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Abstract

Microplastic pollution is becoming a major issue for human health due to the recent discovery of microplastics in most
ecosystems. Here, we review the sources, formation, occurrence, toxicity and remediation methods of microplastics. We
distinguish ocean-based and land-based sources of microplastics. Microplastics have been found in biological samples such
as faeces, sputum, saliva, blood and placenta. Cancer, intestinal, pulmonary, cardiovascular, infectious and inflammatory
diseases are induced or mediated by microplastics. Microplastic exposure during pregnancy and maternal period is also
discussed. Remediation methods include coagulation, membrane bioreactors, sand filtration, adsorption, photocatalytic
degradation, electrocoagulation and magnetic separation. Control strategies comprise reducing plastic usage, behavioural
change, and using biodegradable plastics. Global plastic production has risen dramatically over the past 70 years to reach
359 million tonnes. China is the world's top producer, contributing 17.5% to global production, while Turkey generates the
most plastic waste in the Mediterranean region, at 144 tonnes per day. Microplastics comprise 75% of marine waste, with
land-based sources responsible for 80-90% of pollution, while ocean-based sources account for only 10-20%. Microplastics
induce toxic effects on humans and animals, such as cytotoxicity, immune response, oxidative stress, barrier attributes, and
genotoxicity, even at minimal dosages of 10 pg/mL. Ingestion of microplastics by marine animals results in alterations in
gastrointestinal tract physiology, immune system depression, oxidative stress, cytotoxicity, differential gene expression,
and growth inhibition. Furthermore, bioaccumulation of microplastics in the tissues of aquatic organisms can have adverse
effects on the aquatic ecosystem, with potential transmission of microplastics to humans and birds. Changing individual
behaviours and governmental actions, such as implementing bans, taxes, or pricing on plastic carrier bags, has significantly
reduced plastic consumption to 8-85% in various countries worldwide. The microplastic minimisation approach follows
an upside-down pyramid, starting with prevention, followed by reducing, reusing, recycling, recovering, and ending with
disposal as the least preferable option.

Keywords Microplastic pollution - Water treatment - Biodegradable plastics - Microplastic detection - Microplastic
control - Microplastic toxicity
Introduction
Water is an essential resource on the surface of the earth,

crucial for all industrial, agricultural, and humans activities
as well as the biological processes of all non-human beings,

04 Ahmed I. Osman to sustain life (Eltaweil et al. 2022; Hosny et al. 2022a; El-
aosmanahmed01@qub.ac.uk Maghrabi et al. 2021; Crini and Lichtfouse 2019). Although
041 Mohamed Farghali water covers more than two-thirds of the earth’s surface,
mohamed.farghali@aun.edu.cg only 0.1% is available for fresh water to all living organisms,
>4 Pow-Seng Yap including humans. Despite the actual availability of fresh
PowSeng. Yap @xjtlu.edu.cn water resources, humans are dramatically disrupting the
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natural ecosystems and contaminating this water by dump-
ing vast amounts of various types of water contaminants,
including organic such as pharmaceutical wastes, dyes,
plastics, and pesticides, and inorganic wastes, e.g. heavy
metals, into different aquatic bodies (Hosny et al., 2022b;
Mahmoud et al. 2022; Abd El-Monaem et al. 2022; Rashid
et al. 2021; Osman et al. 2022; Naqash et al. 2020). Conse-
quently, these contaminants and their remediation started
to gain the researcher’s interest by investigating numerous
water treatment techniques (Abdelfatah et al. 2021; Oliveira
et al., 2020). One of the emerging contaminants that seri-
ously affect water quality is microplastics, which are thor-
oughly discussed in this review article.

Microplastics, which are tiny plastic particles measuring
less than 5 mm in length, have been found to have significant
negative impacts on both human health and the environment.
The term "microplastics" was first coined 19 years ago by
Thompson et al. (2004), who studied oceanic plastic pol-
lution in the UK. Since then, microplastics have attracted
the attention of the scientific community, governments, non-
governmental organisations, and others. While plastics are
relatively new materials that came into use during the second
half of the last century (Giindogdu and Cevik 2017), their
excessive production and use in various products and indus-
tries have resulted in a significant threat to the environment
(Osman et al. 2020; Qasim et al. 2020). Primary microplas-
tics, such as cosmetic microbeads used in facial washes, are

intentionally made tiny and are therefore classified as such
(Wang et al. 2019). Nanoplastics are of particular concern
as they pose a greater risk to living organisms than micro-
plastics due to their higher abundance and reactivity. Their
small size allows them to easily penetrate living cells and
reach remote locations, exacerbating their potential harm
(Sharma et al. 2022).

This review focuses on various aspects of microplastics,
including their formation, biological detection, toxicological
profile, detrimental health effects, and potential treatments,
as shown in Fig. 1. Further, this article includes sources
and effects of microplastics on the environment and human
health, global initiatives and responses to reduce the release
of microplastics, public perception and awareness of micro-
plastics, and various approaches that can be taken to improve
this. The review also examines the link between microplas-
tic pollution, climate change, and biodiversity loss. It com-
pares potential treatment techniques and control strategies
to mitigate microplastic pollution and enhance the reuse and
recycling of plastics.

Production of plastic and microplastics

During the last 70 years, global plastic production has
risen from 1.5 million tonnes to approximately 359.0 mil-
lion tonnes (Bui et al., 2020) and is expected to reach 500.0

Mlcroplasticsu
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Treatment technologies
and strategies

Fig. 1 Microplastic effects and pathways on the environment and
human health. Microplastics' formation is detectable in several bio-
logical samples. Microplastic has toxicological effects, necessitating
the implementation of treatment technologies. The cycle of micro-
plastic ingestion ends primarily in seafood and its associated health
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problems. UVA, UVB, and UVC are different ultraviolet (UV) radia-
tion types. UVA has the longest wavelength, is the least energetic, and
is the most common type of UV radiation. UVB has a medium-range
wavelength and is more energetic than UVA. UVC has the shortest
wavelength and is the most active type of UV radiation
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million tonnes by 2025 (Huang et al., 2021a). In 2013, China
produced approximately 63.0 million tonnes of plastic,
accounting for most plastic production worldwide. When
this number is combined with the plastic production of other
Asian countries, the total plastic production reaches approxi-
mately 114.0 million tonnes. (Ryan 2015). The European
Union was the second-largest region for plastic production,
with nearly 50.0 million tonnes produced. North America
also contributed significantly, with 49.0 million tonnes of
plastic produced. However, Latin America, Commonwealth
countries, Africa, and the Middle East collectively produced
only 37.0 million tonnes of plastic.

Unfortunately, the majority of plastic waste is being incin-
erated, dumped in landfills, and released into the environ-
ment, causing significant environmental and health problems
(Wang et al. 2020a), with only a tiny percentage that does
not exceed 10.0% recycled in the USA (Cessi et al. 2014). In
addition, it is worth mentioning that plastic wastes constitute
more than 75.0% of marine waste materials, owing to their
rigid and non-biodegradable nature (Zhang et al., 2021a).
Although the Mediterranean Sea region is considered one
of the essential resources for human life, it has unfortunately
become one of the most highly polluted areas with plas-
tics and microplastics (Cdzar et al. 2015). The majority of
plastics released into the Mediterranean are contributed by
five countries, with Turkey being the largest contributor of
approximately 144.0 tonnes per day of plastic waste, fol-
lowed by Spain at 126 tonnes, Italy at 90.0 tonnes, Egypt at
77.0 tonnes, and France at 66.0 tonnes (Sharma et al., 2021).

Fig. 2 Different classifications
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Furthermore, microplastics can also form unintention-
ally through the degradation of larger polymers, which can
occur due to physical, chemical, or biological factors, such
as tire debris. These microplastics are known as secondary
microplastics, as depicted in Fig. 2 (Andrady 2017). On the
other hand, primary microplastics are intentionally added
to consumer and commercial products, such as cosmetics,
detergents, paints, medications, nappies, and insecticides
(Duis and Coors 2016). Microplastics can be categorised
into five major types: fragments, fibres, foam, pellets, and
films (Anderson et al. 2017). Moreover, microplastics can be
classified into six categories based on their chemical com-
position: polyethylene, polystyrene, polypropylene, polyu-
rethane, polyvinyl chloride, and polyethylene terephthalate,
as shown in Fig. 2 (He et al. 2022).

In recent years, the production of microplastics has sig-
nificantly risen, with their concentrations detected on the
coasts of some marine areas reaching thousands of particles
per cubic meter. Without adequate measures, these numbers
are expected to double in the next few years (Isobe et al.
2019). Moreover, the issue is further complicated by the lack
of reliable and accurate sampling techniques, which means
that the reported concentrations of microplastics in marine
ecosystems may not reflect the actual amounts, leading to
a potential underestimation of the problem (Brandon et al.
2020).

These tiny particles significantly impact the environment,
particularly aquatic bodies, as they can accumulate and leach
toxic organic and inorganic pollutants, such as persistent
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organic pollutants and heavy metals (Van Emmerik et al.
2018). Microplastics are also known for their stability and
inability to degrade, meaning they can persist in the envi-
ronment for decades (Xiang et al. 2022). The life cycle of
microplastics, which involves bioaccumulation, is shown in
Fig. 3. This cycle usually begins with the release of primary
or secondary microplastics into the terrestrial and aquatic
ecosystems, followed by their transport into water systems.

Consequently, microplastics enter the food chain of
aquatic organisms and undergo bioaccumulation in their
tissues, gradually working their way up the trophic levels
as zooplankton, small fish, larger fish, and other organ-
isms consume them. Swallowing these pollutants has been
shown to have toxic effects on aquatic life, including fish,
oysters, mussels, and sea turtles, such as compromising
their immune and digestive systems and potentially lead-
ing to their demise (Matsuguma et al. 2017; Hipfner et al.
2018; Caron et al. 2018). Microplastics have the potential
to directly affect human health, as they can enter the human
food chain through the consumption of contaminated fish or
other aquatic organisms. Studies have shown that microplas-
tics can have cytotoxic effects on human brain cells (Schir-
inzi et al. 2017). In addition to carrying toxic chemicals,
microplastics can adsorb various contaminants, including

Fig.3 Life cycle of microplastics in the environment. The discharge
resulting from diverse activities flows into aquatic systems, introduc-
ing microplastics into the food chain and their subsequent bioaccu-
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antibiotics, due to their large surface area, further exacerbat-
ing the problem of microplastic pollution (Li et al. 2018) .
Furthermore, the cycle of microplastics in the environment
continues as they may be excreted by humans or discharged
as plastic waste materials.

Microplastics have been recently monitored in drink-
ing water in many countries and in bottles of mineral water
(Schymanski et al. 2018). Hence, it is imperative to develop
new methods and innovative techniques for removing plas-
tics from water sources, as conventional methods are inef-
fective in eliminating microplastics due to their small size.
This has led to an increase in the prevalence and persistence
of microplastics in the environment. (Hou et al. 2021). The
review thoroughly investigates several innovative treatment
strategies, including the removal of plastic microbeads
from cosmetics and personal care products, the utilisation
of bioplastics like polyhydroxyalkanoates that can be bio-
logically degraded in the environment, the enhanced reuse
and recycling of plastics, the development of efficient waste
separation strategies in waste treatment facilities, and the
use of bioremediation treatments (Wu et al. 2017; Calero
etal. 2021).

It is worth noting that research into removing micro-
plastics is relatively new, having only started in 2014. The

mulation in the tissues of aquatic organisms. This accumulation can
result in significant adverse effects on the aquatic ecosystem, and
these effects can be directly transmitted to humans and birds
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number of publications related to microplastic removal
was very low in the first two years, with only one publi-
cation each in 2014 and 2015. However, this number has
significantly increased recently, reaching 145 in 2020. This
increase in research could be attributed to a combination of
factors, including the free time researchers had due to coro-
navirus disease 2019 (COVID-19) lockdowns and a growing
scientific interest in addressing the microplastics issue and
finding effective solutions in line with global initiatives to
minimise plastic waste.

Sources of microplastics and problem statement

There is ample evidence that watercourses contain micro-
plastics with various shapes, sizes, densities, structures,
and chemical compositions (Auta et al. 2017). Table 1 lists
various types of microplastics in different countries, with
numerous forms and sizes.

Generally, there are many sources of microplastics,
but they are mainly classified into land- and ocean-based
sources, as shown in Fig. 4.

Land-based sources of microplastics

Land-based sources are responsible for 80-90% of micro-
plastics in water bodies (Duis and Coors 2016). These
sources include plastic bags, bottles, personal care products,
construction materials, and clothing. Plastic incinerators,
which generate bottom ash that contains microplastics, are
also a land-based source of these particles (Yang et al. 2021).
Construction materials, household products, packaging
items, food and drink packaging waste, and waste generated
from shipbuilding are some of the most significant sources
of larger plastic objects on land (Culin and Bieli¢, 2016;
Alomar et al. 2016). Sewage sludge and industrial activities,
particularly those using granules and small resin pellets, are
other probable sources of microplastic discharge into the
aquatic environment (Rolsky et al. 2020; Hale et al. 2020).
In addition to medicines and construction materials, certain
cosmetics and personal care products are also considered
potential sources of plastic pollution, as they may contain
microplastics used as drug carriers or as ingredients (Roch-
man 2018). Face washes, hand soaps, hand gels, laundry
detergents, washing powder, toothpaste, facial creams, mas-
caras, lipsticks, sunblock, and shower gels are some of the
common examples of such products (Guerranti et al. 2019).
Many synthetic fibres, such as polyester, nylon, and acryl-
ics, have been found to shed off clothing and discharge with
the stream wastewater into water bodies (Carney Almroth
et al. 2018). Tire wear and tear of cars greatly release micro-
plastics into the environment (Kole et al. 2017). Therefore,
It is clear that numerous sources of microplastics must be

effectively controlled and minimised to the greatest extent
possible.

Single-use products made of polymeric plastics, such
as drinking bottles, straws, cutlery, coffee cups, and bags,
have been identified as a significant source of plastic pollu-
tion in the environment (Fadare et al., 2020). Furthermore,
the excessive use of single-use face masks made of plastic
polymers, such as polyesters and polypropylenes, during
the coronavirus disease 2019 (COVID-19) has significantly
increased microplastic waste (Fadare and Okoffo 2020).
Replacement of conventional plastic materials used in face
masks and other products with sustainable, eco-friendly
materials that can be easily degraded is necessary should
future waves of COVID-19 occur.

Ocean-based sources of microplastics

Approximately 10-20% of microplastics discharged into
the aquatic environment come from ocean-based sources,
including seaside tourism, commercial fishing, marine ves-
sels, and offshore industries (Li 2018; Karbalaei et al. 2019).
Discarded or lost fishing gear, such as plastic monofilament
lines and nylon nets, are a significant source of microplas-
tics that can float at different depths in the ocean (Naji et al.
2017). Over 600,000 tonnes of fishing gear are thrown
away in the ocean each year, contributing to the problem
(Good et al. 2010). Shipping microplastic waste, commonly
released from shipping and naval vessels, also adds to the
problem (Peng et al. 2018). Moreover, a massive quantity of
plastic waste from offshore industries, such as petrochemi-
cals, is being released into marine ecosystems (Calero et al.,
2021). While the contribution of ocean-based sources to
microplastic pollution is not as high as land-based sources,
it is still significant. Control strategies are needed to reduce
this contribution.

Microplastics pollution problem
and international response

Recently, microplastics have been found in freshwater eco-
systems, including rivers, lakes, estuaries, wetlands, and
groundwater (Wong et al., 2020; Du et al., 2021). While the
concentration of microplastics in freshwater environments
is lower than in marine environments, contamination of
freshwater is rapidly increasing at an unprecedented rate (Li
et al. 2020a). Water quality, human activities, urbanisation,
and wastewater treatment technologies are key factors that
regulate microplastic pollution levels in freshwater systems
(Zhang et al. 2022a). Wetlands are among the largest eco-
systems that receive microplastics from municipal, agricul-
tural, and industrial wastewater, making them a significant
sink for microplastics (Kumar et al. 2021). Microplastics are

@ Springer
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Fig.4 Land-based and ocean-based microplastics' sources. Land-
based sources contribute 80-90% of microplastics to water bodies,
which include plastic bags, plastic bottles, personal care products,

more likely to settle in lakes than rivers as they represent a
closed-water body and have lower current rates that control
microplastic transport (Lu et al. 2021a).

Additionally, the presence of microplastics in freshwater
is influenced by varying rainfall patterns (Eo et al. 2019).
With the increasing contribution of various sources of
microplastics to freshwater systems, it is crucial to employ
innovative, highly effective, and sustainable mitigation
measures to protect freshwater resources, especially given
the current overpopulation growth and water shortage in
most countries worldwide.

Concerns about the impact of plastic and microplastic
contamination have boosted public awareness and respon-
sive actions. Schools have adopted instructional activities
on plastics, non-governmental organisations have launched
campaigns, and certain corporations have pledged to mini-
mise plastic usage (Messing 2021). As an international
response to the aggravating problem of microplastics, the
USA enacted the Microbead-Free Waters Act in 2015 to ban
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plastic incinerators, construction materials, and textiles. Ocean-based
sources contribute 10-20% of microplastic discharge into water bod-
ies, mainly marine vessels, plastic litter on beaches, and fishing gear

the addition of plastic microbeads in the manufacturing of
personal care products (McDevitt et al. 2017). In addition,
other countries, including the European Union countries,
have recently started to phase out plastic microbeads from
numerous products like cosmetics (Wu et al. 2017). Europe
also called for the recycling of plastic materials in 2018 by
embracing the so-called European Strategy for Plastics in a
Circular Economy as well as implementing other initiatives
to protect the environment, such as "Zero Plastics to Land-
fill" (Du et al., 2021).

On the level of the Far East countries, China advocated
"Opinions on Further Strengthening the Control of Plastic
Pollution" at the beginning of 2020 (Du et al. 2021). There-
fore, it is unequivocal that most countries seek the phase-
out of plastics and search for sustainable alternatives. At
the fourth United Nations Environment Assembly in March
2019, Officials (ministers) of the environment from more
than 150 nations pledged to substantially eliminate single-
use plastic goods by 2030 (Xu et al. 2021a). This action
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came after a previous assembly agreement highlighting
the necessity of long-term microplastic removal from the
oceans. Additionally, governments agreed three years ago,
in May 2019, to modify the Basel Convention by officially
asking for the importing countries' consent for contaminated
plastic trash (Agamuthu et al. 2019). Moreover, many coun-
tries worldwide are now adding taxes on plastics that cannot
be recycled to limit the production of these plastic materials
(Silva et al. 2020).

Toxicological profiles of microplastic
exposure

Microplastics have been found to have adverse effects on
the environment and living organisms, including humans.
Numerous studies have investigated the toxic effects of
microplastics, including both in vitro studies (Choi et al.,
2021a; Chan et al. 2017; Stock et al. 2021; Han et al. 2020;
Hwang et al. 2020) and in vivo studies, primarily in marine
organisms (Jin et al. 2018; Akhbarizadeh et al. 2018; Olivi-
ero et al. 2019; Mateos-Cardenas et al. 2019) and a few on
rodents (Devriese et al. 2017; Li et al. 2020b; Santana et al.
2018). Moreover, studies have investigated the accumulation
of microplastics from human samples in a clinical setting,
including stool, colectomy samples, human placenta, and
meconium (Wibowo et al., 2021; Ibrahim et al. 2021a; Braun
et al. 2021). In the absence of epidemiological data, various
in vitro studies have utilised different types of human cells to
evaluate the effects of microplastics on humans (Danopoulos
et al. 2021). The types of human cells used include human
lung epithelial cells (Dong et al. 2020), human adenocar-
cinoma cell line (Wang et al. 2020b), human dermal fibro-
blasts (Hwang et al. 2020), peripheral blood mononuclear
cells (Hwang et al. 2020), with a total of ten different types
of human cells being used.

One of the issues is whether exposure to microplastics
may lead to crucial adverse effects on human health. Based
on this concern, Danopoulos et al. (2021) evaluated the
exposure using meta-regression analysis on secondary data
from different in vitro studies using human cells. A total
of 168 publications were screened, and only 24 full arti-
cles were assessed. Seventeen full articles were eligible for
the rapid review, and only eight proceeded for quantitative
meta-regression analysis. The findings of the toxic effects
on human cells were grouped into the biological endpoint
categories: cytotoxicity, immune response, oxidative stress,
barrier attributes, and genotoxicity. Among five biological
endpoints, four were confirmed to be the effects of micro-
plastics on human cells. For instance, irregular shapes of
microplastics had significant biological effects. The minimal
dosages of 10 pg/mL (5-200 pm) and 20 pg/mL (0.4 pm)
were found to cause cytotoxicity and immunological

responses, respectively. The human adenocarcinoma cell line
cells are strongly associated with microplastic effects on cell
viability. Additionally, the concentration of microplastics (g/
mL) and exposure time significantly influenced cytotoxicity
and immune response (Danopoulos et al. 2021). These find-
ings suggest that exposure to microplastics may adversely
affect human health, and further research is needed to fully
understand these effects' scope.

Aquatic mammals have been reported to ingest various
polymers, including polyether-sulphone, nylon, cotton, poly-
ester, polyethylene, polypropylene, and ethylene-propylene
(Nelms et al. 2019; Meaza et al. 2021). Microplastics can
also contribute to the bioaccumulation of pollutants in
aquatic mammals due to their hydrophobic surface and
larger surface area-to-volume ratio (Nabi et al. 2022; Wang
et al. 2020b; Verla et al. 2019). Besides, in vivo studies using
marine organisms have shown that microplastics have sig-
nificant toxic effects on animals through different exposure
routes, such as intravenous, subcutaneous, intraperitoneal,
oral, and skin exposure. The effects of microplastic exposure
can vary depending on the route of exposure, either direct
or indirect. Du et al. (2020) state that direct exposure occurs
when pollutants come into direct contact with an organism,
typically causing short-term acute toxicity. Indirect exposure
occurs when microplastics and pollutants integrate into the
food web, causing chronic organ toxicity.

Furthermore, in vivo have investigated the effects of vari-
ous microplastic sizes, concentrations, and exposure dura-
tions. Most studies on marine organisms have focused on
acute exposure rather than chronic exposure, and microplas-
tics with sizes less than 5 mm have been commonly used.
These studies have shown that microplastics accumulate and
distribute in the gastrointestinal tract, gills, and fish muscles.
Ingestion of microplastics in marine animals has been linked
to alterations in gastrointestinal tract physiology, immune
system depression, oxidative stress, cytotoxicity, differen-
tial gene expression, and growth inhibition (Oliviero et al.
2019; Meaza et al., 2021; Kedzierski et al. 2018; Nabi et al.
2019; Amin et al. 2020; Ugwu et al. 2021). These findings
are confirmed by Danopoulos et al. (2021), who reported on
the biological endpoint caused by microplastics to different
human cells. In addition, studies have shown that microplas-
tics can cause harmful alterations in the gastrointestinal tract
physiology of marine organisms, such as an imbalance of gut
microbiota in adult zebrafish, splitting of enterocytes, and
cracking of villi (Jin et al. 2018; Lei et al. 2018). Qiao et al.
2019 also proved that after 21-day exposure to microplastics,
the zebrafish exhibited microbiota dysbiosis, which altered
the normal metabolism process (Qiao et al. 2019).

In addition to the effects observed in fish and mammals,
microplastics were also found to cause adverse effects on coral
and sea urchins. Tang et al. (2018) showed that acute exposure
to microplastics activated the stress response in Scleractinia
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coral Pocillopora damicornis while suppressing its immune
system and detoxification processes through the c-Jun N-ter-
minal kinases and extracellular signal-regulated kinases signal-
ling pathways (Tang et al. 2018). Meanwhile, Oliviero et al.
(2019) reported that exposure to microplastics led to reduced
larval length and blocked larval development of sea urchins,
with the magnitude of the effect depending on the dose of
exposure. Furthermore, Qiao et al. (2019) observed that micro-
plastics induced oxidative stress in zebrafish by elevating cata-
lase and superoxide dismutase levels in intestinal tissues and
altering glutathione levels (Qiao et al. 2019). Overall, these
studies demonstrate microplastics' potential wide-ranging
harmful effects on different marine organisms.

Amphipods were the primary target of studies on the harm-
ful effects of microplastics against invertebrates in the mari-
time environment. Several studies have reported that micro-
plastics cause growth inhibition and decrease the growth of
invertebrates. For instance, Deng et al. (2017) proved that
microplastics could inhibit the growth of Skeletonema cos-
tatum, and freshwater algae Chlorella pyrenoidosa and Tet-
raselmis chuii were also inhibited (Davarpanah and Guilher-
mino 2019). In addition, chronic microplastic exposure can
promote reproductive toxicity in Daphnia magna, Daphnia
pulex, and Ceriodaphnia dubia (Jaikumar et al. 2019). Fur-
thermore, Mateos-Cardenas et al. (2019) reported that micro-
plastic exposure to amphipods for 24 and 48 h did not signifi-
cantly affect their mortality and mobility.

Besides marine organisms, several in vivo studies have
examined the effects of microplastics on different animals,
such as nematodes, Oligochaeta, arthropods, earthworms
and rodents. Lei et al. (2018) reported that the size of the
microplastics used affected the effects of microplastics on
nematodes. In particular, exposure to 1.0 um polystyrene at a
concentration of 1 mg L™! significantly downregulated gene
expression associated with damage to cholinergic and gamma-
aminobutyric acid-ergic neurons in nematodes. Similarly,
Deng et al. (2017) found that the tissue accumulation of micro-
plastics in mice was influenced by the size of the microplastics
tested, with a significantly higher accumulation of 5 um poly-
styrene in the kidney and gut compared to 20 um polystyrene.
The study also revealed that microplastics affected neurotrans-
mission in mice. On the other hand, Zhu et al. (2018) found
that the effects of microplastics on Oligochaeta were mainly
dependent on the exposure concentration.

Current knowledge and awareness
of microplastic pollution

Various interrelated environmental issues exist today, such
as the association between microplastic pollution, cli-
mate change, and biodiversity loss (Garcia—Vazquez and
Garcia-Ael 2021). Rachel Carson, a renowned pioneer in
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environmental sciences, speculated about these intercon-
nections in her influential book "Silent Spring," published
in 1962 (Carson 2015). The correlation can be easily justi-
fied due to the high production of greenhouse gases while
manufacturing microplastic-based products that require fos-
sil fuels. Consequently, when these products are used, their
waste materials are released into the aquatic environment,
causing harmful effects on all living organisms, including
phytoplankton, zooplankton, and top consumers (De S4 et al.
2018). This results in the disturbance of the entire ecosystem
and the loss of species and ecosystem diversity, which can-
not be restored.

It is worth mentioning that the public’s comprehension
of these environmental issues, their root causes, their nega-
tive impacts, and their mitigation measures is a key solu-
tion and a quintessential step in tackling and controlling all
these issues. However, the lack of basic knowledge, ambigu-
ous facts, and the absence of clear information about envi-
ronmental issues, particularly microplastic pollution, thus
hinders the mitigation process of these issues (Deng et al.,
2020b). In addition, a prevalent misunderstanding among
the general public, including the well-educated, about the
distinction between plastics and microplastics and the dif-
ficulty in identifying certain microplastic-based products
exacerbates the issue. This was highlighted in a study that
explored the knowledge levels of people in Shanghai, China,
through surveys and questionnaires (Deng et al. 2020b). To
address this, several measures must be implemented, which
will be extensively discussed in this section, to enhance
public awareness of microplastic concerns and facilitate the
development of effective solutions.

The first step in microplastic control is to ensure that
all aspects of microplastic issues, including their various
origins, types, effects, fates, and other related factors, are
covered in school and university curricula. By introducing
this topic early on, students and young people can become
familiar with the issue as early as possible. This approach
could be implemented by teaching and connecting the
microplastics issue through different subjects, as recently
demonstrated in high schools in the San Diego area in the
USA (Schiffer et al. 2019). For instance, chemistry courses
taught students to differentiate between different types of
plastics based on their properties and structures. Environ-
mental science courses covered how these materials degrade
into microplastics when released into the environment, and
marine science courses explored their negative impacts on
aquatic organisms. Additionally, students learned to apply
computational models and machine learning techniques to
investigate and speculate about plastic materials' degradation
pathways and fate.

Furthermore, students should be encouraged to par-
ticipate in research projects and write scientific reports to
develop a solid background and offer practical solutions
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for microplastic issues. The American Chemical Society
recently introduced new guidelines to the plastics and poly-
mer industry and innovative research techniques to bach-
elor’s students in the USA, providing a great example of
such an approach (Wenzel et al. 2015). Overall, it cannot be
overstated how critical it is to introduce microplastic issues
in school and university curricula by covering multiple
aspects and involving students in critical thinking to sug-
gest solutions to tackle this challenging and growing issue
of microplastics.

The media has raised public awareness of microplastics
in many countries, including the UK. The British Broadcast-
ing Corporation (BBC), for example, has produced several
documentaries and television shows that present the issue
of plastic pollution in a simple and easily understandable
way, encouraging the public to avoid using single-use plastic
items. Through these efforts, the media has helped educate
people about the impact of microplastics on the environment
and motivated them to reduce their use of plastics (Hender-
son and Green 2020). The media is responsible for providing
information and guidelines to the public and helping the
constitutional authorities, political parties, and policymakers
make the right decisions and reach real solutions for many
urging environmental issues (Hansen 2018). In addition, the
internet, in its different social media platforms, has recently
constituted a powerful source for providing general and
meticulous scientific information about microplastics (Gar-
cia—Vazquez and Garcia-Ael 2021). In this regard, a group
of researchers from Spain has recently tried to investigate the
public’s response to the detrimental effects of microplastics
on the marine environment by analysing more than 140,000
tweets on Twitter (Otero et al. 2021). The authors consid-
ered such investigation a vital tool in identifying the main
spots of microplastic pollution worldwide by analysing the
exact locations and languages of the posted tweets. Thus, it
is unequivocal that everyone should be cautious about using
plastic and microplastic-based products, seek to reduce their
reliance on them as much as possible, and look for other
environmentally friendly alternatives like bioplastics.

Another approach is the public’s perception of consumer-
ism. Excessive consumerism became common in most coun-
tries, owing to the industrial revolution that started in the
eighteenth century and, more specifically, after experienc-
ing significant economic development and prosperity after
the Second World War (Khan et al. 2020). Consequently,
people started to experience the luxurious lifestyle and give
more value to buying and those who purchase more. Such a
societal concept was one of the main reasons behind the sub-
stantial increase in the amount of produced waste materials,
not just limited to microplastics but also extending to other
sorts of wastes, such as food, drugs and cosmetics, clothes,
electric devices like phones and computers (Tamazian et al.
2009). Although changing the public’s societal behaviours

is not reckoned an easy task, it is highly required to restrain
the vast amounts of released waste materials and help the
governments control the exacerbating issue of microplastics.

It is worth noting that in many countries, governmental
policies have effectively reduced plastic consumption. For
example, some countries have implemented bans, taxes, or
pricing on plastic carrier bags, encouraging the public to use
reusable bags and significantly reducing plastic consump-
tion. In China, the use of plastic bags decreased by 49%
following the introduction of a plastic bag ban (He 2012),
while Botswana saw a 50% reduction in plastic bag use after
implementing a plastic bag tax (Dikgang and Visser 2012).
Similarly, Denmark achieved a 66% reduction in plastic bag
use after implementing a plastic bag tax (Dikgang et al.
2012), and Portugal saw a 74% reduction after introducing
a plastic bag tax (Martinho et al. 2017). In Washington, the
use of plastic bags decreased by 80% following the introduc-
tion of a plastic bag fee (Romer and Foley 2011), and the UK
saw reductions of between 8 and 85% after implementing a
plastic bag charge (Poortinga et al., 2016). These examples
illustrate the significant impact that governmental policies
can have on reducing plastic consumption and mitigating the
issue of microplastics in the environment. The implemen-
tation of these policies was not without challenges, given
the numerous benefits that plastic carrier bags offer, such as
sturdiness, longevity, water resistance, and more. However,
the encouraging results demonstrated the effectiveness of
controlling the utilisation of plastics and microplastics by
enforcing restrictions, fostering international cooperation
among different nations, and, most importantly, enhancing
public awareness.

Biological specimens for the detection
of microplastics

Exposure to microplastic mainly affects the cellular and
molecular components of living organisms. Understanding
the origin, circulation, and susceptibility of microplastics
in humans is essential for maintaining good health. Due to
their position at the apex of the food chain, several animals,
including humans, have been found to have accumulated
microplastics in their circulatory systems (Sikdokur et al.
2020). Water consumption and food contamination signifi-
cantly contribute to human microplastic exposure (Danop-
oulos et al. 2020). Food contaminated with microplastics,
particularly seafood, is the primary source of exposure route
for humans (Toussaint et al. 2019). It is also possible that
people might be exposed to microplastics via air ingestion
or through skin contact. When breathed in or consumed,
microplastics may produce local particle toxicity stimulating
immunological responses (Enyoh et al. 2020). A growing
body of research suggests that people are often exposed to
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various plastics, ranging from microbeads to large bottles.
As the evidence of microplastic exposure and the toxicity
effect is prominent, it is necessary to assess the presence of
microplastics in the human body through biological samples
such as faeces, sputum, and placenta.

The reported in vitro and in vivo studies do not fully
assess the risk of adverse effects of microplastics on human
health, with some studies being conducted in the clinical
setting. Specifically, the clinical studies examined the accu-
mulation of microplastics from different human biological
samples. For example, Wibowo et al. (2021) collected stool
samples from healthy participants from a fisherman com-
munity living in the coastal region of Kenjeran, Surabaya,
and Indonesia. They found that 50% of the participants were
positive for microplastics in their stool, with high-density
polyethylene spotted as the most predominant contaminant.
However, Ibrahim et al. (2021a) reported that 100% of the
sample collected had microplastic in human colectomy spec-
imens, in which nine subjects had colorectal cancer, and
another two were healthy subjects.

Interestingly, the study considered the potential micro-
plastic airborne contamination and preventive steps. In addi-
tion, researchers found that samples taken from the human
placenta and foetal meconium contained polyethylene,
polypropylene, polystyrene, and polyurethane (Braun et al.
2021a). The study's primary limitation was that microplas-
tics were detected in the control sample, indicating the pos-
sibility of contamination in the samples. Due to the potential
high risk of environmental contamination with microplas-
tics, clinical investigations are constrained. Therefore, pre-
cautions must be taken in clinical research in the future to
avoid environmental contamination. Future research is also
required to confirm and further explore the harmful effects
of microplastics on human health as well as the underlying
mechanisms. In addition, evaluating risk factors that may
affect human exposure to microplastics is also beneficial.

Microplastics in faeces

Microplastics are widely present in food and water sources,
making human consumption unavoidable or unknowing. In
a preliminary study, researchers used mass spectrometric
analysis to examine polyethylene terephthalate and polycar-
bonate microplastics in faecal samples obtained from infants
and adults. Although the polycarbonate microplastic content
was the same in both groups, the researchers suspect infants
may be more exposed to microplastics due to their frequent
use of items such as bottles, teethers, and toys (Zhang et al.
2019). Fifteen different types of microplastics were identi-
fied in the faecal samples, with polyethylene terephthalate
and polyamide being the most frequently detected (Yan
et al. 2022a). It is unclear whether microplastic consump-
tion causes a health concern. In recent research, microplastic
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content in the faeces of patients with inflammatory bowel
disease was greater than that of healthy persons. These stud-
ies also indicate a strong correlation between the severity of
inflammatory bowel disease and faecal microplastics (Yan
et al. 2022a).

Detecting multiple types of microplastics in human fae-
cal samples suggests that these particles are inadvertently
ingested from various sources (Schwabl et al. 2019). While
numerous studies have reported finding microplastics in
human faeces, there is currently no standardised method
for extracting them from these samples. One of the main
challenges in extracting microplastics from human faeces
is distinguishing between organic and inorganic materials.
Digestion techniques involving nitric acid (HNO;), hydro-
gen peroxide (H,0,), potassium hydroxide (KOH), sodium
hydroxide (NaOH), and enzymes are commonly used to
extract microplastics (Yan et al., 2020). Plastic particles may
be damaged by powerful chemical reactions and high tem-
peratures, which necessitates the use of necessitating gentler
procedures. Yan et al. (2020) suggested using Fenton's rea-
gents for sample identification, nitric acid, and ethyl alcohol
to break down materials and ethyl alcohol to remove resi-
dues on microplastic surfaces. This could preserve various
types of plastic polymers in human faeces. Proteins, lipids,
bacteria, and other faecal compounds must be digested for a
comprehensive sample (Zhang et al., 2021c¢).

Microplastics in sputum, saliva,
and bronchoalveolar lavage fluid

The contamination of microplastics in the air may have
resulted from various sources, such as microfibre leakage
into the water cycle from washing garments. However, direct
release from textiles might significantly contribute to micro-
plastic pollution, with less attention (Napper and Thompson
2016; De Falco et al. 2020). Modest amounts of microplas-
tics in the respiratory tract have triggered the release of reac-
tive oxygen species, which may lead to alterations in lung
cell metabolism, proliferation, and cohesiveness (Goodman
et al. 2021). The research identified 21 kinds of microplas-
tics in sputum samples, with polyurethane constituting the
majority. This research suggests that inhalation is a potential
entry point for microplastics (Huang et al., 2022a).
Comparatively, a study conducted in Iran showed that
saliva might not be a great choice for investigating the pres-
ence of microplastics in the human body as it exhibited
relatively lower content than samples taken from hair and
skin (Abbasi and Turner 2021). Bronchoalveolar lavage fluid
obtained by instilling and recovering a saline solution from
one or more lung segments may provide useful information
about alveoli and foreign materials in respiratory airways
(Sartorelli et al., 2020). Fourier transform infrared spectros-
copy and scanning electron microscopy-energy dispersive
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spectroscopy proved the presence of microplastics in human
bronchoalveolar lavage fluid. This finding correlates with
the link between microplastic content and possibly damaged
and decreased lung function (Baeza-Martinez et al. 2022).

Microplastics in blood and placenta

Blood is an ideal biological sample for testing the presence
of plastics because it is directly obtained from the body and
does not come into contact with any plastics. Leslie et al.
(2022) established the bioavailability of plastic microparti-
cles in the human bloodstream. They found four high poly-
mers used in plastics, such as polyethylene terephthalate,
polyethylene, polymers of styrene, and methyl methacrylate,
in the blood of 22 healthy participants. The researchers used
steel syringe needles and glass tubes to avoid contamination
and evaluated for background levels of microplastics using
blank samples. According to new research, scientists have
discovered microplastics for the first time in the human pla-
centa, raising concerns that the compounds may interfere
with embryonic development. Raman microspectroscopy
was used to evaluate six human placentas collected from
women who agreed to have their pregnancies monitored
for microplastics. The sample was processed in a confined
and controlled environment to avoid cross-contamination,

revealing the presence of 12 microplastic fragments (Ragusa
et al., 2021a).

In a separate study using the placenta, researchers devel-
oped a new technique analysing multiple contaminations for
their plastic components, and the results were compared to
the placenta, meconium, and maternal faeces. The samples
collected through caesarean and breech deliveries enabled
greater management of potential plastic contamination.
Using pre-cleaned metal containers to store biological sam-
ples promptly readied samples for shipment and analysing
negative samples ensures minimal cross-contamination, thus
increasing the reliability of the result (Braun et al., 2021b).
Table 2 highlights the biological specimens for the detection
of microplastics.

Detrimental effects of microplastics
ingestion on human health

The associated molecular mechanisms underlying micro-
plastics' impacts on human health are summarised in
Fig. 5. Exposure to the human body through ingestion of
food containing plastic particles may pose potential health
risks to humans, including cancer, immunotoxicity, intes-
tinal diseases, pulmonary diseases, cardiovascular disease,

Table 2 Biological specimens for detection of microplastics. Microplastic contamination was found in biological specimens such as blood, spu-

tum, meconium, faeces, saliva, bronchoalveolar lavage fluid, and placenta

Study participants Locations Technique of analysis Polymer types Reference

Three meconium, six infants, New York Mass spectrometry Polyethylene terephthalate and Zhang et al. (2019)
and ten adult faeces polycarbonate

Faeces of patients with inflam- China Raman spectroscopy Polyethylene terephthalate and Yan et al. (2022a)

matory bowel disease and
healthy people

polyamide

Faeces of eight healthy volun-
teers aged 33 to 65 years

Europe and Asia

Fourier transform infrared
spectroscopy

Sputum of 22 patients suffer-  China Fourier transform infrared
ing from different respira- spectroscopy
tory diseases

8000 samples of saliva from  Iran Raman spectroscopy
adult

Bronchoalveolar lavage fluid ~ Europe Fourier transform infrared
from 44 adult patients under- spectroscopy
going a bronchoscopy

Blood samples from 22 Netherlands Fourier transform infrared
healthy volunteers spectroscopy

Placenta from healthy women Italy Raman microspectroscopy
and have a vaginal delivery

Placental tissue and meco- Austria Fourier transform infrared

nium specimens during two
caesarean sections for breech
deliveries

spectroscopy

Polypropylene and polyethyl-
ene terephthalate

Polyurethane polyester, chlo-
rinated polyethylene, and
alkyd varnish

Not detected

Microfibres (rayon/viscose
polyester cellulose and
cotton)

Polyethylene terephthalate,
polyethylene, and polymers
of styrene

Polypropylene

Polyethylene, polypropylene,
polystyrene, and polyure-
thane

Schwabl et al. (2019)

Huang et al. (2022a)

Abbasi and Turner (2021)

Baeza-Martinez et al. (2022)

Leslie et al. (2022)

Ragusa et al. (2021a)

Braun et al. (2021b)

The widespread contamination of microplastics is a concerning issue.
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«Fig.5 Detrimental effects of microplastic ingestion on human health
and toxic mechanisms. Microplastics found in everyday items, includ-
ing bottle packaging, can have harmful effects on human health
when ingested. Once absorbed through the intestines, they can travel
through the circulatory system to other organs. Different mechanisms
can take microplastics, such as membrane damage, clathrin/caveolin-
dependent, caveolin-dependent, clathrin-dependent, and micropino-
cytosis. High levels of microplastics can increase oxidative stress,
producing inflammatory cytokines, apoptosis, cytotoxicity, and gene
expression disturbances

inflammatory diseases, as well as pregnancy and maternal
exposure to progeny. This section summarises the toxic
mechanisms and effects of microplastics potentially caus-
ing harm to humans.

Microplastic-induced cancer

Microplastics have recently been linked to several health
problems, including toxicity and carcinogenicity, when
consumed by humans (Gasperi et al. 2018; Blackburn and
Green 2022). Due to the small size of microplastics, they
have a high ratio of surface area to volume. Materials with
a high surface area are highly cytotoxic to cells and tissue
and can damage deoxyribonucleic acid (DNA) inside the
cells. These mutations occur due to deoxyribonucleic acid
damage that can lead to cancer (Campanale et al. 2020).
Furthermore, uncontrolled waste of microplastics in water
tends to absorb hydrophobic organic pollutants from water
(Rodrigues et al. 2019). These harmful organic pollutants are
carcinogenic, and long-term exposure can cause deoxyribo-
nucleic acid mutations that contribute to cancer formation
(Mishra and Rahi 2022). In addition, heavy metals such as
arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg),
and lead (Pb) used in the production of plastics are carcino-
genic, according to the International Agency for Research
on Cancer (IARC).

Epidemiological studies have shown that long-term expo-
sure to microplastics is highly associated with cancer devel-
opment in humans and animals (Karimi et al. 2021). Due to
their small size, microplastics can be directly consumed by
various marine organisms and contaminate the human food
chain via the bioaccumulation process (Zhao 2022). Given
the data and information on the levels of seafood consumed
globally, humans are likely to be exposed to microplastics
at a certain level (Campanale et al. 2020). For instance,
a study by Smith et al. (2018) showed that the consump-
tion of bivalves by Europeans was estimated to be up to
11,000 microplastics per person per year. Once consumed
by humans, the particles of microplastics with sizes less than
2.5 mm can enter the digestive tract via a cellular process
called endocytosis by the microfold cells of Peyer’s patches.

The amount of microplastic consumed influences
the accumulative effect due to properties such as

hydrophobicity and chemical composition. Based on the
microplastic levels in humans at the gastrointestinal level,
this hypothesis was further validated by microplastics in
the human stool samples. These studies provide direct
evidence of plastic consumption in humans that may lead
to the development of various cancers (Campanale et al.
2020; Sharma et al., 2020).

Prata et al. (2020b) showed that microplastic intake
might cause chronic inflammation and irritation, leading
to deoxyribonucleic acid damage. Previously, it was also
reported that the release of pro-inflammatory mediators
that produce angiogenesis has resulted in the formation
and progression of malignancies (Chang 2010a). For
example, polycyclic aromatic hydrocarbons in food and
water have become a general concern (Sharma and Chat-
terjee 2017). The cancer assessment risk study on the
effects of microplastics evaluated by Sharma et al. (2020)
revealed that microplastics adsorbed at around 236 ug/L
of polycyclic aromatic hydrocarbons from water. This
study demonstrates that microplastic leaching from plastic
products is approximately 1000 times more dangerous than
benzo[a]pyrene. The toxicological studies revealed that the
toxic equivalent factor of microplastic linked with poly-
cyclic aromatic hydrocarbons was calculated at 88.21 pg,
implying that the cancer risk was 1.28 x 107> higher than
the approved value of 10°.

Because microplastics are primarily absorbed through the
stomach, they pose a risk of cancer development. Although
several research works have explored the effects of plastic
on humans, its impact on the stomach is still unclear (Cam-
panale et al. 2020). Recently, Kim et al. (2022) demonstrated
that long-term exposure to microplastics can increase the
risk of stomach cancer. The presence of microplastics has
caused the enhanced expression level of asialoglycoprotein
receptor 2 (ASGR2). The elevated level of ASGR2 indi-
cates the presence of typical cancer hallmarks such as CD44,
N-cadherin, programmed death ligand 1 and proliferation.
In addition, the excess exposure to microplastics caused a
decrease in survival rate and an increase in the growth of
tumours (Kim et al. 2022).

Wang et al. (2020c) reported that the different size of
microplastics affects their toxicity in humans. The high
toxicity to human cancer coli-2 cells (Caco-2) activity
was observed in the microplastics with the size of 0.3 mm,
0.5 mm and 6 mm. Still, lower toxicity was demonstrated
in 1 and 3 mm microplastic sizes. The toxicological studies
were conducted by observing the reaction of Caco-2 cells to
microplastics with different particle sizes. The uptake rates
of microplastics were high (73%) at a small particle size and
low (30%) at a large particle size. This finding shows that as
the surface area is increased, the cellular oxidative stress is
increased. Along with the adsorption characteristic, using
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bisphenol A as a plasticiser and microplastic nano-scale size
has shown synergistic toxicity on Caco-2 cells.

On the other hand, a study showed that bisphenol A expo-
sure could lead to local inflammation and affect colon cell
permeability. This process was mediated by elevated lev-
els of interferon-g, interleukin-17 and immunoglobulin A
(Malaisé et al. 2018). Interferons are proteins that are part
of human nature and defences. They signal the immune sys-
tem when germs or cancer cells are detected in the body.
Meanwhile, interleukin-17 promotes cancer cell survival
and induces resistance to conventional chemotherapeutic
agents (Bastid et al. 2020). In addition, an elevated level of
serum immunoglobulin A has been observed in patients with
breast, colon and liver cancers (Qiu et al., 2003).

Besides, exposure to bisphenol A caused similar effects
on the colon cell and local inflammation in rats (Braniste
et al. 2010). The process was related to the binding of bis-
phenol A to oestrogen receptor beta, primarily found in
humans' intestines (Campbell-Thompson et al., 2001). The
overexpressed colon cancer cells due to bisphenol A expo-
sure in oestrogen receptor beta were associated with colon
cancer growth. Bisphenol A appeared to block the oestrogen
actions produced by the respective receptor. For example,
the oestrogen-induced activation of the apoptotic cascade
was impaired by the presence of bisphenol A, which affected
the protection of endogenous oestrogen hormone in stopping
colon cancer cell growth. Therefore, it can be concluded
that bisphenol A exposure affects the immune functions and
variation of microbiota, causing a pro-tumour inflammation
in the human colon that favours colon cancer's growth (Bolli
et al. 2010).

The digestive tract is another potential point of micro-
plastic entry in humans. The studies conducted by Good-
man et al. (2021) demonstrated evidence of microplastic
in lung tissues with sizes smaller than 5.5 mm. The types
of polymers used were polyethylene and polypropylene.
Adverse health effects may be associated with the heteroge-
neous characteristic of these microplastics in the respiratory
system.

Meanwhile, research studies by other groups have
revealed that microplastics in human lungs affect cell pro-
liferation and activate morphological changes (Amato-
Lourenco et al. 2021). For example, different-sized micro-
plastic was exposed to human alveolar A549 cells. It was
further shown that sizes caused a significant reduction in cell
proliferation with different cytotoxicity values. This distur-
bance at the proliferative levels of human cells proved that
airborne microplastics might have a toxicological impact on
cancer development (Amato-Lourenco et al. 2021).

The tri-o-cresyl phosphate, one of the isomers of plas-
ticisers, is reported to have neurotoxic effects and cause
liver and reproductive toxicity (Bockers et al., 2020).
Investigations on the impact of tri-o-cresyl phosphate
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utilisation in microplastic showed that growth impairments
affect reproduction and fertility in aquatic animals (Liu
et al., 2020). Therefore, there is a high possibility of leach-
ing from microplastics that affect the endocrine system.
Another group (Bockers et al., 2020) studied the effects
of tri-o-cresyl phosphate on human breast cancer cell
line (MCF-7) and oestrogen receptor o human embryonic
kidney-oestrogen receptors (HEK-ESR) cells. The study
demonstrated that the coordination of tri-o-cresyl phos-
phate to oestrogen receptor o in silico had a high tendency
to induce tumour growth by overexpressing angiogenesis
and nutritional supply. This action promoted invasion and
metastasis, affecting the cell cycle. Therefore, such action
reveals that tri-o-cresyl phosphate exposure affects the
endocrine system as oestrogen receptor a cells HEK-ESR
and MCF-7 breast cancer cells.

Although exposure to plasticisers such as bisphenol A
and tri-cresyl phosphate has been confirmed in the devel-
opment of breast cancer, little is known about the mecha-
nisms of cancer development. To obtain a clear view of
the mechanism, Deng et al. (2021) exposed human breast
cancer cell line (MCF-7) cells to bisphenol A at differ-
ent concentrations and reaction times (Deng et al., 2021).
This study showed that bisphenol A exposure significantly
promoted the proliferation and migration of MCF-7 cells.
Interestingly, the protein expression levels of pituitary
tumour-transforming gene 1 (PTTG1) were enhanced
considerably under bisphenol A exposure. Besides, the
increased expression of PTTG1 was due to the inhibi-
tion of microRNA (miR-381-3p). The expression of miR-
381-3p was low and exhibited an inverse correlation with
the expression of PTTGI in breast cancer tissues. There-
fore, these findings reveal that bisphenol A can cause high
protein expression of PTTGI and affect the cell cycle to
increase MCF-7 cell proliferation by suppressing the
expression of miR-381-3p).

Similar to the pathophysiology of breast cancer, pros-
tate cancer is also subjected to the activity of steroid and
androgen receptors (Dobbs et al. 2019). It was demonstrated
that the excess bisphenol A exposure could affect the deox-
yribonucleic acid by breaking the double strand, causing
instability of genomic and chromosome rearrangements.
Moreover, the modifier effect of bisphenol A on the cellular
epigenome and metabolome has the potential risk of caus-
ing secondary mutagenesis and tumour development (Allard
and Colaidcovo 2010). Hu et al. (2021a) investigated the
principal component analysis plot based on 96 trinucleotide
context of sample prostate adenocarcinoma (PRAD-CA)
and showed mutation spectra in the respective tumour sam-
ple. This result indicated that bisphenol A exposure leads
to the damage of deoxyribonucleic acid and caused causes
mutagenesis in human cells, thus inducing complex muta-
tional effects in somatic genomes. Such findings are close to
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those in patients with stomach and ovarian cancer. Table 3
shows microplastics' impacts on cancer development and
associated molecular mechanisms.

Immunotoxicity

Numerous immune cells underneath the intestinal epi-
thelium coordinate the immune response by presenting
antigens, generating antibodies, and releasing cytokines.
Another element of the immunological barrier is secre-
tory immunoglobulin A, mostly found on the surface of the
human body's intestinal mucosa, which may interact with
symbiotic bacteria to protect against infections (Shi et al.
2021; Hirt and Body-Malapel 2020a). In other words, the
intestinal immune system defends against non-pathogenic
commensal organisms and harmless food antigens while
reacting quickly to infectious threats and toxins. Several
mechanisms support this sensitive effort, including myeloid
cells, innate lymphoid cells, and T cells. Immunotoxicity is
the term used to describe the negative effects of pollutants
on the immune system. Microplastics have been shown to
have various immune system problems, such as immune cell
death, altered surface receptor expression, and interleukin
production (Sun et al. 2021).

The interactions between microplastics and the immune
system may have immunotoxicity and adverse effects,
including immunosuppression (decreased host resistance
to infectious agents and tumours), immune activation

(increased risk of developing allergic and autoimmune
diseases), and abnormal inflammatory responses (chronic
inflammation, tissue or organ damage and dysfunction)
(Lusher et al. 2017). The absorption and toxicity of poly-
meric microparticles have been examined in mammalian
systems (Wright and Kelly 2017; Blackburn and Green
2022). According to the research, microplastics affect the
immune system and cell health. For instance, in rats, 10% of
the dose was found in the gastrointestinal tract after a five-
day oral course of 60 nm polystyrene nanoparticles (Hirt and
Body-Malapel 2020a). Microplastics are not absorbed but
remain attached to the apical region of intestinal epithelial
cells. This action may result in intestinal inflammation and
local immune system consequences. The primary location of
microplastic absorption occurs in Peyer's patches with many
microfold cells (Carr et al. 2012).

In another study, 0.3% of microplastics administered
orally could penetrate the epithelium, demonstrating the
ineffectiveness of microparticle excretion. The intestinal
absorption of the particles may result in systemic expo-
sure that is toxicologically significant. As a result, ingested
microplastics can interact with intestinal tissues, enter the
bloodstream, and probably stimulate the immune response
(Bouwmeester et al. 2015). In this context, mice exposed to
polyethylene microplastics (10-150 pm, 20 and 200 pg/g)
for five weeks experienced changes in the serum levels of
interleukin-la and granulocyte colony-stimulating factor
(G-CSF) (Li et al., 2020c). Additionally, the regulatory T

Table 3 Impacts of microplastics on cancer development and associated molecular mechanisms.

Biological effect/cancer type Mechanism

e Chronic inflammation and irritation
e Deoxyribonucleic acid damages

e Lead to cancer hallmarks such as CD44, N-cadherin,
programmed death ligand 1, and proliferation

e Decreased survival rate

e Increased the growth of tumours

e Increased cellular oxidative stress

o Inflammation and colon cell permeability are affected
e Breast, colon, and liver cancers

e Cause liver and reproductive toxicity

e Growth impairments

o Breast cancer

e Breast cancer

o Pro-inflammatory mediators
e Progression of malignancies

e Enhanced the expression level of asialoglycoprotein receptors (ASGR?2)

o The toxicological reaction of cancer-coli 2 (Caco-2) cells

e Elevated levels of interleukin-17 and immunoglobulin A

o Induced resistance to conventional chemotherapeutic agents

o Overexpressing angiogenesis and nutritional supply

e As oestrogen receptor «, the endocrine system mediates human embryonic kidney-
oestrogen receptors (HEK-ESR) and human breast cancer cell line (MCF-7) breast
cancer cells

o High protein expression of pituitary tumour-transforming gene 1 (PTTG1)

e Increased MCF-7 cell proliferation by suppressing the expression of microRNA

(miR-381-3p)

o Breaking the deoxyribonucleic acid by double strands causes instability of genomic
and chromosome rearrangements

o Breast cancer

o Prostate cancer

e Secondary mutagenesis
eTumour development

Various cancer types can be developed due to microplastic exposure, which induces several inflammatory responses and deoxyribonucleic acid

damage.

MCF-7 and RNA refer to the human breast cancer cell line and ribonucleic acid, respectively
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cell count was lowered, and the fraction of T helper type 17
cells in splenocytes was increased. In a mice study of the
cross-generational effects of polyethylene exposure (7 pm,
0.125 to 2 mg/day/mouse, for 90 days), blood neutrophil
counts and immunoglobulin A levels were increased in the
dams with spleen lymphocytes changed in both the dams and
the offspring (Park et al. 2020).

Immunotoxicity caused by polycyclic aromatic hydro-
carbons has been found in humans and animals. Numerous
studies on human exposure have suggested that polycyclic
aromatic hydrocarbons may stress the body's immune sys-
tem. For instance, exposure to polycyclic aromatic hydro-
carbons during pregnancy was significantly linked to higher
percentages of a cluster of differentiation (CD), CD3" and
CD4*, lymphocytes and lower percentages of CD19* and
natural killer cells in umbilical cord blood. This finding
suggests that exposure to polycyclic aromatic hydrocarbons
during pregnancy may impact foetal immune development
through changes in the lymphocyte distribution of the cord
blood (Herr et al. 2010).

However, the molecular targets and mechanisms by which
polycyclic aromatic hydrocarbons affect T lymphocytes’
immunotoxicity were not understood until the discovery
of the global transcriptional activity of the B-activator pro-
tein in activated human T lymphocytes. B-activator protein
inhibited chemokine ligand 12-induced T-cell chemotaxis,
and trans-endosomal migration and interferon signalling
pathways were activated (Liamin et al. 2018). For instance,
concanavalin A-induced T cell proliferation in mice was
considerably suppressed under B-activator protein expo-
sure conditions, and the interferon, interleukin-2, and inter-
leukin-4 were reduced (Guan et al. 2017). However, new
research has identified several crucial immunomodulatory
substances, including interleukin-27 and interleukin-28B,
as immunotherapeutic agents for inflammation and lesions
caused by polycyclic aromatic hydrocarbons (Majumder
et al. 2020). Thus, ingestion of microplastics may affect
the human body in various ways, such as altering intestinal
homeostasis or altering immune cell recruitment or cytokine
production levels. The vulnerability of the immune system to
microplastics adds to the dangers to human health.

Microplastic-induced intestinal diseases

The intake of microplastics is around 39,000 to 52,000 par-
ticles per person per year (Cox et al. 2019). After inhalation,
microplastic particles can enter the gastrointestinal system
through food contaminated with microplastics or muco-
ciliary clearance. This can lead to various negative health
effects, including increased gut permeability, alterations in
gut microbiome composition, and changes in metabolism
(Salim et al. 2014).
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Microplastics with a dimension greater than 150 pm are
not absorbed. They remain bound to the intestinal mucosal
layer and directly in contact with the apical part of the intes-
tinal epithelial cells. This effect could lead to gut inflam-
mation and a local impact on the immune system (Hirt and
Body-Malapel 2020b). The smaller particles (dimension less
than 150 pm) can cross the mucus barrier (Hirt and Body-
Malapel 2020b). Several mechanisms of size-dependent
uptake of nano- and microparticles have been explained,
namely (i) endocytosis through enterocytes, (ii) transcyto-
sis through microfold cells, (iii) crossing of the barrier by
particles (persorption), and (iv) paracellular uptake (Powell
et al. 2010). Although the intestinal uptake of microparti-
cles is low (Carr et al. 2012), intestinal absorption of par-
ticles could lead to systemic toxicity as nanoplastics can
infiltrate deep into organs (Hirt and Body-Malapel 2020b).
Research has revealed that upon internalisation by human
gastric adenocarcinoma cells, polystyrene particles can
alter gene expression, reduce cell viability, and trigger pro-
inflammatory responses and morphological changes (Forte
et al. 2016).

The increasing prevalence of microplastics in consumer
foods and beverages, the impact of plastics on the activity
of the gut microbiome, and the potential for microplastics
to degrade through digestion and interaction with intesti-
nal microbes have been widely acknowledged (Tamargo
et al. 2022a). Plastic particles found in foods have a major
systemic and local negative impact on human health, such
as mouth irritations or intestinal dysbiosis (Tamargo et al.
2022a). In addition, microplastic consumption may result
in minor transcriptional alterations in the colon, indicating
disturbances of the plasma membrane and mild inflamma-
tion (Rawle et al. 2022). The primary symptoms of micro-
plastic intestinal toxicity are fatigue, diarrhoea, blood in
stool, abdominal pain and cramping, reduced appetite, and
unintended weight loss. These complications lead to cholera,
gut dysbiosis, inflammatory bowel disease, irritable bowel
disease, chronic bowel disease, metabolic disturbances, and
other stomach issues.

Microplastic ingestion is more common in urban areas;
however, an Indonesian study conducted in rural areas
found microplastics in 7 of 11 collected stool samples.
The concentration of microplastics found in the faeces
was 6.94-16.55 pg/g (Wibowo et al. 2021). All colectomy
samples collected from 11 adults in Northeastern Peninsu-
lar Malaysia contained microplastics in a study that used
stereo- and Fourier-transformed infrared spectroscopy for
analysis (Ibrahim et al. 2021b). This finding indicates that
the prevalence of microplastics in the human gut system is
becoming more prevalent and require more studies using
human subjects. A study utilising a combined harmonised
static model and dynamic gastrointestinal (SIMGI) model,
which simulated various digestive tract regions in different
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physiological states, found that a single dose of polyethylene
terephthalate microplastics undergoing biotransformations
in the gastrointestinal tract and the colon, resulting in the
production of different particles. Hence, microplastics can
change human microbial colonic community composition,
and the colonic microbiota could attach to the microplastics
surface to induce biofilm formations (Tamargo et al. 2022b).

A systematic review of the effect of microplastics on the
intestinal microbiota showed that they are potential triggers
of intestinal dysbiosis, portrayed by the enrichment of Chla-
mydia, Firmicutes, and Proteobacteria. Exposure to micro-
plastics resulted in increased intestinal permeability and the
expression of immune signatures associated with inflamma-
tion, such as interleukin-6, interleukin-1«, interleukin-1p,
tumour necrosis factor-a, and interferon -y. This effect is
likely due to microplastics trapping and stimulating intes-
tinal inflammatory infiltration (Souza-Silva et al. 2022).
Microplastics can also display structural changes in response
to secondary exposure (Souza-Silva et al. 2022).

Microplastic analysis of faecal samples from healthy indi-
viduals and inflammatory bowel disease patients showed
a significantly higher concentration of microplastics in
patients with inflammatory bowel disease. In addition, 15
types were detected, and there was a positive correlation
between faecal microplastics and inflammatory bowel dis-
ease status (Yan et al. 2022b).

An assessment was conducted on the impact of micro-
plastics on lipid digestion in another study. The study dem-
onstrated that five types of microplastics (i.e. polystyrene,
polyethylene terephthalate, polyethylene, polyvinyl chloride,
and poly(lactic-co-glycolic acid) significantly inhibited lipid
digestion using an in vitro gastrointestinal system. Polysty-
rene showed the highest level of inhibition at 12.7%, and the
study also found that lipid digestion decreased with increas-
ing concentrations of polystyrene. The analysis suggested
that microplastics reduced the bioavailability of lipid drop-
lets by forming large lipid-microplastics heteroaggregates,
adsorbing lipase, and altering the secondary structure of
the enzyme. These findings indicate that microplastics can
negatively impact lipid digestion, posing a human health
risk (Tan et al. 2020).

A study evaluated the effect of polystyrene-microplastics
consumption (0.5 pm size) for two weeks on mid-colon mor-
phology. The study showed that microplastics reduced the
thickness of mid-colon mucosa, muscle, flat luminal surface,
and crypt layer. It was also noted that the microplastic treat-
ment increased the expression levels of nucleotide-binding
oligomerisation domain-like receptor pyrin domain-con-
taining protein (NLRP) 3, apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment domain
and cleaved caspase (Cas)-1 proteins. Additionally, the
protein levels of inflammatory markers (i.e. nuclear factor
kappa light chain enhancer of activated B cells (NF-xB),

interleukin-6, tumour necrosis factor-a, interleukin-1f) were
also increased in the treatment group (Choi et al., 2021b).

Consuming polyvinyl chloride microplastics at 100 mg/
kg concentration for 60 days in adult mice reduced intesti-
nal mucus secretion and enhanced intestinal permeability
(Chen et al. 2022b). The treatment also reduced messen-
ger ribonucleic acid expression levels of colonic mucus
secretion-related genes, indicating a dysfunction in intesti-
nal mucus secretion. This finding is supported by a reduced
expression of messenger ribonucleic acid levels of genes
related to colonic mucus secretion. Gut microbiota analysis
showed that microplastic consumption changes the com-
munity composition of gut microbiota, for instance, lower
Verrucomicrobia and Epsilonbacteraeot and higher Firmi-
cutes, Bacteroidetes, Tenericutes, and Patescibacteria phy-
lum abundance (Chen et al., 2022b).

A study investigated the effects of polyethylene micro-
plastics on the progression of Helicobacter pylori infection.
When mice were administered polyethylene microplastics
or a combination of polyethylene microplastics and Heli-
cobacter pylori, the results showed that they tested posi-
tive for Helicobacter pylori infection in the 10th and 14th
weeks of the study. At the same time, those infected with
Helicobacter pylori first and Helicobacter pylori alone were
positive only in the 14th week after treatment (Tong et al.
2022). In addition, the microplastic fragments' diameter in
the liver was greater than in gastric or intestinal tissues. In
mice treated with a combination of microplastics and Heli-
cobacter pylori, or microplastics followed by Helicobacter
pylori, the rate of inflammatory cell infiltration was signifi-
cant. The mice treated with a combination of microplastics
and Helicobacter pylori showed the highest induction levels
in the gastric organ index, myeloperoxidase, tumour necrosis
factor-a, and interleukin-6. These findings suggest that the
interaction between microplastics and Helicobacter pylori
contributed to the improved colonisation of gastric mucosal
epithelial cells, increased the efficiency of microplastics'
entry into tissues, and induced gastric injury and inflamma-
tion in mice; thus, microplastics may provide a stable habitat
for the growth of pathogenic bacteria such as Helicobacter
pylori (Tong et al. 2022). Table 4 depicts the impacts of
microplastics on the development of intestinal diseases and
associated molecular mechanisms.

Microplastic-induced pulmonary diseases

Microplastics have been detected in indoor and outdoor air;
if inhaled, they could reach the human airway and lungs
(Levermore et al. 2020). Previous studies have linked occu-
pational exposure to airborne microplastics in workers of
the synthetic textile, flock, and vinyl chloride or polyvinyl
chloride industries to respiratory diseases such as airway and
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interstitial lung disease. In vivo studies have successfully
replicated the lesions associated with these conditions (Prata
et al., 2020b). Microplastics have been reported in human
lung tissues obtained from autopsies (Amato-Lourenco et al.
2021).

Exposure to polystyrene nanospheres with a diameter
of 64 nm has been shown to cause neutrophil influx and
inflammation in rat lungs and proinflammatory gene expres-
sion in epithelial cells. This effect is most likely due to the
high oxidant activity caused by the large surface area of the
nanospheres. Additionally, exposure to microplastics has
been shown to induce the expression of pro-inflammatory
interleukin-8 protein in A549 epithelial cell lines (Brown
et al. 2001).

In a separate study, researchers used natural lung sur-
factant obtained from porcine lungs to investigate the inter-
action between lung surfactant and microplastics (Shi et al.,
2022b). The study demonstrated that microplastics altered
the lung surfactant's phase behaviour, surface tension, and
membrane structure. Interestingly, polystyrene adsorp-
tion of phospholipids components of lung surfactant was
significantly higher than that of proteins. Polystyrene also
expedited ascorbic acid and deoxyascorbic acid conversion,
promoting hydrogen peroxide formation in the lung fluid
containing surfactant and increasing hydroxyl radicals (Shi
et al., 2022b).

A study found that polystyrene microplastics with diam-
eters of 1-10 pm significantly inhibit the proliferation of
human alveolar A549 cell lines. However, the microplastics
had a little cytotoxic effect, as shown by trypan blue and
Calcein-acetoxymethyl staining. Despite low cytotoxicity,
further analysis showed a population-level decrease in meta-
bolic activity parallel to the reduction in the proliferation
rate. Additionally, microscopic examination revealed sig-
nificant changes in cell morphology following exposure to
microplastics. The uptake of 1-pm microplastics in cells can
result in toxicological effects at the systemic level. (Good-
man et al. 2021).

Xu et al. (2019) evaluated the effects of two different sizes
of polystyrene nanoplastics (25 nm and 70 nm) on human
lung A549 alveolar epithelial cells. They found that 25-nm
polystyrene nanoplastics were more rapidly absorbed by
A549 cells than 70 nm. The nanoplastics markedly decreased
the cell viability, induced cell cycle deoxyribonucleic acid
synthesis phase arrest, stimulated inflammatory gene tran-
scriptions and modified the expression of proteins linked
with cell cycle and pro-apoptosis. Nanoplastics also mark-
edly induced upregulation of pro-inflammatory cytokines
such as interleukin-8, nuclear factor kappa-light-chain-
enhancer of activated B cells (NFxB), and tumour necrosis
factor-a, as well as pro-apoptotic proteins (i.e. caspase 3,
caspase 8, caspase 9, death receptor 5 and cytochrome c)

(Xu et al., 2019). These results show that environmental
nanoplastics could pose serious health effects on humans.

The same group also tested the effects of polystyrene
nanoplastics on A549 cells and found that nanoplastics
exposure increased migration and epithelial-to-mesenchymal
transition markers, with the upregulation of reactive oxygen
species and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase 4 (NOX4). NADPH-NOX4 is a reactive
oxygen species generator in the endoplasmic reticulum and
mitochondria. Polystyrene nanoparticles also induced mito-
chondrial dysfunction, shown by membrane changes and
declined cellular energy metabolism, and activated endo-
plasmic reticulum stress as demonstrated by the increased
endoplasmic stress markers. Interestingly, NOX4 gene-
silenced cells reversed these effects, which were confirmed
by the involvement of NOX4 in epithelial-to-mesenchymal
transition (EMT) induction in A549 cells (Halimu et al.,
2022).

Exposure of polystyrene microplastics (1-1000 pg/cm?)
to human non-tumorigenic lung epithelial cell line (BEAS-
2B) caused pulmonary cytotoxicity and inflammation, with
microplastics exposure above 1000 pg/cm? inducing inter-
leukin-6 and interleukin-8 production by inducing reactive
oxygen species.

Microplastics can also impair the pulmonary barrier
by reducing transepithelial electrical resistance by reduc-
ing zonula occludens proteins and the ol-antitrypsin lev-
els in BEAS-2B cells. This finding shows that polystyrene
microplastics inhalation can increase the risk of developing
chronic obstructive pulmonary disease (Dong et al., 2020).

In a study, Sprague Dawley rats were exposed to 100-
nm, 500-nm, 1-pm, and 2.5-pm polystyrene microplastics
for three days. Intrathecal instillation of saline or 100 nm
polystyrene with concentrations of 0, 0.5, 1, and 2 mg/200 pl
was performed every two days for two weeks. The authors
found that 100-nm and 1-pm polystyrene microplastics were
deposited in the lungs, with alveolar destruction and bron-
chial epithelium disarrangement in the treated group. Pro-
inflammatory cytokines, including interleukin-6, tumour
necrosis factor-a, and interleukin-1p, were upregulated in
the polystyrene microplastic group. Deoxyribonucleic acid
sequencing showed upregulation of long non-coding ribo-
nucleic acids (IncRNA XLOC_031479) and circular ribo-
nucleic acids (circRNA 014,924 and 006,603, and down-
regulation of the expression of IncRNA XLOC_014188 and
circ003982 in the treated group. These findings suggest that
the identified circRNAs and IncRNAs may be essential in
microplastic-induced lung inflammation (Fan et al., 2022).

Lu et al. (2021b) investigated the effects of microplas-
tic exposure on normal and asthmatic physiology using
a house dust mite-induced allergic asthmatic mouse
model. Results showed that nasal microplastic exposure
increased pulmonary inflammatory cells in normal mice
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and exacerbated airway inflammation in asthmatic mice.
Immunofluorescent staining demonstrated increased mac-
rophage accumulation and phagocytosis following micro-
plastic exposure. Both normal and asthmatic mice exposed
to microplastics exhibited increased mucus production and
higher levels of immunoglobulin G1, whereas the micro-
plastics plus asthmatic group showed significant effects on
Immunoglobulin E. Moreover, microplastic exposure in
asthmatic mice caused higher concentrations of interleu-
kin-4, interleukin-5, and T helper 1 type tumour necrosis
factor-a in bronchoalveolar lavage fluid. Bioinformatics
analysis revealed that microplastics stimulated tumour

Table 5 Impacts of microplastics on the development of pulmonary
diseases and associated molecular mechanisms. Microplastics can
induce various harmful effects on lung health, such as inflamma-
tion, disruption of lung surfactant integrity, antiproliferative activity

necrosis factor and immunoglobulin production, activat-
ing a group of transmembrane B-cell antigens, cellular
stress responses, and programmed cell death (Lu et al.,
2021b). The impact of microplastics on the development
of developing pulmonary diseases and associated molecu-
lar mechanisms is summarised in Table 5.

Microplastic-induced cardiovascular diseases

The impact of microplastics on the cardiovascular sys-
tem has garnered significant interest in both human and
animal studies, given the potential for a range of health

against human alveolar cells, lung fibrosis, loss of elasticity, exacer-
bation of asthma, and pathological changes that may lead to chronic
obstructive pulmonary disease

Biological effect on the lung

Mechanism

Reference

Inflammatory responses

Altering lung surfactant properties

Inhibition of human alveolar cells proliferation
Potential toxicity

Reduced cell viability, induced cell cycle S phase arrest,
stimulated inflammatory gene transcriptions and modi-
fied the expression of proteins linked with cell cycle and
pro-apoptosis

Increased migration and epithelial-to-mesenchymal transi-
tion markers

Membrane potential changes and impaired cellular energy
metabolism

Pulmonary cytotoxicity and inflammation by inducing
reactive oxygen species in human non-tumorigenic lung
epithelial cell line (BEAS-2B)

Induces inflammation, deposition of microplastics, lung
histological changes

Worsens airway inflammation

Increased phagocytosis

Increased cellular stress responses and programmed cell
death in the asthma model

More significant neutrophil influx into rat lung after instil-
lation of 64 nm polystyrene

Increased lactate dehydrogenase and protein in bronchoal-
veolar lavage

Increased expression of interleukin-8 in adenocarcinoma
human alveolar basal epithelial (A549) cells

Microplastics modified the phase behaviour, surface ten-
sion, and membrane structure of the lung surfactant

Microplastic adsorbs phospholipid components of lung
surfactants better and promotes the production of free
radicals

Population-level decrease in metabolic activity parallel to
the reduction in the proliferation rate

Significant changes in the morphology of cells exposed to
microplastics of 1 pm

Induced up-regulation of pro-inflammatory cytokines such
as interleukin-8, NFxB and tumour necrosis factor-a, as
well as pro-apoptotic proteins such as caspase 3, caspase
8, caspase 9, death receptor 5, and cytochrome c

Upregulation of reactive oxygen species and NADPH
oxidase 4 (NOX4)

Causes mitochondrial dysfunction

Activation endoplasmic reticulum stress

Increase expression of interleukin-8 and interleukin-6, and
induce reactive oxygen species

Disruption of lung epithelial barrier through oxidative
stress and inflammation

Alveolar destruction and bronchial epithelium disarrange-
ment

Interleukin-6, tumour necrosis factor-o and interleukin-1§
were upregulated

Modulation of IncRNAs and circRNAs

Increased pulmonary inflammatory cells

Increased macrophages accumulation and phagocytosis

Increased production of mucus, immunoglobulin G1, and
Immunoglobulin E

Increased interleukin-4, interleukin-5, and Th1 type
tumour necrosis factor-a

Brown et al. (2001)

Shi et al. (2022b)

Goodman et al. (2021)

Xu et al. (2019)

Halimu et al. (2022)

Dong et al. (2020)

Fan et al. (2022)

Lu et al. (2021b)

NFxB is the nuclear factor kappa-light-chain-enhancer of activated B cells and NADPH is the nicotinamide adenine dinucleotide phosphate oxi-

dase 4 (NOX4).
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implications. Several studies have suggested that micro-
plastics can have detrimental impacts on the cardiovascu-
lar system of humans. For instance, Lett et al. (2021) and
Posnack (2021) highlight the effects of microplastics on
human health, with a specific emphasis on the cardiovascu-
lar system and its potential to cause various health problems.
The characteristics of microplastics, such as their size and
chemical properties, strongly influence their interaction with
human and animal systems, particularly in the cardiovascu-
lar system (Miller 2014).

Translocation is the process by which some microplastics
can move through the digestive epithelium after entering the
human body and be transported to the cells and other tissues
by the circulatory system (Ribeiro et al. 2019). Microplas-
tics internalise in humans via translocation, in which the
particles pass through the intestinal epithelial cells or are
absorbed by specific microfold cells (Prata et al., 2020b).
In rats, microplastics with a size of approximately 0.90 mm
entered the bloodstream within 15 min (Eyles et al. 1995).
The particle size of microplastics influences the efficiency of
translocation, and Paul-Pont et al. (2018) investigated vari-
ous sizes of microplastics, which were less than 300 mm.
Under normal circumstances, microplastics larger than
0.5 mm are difficult to move through the gastrointestinal
wall. In normal circumstances, microplastics larger than
0.5 mm are difficult to move through the gastrointestinal wall
(Lusher et al. 2020). Browne et al. (2008) showed that plastic
particles smaller than 10 mm could move into the mussel's
circulatory system and have more profound consequences.

Various studies have shown that microplastics exposure
can cause cardiovascular toxicities in animals. Despite the
complexity of understanding the mechanism that triggers the
diseases mentioned above, recent studies have supported the
idea that particulate matter causes oxidative stress, which
results in cardiovascular damage, which can be similar to
what effect would microplastic exposure produces on the
cardiovascular system (Kelly and Fussell 2017). Pitt et al.
(2018) found that exposure of zebrafish embryos to poly-
styrene microplastics resulted in the translocation of micro-
plastic particles into the heart and a subsequent decrease in
heart rate. Similarly, Wang et al. (2022) found that exposure
of Daphnia magna to polyethylene microplastics of 20 and
30 mm size resulted in a suppressed heart rate. The study
also revealed that different particle sizes had varying toxic
effects on Daphnia magna, with larger microplastic sizes
causing the degradation of amino acid metabolites.

Li et al. (2020b) investigated the effects of polystyrene
on cardiac fibrosis in rats to understand better the mecha-
nisms underlying how microplastics cause cardiovascular
diseases. They found that microplastics triggered oxidative
stress, leading to apoptosis in cardiomyocytes and the acti-
vation of the Wnt/beta-catenin pathway, resulting in cardiac
fibrosis and dysfunction. Similarly, Wei et al. (2021) studied

the impact of microplastics on cardiac tissues and discovered
the role of pyroptosis and oxidative stress in cardiomyocyte
injury. They found that microplastics exposure activated the
nucleotide-binding oligomerisation domain-like receptor
protein 3 inflammasomes in heart tissue, leading to inflam-
matory stimuli caused by oxidative stress that activated the
Caspase-1-dependent signalling pathway. These findings
shed light on the possible mechanisms by which microplas-
tics cause cardiovascular diseases, although more research
is needed in this area.

Zhang et al. (2022b) investigated the effects of micro-
plastics on primary cardiomyocytes in chickens and pro-
posed a mechanism for the observed effects. They found
that microplastics disrupted antioxidant enzyme levels and
increased levels of reactive oxygen species, leading to car-
diac inflammation and pyroptosis. They suggested that the
presence of microplastics altered several pathways, includ-
ing nuclear factor kappa light chain enhancer of activated
B cells-Nod-like receptor protein 3-gasdermin D (NF-xB-
NLRP3-GSDMD) and adenosine monophosphate-activated
protein kinase-peroxisome proliferator-activated receptor
gamma coactivator-laa (AMPK-PGC-1a). This alteration
produced oxidative stress, myocardial pyroptosis, inflam-
mation, dysfunctional mitochondria, and energy metabo-
lism (Zhang et al. 2022b).

Since humans can ingest microplastics through inhala-
tion, exposure to airborne particles of microplastics may
cause asthma, cardiac disease, allergies, and autoimmune
diseases (Campanale et al. 2020). Recent research suggests
that microplastics may adhere to the external membranes
of red blood cells, potentially impeding their capacity to
transport oxygen (Fleury and Baulin 2021). Lu et al. (2022)
investigated the impact of polystyrene microplastics on
human umbilical vein endothelial cells (HUVEC), reveal-
ing that microplastics with a size of 0.5 mm damaged the
cell membrane and reduced mechanical stability. Mean-
while, smaller microplastics (about 0.1 mm) aggregated in
the cytoplasm, damaging the cell membrane and disrupt-
ing autophagy. These findings provide new insight into the
potential impact of microplastics on HUVEC and contribute
to the health risk assessment of microplastics on the car-
diovascular system. The stretching of red blood cell mem-
branes caused by microplastics can reduce their mechanical
stability, affect their ability to transport oxygen, and lead to
symptoms such as shortness of breath, dizziness, and weak-
ness (Lu et al. 2022).

Another situation concerning the effects of microplas-
tic exposure on the human cardiovascular system is plas-
ticiser additives such as bisphenol A and phthalate. These
plasticisers are not covalently bound to the plastic matrix,
so they are easily leached from plastic material (Cam-
panale et al. 2020). Biomonitoring studies have raised
concerns for the authorities as they have reported that
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75-90% of the general population has detectable levels of
these chemical additives (Ramadan et al. 2020). Accord-
ing to a 10-year cohort study by Bao et al. (2020), long-
term exposure to bisphenol A was significantly associated
with a hazard ratio of 46-49% for heart diseases. Further-
more, an epidemiological study has linked increased uri-
nary phthalate and bisphenol A levels to a higher risk of
hypertension, coronary artery disease, acute myocardial
infarction, and reduced heart function (Ramadan et al.
2020). Data from a randomised controlled trial demon-
strated that drinking water from a bisphenol A-containing
bottle rapidly increased bisphenol A levels in urine, sup-
porting the relationship between bisphenol A exposure
and high blood pressure (Bae and Hong 2015).

On the other hand, phthalate can be regarded as a car-
dio-depressive agent. For instance, exposure to phthalate
such as di(2-Ethylhexyl) phthalate (DEHP) can impact
coronary circulation, leading to atrial contractile dys-
function. Furthermore, phthalate exposure may result in
bradycardia, atrioventricular conduction disorder, and
decreased cardiac conduction velocity (Jaimes III et al.,
2019).

Epidemiological and population-based studies may
find it challenging to determine the underlying cause of
these diseases. The mechanisms that lead to these effects
are likely influenced by various factors, including oxida-
tive stress, hormones, and inflammation, as demonstrated
in both population-based and experimental research (Pos-
nack 2021). Therefore, more research is necessary to pro-
vide further insight into the effects of plastic chemical
exposure on cardiovascular health.

Microplastic-mediated infectious diseases

A study showed that the consumption of microplastics led
to inflammatory changes in the colon and worsened viral
arthritis. In mice consuming 80 pg/kg/day of microplas-
tics dissolved in water, there was no apparent accumula-
tion in major internal organs, lymphatic fluids, or intes-
tinal tissues. However, the accumulation of microplastics
led to significant transcriptional changes in the colon,
potentially due to the interaction between microplastics
and the lumen side of the colonic tissues, which could
affect the mucosal epithelium and its barrier function
(Rawle et al. 2022). Further research is needed to inves-
tigate the potential impact of microplastics on gastroin-
testinal health.

Consuming microplastics have been found to pro-
mote inflammation and prolong arthritic foot swelling
in mice challenged with the chikungunya virus. This
was associated with increased T helper type 1, natural
killer cells, and neutrophil signatures (Rawle et al. 2022).

@ Springer

The transmission of pathogens from ingested plastics to
humans is still unclear and requires further research. The
survival of these pathogenic organisms on plastic debris
has not been thoroughly examined, and there is a need for
more extensive studies to understand the transmission of
pathogens and the associated risks of illness related to
seafood consumption (Barboza et al. 2018).

Microplastic-mediated inflammatory diseases

Exposure to microplastics through contaminated food has
been found to activate the immune system and decrease the
number of gut microorganisms, potentially harming human
health (Meaza et al., 2020). Studies have shown that micro-
plastics can cause cellular toxicity in human immune and
epidermal cells, as well as an increase in the production
of inflammatory cytokines (Hwang et al. 2019). Chronic
inflammation caused by microplastics can lead to oxidative
stress and toxicity. Microplastics can exacerbate oxidative
stress by being absorbed on the surface and producing reac-
tive oxygen species during host inflammation episodes (Val-
avanidis et al. 2013). Larger microplastic particles have been
shown to stimulate the production of various proinflamma-
tory cytokines, including interleukin-6, interleukin-1b, and
tumour necrosis factor-o (Green et al. 1998).

Researchers demonstrated that microplastics could
interact with the surface of SARS-CoV 2 pseudovirus,
increasing the infection rate. Inflammatory markers such
as caspase 3, interleukin-8, and tumour necrosis factor-o
genes may also influence the infection rate (Zhang 2022a,
b and c). Caputi et al. (2022) demonstrated that microplas-
tics increased inflammatory markers such as nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB),
myeloid differentiation primary response 88 (MyD88), and
pyrin domain—containing-3 (NLRP3) in terms of protein and
gene expression in human gingival fibroblastic cells. Ana-
lysing the faecal sample of inflammatory bowel disease and
healthy persons revealed a strong correlation between micro-
plastic and the disease occurrence (Yan et al. 2022a). Inhala-
tion of harmful plastic particles or their leachates seems to
cause occupational diseases that result in an inflammatory
response.

Inhalation of plastic particles may cause various lung
reactions, including alveolitis, persistent pneumonia, inflam-
matory, and fibrotic modifications in the bronchial and
peri-bronchial tissue and lesions in the interalveolar septa
(pneumothorax) (Beckett 2000). Adducts and deoxyribonu-
cleic acid mutations arise due to prolonged inflammation,
leading to cancer formation. Inflammatory cytokines, oxida-
tive stress, and immune system evasion may contribute to
cancer formation (Chang 2010b). Higher cancer incidence
is seen in synthetic textile workers with more than ten years



Environmental Chemistry Letters (2023) 21:2129-2169

2153

of exposure and is linked with intensity, duration, and time
since initial exposure (Acquavella et al. 1988).

Pregnancy and maternal exposure to progeny
or offspring

There is rising worry over the damage that microplastics
pose to human health. A healthy pregnancy depends on the
complex regulation of the maternal-foetal immunological
balance, but the risks of exposure to polystyrene in the first
trimester are still unknown. The biological impacts and
mechanisms of microplastic exposure during pregnancy are
listed in Table 6.

According to Luo et al. (2019), metabolic abnormalities
can be transferred to the offspring of pregnant mice exposed
to 100 and 1000 pg/L of polystyrene at 0.5 and 5 pm. Addi-
tional research employing tandem mass spectrometry for
various serum metabolites such as amino acids and acyl-car-
nitines revealed that 11 and 15 different metabolites changed
significantly in the groups exposed to 0.5- and 5-pm micro-
plastics, respectively. Most amino acids for the male first fil-
ial offspring tended to rise after maternal microplastic treat-
ment. In contrast, most amino acids for the female first filial
offspring tended to fall, demonstrating gender differences.
Furthermore, the expressed hepatic genes confirmed the risk
of fatty acid metabolism issues, as evidenced by alterations
in free carnitine (CO)/(palmitoylcarnitine, C16 + stearoylcar-
nitine, C18), indications for clinical screening of hereditary
illnesses. After maternal exposure to 5-mm microplastic
therapy, the expression of genes involved in b-oxidation,
such as peroxisome proliferator-activated receptor-alpha,
acyl-coenzyme A oxidase, carnitine palmitoyltransferase,
and medium-chain acyl-CoA dehydrogenase was inhibited,
which may cause a problem with the body's energy supply.

In the offspring of pregnant and female nursing mice,
Jeong et al. (2022) showed that maternal treatment of poly-
styrene nanoplastics during gestation and lactation affected
the functioning of neural stem cells, neural cell composi-
tions, and brain cell histology. The outcome demonstrated
that maternally supplied polystyrene nanoplastics particles
transferred to offspring led to increased brain and body
weight of postnatal progeny at 10-500 pg/day doses, with an
exaggerated effect at 500 pg/day. Exposure to high doses of
polystyrene nanoplastics (500-1000 g/day) has been shown
to significantly reduce the number of proliferating cells and
progenitor cells positively labelled with nestin, which is a
specific marker for neural stem cells. This reduction was
more than 60% in the hippocampus, suggesting that polysty-
rene nanoplastics exposure impacts the functioning of neural
stem cells in specific brain regions. As expected, exposure
to polystyrene nanoplastics decreased neural stem cell pro-
liferation, altered hippocampus neurogenesis, and visibly
shorter neurite lengths in the neurons.

Further research is needed to investigate the potential link
between elevated polystyrene nanoplastics exposure, gender,
and an increased risk of neurodevelopmental abnormalities.
In addition, gender appears to play a role in the effects of
polystyrene nanoplastics on bidirectional synaptic plastic-
ity, as studies have shown that the effects of exposure may
vary qualitatively according to gender. Specifically, research
has shown that the magnitude of long-term potentiation was
significantly different in female mice exposed to polystyrene
nanoplastics compared to controls. These female mice had
20% higher levels of gamma-aminobutyric acid in the hip-
pocampus than male mice. These findings suggest that expo-
sure to high levels of polystyrene nanoplastics may increase
the risk of neurodevelopmental abnormalities and that this
risk may differ based on gender.

According to Thongkorn et al. (2019), there are differ-
ences between the impact of prenatal bisphenol A exposure
on genes associated with autism and their connections to
sex-specific hippocampal functions. Ribonucleic acid-
sequential analysis of hippocampus tissues demonstrated
that prenatal exposure to bisphenol A altered hippocampal
transcriptome profiles in a sex-dependent manner. Up to
5624 transcripts or 4525 genes were substantially differently
expressed in hippocampi exposed to 5000 pg/kg maternal
birth weight of bisphenol A rats compared to controls.

Hu et al. (2021a) investigated the effects of polystyrene
nanoplastics exposure on the immune system of pregnant
mice and their offspring. The results showed that expo-
sure to polystyrene particles increased the resorption rate
of embryos in mice, indicating potential toxicity to female
reproduction. The percentage of CD45 + leukocytes and
decidual natural killer cells in the peripheral blood, spleen,
and placenta was significantly lower after polystyrene expo-
sure, suggesting a drop in these immune cells. Addition-
ally, the proportion of CD49b + natural killer cells in the
CD45 +leukocytes significantly decreased throughout the
first trimester, as they were the most prevalent immune cells
in the placenta. The mononuclear subpopulations segregated
from the peripheral blood, spleen, and placenta significantly
differed between the two groups, indicating an impact on
immune cell function. The pro/anti-inflammatory cytokines
ratio was also affected by polystyrene exposure, with inter-
leukin-4 increasing and tumour necrosis factor reducing. The
study suggests that exposure to polystyrene nanoplastics dur-
ing pregnancy can lead to immune system dysfunction and
may increase the risk of adverse pregnancy outcomes.

Hu et al. (2021b) used flow cytometry to investigate
immune system threats in an allogeneic mating murine
model exposed to polystyrene particles. They found a sig-
nificant increase in resorbed embryos in the microplastic-
exposed group compared to the control group (16.31% ver-
sus 5.48%; p<0.01), indicating potential toxicity to female
reproduction. This is likely due to the absence of uterine
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arterioles, which are important for placental blood flow and
protection against excessive oxidation and reactive oxygen
species. CD45 + leukocytes and decidual natural killer cells
significantly decreased after polystyrene exposure, with a
notable drop in CD49b + natural killer cells during the first
trimester. Mononuclear subpopulations from peripheral
blood, spleen, and placenta significantly differed between
the two groups. The pro/anti-inflammatory cytokine ratio
was also affected by polystyrene exposure, with interleukin-4
increasing and tumour necrosis factor decreasing (p <0.05).
At the same time, interleukin-2 and interferon showed a
modest decrease in messenger ribonucleic acid levels, and
interleukin-6 tended to increase (Hu et al., 2021b). Huang
et al. (2022b) found that maternal exposure to polystyrene
nanoplastics during pregnancy and lactation in mice led to
decreased birth and postnatal body weight in their offspring.
In male offspring, high-dose exposure to polystyrene nano-
plastics caused a reduction in liver weight, induced oxidative
stress, inflammatory cell infiltration, increased proinflamma-
tory cytokine production, and disrupted glycometabolism.
Exposure to polystyrene nanoplastics during the pre-and
postnatal period also reduced testicular weight, damaged the
seminiferous epithelium, and reduced the number of sperm
in mouse pups. Polystyrene nanoplastics were also found to
promote testicular oxidative damage, indicated by increased
malondialdehyde production and altered superoxide dis-
mutase and catalase activity in the testis of mouse pups.

Fournier et al. (2020) conducted a study to examine the
effects of maternal lung exposure to nano-polystyrene beads
during late-stage pregnancy. On gestational day 19, preg-
nant Sprague Dawley rats were intratracheally injected with
2.64x 10" particles of 20-nm rhodamine-labelled nano-pol-
ystyrene beads. The study revealed that nano-polystyrene
particles were found in the lungs, heart, and spleen of the
mother, as well as in the placenta, foetal liver, lungs, heart,
kidney, and brain, indicating translocation of nanoparticles
from the mother's lungs to foetal tissues during late-stage
pregnancy. Ragusa et al. (2021b) used Raman microspec-
troscopy to examine human placentas and found 12 micro-
plastic pieces, 5 on the foetal side, 4 on the maternal side,
and 3 in the chorioamnionitis membranes, indicating that
microplastics can reach placental tissues at all levels once
they enter the human body.

Potential treatment strategies

The main focus of treatment strategies for microplastics is
their removal from aquatic ecosystems, where they often
end up. There are two broad categories of techniques for
microplastic removal: conventional and innovative strate-
gies. Conventional strategies include coagulation, membrane

bioreactor technology, rapid sand filtration, and adsorption.
Innovative techniques for microplastic removal include elec-
trocoagulation, photocatalytic degradation, electrochemical
oxidation, and magnetic separation. Each of these techniques
has both positive and negative aspects, and the efficiency of
microplastic removal is influenced by various factors such
as the size and concentration of the microplastics, water flow
rate, and pH. Table 7 summarises the different treatment
techniques, reactions, and factors influencing their efficiency.

Conventional treatment techniques
Coagulation

Coagulation is one of the most frequently utilised tech-
niques for wastewater treatment. It uses various chemical
agents (coagulants) to destabilise the dissolved and sus-
pended particles and enables their removal by sedimenta-
tion (Shirasaki et al. 2016). Different coagulants, such as
iron-based and aluminium-based coagulants, have varied
removal pathways for microplastics. However, traditional
methods of microplastic removal, such as charge neutrali-
sation, adsorption, and sweep flocculation, remain rele-
vant in describing their removal mechanisms (Zhou et al.
2021). Even though the coagulation process is one of the
most common techniques used for wastewater treatment, it
has several operational drawbacks, such as a high volume
of resulting sludge that constitutes another environmental
issue (Padmaja et al. 2020). This is problematic because
the sludge generated from coagulation may contain more
harmful substances than the original pollutants, leading
to costly additional treatment and removal. Additionally,
using additives to improve coagulation efficiency can
increase the removal process's overall cost (Bahrodin et al.
2021).

The challenge of effectively treating multiple pollutants
simultaneously has been identified as a major limitation of
coagulation. The diversity in the composition of wastewa-
ter also contributes to the cost of the process, as various
coagulants must be added, and extensive optimisation of
reaction parameters is required to treat different types of
contaminants (Natarajan et al. 2018). Due to these factors,
the overall operational cost of the process could become
too high to be feasible.

Membrane bioreactor technology

Membrane bioreactor technology is a reliable method for
treating municipal and industrial wastewater that usually
contains various concentrations of different contaminants
based on nitrifying bacteria and other microorganisms
(Dvoték et al. 2013). Such a technology has been recently
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employed to remove microplastics from an actual waste-
water treatment plant (Talvitie et al. 2017). The notable
positive aspects of using membrane technology are high
effluent quality and good removal efficiency with a high
rejection potency towards target pollutants (Lares et al.
2018). However, certain issues still limit its removal effi-
cacy, including aeration limitations, membrane fouling,
and the need to add nutritious materials to microorganisms
(Al-Asheh et al., 2021), which altogether may elevate the
operation cost.

Rapid sand filtration

Rapid sand filtration removes different contaminants, such as
viruses (Shirasaki et al. 2016) and suspended solids of clay
particles (Nakazawa et al. 2021). This method has recently
been acknowledged as a viable approach for removing
microplastics from wastewater (Hidayaturrahman and Lee
2019). Rapid sand filtration has been identified as a promis-
ing method for microplastic removal due to its small land
area requirement, low sensitivity to water quality param-
eters, and high flow rate (Talvitie et al. 2017). However, the
effectiveness of this method is limited without the use of
costly flocculating agents, and it requires frequent mainte-
nance, which further adds to the overall cost of the filtration
process (Enyoh et al., 2022).

Adsorption

The adsorption technique's superior efficacy in removing
microplastics from wastewater has been proved by using
various adsorbents, including chitin and graphene oxide
(Sun et al. 2020a). In addition, other materials exhibited
significant adsorption efficiency, achieving up to 100% for
microplastics and even nanoplastics, such as layered double
hydroxides (Tiwari et al. 2020). However, the non-selective
characteristics of the adsorption pathway restrict the overall
performance of this technique (Bruyninckx and Dusselier
2019). Therefore, future research efforts should prioritise
enhancing the selectivity of adsorbent materials for micro-
plastics to achieve better removal efficiency.

Innovative treatment techniques
Photocatalytic degradation

The utilisation of photodegradation has been recognised as
a highly effective and promising method for treating toxic
organic pollutants, including microplastics, in wastewater
(Liu et al. 2019). A semiconductor material absorbs visible
or ultraviolet light in this process, generating free radicals,
including reactive oxygen species such as singlet oxygen
and superoxide radicals, which degrade the microplastics

(Zhu et al. 2019). The photocatalytic semiconductor mate-
rial absorbs light energy that exceeds its bandgap energy.
It triggers an electron transfer from the valence band to the
conduction band, creating positive holes in the valence band.
This process ultimately generates superoxide and hydroxyl
radicals, which break down the microplastics. The green
synthesised iron-zinc oxide nanocomposite has recently
emerged as a prominent semiconductor material Lam et al.
(2021) used in the photocatalytic degradation of polyeth-
ylene. Despite its effectiveness, the photocatalytic method
requires appropriate disposal of the residual sludge gener-
ated and careful monitoring to prevent any adverse effects
on aquatic ecosystems (Lam et al., 2021).

Electrochemical oxidation

Electrochemical oxidation is a sustainable and cost-effective
technique for wastewater treatment that includes two meth-
ods, anodic oxidation and indirect cathode oxidation (Du
et al. 2021). This technique has been shown to effectively
degrade various organic pollutants, including microplastics,
antibiotics, antipyretics, and dyes, into simple and non-toxic
products such as carbon dioxide and water vapour without
adding chemical agents (Du et al. 2021; Ouarda et al. 2018).
Besides, electrochemical oxidation produces potent oxidants,
such as hydroxyl radicals, hydrogen peroxide, and ozone,
which efficiently degrade organic pollutants while avoid-
ing the formation of any sludge waste (Kang et al. 2019).
The electrochemical oxidation's efficiency is influenced by
various factors, including the surface area and material of
the anode, the current intensity, the type and concentration
of the electrolyte used, and the duration of the degradation
reaction (Kiendrebeogo et al. 2021). Therefore, this treat-
ment technique is currently attracting significant attention
from researchers.

Electrocoagulation

The electrocoagulation process is a prosperous, sustainable,
and highly efficient technique for removing microplastics
from wastewater, integrating the positive aspects of coagula-
tion and electrochemistry (Moussa et al. 2017). Electroco-
agulation produces flocs from the cations formed by metal-
lic electrodes under an electric current. Subsequently, this
process leads to the formation of "micro-coagulants” and the
loss of suspended particle stability due to coagulation (Shen
et al. 2020). Therefore, electrocoagulation is more efficient
than conventional coagulation as it obviates the utilisation
of chemical coagulant materials, consequently reducing the
operation time and cost (Garcia-Segura et al. 2017). More-
over, electrocoagulation minimises the amount of sludge
waste, produces water with lower total dissolved solids,
and can be efficiently employed with different wastewater
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qualities. This sustainable and cost-effective method has
gained the interest of researchers as an alternative to con-
ventional coagulation methods.

Magnetic separation

The efficiency of removing microplastics from wastewa-
ter using magnetic separation has been proven due to the
lasting magnetic effect of the materials used and their high
removal capacity (Zhang et al. 2021b; Abdel Maksoud et al.
2020). This technique has been recently applied in removing
microplastics from sediment, freshwater, and marine water
samples (Grbic et al. 2019). Various materials, known as
magnetic seeds, are used in this removal process, including
iron nanoparticles and magnetic carbon nanotubes. Mag-
netic separation can be regulated by electrostatic interac-
tion, hydrogen bond formation, and complexation (Tang
et al. 2021). However, the presence of other pollutants neg-
atively affects the selectivity and the removal efficiency of
microplastics (Jiang et al. 2020), while the size and shape
of microplastics also affect the separation process (He et al.
2021). Consequently, more extensive research work is
required to improve magnetic removal efficacy.

Control strategies

Various strategies are available for controlling microplastics,
which can be categorised as short-term and long-term. Each
strategy has limitations, including high costs, as listed in
Table 8. Therefore, selecting a particular strategy should
consider factors such as a country's infrastructure, economic
conditions, types of microplastics released, alternative
options, and public readiness to transition to a non-plastic-
dependent economy.

Table 8 Limitations of microplastic control strategies

Reducing plastic and microplastic usage
and production

One of the most effective strategies for controlling the
release of conventional plastic and microplastic products
into the environment is to reduce their utilisation and pro-
duction (Peng et al. 2023; Yang et al. 2023). This is because
prevention is generally better than treatment. An example
of this strategy is the minimisation of microbeads in manu-
facturing personal care products and pharmaceuticals (Prata
2018). Although some critics argue that this approach only
addresses one type of microplastic pollutant (Faltstrom
and Anderberg 2020), it can still have a long-term impact
in reducing the discharge of microplastic waste into water
systems.

The microplastic minimisation control approach follows
an upside-down pyramid (Fig. 6a), starting with prevention,
the most favoured option, followed by reducing, reusing,
recycling, refusing, rethinking, regifting, recovering (7 R’s),
and ending with disposal (Tsui and Wong 2019). Addition-
ally, the 7 R’s strategy (Fig. 6b) offers different actions to
minimise waste materials, including microplastics, from
being released into the environment (Glavic, 2021). How-
ever, ruling institutions and individuals often overlook these
options, particularly in developing countries, leading to mas-
sive amounts of microplastic waste (Azevedo et al. 2019).

Reusing and recycling plastic products is a highly effec-
tive strategy for managing plastic waste. While plastics used
in packaging materials are relatively easy to recycle (Schyns
and Shaver 2021), some plastic materials are more difficult
to recycle, and there are public concerns about their use,
such as medical plastic waste, particularly in light of the
coronavirus disease 2019 (COVID-19) (Prata et al. 2020a).
Additionally, the increased use of single-use plastic prod-
ucts, such as face masks, during the pandemic has further
complicated recycling efforts and exacerbated the issue of
plastic waste (Silva et al., 2020). As a result, innovative

Control strategy Limitations

Reducing plastic and microplastic
usage and production

Behavioural changes towards plastic
and microplastic products

It may not be feasible in some industries or for some products, could be expensive to implement, requires
a shift in consumer behaviour, and may not address existing plastic waste

Public fear of change, lack of trust in alternative products

It may take a long time to be achieved, requires a shift in consumer behaviour, may not be feasible for

everyone, and may not address existing plastic waste

Using biodegradable plastics

High production cost and low efficacy of bioplastics compared to conventional plastics. Not all biode-

gradable plastics are biodegradable, and they may not fully address the issue of plastic waste

Recycling and reuse of plastic waste

The unsuitability of recycling and reusing certain plastic wastes, such as medical wastes, particularly dur-

ing the coronavirus disease-19 pandemic
The process can be expensive and energy-intensive

Plastic control strategies are highly effective for managing plastic waste to mitigate plastic pollution and its impact on the environment and natu-
ral resources. However, some plastic materials, such as medical plastic waste, are more challenging to recycle, particularly in light of the corona-
virus disease 2019 (COVID-19). Using biodegradable plastics or changing individual behaviours also has several challenges.
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Reuse
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Fig.6 Plastic minimisation strategies. Strategies begin with preven-
tion as the most favoured option a. Reuse, recycling, and recovery
are other waste minimisation strategies. Disposal is the least favoured

solutions and increased efforts are needed to overcome
these challenges and promote plastic recycling. Hydrother-
mal treatment also found not effective in plastic reusing,
with only volume reduction can be obtained (Farghali et al.
2022a).

Subsequently, plastic minimisation is overlooked by most
people, which is considered the main reason for creating and
releasing massive loads of microplastic waste into the envi-
ronment. To address this, media sources such as television
shows, journals, and social media platforms have started to
improve the general knowledge and awareness of microplas-
tics in recent years. Implementing these waste minimisation
strategies on a governmental and individual level is essen-
tial to effectively control microplastic pollution (Thiele and
Hudson 2021).

Behavioural changes towards plastic
and microplastic products

Encouraging changes in the everyday practices of individu-
als can have a significant impact on reducing the release of
microplastics into waterways (Eagle et al. 2016). For exam-
ple, individuals can opt for clothing made from natural fibres
like cotton and wool instead of synthetic polymers such
as polystyrene, acrylic, and nylon (De Falco et al. 2019).
Installing a microplastic filter in washing machines can also
help to reduce the amount of microplastic fibres released into
the water (Gaylarde et al., 2021). Choosing natural materials
in cosmetics and personal care products is another effective
strategy to control microplastic pollution (Sun et al. 2020b).
Additionally, avoiding single-use plastic items like bags,
cups, and bottles and using alternatives made from glass

Refuse

@ Rethink

The seven R’s

Re-gift

strategy 174
Recover {D A K Reduce
Repair Reuse

waste minimisation strategy. The 7 R’s waste minimisation approach
includes recovering, repairing, reusing, reducing, re-gift, refusing,
and rethinking b

materials can be a viable strategy (Tziourrou et al. 2021).
However, implementing these behavioural changes can be
challenging and requires a long-term effort.

Using biodegradable plastics

Biodegradable plastics, known as bioplastics, offer a prom-
ising solution for replacing conventional microplastics in
various applications (Farghali et al. 2022b, Dhaka et al.
2022). These plastics have already been used in food and
pharmaceutical packaging materials, such as polyhydroxy-
alkanoates, and in agriculture and horticulture as mulching
films for soil and crop protection (Filiciotto and Rothen-
berg 2021; Zhang et al. 2020). Due to their lightweight and
durability, bioplastics are also utilised in electric and elec-
tronic appliances, such as touch screens for smartphones
and laptops, circuit boards, and data storage. They are also
employed in the automotive industry to cover seats and
airbags (Moshood et al. 2021). As a result, many potential
applications for bioplastics with high efficacy exist.

Conclusion

Microplastics are a growing concern as a category of
organic pollutants that have gained significant attention
from researchers since 2014. As the impact of microplas-
tics continues to increase, it is essential to develop sustain-
able solutions to mitigate their harmful effects and reduce
their presence in the environment. This review examines
various aspects of microplastics, including their types,
shapes, sources, and global response. While microplastics
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can be found in multiple water bodies, land-based sources
are the major contributors to environmental pollution
(80-90%). The review also explores treatment techniques
to mitigate their harmful effects, including conventional
and innovative methods. In addition, we examined the
toxic effects of microplastic exposure on human health,
considering factors such as size, concentration, and expo-
sure duration. The study has highlighted the relationship
between the coronavirus disease 2019 (COVID-19) and
the surge in single-use plastic item usage, particularly
face masks, and explored different microplastic control
strategies. To increase public awareness of microplastic
concerns and promote the development of effective solu-
tions, several measures must be implemented, including
educational initiatives to raise individuals' awareness of
microplastics and media sources like television shows,
journals, and social media platforms. Various human bio-
logical specimens, such as faeces, sputum, saliva, blood,
bronchoalveolar lavage fluid, placenta, and other organs,
have been found to contain microplastics, suggesting that
these particles may induce detrimental effects on human
health. These effects can include potential health risks
such as cancer, immunotoxicity, intestinal diseases, pul-
monary diseases, cardiovascular disease, inflammatory
diseases, and adverse effects on pregnancy and maternal
exposure to progeny.

Several research gaps and issues require further exami-
nation and exploration in future studies related to micro-
plastics. These include the need for more research on the
impacts of microplastics on human health, identifying spe-
cific mechanisms underlying their harmful effects, explor-
ing potential risk factors affecting human exposure, and
developing effective mitigation strategies to promote pub-
lic health. Further research is also needed to understand
acute and chronic microplastic toxic effects on humans and
animals and to develop suitable alternatives to single-use
face masks and medical industry plastic waste. Microplas-
tics must be converted into valuable by-products, improve
their separation from other pollutants, and determine their
environmental fate. Identifying suitable alternatives to sin-
gle-use face masks is crucial while developing recycling
and reuse methods for medical industry plastic waste. Fur-
thermore, efforts should be made to improve the quality
and efficiency of plastic alternatives, such as bioplastics,
and to integrate microplastic treatment technologies to
enhance their removal efficiency and minimise negative
impacts. Finally, selecting a strategy to reduce plastic use
should consider factors such as infrastructure, economic
conditions, types of microplastics released, alternative
options, and public readiness to transition to a non-plastic-
dependent economy.

@ Springer

Acknowledgements The authors wish to acknowledge the support
from the UKRI project “Advancing Creative Circular Economies for
Plastics via Technological-Social Transitions” (ACCEPT Transitions,
EP/S025545/1). The researcher (Mohamed Hosny) is funded by a full
scholarship (MM32/21) from the Egyptian Ministry of Higher Edu-
cation & Scientific Research, represented by the Egyptian Bureau
for Cultural & Educational Affairs in London. The authors wish to
acknowledge the support of The Bryden Centre project (Project ID
VA5048). The Bryden Centre project is supported by the European
Union’s INTERREG VA Programme, managed by the Special EU
Programmes Body (SEUPB). All data is provided in full in the results
section of this paper.

Disclaimer The views and opinions expressed in this review do not
necessarily reflect those of the European Commission or the Special
EU Programs Body (SEUPB).

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbasi S, Turner A (2021) Human exposure to microplastics: a study
in Iran. J Hazard Mater 403:123799. https://doi.org/10.1016/j.
jhazmat.2020.123799

Abd El-Monaem EM et al (2022) Sustainable adsorptive removal
of antibiotic residues by chitosan composites: an insight into
current developments and future recommendations. Arabian
J Chem 15:103743. https://doi.org/10.1016/j.arabjc.2022.
103743

Abdel Maksoud MIA et al (2020) Insight on water remediation appli-
cation using magnetic nanomaterials and biosorbents. Coor-
dination Chem Rev 403:213096. https://doi.org/10.1016/j.ccr.
2019.213096

Abdelfatah AM et al (2021) Efficient adsorptive removal of tetracy-
cline from aqueous solution using phytosynthesized nano-zero
valent iron. J Saudi Chem Soc 25(12):101365. https://doi.org/
10.1016/j.jscs.2021.101365

Acquavella JF et al (1988) Evaluation of excess colorectal cancer
incidence among workers involved in the manufacture of poly-
propylene. J Occup Med 30:438-442. https://doi.org/10.1097/
00043764-198805000-00012

Agamuthu P et al (2019) Marine debris: A review of impacts and
global initiatives. Waste Manage Res 37:987-1002. https://doi.
org/10.1177/0734242X19845041

Akhbarizadeh R et al (2018) Investigating a probable relation-
ship between microplastics and potentially toxic elements in
fish muscles from northeast of Persian Gulf. Environ Pollut
232:154-163. https://doi.org/10.1016/j.envpol.2017.09.028


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jhazmat.2020.123799
https://doi.org/10.1016/j.jhazmat.2020.123799
https://doi.org/10.1016/j.arabjc.2022.103743
https://doi.org/10.1016/j.arabjc.2022.103743
https://doi.org/10.1016/j.ccr.2019.213096
https://doi.org/10.1016/j.ccr.2019.213096
https://doi.org/10.1016/j.jscs.2021.101365
https://doi.org/10.1016/j.jscs.2021.101365
https://doi.org/10.1097/00043764-198805000-00012
https://doi.org/10.1097/00043764-198805000-00012
https://doi.org/10.1177/0734242X19845041
https://doi.org/10.1177/0734242X19845041
https://doi.org/10.1016/j.envpol.2017.09.028

Environmental Chemistry Letters (2023) 21:2129-2169

2161

Al-Asheh S et al (2021) Membrane bioreactor for wastewater treat-
ment: a review. Case Studies Chem Environ Eng 4:100109.
https://doi.org/10.1016/j.cscee.2021.100109

Allard P, Colaidcovo MP (2010) Bisphenol A impairs the double-
strand break repair machinery in the germline and causes chro-
mosome abnormalities. Proc Natl Acad Sci 107:20405-20410.
https://doi.org/10.1073/pnas.1010386107

Alomar C et al (2016) Microplastics in the Mediterranean Sea: depo-
sition in coastal shallow sediments, spatial variation and pref-
erential grain size. Mar Environ Res 115:1-10. https://doi.org/
10.1016/j.marenvres.2016.01.005

Amato-Lourenco L F et al (2021) Presence of airborne microplastics
in human lung tissue. J Hazard Mater 416:126124. https://doi.
org/10.1016/j.jhazmat.2021.126124

Amin M et al (2020) Comparative acute toxicity of organophosphates
and synthetic pyrethroid pesticides in vivo exposed fresh water
fish Oreochromis niloticus (Linnaeus,1758). Aquatic Ecosyst
Health Manag 23:366-372. https://doi.org/10.1016/j.jhazmat.
2021.126124

Anderson PJ et al (2017) Microplastic contamination in lake Win-
nipeg. Canada Environ Pollut 225:223-231. https://doi.org/10.
1016/j.envpol.2017.02.072

Andrady AL (2017) The plastic in microplastics: A review. Mar Pollut
Bull 119:12-22. https://doi.org/10.1016/j.marpolbul.2017.01.082

Auta HS et al (2017) Distribution and importance of microplastics in
the marine environment: a review of the sources, fate, effects,
and potential solutions. Environ Int 102:165-176. https://doi.
org/10.1016/j.envint.2017.02.013

Azevedo BD et al (2019) Urban solid waste management in develop-
ing countries from the sustainable supply chain management
perspective: a case study of Brazil’s largest slum. J Clean Prod
233:1377-1386. https://doi.org/10.1016/j.jclepro.2019.06.162

Bae S, Hong Y-C (2015) Exposure to bisphenol A from drinking
canned beverages increases blood pressure: randomized cross-
over trial. Hypertension 65:313-319. https://doi.org/10.1161/
hypertensionaha.114.04261

Baeza-Martinez C et al (2022) First evidence of microplastics
isolated in European citizens’ lower airway. J] Hazard Mater
438:129439. https://doi.org/10.1016/j.jhazmat.2022.129439

Bahrodin MB et al (2021) Recent advances on coagulation-based
treatment of wastewater: Transition from chemical to natural
coagulant. Current Pollution Reports 7:379-391. https://doi.
org/10.1007/s40726-021-00191-7

Bao W et al (2020) Association between bisphenol A exposure and
risk of all-cause and cause-specific mortality in US adults.
JAMA Netw Open 3:¢2011620-e2011620. https://doi.org/10.
1001/jamanetworkopen.2020.11620

Barboza LGA et al (2018) Marine microplastic debris: An emerging
issue for food security, food safety and human health. Marine
Pollut Bulletin 133:336-348. https://doi.org/10.1016/j.marpo
1bul.2018.05.047

Bastid J et al (2020) The emerging role of the IL-17B/IL-17RB path-
way in cancer. Front Immunol 11:718. https://doi.org/10.3389/
fimmu.2020.00718

Bayo, J., et al., 2020. Membrane bioreactor and rapid sand filtration
for the removal of microplastics in an urban wastewater treat-
ment plant. Marine Pollution Bulletin. 156, 111211. https://
doi.org/10.1016/j.marpolbul.2020.111211

Beckett WS (2000) Occupational respiratory diseases. N Engl J Med
342:406-413. https://doi.org/10.1056/NEIM200002103420607

Blackburn K, Green D (2022) The potential effects of microplastics
on human health: what is known and what is unknown. Ambio
51:518-530. https://doi.org/10.1007/s13280-021-01589-9

Bockers M et al (2020) Organophosphate ester tri-o-cresyl phos-
phate interacts with estrogen receptor a in MCF-7 breast

cancer cells promoting cancer growth. Toxicol Appl Pharma-
col 395:114977. https://doi.org/10.1016/j.taap.2020.114977

Bolli A et al (2010) Bisphenol A impairs estradiol-induced protective
effects against DLD-1 colon cancer cell growth. IUBMB Life
62:684-687. https://doi.org/10.1002/iub.370

Bouwmeester H et al (2015) Potential health impact of environ-
mentally released micro- and nanoplastics in the human food
production chain: experiences from nanotoxicology. Environ
Sci Technol 49:8932-8947. https://doi.org/10.1021/acs.est.
5b01090

Brandon JA et al (2020) Patterns of suspended and salp-ingested
microplastic debris in the North Pacific investigated with epif-
luorescence microscopy. Limnology and Oceanography Letters
5:46-53. https://doi.org/10.1002/1012.10127

Braniste V et al (2010) Impact of oral bisphenol A at reference doses
on intestinal barrier function and sex differences after perinatal
exposure in rats. Proc Natl Acad Sci 107:448-453. https://doi.
org/10.1073/pnas.0907697107

Braun T et al (2021) Detection of microplastic in human placenta and
meconium in a clinical setting. Pharmaceutics. https://doi.org/
10.3390/pharmaceutics 13070921

Braun T et al (2021) Detection of microplastic in human placenta and
meconium in a clinical setting. Pharmaceutics 13:921. https://
doi.org/10.3390/pharmaceutics 13070921

Brown DM et al (2001) Size-dependent proinflammatory effects of
ultrafine polystyrene particles: a role for surface area and oxida-
tive stress in the enhanced activity of ultrafines. Toxicol Appl
Pharmacol 175:191-199. https://doi.org/10.1006/taap.2001.9240

Browne MA et al (2008) Ingested microscopic plastic translocates to
the circulatory system of the mussel, Mytilus edulis (L.). Environ
Sci Technol 42:5026-5031. https://doi.org/10.1021/es800249a

Bruyninckx K, Dusselier M (2019) Sustainable chemistry considera-
tions for the encapsulation of volatile compounds in laundry-type
applications. ACS Sustainable Chem Eng 7:8041-8054. https://
doi.org/10.1021/acssuschemeng.9b00677

Bui X-T et al (2020) Microplastics pollution in wastewater: character-
istics, occurrence and removal technologies. Environ Technol
Innovation 19:101013. https://doi.org/10.1016/].eti.2020.101013

Calero, M., et al., 2021. Green strategies for microplastics reduc-
tion. Current Opinion in Green and Sustainable Chemistry. 28,
100442. https://doi.org/10.1016/j.cogsc.2020.100442

Campanale C et al (2020) A detailed review study on potential effects
of microplastics and additives of concern on human health. Int
J Environ Res Public Health 17:1212. https://doi.org/10.3390/
ijerph17041212

Campbell-Thompson M et al (2001) Expression of estrogen receptor
(ER) subtypes and ERf isoforms in colon cancer. Cancer Res
61:632-640

Caputi S et al (2022) Microplastics affect the inflammation pathway
in human gingival fibroblasts: a study in the Adriatic Sea. Int J
Environ Res Public Health. https://doi.org/10.3390/ijerph1913
7782

Carney Almroth BM et al (2018) Quantifying shedding of synthetic
fibers from textiles; a source of microplastics released into the
environment. Environ Sci Pollut Res 25:1191-1199. https://doi.
org/10.1007/s11356-017-0528-7

Caron AG et al (2018) Ingestion of microplastic debris by green sea
turtles (Chelonia mydas) in the Great Barrier Reef: Validation of
a sequential extraction protocol. Mar Pollut Bull 127:743-751.
https://doi.org/10.1016/j.marpolbul.2017.12.062

Carr KE et al (2012) Morphological aspects of interactions between
microparticles and mammalian cells: intestinal uptake and
onward movement. Prog Histochem Cytochem 46:185-252.
https://doi.org/10.1016/j.proghi.2011.11.001

Carson R (2015) Silent spring. Thinking About the Environment. Rout-
ledge, Cham, pp 150-155

@ Springer


https://doi.org/10.1016/j.cscee.2021.100109
https://doi.org/10.1073/pnas.1010386107
https://doi.org/10.1016/j.marenvres.2016.01.005
https://doi.org/10.1016/j.marenvres.2016.01.005
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.envpol.2017.02.072
https://doi.org/10.1016/j.envpol.2017.02.072
https://doi.org/10.1016/j.marpolbul.2017.01.082
https://doi.org/10.1016/j.envint.2017.02.013
https://doi.org/10.1016/j.envint.2017.02.013
https://doi.org/10.1016/j.jclepro.2019.06.162
https://doi.org/10.1161/hypertensionaha.114.04261
https://doi.org/10.1161/hypertensionaha.114.04261
https://doi.org/10.1016/j.jhazmat.2022.129439
https://doi.org/10.1007/s40726-021-00191-7
https://doi.org/10.1007/s40726-021-00191-7
https://doi.org/10.1001/jamanetworkopen.2020.11620
https://doi.org/10.1001/jamanetworkopen.2020.11620
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.3389/fimmu.2020.00718
https://doi.org/10.3389/fimmu.2020.00718
https://doi.org/10.1016/j.marpolbul.2020.111211
https://doi.org/10.1016/j.marpolbul.2020.111211
https://doi.org/10.1056/NEJM200002103420607
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1016/j.taap.2020.114977
https://doi.org/10.1002/iub.370
https://doi.org/10.1021/acs.est.5b01090
https://doi.org/10.1021/acs.est.5b01090
https://doi.org/10.1002/lol2.10127
https://doi.org/10.1073/pnas.0907697107
https://doi.org/10.1073/pnas.0907697107
https://doi.org/10.3390/pharmaceutics13070921
https://doi.org/10.3390/pharmaceutics13070921
https://doi.org/10.3390/pharmaceutics13070921
https://doi.org/10.3390/pharmaceutics13070921
https://doi.org/10.1006/taap.2001.9240
https://doi.org/10.1021/es800249a
https://doi.org/10.1021/acssuschemeng.9b00677
https://doi.org/10.1021/acssuschemeng.9b00677
https://doi.org/10.1016/j.eti.2020.101013
https://doi.org/10.1016/j.cogsc.2020.100442
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.3390/ijerph19137782
https://doi.org/10.3390/ijerph19137782
https://doi.org/10.1007/s11356-017-0528-7
https://doi.org/10.1007/s11356-017-0528-7
https://doi.org/10.1016/j.marpolbul.2017.12.062
https://doi.org/10.1016/j.proghi.2011.11.001

2162

Environmental Chemistry Letters (2023) 21:2129-2169

Cessi P et al (2014) Energetics of semienclosed basins with two-layer
flows at the strait. ] Phys Oceanogr 44:967-979. https://doi.org/
10.1175/JPO-D-13-0129.1

Chan GG et al (2017) Blood proteomic profiling in inherited (ATTRm)
and acquired (ATTRwt) forms of transthyretin-associated cardiac
amyloidosis. J Proteome Res 16:1659-1668. https://doi.org/10.
1021/acs.jproteome.6b00998

Chang C (2010a) The immune effects of naturally occurring and syn-
thetic nanoparticles. J Autoimmun 34:J234-J246. https://doi.org/
10.1016/j.jaut.2009.11.009

Chen Z et al (2022a) Emerging electrochemical techniques for identi-
fying and removing micro/nanoplastics in urban waters. Water
Res 221:118846. https://doi.org/10.1016/j.watres.2022.118846

Chen X et al (2022b) Polyvinyl chloride microplastics induced gut bar-
rier dysfunction, microbiota dysbiosis and metabolism disorder
in adult mice. Ecotoxicol Environ Safety 241:113809. https://doi.
org/10.1016/j.ecoenv.2022.113809

Cheung PK, Fok L (2017) Characterisation of plastic microbeads in
facial scrubs and their estimated emissions in Mainland China.
Water Res 122:53-61. https://doi.org/10.1016/j.watres.2017.05.
053

Choi D et al (2021a) In vitro toxicity from a physical perspective of
polyethylene microplastics based on statistical curvature change
analysis. Sci Total Environ 752:142242. https://doi.org/10.
1016/j.scitotenv.2020.142242

Choi YJ et al (2021b) Inflammatory response in the mid colon
of ICR mice treated with polystyrene microplastics for two
weeks. Laboratory Animal Res 37:31. https://doi.org/10.1186/
$42826-021-00109-w

Cox KD et al (2019) Human consumption of microplastics. Environ Sci
Technol 53:7068-7074. https://doi.org/10.1021/acs.est.9b01517

Cobzar A et al (2015) Plastic accumulation in the Mediterranean Sea.
PLoS ONE 10:e0121762

Crini G, Lichtfouse E (2019) Advantages and disadvantages of
techniques used for wastewater treatment. Environ Chem Lett
17:145-155. https://doi.org/10.1007/s10311-018-0785-9

Culin J, Bieli¢ T (2016) Plastic pollution from ships. Pomorski
Zbornik. 51:57-66. https://doi.org/10.18048/2016.51.04

Danopoulos E et al (2020) Microplastic contamination of drinking
water: a systematic review. PLoS ONE 15:¢0236838. https://
doi.org/10.1371/journal.pone.0236838

Danopoulos E et al (2021) A rapid review and meta-regression analy-
ses of the toxicological impacts of microplastic exposure in
human cells. ] Hazard Mater. https://doi.org/10.1016/j.jhazm
at.2021.127861

Davarpanah E, Guilhermino L (2019) Are gold nanoparticles and
microplastics mixtures more toxic to the marine microalgae
Tetraselmis chuii than the substances individually? Ecotoxicol
Environ Safety. 181:60-68

De Falco F et al (2019) The contribution of washing processes of
synthetic clothes to microplastic pollution. Sci Rep 9:1-11.
https://doi.org/10.1038/s41598-019-43023-x

De Falco F et al (2020) microfiber release to water, via laundering,
and to air, via everyday use: a comparison between polyester
clothing with differing textile parameters. Environ Sci Technol
54:3288-3296. https://doi.org/10.1021/acs.est.9b06892

De Sa LC et al (2018) Studies of the effects of microplastics on
aquatic organisms: what do we know and where should we
focus our efforts in the future? Sci Total Environ 645:1029—
1039. https://doi.org/10.1016/j.scitotenv.2018.07.207

de Oliveira M et al (2020) Pharmaceuticals residues and xenobiotics
contaminants: occurrence, analytical techniques and sustain-
able alternatives for wastewater treatment. Sci Total Environ
705:135568. https://doi.org/10.1016/j.scitotenv.2019.135568

@ Springer

Deng Y et al (2017) Tissue accumulation of microplastics in mice
and biomarker responses suggest widespread health risks of
exposure. Sci Rep 7:1-10. https://doi.org/10.1038/srep46687

Deng L et al (2020a) Public attitudes towards microplastics: Per-
ceptions behaviors and policy implications. Resour Conserv
Recycling 163:105096. https://doi.org/10.1016/j.resconrec.
2020.105096

Deng H et al (2020b) Microplastic pollution in water and sediment
in a textile industrial area. Environ Pollut 258:113658. https://
doi.org/10.1016/j.envpol.2019.113658

Deng P et al (2021) Bisphenol A promotes breast cancer cell prolifera-
tion by driving miR-381-3p-PTTG1-dependent cell cycle pro-
gression. Chemosphere 268:129221. https://doi.org/10.1016/j.
chemosphere.2020.129221

Devriese LI et al (2017) Bioaccumulation of PCBs from microplas-
tics in Norway lobster (Nephrops norvegicus): An experimental
study. Chemosphere 186:10-16. https://doi.org/10.1016/j.chemo
sphere.2017.07.121

Dhaka V et al (2022) Occurrence, toxicity and remediation of polyeth-
ylene terephthalate plastics A review. Environ Chem Lett. https://
doi.org/10.1007/s10311-021-01384-8

Dikgang J, Visser M (2012) Behavioural response to plastic bag legisla-
tion in Botswana. South African J Econ 80:123-133. https://doi.
org/10.1111/j.1813-6982.2011.01289.x

Dikgang J et al (2012) Analysis of the plastic-bag levy in South Africa.
Resour Conserv Recycl 66:59-65. https://doi.org/10.1016/j.resco
nrec.2012.06.009

Dobbs RW et al (2019) Estrogens and prostate cancer. Prostate
Cancer Prostatic Dis 22:185-194. https://doi.org/10.1038/
s41391-018-0081-6

Dong CD et al (2020) Polystyrene microplastic particles: In vitro pul-
monary toxicity assessment. J Hazard Mater 385:121575. https://
doi.org/10.1016/j.jhazmat.2019.121575

Du J et al (2020) A review of microplastics in the aquatic environ-
mental: distribution, transport, ecotoxicology, and toxicological
mechanisms. Environ Sci Pollut Res 27:11494-11505. https://
doi.org/10.1007/s11356-020-08104-9

Du H et al (2021) Microplastic degradation methods and corresponding
degradation mechanism: Research status and future perspectives.
J Hazard Mater 418:126377. https://doi.org/10.1016/j.jhazmat.
2021.126377

Du S et al (2021) Environmental fate and impacts of microplastics in
aquatic ecosystems: a review. RSC Adv 11:15762-15784. https://
doi.org/10.1039/D1RA00880C

Duis K, Coors A (2016) Microplastics in the aquatic and terrestrial
environment: sources (with a specific focus on personal care
products), fate and effects. Environ Sci Eur 28:1-25. https://doi.
org/10.1186/s12302-015-0069-y

Dvorak L et al (2013) Nitrification performance in a membrane biore-
actor treating industrial wastewater. Water Res 47:4412-4421.
https://doi.org/10.1016/j.watres.2013.03.053

Eagle L et al (2016) The role of social marketing, marine turtles and
sustainable tourism in reducing plastic pollution. Mar Pollut Bull
107:324-332. https://doi.org/10.1016/j.marpolbul.2016.03.040

El-Maghrabi N et al (2021) Catalytic and medical potential of a phyto-
functionalized reduced graphene oxide-gold nanocomposite
using willow-leaved knotgrass. ACS Omega 6:34954-34966.
https://doi.org/10.1021/acsomega.1c05596

Eltaweil AS et al (2022) Novel biogenic synthesis of a Ag@ Biochar
nanocomposite as an antimicrobial agent and photocatalyst for
methylene blue degradation. ACS Omega 7:8046—-8059. https://
doi.org/10.1021/acsomega.1c07209

Enyoh CE et al (2020) Microplastics exposure routes and toxicity stud-
ies to ecosystems: an overview. Environ Anal Health Toxicol.
35:¢2020004. https://doi.org/10.5620/eaht.e2020004


https://doi.org/10.1175/JPO-D-13-0129.1
https://doi.org/10.1175/JPO-D-13-0129.1
https://doi.org/10.1021/acs.jproteome.6b00998
https://doi.org/10.1021/acs.jproteome.6b00998
https://doi.org/10.1016/j.jaut.2009.11.009
https://doi.org/10.1016/j.jaut.2009.11.009
https://doi.org/10.1016/j.watres.2022.118846
https://doi.org/10.1016/j.ecoenv.2022.113809
https://doi.org/10.1016/j.ecoenv.2022.113809
https://doi.org/10.1016/j.watres.2017.05.053
https://doi.org/10.1016/j.watres.2017.05.053
https://doi.org/10.1016/j.scitotenv.2020.142242
https://doi.org/10.1016/j.scitotenv.2020.142242
https://doi.org/10.1186/s42826-021-00109-w
https://doi.org/10.1186/s42826-021-00109-w
https://doi.org/10.1021/acs.est.9b01517
https://doi.org/10.1007/s10311-018-0785-9
https://doi.org/10.18048/2016.51.04
https://doi.org/10.1371/journal.pone.0236838
https://doi.org/10.1371/journal.pone.0236838
https://doi.org/10.1016/j.jhazmat.2021.127861
https://doi.org/10.1016/j.jhazmat.2021.127861
https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.1021/acs.est.9b06892
https://doi.org/10.1016/j.scitotenv.2018.07.207
https://doi.org/10.1016/j.scitotenv.2019.135568
https://doi.org/10.1038/srep46687
https://doi.org/10.1016/j.resconrec.2020.105096
https://doi.org/10.1016/j.resconrec.2020.105096
https://doi.org/10.1016/j.envpol.2019.113658
https://doi.org/10.1016/j.envpol.2019.113658
https://doi.org/10.1016/j.chemosphere.2020.129221
https://doi.org/10.1016/j.chemosphere.2020.129221
https://doi.org/10.1016/j.chemosphere.2017.07.121
https://doi.org/10.1016/j.chemosphere.2017.07.121
https://doi.org/10.1007/s10311-021-01384-8
https://doi.org/10.1007/s10311-021-01384-8
https://doi.org/10.1111/j.1813-6982.2011.01289.x
https://doi.org/10.1111/j.1813-6982.2011.01289.x
https://doi.org/10.1016/j.resconrec.2012.06.009
https://doi.org/10.1016/j.resconrec.2012.06.009
https://doi.org/10.1038/s41391-018-0081-6
https://doi.org/10.1038/s41391-018-0081-6
https://doi.org/10.1016/j.jhazmat.2019.121575
https://doi.org/10.1016/j.jhazmat.2019.121575
https://doi.org/10.1007/s11356-020-08104-9
https://doi.org/10.1007/s11356-020-08104-9
https://doi.org/10.1016/j.jhazmat.2021.126377
https://doi.org/10.1016/j.jhazmat.2021.126377
https://doi.org/10.1039/D1RA00880C
https://doi.org/10.1039/D1RA00880C
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1016/j.watres.2013.03.053
https://doi.org/10.1016/j.marpolbul.2016.03.040
https://doi.org/10.1021/acsomega.1c05596
https://doi.org/10.1021/acsomega.1c07209
https://doi.org/10.1021/acsomega.1c07209
https://doi.org/10.5620/eaht.e2020004

Environmental Chemistry Letters (2023) 21:2129-2169

2163

Enyoh CE et al (2022) An overview of physical, chemical and biologi-
cal methods for removal of microplastics. Microplastics Pollut
Aqua Media. https://doi.org/10.1021/acsomega.1c07209

Eo S et al (2019) Spatiotemporal distribution and annual load of micro-
plastics in the Nakdong River. South Korea Water Research
160:228-237. https://doi.org/10.1016/j.watres.2019.05.053

Eyles J et al (1995) The transfer of polystyrene microspheres from the
gastrointestinal tract to the circulation after oral administration
in the rat. J Pharm Pharmacol 47:561-565. https://doi.org/10.
1111/.2042-7158.1995.tb06714.x

Fadare OO, Okoffo ED (2020) Covid-19 face masks: A potential source
of microplastic fibers in the environment. Sci Total Environ
737:140279. https://doi.org/10.1016/j.scitotenv.2020.140279

Fadare OO et al (2020) Microplastics from consumer plastic food con-
tainers: are we consuming it? Chemosphere 253:126787. https:/
doi.org/10.1016/j.chemosphere.2020.126787

Filtstrom E, Anderberg S (2020) Towards control strategies for micro-
plastics in urban water. Environ Sci Pollut Res 27:40421-40433.
https://doi.org/10.1007/s11356-020-10064-z

Fan Z et al (2022) A study on the roles of long non-coding RNA and
circular RNA in the pulmonary injuries induced by polystyrene
microplastics. Environ Int 163:107223. https://doi.org/10.1016/j.
envint.2022.107223

Farghali M et al (2022a) Integrating anaerobic digestion with hydro-
thermal pretreatment for bioenergy production waste valorization
of plastic containing food waste and rice husk. Biochem Eng J
186:108546. https://doi.org/10.1016/j.bej.2022.108546

Farghali M et al (2022b) Seaweed for climate mitigation wastewater
treatment bioenergy bioplastic biochar food pharmaceuticals and
cosmetics: a review. Environ Chem Lett 21:97-152. https://doi.
org/10.1007/s10311-022-01520-y

Fendall LS, Sewell MA (2009) Contributing to marine pollution by
washing your face: microplastics in facial cleansers. Mar Pollut
Bull 58:1225-1228. https://doi.org/10.1016/j.marpolbul.2009.
04.025

Feng S et al (2021) The occurrence of microplastics in farmland
and grassland soils in the Qinghai-Tibet plateau: different land
use and mulching time in facility agriculture. Environ Pollut
279:116939. https://doi.org/10.1016/j.envpol.2021.116939

Filiciotto L, Rothenberg G (2021) Biodegradable plastics: Standards,
policies, and impacts. Chemsuschem 14:56—72. https://doi.org/
10.1002/cssc.202002044

Fleury J-B, Baulin VA (2021) Microplastics destabilize lipid mem-
branes by mechanical stretching. Proc National Acad Sci
118:¢2104610118. https://doi.org/10.1073/pnas.2104610118

Forte M et al (2016) Polystyrene nanoparticles internalization in human
gastric adenocarcinoma cells. Toxicol in Vitro 31:126-136.
https://doi.org/10.1016/j.tiv.2015.11.006

Fournier SB et al (2020) Nanopolystyrene translocation and fetal
deposition after acute lung exposure during late-stage preg-
nancy. Part Fibre Toxicol 17:1-11. https://doi.org/10.1186/
$12989-020-00385-9

Garcia-Segura S et al (2017) Electrocoagulation and advanced electro-
coagulation processes: a general review about the fundamentals,
emerging applications and its association with other technolo-
gies. J Electroanal Chem 801:267-299. https://doi.org/10.1016/j.
jelechem.2017.07.047

Garcia-Vazquez E, Garcia-Ael C (2021) The invisible enemy. Public
knowledge of microplastics is needed to face the current micro-
plastics crisis. Sustainable Product Consum 28:1076-1089.
https://doi.org/10.1016/j.spc.2021.07.032

Gasperi J et al (2018) Microplastics in air: Are we breathing it in?
Curr Opin Environ Sci Health 1:1-5. https://doi.org/10.1016/j.
coesh.2017.10.002

Gaylarde C et al (2021) Plastic microfibre pollution: how important is
clothes’ laundering? Heliyon 7:¢07105. https://doi.org/10.1016/j.
heliyon.2021.e07105

Glavi¢ P (2021) Evolution and current challenges of sustainable con-
sumption and production. Sustainability 13:9379. https://doi.org/
10.3390/su13169379

Good TP et al (2010) Derelict fishing nets in Puget Sound and the
Northwest Straits: Patterns and threats to marine fauna. Mar Pol-
lut Bull 60:39-50. https://doi.org/10.1016/j.marpolbul.2009.09.
005

Goodman KE et al (2021) Exposure of human lung cells to polysty-
rene microplastics significantly retards cell proliferation and trig-
gers morphological changes. Chem Res Toxicol 34:1069-1081.
https://doi.org/10.1021/acs.chemrestox.0c00486

Grbic J et al (2019) Magnetic extraction of microplastics from environ-
mental samples. Environ Sci Technol Lett 6:68-72. https://doi.
org/10.1021/acs.estlett.8b00671

Green TR et al (1998) Polyethylene particles of a “critical size” are
necessary for the induction of cytokines by macrophages in vitro.
Biomaterials 19:2297-2302. https://doi.org/10.1016/s0142-
9612(98)00140-9

Guan S et al (2017) The toxic effects of benzo[a]pyrene on activated
mouse T cells in vitro. Immunopharmacol Immunotoxicol
39:117-123. https://doi.org/10.1080/08923973.2017.1299173

Guerranti C et al (2019) Microplastics in cosmetics: Environmental
issues and needs for global bans. Environ Toxicol Pharmacol
68:75-79. https://doi.org/10.1016/j.etap.2019.03.007

Giindogdu S, Cevik C (2017) Micro-and mesoplastics in Northeast
Levantine coast of Turkey: The preliminary results from surface
samples. Mar Pollut Bull 118:341-347. https://doi.org/10.1016/j.
marpolbul.2017.03.002

Habib RZ et al (2020) Analysis of microbeads in cosmetic products in
the United Arab Emirates. Environ Pollut 258:113831. https://
doi.org/10.1016/j.envpol.2019.113831

Hale RC et al (2020) A global perspective on microplastics. J] Geophys
Res 125:2018JC014719. https://doi.org/10.1029/2018JC014719

Halimu G et al (2022) Toxic effects of nanoplastics with different sizes
and surface charges on epithelial-to-mesenchymal transition in
AS549 cells and the potential toxicological mechanism. J Haz-
ard Mater 430:128485. https://doi.org/10.1016/j.jhazmat.2022.
128485

Han S et al (2020) Surface pattern analysis of microplastics and their
impact on human-derived cells. ACS Applied Polymer Materials
2:4541-4550. https://doi.org/10.1021/acsapm.0c00645

Hansen A (2018) Environment, media and communication. Routledge,
New York

He H (2012) Effects of environmental policy on consumption: les-
sons from the Chinese plastic bag regulation. Environ Dev Econ
17:407-431. https://doi.org/10.1017/S1355770X1200006X

He D et al (2021) Methods for separating microplastics from com-
plex solid matrices: comparative analysis. J Hazard Mater
409:124640. https://doi.org/10.1016/j.jhazmat.2020.124640

He S et al (2022) Biofilm on microplastics in aqueous environment:
Physicochemical properties and environmental implications. J
Hazard Mater 424:127286. https://doi.org/10.1016/j.jhazmat.
2021.127286

Henderson L, Green C (2020) Making sense of microplastics? Pub-
lic understandings of plastic pollution. Marine Pollut Bulletin.
152:110908. https://doi.org/10.1016/j.marpolbul.2020.110908

Herr CEW et al (2010) Air pollution exposure during critical time
periods in gestation and alterations in cord blood lymphocyte
distribution: a cohort of livebirths. Environ Health 9:46. https://
doi.org/10.1186/1476-069X-9-46

Hidayaturrahman H, Lee T-G (2019) A study on characteristics of
microplastic in wastewater of South Korea: identification, quan-
tification, and fate of microplastics during treatment process.

@ Springer


https://doi.org/10.1021/acsomega.1c07209
https://doi.org/10.1016/j.watres.2019.05.053
https://doi.org/10.1111/j.2042-7158.1995.tb06714.x
https://doi.org/10.1111/j.2042-7158.1995.tb06714.x
https://doi.org/10.1016/j.scitotenv.2020.140279
https://doi.org/10.1016/j.chemosphere.2020.126787
https://doi.org/10.1016/j.chemosphere.2020.126787
https://doi.org/10.1007/s11356-020-10064-z
https://doi.org/10.1016/j.envint.2022.107223
https://doi.org/10.1016/j.envint.2022.107223
https://doi.org/10.1016/j.bej.2022.108546
https://doi.org/10.1007/s10311-022-01520-y
https://doi.org/10.1007/s10311-022-01520-y
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.1016/j.envpol.2021.116939
https://doi.org/10.1002/cssc.202002044
https://doi.org/10.1002/cssc.202002044
https://doi.org/10.1073/pnas.2104610118
https://doi.org/10.1016/j.tiv.2015.11.006
https://doi.org/10.1186/s12989-020-00385-9
https://doi.org/10.1186/s12989-020-00385-9
https://doi.org/10.1016/j.jelechem.2017.07.047
https://doi.org/10.1016/j.jelechem.2017.07.047
https://doi.org/10.1016/j.spc.2021.07.032
https://doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1016/j.heliyon.2021.e07105
https://doi.org/10.1016/j.heliyon.2021.e07105
https://doi.org/10.3390/su13169379
https://doi.org/10.3390/su13169379
https://doi.org/10.1016/j.marpolbul.2009.09.005
https://doi.org/10.1016/j.marpolbul.2009.09.005
https://doi.org/10.1021/acs.chemrestox.0c00486
https://doi.org/10.1021/acs.estlett.8b00671
https://doi.org/10.1021/acs.estlett.8b00671
https://doi.org/10.1016/s0142-9612(98)00140-9
https://doi.org/10.1016/s0142-9612(98)00140-9
https://doi.org/10.1080/08923973.2017.1299173
https://doi.org/10.1016/j.etap.2019.03.007
https://doi.org/10.1016/j.marpolbul.2017.03.002
https://doi.org/10.1016/j.marpolbul.2017.03.002
https://doi.org/10.1016/j.envpol.2019.113831
https://doi.org/10.1016/j.envpol.2019.113831
https://doi.org/10.1029/2018JC014719
https://doi.org/10.1016/j.jhazmat.2022.128485
https://doi.org/10.1016/j.jhazmat.2022.128485
https://doi.org/10.1021/acsapm.0c00645
https://doi.org/10.1017/S1355770X1200006X
https://doi.org/10.1016/j.jhazmat.2020.124640
https://doi.org/10.1016/j.jhazmat.2021.127286
https://doi.org/10.1016/j.jhazmat.2021.127286
https://doi.org/10.1016/j.marpolbul.2020.110908
https://doi.org/10.1186/1476-069X-9-46
https://doi.org/10.1186/1476-069X-9-46

2164

Environmental Chemistry Letters (2023) 21:2129-2169

Mar Pollut Bull 146:696-702. https://doi.org/10.1016/j.marpo
1bul.2019.06.071

Hipfner JM et al (2018) Two forage fishes as potential conduits for the
vertical transfer of microfibres in Northeastern Pacific Ocean
food webs. Environ Pollut 239:215-222. https://doi.org/10.
1016/j.envpol.2018.04.009

Hirt N, Body-Malapel M (2020a) Immunotoxicity and intestinal effects
of nano- and microplastics: a review of the literature. Particle
and Fibre Toxicol. https://doi.org/10.1186/s12989-020-00387-7

Hirt N, Body-Malapel M (2020b) Immunotoxicity and intestinal effects
of nano- and microplastics: a review of the literature. Part Fibre
Toxicol 17:57. https://doi.org/10.1186/s12989-020-00387-7

Hosny M et al (2022a) Green synthesis of bimetallic Ag/ZnO @Bio-
har nanocomposite for photocatalytic degradation of tetracycline
antibacterial and antioxidant activities. Abstr Sci Rep 12:1-17.
https://doi.org/10.1038/s41598-022-11014-0

Hosny M et al (2022b) Phytofabrication of bimetallic silver-copper/
biochar nanocomposite for environmental and medical applica-
tions. J Environ Manag 316:115238. https://doi.org/10.1016/j.
jenvman.2022.115238

Hou L et al (2021) Conversion and removal strategies for microplas-
tics in wastewater treatment plants and landfills. Chem Eng J
406:126715. https://doi.org/10.1016/j.cej.2020.126715

Hu X et al (2021) Mutational signatures associated with exposure to
carcinogenic microplastic compounds bisphenol A and styrene
oxide. NAR Cancer. 3:zcab004. https://doi.org/10.1093/narcan/
zcab004

Hu J et al (2021) Polystyrene microplastics disturb maternal-fetal
immune balance and cause reproductive toxicity in pregnant
mice. Reprod Toxicol 106:42-50. https://doi.org/10.1016/j.repro
t0x.2021.10.002

Huang D et al (2021a) Microplastics and nanoplastics in the environ-
ment: macroscopic transport and effects on creatures. J] Hazard
Mater 407:124399. https://doi.org/10.1016/j.jhazmat.2020.
124399

Huang Z et al (2021b) Microplastic: a potential threat to human and
animal health by interfering with the intestinal barrier function
and changing the intestinal microenvironment. Sci Total Environ
785:147365. https://doi.org/10.1016/j.scitotenv.2021.147365

Huang S et al (2022a) Detection and analysis of microplastics in
human sputum. Environ Sci Technol 56:2476-2486. https://
doi.org/10.1021/acs.est.1c03859

Huang T et al (2022b) Maternal exposure to polystyrene nanoplastics
during gestation and lactation induces hepatic and testicular tox-
icity in male mouse offspring. Food Chem Toxicol 160:112803.
https://doi.org/10.1016/j.fct.2021.112803

Hwang J et al (2019) An assessment of the toxicity of polypropyl-
ene microplastics in human derived cells. Sci Total Environ
684:657-669. https://doi.org/10.1016/j.scitotenv.2019.05.071

Hwang J et al (2020) Potential toxicity of polystyrene microplas-
tic particles. Sci Rep 10:7391. https://doi.org/10.1038/
s41598-020-64464-9

Ibrahim YS et al (2021a) Detection of microplastics in human colec-
tomy specimens. JGH Open 5:116-121. https://doi.org/10.
1002/jgh3.12457

Isobe A et al (2019) Abundance of non-conservative microplastics
in the upper ocean from 1957 to 2066. Nat Commun 10:1-13.
https://doi.org/10.1038/s41467-019-08316-9

Jaikumar G et al (2019) Reproductive toxicity of primary and sec-
ondary microplastics to three cladocerans during chronic expo-
sure. Environ Pollut 249:638-646. https://doi.org/10.1016/j.
envpol.2019.03.085

Jaimes R III et al (2019) Plasticizer interaction with the heart: chemi-
cals used in plastic medical devices can interfere with cardiac
electrophysiology. Circulation 12:¢007294. https://doi.org/10.
1161/circep.119.007294

@ Springer

Jeong B et al (2022) Maternal exposure to polystyrene nanoplas-
tics causes brain abnormalities in progeny. J] Hazard Mater
426:127815. https://doi.org/10.1016/j.jhazmat.2021.127815

Jiang H et al (2020) Surface reactions in selective modification: the
prerequisite for plastic flotation. Environ Sci Technol 54:9742—
9756. https://doi.org/10.1021/acs.est.9b07861

Jin Y et al (2018) Polystyrene microplastics induce microbiota dys-
biosis and inflammation in the gut of adult zebrafish. Environ
Pollut 235:322-329. https://doi.org/10.1016/j.envpol.2017.12.
088

Kang J et al (2019) Degradation of cosmetic microplastics via function-
alized carbon nanosprings. Matter 1:745-758. https://doi.org/10.
1016/j.matt.2019.06.004

Karbalaei S et al (2019) Abundance and characteristics of microplas-
tics in commercial marine fish from Malaysia. Mar Pollut Bull
148:5-15. https://doi.org/10.1016/j.marpolbul.2019.07.072

Karimi F et al (2021) Quantitative measurement of toxic metals and
assessment of health risk in agricultural products food from
Markazi Province of Iran. Int J Food Contam 8:1-7. https://doi.
org/10.1186/s40550-021-00083-0

Kedzierski M et al (2018) Threat of plastic ageing in marine environ-
ment. Adsorption/desorption of Micropollutants Marine Pollu-
tion Bulletin 127:684-694. https://doi.org/10.1016/j.marpolbul.
2017.12.059

Kelly FJ, Fussell JC (2017) Role of oxidative stress in cardiovascular
disease outcomes following exposure to ambient air pollution.
Free Radical Biol Med 110:345-367. https://doi.org/10.1016/j.
freeradbiomed.2017.06.019

Khan MK et al (2020) The relationship between energy consump-
tion, economic growth and carbon dioxide emissions in Paki-
stan. Financial Innovation 6:1-13. https://doi.org/10.1186/
s40854-019-0162-0

Kiendrebeogo M et al (2021) Treatment of microplastics in water by
anodic oxidation: a case study for polystyrene. Environ Pollut
269:116168. https://doi.org/10.1016/j.envpol.2020.116168

Kim KT, Park S (2021) Enhancing microplastics removal from waste-
water using electro-coagulation and granule-activated carbon
with thermal regeneration. Processes 9:617. https://doi.org/10.
3390/pr9040617

Kim H et al (2022) Enhanced ASGR?2 by microplastic exposure leads
to resistance to therapy in gastric cancer. Theranostics 12:3217.
https://doi.org/10.7150/thno.73226

Kole PJ et al (2017) Wear and tear of tyres: a stealthy source of micro-
plastics in the environment. Int J Environ Res Public Health
14:1265. https://doi.org/10.3390/ijerph14101265

Kumar R et al (2021) Evidence of microplastics in wetlands: extrac-
tion and quantification in freshwater and coastal ecosystems. J
Water Process Eng 40:101966. https://doi.org/10.1016/j.jwpe.
2021.101966

Lam S-M et al (2021) Green synthesis of Fe-ZnO nanoparticles with
improved sunlight photocatalytic performance for polyethylene
film deterioration and bacterial inactivation. Mater Sci Semicond
Process 123:105574. https://doi.org/10.1016/j.mssp.2020.105574

Lares M et al (2018) Occurrence, identification and removal of micro-
plastic particles and fibers in conventional activated sludge pro-
cess and advanced MBR technology. Water Res 133:236-246.
https://doi.org/10.1016/j.watres.2018.01.049

Lei K et al (2017) Microplastics releasing from personal care and cos-
metic products in China. Mar Pollut Bull 123:122-126. https://
doi.org/10.1016/j.marpolbul.2017.09.016

Lei L et al (2018) Microplastic particles cause intestinal damage and
other adverse effects in zebrafish Danio rerio and nematode Cae-
norhabditis elegans. Sci Total Environ 619:1-8. https://doi.org/
10.1016/j.scitotenv.2017.11.103


https://doi.org/10.1016/j.marpolbul.2019.06.071
https://doi.org/10.1016/j.marpolbul.2019.06.071
https://doi.org/10.1016/j.envpol.2018.04.009
https://doi.org/10.1016/j.envpol.2018.04.009
https://doi.org/10.1186/s12989-020-00387-7
https://doi.org/10.1186/s12989-020-00387-7
https://doi.org/10.1038/s41598-022-11014-0
https://doi.org/10.1016/j.jenvman.2022.115238
https://doi.org/10.1016/j.jenvman.2022.115238
https://doi.org/10.1016/j.cej.2020.126715
https://doi.org/10.1093/narcan/zcab004
https://doi.org/10.1093/narcan/zcab004
https://doi.org/10.1016/j.reprotox.2021.10.002
https://doi.org/10.1016/j.reprotox.2021.10.002
https://doi.org/10.1016/j.jhazmat.2020.124399
https://doi.org/10.1016/j.jhazmat.2020.124399
https://doi.org/10.1016/j.scitotenv.2021.147365
https://doi.org/10.1021/acs.est.1c03859
https://doi.org/10.1021/acs.est.1c03859
https://doi.org/10.1016/j.fct.2021.112803
https://doi.org/10.1016/j.scitotenv.2019.05.071
https://doi.org/10.1038/s41598-020-64464-9
https://doi.org/10.1038/s41598-020-64464-9
https://doi.org/10.1002/jgh3.12457
https://doi.org/10.1002/jgh3.12457
https://doi.org/10.1038/s41467-019-08316-9
https://doi.org/10.1016/j.envpol.2019.03.085
https://doi.org/10.1016/j.envpol.2019.03.085
https://doi.org/10.1161/circep.119.007294
https://doi.org/10.1161/circep.119.007294
https://doi.org/10.1016/j.jhazmat.2021.127815
https://doi.org/10.1021/acs.est.9b07861
https://doi.org/10.1016/j.envpol.2017.12.088
https://doi.org/10.1016/j.envpol.2017.12.088
https://doi.org/10.1016/j.matt.2019.06.004
https://doi.org/10.1016/j.matt.2019.06.004
https://doi.org/10.1016/j.marpolbul.2019.07.072
https://doi.org/10.1186/s40550-021-00083-0
https://doi.org/10.1186/s40550-021-00083-0
https://doi.org/10.1016/j.marpolbul.2017.12.059
https://doi.org/10.1016/j.marpolbul.2017.12.059
https://doi.org/10.1016/j.freeradbiomed.2017.06.019
https://doi.org/10.1016/j.freeradbiomed.2017.06.019
https://doi.org/10.1186/s40854-019-0162-0
https://doi.org/10.1186/s40854-019-0162-0
https://doi.org/10.1016/j.envpol.2020.116168
https://doi.org/10.3390/pr9040617
https://doi.org/10.3390/pr9040617
https://doi.org/10.7150/thno.73226
https://doi.org/10.3390/ijerph14101265
https://doi.org/10.1016/j.jwpe.2021.101966
https://doi.org/10.1016/j.jwpe.2021.101966
https://doi.org/10.1016/j.mssp.2020.105574
https://doi.org/10.1016/j.watres.2018.01.049
https://doi.org/10.1016/j.marpolbul.2017.09.016
https://doi.org/10.1016/j.marpolbul.2017.09.016
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.scitotenv.2017.11.103

Environmental Chemistry Letters (2023) 21:2129-2169

2165

Leslie HA et al (2022) Discovery and quantification of plastic particle
pollution in human blood. Environ Int 163:107199. https://doi.
org/10.1016/j.envint.2022.107199

Lett Z et al (2021) Environmental microplastic and nanoplastic: Expo-
sure routes and effects on coagulation and the cardiovascular
system. Environ Pollut 291:118190. https://doi.org/10.1016/j.
envpol.2021.118190

Levermore JM et al (2020) Detection of microplastics in ambient par-
ticulate matter using raman spectral imaging and chemometric
analysis. Anal Chem 92:8732-8740. https://doi.org/10.1021/acs.
analchem.9b05445

LiJ et al (2018) Adsorption of antibiotics on microplastics. Environ
Pollut 237:460—467. https://doi.org/10.1016/j.envpol.2018.02.
050

Li B et al (2020a) Polyethylene microplastics affect the distribution
of gut microbiota and inflammation development in mice. Che-
mosphere 244:125492. https://doi.org/10.1016/j.chemosphere.
2019.125492

Li C et al (2020b) Assessment of microplastics in freshwater systems: a
review. Sci Total Environ 707:135578. https://doi.org/10.1016/j.
scitotenv.2019.135578

Li Z et al (2020c) Polystyrene microplastics cause cardiac fibrosis by
activating Wnt/p-catenin signaling pathway and promoting car-
diomyocyte apoptosis in rats. Environ Pollut 265:115025. https://
doi.org/10.1016/j.envpol.2020.115025

Li, W. C., 2018 The occurrence fate and effects of microplastics in
the marine environment. Microplastic Contamination in Aquatic
Environments, Elsevier, pp 133-173

Liamin M et al (2018) Genome-Wide Transcriptional and Functional
Analysis of Human T Lymphocytes Treated with Benzo[a]pyr-
ene. Int J Mol Sci 19:3626

Liu P et al (2019) New insights into the aging behavior of microplas-
tics accelerated by advanced oxidation processes. Environ Sci
Technol 53:3579-3588. https://doi.org/10.1021/acs.est.9b00493

Lu H-C et al (2021a) A systematic review of freshwater microplas-
tics in water and sediments: recommendations for harmonisa-
tion to enhance future study comparisons. Sci Total Environ
781:146693. https://doi.org/10.1016/j.scitotenv.2021.146693

Lu K et al (2021b) Detrimental effects of microplastic exposure on
normal and asthmatic pulmonary physiology. J Hazard Mater
416:126069. https://doi.org/10.1016/j.jhazmat.2021.126069

Lu Y-Y et al (2022) Size-dependent effects of polystyrene nanoplastics
on autophagy response in human umbilical vein endothelial cells.
J Hazard Mater 421:126770. https://doi.org/10.1016/j.jhazmat.
2021.126770

Luo T et al (2019) Maternal exposure to different sizes of polystyrene
microplastics during gestation causes metabolic disorders in their
offspring. Environ Pollut 255:113122. https://doi.org/10.1016/j.
envpol.2019.113122

Lusher, A., et al., 2017. Microplastics in fisheries and aquaculture:
status of knowledge on their occurrence and implications for
aquatic organisms and food safety. FAO. https://www.fao.org/3/
17677e/i7677e.pdf

Lusher A., et al., 2020 Sampling, isolating and identifying microplas-
tics ingested by fish and invertebrates, Analysis of nanoplastics
and microplastics in food, CRC Press, pp 119-148

Mahmoud AED et al (2022) Facile synthesis of reduced graphene
oxide by Tecoma stans extracts for efficient removal of Ni (II)
from water: batch experiments and response surface meth-
odology. Sustainable Environ Res. https://doi.org/10.1186/
s42834-022-00131-0

Majumder D et al (2020) IL-27 along with IL-28B ameliorates the pul-
monary redox impairment inflammation and immunosuppression
in benzo(a)pyrene induced lung cancer bearing mice. Life Sci
260:118384. https://doi.org/10.1016/.1f5.2020.118384

Malaisé Y et al (2018) Consequences of bisphenol a perinatal exposure
on immune responses and gut barrier function in mice. Arch
Toxicol 92:347-358. https://doi.org/10.1007/s00204-017-2038-2

Martinho G et al (2017) The Portuguese plastic carrier bag tax: The
effects on consumers’ behavior. Waste Manage 61:3—12. https://
doi.org/10.1016/j.wasman.2017.01.023

Mateos-Cérdenas A et al (2019) Polyethylene microplastics adhere to
Lemna minor (L.), yet have no effects on plant growth or feeding
by Gammarus duebeni (Lillj.). Sci Total Environ 689:413—421

Matsuguma Y et al (2017) Microplastics in sediment cores from Asia
and Africa as indicators of temporal trends in plastic pollution.
Arch Environ Contam Toxicol 73:230-239. https://doi.org/10.
1007/s00244-017-0414-9

McDevitt JP et al (2017) Addressing the issue of microplastics in the
wake of the microbead-free waters act-a new standard can facili-
tate improved policy. Environ Sci Technol 51:6611-6617. https://
doi.org/10.1021/acs.est.6b05812

Meaza I et al (2020) Microplastics in sea turtles, marine mammals and
humans: a one environmental health perspective. Front Environ
Sci. https://doi.org/10.3389/fenvs.2020.575614

Meaza I et al (2021) Microplastics in sea turtles, marine mammals and
humans: a one environmental health perspective. Front Environ
Sci 8:298. https://doi.org/10.3389/fenvs.2020.575614

Messing, D. A., 2021. Developing a framework for sustainable actions
that civil society can undertake to mitigate the impact that micro-
plastics have on human health. A scoping review of literature.

Miller MR (2014) The role of oxidative stress in the cardiovascular
actions of particulate air pollution. Biochem Soc Trans 42:1006—
1011. https://doi.org/10.1042/bst20140090

Mishra G, Rahi S (2022) Need of toxicity studies for cosmetic prod-
ucts and their approaches. Biol Sci 2:105-109. https://doi.org/
10.55006/biolsciences.2022.0201

Moshood TD et al (2021) Sustainability of biodegradable plastics: a
review on social, economic, and environmental factors. Critical
Rev Biotechnol 1-21:892-912. https://doi.org/10.1080/07388
551.2021.1973954

Moussa DT et al (2017) A comprehensive review of electrocoagulation
for water treatment: potentials and challenges. J Environ Man-
age 186:24—41. https://doi.org/10.1016/j.jenvman.2016.10.032

Nabi G et al (2019) Hematologic and biochemical reference interval
development and the effect of age sex season and location on
hematologic analyte concentrations in critically endangered
Yangtze finless porpoise (Neophocaena asiaeorientalis ssp.
Asiaeorientalis). Front Physiol 10:792. https://doi.org/10.3389/
fphys.2019.00792

Nabi G et al (2022) The adverse health effects of increasing micro-
plastic pollution on aquatic mammals. J King Saud Univ-Sci
34:102006. https://doi.org/10.1016/j.jksus.2022.102006

Naji A et al (2017) Plastic debris and microplastics along the beaches
of the Strait of Hormuz. Persian Gulf Marine Pollution Bulletin
114:1057-1062. https://doi.org/10.1016/j.marpolbul.2016.11.
032

Nakazawa Y et al (2021) Differences in removal rates of virgin/
decayed microplastics, viruses, activated carbon, and kaolin/
montmorillonite clay particles by coagulation, flocculation,
sedimentation, and rapid sand filtration during water treatment.
Water Res 203:117550. https://doi.org/10.1016/j.watres.2021.
117550

Napper IE, Thompson RC (2016) Release of synthetic microplastic
plastic fibres from domestic washing machines: Effects of fabric
type and washing conditions. Mar Pollut Bull 112:39-45. https://
doi.org/10.1016/j.marpolbul.2016.09.025

Nagqash N et al (2020) Interaction of freshwater microplastics with biota
and heavy metals: a review. Environ Chem Lett 18(6):1813—
1824. https://doi.org/10.1007/s10311-020-01044-3

@ Springer


https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envpol.2021.118190
https://doi.org/10.1016/j.envpol.2021.118190
https://doi.org/10.1021/acs.analchem.9b05445
https://doi.org/10.1021/acs.analchem.9b05445
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.chemosphere.2019.125492
https://doi.org/10.1016/j.chemosphere.2019.125492
https://doi.org/10.1016/j.scitotenv.2019.135578
https://doi.org/10.1016/j.scitotenv.2019.135578
https://doi.org/10.1016/j.envpol.2020.115025
https://doi.org/10.1016/j.envpol.2020.115025
https://doi.org/10.1021/acs.est.9b00493
https://doi.org/10.1016/j.scitotenv.2021.146693
https://doi.org/10.1016/j.jhazmat.2021.126069
https://doi.org/10.1016/j.jhazmat.2021.126770
https://doi.org/10.1016/j.jhazmat.2021.126770
https://doi.org/10.1016/j.envpol.2019.113122
https://doi.org/10.1016/j.envpol.2019.113122
https://www.fao.org/3/i7677e/i7677e.pdf
https://www.fao.org/3/i7677e/i7677e.pdf
https://doi.org/10.1186/s42834-022-00131-0
https://doi.org/10.1186/s42834-022-00131-0
https://doi.org/10.1016/j.lfs.2020.118384
https://doi.org/10.1007/s00204-017-2038-2
https://doi.org/10.1016/j.wasman.2017.01.023
https://doi.org/10.1016/j.wasman.2017.01.023
https://doi.org/10.1007/s00244-017-0414-9
https://doi.org/10.1007/s00244-017-0414-9
https://doi.org/10.1021/acs.est.6b05812
https://doi.org/10.1021/acs.est.6b05812
https://doi.org/10.3389/fenvs.2020.575614
https://doi.org/10.3389/fenvs.2020.575614
https://doi.org/10.1042/bst20140090
https://doi.org/10.55006/biolsciences.2022.0201
https://doi.org/10.55006/biolsciences.2022.0201
https://doi.org/10.1080/07388551.2021.1973954
https://doi.org/10.1080/07388551.2021.1973954
https://doi.org/10.1016/j.jenvman.2016.10.032
https://doi.org/10.3389/fphys.2019.00792
https://doi.org/10.3389/fphys.2019.00792
https://doi.org/10.1016/j.jksus.2022.102006
https://doi.org/10.1016/j.marpolbul.2016.11.032
https://doi.org/10.1016/j.marpolbul.2016.11.032
https://doi.org/10.1016/j.watres.2021.117550
https://doi.org/10.1016/j.watres.2021.117550
https://doi.org/10.1016/j.marpolbul.2016.09.025
https://doi.org/10.1016/j.marpolbul.2016.09.025
https://doi.org/10.1007/s10311-020-01044-3

2166

Environmental Chemistry Letters (2023) 21:2129-2169

Natarajan R et al (2018) Municipal waste water treatment by natu-
ral coagulant assisted electrochemical technique—Parametric
effects. Environ Technol Innov 10:71-77. https://doi.org/10.
1016/j.eti.2018.01.011

Nelms SE et al (2019) Microplastics in marine mammals stranded
around the British coast: ubiquitous but transitory? Sci Rep
9:1-8. https://doi.org/10.1038/s41598-018-37428-3

Oliviero M et al (2019) Leachates of micronized plastic toys provoke
embryotoxic effects upon sea urchin Paracentrotus lividus. Envi-
ron Pollut 247:706-715. https://doi.org/10.1016/j.envpol.2019.
01.098

Osman Al et al (2020) Pyrolysis kinetic modelling of abundant plastic
waste (PET) and in-situ emission monitoring. Environ Sci Eur
32:112. https://doi.org/10.1186/512302-020-00390-x

Osman Al et al (2022) Facile synthesis and life cycle assessment of
highly active magnetic sorbent composite derived from mixed
plastic and biomass waste for water remediation. ACS Sustain
Chem Eng 10:12433-12447. https://doi.org/10.1021/acssuschem
eng.2c04095

Otero P et al (2021) Twitter data analysis to assess the interest of citi-
zens on the impact of marine plastic pollution. Marine Pollut
Bull 170:112620. https://doi.org/10.1016/j.marpolbul.2021.
112620

Ouarda Y et al (2018) Synthetic hospital wastewater treatment by
coupling submerged membrane bioreactor and electrochemical
advanced oxidation process: Kinetic study and toxicity assess-
ment. Chemosphere 193:160-169. https://doi.org/10.1016/j.
chemosphere.2017.11.010

Padmaja K et al (2020) A comparative study of the efficiency of chemi-
cal coagulation and electrocoagulation methods in the treatment
of pharmaceutical effluent. J Water Process Eng. 34:101153.
https://doi.org/10.1016/j.jwpe.2020.101153

Park E-J et al (2020) Repeated-oral dose toxicity of polyethylene
microplastics and the possible implications on reproduction and
development of the next generation. Toxicol Lett 324:75-85.
https://doi.org/10.1016/j.toxlet.2020.01.008

Paul-Pont I et al (2018) Constraints and priorities for conducting
experimental exposures of marine organisms to microplastics.
Front Mar Sci 5:252. https://doi.org/10.3389/fmars.2018.00252

Peng G et al (2018) Microplastics in freshwater river sediments in
Shanghai, China: a case study of risk assessment in mega-cities.
Environ Pollut 234:448-456. https://doi.org/10.1016/j.envpol.
2017.11.034

Peng X et al (2023) Recycling municipal, agricultural and industrial
waste into energy, fertilizers, food and construction materials,
and economic feasibility: a review. Environ Chem Lett. https://
doi.org/10.1007/s10311-022-01551-5

Pitt JA et al (2018) Maternal transfer of nanoplastics to offspring in
zebrafish (Danio rerio): a case study with nanopolystyrene.
Sci Total Environ 643:324-334. https://doi.org/10.1016/j.scito
tenv.2018.06.186

Poortinga, W., et al., 2016. The English plastic bag charge: Changes
in attitudes and behaviour. https://orca.cardift.ac.uk/id/eprint/
94652/1/Cardiff_University_Plastic_Bag_Report_A4%
20(final%20proof).pdf

Posnack NG (2021) Plastics and cardiovascular disease. Nat Rev Car-
diol 18:69-70. https://doi.org/10.1038/s41569-020-00474-4

Powell JJ et al (2010) Origin and fate of dietary nanoparticles and
microparticles in the gastrointestinal tract. ] Autoimmun
34:J226-J233. https://doi.org/10.1016/j.jaut.2009.11.006

Prata JC (2018) Microplastics in wastewater: state of the knowledge
on sources, fate and solutions. Mar Pollut Bull 129:262-265.
https://doi.org/10.1016/j.marpolbul.2018.02.046

Prata JC et al (2020a) COVID-19 pandemic repercussions on the use
and management of plastics. Environ Sci Technol 54:7760—
7765. https://doi.org/10.1021/acs.est.0c02178

@ Springer

Prata JC et al (2020b) Environmental exposure to microplastics: an
overview on possible human health effects. Sci Total Environ
702:134455. https://doi.org/10.1016/j.scitotenv.2019.134455

Qasim U et al (2020) Renewable cellulosic nanocomposites for
food packaging to avoid fossil fuel plastic pollution: a review.
Environ Chem Lett 19:613-641. https://doi.org/10.1007/
s10311-020-01090-x

Qiao R et al (2019) Microplastics induce intestinal inflammation,
oxidative stress, and disorders of metabolome and microbiome
in zebrafish. Sci Total Environ 662:246-253. https://doi.org/
10.1016/j.scitotenv.2019.01.245

Qiu X et al (2003) Human epithelial cancers secrete immunoglobulin
g with unidentified specificity to promote growth and survival
of tumor cells. Cancer Res 63:6488-6495

Ragusa A et al (2021) Plasticenta: first evidence of microplastics in
human placenta. Environ Int 146:106274. https://doi.org/10.
1016/j.envint.2020.106274

Ramadan M et al (2020) Bisphenols and phthalates: plastic chemi-
cal exposures can contribute to adverse cardiovascular health
outcomes. Birth Defects Res 112:1362-1385. https://doi.org/
10.1002/bdr2.1752

Rashid R et al (2021) A state-of-the-art review on wastewater treat-
ment techniques: the effectiveness of adsorption method.
Environ Sci Pollut Res 28:9050-9066. https://doi.org/10.1007/
s11356-021-12395-x

Rawle DJ et al (2022) Microplastic consumption induces inflam-
matory signatures in the colon and prolongs a viral arthritis.
Sci Total Environ 809:152212. https://doi.org/10.1016/j.scito
tenv.2021.152212

Ribeiro F et al (2019) Accumulation and fate of nano-and micro-
plastics and associated contaminants in organisms. TrAC,
Trends Anal Chem 111:139-147. https://doi.org/10.1016/j.
trac.2018.12.010

Rochman CM (2018) Microplastics research—from sink to source.
Science 360:28-29. https://doi.org/10.1126/science.aar7734

Rodrigues JP et al (2019) Significance of interactions between micro-
plastics and POPs in the marine environment: a critical over-
view. TrAC, Trends Anal Chem 111:252-260. https://doi.org/
10.1016/j.trac.2018.11.038

Rolsky C et al (2020) Municipal sewage sludge as a source of micro-
plastics in the environment. Current Opin Environ Sci Health
14:16-22. https://doi.org/10.1016/j.coesh.2019.12.001

Romer JR, Foley S (2011) A wolf in sheep’s clothing: the plastics
industry’s public interest role in legislation and litigation of plas-
tic bag laws in California. Golden Gate u Envtl LJ 5:377

Ryan PG (2015) A brief history of marine litter research. Marine
anthropogenic litter. Springer, Cham, pp 1-25. https://doi.org/
10.1007/978-3-319-16510-3_1

Salim SY et al (2014) Air pollution effects on the gut microbiota: a
link between exposure and inflammatory disease. Gut Microbes
5:215-219. https://doi.org/10.4161/gmic.27251

Santana MF et al (2018) Continuous exposure to microplastics does not
cause physiological effects in the cultivated mussel Perna perna.
Archives Environ Contam Toxicol 74:594—604. https://doi.org/
10.1007/s00244-018-0504-3.pdf

Sartorelli P et al (2020) Cytological analysis of bronchoalveolar lav-
age fluid in asbestos-exposed workers. Med Lav 111:379-387.
https://doi.org/10.23749/mdl.v111i5.9170

Schiffer JM et al (2019) Microplastics outreach program: a systems-
thinking approach to teach high school students about the chem-
istry and impacts of plastics. J Chem Educ 97:137-142. https://
doi.org/10.1021/acs.jchemed.9b00249

Schirinzi GF et al (2017) Cytotoxic effects of commonly used nanoma-
terials and microplastics on cerebral and epithelial human cells.
Environ Res 159:579-587


https://doi.org/10.1016/j.eti.2018.01.011
https://doi.org/10.1016/j.eti.2018.01.011
https://doi.org/10.1038/s41598-018-37428-3
https://doi.org/10.1016/j.envpol.2019.01.098
https://doi.org/10.1016/j.envpol.2019.01.098
https://doi.org/10.1186/s12302-020-00390-x
https://doi.org/10.1021/acssuschemeng.2c04095
https://doi.org/10.1021/acssuschemeng.2c04095
https://doi.org/10.1016/j.marpolbul.2021.112620
https://doi.org/10.1016/j.marpolbul.2021.112620
https://doi.org/10.1016/j.chemosphere.2017.11.010
https://doi.org/10.1016/j.chemosphere.2017.11.010
https://doi.org/10.1016/j.jwpe.2020.101153
https://doi.org/10.1016/j.toxlet.2020.01.008
https://doi.org/10.3389/fmars.2018.00252
https://doi.org/10.1016/j.envpol.2017.11.034
https://doi.org/10.1016/j.envpol.2017.11.034
https://doi.org/10.1007/s10311-022-01551-5
https://doi.org/10.1007/s10311-022-01551-5
https://doi.org/10.1016/j.scitotenv.2018.06.186
https://doi.org/10.1016/j.scitotenv.2018.06.186
https://orca.cardiff.ac.uk/id/eprint/94652/1/Cardiff_University_Plastic_Bag_Report_A4%20(final%20proof).pdf
https://orca.cardiff.ac.uk/id/eprint/94652/1/Cardiff_University_Plastic_Bag_Report_A4%20(final%20proof).pdf
https://orca.cardiff.ac.uk/id/eprint/94652/1/Cardiff_University_Plastic_Bag_Report_A4%20(final%20proof).pdf
https://doi.org/10.1038/s41569-020-00474-4
https://doi.org/10.1016/j.jaut.2009.11.006
https://doi.org/10.1016/j.marpolbul.2018.02.046
https://doi.org/10.1021/acs.est.0c02178
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.1007/s10311-020-01090-x
https://doi.org/10.1007/s10311-020-01090-x
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1002/bdr2.1752
https://doi.org/10.1002/bdr2.1752
https://doi.org/10.1007/s11356-021-12395-x
https://doi.org/10.1007/s11356-021-12395-x
https://doi.org/10.1016/j.scitotenv.2021.152212
https://doi.org/10.1016/j.scitotenv.2021.152212
https://doi.org/10.1016/j.trac.2018.12.010
https://doi.org/10.1016/j.trac.2018.12.010
https://doi.org/10.1126/science.aar7734
https://doi.org/10.1016/j.trac.2018.11.038
https://doi.org/10.1016/j.trac.2018.11.038
https://doi.org/10.1016/j.coesh.2019.12.001
https://doi.org/10.1007/978-3-319-16510-3_1
https://doi.org/10.1007/978-3-319-16510-3_1
https://doi.org/10.4161/gmic.27251
https://doi.org/10.1007/s00244-018-0504-3.pdf
https://doi.org/10.1007/s00244-018-0504-3.pdf
https://doi.org/10.23749/mdl.v111i5.9170
https://doi.org/10.1021/acs.jchemed.9b00249
https://doi.org/10.1021/acs.jchemed.9b00249

Environmental Chemistry Letters (2023) 21:2129-2169

2167

Schwabl P et al (2019) Detection of various microplastics in human
stool: a prospective case series. Ann Intern Med 171:453-457.
https://doi.org/10.7326/M19-0618

Schymanski D et al (2018) Analysis of microplastics in water by micro-
Raman spectroscopy: release of plastic particles from different
packaging into mineral water. Water Res 129:154—-162. https://
doi.org/10.1016/j.watres.2017.11.011

Schyns ZO, Shaver MP (2021) Mechanical recycling of packaging plas-
tics: a review. Macromol Rapid Commun 42:2000415. https://
doi.org/10.1002/marc.202000415

Sharma S, Chatterjee S (2017) Microplastic pollution, a threat to
marine ecosystem and human health: a short review. Envi-
ron Sci Pollut Res 24:21530-21547. https://doi.org/10.1007/
s11356-017-9910-8

Sharma MD et al (2020) Assessment of cancer risk of microplastics
enriched with polycyclic aromatic hydrocarbons. Journal of Haz-
ard Mater 398:122994. https://doi.org/10.1016/j.jhazmat.2020.
122994

Sharma S et al (2021) Microplastics in the mediterranean sea: sources,
pollution intensity, sea health, and regulatory policies. Front
Marine Sci 8:634934. https://doi.org/10.3389/fmars.2021.
634934

Sharma VK et al (2022) Nanoplastics are potentially more dangerous
than microplastics. Environ Chem Lett 2022:1-4. https://doi.org/
10.1007/s10311-022-01539-1

Shen M et al (2020) Removal of microplastics via drinking water treat-
ment: current knowledge and future directions. Chemosphere
251:126612. https://doi.org/10.1016/j.chemosphere.2020.126612

Shi Q et al (2021) Toxicity in vitro reveals potential impacts of micro-
plastics and nanoplastics on human health: a review. Critical Rev
Environ Sci Technol 1-33:3863-3895. https://doi.org/10.1080/
10643389.2021.1951528

Shi C et al (2022a) Experimental study on removal of microplastics
from aqueous solution by magnetic force effect on the magnetic
sepiolite. Sep Purif Technol 288:120564. https://doi.org/10.
1016/j.seppur.2022.120564

Shi W et al (2022b) Potential health risks of the interaction of micro-
plastics and lung surfactant. ] Hazard Mater 429:1281009. https://
doi.org/10.1016/j.jhazmat.2021.128109

Shirasaki N et al (2016) Effect of aluminum hydrolyte species on
human enterovirus removal from water during the coagulation
process. Chem Eng J 284:786—793. https://doi.org/10.1016/j.cej.
2015.09.045

Sikdokur E et al (2020) Effects of microplastics and mercury on manila
clam Ruditapes philippinarum: feeding rate, immunomodulation,
histopathology and oxidative stress. Environ Pollut 262:114247.
https://doi.org/10.1016/j.envpol.2020.114247

Silva ALP et al (2020) Rethinking and optimising plastic waste man-
agement under COVID-19 pandemic: policy solutions based on
redesign and reduction of single-use plastics and personal protec-
tive equipment. Sci Total Environ 742:140565. https://doi.org/
10.1016/j.scitotenv.2020.140565

Smith M et al (2018) Microplastics in seafood and the implications
for human health. Current Environ Health Reports 5:375-386.
https://doi.org/10.1007/s40572-018-0206-z

Souza-Silva TG, d, et al (2022) Impact of microplastics on the intesti-
nal microbiota: a systematic review of preclinical evidence. Life
Sci 294:120366. https://doi.org/10.1016/j.1£5.2022.120366

Stock V et al (2021) Uptake and cellular effects of PE PP PET and PVC
microplastic particles. Toxicol in Vitro 70:105021. https://doi.
org/10.1016/j.tiv.2020.105021

Sun C et al (2020a) Fabrication of robust and compressive chitin and
graphene oxide sponges for removal of microplastics with differ-
ent functional groups. Chem Eng J 393:124796. https://doi.org/
10.1016/j.cej.2020.124796

Sun Q et al (2020b) Incidence of microplastics in personal care prod-
ucts: an appreciable part of plastic pollution. Sci Total Environ
742:140218. https://doi.org/10.1016/j.scitotenv.2020.140218

Sun K et al (2021) A review of human and animals exposure to poly-
cyclic aromatic hydrocarbons: health risk and adverse effects,
photo-induced toxicity and regulating effect of microplastics.
Sci Total Environ 773:145403. https://doi.org/10.1016/j.scito
tenv.2021.145403

Talvitie J et al (2017) Solutions to microplastic pollution-Removal of
microplastics from wastewater effluent with advanced wastewater
treatment technologies. Water Res 123:401—407. https://doi.org/
10.1016/j.watres.2017.07.005

Tamargo A et al (2022a) PET microplastics affect human gut micro-
biota communities during simulated gastrointestinal diges-
tion, first evidence of plausible polymer biodegradation during
human digestion. Sci Rep 12:1-15. https://doi.org/10.1038/
s41598-021-04489-w

Tamargo A et al (2022b) PET microplastics affect human gut micro-
biota communities during simulated gastrointestinal diges-
tion, first evidence of plausible polymer biodegradation dur-
ing human digestion. Sci Rep 12:528. https://doi.org/10.1038/
s41598-021-04489-w

Tamazian A et al (2009) Does higher economic and financial develop-
ment lead to environmental degradation: evidence from BRIC
countries. Energy Policy 37:246-253. https://doi.org/10.1016/j.
enpol.2008.08.025

Tan H et al (2020) Microplastics reduce lipid digestion in simulated
human gastrointestinal system. Environ Sci Technol 54:12285—
12294. https://doi.org/10.1021/acs.est.0c02608

Tang J et al (2018) Acute microplastic exposure raises stress response
and suppresses detoxification and immune capacities in the scler-
actinian coral Pocillopora damicornis. Environ Pollut 243:66—74.
https://doi.org/10.1016/j.envpol.2018.08.045

Tang Y et al (2021) Removal of microplastics from aqueous solutions
by magnetic carbon nanotubes. Chem Eng J 406:126804. https://
doi.org/10.1016/j.cej.2020.126804

Thiele CJ, Hudson MD (2021) Uncertainty about the risks associated
with microplastics among lay and topic-experienced respondents.
Sci Rep 11:1-9. https://doi.org/10.1038/s41598-021-86569-5

Thompson RC et al (2004) Lost at sea: where is all the plastic? Science
304:838-838. https://doi.org/10.1126/science.1094559

Thongkorn S et al (2019) Sex differences in the effects of prenatal
bisphenol A exposure on genes associated with autism spec-
trum disorder in the hippocampus. Sci Rep 9:1-14. https://doi.
org/10.1038/s41598-020-80390-2

Tiwari E et al (2020) Application of Zn/Al layered double hydrox-
ides for the removal of nano-scale plastic debris from aqueous
systems. J Hazard Mater 397:122769. https://doi.org/10.1016/].
jhazmat.2020.122769

Tong X et al (2022) Polyethylene microplastics cooperate with Heli-
cobacter pylori to promote gastric injury and inflammation in
mice. Chemosphere 288:132579. https://doi.org/10.1016/].
chemosphere.2021.132579

Toussaint B et al (2019) Review of micro- and nanoplastic con-
tamination in the food chain. Food Addit Contam Part A Chem
Anal Control Expo Risk Assess 36:639-673. https://doi.org/
10.1080/19440049.2019.1583381

Tsui T-H, Wong JW (2019) A critical review: emerging bioeconomy
and waste-to-energy technologies for sustainable municipal
solid waste management. Waste Disposal & Sustain Energy
1:151-167. https://doi.org/10.1007/542768-019-00013-z

Tziourrou P et al (2021) Microplastics formation based on degra-
dation characteristics of beached plastic bags. Marine Pollut
Bulletin. 169:112470. https://doi.org/10.1016/j.marpolbul.
2021.112470

@ Springer


https://doi.org/10.7326/M19-0618
https://doi.org/10.1016/j.watres.2017.11.011
https://doi.org/10.1016/j.watres.2017.11.011
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1007/s11356-017-9910-8
https://doi.org/10.1007/s11356-017-9910-8
https://doi.org/10.1016/j.jhazmat.2020.122994
https://doi.org/10.1016/j.jhazmat.2020.122994
https://doi.org/10.3389/fmars.2021.634934
https://doi.org/10.3389/fmars.2021.634934
https://doi.org/10.1007/s10311-022-01539-1
https://doi.org/10.1007/s10311-022-01539-1
https://doi.org/10.1016/j.chemosphere.2020.126612
https://doi.org/10.1080/10643389.2021.1951528
https://doi.org/10.1080/10643389.2021.1951528
https://doi.org/10.1016/j.seppur.2022.120564
https://doi.org/10.1016/j.seppur.2022.120564
https://doi.org/10.1016/j.jhazmat.2021.128109
https://doi.org/10.1016/j.jhazmat.2021.128109
https://doi.org/10.1016/j.cej.2015.09.045
https://doi.org/10.1016/j.cej.2015.09.045
https://doi.org/10.1016/j.envpol.2020.114247
https://doi.org/10.1016/j.scitotenv.2020.140565
https://doi.org/10.1016/j.scitotenv.2020.140565
https://doi.org/10.1007/s40572-018-0206-z
https://doi.org/10.1016/j.lfs.2022.120366
https://doi.org/10.1016/j.tiv.2020.105021
https://doi.org/10.1016/j.tiv.2020.105021
https://doi.org/10.1016/j.cej.2020.124796
https://doi.org/10.1016/j.cej.2020.124796
https://doi.org/10.1016/j.scitotenv.2020.140218
https://doi.org/10.1016/j.scitotenv.2021.145403
https://doi.org/10.1016/j.scitotenv.2021.145403
https://doi.org/10.1016/j.watres.2017.07.005
https://doi.org/10.1016/j.watres.2017.07.005
https://doi.org/10.1038/s41598-021-04489-w
https://doi.org/10.1038/s41598-021-04489-w
https://doi.org/10.1038/s41598-021-04489-w
https://doi.org/10.1038/s41598-021-04489-w
https://doi.org/10.1016/j.enpol.2008.08.025
https://doi.org/10.1016/j.enpol.2008.08.025
https://doi.org/10.1021/acs.est.0c02608
https://doi.org/10.1016/j.envpol.2018.08.045
https://doi.org/10.1016/j.cej.2020.126804
https://doi.org/10.1016/j.cej.2020.126804
https://doi.org/10.1038/s41598-021-86569-5
https://doi.org/10.1126/science.1094559
https://doi.org/10.1038/s41598-020-80390-2
https://doi.org/10.1038/s41598-020-80390-2
https://doi.org/10.1016/j.jhazmat.2020.122769
https://doi.org/10.1016/j.jhazmat.2020.122769
https://doi.org/10.1016/j.chemosphere.2021.132579
https://doi.org/10.1016/j.chemosphere.2021.132579
https://doi.org/10.1080/19440049.2019.1583381
https://doi.org/10.1080/19440049.2019.1583381
https://doi.org/10.1007/s42768-019-00013-z
https://doi.org/10.1016/j.marpolbul.2021.112470
https://doi.org/10.1016/j.marpolbul.2021.112470

2168

Environmental Chemistry Letters (2023) 21:2129-2169

Ugwu K et al (2021) Microplastics in marine biota: a review. Marine
Pollut Bulletin 169:112540. https://doi.org/10.1016/j.marpo
1bul.2021.112540

Uheida A et al (2021) Visible light photocatalytic degradation of
polypropylene microplastics in a continuous water flow system.
Journal of Hazard Mater 406:124299. https://doi.org/10.1016/j.
jhazmat.2020.124299

Valavanidis A et al (2013) Pulmonary oxidative stress, inflamma-
tion and cancer: respirable particulate matter, fibrous dusts and
ozone as major causes of lung carcinogenesis through reactive
oxygen species mechanisms. Int J Environ Res Public Health
10:3886-3907. https://doi.org/10.3390/ijerph10093886

Van Emmerik T et al (2018) A methodology to characterize riverine
macroplastic emission into the ocean. Front Mar Sci 5:372.
https://doi.org/10.3389/fmars.2018.00372

Verla AW et al (2019) Microplastic—toxic chemical interac-
tion: a review study on quantified levels, mechanism and
implication. SN Appl Sci 1:1-30. https://doi.org/10.1007/
$42452-019-1352-0

Wang T et al (2019) Preliminary study of the source apportionment
and diversity of microplastics: taking floating microplastics in
the South China Sea as an example. Environ Pollut 245:965-974.
https://doi.org/10.1016/j.envpol.2018.10.110

Wang Q et al (2020a) Effects of bisphenol A and nanoscale and micro-
scale polystyrene plastic exposure on particle uptake and toxicity
in human Caco-2 cells. Chemosphere 254:126788. https://doi.
org/10.1016/j.chemosphere.2020.126788

Wang T et al (2020b) Interactions between microplastics and organic
pollutants: effects on toxicity bioaccumulation degradation and
transport. Sci Total Environ 748:142427. https://doi.org/10.
1016/j.scitotenv.2020.142427

Wang Z et al (2020c) Occurrence and removal of microplastics in an
advanced drinking water treatment plant (ADWTP). Sci Total
Environ 700:134520. https://doi.org/10.1016/j.scitotenv.2019.
134520

Wang P et al (2022) Metabolomics reveals the mechanism of poly-
ethylene microplastic toxicity to Daphnia magna. Chemosphere
307:135887. https://doi.org/10.1016/j.chemosphere.2022.135887

Wei J et al (2021) The impact of polystyrene microplastics on car-
diomyocytes pyroptosis through NLRP3/Caspase-1 signaling
pathway and oxidative stress in Wistar rats. Environ Toxicol
36:935-944. https://doi.org/10.1002/tox.23095

Wenzel TJ et al (2015) An overview of the changes in the 2015 ACS
guidelines for bachelor’s degree programs. J Chem Educ 92:965—
968. https://doi.org/10.1021/acs.jchemed.5b00265

Wibowo AT et al (2021) Microplastic contamination in the human
gastrointestinal tract and daily consumables associated with an
Indonesian farming community. Sustainability 13:12840. https://
doi.org/10.3390/su132212840

Wong JKH et al (2020) Microplastics in the freshwater and terrestrial
environments: Prevalance, fates, impacts and sustainable solu-
tions. Sci Total Environ 719:137512. https://doi.org/10.1016/j.
scitotenv.2020.137512

Wright SL, Kelly FJ (2017) Plastic and Human Health: A Micro Issue?
Environ Sci Technol 51:6634—6647. https://doi.org/10.1021/acs.
est.7b00423

@ Springer

Wu W-M et al (2017) Microplastics pollution and reduction strate-
gies. Front Environ Sci Eng 11:1-4. https://doi.org/10.1007/
s11783-017-0897-7

Xiang Y et al (2022) Microplastics and environmental pollutants: key
interaction and toxicology in aquatic and soil environments. Jour-
nal of Hazard Mater 422:126843. https://doi.org/10.1016/j.jhazm
at.2021.126843

Xu M et al (2019) Internalization and toxicity: a preliminary study of
effects of nanoplastic particles on human lung epithelial cell.
Sci Total Environ 694:133794. https://doi.org/10.1016/j.scito
tenv.2019.133794

Xu'Y et al (2021a) A critical review of microplastic pollution in urban
freshwater environments and legislative progress in China:
recommendations and insights. Crit Rev Environ Sci Technol
51:2637-2680. https://doi.org/10.1080/10643389.2020.1801308

Xu Q et al (2021b) Coagulation removal and photocatalytic degrada-
tion of microplastics in urban waters. Chem Eng J 416:129123.
https://doi.org/10.1016/j.cej.2021.129123

Yan Z et al (2020) An efficient method for extracting microplastics
from feces of different species. J Hazard Mater 384:121489.
https://doi.org/10.1016/j.jhazmat.2019.121489

Yan Z et al (2022a) Analysis of microplastics in human feces reveals a
correlation between fecal microplastics and inflammatory bowel
disease status. Environ Sci Technol 56:414-421. https://doi.org/
10.1021/acs.est.1c03924

Yang Z et al (2021) Is incineration the terminator of plastics and micro-
plastics? J Hazard Mater 401:123429. https://doi.org/10.1016/].
jhazmat.2020.123429

Yang M et al (2023) Circular economy strategies for combating cli-
mate change and other environmental issues. Environ Chem Lett
21:55-80. https://doi.org/10.1007/s10311-022-01499-6

Zhang J et al (2019) Polyethylene terephthalate and polycarbonate
microplastics in pet food and feces from the United States. Envi-
ron Sci Technol 53:12035-12042. https://doi.org/10.1021/acs.
est.9b03912

Zhang C et al (2020) A sustainable solution to plastics pollution: an
eco-friendly bioplastic film production from high-salt contained
Spirulina sp. residues. J Hazard Mater 388:121773. https://doi.
org/10.1016/j.jhazmat.2019.121773

Zhang K et al (2021a) Understanding plastic degradation and micro-
plastic formation in the environment: a review. Environ Pollut
274:116554. https://doi.org/10.1016/j.envpol.2021.116554

Zhang N et al (2021b) You are what you eat: microplastics in the feces
of young men living in Beijing. Sci Total Environ 767:144345.
https://doi.org/10.1016/j.scitotenv.2020.144345

Zhang Y et al (2021c) A critical review of control and removal strat-
egies for microplastics from aquatic environments. J Environ
Chem Eng 9:105463. https://doi.org/10.1016/j jece.2021.105463

Zhang T et al (2022a) Current status of microplastics pollution in
the aquatic environment, interaction with other pollutants,
and effects on aquatic organisms. Environ Sci Pollut Res
1-30:16830-16859. https://doi.org/10.1007/s11356-022-18504-8

Zhang Y et al (2022b) Polystyrene microplastics-induced cardiotoxic-
ity in chickens via the ROS-driven NF-kB-NLRP3-GSDMD and
AMPK-PGC-1a axes. Sci Total Environ 840:156727. https://doi.
org/10.1016/j.scitotenv.2022.156727

Zhang G et al (2022c) Microplastics interact with SARS-CoV-2 and
facilitate host cell infection. Environ Sci: Nano 9:2653-2664.
https://doi.org/10.1039/D2ENO0019A

Zhao, S., 2022. A Summary of the Transporting Mechanism of Micro-
plastics in Marine Food Chain and its Effects to Humans. IOP
Conference Series: Earth and Environmental Science, Vol 1011.
IOP Publishing, pp 012051. https://doi.org/10.1088/1755-1315/
1011/1/012051

Zhou G et al (2021) Removal of polystyrene and polyethylene micro-
plastics using PAC and FeCl; coagulation: performance and


https://doi.org/10.1016/j.marpolbul.2021.112540
https://doi.org/10.1016/j.marpolbul.2021.112540
https://doi.org/10.1016/j.jhazmat.2020.124299
https://doi.org/10.1016/j.jhazmat.2020.124299
https://doi.org/10.3390/ijerph10093886
https://doi.org/10.3389/fmars.2018.00372
https://doi.org/10.1007/s42452-019-1352-0
https://doi.org/10.1007/s42452-019-1352-0
https://doi.org/10.1016/j.envpol.2018.10.110
https://doi.org/10.1016/j.chemosphere.2020.126788
https://doi.org/10.1016/j.chemosphere.2020.126788
https://doi.org/10.1016/j.scitotenv.2020.142427
https://doi.org/10.1016/j.scitotenv.2020.142427
https://doi.org/10.1016/j.scitotenv.2019.134520
https://doi.org/10.1016/j.scitotenv.2019.134520
https://doi.org/10.1016/j.chemosphere.2022.135887
https://doi.org/10.1002/tox.23095
https://doi.org/10.1021/acs.jchemed.5b00265
https://doi.org/10.3390/su132212840
https://doi.org/10.3390/su132212840
https://doi.org/10.1016/j.scitotenv.2020.137512
https://doi.org/10.1016/j.scitotenv.2020.137512
https://doi.org/10.1021/acs.est.7b00423
https://doi.org/10.1021/acs.est.7b00423
https://doi.org/10.1007/s11783-017-0897-7
https://doi.org/10.1007/s11783-017-0897-7
https://doi.org/10.1016/j.jhazmat.2021.126843
https://doi.org/10.1016/j.jhazmat.2021.126843
https://doi.org/10.1016/j.scitotenv.2019.133794
https://doi.org/10.1016/j.scitotenv.2019.133794
https://doi.org/10.1080/10643389.2020.1801308
https://doi.org/10.1016/j.cej.2021.129123
https://doi.org/10.1016/j.jhazmat.2019.121489
https://doi.org/10.1021/acs.est.1c03924
https://doi.org/10.1021/acs.est.1c03924
https://doi.org/10.1016/j.jhazmat.2020.123429
https://doi.org/10.1016/j.jhazmat.2020.123429
https://doi.org/10.1007/s10311-022-01499-6
https://doi.org/10.1021/acs.est.9b03912
https://doi.org/10.1021/acs.est.9b03912
https://doi.org/10.1016/j.jhazmat.2019.121773
https://doi.org/10.1016/j.jhazmat.2019.121773
https://doi.org/10.1016/j.envpol.2021.116554
https://doi.org/10.1016/j.scitotenv.2020.144345
https://doi.org/10.1016/j.jece.2021.105463
https://doi.org/10.1007/s11356-022-18504-8
https://doi.org/10.1016/j.scitotenv.2022.156727
https://doi.org/10.1016/j.scitotenv.2022.156727
https://doi.org/10.1039/D2EN00019A
https://doi.org/10.1088/1755-1315/1011/1/012051
https://doi.org/10.1088/1755-1315/1011/1/012051

Environmental Chemistry Letters (2023) 21:2129-2169 2169

mechanism. Sci Total Environ 752:141837. https://doi.org/10. Sci Total Environ 713:136356. https://doi.org/10.1016/j.scito
1016/j.scitotenv.2020.141837 tenv.2019.136356

Zhu B-K et al (2018) Exposure to nanoplastics disturbs the gut microbi-
ome in the soil oligochaete Enchytraeus crypticus. Environ Pollut Publisher's Note Springer Nature remains neutral with regard to
239:408-415. https://doi.org/10.1016/j.envpol.2018.04.017 jurisdictional claims in published maps and institutional affiliations.

Zhu K et al (2019) Formation of environmentally persistent free radi-
cals on microplastics under light irradiation. Environ Sci Technol
53:8177-8186. https://doi.org/10.1021/acs.est.9b01474

Ziajahromi S et al (2020) Microplastic pollution in a stormwater float-
ing treatment wetland: detection of tyre particles in sediment.

Authors and Affiliations

Ahmed I. Osman'® - Mohamed Hosny? - Abdelazeem S. Eltaweil® - Sara Omar® - Ahmed M. Elgarahy*> .
Mohamed Farghali®’ - Pow-Seng Yap® - Yuan-Seng Wu®'? . Saraswathi Nagandran®'° . Kalaivani Batumalaie'" -
Subash C. B. Gopinath'*'>'. Oliver Dean John'® - Mahendran Sekar'® - Trideep Saikia'” - Puvanan Karunanithi
Mohd Hayrie Mohd Hatta?® - Kolajo Adedamola Akinyede?'?2

18,19

School of Chemistry and Chemical Engineering, David Keir Faculty of Chemical Engineering & Technology, Universiti

Building, Queen’s University Belfast, Stranmillis Road, Malaysia Perlis (UniMAP), 02600 Arau, Perlis, Malaysia
Belfast BT SAG, Northern Ireland, UK 13 Institute of Nano Electronic Engineering, Universiti Malaysia

2 Green Technology Group, Environmental Sciences Perlis (UniMAP), 01000 Kangar, Perlis, Malaysia
Department, Faculty of Science, Alexandria University, 14

Micro System Technology, Centre of Excellence, Universiti

Alexandria 21511, Egypt Malaysia Perlis (UniMAP), Pauh Campus, 02600 Arau,

3 Chemistry Department, Faculty of Science, Alexandria Perlis, Malaysia
University, Alexandria, Egypt 15" Faculty of Science and Natural Resources, Universiti

4 Environmental Science Department, Faculty of Science, Port Malaysia Sabah, 88400 Kota Kinabalu, Sabah, Malaysia
Said University, Port Said, Egypt 16 Faculty of Pharmacy and Health Sciences, Royal College

> Egyptian Propylene and Polypropylene Company (EPPC), of Medicine Perak, Universiti Kuala Lumpur, 30450 Ipoh,
Port-Said, Egypt Perak, Malaysia

6 Department of Agricultural Engineering 17 Girijananda Chowdhury Institute of Pharmaceutical Science,
and Socio-Economics, Kobe University, Kobe 657-8501, Guwahati Assam, India
Japan 13 Department of Anatomy, Faculty of Medicine, Manipal

7 Department of Animal and Poultry Hygiene & University College Malaysia (MUCM), Melaka, Malaysia
Environmental Sanitation, Faculty of Veterinary Medicine, 19

. o . Department of Pharmacology, Faculty of Medicine,
Assiut University, Assiut 71526, Egypt University of Malaya, Kuala Lumpur, Malaysia
Department of Civil Engineering, Xi’an Jiaotong-Liverpool 20

University, Suzhou 215123, China Centre for Research and Development, Asia Metropolitan

University, 81750 Johor Bahru, Johor, Malaysia
Centre for Virus and Vaccine Research, School of Medical 21
and Life Sciences, Sunway University, 47500 Subang Jaya,

Selangor, Malaysia

Department of Medical Bioscience, University
of the Western Cape, Bellville, Cape Town 7530,
South Africa

Department of Biological Sciences, School of Medical 2
and Life Sciences, Sunway University, 47500 Subang Jaya,

Selangor, Malaysia

Biochemistry Unit, Department of Science Technology,
The Federal Polytechnic, PM.B.5351, Ado Ekiti 360231,
Ekiti State, Nigeria

Department of Biomedical Sciences, Faculty of Health

Sciences, Asia Metropolitan University, 81750 Johor Bahru,

Malaysia

@ Springer


https://doi.org/10.1016/j.scitotenv.2020.141837
https://doi.org/10.1016/j.scitotenv.2020.141837
https://doi.org/10.1016/j.envpol.2018.04.017
https://doi.org/10.1021/acs.est.9b01474
https://doi.org/10.1016/j.scitotenv.2019.136356
https://doi.org/10.1016/j.scitotenv.2019.136356
http://orcid.org/0000-0003-2788-7839

	Microplastic sources, formation, toxicity and remediation: a review
	Abstract
	Introduction
	Production of plastic and microplastics
	Sources of microplastics and problem statement 
	Land-based sources of microplastics
	Ocean-based sources of microplastics


	Microplastics pollution problem and international response 
	Toxicological profiles of microplastic exposure 
	Current knowledge and awareness of microplastic pollution
	Biological specimens for the detection of microplastics
	Microplastics in faeces
	Microplastics in sputum, saliva, and bronchoalveolar lavage fluid 
	Microplastics in blood and placenta

	Detrimental effects of microplastics ingestion on human health
	Microplastic-induced cancer
	Immunotoxicity
	Microplastic-induced intestinal diseases 
	Microplastic-induced pulmonary diseases 
	Microplastic-induced cardiovascular diseases
	Microplastic-mediated infectious diseases
	Microplastic-mediated inflammatory diseases 
	Pregnancy and maternal exposure to progeny or offspring 

	Potential treatment strategies
	Conventional treatment techniques
	Coagulation
	Membrane bioreactor technology 
	Rapid sand filtration
	Adsorption

	Innovative treatment techniques
	Photocatalytic degradation
	Electrochemical oxidation 
	Electrocoagulation
	Magnetic separation 


	Control strategies
	Reducing plastic and microplastic usage and production 
	Behavioural changes towards plastic and microplastic products 
	Using biodegradable plastics 

	Conclusion 
	Acknowledgements 
	References




