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ABSTRACT 

Microplastics (<5 mm) have emerged as ubiquitous pollutants in both aquatic and terrestrial environments. Beyond their 
physical presence, these particles serve as carriers for a range of toxic contaminants, thereby intensifying ecological 
degradation and raising concerns for human and animal health. Although the distribution of microplastics is well 
established, their interactions with hazardous substances remain an evolving research frontier. This review synthesizes 
current insights into microplastic–contaminant dynamics and critically examines advanced analytical techniques for 
their detection and characterization. A systematic literature review was conducted using peer-reviewed studies 
published through 2025, sourced from Scopus, Web of Science, PubMed, and Google Scholar. Only studies with a clear 
methodological focus on microplastic–contaminant interactions and analytical procedures were included. The review 
classifies major contaminant groups such as heavy metals, synthetic dyes, and industrial chemicals alongside their 
environmental sources. It further compares analytical methods through tabular summaries and schematic 
representations. Mitigation strategies assessed include advanced oxidation processes (ozonation, Fenton’s reagent, 
photocatalysis), nanofiltration technologies, and public outreach initiatives. Evidence indicates that microplastics 
significantly enhance the transport and environmental persistence of toxicants. Raman and FTIR spectroscopy are 
reliable for polymer identification, whereas GC-MS is optimal for analyzing organic pollutants. Persistent challenges 
include methodological inconsistencies, lack of standardization, and limited studies on terrestrial impacts. 
Photocatalytic oxidation appears most promising among remediation options, while public education supports long-
term behavioral change. This review highlights critical knowledge gaps and proposes a multidisciplinary framework that 
integrates technological, regulatory, and community-based approaches to address microplastic pollution 
comprehensively. 
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INTRODUCTION 
Plastics have become indispensable in contemporary society, widely used in industrial, domestic, and 
personal care applications. The worldwide production of plastics reached 413.8 million metric tons in 
2023, driven by the continued growth in demand due to the versatility of these materials [1]. A growing 
environmental concern arising from this trend is the widespread presence of microplastics, synthetic 
polymer particles smaller than 5 mm, originating from both primary sources (e.g., microbeads in 
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cosmetics and cleaning agents) and secondary sources (fragmentation of larger plastic debris through 
physical, chemical, or biological degradation) [2]. Microplastics are now ubiquitous in aquatic 
environments, largely due to industrial effluents, wastewater discharge, and poor waste management 
practices [3]. Their small size enables ingestion by a wide range of aquatic organisms, resulting in adverse 
effects such as immune suppression, tissue damage, and bioaccumulation in food webs (Wong et al., 
2020). Documented cases include ingestion by fish, crustaceans, mollusks, birds, and marine mammals 
[4]. Terrestrial ecosystems are similarly affected. MPs in soils can disrupt microbial balance, alter 
physicochemical properties, and impair the health and productivity of plants and animals [5,6]. Moreover, 
microplastics act as vectors for hazardous substances, such as heavy metals, polycyclic aromatic 
hydrocarbons (PAHs), and toxic additives like plasticizers and flame retardants. Significantly, 
approximately 80% of marine plastic debris originates from land-based sources, highlighting the strong 
connectivity between terrestrial and aquatic pollution pathways. To better understand and manage these 
risks, various analytical techniques including Fourier-transform infrared spectroscopy (FTIR), Raman 
spectroscopy, scanning electron microscopy (SEM), and gas chromatography–mass spectrometry (GC-
MS) have been employed for microplastics detection and contaminant characterization [7]. However, 
inconsistencies in methodologies, data interpretation, and standardization present ongoing limitations in 
comparability and reliability. This review makes several significant contributions to the field of 
microplastic research. It synthesizes the latest findings on the interactions between microplastics and 
associated toxicants, such as heavy metals, dyes, and industrial chemicals, emphasizing their role in 
enhancing environmental toxicity. It critically evaluates the efficacy, limitations, and applicability of a 
range of analytical techniques including FTIR, Raman spectroscopy, SEM, and GC-MS for the detection and 
chemical characterization of microplastics and their adsorbed pollutants. Furthermore, the review 
compares the environmental behavior and biological impacts of microplastics in both aquatic and 
terrestrial ecosystems, with particular focus on processes such as bioaccumulation, ecotoxicity, and 
trophic transfer. In addition, it highlights emerging and established mitigation strategies, including 
advanced oxidation processes (AOPs), nano-filtration technologies, and the importance of public 
education and awareness campaigns. Finally, the review proposes a comprehensive, multidimensional 
framework that integrates scientific advancements, regulatory policies, and community engagement, 
offering a holistic approach to addressing the global challenge of microplastic pollution. Despite 
considerable advancements in microplastic research, several critical gaps remain unresolved. First, there 
is a significant lack of data on the occurrence, distribution, and ecological impact of microplastics in 
terrestrial ecosystems, particularly in agricultural soils, forested landscapes, and landfill environments. 
This gap limits our understanding of land-based microplastic dynamics and their potential to transfer into 
aquatic systems. Second, the absence of standardized methodologies for the sampling, extraction, and 
quantification of microplastics across various environmental matrices such as soil, sediment, and water 
hampers the generation of reliable and comparable datasets. Third, the interactions between 
microplastics and toxic contaminants remain poorly understood, especially in terms of sorption and 
desorption processes, their environmental persistence, and implications for long-term ecological and 
human health risks. Additionally, the current landscape of analytical approaches is fragmented, with 
inconsistencies in techniques and data interpretation, which hinders cross-study comparisons and the 
development of cohesive conclusions. Lastly, there is a weak integration between scientific advancements 
and policy implementation, with limited public awareness and community participation in mitigation 
efforts. These gaps collectively highlight the urgent need for a unified research framework that bridges 
scientific inquiry, policy development, and societal engagement. To address the identified research gaps, 
this review is guided by the following key questions: What are the primary sources and environmental 
pathways of microplastic contamination in both aquatic and terrestrial ecosystems? How do 
microplastics interact with toxic pollutants, and what are the resulting ecological and human health 
implications of these interactions? Which analytical techniques provide the most reliable and 
comprehensive results for detecting microplastics and characterizing their associated contaminants? 
What mitigation strategies have shown the greatest potential, and how can these approaches be 
effectively integrated into environmental policy frameworks and public education initiatives? . 
 
MATERIAL AND METHODS 
To ensure a comprehensive and systematic synthesis of existing literature, this review adopted a 
structured methodological approach involving database selection, keyword formulation, temporal 
scoping, and well-defined inclusion and exclusion criteria. Conceptual parameters were also established 
to guide data analysis and interpretation. Relevant literature was sourced from four major scientific 
databases such as Scopus, Web of Science, PubMed, and Google Scholar, chosen for their broad coverage 



 
 
       

ABR Vol 17 [5] May 2026                                                                       131 | P a g e                            © 2026 Author 

of peer-reviewed publications in environmental science, toxicology, and analytical chemistry. Both broad 
and specific search terms were used to capture a diverse range of studies. The review focused on 
publications from 2010 to 2025, a period characterized by significant progress in microplastics research, 
particularly in the development of analytical techniques and the study of contaminant interactions. 
Included studies were those that examined the interactions between microplastics and toxic substances 
such as heavy metals, dyes, and industrial chemicals; employed detection or characterization methods 
like FTIR, Raman spectroscopy, SEM, or GC-MS; assessed ecological or human health impacts in both 
aquatic and terrestrial environments; or proposed mitigation strategies, risk assessments, or regulatory 
frameworks. Excluded from the review were studies focusing exclusively on macroplastics or 
nanoplastics, publications lacking methodological detail or experimental data, non-peer-reviewed sources 
such as opinion pieces and editorials, and research limited to plastic manufacturing or recycling without 
addressing environmental implications. Conceptual parameters guiding synthesis included source 
identification, transport pathways, contaminant sorption/desorption dynamics, analytical efficacy, 
bioaccumulation impacts, ecosystem-specific effects, and the evaluation of mitigation and policy 
frameworks. This methodology supports a critical, multidimensional analysis of microplastics as complex 
environmental vectors for toxic pollutants. 
 
RESULT AND DISCUSSIONS 
Common sources of microplastics and associated chemical pollutants 
Microplastics primarily originate from the breakdown of larger plastic items such as bottles, bags, and 
packaging due to physical wear, UV radiation, and environmental exposure. Synthetic fabrics like 
polyester and nylon shed microfibers during washing, which enter wastewater systems and contaminate 
aquatic environments [8]. Despite regulations, microbeads in personal care products continue to 
contribute to pollution. Additionally, plastic pellets used in manufacturing can spill during production and 
transport, while tire wear produces rubber particles that wash into waterways [9]. Marine debris, 
including fishing gear and packaging, degrades into microplastics, and agricultural practices, such as 
using plastic mulch and contaminated fertilizers, exacerbate the problem [10, 11]. Wastewater treatment 
plants often fail to fully remove microplastics, allowing them to enter rivers and oceans. Moreover, 
airborne microplastics from urban dust and industrial activities can settle in terrestrial and aquatic 
ecosystems. Single-use plastics, like packaging and straws, fragment over time, intensifying the 
microplastic pollution crisis [12]. Organic pollutants primarily arise from human activities, such as 
industrial processes, agriculture, transportation, and domestic waste [13]. These pollutants include 
pesticides, herbicides, solvents, sewage, stormwater runoff, and vehicle exhaust, which releases volatile 
organic compounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs). Oil spills, marine dumping, 
landfills, and incineration further introduce persistent organic pollutants (POPs) into ecosystems [14]. 
Once in the environment, these substances persist, accumulate, and often bind to microplastics, 
heightening ecological and health risks. A summary of microplastic sources and their associated 
pollutants is presented in Table 1. Household plastic waste may contain heavy metals, POPs, and flame 
retardants [10]. Synthetic textiles, such as clothing, release dyes, phthalates, microfibers, and plasticizers 
[15]. Industrial processes contribute bisphenol A, plasticizers, and solvents [16]. Vehicle tires release 
PAHs, antioxidants, and chemical additives [17]. Discarded fishing gear introduces pesticides, heavy 
metals, and hydrocarbons into marine environments [10]. Personal care products often contain 
microbeads, surfactants, parabens, and endocrine-disrupting chemicals [18]. Additionally, landfills and 
incineration emit PAHs, heavy metals, and dioxins [6,19], while agricultural runoff introduces herbicides, 
pesticides, and plastic additives into surrounding ecosystems. Stormwater runoff carries 
pharmaceuticals, heavy metals, and industrial chemicals into water bodies, further exacerbating pollution 
[10]. Understanding these sources is critical for developing effective strategies to mitigate microplastic 
pollution and its environmental consequences. 
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Table 1: Microplastics, their associated chemical pollutants, and potential sources 
Source of Microplastics Associated Chemical Pollutants References 
Plastic waste from households Heavy metals, persistent organic pollutants 

(POPs), flame retardants 
[21] 

Synthetic textiles (e.g., clothing) Dyes, phthalates, microfibers, plasticizers [15, 19] 
Industrial waste and plastic 
production 

Bisphenol A, plasticizers, solvents [16] 

Vehicle tires PAHs (Polycyclic aromatic hydrocarbons), 
antioxidants, additives 

[17] 

Fishing nets and gear Pesticides, heavy metals, hydrocarbons [17, 21] 
Personal care products Microbeads, surfactants, parabens, endocrine-

disrupting chemicals 
[18] 

Landfills and garbage incineration Polycyclic aromatic hydrocarbons, heavy metals, 
dioxins 

[19, 20] 

Agricultural runoff (fertilizers, 
plastics) 

Herbicides, pesticides, plastic additives [90] 

Stormwater runoff Pharmaceuticals, heavy metals, organic dyes, 
industrial chemicals 

[21] 

 
Table 2: Aquatic microplastics identified by different countries including global studies, their size 

distribution, and major contributors 
Location Water Body Microplastic 

Size (mm) Key Findings References 

Lahore, 
Pakistan 

River and 
drain 0.5-5.0 

High concentration of polyethylene 
microplastics, bioaccumulation in wading 
birds 

[29] 

South China River and 
mining area 0.2-6.2 Microplastics carry heavy metals from 

mining waste, impact on biodiversity [30] 

Tamil Nadu, 
India Urban lake 0.5-1.0 

Polyethylene and polypropylene 
microplastics detected, pollution from 
recreational activities 

[31] 

Jakarta, 
Indonesia 

Urban rivers 
and estuary <5.0 

High PET and PP contamination, major 
sources include beverage bottles and 
textiles 

[32] 

Haryana, 
India Surface water 0.61-4.87 

Dominant microplastics i.e., polyethylene 
and polystyrene, industrial waste as main 
source 

[33] 

Global  
Freshwater 
and marine 
water 

<5.0 
Sources include wastewater, textiles, and 
industrial discharge, trophic transfer 
impacts 

[34] 

India Freshwater <5.0 Polyethylene and polystyrene microplastics 
identified, impact on aquatic biodiversity [35] 

Global  
Freshwater 
and marine 
water 

<5.0 
High presence of polyethylene and 
polystyrene, oxidative stress in aquatic 
organisms 

[36] 

USA Rivers and 
lakes <5.0 

Trophic transfer of microplastics through 
food webs, contamination from urban 
runoff 

[37] 

Europe Coastal 
waters <5.0 Bioaccumulation in shellfish, impact on 

fisheries and human consumption [37] 

China Yangtze river <5.0 High levels of microplastic contamination 
from industrial sources [37] 

Africa Freshwater 
lakes <5.0 Pollution from improper waste disposal, 

impact on fish species [37] 

Global distribution and occurrence of microplastics in aquatic environments 
The distribution and concentration of microplastics in aquatic ecosystems are influenced by both 
anthropogenic activities and environmental factors, with variations depending on hydrodynamic 
conditions, environmental pressures, and exposure duration [20]. Marine debris, primarily from 
improper waste disposal in rivers, lakes, ponds, and canals, is transported to marine, freshwater, 
brackish, and estuarine environments [21]. Coral reefs are key accumulators of microplastics [22], and 
wastewater treatment plants and nearby plastic disposal sites significantly contribute to microplastic 
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pollution [23, 24]. Microplastic concentrations typically increase in surface waters as rivers flow from 
rural to urban areas, highlighting the growing impact of human activities. While microplastic pollution is 
a global concern, there is a notable research gap regarding freshwater ecosystems compared to marine 
environments. Extensive studies on marine ecosystems have documented widespread contamination 
[25]. In the Bay of Bengal, seasonal variations influence microplastic distribution, with anticyclonic 
rotation promoting the movement and accumulation of microplastics [26]. In Asia, secondary 
microplastics dominate aquatic plastic particles [20]. In Europe, microplastics are not only found in 
marine waters but also in various organisms. Urbanization, tourism, and environmental stressors have 
been linked to elevated microplastic concentrations in European water bodies [27]. Additionally, larger 
water bodies with longer residence times tend to accumulate more microplastics, likely due to extended 
exposure periods [28]. 
Table 2 compares the prevalence of microplastics across regions, showing size distributions and major 
pollution sources. For example, in Lahore, Pakistan, rivers and drains have polyethylene microplastic 
concentrations of 0.5-5.0 μg/L, leading to bioaccumulation in wading birds [29]. In South China, 
microplastic levels in rivers and mining areas range from 0.2 to 6.2 μg/L, with microplastics transporting 
heavy metals from mining waste, impacting local biodiversity [30]. In Tamil Nadu, India, urban lakes 
show 0.5-1.0 μg/L concentrations, mainly polyethylene and polypropylene, originating from recreational 
activities [31]. Jakarta, Indonesia's urban rivers and estuaries contain less than 5.0 μg/L, with PET and PP 
contamination from beverage bottles and textiles [32]. 
In Haryana, India, surface water shows microplastic concentrations of 0.61-4.87 μg/L, predominantly 
polyethylene and polystyrene from industrial waste [33]. Globally, freshwater and marine waters contain 
concentrations below 5.0 μg/L, with sources such as wastewater, textiles, and industrial discharge, 
leading to trophic transfer impacts [34]. In India, freshwater microplastics primarily consist of 
polyethylene and polystyrene, affecting biodiversity [35]. Globally, microplastics in aquatic ecosystems 
cause oxidative stress in organisms [36]. In the USA, rivers and lakes show less than 5.0 μg/L 
concentrations, with trophic transfer through food webs and urban runoff contamination [37]. In Europe, 
coastal waters, with concentrations under 5.0 μg/L, lead to bioaccumulation in shellfish, affecting 
fisheries and human consumption [37]. The Yangtze River in China shows contamination from industrial 
sources [37], while African freshwater lakes suffer pollution from improper waste disposal, impacting fish 
species [37]. To address microplastic pollution, comprehensive monitoring, advanced filtration 
technologies, and enhanced waste management are critical to reduce plastic waste release into aquatic 
ecosystems. 
 
MULTIPLE PATHWAYS OF MICROPLASTICS INTO AQUATIC ENVIRONMENTS 
Urban areas contribute significantly to microplastic pollution due to high population density and 
increased human activity [38]. Microplastics enter aquatic ecosystems through various pathways, such as 
river runoff, plastic waste, recreational activities, atmospheric deposition, and wastewater effluent [39]. 
In the environment, plastics degrade through physical abrasion, UV exposure, and microbial activity, 
eventually finding their way into the aquatic ecosystem [40]. In open ocean waters, plastic debris is 
notably prevalent (88%), as plastics are less dense than saltwater [41]. Land-based sources significantly 
impact surface water quality, while cargo ship coatings also contribute to sea-based microplastics. Table 2 
and Fig. 1 provide a comprehensive overview of microplastic sources and their interaction between 
aquatic and terrestrial environments. 
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Fig. 1. Major sources of microplastics and their interactions across aquatic and terrestrial environments 

 
Microplastics, typically averaging 250 μm, are commonly found in beauty products, particularly 
microbeads (0.5–5%) [42]. For example, a single use of an exfoliating wash can release between 4,500 
and 94,500 microbeads, and toothpaste can contribute around 4,000 microbeads [43]. Wastewater is a 
significant pathway for microplastics entering aquatic ecosystems, with products like glitter, small 
buttons, cleaning agents, facial cleansers, and shaving foam being major contributors [44]. In South Korea, 
polypropylene polymers dominate microplastic contamination in cities like Seoul and Busan, primarily 
due to consumer products [45]. Industrial wastewater also contributes microplastics from plastic 
particles used in air blasting, Styrofoam, pre-production pellets, and synthetic textile materials [46]. 
Common polymers found in wastewater and stormwater runoff include polystyrene (PS), polyvinyl 
chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET), and polyethylene (PE) [47]. These 
polymers, often generated by coastal waste and fisheries, are frequently found in coral reefs [22]. The 
expansion of nautical operations, fishing practices, and aquafarming has significantly increased 
microplastic pollution in aquatic ecosystems. Fishing gear, including ropes, lines, floats, and buoys, often 
degrades into microplastics, causing toxicity for marine life, including fish, mammals, and benthic 
organisms [48]. Additionally, wastewater treatment plants play a significant role in microplastic 
contamination, as personal care products and synthetic fibres released during laundry contribute to 
microplastic loads [48]. Despite treatment processes reducing microplastic levels, smaller particles often 
escape into the environment, making complete elimination difficult [49]. Studies show high 
concentrations of microplastics in water and sediment downstream of treatment facilities [50]. 
Addressing microplastic pollution requires a comprehensive approach, starting with source reduction 
policies that limit single-use plastics, promote biodegradable alternatives, and support eco-friendly 
product designs. 
Aquatic toxicity of microplastics: polymer-specific risks and consequences 
Microplastics present a significant and diverse threat to marine and freshwater ecosystems. They cause 
physical harm by entangling organisms, hindering movement, blocking feeding, and leading to injuries 
[51]. When ingested, either directly or via contaminated prey, microplastics can result in intestinal 
blockages, poor nutrient absorption, and even death. Additionally, microplastics act as vectors for toxic 
chemicals, absorbing pollutants and releasing them into the tissues of aquatic organisms [52]. 
Microplastic pollution also poses risks to human health. Microplastics have been detected in seafood, 
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entering the human food chain and potentially accumulating in the body [53]. Though the long-term 
health effects are still largely unknown, microplastics have been linked to inflammation, genotoxicity, and 
endocrine disruption [54]. Their presence in aquatic species impacts organisms across all trophic levels, 
from phytoplankton to mammals, causing both physical and chemical risks [55]. Beyond environmental 
effects, microplastic pollution has notable socioeconomic consequences, particularly for coastal 
communities that rely on marine resources. Key industries such as fishing, tourism, and marine-related 
sectors are disrupted, leading to long-term economic challenges [51]. Consumption of microplastics by 
aquatic animals can result in various harmful effects, including DNA damage [56], reduced phagocytic 
activity [57], increased contaminant levels in tissues [58], and altered behaviour [59], all of which pose 
significant risks to aquatic biodiversity [60]. While the rapid egestion of ingested microplastics may 
mitigate some of these adverse effects [61,62], prolonged retention within organisms exacerbates health 
risks and survival chances [63]. Microplastics and nanoplastics can cross the blood-brain barrier, leading 
to brain damage and behavioural changes in aquatic species such as crucian carp [64]. In red tilapia 
(Oreochromis niloticus), polystyrene microplastics accumulate mainly in the gut, gills, liver, and brain, 
where they inhibit acetylcholinesterase activity and disrupt liver metabolism [65]. While some studies 
have reported minimal toxicological effects of microplastics on aquatic biomarkers [66], their retention in 
fish appears to be low, suggesting a limited impact on top predators [67]. However, further research is 
necessary to understand the full extent of the effects of microplastics at environmentally relevant 
concentrations. The toxic mechanisms of microplastics remain under investigation, with potential effects 
including energy depletion, intestinal damage, metabolic disturbances, immunotoxicity, neurotoxicity, 
reproductive toxicity, and oxidative stress. Table 3 highlights the various microplastic polymer types and 
their detrimental effects on both human health and ecosystems. Polyethylene (PE), detected at 
concentrations ranging from 0.1 to 5.0 μg/L, has been shown to bioaccumulate in the organs of aquatic 
organisms, inducing oxidative stress and potential neurotoxic effects, while its ingestion by fish and 
mollusks further facilitates trophic transfer to higher organisms [68]. Polystyrene (PS) concentrations 
between 0.05-5.0 μg/L are known to cause endocrine disruption, inflammation, and impacts on gut 
microbiota, which alters the feeding behavior of aquatic organisms and leads to bioaccumulation [69]. 
Polyvinyl Chloride (PVC) releases toxic additives like phthalates at concentrations of 0.1-5.0 μg/L, which 
contribute to liver toxicity, carcinogenic effects, and contamination of sediments, ultimately harming fish 
survival [70]. Polypropylene (PP), with concentrations ranging from 0.1-4.5 μg/L, can alter immune 
responses, potentially carry pathogenic bacteria, and disrupt aquatic food chains when ingested by 
plankton, negatively affecting ecosystem health [71]. Lastly, Polyester (PES), with concentrations from 
0.05-3.0 μg/L, can lead to lung inflammation from airborne fibers and respiratory toxicity, while 
microfibers accumulate in sediments, affecting filter feeders in aquatic ecosystems [72]. Recent studies 
emphasize the importance of understanding the aquatic toxicity of microplastics, particularly with 
respect to the specific risks posed by different polymers. Further identification of polymer types and their 
effects on both aquatic and terrestrial life, using advanced instruments integrated with AI technology, is 
essential for mitigating their harmful impacts.  
 

Table 3: Microplastic polymer types, their effects on human health and ecosystems 
Plastic 
Polymer Type 

Size 
Range 
(mm) 

Effect on Human Health Effect on Ecosystem References 

Polyethylene 
(PE) 

0.1-5.0 Bioaccumulates in organs, 
induces oxidative stress, 
potential neurotoxicity 

Ingestion by fish and 
molluscs, trophic transfer to 
higher organisms 

[36] 

Polystyrene 
(PS) 

0.05-5.0 Endocrine disruption, 
inflammation, impacts on gut 
microbiota 

Alters feeding behaviour of 
aquatic organisms, 
bioaccumulation 

[68] 

Polyvinyl 
Chloride (PVC) 

0.1-5.0 Releases toxic additives 
(phthalates), liver toxicity, 
carcinogenic potential 

Leaches harmful chemicals, 
contaminates sediments, 
affects fish survival 

[69] 

Polypropylene 
(PP) 

0.1-4.5 Alters immune responses, may 
carry pathogenic bacteria 

Ingestion by plankton, 
disrupts aquatic food chains 

[70] 

Polyester (PES) 0.05-3.0 Lung inflammation from 
airborne fibres, potential 
respiratory toxicity 

Microfibers accumulate in 
sediments, impact filter 
feeders 

[71] 
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Occurrence and distribution of microplastics in terrestrial ecosystems 
Microplastics, once regarded as a predominantly aquatic issue, have now become a growing concern for 
terrestrial ecosystems. Their presence in soils is largely driven by human activities such as agriculture, 
industrial operations, and improper plastic waste disposal. Farmlands are particularly vulnerable, with 
microplastics entering the soil through sources like plastic mulching, irrigation, sewage sludge, compost, 
and fertilizers. While agriculture plays a critical role in feeding the global population, it also inadvertently 
contributes to microplastic pollution. For example, plastic mulch, commonly used to boost crop yields, 
can become a major contaminant if not properly managed [73]. Research shows that the more mulch is 
used, the higher the microplastic concentration in agricultural soils [74]. Even compost, often promoted 
as an eco-friendly soil enhancer, can be a hidden source of pollution. Studies have found that compost 
from household and supermarket waste contains up to 20–24 microplastic particles per kilogram [75]. 
Sewage sludge is another significant contributor. In Germany, microplastic levels in farmland treated with 
sludge reached up to 1.34 kg/ha, with additional contributions from sewage itself at 0.32 kg/ha [76]. 
Moreover, it shows that soils treated with nitrogen fertilizers can contain nearly double the number of 
microplastics compared to untreated soils [77]. The distribution and concentration of these particles vary 
depending on factors like soil type, farming techniques, and sampling depth. Tire wear particles (TWP), 
though often overlooked, also represent a substantial source of terrestrial microplastic contamination. As 
global vehicle usage rises, so does the release of TWP, with an estimated 66–76% settling in soils, while 
the remainder can enter nearby water bodies through runoff [78]. For example, Denmark contributes 
between 4,200 and 6,600 tons of TWP annually, while Austria and Germany release approximately 10,835 
and 101,989 tons, respectively [79]. Given the diverse sources and widespread presence of microplastics 
in terrestrial environments, there is a pressing need for global-scale monitoring and intervention. Future 
research, supported by AI-enabled remote sensing and advanced detection technologies, could provide 
deeper insights into their distribution patterns and inform strategies for mitigation and sustainable land 
management. 
Significant sources of microplastics in terrestrial environments 
Microplastics in terrestrial ecosystems are primarily introduced through human activities such as 
agriculture, waste disposal, industrial operations, urban runoff, and household products. Urban soils, 
which play essential roles in carbon storage and climate regulation, are increasingly contaminated with 
microplastics, entering through sewage sludge, sediment amendments, and airborne particles [80]. For 
instance, residential soils in Turkey contain 3,378 microplastic items per kilogram, while concentrations 
in European urban soils range from 593 to 158,000 items per kilogram [81,82]. In North America, 
microplastic levels in a home garden in Mexico and a playground in the USA are 870 and 72,000 items per 
kilogram, respectively, with playgrounds typically showing higher concentrations due to foot traffic and 
plastic use [83]. A significant contributor to global microplastic pollution is post-consumer plastic waste, 
exacerbated by poor waste management practices. Approximately 21-42% of plastic waste ends up in 
landfills, where it leaches into the environment as microplastics, particularly in leachate [84]. 
Microplastic concentrations in landfill soils are notably high, ranging from 544 to 150,000 items per 
kilogram in regions such as the UK, Pakistan, India, and Iran [86,85]. Factors such as plastic consumption, 
waste management practices, and population density further contribute to variations in microplastic 
concentrations across countries. Microplastics in soils pose significant risks to biodiversity, disrupting 
microorganisms, plants, and animals crucial for nutrient cycling and ecosystem functions [87]. These 
pollutants alter soil microenvironments, affect microbial activity, and interact with other contaminants 
like heavy metals and organic matter, increasing environmental risks [88]. Early detection and proactive 
strategies are essential to combat microplastic pollution at its sources. Globally, significant sources of 
microplastics have been identified through various regional studies (Table 4). In the USA, clothing fibres, 
wastewater effluents, and tire wear are major contributors, with advanced filtration methods like 
nanofiltration and reverse osmosis improving their removal [89]. In China, e-waste, industrial discharge, 
and urban waste are key sources, with e-waste recycling emerging as a significant contributor to 
microplastic pollution [90]. In India, domestic plastic waste, sewage, and the textile industry led to high 
levels of contamination, affecting both urban and rural areas. Europe faces persistent microplastic 
pollution from cosmetics, food packaging, and household waste, especially in densely populated urban 
regions [91]. In Africa, industrial effluents, river sediments, and landfill leachates contribute to 
microplastic pollution in freshwater systems [89]. On a global scale, mismanaged waste, urban runoff, and 
industrial activities are primary contributors to marine microplastic pollution, which poses a significant 
threat to aquatic ecosystems [92]. Plastic debris, road dust, and agricultural plastics are also major 
sources of environmental pollution, complicating efforts to meet Sustainable Development Goal 14 [93]. 
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To effectively address these challenges, the identification of microplastic sources using fingerprinting 
markers and advanced detection techniques is recommended. 
 

Table 4. Sources of microplastics identified by various researchers from different countries and 
global studies, and their key findings 

Country Sources of Microplastics Key Findings References 

USA Clothing fibres, wastewater treatment, 
tire wear 

Nanofiltration and reverse osmosis improve 
removal [89] 

China E-waste, industrial discharge, urban 
waste 

E-waste recycling identified as a new 
microplastic source [90] 

India Domestic plastic waste, sewage, textile 
industry 

High levels of plastic pollution in urban and 
rural areas [91] 

Europe Cosmetics, food packaging, household 
waste 

Persistent sources of microplastics in urban 
areas [92] 

USA Marine litter, synthetic textiles, 
stormwater 

Primary pathways of microplastic pollution 
identified [24] 

Africa Industrial effluents, river sediments, 
landfill leachates 

Microplastics found in major freshwater 
systems [88] 

Global Mismanaged waste, urban runoff, 
industrial activities 

Major contributors to marine microplastic 
pollution [91] 

Global Plastic debris, road dust, agricultural 
plastics 

Links to Sustainable Development Goals 
(SDG 14) [92] 

 
Adverse effects of microplastics on terrestrial ecosystems 
Microplastics pose significant risks to terrestrial ecosystems, although most research has focused on their 
impacts in aquatic environments. Studies in aquatic systems have highlighted issues like bioaccumulation, 
oxidative stress, metabolic damage, and pathobiological impairments [94,26]. However, the effects on 
terrestrial species, particularly earthworms, which are vital for soil health, are less understood. 
Microplastic exposure in earthworms has been shown to disrupt spermatogenesis, decrease body cavity 
cell viability, and negatively impact their digestive systems. For instance, earthworms exposed to 100 and 
1000 mg/kg of polystyrene microplastics exhibited higher concentrations of microplastics in their 
intestines compared to those exposed to smaller particles [95]. Soil microorganisms, which are essential 
for nutrient cycling and maintaining ecosystem functions, also face significant disruption due to 
microplastics. These particles can alter the structure of soil microbial communities and interfere with the 
symbiotic relationships between microorganisms and plants. Microplastics can create unique habitats for 
microorganisms, including plastic-degrading and pathogenic bacteria like Aspergillus niger [96]. The size 
and concentration of microplastics have a profound impact on microbial activity. For example, 
polypropylene (PP) microplastics with a particle size of 200-630 μm have been shown to reduce soil 
microbial biomass [97]. Conversely, smaller microplastics (<150 μm) initially increase bacterial 
abundance but later inhibit it and reduce fungal diversity [98]. Monitoring microplastic levels in soils and 
understanding their long-term effects are crucial for effective mitigation strategies. Sustainable 
agricultural practices, such as reducing plastic use in farming, promoting natural pest control, and 
implementing soil restoration techniques, can help curb microplastic pollution. Furthermore, stronger 
policies, including bans on microbeads and restrictions on plastic use in agriculture and packaging, are 
essential to reduce the widespread presence of microplastics in terrestrial ecosystems. Table 3 
summarizes the various types of microplastic polymers, their effects on human health and ecosystems, 
and their impact on both aquatic and terrestrial environments. Polyethylene (PE), polystyrene (PS), 
polyvinyl chloride (PVC), polypropylene (PP), and polyester (PES) have been shown to cause a range of 
harmful effects, including bioaccumulation, immune disruption, endocrine disruption, and respiratory 
toxicity. Addressing these issues requires concerted efforts at local, national, and global levels. 
 
MICROPLASTICS IN THE HUMAN BODY: OCCURRENCE, SOURCES, AND HEALTH IMPACTS 
Microplastics enter the human body through various sources, including food packaging, pharmaceuticals, 
and the food web. Plastics are ubiquitous in daily life, found in items such as toothbrushes, water bottles, 
and food containers, which contribute to increased human exposure. Food packaging is a major 
contributor, and seafood serves as a primary entry point via the food chain. Microplastics also originate 
from larger plastic items, clothing, and personal care products such as toothpaste and shower gels. Due to 
their extremely slow degradation, often taking thousands of years, microplastics accumulate in living 
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organisms, including humans. While microplastics have been detected in human blood, the full extent of 
their health effects remains unclear. However, continuous buildup in the human body is believed to 
impair respiratory and digestive functions, potentially leading to significant health issues [99]. 
Accumulated microplastics in the human body have been linked to several adverse health effects, 
including cytotoxicity, neurotoxicity, oxidative stress, and immune system disruption. Cytotoxicity refers 
to cell damage caused by toxic substances, while neurotoxicity involves the impairment of the nervous 
system. Oxidative stress arises from an imbalance in reactive oxygen species, which can cause cellular and 
tissue damage. Immune system disruption can lead to improper immune responses and increased 
susceptibility to disease. Humans are primarily exposed to microplastics through oral, inhalation, and 
dermal routes [26], with food and drinking water serving as the primary pathways [17]. The detection of 
microplastics in human feces confirms ingestion, and everyday products such as salt, toothpaste, and 
other personal care items contribute to exposure, potentially causing long-term health effects [100]. 
Microplastics have recently been detected in human veins, with food packaging and paint identified as 
major sources; although the precise health effects are still being investigated, evidence from cell culture 
studies indicates that microplastics can provoke inflammatory and cellular stress responses [101]. In a 
pilot study conducted by researchers from Hull University Teaching Hospitals NHS Trust and the 
Universities of Hull and York, microplastics were found in saphenous vein tissue from patients 
undergoing cardiac bypass surgery. Five types of polymers and 15 microplastic particles per gram of 
venous tissue were detected [102]. This discovery raises concerns about the potential for microplastics to 
damage vascular tissue and impair normal function, highlighting the need for further research to 
establish a causal link and identify effective mitigation strategies [103]. In a related study using FTIR 
spectroscopy, 20 microplastic particles were detected in human saphenous vein tissue, with 90% of them 
having irregular shapes. Dominant polymers included alkyd resin (45%) and poly (vinyl 
propionate/acetate), with an average concentration of 29.28 ± 34.88 microplastics/g of tissue. These 
results significantly differed from control samples, confirming contamination. Microplastics enter the 
human body through multiple pathways, including the food chain. Aquatic organisms often mistake 
microplastics for food, leading to their accumulation in digestive systems. As these organisms are 
consumed by predators, microplastics move up the food web and ultimately enter humans through 
seafood consumption. This bioaccumulation process has been linked to various health issues, some of 
which may be life-threatening [104]. In addition to aquatic sources, microplastics are widespread in soil, 
water, and air, where they bind with dust and suspended particulate matter (SPM). These particles can be 
inhaled and accumulate in the lungs, potentially leading to respiratory complications [105]. In aquatic 
environments, larger plastic debris breaks down under UV radiation and wave action into microplastics, 
which are ingested by fish, causing digestive blockages or shock. During heavy rainfall, fragmented 
plastics can mix with soil and be absorbed by crops, entering the human food supply through agricultural 
produce [106]. Microplastics can also degrade into microscopic fibers finer than a human hair, which 
become airborne and enter the human body. These airborne particles may trigger inflammation, disrupt 
cellular processes, and contribute to a variety of diseases [6]. When inhaled, they affect the respiratory 
system and accumulate in internal organs. Table 3 presents various microplastic polymer types and their 
effects on human health and ecosystems, while Fig. 2 illustrates the exposure routes of microplastics in 
the human body, including ingestion, inhalation, and associated health risks. Ongoing research is crucial 
to fully understand the airborne transmission of microplastic particles and their long-term impact on 
human health. 
 
MICROPLASTIC-ADSORBED CHEMICAL POLLUTANTS: MECHANISM AND BIOMAGNIFICATION 
Microplastics serve as carriers for a range of organic pollutants by adsorbing contaminants onto their 
surfaces through physical and chemical interactions [104]. This adsorption is influenced by the chemical 
properties of both the microplastics and pollutants, along with environmental factors. Hydrophobic 
microplastics such as polyethylene (PE), polypropylene (PP), and polystyrene (PS) are particularly 
effective at binding non-polar contaminants like pesticides, pharmaceuticals, and industrial chemicals 
through hydrophobic interactions. Van der Waals forces also contribute by stabilizing the accumulation of 
organic molecules on plastic surfaces. Pollutants with aromatic structures, such as polycyclic aromatic 
hydrocarbons (PAHs), can engage in π–π stacking interactions with electron-rich regions of microplastics, 
further enhancing adsorption. Additionally, electrostatic interactions may occur when oppositely charged 
surfaces attract, and polar compounds with functional groups (OH, NH, COOH) can form hydrogen bonds 
with microplastics. Surface characteristics such as roughness and overall surface area, play a critical role, 
as more textured microplastics provide additional binding sites for contaminants. Environmental 
conditions like pH, salinity, and the presence of dissolved substances can significantly alter the adsorption 
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process. For example, low pH may increase the positive charge on microplastics, improving adsorption of 
negatively charged pollutants, while high pH may favor binding of positively charged compounds. Salts 
and natural organic matter can either compete for adsorption sites or modify the surface chemistry, 
enhancing or inhibiting pollutant uptake. Despite these insights, the full ecological consequences of 
microplastic-mediated pollutant transport remain insufficiently understood, emphasizing the need for 
further research. 
Once ingested, microplastics can act as vectors for toxic substances, including heavy metals and persistent 
organic pollutants. These contaminants can bioaccumulate in organisms and biomagnify through food 
chains. For example, a predator consuming prey with contaminated microplastics may accumulate 
increasing levels of toxins over time. The extent of bioaccumulation depends on the toxicity of the 
substance, the organism’s trophic level, and the size of the microplastic particles [107]. Although studies 
confirm microplastic bioaccumulation in marine organisms, conclusive evidence of biomagnification 
remains limited [108]. Nonetheless, health risks are apparent, ranging from tissue damage and oxidative 
stress to immune dysfunction and microbial infections from pathogens adhering to plastic surfaces [109]. 
In addition, microplastics often contain harmful additives such as plasticizers, flame retardants, and 
stabilizers. These compounds can leach into the environment and enter food webs. Biomagnification 
typically begins with primary producers like algae or crops, absorbing pollutants from contaminated 
water or soil. Herbivores that consume these producers accumulate toxins, which are amplified as they 
move up the food chain to predators, including humans. Many of these compounds are fat-soluble, 
allowing them to accumulate in fatty tissues and persist in organisms, posing long-term health risks 
[107]. Given the complexity of chemical interactions and trophic transfer, the mechanisms of 
microplastic-related biomagnification are still not fully understood. Emerging technologies, such as AI-
based biomarkers, may enhance future research by identifying tissue-specific chemical impacts and 
improving strategies for environmental monitoring and health protection. 
 
ANALYTICAL APPROACHES FOR POLYMER IDENTIFICATION AND CHARACTERIZATION 
Physical characterization: The physical characterization of microplastics is essential for determining 
attributes such as particle size, color, shape, morphology, and degree of degradation [9]. Common 
techniques include visual inspection [110], dynamic light scattering [111], and laser diffraction particle 
size analysis. Several comprehensive review articles have summarized analytical methods for 
microplastic detection, covering aspects such as sampling procedures, separation techniques, and 
measurement approaches in sediment matrices, while emphasizing the importance of robust quality 
assurance protocols [112]. These reviews also detail standard methods for detecting and quantifying 
microplastics [113], addressing challenges related to sampling, handling, identification, quantification, 
and quality control, and offering practical guidance to overcome existing methodological limitations 
[114]. Collectively, these resources serve as critical references for advancing the field of microplastic 
analysis." Visual analysis is a commonly used method for the physical characterization of microplastics 
[110]. This process involves observing pretreated samples with the naked eye or under a microscope, 
where microplastics are classified and counted based on color, shape, and size. The visual analysis 
method offers advantages such as simplicity, low cost, and minimal chemical hazard [115]. However, it 
has limitations, including the inability to determine the chemical composition of microplastics [116]. It is 
also time-consuming and labor-intensive, with accuracy and efficiency potentially affected by factors like 
environmental media, sample impurities, and subjective judgment [116]. For example, when 
microplastics are too small or samples contain other particles, visual analysis becomes ineffective [117]. 
Therefore, visual analysis is typically used as an auxiliary method, not as an independent analysis 
technique. It can be further categorized into naked-eye analysis and microscopic analysis. 
Laser diffraction particle size analysis: Laser diffraction particle size analysis is a fast, reliable, and 
automated method used for analyzing soil and sediment particle size distribution. It provides detailed, 
high-resolution, and precise results while being essentially non-destructive, allowing for the recovery of 
critical samples, and can analyze particles ranging from 0.04 μm to 2000 μm [118]. However, impurities 
in environmental samples may interfere with results, and the technique requires the prior separation and 
extraction of microplastics. While not yet widely used for microplastic particle size distribution, it is 
expected to play an important role in microplastic detection as technology improves. 
Scanning electron microscopic characterization of microplastics: Scanning electron microscopy 
(SEM), combined with energy-dispersive X-ray (EDX) analysis, is one of the key methods for analyzing the 
morphology of microplastics [119]. SEM provides high-resolution imaging of microplastic surfaces, while 
EDX is used to analyze the types and contents of elements at a micro-scale level [120] . This combination 
allows for simultaneous analysis of both the surface morphology and elemental composition of 
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microplastics, making it a promising technique for detailed characterization [10]. Despite its advantages, 
scanning electron microscope-energy-dispersive X-ray (SEM-EDX) has some limitations. Since most 
microplastics are non-conductive, they require complex pretreatment, such as gold plating, before 
analysis [121]. Additionally, SEM-EDX cannot analyze the color of microplastics, and there are instances 
when it may fail to identify microplastics due to technical limitations [119]. Overall, the technique is 
costly, time-consuming, and inefficient for routine microplastic analysis. 
Fourier transform infrared spectroscopy in polymer identification and analysis: Fourier transform 
infrared (FTIR) spectroscopy is a vibrational spectroscopy technique that provides information about the 
chemical bonds and functional groups of samples [9]. By analyzing changes in a material's dipole moment, 
FTIR produces infrared spectra that are compared with known polymer standard spectra to identify the 
chemical composition of microplastics [9]. FTIR operates in three modes: specular reflection, 
transmission, and attenuated total reflection. Specular reflection is often used for opaque or thicker 
materials but has limitations, such as weak signals and low accuracy [122]. Transmission mode offers 
higher quality results but requires specific sample conditions, such as thickness greater than 5 μm, and is 
best for transparent or light materials [48]. FTIR provides insights into a polymer's molecular structure, 
identifying monomer types, polymerization methods, and chain configuration. It can detect carbonyl 
groups or ester linkages in polyesters or polyurethanes and distinguish between crystalline and 
amorphous regions. FTIR also helps monitor polymer degradation from environmental factors or 
mechanical stress by identifying degradation by-products, such as carbonyl or hydroxyl groups, 
indicating the polymer's stability and lifespan. 
Raman spectroscopy in microplastic analysis: When excited light irradiates a sample, molecules 
vibrate, producing scattered light at different frequencies, leading to Raman shifts [10]. Raman spectra, 
which serve as a fingerprint of the substance, result from changes in the polarizability of molecular bonds 
[123]. Raman spectroscopy, based on inelastic light scattering, complements Fourier transform infrared 
spectroscopy (FTIR) because some substances show mutually exclusive infrared and Raman activity. It 
offers several advantages: minimal sample damage, small sample size, high-throughput potential, and 
environmental friendliness. Raman spectroscopy also has high spatial resolution (1 μm), wider spectral 
coverage, and lower noise compared to FTIR [124]. It can identify microplastics as small as 500 nm, and 
does not require sample drying, being more responsive to non-polar groups. Raman spectroscopy can be 
used semi-quantitatively or quantitatively to estimate microplastic concentration in samples. By 
analyzing the intensity of specific Raman peaks linked to plastic components, researchers can estimate 
microplastic amounts in water, sediment, or biological samples. This technique is powerful and versatile, 
offering high specificity, minimal sample preparation, and the ability to analyze small quantities in 
complex environmental samples. 
Mass spectrometry analysis: Mass spectrometry plays a vital role in microplastic analysis, offering 
detailed insights into polymer structure, molecular weight, degree of polymerization, and functional 
groups [125]. It is often used alongside other analytical methods to accurately identify microplastic 
polymer types. Common techniques include pyrolysis gas chromatography–mass spectrometry (Py-GC-
MS) [126], thermal extraction desorption-GC-MS (TED-GC-MS) [127], and matrix-assisted laser 
desorption ionization-time of flight MS (MALDI-TOF-MS) [128]. Py-GC-MS and TED-GC-MS are 
particularly effective in identifying polymers by analyzing their thermal degradation products. In these 
methods, samples are heated in an oxygen-free environment, breaking down polymers into smaller 
compounds, which are then separated and identified using mass spectrometry [48]. However, these 
methods do not provide information on the physical characteristics of microplastics and may damage 
samples during analysis. Furthermore, different polymers can produce similar pyrolysis products, 
increasing the risk of misidentification [114]. One of the ongoing challenges in microplastic detection is 
the development of effective aptamers or fluorescent dyes for selective identification. If successful, these 
markers could be integrated with advanced tools like flow cytometry to rapidly detect specific 
microplastics in complex environmental samples. However, interference from impurities remains a 
potential source of error. Accurate detection and characterization of microplastics and associated 
chemical pollutants require advanced analytical techniques capable of simultaneously identifying, 
quantifying, and characterizing these particles in diverse environmental matrices [107]. The integration 
of AI technologies with high-resolution instrumentation could significantly improve the precision and 
efficiency of microplastic detection, paving the way for more reliable environmental monitoring systems. 
Advanced remediation techniques and mitigation strategies for microplastics 
Addressing microplastic contamination requires a multifaceted approach that combines prevention, 
mitigation, and remediation efforts. Public awareness is crucial in reducing waste, promoting responsible 
consumption, and encouraging sustainable alternatives [26]. International cooperation is also key to 
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establishing global standards for microplastic management, facilitating knowledge sharing, and 
advancing technological solutions. Filtration devices and enzymatic degradation have shown promise in 
effectively removing microplastics from aquatic ecosystems. Moreover, the adoption of sustainable 
materials, such as biodegradable plastics, can help reduce future plastic pollution [129]. A proactive 
approach is essential for protection marine ecosystems and preventing irreversible damage. 
Nanotechnology offers an innovative solution for combating microplastic contamination. Nanoparticles, 
nanotubes, and nanofibers, with their high surface area-to-volume ratios and enhanced reactivity, enable 
efficient microplastic adsorption, catalysis, and filtration [130]. Nano-enabled adsorption methods can 
effectively remove microplastics from air, water, and soil by selectively binding to microplastic particles 
and improving surface interactions. Additionally, filtration systems enhanced with nanoparticles increase 
the efficiency of microplastic capture. 
Advanced oxidation processes (AOPs), including ozone treatment, Fenton's reagent, and photocatalytic 
oxidation, are effective for degrading microplastics in wastewater. These techniques utilize strong 
oxidants and light-activated catalysts to break down plastics into less harmful substances. However, 
further research is required to optimize these processes and assess their environmental impacts. 
Photocatalytic methods, such as those using titanium dioxide (TiO2) activated by UV light, generate 
reactive oxygen species that degrade plastics efficiently at mild temperatures. Despite the promising 
potential of these methods, challenges remain, including optimizing catalyst efficiency, ensuring complete 
degradation, and understanding broader environmental impacts. Scaling up these technologies for 
practical use remains an important area of future research. Bioremediation, which involves using living 
organisms like bacteria, fungi, and plants, offers an eco-friendly approach to degrade plastics into less 
harmful substances. Certain bacteria and fungi produce enzymes capable of breaking down plastics such 
as polyethylene and polystyrene, while plants can absorb microplastics through their roots. This 
approach reduces reliance on harsh chemicals and energy-intensive processes. However, slow 
degradation rates and the influence of environmental conditions need to be addressed. Ongoing research 
is essential to optimize these systems for practical applications [131]. Bacterial remediation, involving 
bacteria that produce enzymes like PETase, targets microplastics such as PET and polystyrene, breaking 
them down into less harmful substances. While this eco-friendly approach is promising, challenges 
remain in optimizing growth conditions, accelerating degradation rates, and scaling the process for 
various environments. Further research is needed to enhance the efficiency and applicability of bacterial 
remediation [132]. Mitigation strategies in waste management are crucial to reducing the entry of plastics 
into the environment and minimizing their breakdown into harmful microplastics. Effective strategies 
include enhancing recycling systems to ensure proper processing and reuse of plastics, promoting 
biodegradable alternatives, and reducing plastic production through sustainable packaging practices. 
Public education campaigns are essential for raising awareness about proper disposal methods and 
minimizing single-use plastics. By integrating these strategies, communities can significantly reduce 
plastic waste generation, foster a circular economy, and empower individuals to take action against 
microplastic pollution [131]. Although some regions have begun regulating plastic waste, significant gaps 
remain in global policies and regulations regarding microplastics. More comprehensive, internationally 
coordinated efforts are needed to address the environmental risks posed by microplastics and their 
pollutants. A unified global strategy would strengthen regulatory enforcement, enhance cooperation 
among nations, and support the development of innovative solutions to combat microplastic pollution on 
a global scale. Microplastic pollution management strategies, including both the most and least favored 
approaches, are outlined in Fig. 3. Additionally, Table 5 presents comprehensive strategies that combine 
technical solutions and awareness-based initiatives to address microplastic pollution effectively. Public 
awareness plays a vital role in addressing plastic pollution by educating communities on waste reduction, 
sustainable consumption, and the adoption of alternatives to plastics [133, 134]. Effective waste 
management and recycling strategies such as enhancing recycling infrastructure, encouraging the use of 
biodegradable packaging, and reducing single-use plastics, are critical for mitigating plastic pollution 
[135]. Developing global standards and addressing gaps in international microplastic regulation are 
essential for effective policy and environmental governance [136]. Adopting biodegradable plastics and 
other eco-friendly materials is necessary for reducing microplastic pollution and promoting sustainable 
development [137]. Installing filters in wastewater treatment and stormwater systems is crucial for 
capturing microplastics and preventing their release into the environment [136]. Public campaigns are 
key for informing communities about proper disposal methods and raising awareness about the impacts 
of microplastics on the environment and human health. Nanotechnology, including the use of 
nanoparticles, nanotubes, and nanofibers, offers innovative solutions for the adsorption, catalysis, and 
filtration of microplastics from air, water, and soil [93]. Advanced oxidation processes (AOPs), such as 
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ozone treatment, Fenton's reagent, and TiO₂-based photocatalysis, are effective techniques for breaking 
down plastics into less harmful substances [10]. Bioremediation, utilizing bacteria, fungi, and plants along 
with enzymes like PETase, offers a promising approach to degrade microplastics [138]. Enzymatic 
degradation involves the targeted breakdown of plastics such as polyethylene and PET using specific 
enzymes [136]. Global standards and collaboration focus on sharing technology, data, and expertise 
between countries to collectively address and mitigate microplastic contamination [137]. Research and 
development efforts aim to scale remediation technologies, optimize catalysts and microbes, and assess 
the environmental impacts of microplastic contamination [136]. A circular economy integrates 
sustainability across product lifecycles, from design to disposal, reducing plastic production and 
encouraging reuse [26]. Advanced remediation techniques and mitigation strategies for microplastics are 
essential for combating microplastic pollution in the environment. 
 

Table 5: Comprehensive strategies for addressing microplastic pollution through technical and 
awareness-based approaches 

Category Approach Application References 

Prevention 

Public awareness Educating the public on waste reduction, sustainable 
consumption, and alternatives to plastics. [26] 

Waste management 
and recycling 

Improving recycling infrastructure, promoting 
biodegradable packaging, and reducing single-use 
plastics. 

[67] 

Policy and regulation Developing global standards and closing gaps in 
international microplastic regulation. [10] 

Mitigation 

Sustainable materials Adopting biodegradable plastics and other eco-friendly 
materials. [128] 

Filtration devices Installing filters in wastewater treatment and 
stormwater systems to capture microplastics. [26] 

Public campaigns Informing communities about proper disposal 
methods and impacts of microplastics. [68] 

Remediation 

Nanotechnology 
Using nanoparticles, nanotubes, and nanofibers for 
adsorption, catalysis, and filtration of microplastics 
from air, water, and soil. 

[129] 

Advanced oxidation 
processes (AOPs) 

Techniques like ozone treatment, Fenton's reagent, 
and TiO₂-based photocatalysis to break down plastics 
into less harmful substances. 

[130] 

Bioremediation Utilizing bacteria, fungi, and plants to degrade 
microplastics using enzymes like PETase. [123] 

Enzymatic degradation Targeted enzymatic breakdown of plastics like 
polyethylene and PET. [129] 

International 
Cooperation 

Global standards and 
collaboration 

Sharing technology, data, and expertise between 
countries to tackle microplastic contamination 
collectively. 

[10] 

Future Focus 

Research and 
development 

Scaling remediation technologies, optimizing catalysts 
and microbes, and assessing environmental impacts. [90] 

Circular economy 
Integrating sustainability across product lifecycles, 
from design to disposal, reducing plastic production 
and encouraging reuse. 

[67] 
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Fig. 2. Exposure routes of microplastics in the human body: ingestion, inhalation, and potential health 

risks 
 

 

 
Fig. 3. Microplastic pollution management strategies: most and least favoured approaches 
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CONCLUSION 
Microplastic pollution has escalated into a pervasive and urgent environmental challenge, affecting both 
aquatic and terrestrial habitats worldwide. Tackling this complex issue requires swift, coordinated, and 
multidisciplinary actions at global and local levels. This review synthesizes current knowledge by 
examining the origins, environmental distribution, transport mechanisms, toxicological impacts, 
detection methods, and mitigation approaches for microplastics. By integrating these diverse facets, it 
offers a comprehensive perspective while drawing attention to existing gaps in research. Despite 
significant advancements, several critical obstacles persist. Foremost among these is the absence of 
universally accepted, scalable protocols for sampling and analysis, which limits the consistency and 
comparability of data across different studies and geographic regions. Moreover, the variable physical 
and chemical properties of microplastics including their size, shape, polymer type, and the presence of 
associated contaminants complicate accurate toxicological assessment. These challenges hinder the 
establishment of reliable global baselines and the development of effective intervention strategies. To 
address these issues, an integrated and forward-thinking strategy is crucial, one that merges scientific 
innovation with robust policy frameworks, public education, and community engagement. Key 
recommendations include the standardization of analytical methods to enhance data reliability and 
comparability; the advancement of detection technologies, such as AI-driven and high-throughput 
systems, to improve identification accuracy and efficiency; and the implementation of regulatory 
measures to curtail plastic production and consumption alongside the promotion of sustainable 
alternatives. Additionally, fostering circular economy practices can significantly reduce plastic leakage 
into ecosystems, while improving waste management infrastructures, particularly in resource-limited 
regions, will further aid pollution control. Importantly, elevating public awareness is essential to inspire 
behavioral changes and empower communities to participate actively in mitigation efforts. Looking 
ahead, research priorities should emphasize large-scale, longitudinal studies that monitor temporal and 
spatial trends while elucidating the long-term ecological and human health consequences of microplastic 
exposure. The deployment of advanced data analytics, including machine learning and remote sensing 
technologies, holds considerable promise for enhancing source tracking and risk evaluation. Ultimately, 
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interdisciplinary collaboration uniting expertise from environmental sciences, public health, engineering, 
and social sciences will be vital to designing practical and scalable solutions. In conclusion, overcoming 
the multifaceted challenge of microplastic pollution demands not only scientific excellence but also a 
unified global commitment. Developing and implementing a strategic, evidence-based roadmap is 
imperative to mitigate current impacts and safeguard the future resilience of both ecosystems and human 
populations. 
 
ACKNOWLEDGMENTS 
We would like to express our sincere gratitude to the School of Sciences, P P Savani University, Gujarat, 
India, for providing the academic resources and infrastructure that facilitated the completion of this 
review paper. We are also deeply appreciative of our mentors, colleagues, and reviewers for their 
invaluable guidance, constructive feedback, and insightful suggestions, all of which greatly contributed to 
improving the quality of this manuscript. Additionally, we extend our thanks to the researchers whose 
work we have referenced, as their contributions served as the foundation for this review. 
 
REFERENCES 
1. Market Data Forecast. Global plastics market size, share, trends, & growth forecast report segmented by type, 

end-use industry, and region (2025–2033). 2025.https://www.marketdataforecast.com/market-
reports/plastics-market. 

2. Hong S H, Shim W J, Hong L. (2017): Methods of analyzing chemicals associated with microplastics: A review. 
Analytical Methods.; 9 (9), 1361-1368. https://doi.org/10.1039/C6AY02971J. 

3. Mehra, S., Sharma, K., Sharma, G., Singh, M., Chadh, P. (2021): Sources, Fate, and Impact of Microplastics in 
Aquatic Environment. Emerging Contaminants. Intech Open.  doi:10.5772/intechopen.93805. 

4. Hoang, T.C., Mitten, S. (2022): Microplastic accumulation in the gastrointestinal tracts of nestling and adult 
migratory birds. Sci. Total Environ.; 838, 155827. https://doi.org/10.1016/j.scitotenv.2022.155827. 

5. Rillig, M. C., & Lehmann, A. (2020): Microplastic in terrestrial ecosystems. Science (New York, N.Y.).; 368(6498), 
1430–1431.  https://doi.org/10.1126/science.abb5979. 

6. Shi, B., Patel, M., Yu, D., Yan, J., Li, Z., Petriw, D., Pruyn, T., Smyth, K., Passeport, E., Miller, R. D. (2022): Automatic 
quantification and classification of microplastics in scanning electron micrographs via deep learning. Science of 
The Total Environment.; 825, 153903. 

7. Huang, X., Tanveer, M., Min, Y., Shabala, S. (2022): Melatonin as a regulator of plant ionic homeostasis: 
implications for abiotic stress tolerance. J. Exp. Bot.; 73, 5886–5902. doi: 10.1093/jxb/erac224. 

8. Šaravanja, A., Pušić, T., Dekanić, T. (2022): Microplastics in wastewater by washing polyester fabrics. Materials 
2022; 15(7), 2683. 

9. Maharana, D., Saha, M., Dar, J.Y., Rathore, C., Sreepada, R.A., Xu, X.-R., Koongolla, J.B., Li, H.-X. (2020): Assessment 
of micro and macroplastics along the west coast of India: Abundance, distribution, polymer type and toxicity. 
Chemosphere.; 246, 125708. 

10. Kumar, M., Naik, D.K., Maharana, D., Das, M., Jaiswal, E., Naik, A.S., Kumari, N. (2024): Sediment-associated 
microplastics in Chilika Lake, India: Highlighting their prevalence, polymer types, possible sources, and 
ecological risks. Sci. Total Environ. ; 914, 169707. 

11. He, J., Han, L., Wang, F., Ma, C., Cai, Y., Ma, W., Xu, E. G., Xing, B., Yang, Z. (2023): Photocatalytic strategy to mitigate 
microplastic pollution in aquatic environments: Promising catalysts, efficiencies, mechanisms, and ecological 
risks. Critical Reviews in Environmental Science and Technology.; 53(4), 504–526. https://doi.org/ 10.1080/ 
10643389.2022.2072658. 

12. Mishra, S., Singh, R. P., Rath, C. C., Das, A. P. (2020): Synthetic microfibers: Source, transport and their 
remediation. Journal of Water Process Engineering.; 38, 101612. 

13. Noor, T., Javid, A., Hussain, A., Bukhari, S. M., Ali, W., Akmal, M., Hussain, S. M. (2020): Types, sources and 
management of urban wastes. In Urban ecology. ; pp. 239–263. https://www.sciencedirect.com/ science/ article/ 
pii/B9780128207307000148. 

14. Meftaul, I. M., Venkateswarlu, K., Dharmarajan, R., Annamalai, P., Megharaj, M. (2020): Pesticides in the urban 
environment: A potential threat that knocks at the door. Science of the Total Environment.; 711, 134612. 

15. Jang, Y.L., Jeong, J., Eo, S., Hong, S.H., Shim, W.J.  (2024): Occurrence and characteristics of microplastics in 
greywater from a research vessel. Environ. Pollut.: 341, 122941. https://doi.org/10.1016/ j.envpol. 
2023.122941. 

16. Riveros, G., Urrutia, H., Araya, J., Zagal, E., & Schoebitz, M. (2022): Microplastic pollution on the soil and its 
consequences on the nitrogen cycle: A review. Environmental Science and Pollution Research.; 29, 7997–
8011. https://doi.org/10.1007/s11356-021-17681-2. 

17. Li, J., Yu, Y., Chen, X., Yu, S., Cui, M., Wang, S., et al. (2023): Effects of biochar on the phytotoxicity of polyvinyl 
chloride microplastics. Plant Physiol. Biochem.; 195, 228–237. doi: 10.1016/j.plaphy.2023.01.022 

18. Xie et al., 2020 Xie, X., Deng, T., Duan, J., Xie, J., Yuan, J., & Chen, M. (2020). Exposure to polystyrene microplastics 
causes reproductive toxicity through oxidative stress and activation of the p38 MAPK signaling 
pathway. Ecotoxicology and environmental safety. 2020; 190, 110133. https://doi.org/10.1016/ j.ecoenv.2019. 
110133. 

https://www.marketdataforecast.com/market-
https://doi.org/10.1039/C6AY02971J.
https://doi.org/10.1016/j.scitotenv.2022.155827.
https://doi.org/10.1126/science.abb5979.
https://doi.org/
https://www.sciencedirect.com/
https://doi.org/10.1016/
https://doi.org/10.1007/s11356-021-17681-2.
https://doi.org/10.1016/


 
 
       

ABR Vol 17 [5] May 2026                                                                       146 | P a g e                            © 2026 Author 

19. Xu et al., 2022 Xu, L., Han, L., Li, J., Zhang, H., Jones, K., & Xu, E. G. (2022): Missing relationship between meso- and 
microplastics in adjacent soils and sediments. Journal of Hazardous Materials.; 424(Part A), Article 127234. 
https://doi.org/10.1016/j.jhazmat.2021.127234. 

20. Hamid, F.S., Bhatti, M.S., Anuar, N., Anuar, N., Mohan, P., Periathamby, A. (2018): Worldwide distribution and 
abundance of microplastic: How dire is the situation? Waste Manag. Res. ; 36, 873–897. 

21. Wang, L., Kaeppler, A., Fischer, D., Simmchen, J. (2019): Photocatalytic TiO2 micromotorsfor removal of 
microplastics and suspended matter. ACS Appl. Mater. Interfaces.; 11, 32937–32944. 

22. Huang, J.-S., Koongolla, J.B., Li, H.-X., Lin, L., Pan, Y.-F., Liu, S., He, W.-H., Maharana, D., Xu, X.-R. (2020): 
Microplastic accumulation in fish from Zhanjiang mangrove wetland, South China. Sci. Total Environ.; 708, 
134839. 

23. Zhang, Z., Peng, W., Duan, C., Zhu, X., Wu, H., Zhang, X., & Fang, L. (2022): Microplastics pollution from different 
plastic mulching years accentuates soil microbial nutrient limitations. Gondwana Research.; 108, 91–
101. https://doi.org/10.1016/j.gr.2021.07.028 

24. Song, Q., Zhang, Y., Ju, C., Zhao, T., Meng, Q., Cong, J. (2024): Microbial strategies for effective microplastics 
biodegradation: Insights and innovations in environmental remediation. Environmental Research. ; 120046. 

25. Veerasingam, S., Saha, M., Suneel, V., Vethamony, P., Rodrigues, A. C., Bhattacharyya, S., & Naik, B. G. (2016): 
Characteristics, seasonal distribution and surface degradation features of microplastic pellets along the Goa 
coast, India. Chemosphere.; 159, 496–505. https://doi.org/10.1016/j.chemosphere.2016.06.056 

26. Kumar, Rakesh, Verma, A., Shome, A., Sinha, R., Sinha, S., Jha, P.K., Kumar, Ritesh, Kumar, P., Shubham, Das, S., 
Sharma, P., Vara Prasad, P.V.  (2021): Impacts of Plastic Pollution on Ecosystem Services, Sustainable 
Development Goals, and Need to Focus on Circular Economy and Policy Interventions. Sustainability.; 13, 9963. 
https://doi.org/ 10.3390/su13179963. 

27. Praveena, S. M. (2024): Exploring public awareness, influencing factors and policy implications towards 
microplastic pollution: Perspectives from Malaysia. Marine Policy. ; 161, 106042 

28. Wessel, C. C., Lockridge, G. R., Battiste, D., & Cebrian, J. (2016): Abundance and characteristics of microplastics in 
beach sediments: Insights into microplastic accumulation in northern Gulf of Mexico estuaries. Marine pollution 
bulletin. ; 109(1), 178–183. https://doi.org/10.1016/j.marpolbul.2016.06.002. 

29. Mehboob, S., Anjum, K.M., Azmat, H., Imran, M. (2025): The measurement of microplastics in surface water and 
their impact on histopathological structures in wading birds of district Lahore. Front. Toxicol.; 6. 
https://doi.org/10.3389/ftox.2024.1484724. 

30. Cai, T., Gu, J., Liang, Y., Chen, K., Zhou, H., Peng, J., Yang, J., Lu, G., Huang, W., Dang, Z., & Yang, C. (2025): 
Occurrence of microplastics and distinct plastisphere in aquatic environments of metal mining areas in South 
China. Journal of Hazardous Materials.; 491. https://doi.org/10.1016/j.jhazmat.2025.137910. 

31. Ramakrishnan, D., Loganathan, S., Sathiyamoorthy, M., Azamathulla, H.M. (2024): Microplastic pollution – a rising 
threat along an urban lake in the Vellore district of Tamil Nadu, India: abundance and risk exposure. Water Qual. 
Res. J. ; 60, 89–108. https://doi.org/10.2166/wqrj.2024.133. 

32. Ulhasanah, N., Sarwono, A., Sari, M. M., Septiariva, I. Y., Hidayatullah, S., Johari, K., & Suryawan, I. W. K. (2024): 
Characterization of Microplastics in Jakarta’s Urban Downstream and Estuary Water Bodies. Ecological 
Engineering and Environmental Technology. ; 25(11), 260–273. https://doi.org/10.12912/27197050/192678. 

33. Narwal, N., Katyal, D. (2025): The abundance and analytical characterization of microplastics in the surface 
water of Haryana, India. Microsc. Res. Tech.; 88, 139–153. https://doi.org/10.1002/jemt.24657. 

34. Debnath, R., Prasad, G.S., Amin, A., Malik, M.M., Ahmad, I., Abubakr, A., Borah, S., Rather, M.A., Impellitteri, F., 
Tabassum, I., Piccione, G., Faggio, C. (2024): Understanding and addressing microplastic pollution: Impacts, 
mitigation, and future perspectives. J. Contam. Hydrol.;  266, 104399. https://doi.org/10.1016/ j.jconhyd. 2024. 
104399. 

35. Madiraju, S.V.H., Pamula, A.S.P., Darsi, B.P. (2024): Theoretical Review on Microplastic Pollution: A Multifaceted 
Threat to Marine Ecosystems, Human Health, and Environment. Igmin Res.; 2, 460–468. https://doi.org/ 
10.61927/igmin203. 

36. Hasan, M., Bin, M.F., Ahmed, S., Masum, Sadeques, Maksud, A., Jubayer, A., Rakibul, Asif, Rahman, A. (2024): 
Microplastics in Aquatic Ecosystems: Sources, Impacts, and Challenges for Biodiversity, Food Security, and 
Human Health - A Meta Analysis. J. Angiother.; 8, 1–12. https://doi.org/10.25163/angiotherapy.81110035. 

37. Kim, J., Lee, S., 2024. Microplastic contamination in urban aquatic environments: Occurrence characteristics in 
urban streams and stormwater runoff from urban surfaces. J. Environ. Manage. 2024; 359, 121050. 
https://doi.org/10.1016/j.jenvman.2024.121050. 

38. Horton, A. A., Walton, A., Spurgeon, D. J., Lahive, E., & Svendsen, C. (2017): Microplastics in freshwater and 
terrestrial environments: Evaluating the current understanding to identify the knowledge gaps and future 
research priorities. The Science of the total environment; 586, 127–141. https://doi.org/10.1016/j.scitotenv. 
2017. 01.190. 

39. Nel, H. A., Dalu, T., & Wasserman, R. J. (2018): Sinks and sources: Assessing microplastic abundance in river 
sediment and deposit feeders in an Austral temperate urban river system. The Science of the total environment.  
; 612, 950–956. https://doi.org/10.1016/j.scitotenv.2017.08.298. 

40. Dris, R., Gasperi, J., Tassin, B. (2018): Sources and Fate of Microplastics in Urban Areas: A Focus on Paris 
Megacity. In: Wagner, M., Lambert, S. (eds) Freshwater Microplastics. The Handbook of Environmental 
Chemistry., vol 58. Springer, Cham. https://doi.org/10.1007/978-3-319-61615-5_4. 

https://doi.org/10.1016/j.jhazmat.2021.127234.
https://doi.org/10.1016/j.gr.2021.07.028
https://doi.org/10.1016/j.chemosphere.2016.06.056
https://doi.org/
https://doi.org/10.1016/j.marpolbul.2016.06.002.
https://doi.org/10.3389/ftox.2024.1484724.
https://doi.org/10.1016/j.jhazmat.2025.137910.
https://doi.org/10.2166/wqrj.2024.133.
https://doi.org/10.12912/27197050/192678.
https://doi.org/10.1002/jemt.24657.
https://doi.org/10.1016/
https://doi.org/
https://doi.org/10.25163/angiotherapy.81110035.
https://doi.org/10.1016/j.jenvman.2024.121050.
https://doi.org/10.1016/j.scitotenv.
https://doi.org/10.1016/j.scitotenv.2017.08.298.
https://doi.org/10.1007/978-3-319-61615-5_4.


 
 
       

ABR Vol 17 [5] May 2026                                                                       147 | P a g e                            © 2026 Author 

41. Sagawa, N., Kawaai, K., & Hinata, H. (2018): Abundance and size of microplastics in a coastal sea: Comparison 
among bottom sediment, beach sediment, and surface water. Marine pollution bulletin.; 133, 532–542. https:// 
doi.org/ 10.1016/ j.marpolbul.2018.05.036. 

42. Chang, M. (2015): Reducing Microplastics from Facial Exfoliating Cleansers in Wastewater through Treatment 
versus Consumer Product Decisions. Marine Pollution Bulletin.; 101, 330-333. https://doi.org/10.1016/ 
j.marpolbul.2015.10.074. 

43. Carr, S. A., Liu, J., & Tesoro, A. G. (2016): Transport and fate of microplastic particles in wastewater treatment 
plants. Water research.; 91, 174–182. https://doi.org/10.1016/j.watres.2016.01.002. 

44. Gong, J., Xie, P. (2020): Research progress in sources, analytical methods, eco environmental effects, and control 
measures of microplastics. Chemosphere. ; 254, 126790. doi: 10.1016/j.chemosphere.2020.126790. 

45. Park, H.J., Oh, M.J., Kim, P.G., Kim, G., Jeong, D.H., Ju, B.K., Lee, W.S., Chung, H.M., Kang, H.J., Kwon, J.H. (2020): 
National reconnaissance survey of microplastics in municipal wastewater treatment plants in Korea. Environ. Sci. 
Technol. ; 54, 1503–1512 

46. De Falco, F., Di Pace, E., Cocca, M., Avella, M. (2019): The contribution of washing processes of synthetic cloths to 
microplastic pollution. Sci. Rep.; 9, 6633. doi:10.1038/s41598-019-43023-x. 

47. Yano, K.A., Geronimo, F.K., Reyes, N.J., Kim, L.H. (2021): Characterization and comparison of microplastic 
occurrence in point and non-point pollution sources. Sci. Total Environ.; 797, 148939. doi: 10.1016/ 
j.scitotenv.2021.148939. 

48. Prata, J.C., da Costa, J.P., Lopes, I., Duarte, A.C., Rocha-Santos, T. (2019): Effects of microplastics on microalgae 
populations: A critical review. Sci. Total Environ.; 665, 400–405. 

49. Talvitie, J., Mikola, A., Setälä, O., Heinonen, M., Koistinen, A. (2017): How well is microlitter purified from 
wastewater? – A detailed study on the stepwise removal of microlitter in a tertiary level wastewater treatment 
plant. Water Res.; 109, 164–172.     

50. Magnusson K., Eliasson K., Fråne A., Haikonen K., Hultén J., Mikael Olshammar M., Stadmark J., Voisin A., 
Miljöinstitutet I.S., 2016; IVL-rapport C 183 Swedish sources and pathways for microplastics to the marine 
environment. 

51. Osman, A.I., Hosny, M., Eltaweil, A.S. (2023): Microplastic sources, formation, toxicity and remediation: a 
review. Environ Chem Lett.; 21, 2129–2169. https://doi.org/10.1007/s10311-023-01593-3. 

52. Yu, R.-S., & Singh, S. (2023): Microplastic Pollution: Threats and Impacts on Global Marine 
Ecosystems. Sustainability.; 15(17), 13252. https://doi.org/10.3390/su151713252. 

53. Smith, M., Love, D.C., Rochman, C.M., Neff, R.A. (2018): Microplastics in seafood and the implications for human 
health. Current environmental health reports.; 5 (3), 375–386. https://doi.org/10.1007/s40572-018-0206-z. 
Springer.  

54. Yuan, Z., Nag, R., Cummins, E. (2022): Human health concerns regarding microplastics in the aquatic 
environment - from marine to food systems. Sci. Total Environ. ; 823. https://doi.org/10.1016/j.scitotenv. 
2022.153730. Elsevier B.V 

55. Ziani, K., Ioniț˘ a-Mîndrican, C.B., Mititelu, M., Neacșu, S.M., Negrei, C., Moroșan, E., Drag˘ ˘ anescu, D., Preda, O.T. 
(2023): Microplastics: a real global threat for environment and food safety: a state-of-the-art review. Nutrients.; 
15 (Issue 3). https://doi.org/10.3390/nu15030617. MDPI.  

56. Pannetier, P., Morin, B., Bihanic, F.L., Dubreil, L., Clerandeau, C., Chouvellon, F., Arkel, K.V., Danion, M., Cachot, J. 
(2020): Environmental samples of microplastics induce significant toxic effects in fish larvae. Environ. Int.; 134, 
105047. doi: 10.1016/j.envint.2019.105047. 

57. Shi, W., Han, Y., Sun, S., Tang, Y., Zhou, W., Du, X., Liu, G. (2020): Immunotoxicities of microplastics and sertraline, 
alone and in combination, to a bivalve species: Size dependent interaction and potential toxication mechanism. J. 
Hazard. Mater.; 396, 122603. doi: 10.1016/j.jhazmat.2020.122603. 

58. Han, Y., Zhou, W., Tang, Y., Shi, W., Shao, Y., Ren, P., Zhang, J., Xiao, G., Sun, H., Liu, G. (2021): Microplastics 
aggravate the bioaccumulation of three veterinary antibiotics in the thick shell mussel Mytilus coruscus and 
induce synergistic immunotoxic effects. Sci. Total Environ. ; 770, 145273. doi: 10.1016/j.scitotenv.2021.145273. 

59. Santos, D., Luzio, A., Matos, C., Bellas, J., Monteiro, S.M., Felix, L. (2021): Microplastics alone or co-exposed with 
copper induce neurotoxicity and behavioral alterations on zebrafish larvae after a subchronic exposure. Aquat. 
Toxicol. ; 235, 105814. doi: 10.1016/j.aquatox.2021.105814. 

60. Agathokleous, E., Iavicoli, I., Barcelo, D., Calabrese, E.J., (2021): Ecological risks in a ’plastic’ world: A threat to 
biological diversity? J. Hazard. Mater.2021; 417, 126035. doi: 10.1016/j.jhazmat.2021.126035 

61. Solomando, A., Capo, X., Alomar, C., Compa, M., Valencia, J.M., Sureda, A., Deudero, S.  (2021): Assessment of the 
effect of long-term exposure to microplastics and depuration period in Sparus aurata Linnaeus, 1758: Liver and 
blood biomarkers. Sci. Total Environ. ; 786, 147479. doi: 10.1016/j.scitotenv.2021.147479. 

62. Thacharodi, A., Meenatchi, R., Hassan, S., Hussain, N., Bhat, M. A., Arockiaraj, J., Ngo, H. H., Le, Q. H., Pugazhendhi, 
A. (2024): Microplastics in the environment: A critical overview on its fate, toxicity, implications, management, 
and bioremediation strategies. Journal of Environmental Management.; 349, 119433. 

63. Yu, Y., Mo, W. Y.,  Luukkonen, T. (2021): Adsorption behaviour and interaction of organic micropollutants with 
nano and microplastics–a review. Science of the Total Environment, ; 797, 149140. 

64. Mattsson, K., Johnson, E.V., Malmendal, A. et al. (2017): Brain damage and behavioural disorders in fish induced 
by plastic nanoparticles delivered through the food chain. Sci Rep.; 7, 11452. https://doi.org/10.1038/s41598-
017-10813-0. 

https://
https://doi.org/10.1016/
https://doi.org/10.1016/j.watres.2016.01.002.
https://doi.org/10.1007/s10311-023-01593-3.
https://doi.org/10.3390/su151713252.
https://doi.org/10.1007/s40572-018-0206-z.
https://doi.org/10.1016/j.scitotenv.
https://doi.org/10.3390/nu15030617.
https://doi.org/10.1038/s41598-


 
 
       

ABR Vol 17 [5] May 2026                                                                       148 | P a g e                            © 2026 Author 

65. Ding, J., Zhang, S., Razanajatovo, R. M., Zou, H., & Zhu, W. (2018): Accumulation, tissue distribution, and 
biochemical effects of polystyrene microplastics in the freshwater fish red tilapia (Oreochromis 
niloticus). Environmental pollution (Barking, Essex : 1987).; 238, 1–9. https://doi.org/10.1016/j.envpol. 
2018.03.001. 

66. Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M.B., Janssen, C.R. (2015): Microplastics are taken up by 
mussels (Mytilus edulis) and lugworms (Arenicola marina) living in natural habitats. Environ. Pollut.; 199, 10–17. 

67. Chagnon, C., Thiel, M., Antunes, J., Ferreira, J.L., Sobral, P., Ory, N.C. (2018): Plastic ingestion and trophic transfer 
between Easter Island flying fish ( Cheilopogon rapanouiensis ) and yellowfin tuna (Thunnus albacares ) from 
Rapa Nui (Easter Island). Environ. Pollut.; 243, 127–133. doi: 10.1016/j.envpol.2018.08.042. 

68. Swain, P.R., Parida, P.K., Majhi, P.J., Behera, B.K., Das, B.K. (2025): Microplastics as Emerging Contaminants: 
Challenges in Inland Aquatic Food Web. Water. ; 17, 201. https://doi.org/10.3390/w17020201. 

69. Pal, D., Prabhakar, R., Barua, V.B., Zekker, I., Burlakovs, J., Krauklis, A., Hogland, W., Vincevica-Gaile, Z., 2025. 
Microplastics in aquatic systems: A comprehensive review of its distribution, environmental interactions, and 
health risks. Environ. Sci. Pollut. Res. 2025; 32, 56–88. https://doi.org/10.1007/s11356-024-35741-1. 

70. Rosati, L., Carraturo, F., Capozzi, F., Chianese, T., La Pietra, A., Salamone, M., Spagnuolo, V., Ferrandino, I., 
Giordano, S. (2024): Microplastics’ Impact on the Environment and the Challenging Selection of Reliable Key 
Biomonitors. Water.; 16, 2637. https://doi.org/10.3390/w16182637. 

71. Ali, S.S., Alsharbaty, M.H.M., Al-Tohamy, R., Khalil, M.A., Schagerl, M., Al-Zahrani, M., Sun, J.  (2024): Microplastics 
as an Emerging Potential Threat: Toxicity, Life Cycle Assessment, and Management. Toxics.; 12, 909. https:// 
doi.org/10.3390/toxics12120909. 

72. Yu, R.S., Singh, S. (2023): Microplastic pollution: threats and impacts on global marine ecosystems. Sustainability. 
; 15 (Issue 17). https://doi.org/10.3390/su151713252.   

73. Li, Y., Zhang, H., Tang, C. (2020): A review of possible pathways of marine microplastics transport in the ocean. 
Anthropocene Coasts.; 3, 6–13. 

74. Weithmann, N., Möller, J. N., Löder, M. G. J., Piehl, S., Laforsch, C., & Freitag, R. (2018): Organic fertilizer as a 
vehicle for the entry of microplastic into the environment. Science advances, ; 4(4), eaap8060. 
https://doi.org/10.1126/ sciadv.aap8060. 

75. Brandes E, Henseler M, Kreins P.(2021):  Identifying hot-spots for microplastic contamination in agricultural 
soils—a spatial modelling approach for Germany. Environ Res Lett . ; 16:104041. https://doi.org/10.1088/ 1748-
9326/ac21e6 

76. Liu, Z. Q.; Zhuan, Q. R.; Zhang, L. Y.; Meng, L.; Fu, X. W.;Hou, Y. P. (2022): Polystyrene Microplastics Induced 
Female Reproductive Toxicity in Mice. J. Hazard. Mater. ; 424, 127629 

77. Baensch-Baltruschat, B., et al., (2021): Tyre and road wear particles-A calculation of generation, transport and 
release to water and soil with special regard to German roads. Science of the Total Environment.; 752: p. 141939. 

78. Rasmussen, L. A., Lykkemark, J., Andersen, T. R. & Vollertsen, J.  (2023): Permeable pavements: A possible sink 
for tyre wear particles and other microplastics? Science of the Total Environment.; 869, 161770. 
https://doi.org/10.1016/j.scitotenv.2023.161770. 

79. Liu, Z., Sokratian, A., Duda, A.M., Xu, E., Stanhope, C., Fu, A., et al. (2023): Anionic nanoplastic contaminants 
promote Parkinson’s disease-associated α-synuclein aggregation. Sci. Adv.; 9 (46), eadi8716. 
https://doi.org/10.1126/ sciadv.adi8716.  

80. Tunali, M., Adam, V., Nowack, B. (2023): Probabilistic environmental risk assessment of microplastics in soils. 
Geoderma.; 430 (August 2022). https://doi.org/10.1016/j. geoderma.202 

81. Billings, A., Carter, H., Cross, R.K., Jones, K.C., Pereira, M.G., Spurgeon, D.J. (2023): Co- occurrence of 
macroplastics, microplastics, and legacy and emerging plasticisers in UK soils. Sci. Total Environ.; 880, 163258. 

82. Koutnik, V. S., Leonard, J., Alkidim, S., DePrima, F. J., Ravi, S., Hoek, E. M. V., & Mohanty, S. K. (2021): Distribution 
of microplastics in soil and freshwater environments: Global analysis and framework for transport 
modeling. Environmental pollution (Barking, Essex: 1987).; 274, 116552. https://doi.org/10.1016/ j.envpol.2021. 
116552. 

83. Tejaswini, M.S.S.R., Pathak, P., Ramkrishna, S., Ganesh, P.S., (2022): A comprehensive review on integrative 
approach for sustainable management of plastic waste and its associated externalities. Sci. Total Environ. 2022; 
825, 153973. https://doi.org/10.1016/j.scitotenv. 2022.153973 

84. Leitão, I. A., Van Schaik, L., Ferreira, A. J. D., Alexandre, N., & Geissen, V. (2023): The spatial distribution of 
microplastics in topsoils of an urban environment—Coimbra city case-study. Environmental Research.; 218, 
Article 114961. https://doi.org/10.1016/j.envres.2022.114961. 

85. Rafique, A., Irfan, M., Mumtaz, M. et al. (2020): Spatial distribution of microplastics in soil with context to human 
activities: a case study from the urban center. Environ Monit Assess.; 192, 671. https://doi.org/10.1007/s10661-
020-08641-3. 

86. Akoueson, F., Paul-Pont, I., Tallec, K., Huvet, A., Doyen, P., Dehaut, A., & Duflos, G. (2023): Additives in 
polypropylene and polylactic acid food packaging: Chemical analysis and bioassays provide complementary tools 
for risk assessment. Science of the Total Environment.; 857, 159318. 

87. Zhao, Q., Zhu, L., Weng, J., Jin, Z., Cao, Y., Jiang, H., et al. (2023): Detection and characterization of microplastics in 
the human testis and semen. Sci. Total Environ. 2023; 877, 162713 https://doi.org/10.1016/ 
j.scitotenv.2023.162713.  

https://doi.org/10.1016/j.envpol.
https://doi.org/10.3390/w17020201.
https://doi.org/10.1007/s11356-024-35741-1.
https://doi.org/10.3390/w16182637.
https://
https://doi.org/10.3390/su151713252.
https://doi.org/10.1126/
https://doi.org/10.1088/
https://doi.org/10.1016/j.scitotenv.2023.161770.
https://doi.org/10.1126/
https://doi.org/10.1016/j.
https://doi.org/10.1016/
https://doi.org/10.1016/j.scitotenv.
https://doi.org/10.1016/j.envres.2022.114961.
https://doi.org/10.1007/s10661-
https://doi.org/10.1016/


 
 
       

ABR Vol 17 [5] May 2026                                                                       149 | P a g e                            © 2026 Author 

88. Holloway, N., Adams, H., Espindola Jr, C.A., Ikehata, K. (2024): Microplastics and the Water Industry. J. AWWA.; 
116, 36–44. https://doi.org/10.1002/awwa.2264. 

89. Shaban, W. M., Xie, D., Elbaz, K., & Shen, S. L. (2024): Real-time water quality prediction of wastewater treatment 
plants using advanced deep learning networks. Journal of Water Process Engineering.; 65, 105775. 

90. Srinivas, A., Chandran, K.R., Sreeja, P.C., Nehra, S. (2024): Microplastics: An Overview, in: Microplastics. CRC 
Press. 2025.. 

91. Kushwaha, M., Shankar, S., Goel, D., Singh, S., Rahul, J., Rachna, K., Singh, J. (2024): Microplastics pollution in the 
marine environment: A review of sources, impacts and mitigation. Mar. Pollut. Bull. ; 209, 117109. 
https://doi.org/ 10.1016/ j.marpolbul.2024.117109. 

92. Rashed, A.H., Yesilay, G., Hazeem, L., Rashdan, S., AlMealla, R., Kilinc, Z., Ali, F., Abdulrasool, F., Kamel, A.H.  
(2023): Micro- and Nano-Plastics Contaminants in the Environment: Sources, Fate, Toxicity, Detection, 
Remediation, and Sustainable Perspectives. Water. 2023;  15, 3535. https://doi.org/10.3390/w15203535 

93. Chen, Q., Gao, J., Yu, H. et al. (2022): An emerging role of microplastics in the etiology of lung ground glass 
nodules. Environ Sci Eur.; 34, 25. https://doi.org/10.1186/s12302-022-00605-3 

94. Jiang, J., Wang, X., Ren, H., Cao, G., Xie, G., Xing, D., Liu, B. (2020): Investigation and fate of microplastics in 
wastewater and sludge filter cake from a wastewater treatment plant in China. Sci. Total Environ.; 746, 141378. 
https://doi.org/10.1016/j.scitotenv.2020.141378. 

95. Huang, Y., Zhao, Y., Wang, J., Zhang, M., Jia, W., Qin, X.  (2019): LDPE microplastic films alter microbial community 
composition and enzymatic activities in soil. Environ. Pollut. 2019; 254, 112983. doi: 10.1016/j.envpol. 2019. 
112983. 

96. Blöcker, L., Watson, C., & Wichern, F.(2020): Living in the plastic age-Different short-term microbial response to 
microplastics addition to arable soils with contrasting soil organic matter content and farm management 
legacy. Environmental Pollution.; 267, 115468. 

97. Ren, X., Tang, J., Liu, X., & Liu, Q. (2020): Effects of microplastics on greenhouse gas emissions and the microbial 
community in fertilized soil. Environmental Pollution.; 256, 113347. 

98. Lee, S., Jeong, H., Hong, S. M., Yun, D., Lee, J., Kim, E., Cho, K. H. (2023): Automatic classification of microplastics 
and natural organic matter mixtures using a deep learning model. Water Research.; 246, 120710. 

99. Wibowo, A. T., Nugrahapraja, H., Wahyuono, R. A., Islami, I., Haekal, M. H., Fardiansyah, Y., Luqman, A. (2021): 
Microplastic contamination in the human gastrointestinal tract and daily consumables associated with an 
Indonesian farming community. Sustainability. ; 13 (22), 12840. 

100. Wu, D., Feng, Y., Wang, R., Jiang, J., Guan, Q., Yang, X., Wei, H., Xia, Y., Luo, Y. (2023): Pigment microparticles and 
microplastics found in human thrombi based on Raman spectral evidence. Journal of Advanced Research.; 49, 
141–150. 

101. Wang, Y., Li, Xinao, Yang, H., Wu, Y., Pu, Q., He, W., Li, Xixi. (2024): A review of tire wear particles: Occurrence, 
adverse effects, and control strategies. Ecotoxicol. Environ. Saf.; 283, 116782. https://doi.org/10.1016/j.ecoenv. 
2024.116782. 

102. Sun, H., Su, X., Mao, J., Liu, Y., Li, G.,  Du, Q.  (2024): Microplastics in maternal blood, fetal appendages, and 
umbilical vein blood. Ecotoxicology and Environmental Safety.; 287, 117300. 

103. Okoye, C. O., Addey, C. I., Oderinde, O., Okoro, J. O., Uwamungu, J. Y., Ikechukwu, C. K., Okeke, E. S., 
Ejeromedoghene, O., Odii, E. C. (2022): Toxic chemicals and persistent organic pollutants associated with micro-
and nanoplastics pollution. Chemical Engineering Journal Advances.; 11, 100310. 

104. Lehel, J., Murphy, S. (2021): Microplastics in the Food Chain: Food Safety and Environmental Aspects. In P. De 
Voogt (Ed.), Reviews of Environmental Contamination and Toxicology; Volume 259 (Vol. 259, pp. 1–49). Springer 
International Publishing. https://doi.org/10.1007/398_2021_77. 

105. Lee, M., Kim, H., Ryu, H.-S., Moon, J., Khant, N. A., Yu, C., Yu, J.-H. (2022): Review on invasion of microplastic in our 
ecosystem and implications. Science Progress.; 105(4), 00368504221140766. https://doi.org/10.1177/ 
00368504221140766. 

106. Guo, Z., Boeing, W. J., Xu, Y., Borgomeo, E., Mason, S. A., Zhu, Y.-G. (2021): Global meta-analysis of microplastic 
contamination in reservoirs with a novel framework. Water Research.; 207, 117828. 

107. Miller, M. E., Hamann, M., Kroon, F. J. (2020): Bioaccumulation and biomagnification of microplastics in marine 
organisms: A review and meta-analysis of current data. PloS One. ; 15(10), e0240792. 

108. Blackburn, K., & Green, D. (2022): The potential effects of microplastics on human health: What is known and 
what is unknown. Ambio. ; 51(3), 518-530. 

109. Karlsson, T. M., Kärrman, A., Rotander, A., & Hassellöv, M. (2020): Comparison between manta trawl and in situ 
pump filtration methods, and guidance for visual identification of microplastics in surface waters. Environmental 
science and pollution research.; 27, 5559-5571. 

110. Sorasan, C., Edo, C., González-Pleiter, M., Fernández-Piñas, F., Leganés, F., Rodríguez, A., & Rosal, R. (2021): 
Generation of nanoplastics during the photoageing of low-density polyethylene. Environmental Pollution. 
2021; 289, 117919. 

111. Hanvey, J. S., Lewis, P. J., Lavers, J. L., Crosbie, N. D., Pozo, K., & Clarke, B. O. (2014): A review of analytical 
techniques for quantifying microplastics in sediments. Analytical Methods. ; 9(9), 1369-1383. 

112. Wirnkor, V. A., Ebere, E. C.,  Ngozi, V. E. (2019): Microplastics, an emerging concern: A review of analytical 
techniques for detecting and quantifying microplastics. Anal. Methods Environ. Chem. J.;  2, 13–30. 

https://doi.org/10.1002/awwa.2264.
https://doi.org/
https://doi.org/10.3390/w15203535
https://doi.org/10.1186/s12302-022-00605-3
https://doi.org/10.1016/j.scitotenv.2020.141378.
https://doi.org/10.1016/j.ecoenv.
https://doi.org/10.1007/398_2021_77.
https://doi.org/10.1177/


 
 
       

ABR Vol 17 [5] May 2026                                                                       150 | P a g e                            © 2026 Author 

113. Silva, A. B., Bastos, A. S., Justino, C. I., da Costa, J. P., Duarte, A. C., & Rocha-Santos, T. A. (2018): Microplastics in 
the environment: Challenges in analytical chemistry-A review. Analytica chimica acta.; 1017, 1-19. 
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