 69].
In addition to plastic films, compost is also widely applied to improve soil fertility; how-
ever, high concentrations of MPs have been detected within compost as well.

Industrial Pollution

The textile industry is a major contributor to soil MPs. Microfibers, originating from textile
outerwear and synthetic fur, were found to be present in soil [72]. Factors such as fab-
ric structure, yarn type, twist level, and clothing cutting patterns also affect the release
of microfibers from textiles [73]. Effective intervention measures at the source can help
reduce the emission of MP fibers. Illegal dumping, plastic coating shedding, plastic
sandblasting during industrial processes, and tire wear are other sources of MPs that can
directly increase MP levels in soil [74]. MPs can be released into the environment from tire
wear on cars during braking and acceleration periods, which cause mechanical abrasion
[19]. Protective plastic coatings or paints used in shipbuilding undergo weathering, scrap-
ing, and polishing during use, leading to the production of MPs [75]. In summary, there
are diverse industrial sources of MPs, and it is necessary to standardize production sources
and control the use of MP fibers to reduce possible pathways for their entry into soils. It is
believed that tire wear emissions account for about 67% of all MP emissions originating
from tire wear, which ultimately settle in soils [75].

Characteristics of MPs Pollution in Urban Solid Waste

Landfills are a complex system that contains large amounts of plastic waste materials; how-
ever, there is limited research on associated MPs. Detection and characterization methods
for landfill-associated MPs mainly focus on leachate samples or garbage piles within land-
fills due to a lack of standardized detection methods. He et al. [13] measured the MPs abun-
dance was 0.42-24.58 MPs per liter in leachate from southern China . It was 0-4.51 MPs
per liter in the leachates from Nordic countries and the mean quantities of MPs released
to environment was 334.8 thousand per year [76]. For instance, Su et al. [77] collected
garbage samples with different burial times as well as leachate samples from the Shanghai
Laogang Landfill site and detected MPs in all samples. They used saturated NaCl solution
as a density flotation agent, and H,0, solution to improve the purification efficiency of the
sample digestion time. The results showed that the abundance of MPs in leachate samples
ranged from 400 to 1300 items-m~> with an average size of 0.07-3.67 mm. In contrast, for
garbage samples, MP abundance ranged from 20 to 91 items-g~! with an average size of
0.23—4.97 mm. Given the limited research on landfill-associated MP pollution characteris-
tics, further studies should be conducted to investigate their presence and control measures
within landfills.

Yang et al. [78] found that the abundance of MPs in bottom ash from waste incineration
was significantly higher than that in contaminated agricultural soil. And 593 items-kg™
of MPs were found in 26 floodplain soil samples in Switzerland [79], which is of the
same order of magnitude as bottom ash. Therefore, the bottom ash generated by MSW
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incinerators is a potential source of MPs. In addition, some studies have estimated the
amount of MPs in the composting process: 12 million metric tons of biowaste translated
into more than 5 million metric tons of compost in Germany in 2013, and 1 kg compost
contains approximately 50% dry weight content conservatively, with 14-895 MP particles
per kilogram dry weight. Each MT of biowaste will produce 2900 to 186,000 MPs [80, 81].

At present, there are fewer studies on the pollution characteristics of MPs in urban solid
waste, and now there is still a lack of systematic analysis and summarization, which should
be a key research area of concern in the future.

For instance, discharging of domestic and industrial wastewater can release MPs into
the aquatic and terrestrial environment. Sludge from water treatment plants can transfer
significant amounts of MPs to the soil for application as fertilizer. Surface run-off from
contaminated soils and landfills results in the MPs input to freshwater and marine envi-
ronments. Freshwaters like rivers and lakes can transport MPs by eventually arriving in
the oceans. Still, the presence of MPs in different environments remains a complex global
problem, and in order to deal with this issue, a better understanding will be essential
regarding their sources, transport and dynamic way, as well as how they may affect each
unique ecosystem.

Ecotoxicological Effects of MPs

The toxicity and harm of MPs to natural ecosystems and human health are closely related
to their types, surface properties, and behavior in different environmental compartments.
MPs can act as source pollutants that cause physical damage to organisms by ingestion or
release of toxic chemicals. Additives used in MPs like plasticizers, antioxidants, phthalates,
bisphenol A-based polycarbonates, polybrominated diphenyl ethers (PBDEs) , bisphenols,
clarifiers, flame retardants, colorants [80, 82, 83]. Under different environmentally linked
conditions in water or soil, oligopolymers, additives, chemical byproducts, and their inter-
mediates may leach from plastics in diverse degradation processes [84]. Studies have found
that plastic leachate impacts cellular immune response, chemicals in plastic can cause
mitochondrial dysfunction to cause immune suppression [85]. The organisms attached to
the surface of the plastic are more sensitive to the chemicals and additives on the surface
of the plastic, and complex substances released from plastic leachate can therefore signifi-
cantly affect the settling, attachment and growth of organisms in the environment [8]. Also,
phthalates have been shown to act as endocrine disruptors, causing endocrine disruption,
metabolic disorders [86] and PBDEs affect hormone levels in organisms [87]. As well as
form complex pollutants with toxic contaminants that affect chemical toxicity, posing a
threat to both biological organisms and humans.

MPs can entangle organisms, restrict their behavior, and cause physical damage by
blocking intestines, affecting growth and development, and altering gene expression. Qiu
et al. [88] found that nanopolystyrene at high concentrations reduced nematode lifespan,
and PS accumulates in large quantities in the nematode gut, leading to alterations in the
nematode’s innate immune response. This was confirmed by significant decreases in the
intestinal immune response genes lys-1, lys-7, lys-8 and spp-1. Qu et al. [89] investigated
the role of ERK MAPK signaling pathway modulation in neurons on nano-PS response.
The results showed that nano PS significantly increased the expression of genes encod-
ing the ERK MAPK signaling pathway (lin-45, mek-2, mpk-1) within a certain range. Li
et al. [90] found that PS can disrupt polysaccharide synthesis and detoxification systems
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on the cell surface of Chlamydomonas reinhardtii and inhibited the expression of genes
related to growth. Additionally, MPs can directly threaten human health through food chain
transmission. In aquatic ecosystems, MPs can affect the behavior, growth, and develop-
ment of a variety of organisms, from plankton to fish, and even cause death. Terrestrial
organisms, such as insects and earthworms, can also be affected by MPs. In humans,
ingestion of contaminated seafood or drinking water containing MPs can lead to various
health risks, including reproductive disorders and inflammation. Fig. 2 illustrates the vari-
ous toxic effects of MPs on living beings. Therefore, it is crucial to investigate the toxic
effects of MPs on different organisms and develop measures to reduce their presence in the
environment.

Ecotoxicological Studies of MPs on Aquatic Systems

The main focus of ecotoxicological studies on MPs in aquatic organisms is on micro and
small-sized organisms. Currently, short-term exposure experiments are mainly used to
evaluate the toxic effects of MPs on aquatic organisms, with indicators including behav-
ior, feeding rate, growth status, oxidative stress, inflammatory response and mortality rate.
These different effects are interrelated. Murphy et al. [91] investigated the impact of MPs
ingestion by freshwater caddisfly larvae on feeding habits morphology reproduction, etc.,
finding that caddisfly larvae ingesting MPs experienced reduced reproductive capacity,
delayed growth and even death. Kim et al. [92] found that the presence of MPs decreases
nematode locomotor behavior and reproductive rate, affects metabolism, and induces oxi-
dative stress. Besides, when mistaken for food after ingestion by an organism it creates a
false sense of satiety thereby reducing food intake affecting its growth development ulti-
mately leading to starvation causing death. Fiber and film-type MPs can easily entangle
with the organism’s body, restrict its movement or even cause death; most MPs primar-
ily exhibit physical damage by blocking the organism’s intestinal tract and reducing nutri-
ent absorption which affects their growth and development leading to death [93]. Table 4
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Fig.2 Analysis of the toxic pathways and mechanisms of MPs on organisms
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summarizes the toxic effects of MPs on aquatic organisms. Purple clams and herbivorous
crabs can ingest polyethylene (<80 pm) and polystyrene microspheres (10 pm) through
gill respiration which damages their intestines [94, 95]. Polystyrene can adsorb onto algae
or plankton surfaces via electrostatic attraction that hinders sunlight and air flow affecting
photosynthesis and respiration resulting in inhibited growth reproduction [96]. Experiments
exposing freshwater animals such as Daphnia magna to polypropylene fibers or polyethyl-
ene particles show that MP ingestion impairs digestion function leading to reduced growth
rates [97]. The experiment also found that fiber toxicity was greater than particle toxicity
possibly due to longer residence time in the intestine [97]. In addition, accumulation of MP
particles in zebrafish or nematodes causes intestinal damage including villi cracking and
intestinal cell division [98]. The toxicity of MPs is closely related to their size, type, shape
and exposure dose; most MPs are excreted with feces after ingestion. Shang et al. [99] also
found that MPs with particle sizes of 1 pm and 5 pm reduced nematode lifespan, and 1 pm
had a greater effect on lifespan at the same concentration. Lei et al. [100] found that com-
mon types of MPs particles such as PA, PE, PP and PS also all affect nematode survival at
different concentrations. And in the same concentration series of 0.001-10.0 mg-L_l, 10
mg~L‘l PP resulted in a 27.1% reduction in zebrafish survival rate. Goldstein et al. [101]
found that MPs accumulation in the gut was highest in goose-neck barnacles living on the
water surface. When MP sizes decrease to the nanoscale level, their invasiveness and tox-
icity increase further. Kashiwada et al. [102] detected polystyrene in the brain testis liver
and blood of adult bluegill indicating that nanoscale MPs can penetrate through the blood-
brain barrier into brain tissue. The combined pollution caused by MPs and pollutants has
become a key issue for studying its ecotoxicological effects. Studies have shown that short-
term exposure to composite pollution caused by MPs and mercury affects swimming speed
and retention time of European sea bass juveniles [103]. Adsorption of pyrene onto MPs
causes greater pyrene metabolite accumulation changes in mortality rate, etc., among com-
mon prawn fish [104]. Research on freshwater animals shows that combined pollution from
MPs and organic pollutants not only damages liver cells but also affects gene expression
at a genetic level among bighead carp [102]. Combined pollution from MPs and phenan-
threne may even affect protein synthesis among sharp-tooth catfish affecting normal life
activities [105]. In addition, MP may release different additive chemicals acting as carri-
ers for other harmful microorganisms making biological toxic effects more complex under
composite stress from MP-pollutant combinations.

Ecotoxicological Studies of MPs on Terrestrial Systems

The large residues and accumulation of MPs in terrestrial ecosystems pose a threat to
biodiversity, sustainability, climate change and food security. For example, due to the
similarity of colored MPs to animal feed, they can be ingested by terrestrial animals
such as chickens and thus have an effect on them [105]. Soil animals, such as earth-
worms, filter feeders, ciliates and nematodes, can crush fragile plastic debris and uncon-
sciously ingest MPs, with deleterious effects on their intestines, neurons or kinases
[108, 109]. Table 5 describes the toxic effects of MPs on terrestrial organisms. Several
studies have shown that the intake of MPs reduces the growth rate of earthworms and
leads to weight loss, decreases nematode survival and length, and results in reduced
earthworm growth [110]. The reason may be due to the obstruction of the digestive
tract by MPs in the intestine of the animal population, which reduces food intake and

@ Springer



5497

Applied Biochemistry and Biotechnology (2024) 196:5484-5507

[o11] SSOIJS SATIEPIXO SISNE)) os (suarAyekiod)dd

[sT1] [Tem Teunsauronses o) Jo I[[IA ) 0} TeWEpP PUB UOTIIOXD PUE SYRIUT POOJ PISLAIR oS (ua1kysh1od)Sd ponnf vunpydy
(oua1fisAod)Sd *

[oo1] AITeyIo] paseaIoul pue a3euwrep [eurlSAu] [0S (uajAyehiod)ad
[66] ueds 9J1] paualIoys oS (ouorAdordATod)dd sup§aja SuIpgvYIoUIN,)
[v11l WISTURSIO AU} UT SAJUB)SQNS JIX0) JO UONB[NWNIIY [1os (eua1fysA10d)Sd DULIDUL D]OITUILY

(aprioyo [Kutakjod)
[111] BIOY [eunsaiul pue uononpoIdar ‘qimoiIs s10dy oS JAd DPIPUDD DIULOS]O]

Ju9UO JpLIeyddEsA[od pue

[z11] pidy Apoq ‘urajoxd sasearour pue ‘Osuodsal aunwiwil pue agewep [esr3ojoyredolsiy sasne) 1os (susjAyeAtod)dd 124pUY DIUISIT
[z11] JYSTOM JO [BATAINS UO JO9JJ0 ON [1os (auajAyeAiod)dd S14]§2442] SNILIQUINTT
SI0UQIRJY s10909 JUSWUUOIAUF sdIN wsTuesI0 153,

SWISTUBSIO [B11)SA1I0) UO SJIA JO S199JJd JIX0], § d|qel

pringer

As



5498 Applied Biochemistry and Biotechnology (2024) 196:5484-5507

nutrient absorption, and even some sharp MPs cause damage to both the digestive tract
and the skin area [100]. MPs have also been shown to be effective in enriching bacte-
rial diversity and reducing the rate of colonization by harmful pathogenic microorgan-
isms. Zhu et al. [111] reported that MPs increased the intestinal bacterial diversity of
earthworms and decreased the reproduction rate of nematodes. In addition, MPs had
no significant effect on the reproduction of epibiotic earthworms [112]. The reasons for
these differences have not been confirmed, but it is thought to be related to the feeding
selectivity of the animals and the nature and exposure concentration of the MPs [113].
Rodriguez-Seijo et al. [112] study also showed that polyethylene particles (250-1000
pm) had no effect on the survival, growth and reproduction of the Andersen earthworm,
but caused histopathological damage and immune response, and that MPs were found in
the intestine and midgut. In addition, Zhu et al. [111] found that polyvinyl chloride par-
ticles (80-250 pm) can affect the growth and reproduction of soil hoppers and intestinal
flora, and that MPs and the toxic contaminants they carry may also cause changes in
soil microorganisms and their ecological processes when they enter the soil. The toxic
effects of MPs on terrestrial organisms are closely related to the type of organism, type
of MPs and dose, therefore, the evaluation of the toxic effects of MPs on terrestrial
organisms should be based on the actual situation Table 6.

MPs can act as a habitat for microorganisms in the soil and influence bacterial com-
munities. These microbial communities, such as bacteria and fungi, can significantly
contribute to the degradation process of plastics, releasing toxic chemicals and interme-
diates into the soil [123]. The additives in MPs can interfere with the nervous system,
affect animal reproduction, cause genetic mutations, and even adversely affect human
endocrine function and reproductive development. MPs tend to release polymer mono-
mers during decomposition, which have a disruptive effect on the endocrine secretion of
water fleas and reduce its reproduction rate [124]. In addition, when organisms ingest
MPs carrying other toxic contaminants into the body, the contaminants interact with the
additives, and the contaminants may affect the release of the additives, and the additives
may have an effect on the accumulation of the contaminants in the organisms, or the
toxic effects of both are in equilibrium, which should be the focus of future research.

Table 6 Reported MPs concentrations at different continent

Survey area Sample Abundance MP size (mm) References
Asian Yangtze Estuary and the East China ~ 4137.3 items-m™> 0.5-5 [53]
Sea
East Asian Sea 1.72 items-m™> 0.3-5 [117]
Hong Kong Island Bay 161 items-m™> <5 [118]
Malaysia Coast Sediment core 300 items-kg ™! 0.315-5 [47]
Tokyo Bay Canal Sediment core 1845 items-kg ™! 0.315-5 [47]
Antarctica Admiralty Bay, Antarctica 0.024 items-m™> 0.01-0.22 [119]
Ross Sea 0.17-0.34 items'm™ <5 [120]
African Southeast South Africa 0.68-3.3 items'm™  0.065-5 [121]
Bloukrans River sediment 6.3-160 items-kg_l 0.5 [122]
North America Eastern Canadian Marine sediment 1940 items-kg‘1 0.00025-0.038 [45]
Washing DC, USA 1270 items-kg™! <5 [71]
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Research on the Ecotoxicity of MPs to Human Ecology

Typically, MPs enter the body through three routes, namely ingestion (through food and
water), inhalation (indoor and outdoor air) and dermal contact (through personal care prod-
ucts, dust and textiles), thereby affecting human health [125]. Differences in the type, con-
tent and size of plastic particles can lead to a variety of health problems, including oxida-
tive stress, immune disease and cancer risk [126]. MPs have been found in different aquatic
biota such as corals, phytoplankton and other marine animals. Exposure to MPs from toxic
algae can produce algal toxins, which may have indirect negative effects on human health
and the marine economy [127]. Due to their small size, MPs exist in pelagic and benthic
ecosystems and are easily ingested by aquatic organisms, thus entering the marine food
chain and eventually entering humans, causing harm to human health [128]. Meanwhile,
several studies investigating drinking water around the world, including bottled water and
tap water, have shown the presence of MPs in tap water [128, 129]. Bottled water, which
is generally considered safe, has also been reported to contain contaminants in MPs [130,
131]. Samples from 11 popular mineral water brands in Iran were studied and MPs con-
taminants were detected in 9 samples with an average concentration of 8.5%103+10.2x103
items-m™> [132]. MPs contaminate water sources, transporting MPs into the human food
chain. Also, humans may accumulate MPs in their bodies through diet, such as consump-
tion of fish and seafood contaminated with MPs [133]. Researchers at the American Chem-
ical Society believe that plastic microbeads can trigger necrosis, inflammation and tissue
laceration in human cells when fish that have ingested them are consumed by humans
[134]. The potential threat of MPs-induced toxicity to human health is also a key area of
research interest in the future.

Because of the ecotoxicity of MPs, in many countries government policies have been
effective in reducing plastic consumption. For example, some countries have imposed bans,
taxes or pricing on plastic carrier bags to encourage the public to use reusable bags and
significantly reduce plastic consumption. In China, the use of plastic bags decreased by
49% following the introduction of a plastic bag ban [135]. Similarly, Denmark achieved a
66% reduction in plastic bag use after implementing a plastic bag tax [136], and Portugal
saw a 74% reduction after introducing a plastic bag tax [137]. Through these measures, the
use of plastic products has been greatly reduced, leading to the development of new biode-
gradable materials and promoting socio-economic development.

Conclusion and Outlook

This work summarizes the ecotoxic impacts of MPs on aquatic systems, terrestrial sys-
tems and humans based on the analysis of the pollution characteristics of MPs in envi-
ronmental media. MPs in the environment can be transported within the environmental
medium through external forces such as wind, rivers, and ocean currents, and in addi-
tion, organisms in the environment may ingest MPs and become carriers, producing a
biomagnification effect through the transmission of the food chain, which will not only
cause ecological pollution, but even threaten human health. The size, shape and compo-
sition, sorption properties and distribution of MPs throughout the environment depend
on uncertainties such as the natural environment, human activities, etc., which leads
to great challenges in the development of research methods and classification criteria
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related to MPs. The current research system for MPs is not sound, and there is a lack
of holistic thinking about their pollution processes in the environment. The ecotoxic
effects of MPs on aquatic systems, terrestrial systems and humans should be given sulffi-
cient attention. Regarding the investigation of the pollution characteristics and ecotoxic
effects of MPs in environmental media, the following points need special attention in
the future:

e In-depth study of the final destination, effects and detailed toxicological mechanisms
of MPs in the human body. The threat to food safety, food security and human health
from contamination of food materials and additives by MPs is of particular concern.
Therefore, it is important to understand the extent of environmental contamination
by MPs and the details of the toxicological effects of MPs on humans.

e Depending on the different properties of different MPs, the mechanisms of their
toxic effects on organisms in the environment should be studied not only at the level
of individual organisms, but also at the cellular and genetic levels of organisms. The
effect of environmental factors on the toxicity of MPs should also be considered,
such as temperature, pH, light intensity, etc.

e For the pollution characteristics and ecotoxicity of MPs, source analysis of MPs in
the environment should be carried out, and traceability techniques such as isotope
tracing and fingerprinting should be applied to the source analysis study of MPs.
Generation and use of MPs should be reduced at source. For example, relevant poli-
cies and regulations should be formulated and misuse of plastics should be banned,
etc.

e Furthermore, efforts should be made to improve the quality and efficiency of plas-
tic alternatives, such as bioplastics, and to integrate MPs treatment technologies to
enhance their removal efficiency and minimise negative impacts.
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