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Abstract

In the last century, human activities were the primary cause of air, water, and soil contamination. However, in the twenty-
first century, while pollutants like sulfur oxides (SOx) and nitrogen oxides (NOx) remain significant, microplastics (MPs)
have emerged as a new global environmental concern. Microplastics are plastic fragments that are less than 5 mm in
diameter. Their widespread distribution in aquatic and terrestrial ecosystems has adverse impacts on various ecological
systems. The presence of MPs has been well documented in diverse matrices, such as table salt, drinking water, indoor
and outdoor air, beer, cold drinks, aquatic organisms, plants, and earthworms. The potential adverse effects of MPs con-
sumption have been reported in various organisms, including earthworms and aquatic fishes; however, their potential
effects on human health through respiratory, dietary, and other exposures are still being elucidated. This review provides
a comprehensive overview of the current knowledge on potential sources, quantities present in water, table salt, air, and
possible routes in the human body through different trophic levels. Furthermore, this paper reviews insights into the
movement and accumulation of MPs at different trophic levels (i.e., aquatic, and terrestrial organisms) and theirimpacts
on the cycling of soil carbon and nutrients (nitrogen and phosphorus). Additionally, this review paper addresses the
current trends in MPs research and proposes strategic management techniques to mitigate MPs pollution.
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1 Introduction

Plastics are a subset of polymers, playing a key role in the daily functioning of modern society worldwide for a long time
[1, 2]. However, in recent years its application has exponentially increased from household to industry owing to their
versatile properties and low cost of production [3]. This has led to a considerable increase in the production of plastics,
which reached 359 million tons in 2018, with maximum production in Asia (ca. 51% of global production). China is a
major producer of plastics, contributing almost 30% of the plastic production in Asia, which significantly contributes to
the economy of the country. The production, consumption, and disposition of plastics are related to the depletion of
natural resources, environmental degradation, and negative effects on human health [4, 5].
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Plastics are a cocktail of polymers resistant to microbial degradation. Plastics possess chemical properties that are
resistant to microbial decomposition, resulting in high pollutant loads in various environmental components. The inten-
sity of plastic pollution depends on the chemical formulation, raw materials, and plasticizers. Plastics have long residence
times in the environment because of their slow decomposability; therefore, the fragments of plastics are divided into
micro, meso, or macro debris. Microplastics (MPs) are tiny plastic particles that are usually defined as approximately 5 mm
or less in diameter [6]. MPs are categorized as primary when they are produced in small sizes and as secondary when they
originate from the breakdown of larger plastic items [7-9]. However, the definition of MPs is not straightforward, as vari-
ous size scales are used to define them [10]. These small plastic particles pose significant environmental issues because
of its ingestion by living organisms, which are leading to potentially harm them and disrupting the ecosystem services.

Microplastics (MPs) were first identified in 2004 [11] and have since been found in a wide array of environments,
including many marine fish species [8, 9, 12], raw drinking water [13, 14], estuaries, sediments [15], coral reef systems
[16], air [17], table salts [18], beer [19], and even human organs. The presence of MPs is increasingly concerning due to
their impact on various marine environments, affecting air quality [20], water quality [21], food sources [22], and other
ecosystem functions. MPs are an assemblage of heterogeneous particles that vary in size, shape, colour, chemical com-
position, density, and characteristics. Due to its abundance in different environmental components and notorious prop-
erties, studies are failed to clearly demonstrate the potential scientific prove for its effect on health of human being and
other organisms. In recent years, the research on MPs has experienced exponential growth (Fig. 1). Despite significantly
large number of papers published in the last one decade, there are still considerable gaps in our understanding of the
impact of plastics on living organisms and ecosystem services and their possible effective mitigation measures. The key
areas of MPs research having knowledge gap include (i) the pathways through which MPs accumulate in the human
body, (ii) the long-term effects of microplastic exposure on aquatic plants and animals, soil structure and microbes, soil
nutrient cycling, and earthworms, and (iii) the mechanisms by which microplastics affect human physiology, despite
their presence being documented in various human and fluids. Additionally, there is limited information available on MPs
interaction with other environmental pollutants. MPs can carry harmful chemicals, such as persistent organic pollutants
(POPs) and heavy metals, potentially increasing their toxicity. The interactions between MPs and these contaminants,
and their combined impacts on ecosystems and human health, require more focus.

Although, extensive research has been done on effects of MPs on numerous ecosystems and organisms, however,
significant gaps still remain in our understanding. Notably, there is a paucity of comprehensive analysis that connects
findings from several fields to better understand the broader implications of MPs for human health. Although studies
have examined the impacts of MPs on aquatic life, plants, soil characteristics, nutrient cycling, earthworms, and trophic
transmission, no systematic analysis has yet linked these disparate features to highlight their cumulative significance
for human health. The current study aims to fill this vacuum by providing a comprehensive assessment of microplastics’
effects on numerous environmental and biological systems, as well as their consequences for human health. The key
questions being addressed in this study are: how can MPs affect various environmental and biological systems? and what
are the hazards posed by MPs to human health? This review seeks to connect the effects of MPs across organisms and
ecosystems, and highlighting the need for a uniform approach for assessing health hazards associated with microplas-
tic contamination. The review synthesises ideas from aquatic biology, plant science, soil chemistry, and ecosystem to
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provide a complete understanding of microplastic impacts, interactions, and potential health hazards, such as exposure
pathways and bioaccumulation. Through this holistic approach, the study attempts to provide new insights and increase
our understanding.

2 Methodology

In this review, we systematically collected and compiled information from various credible sources, including annual
reports from reputed organizations and articles published in peer-reviewed journals. To access relevant literature, we
utilized multiple scientific databases such as Google Scholar, Web of Science, PubMed, and ResearchGate. The data
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retrieval process involved the use of specific keywords, including “microplastics,’“nanoplastics,”“plastic fragments,”“plas-

"nu i " "

tisphere,"“microplastic pollution,”“microplastics and aquatic animals,”“microplastics and earthworms,” “microplastics
and nutrient cycling,”“microplastics and soil physicochemical properties,” and “microplastics and aquatic plants.” The
majority of the scientific articles reviewed were published between 2000 and 2021. However, we also included seminal
articles predating this period, which were selected for their significant contributions to the field. The amalgamation of
data from these diverse sources enhances the comprehensiveness and depth of the review, proving a nuance perspec-

tive on the subject matter.

3 Factors affecting the distribution of microplastics

The transport and dispersion of MPs are strongly influenced by weather phenomena owing to their low density, small
size, and ease of entertainment by atmospheric processes [5]. Weather phenomena, such as rainfall, wind, cyclones, and
eddies, play a pivotal role in the dispersal of MPs over considerable distances from the source area. For instance, weather
phenomena, such as snowfall and rainfall, exhibit a robust correlation with the deposition of MPs rates and are marked
with an increased deposition rate five times more during the rainy season [23]. Population density, local environment,
and human activities significantly influence the distribution of plastics. The higher the population density, the higher the
MPs concentration, and the deposition of MPs tends to be more pronounced in rural areas than in urban areas owing to
various weather phenomena in rural areas. Additionally, local topography and altitude influence the dispersal of MPs,
and a higher altitude is generally associated with a lower concentration of MPs [24].

In indoor environments, the concentration of MPs tends to be higher compared to outdoor settings due to less air
circulation [25]. Moreover, indoor samples typically show elevated levels of MPs due to the presence of furniture, textiles,
building materials, lifestyles, and activities [26]. For example, cleaning floors, mopping, and washing clothes generate
thousands of MPs indoors, whereas vacuuming reduces MP emissions [27].

4 Microplastics in air

Air, an essential component of all living organisms, including humans, requires cleanliness to sustain life. Inhalation of
contaminated air poses significant health risks and can lead to mortality in both humans and animals [28]. Unwanted
substances that alter the physical and chemical properties of air are considered pollutants. Air pollution is a pressing
global issue exacerbated by increasing industrialization, urbanization, and population growth. Polluted air worldwide
poses a significant threat to various ecosystems. Among the various types of pollutants, recently identified airborne MPs
have garnered considerable attention from scientists, NGOs, and public media [29].

Many scientific studies on MPs pollution in the marine environment and their effects on marine organisms and sea
birds have been conducted to date. Currently, there is a paucity of data regarding airborne MPs pollution. Dris et al. [16],
reported the presence of MPs pollutants in the atmosphere in recent studies published in the Marine Pollution Bulletin
(2016) and Environment Pollution (2017). Various types of MPs are present in the atmosphere, including polyethylene
terephthalate (PET), polyethylene (PE), polyester (PES), polyacrylonitrile (PAN), poly (N-methyl acrylamide) (PAA), rayon
(RY), ethylene vinyl acetate (EVA), epoxy resin (EP), and alkyd resin (ALK). Atmospheric MPs originate from various sources;
however, the synthetic textile industry is the primary source. Minutes of fiber can get out quickly from wearing, drying,
tailoring, producing clothes, and other fiber products. Analyzing and characterizing atmospheric MPs helps determine
the origin of airborne MPs [17, 30]

@ Discover



Review Discover Environment (2024) 2:103 | https://doi.org/10.1007/s44274-024-00139-w

Nevertheless, myriad sources contribute significantly to the presence of MPs in the atmosphere, including tire erosion
from automobiles, trucks, household objects, waste incineration, building materials, sewage sludge, landfills, abrasive
powder, and 3D printing processes. For instance, the washing and drying of a single garment may release approximately
1900 fibers in the air. Studies on particulate matter have reported that hydrogen-based polymer fibers from automo-
bile tires are removed by mechanical abrasion. Countries like Germany and the Netherlands have reported significant
emissions of microplastic threads from automobile tires, estimated at approximately 92,594 tons and 17,000 tons per
year, respectively. Germany alone contributes an average tire wear emission of 0.81 kg per capita annually on a global
scale. Another potential source of airborne microplastics is the use of 3D printers, particularly Fused Deposition Mod-
eling (FDM) printers that utilize filament materials such as PET, PPT, and PLA. The printing process generates numerous
ultrafine particles or nanoparticles [31].

Additionally, the accumulation of plastic waste at landfill sites can result in the production of atmospheric microplas-
tics through degradation induced by UV radiation and physical abrasion [8]. The incomplete incineration of garbage
also releases enormous amounts of MPs into the atmosphere, and atmospheric transporting agents such as wind and
others facilitate the dispersion of MPs in remote and sparsely inhabited areas. Recently, Allen et al. [24] documented the
presence of MPs in the Pyrenees Mountains, near Paris.

4.1 Microplastics in table salt

Salt, also known as table salt, provides essential nutrition to most living organisms, including plants and animals. Since
ancient times, salt has been used as a food preservative agent after lowering the quantity of water, thereby inhibiting
bacterial growth. Salt is used in various sectors, such as cosmetics, personal care products, drinks, and pharmaceutical
products [20, 33].

Salt naturally occurs in the sea, lakes, rocks, and wells [34]. Seawater deposited in an enclosed area produces salinas
(solar pond work) after crystallization due to evaporation and the heating effect of sunlight. Globally, salt mines often
coincide with anthropogenically impacted regions and serve as hotspots for MPs contamination, making them highly
susceptible to MP exposure [32]. In rock and well salt, the change in intruding MPs into the salt occurs during the col-
lection, transport, and packing processes. In the solar saltwork pond, fresh seawater circulates in a series of successive
ponds with different salinity concentration gradients before the crystallization process; some of this fresh seawater may
contain MPs that act as a source of MPs solar pond salt.

Zhang et al. [11], studied MPs’ presence of MPs in more than 100 branded worldwide salt and revealed non-uniform
concentrations of MPs across different regions. The highest accumulation of MPs in table salt was observed in Croatia
(145.6-208), followed by Indonesia (145.6), Italy (168.4-844.6), the United States (51-816), and China (561-693 items
kg'). A recent study reported MPs’ presence of MPs in seawater sources and found that Asia had the highest abundance
of MPs, followed by Australia, France, Iran, Japan, Malaysia, Portugal, Africa, and Spain (Fig. 2).

In another study, Yang et al. [35] reported the abundance, size, and type of MPs from various sources in China. They
reported that China had the highest contribution to plastic waste deposition in the sea [36]. The concentration of MPs
in salt has been reported to be 550-681 particles kg' in sea salts, 43-364 particles kg' in lake salts, and 7-204 particles
kg in rock/well salts. Among the several types of salt, sea salt exhibits the highest concentration of MPs, which is three
times higher than that of lake salt and seven times higher than that of rock salt. Other types of plastics include polyeth-
ylene terephthalate (PET), polyester (PES), polyethylene (PE), poly (1-butene) (PB), polypropylene (PP), and cellophane
(CP). Additionally, micro-Raman spectroscopy analyses conducted by Karami et al. [37] identified polymers in 17 brand
salts from eight countries: PP accounted for 40%, followed by PE (33.3%), polyethylene terephthalate (PET) (6.66%),
polyisoprene/polystyrene (6.66%), polyacrylonitrile (10.0%), and polyamide-6 (nylon-6, NY6; 3.33%); however, in Spain
and Turkey, PET and PE are the most prevalent polymers [14, 26]. Kim et al. [39], expand on these finding by investigat-
ing MPs presence in 39 different salt brands of 16 countries, including 28 sea salt brands. The amount of MPs extracted
is high in sea salt, followed by lake and rock salt. Among sea salt, the highest concentration of MPs is present in Asian
countries, implying that Asia is a hot spot of plastic pollution. In addition to tap water, the presence of MPs has been
reported in drinking beer and table salt. This study further stated that the average synthetic debris ingestion by ordinary
people from these three sources (beer, tap water, and table salt) is 5800 particles per annum [40].

In India, the presence of MPs in salt has been reported in several studies. Seth and Shriwastav [41] analysed the pres-
ence of MPs in table salts using contaminated seawater. Sivagami et al. [42], reported MPs presence in 10 branded salt
in India and further evaluate their in vitro toxicity. Selvam et al. [43], concluded the average size of MPs found in Indian
salt was less than 100 um, and most of the polymer was PP, PE, nylon, and cellulose. In another study, the consumption of
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Fig.2 Presence of MPs in Spanish salt [18]

MPs presents in salt had a chance increased exposure to toxic heavy metals, as MPs surfaces can adhere to many heavy
metals, including Arsenic, Iron, and nickel (Table 1).

4.2 Microplastics in water

Water, an indispensable renewable resource vital for sustaining life, faces increasing pollution due to anthropogenic
activities such as urbanization, agriculture, industrialization, and population growth. This process is essential for all
living organisms [44]. In addition to pollutants such as heavy metals, hydrocarbons, and excessive nutrients, MPs have
emerged as contaminants detected in various water sources, such as drinking water bottles, tap water, and open ocean
water [45, 46].

Both surface water and groundwater are essential for drinking water resources [47], with complex interconnections
between them [48]. Anthropogenic activities and human influence have led to the presence of various pollutants in both
surface and groundwater, as documented by numerous studies. Despite extensive research on MPs in freshwater systems,
there remains a lack of comprehensive data and delayed global recognition of their environmental impact. The issue of
MPs pollution has raised more questions than it has answered. The sources of MPs in freshwater include wastewater treat-
ment, cargo shipping, fishery activities, human waste from beaches, urban runoff [21], fragmentation of large particles
or product wear [49], discharge from wastewater plants, atmospheric deposition [50], and transfer and transport from
agricultural activities [51]. According to Eerkes et al. [52], a possible route for the entry of MPs into freshwater includes

Table 1 Presence in different

salt origins Country/origin ~ Type of salts ~ MPs particle (kg™')  MP types Size (um)  References
Brazil Sea salt 200 PP, PET 100-1000  [39]
Spain Well salt 8-102 PE, PET, PP 30-3500 [18]
UK Sea salt 120 PP, PE, PVC 100-2000 [39]
USA Sea salt 300 PE 100-1000 [39]
India Sea salt 56-103 PA, PE, PET, PS, PES 500-2000 [41]
Turkey Sea salt 18-84 PP, PET, PU PVC <100 [38]
China Lake salt 550-681 PAN, PB, PE <100 [39]
PES, PET
Korea Sea salt 100-300 Acrylic, PE, PVC, Nylon,  100-3000  [39]
Mexico Sea salt 173 Fiber and particle 40-5000 [40]
Hungary Rock salt 12 Nylon, PET, PVC 100-4000 [39]
Pakistan Rock salt 100 PE, PET, PP 100-1000  [39]
Himalayan salt ~ Rock salt 367 Fibre and particle 40-5000 [40]
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effluent from washing machines, spillage from industrial activities, cosmetic items, and plastic items used in physical
wear, which are degraded through environmental degradation and agricultural activities. Other potential sources of MPs
in freshwater include weather phenomena such as typhoons. Wang et al. [53], reported that MPs intensity in freshwater
increases after typhoons than before (Table 2).

Danopoulos et al. [61], and Schymanski et al. [62], reported the presence of MPs in potable drinking and bottled min-
eral waters. MPs sources are suspected of consumer product disintegration in treated drinking water, including packag-
ing and textiles, bottle caps, and sealing [63]. The transport of drinking water and the use of plastic products during the
purification of drinking water is also a route for MPs exposure. On the other hand, the detection of MPs in mineral drinking
water might come from the water filling process, bottle cap, or from the polymer bottle itself. Among the different min-
eral water bottles, single-use water bottles reported lower concentrations of MPs, whereas reuse water bottles reported
the presence of eight times higher concentrations of MPs than single-use plastic bottles because the re-utilization of
the water bottle is under more stress. It is plausible that the rigid glass caused extra wear on the soft plastic material
from the bottle cap and sealing, and thus MPs particles were released due to abrasion. Furthermore, the concentration
of carbon dioxide in water bottles also affects the MPs concentration, and higher concentrations of carbon dioxide lead
to increased water pressure and stress on plastic water bottles, resulting in the release of more plastic particles [62].

The presence of MPs in groundwater was reported by Panno et al. [64], but the mechanism of MPs contamination is
still unknown. Furthermore, they reported that MPs sources in groundwater may originate from septic tanks and surface
runoff. Studies also reported the presence of MPs in the groundwater. According to him, the possible entry of MPs into the
groundwater system includes wastewater treatment plants or greywater discharge, septic tank outflows, aquifer recharge
through the direct injection of contaminated water, loss of streams, and infiltration through soil pores [65]. In addition to
groundwater contamination, MPs particles in groundwater act as sites for the translocation of hazardous heavy metals
and harmful bacteria [66]. The concentration of MPs in groundwater is always lower than that in freshwater [67].

5 Pathways and accumulation of MPs in the human body

Ingestion and inhalation are the primary routes through which MPs are enter into humans. The gastrointestinal exposure
to MPs can occur through various sources, including table salt, drinking water [46], seafood, mouthing of dirty toys by
children, licking hands, dust containing MPs [9, 61], and airborne suspended MPs [7, 21, 68]. Additionally, dermal contact
with plastic-associated goods can contribute to exposure [70]. Vianello et al. [71], reported that potential exposure to
MPs in indoor environments were food, drink, and air and polyesters MPs reported as the most abundant in indoor envi-
ronments. And the most significant concern for human exposure to MPs may result from consumption of contaminated
food by MPs or inhalation of fugitive atmosphere particles [72, 69].

MPs are ubiquitous and distributed across the entire planet, from the highest peaks of Mount Everest to the deepest
oceans, and from artic snow to alpine soils. After ingestion or inhalation, similar to particulate matter (PM) 2.5, MPs can
penetrate various human organs, and their penetrating capability depends on their shape, size, and settling velocity [73].
Studies have reported the presence of MPs in lung tissue [31] and their persistence in lung fluid without notable changes
in their shape and size even after 180 days [74]. A recent study reported the presence of MPs in the human placenta. MPs,
such as nano-sized particles (5-10 um), have the capability of penetrating into the bloodstream, resulting in reaching the
placenta. However, there is much confusion about how nano-sized MPs particles penetrate the bloodstream [53]. MPs
that are not sorbed and pass through the gastrointestinal tract are excreted through the human stool [75]. In addition,
90% of the desorbed MPs pass through the human excretory system [76].

5.1 Trophic transfer, bioaccumulation, and biomagnification of MPs

MPs are small particles (>5 mm) found in various environments, including aquatic bodies. Understanding the trophic
transfer of MPs from one trophic level to the next is an important concern in today’s world; however, there is a paucity of
data toillustrate or prove how trophic transfer, bioaccumulation, and biomagnification of MPs occur in living organisms,
especially humans. However, this review paper provides insight into the mechanisms of trophic transfer, bioaccumula-
tion, and biomagnification in humans.

Generally, MPs have a large surface area and tend to adhere to the surrounding surfaces, including phytoplankton.
According to Nolte et al. [77], negatively charged MPs have less affinity for adherence to the surrounding surfaces,
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whereas positively and neutrally charged MPs do [77]. Adherence of MPs has been reported on the surfaces of various
aquatic planktons (e.g., Fucus vesiculosus, Chlorella pyremoidosa, Phaeodactylum tricornutum, and Nodularia spumigena)
[78, 79] and is the main food source for numerous aquatic herbivorous species. These aquatic phytoplankton (primary
producers) and others are produced in large quantities by aquatic herbivorous species (e.g., Dorosoma cepedianum,
Myloplus schomburghii, and Pimphales promelas) [80]. Therefore, MPs are introduced into the food chain. Again, after
huge consumption of these MPs adhered to aquatic phytoplankton by various aquatic organisms, studies have shown
that some herbivorous fish have some quantity of MPs stored inside their bodies, due to the low egestion rate of MPs
as compared to their ingestion rate [81]. Similarly, secondary consumers consume these primary consumers in huge
quantities. In this manner, MPs move from one trophic level to the next.

The amount of microplastics (MPs) attached to aquatic phytoplankton is barely detectable. This raises the question:
can these few MPs lead to bioaccumulation or biomagnification at the next trophic level? Despite the low number of
MPs attached per phytoplankton consumed by primary consumers, the potential for MPs to accumulate in higher trophic
levels remains significant due to the continuous and extensive consumption of phytoplankton by primary consumers,
followed by secondary consumers, and so on [80]. Indeed, Bhatt and Chauhan [82] reported the potential transfer of MPs
from one trophic level to another, causing bioaccumulation and biomagnification in numerous varieties of aquatic organ-
isms. Furthermore, they mentioned that the average amount of MPs accumulated in predatory fish was higher (6.09),
followed by omnivorous fish (5.85), and herbivorous fish (1.88, MPs particles per fish) (carnivorous > omnivorous > her-
bivorous), which clearly indicates the successful transfer of MPs from the primary trophic level to higher levels (Fig. 3).

MP-accumulated fish enter the human food chain through supermarkets, direct fishing, etc. Curren et al. [83], collected
some seafoods from Singapore supermarkets and examined the amount of MPs present and reported that numerous
amount of MPs are accumulated in various seafood. We, human beings, consume those foods, without thinking or not
being aware of MPs. Similarly, there are many ways to introduce MPs into the human body through water, indoor and
outdoor air, and salt.

Now, another question arises: after ingestion, do all these MPs pass through the human excretory system? Smith et al.
[76], studied the MPs content in human excreta and found that only around 90% of ingested MPs are egested, with the
remaining 10% accumulating inside the human body. Studies have also detected MPs in various human organs, includ-
ing the lungs [73], placenta [84], bloodstream [85], and other organs. This suggests that MPs can accumulate inside the
human body, yet there is currently no comprehensive study documenting the effects of MPs or any associated diseases
in humans. However, MPs are xenobiotic substances that can cause unwanted problems in the human body. For instance,
MPs are well-known carriers of several toxic metals and possess carcinogenic properties (e.g., plasticizers and flame
retardants). Wardrop et al. [86], studied the effects of plastic additives (polybrominated diphenyl ethers, bisphenol A)
on aquatic organisms. The authors revealed that there was an increased effect on the organisms when associated with
MPs compared to the control. Additionally, MPs are well-known for their large hydrophobic surface area, which tends to
sorb hydrophobic toxic substances, act as vectors for carrying various toxic substances, and affect aquatic organisms.
Thus, MPs have a Trojan Horse” effect on aquatic organisms, and further research is needed to elucidate the potential
health implications of MPs on humans.

Fig.3 Trophic transfer of
microplastics from one
trophic level to next. A
Aquatic plants containing
MPs, B small herbivorous fish
feeding on aquatic plants, C
omnivorous fish feeding on
herbivorous fish and aquatic
plants, D large carnivorous
fish feeding on other fish, E
humans consuming fish
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5.2 Human health risk

In the twenty-first century, the scientific understanding of MPs in human organs and their potential effects on
human health remains challenging owing to the context and multifaceted nature of these particles [81, 82, 88].
Human health risks associated with MPs can arise from their monomeric constituents (e.g., Bisphenol A), additives
(e.g., plasticizers), or a combination thereof [89]. Given the pervasive use of plastic-containing items in daily life,
individuals may unintentionally consume approximately 80 g of MPs per day [90]. Human exposure to MPs can
adversely affect various biological systems, including particle toxicity, oxidative stress, inflammatory lesions, and
increased translocation uptake [63, 91].

Inhalation of MPs can lead to respiratory symptoms such as dyspnea due to airway and interstitial inflammatory
responses [92]. The tenacious nature of MPs have unique properties, such as hydrophobicity, which can exacerbate
toxicity through inflammation via entanglement or MPs ingestion [87]. In vitro studies have demonstrated that
cytotoxic effects are induced in the human brain and epithelial cells (T98G and Hela cell lines) following exposure
to nanoparticles, such as silver nanoparticles (AgNPs), carbon nanoparticles (e.g., graphene), polyethylene, and
polystyrene [93].

Bladder cancer, elevated liver enzyme levels, anemia, breast cancer, reproductive problems, and low platelet
counts are more common in plastic workers than in ordinary people [94]. And patient suffering from inflamma-
tory bowel disease is highly susceptible to plastics [3]. Again, the presence of MPs in the placenta requires careful
consideration because the placenta represents the interface between the foetus and the mother [95].

Moreover, plastics are a chemical cocktail product, and the release of these additives from the plastics additive
during the recycling and recovery process poses additional health risks [96]. Most additives associated with plastics
are potentially carcinogenic or endocrine disruptors [97]. Many chronic kidney diseases (CKD) have been associ-
ated with compounds such as phenol and indoles, while additives such as Bisphenol A (BPA) can interfere with the
development of newborn animals and their immune system [98].

6 Effect of MPs in earthworms

Earthworms, a terrestrial invertebrate belonging to the phylum Annelida, inhabit various soil types and ecosystems,
including forests, grasslands, arable lands, orchards, greenhouses, and plant nurseries. Some species are adapted
to hygrophilicity, while others are endure harsh conditions, such as living under snow in high mountains [99]. Rec-
ognized as an architect of fertile soil and friend of agriculture and ecological engineering [100], it has traditionally
been used in China since ancient times [101].

Despite their crucial role in soil health and ecosystem functioning, earthworms are susceptible to various xeno-
biotic substances, such as pesticides [102], detergents [103], and heavy metals [104]. In addition to these pollut-
ants, MPs have been identified as emerging pollutants with detrimental effects on earthworms, and the degree of
effect of MPs is dependent on the concentration and type of MPs. Studies have shown that low concentrations of
MPs (< 0.5%W/W) have minimal effects on earthworm fitness, whereas higher concentrations can inhibit growth
and increase mortality rates by compromising the earthworm'’s self-defence mechanism [105]. In vivo cytotoxicity,
experiment results show that earthworms exposed to MPs reduce the percentage of coelomocytes and cellular
viability, whereas coelomocytes and cellular viability is an important earthworm immunological response [106].
Additionally, earthworms exposed to MPs affect their reproductive system and are more pronounced in males than
in females. Hematoxylin and Eosin (H&E) staining assay revealed that spermatogenesis is affected by a reduction in
the number of mature sperm cells along with improper arrangement of germ cells and loose tissue structure [106].

The comet assay is a sensitive biomarker for determining and evaluating the genotoxicity of pollutants in inver-
tebrates and is commonly used to measure DNA damage caused by pollutants. Jiang et al. [107], reported that
polystyrene MPs have been found to be increase in DNA damage in a dose dependent manner, with large particle
exhibit greater genotoxicity than the smaller one. Moreover, the effect exerted by MPs on earthworms depends
on the types of MPs and MPS, as nylon (90-150 pm) can reduce the reproduction rate by up to 25%, but not in
PVC, whereas PVC is the most toxic polymer owing to the presence of its plasticizer [108]. Overall, MPs can affect
earthworms at the cellular and organ levels, highlighting the importance of understanding their ecological impact.
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6.1 Effect of MPs on plants

Plant growth is influenced by various environmental factors, particularly soil quality for terrestrial plants and water
quality for aquatic plants. MPs in the environment are unable to penetrate plant cells owing to their large size, can
adhere to the plant surface, and can be absorbed through the root. On the other hand, carbon nanomaterials can
be absorbed by roots. However, small MPs can translocate from the roots to the shoots via endocytosis and capillary
action [109]. Depending on the content of the growing medium, the presence of MPs in the environment may affect
plant growth in a unique manner. Soil associated with MPs has been found to hinder seed germination by obstruct-
ing the testa of seeds such as Lepidium sativum and Glycine max, potentially impeding water absorption and root
growth [110]. The negative effects of MPs on plant growth depend on their concentration and size, with large and
concentrated MPs exerting greater harm [111]. The presence of MPs inside plants causes a lack of cell connection,
cell wall pores, and hindrance of nutrient uptake, resulting in reduced shoot growth.

Moreover, MPs also affect plant photosynthesis in both terrestrial and aquatic plants, affecting parameters such
as stomatal conductance, transpiration rate, intracellular CO, concentration, chlorophyll content (chlorophyll a and
chlorophyll b), and Rubisco activity [120]. This leads to a reduction in the photosynthetic rates of terrestrial plants
and decreased chlorophyll content and photosynthetic efficiency in aquatic plants. The flowers of various terrestrial
plants have been found to be contaminated with MPs, potentially affecting their fertilization [121]. Nano-sized MPs
may reach the ovary through flower styles, interfering with pollination, as their size can mimic pollen grains [122, 123].
Overall, interactions between MPs and plants have significant implications for plant growth, development, and eco-
system functioning [99, 100] (Table 3).

6.2 Effect of MPs on soil physicochemical properties and microbial diversity

In the soil environment, MPs infiltrate through various pathways, such as atmospheric deposition, irrigation and
flooding, composting, street runoff and littering, sewage sludge, application of biosolids, and plastic mulch films
to improve plant growth and reduce moisture loss [124]. The introduction of MPs into soil profoundly affects soil
physicochemical properties, microbial diversity, soil enzyme activities, and nutrient cycling [125].

Changes in soil physical parameters are contingent on factors such as MPs type, concentration, tenacity, soil type,
and environmental conditions. Owing to their large surface area and small size, MPs in the soil allow them to occupy
the interstitial space between the soil particles. The filling of these porous spaces between soil particles affects soil
aggregation, increases soil compaction, and reduces porosity. The aggregation or accumulation of MPs in the soil
creates a microhabitat, leading to changes in the soil microbial diversity [126]. Additionally, the presence of MPs in
soil alters the soil water-holding capacity by replacing porosity, thereby demising soil water-retention properties
[127]. Moreover, impeding soil porosity due to MPs also affects soil aeration and interferes with the movement of
gases between the soil particles [128].

Oxygen is important for aerobic microbial processes, as it reduces the amount of oxygen due to changes in soil
porosity, which affects soil microbial diversity. Owing to their large surface area, MPs have the potential to influ-
ence soil surface reflectance and thermal properties. The dark colouration of MPs on the soil surface increases the
absorption of solar radiation, resulting in increased soil temperature, which in turn affects microbial diversity and
plant growth, etc. [126].

6.3 Effect of MPs in soil microbial diversity

Soil microbial diversity and biomass are the main criteria for maintaining fundamental ecosystem functions, includ-
ing organic matter decomposition, nutrient cycling, and carbon and gas flux [129]. The incorporation of MPs into
soil ecosystems also exerts a notable effect on soil microbial diversity, primarily by altering microbial populations.
Upon entering soil environments, MPs can affect soil physicochemical properties and create a microhabitat within
the soil matrix. These microhabitats influence the distribution and diversity of soil microorganisms by providing a
niche space that favours the proliferation of certain microbial taxa while inhibiting others [130]. Due to their large
surface area, MPs have a tendency to bind nutrients on their surface area, resulting in localized nutrient availability
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on MP-contaminated surrounding areas and decreased nutrient content in the surrounding soil, leading to changes
in soil microbial diversity. Similarly, studies have reported a reduction in alpha diversity (richness, evenness, and
diversity) of microbial communities on the surface of MPs compared with other substrates [131].

Moreover, MPs can serve a habitat on the surface of MPs after making thin a biofilm on the surface of MPs which is also
known as“Plastisphere.” Biofilms provide a niche for specific microorganisms that can inhabit this plastisphere, resulting in
reduced microbial diversity. For instance, MPs (PE) have been found to inhibit the growth of Proteobacteria, whereas the
same MPs increase the growth of Actinobacteria. Similarly, some studies have reported that MPs such as polyvinyl chloride
(PVC) and polyethylene (PE) can alter the relative abundance of microbial taxa, suppressing the growth of certain groups,
such as sphingomonadaceae and xanthobacteriaceae, while enhancing the relative abundance of Burkholderiaceae [132].

Furthermore, degraded MPs can release additives and chemicals (such as plasticizers and flame retardants) into the
surrounding soil. These additives and other chemical compounds are known for their toxic effects, thereby contributing
to changes in the soil microbial diversity. These mechanisms collectively illustrate how MPs influence microbial diversity
within soil ecosystems.

6.4 Effect of MPs in nutrient cycling

Nutrient cycling is a fundamental process in ecosystems that involves the movement and transformation of various
nutrients within the environment and among biotic and abiotic entities [133]. However, due to human anthropogenic
and other activities can disrupt the functions of natural ecosystems, thereby affecting nutrient cycling. Among these
disturbances, MPs are emerging as significant pollutants that affect nutrient cycling, including nitrogen, carbon, phos-
phorus, and some other micronutrient cycles [110, 111]. Nitrogen cycling is a complex natural process in which nitrogen
compounds undergo continuous transformation and transfer through nitrification and denitrification, and each process
is controlled by the respective microorganisms and enzymes [133]. The incorporation of MPs into soil interferes with
nitrogen cycling at different stages. For example, the intrusion of MPs affects soil microbial diversity, thereby affecting
enzyme activity and N cycling [134]. However, the effect of MPs on nitrogen cycling depends on the type of MPs and
their additives.

Certain MPs, such as PLA, are easier to degrade and serve as a source of carbon, leading to an increase in inorganic
carbon and thus stimulating the growth of certain bacteria such as Cyanobacteria, Bradyrhizobium, and o-Frankiales,
resulting in enriched N fixation [135]. Similarly, studies have reported an increase in the enzyme activity of the nifH gene
in biofilms of agricultural residual plastics. In contrast, the authors further mentioned that there was a decrease in the
enzymatic activity of amoA and nirK, which are responsible for ammonia monooxygenase and nitrite reductase, respec-
tively [136]. However, the effects of MPs on the nitrogen cycle are dependent on the type of MPs and their concentration,
exposure, and environmental conditions. For instance, MPs, such as low-density polyethylene (LDPE), have been found
to increase the abundance of genes associated with nitrogen cycling, such as nifH, AOB, amoA, and nirK [137]. In con-
trast, the presence of MPs such as PVC may inhibit ammonium oxidation while potentially enhancing the denitrification
process [138]. Similarly, studies have reported that the presence of MPs, such as PS, in soil has a negative potential effect
on microbial biomass and leucine aminopeptidase activity [139], and MPs, such as PVC, inhibit ammonium oxidation,
whereas there is a positive effect on denitrification (Fig. 4).

In aquatic environments, the intrusion of MPs can lead to the formation of biofilms on the surface of MPs, increasing
porosity and accelerating the conversion of NH,*~N and NO,™-N oxidation, as well as the denitrification process [140].
Overall, the influence of MPs on nitrogen cycling is multifaceted and depends on various factors, necessitating further
research to elucidate their effects comprehensively.

6.5 Effect of MPs in carbon cycle

The carbon cycle is a fundamental natural process involved in the continuous transformation of carbon- and carbon-
containing compounds in the Earth’s atmosphere, ocean, and living organisms. With the escalating concern over global
warming, attention has intensified to the emission of greenhouse gases, mainly CO, [141]. Intrusion of MPs profoundly
affects the carbon cycle in terrestrial and ocean environments in numerous ways, for instance, by changing the soil
physicochemical properties, microbial diversity and their function, growth of plants, and litter decomposition [142].
However, the intricate mechanism underlying the disturbance of the soil carbon cycle by MPs is complex and depends
on many factors, including the type, size, and concentration of plastics, soil type, and local environmental conditions.
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Fig.4 Functional genes involved in essential nitrogen cycling change in in 30 days treatment of various plastic i.e., control, cPVC_p (PVC
plastic without plasticizer), and PVC (PVC plastic with plasticizer). Reprinted from The Lancet, Vol. number 427, (Zhu et al. 2022), Copyright
2021, with permission from Elsevier

MPs are mainly composed of carbon; for instance, MPs, such as PE and PS, contain more than 90% carbon [143].
Owing to their versatile properties, MPs prevent microbial decomposition, immobilization, and binding to soil inorganic
or organic compounds [144]. These MPs are locked within soil particles and change soil physicochemical properties,
as described above [144]. Thus, MPs function as sources of carbon in the soil environment (i.e., they do not originate
from plants). PE-based MP are hydrophobic in nature, reduce the moisture content in the surrounding soil, and create
an aerated environment around the MPs surface [138], thus accelerating soil organic matter mineralization [145], thus
accelerating soil organic matter mineralization [146]. Similarly, some studies have also stated that the addition of MPs to
soil increases the soil dissolved organic carbon content [147]. For instance, studies have reported that there is an increase
in total organic carbon in river water mixed with nanoplastics (21.21 mg/L) than in normal river water (9.78 mg/L), which
leads to changes in carbon storage in aquatic environments (i.e., an increase in the accumulation of carbon) [148]. Thus,
the intrusion of MPs in soil increases the carbon in soil (SOM and DOC), but further studies are needed to make a scien-
tific sense.

Again, incorporation of MPs in the soil also affected the distribution of photosynthetic carbon in the aboveground
and belowground parts. The addition of MPs such as PVC at a low rate (1% of MPs) increases the allocation of photosyn-
thetic carbon in the shoot part and slightly changes the root-to-shoot ratio [149]. The low-rate addition of MPs hampers
root growth or produces phytotoxicity in the root, which may result in decreased allocation of photosynthetic carbon
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in the plant root [150]. However, increasing the concentration of MPs led to changes in soil physicochemical properties
(i.e., increased aeration, water holding capacity, and reduced bulk density, resulting in turnover of organic matter and
reduction of nutrient limitation) and nitrogen immobilization, which might counteract the phytotoxic effect in roots, thus
increasing the distribution of photosynthetic carbon allocation in roots. For instance, 1-5% PVC powder increases the
allocation of photosynthetic carbon in the roots of wheat plants [149]. Similarly, another study reported that the alloca-
tion of photosynthetic carbon in roots also increased with the addition of 10% PE and PVC powder [151]. The increased
allocation of carbon in roots (rhizodeposition) is particularly important for root-association fungi, which play a significant
role in carbon sequestration. Root carbon sequestration through rhizodeposition plays a crucial role in microbial func-
tion, global carbon cycle, and ecosystem stability [151]. However, the effects or alterations in root-fungal associations
are dependent on the type of MPs; therefore, further study is required to draw a strong conclusion.

6.6 Effect of MPs in phosphorus cycle

Phosphorus, an essential element for all the living organisms, play a pivotal role in regulating nutrient dynamics within
the ecosystems. The intrusion of MPs into the soil environment exerts discernible effects on the phosphorus cycle.
Notably, studies indicate that MPs, particularly those derived from polyvinyl chloride (PVC) and polystyrene (PS), have
a demonstrable impact on total phosphorus levels in soil, as evidenced by notable reductions [152]. However, the pres-
ence of plasticizers, such as PVC MPs, has been observed to augment the accessibility of phosphorus in acidic red soil,
promoting soil P cycling [153]. These processes involved inorganic P solubilization and organic P mineralization, which
contributed to the augmentation of readily available P in the soil [154].

7 Strategic management and future recommendations

Microplastic (MP) pollution is a pervasive and emerging environmental concern worldwide. The initiative measure of MPs
pollution in our environment is simply to avoid or reduce the production of plastic debris, prevent debris from entering
our ecosystem, develop clean-up technologies, and bioremediation [155]. In addition to these scientific management
techniques, some political, economic, and social factors play a very important role in implementing efficient processes
to control plastic waste problems and MPs pollution [156].

Currently, the main strategies to solve the problem of MPs pollution should focus on source reduction, cleaning tech-
nology, and remediation strategies. Strategies for the management of MPs pollution are described below.

I.  Removing the MPs from personal care products.

The removal of MPs from personal care products can help reduce MPs pollution. MPs are often used in various
products, such as body wash, facial scrubbing, and toothpaste. Many countries, such as Canada and Australia,
have started to phase out or ban the use of plastics and have gained momentum in various countries and regions.
Similarly, in 2015, the U.S. government started effectively banning the sale of personal care products containing
plastic beads in 2017 [157]. By eliminating MPs from various personal care products, or if consumers can prefer
plastic beads free, there might be a significant reduction in the amount of MPs entering various ecosystems.

Il. Use of biodegradable plastics.

Biodegradable plastics are polymers that undergo mineralization processes that facilitate specific microorganism
and enzyme activities, resulting in the production of carbon dioxide, methane, water, inorganic compounds, or
biomass [158]. Currently, bioplastics are emerging in the market, offering a potential substitute for conventional
plastics for diverse applications. Their integration holds promise in alleviating the challenges associated with MPs
pollution [159].

lll. Improved reuse, recycling, recovery, and wastewater treatment plants.

Enhancing the infrastructure and management systems pertaining to solid waste holds promise for mitigating
the influx of plastic debris into surface water bodies. The recycling of plastics is another effective approach for
reducing MPs pollution. Similarly, the use of waste plastics as a source of energy and the recovery of waste plastics
as synthetic crude and valuable products will also reduce MPs pollution. Augmenting water treatment facilities
by implementing advanced filtration technologies is an effective measure for the interception and prevention of
MPs ingress into surface water reservoirs such as rivers and oceans [157].
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IV. Development of cleanup and bioremediation technologies.

The escalating concern surrounding plastic pollution has catalysed efforts to identify economically viable and
environmentally sustainable methods for plastic degradation. Recent advancements in research and technolo-
gies have unveiled a spectrum of microbes that have the potential for biodegradation of plastics such as PE, PS,
and PET. Bacterial strains such as Enterobacter asburiae and Exiguobacterium were isolated from the guts of Plodia
interpunctella and Tenebrio molitor larvae and showed the potential for degradation of plastics [155]. Similarly,
bacteria such as Ideonella sakaiensis 201-F6 produce the enzyme terephthalic acid, which helps in converting PET
efficiently into its two environmentally benign monomers, terephthalic acid and ethylene glycol [160].

8 Conclusions

Over the last couple of decades, the proliferation of MPs across various environmental matrices has emerged as
a pressing global concern. Their presence in air, water, beer, salt, fish aquatic organisms, and both aquatic plants
and terrestrial plants affects microbial diversity, nutrient cycling, and soil physicochemical properties. Further-
more, owing to their large surface area and resistant to microbial degradation, MPs act as vectors for various toxic
metals, potentially leading to bioaccumulation and subsequent effects on the next trophic level. The formation
of plastispheres help in change the microbial diversity and further alters ecosystem dynamics by altering various
ecosystem functions, such as nutrient supply and enzyme activities. Additionally, MPs impeding soil pose vari-
ous problems for soil such as soil structure, water retention capacity, and dwelling organism activities, such as
earthworms.

MPs are ubiquitous in different environmental components and cause serious effects on various organisms and
the functioning of ecosystems by entering various organisms and ecosystem processes through various sources,
such as table salt, drinking water, atmospheric fallout, and soft drinks. Through trophic transfer, these MPs finally
enter the human body and cause breathing or ingestion problems. Presence of MPs has already been detected in
deep human lung cells, and therefore, these tiny particles are creating serious concern to human health worldwide,
which requires meticulous strategies to overcome this problem. Similarly, the presence of microplastic in aquatic
organisms causes serious problems to different aquatic organisms such as reduce in reproduction rate, increase
the mortality rate etc. again, the presence of MPs in soil effects the soil microbial community as well as hindrance
in the growth of plant.

As of now, many questions remain unanswered regarding MPs, for example, the pathways of MPs at the cellular level,
accumulation of MPs in tissue, effects of long-term exposure, and its potential effect on human health are still unre-
vealed. A vast amount of knowledge has been gained, and the possible impact of microplastics on human health is only
speculated after referring to animal testing results. Nevertheless, all the additives associated with plastics are potentially
carcinogenic and endocrine disruptors. Similarly, there is limited research based on the effect of MPs in aquatic organ-
ism and terrestrial organism, soil physiochemical properties and microbial diversity. More studies are needed to better
understand the distribution, occurrence, and effects on various environment and human health.
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