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Microplastic Pollution in Aquatic Ecosystems: Environmental Behaviour, Biological Impacts, and Public Health Implications- A Comprehensive Review 

ABSTRACT
Microplastics and nanoplastics are pervasive contaminants in freshwater and marine systems. Here, the current evidence on their major sources and pathways, phytochemical characteristics, environmental fate (transport, fragmentation, biofouling, and sedimentation), and ecological effects across trophic levels is synthesized. We also summarize human exposure routes (seafood, drinking water, and inhalation), health-relevant toxicological mechanisms (e.g., inflammation, oxidative stress, and endocrine disruption), and the current state of analytical detection and monitoring (e.g., FTIR/Raman spectroscopy and pyrolysis-GC/MS), including key limitations to comparability. Finally, we review regulatory and mitigation approaches and highlight research priorities such as harmonized definitions, method inter-comparisons, realistic chronic exposure studies, and quantitative risk-assessment frameworks. Addressing these gaps is essential for evidence-based regulation and reducing microplastic inputs to aquatic environments and the food chain.
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1. INTRODUCTION
Aquatic ecosystems receive a complex mixture of anthropogenic contaminants (e.g., pesticides, herbicides, heavy metals, hydrocarbons, and plastics) that threaten biodiversity and ecosystem services. Microplastics (MP; typically <5 mm) have emerged as a priority pollutant due to their persistence, widespread distribution, and propensity to be ingested by organisms and to transport associated chemicals. Understanding MP sources, fate, and biological effects is challenging in dynamic freshwater and coastal systems where hydrodynamics, physicochemical conditions, and biotic interactions jointly control transport and exposure (Yarahmadi et ​al., 2024).
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Figure 1. Sources of microplastics and their associated health effects

Over the past seven decades, the world’s dependence on plastic materials has increased, and by 2060, global plastic output is expected to reach 1.2 billion tonnes under a business-as-usual model (Li et al., 2023; OECD, 2022). Worldwide, plastic waste from packaging accounts for 40% of total plastic waste, and single-use items represent a significant source of MP pollution (Our World in Data, 2023). Exposure of plastic materials to various environmental factors, such as UV radiation and mechanical abrasion, leads to their degradation over time, forming secondary microplastics (MPs) (Packnode, 2024). Microplastics hamper various physiological functions, impairing growth and reproduction, and may even cause death of aquatic life through Ingestion and entanglement (Rakib et al., 2023). Moreover, many toxic substances such as heavy metals and persistent organic pollutants (POPs) become adsorbed onto microplastics, thereby increasing their ecological toxicity (Amelia et al., 2021; Narwal et al., 2024).

Muhib & Rahman (2024) observed that Ingestion of MPs in tilapia (Oreochromis niloticus) causes stress, growth inhibition, reproductive impairment, and, in severe cases, mortality. Ingestion of MPs has been documented in various commercially important fish. Microplastics act as vectors for contaminants such as organic pollutants (POPs) and heavy metals, which are transferred through food webs and ultimately enter the human body (Narwal et al., 2024; Rahman et al., 2025). Microplastics may pose serious health risks to humans, including inflammation, endocrine disruption, and potential genetic effects. In humans, these MPs may pose serious health risks, including endocrine disruption, inflammation, and possible genetic effects. Given the scale and complex nature of MPs, this paper contributes to a better understanding of their classification, sources, environmental fate, and biological effects in aquatic systems. In addition, this paper examines human exposure pathways, current detection techniques, and regulatory frameworks, and highlights key research gaps in this field. This paper also highlights emerging issues and emphasizes the importance of interdisciplinary collaboration and policy innovation to mitigate the risks associated with microplastics.

2. CHARACTERISTICS OF MICROPLASTICS
MPs are synthetic polymers with sizes less than 5 mm and a wide range of physical and chemical properties, including size, shape, density, surface density, colour, and polymer composition, which affect their environmental behaviour, persistence, and biological interactions. These characters also decide their transport, degradation rate, and toxicity.

2.1 Plastic Composition and Environmental Relevance
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	Figure 2. Global plastic use by economic sector in 2021


Plastics are synthetic polymers, mainly derived from petrochemical sources, composed of long chains of repeating monomers with varying molecular weights and degrees of plasticity (Costa et al., 2016). Approximately 99% of plastics are derived from fossil fuels, and the plastic industry is intrinsically linked to the oil and gas industry and its carbon footprint (Walker & Fequet, 2023). The polymerization of monomers, whether through natural or synthetic methods, is the backbone of macroplastics, which subsequently degrade into microplastics (MPs) (Figure 2). Globally speaking, plastic production is led by specific industries: packaging materials (39.5%), building materials (20.1%), automotive parts (8.6%), electricity and electronics components (5.7%), and agriculture (3.4%) (Du et al., 2021; Kreiger et al., 2014). Other applications include textiles, consumer products, and household appliances. 
A wide diversity of plastic polymers are used in these applications, including polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), polyethylene terephthalate (PET), low-density polyethylene (LDPE), polymethyl methacrylate (PMMA) and polyamide (PA) (Du et al., 2021; Geyer et al., 2017). These polymers vary in density, durability, tendency to degrade, and additive content, which affect how they behave once they enter the environment. Upon entering aquatic ecosystems, these plastics gradually break down over decades to centuries under the influence of mechanical abrasion, microbial activity, and UV radiation, forming secondary microplastics.  
Over time, toxic leachates and adsorbed pollutants from these materials cause serious ecological risks, with evidence of long-term accumulation and adverse impacts on aquatic organisms and ecosystems. 
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	Figure 3. Production process of the artificial and natural polymers and generation of macro plastics and microplastics from synthetic polymers (Sharma and Chatterjee, 2017)



2.2 Size, Shape, Colour, and Polymer Types of Microplastics

2.2.1 Size 
Microplastics were first described as plastic particles smaller than 5mm (Thompson et al., 2004). However, operational definitions vary across organizations and studies. For example, NOAA uses <5 mm and notes that the lower size limit is often determined by sampling mesh and analytical capability (Masura et al., 2015). In contrast, some U.S. regulatory and monitoring frameworks adopt an inclusive size range of 5 mm to 1 nm, which overlaps with what many researchers term nanoplastics (U.S. Environmental Protection Agency, 2024). In practice, the most petite reliably quantifiable sizes depend on the matrix and method, and particles <1µm remain challenging for routine monitoring. To reduce ambiguity, this review uses ‘microplastics’ for approximately 1 µm to 5 mm particles and ‘nanoplastics’ for <1µm particles, while noting where cited sources apply different cut-offs. 

2.2.2 shape
Microplastics exhibit a wide range of morphologies, including fragments, foams, fibres, spheres, pellets, and films, originating from various sources. Fibers mostly come from synthetic clothing during washing, and the fragments result from the breakdown of larger plastic pieces. Spheres are commonly found in cosmetics and industrial abrasives, in films from the disintegration of plastic bags and packaging, and in foams and pellets, which are frequently linked to insulation materials and plastic manufacturing processes (Yuan et al., 2022a).

2.2.3 Color
Microplastics can be transparent or white, blue, red, black, or green, and are often similar to the original product or additives used in the production of the plastic. These visual clues can affect the likelihood of being ingested by aquatic organisms, as some colored particles mimic prey. Moreover, highly colored plastics can contain toxic additives, e.g., heavy-metal-based dyes, thereby raising concerns about environmental toxicity (Yuan et al., 2022a).

2.3 Physical and chemical characteristics
Microplastics contain various polymers, each with distinct properties, as shown in Table 2. The density, durability, hydrophobicity, and degradation resistance of polymers vary, affecting their buoyancy and environmental fate. For example, PE and PP are less dense than water, so they float, whereas denser plastics sink and are deposited on the seabed. Knowledge of these properties is critical for evaluating the environmental behaviour, bioavailability, and potential toxicity of microplastics in water ecosystems.

	Table 1: Classification of microplastics (MPs) (Yuan et al., 2022b)

	Class
	Description

	Source
	Primary microplastics (PMPs) and Secondary microplastics (SMPs)

	Type 
	Films, spheres, fibres, foams, and particles

	Shape
	Film: fragments, crystals, fluff, powder, granules, shavings, round, sub-round, subangular, angular.
Fibers: Polystyrene, expanded polystyrene.
Spheres: beads, grains, microbeads, microspheres, cylinders, discs, flat, ovate, pellets, and ellipses.
Particles: resin pellets, nurdles, pre-production pellets, nibs.
General: irregular, elongated, degraded, rough, and broken-edge flakes.

	Colour
	Transparent, crystalline, white, cream-white-cream, red, orange, blue, opaque, black, grey, brown, green, pink, tan, yellow, and pigmented.

	Erosion
	Fresh, unweathered, initial change, degree of cracking, weathering, grooves, surface irregularity, jagged fragments, linear fractures, subparallel ridges, and degradation



	Table 2: Properties of main microplastics found in global aquatic environments

	Polymer type
	Characteristics (g cm -3) (Lusher et al., 2017)
	Monomer 
(Lithner et al., 2011)
	Chemical structure 
(Urbanek et al., 2018)
	Main use
(Lusher et al., 2017)
	Approx. global production million tonnes year-1 
(Lithner et al., 2011)

	Polypropylene (PP)
	Low density (0.85-0.94)
	Propylene
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	Reusable food containers and packaging,
bottle caps, drinking straws, laboratory
equipment
	45

	Polyethylene (PE)
	Low-density PE (LDPE)
	LDPE: 0.92
	Ethylene
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	Food wrap film, shopping bags, water pipes
	39

	
	High-density PE (HDPE)
	HDPE: 0.96
	
	
	Toy, milk bottles, pipes, plastic bags,
detergent and oil bottles, cable insulation
	32

	Polyvinyl chloride (PVC)
	High density (1.38-1.50)
	Vinyl chloride
	[image: Polyethylene is a polymer found in many applications, including ...]
	Pipes, floors, window frames, and a shower
curtains, car seat covers, raincoats, bottles,
visors, shoe soles, garden hoses, and electricity
pipes
	37

	Polyethylene terephthalate (PET)
	High density, (1.38-1.41)
	Terephthalic acid, ethylene glycol
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	Plastic Soda beverage bottles and packaging,
processed meat packages, peanut butter/jam
jars, pillow, and sleeping bag filling, textile
fibers
	33

	Polystyrene (PS)
	1.04-1.08
	Styrene 
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	Fast food container, disposable plastic cups
and lids, foam (i.e., “Styrofoam”), CD crystal
cases, service ware, packaging materials, laboratory ware, electronic uses

	13

	Polyurethane (PUR)
	Very low density (0.40-0.60)
	Di/tri-isocyanate, polyol
	[image: Polyurethane Structure]
	Upholstery, sports mats, and packaging bags.
	9

	Acrylonitrile-butadiene-styrene (ABS)
	1.02-1.08
	Acrylonitrile, 1,3-Butadiene, styrene
	[image: ABS Injection Molding Comprehensive Guideline]
	Automotive applications, pipes 
	7*

	Polycarbonate (PC)
	1.20-1.22
	Bisphenol A
	[image: Polycarbonate (PC) plastic, chemical structure. Made from phosgene and ...]
	Construction materials, medical equipment,
reusable beverage bottles, CDs, DVDs, street
and car lights, sky-lights, baby bottles, and roofs
of greenhouses, glass lenses, water pipes
	2.1

	Polyamide (nylon, PA)
	1.12-1.15
	Adipic acid
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	Textile, carpets, sportswear, miniature bearings,
windshield wipers, water-hose nozzles,
helmets, racehorse shoes, inks, rainwear
	1.2

	Styrene acrylonitrile (SAN)
	1.06-1.10
	Styrene, Acrylonitrile 
	[image: SAN - Acrylonitrile styrene - Waxoline]
	Cosmetic containers, ballpoint pens, and lighters
	0.5*


Note: Production volumes marked with an asterisk (*) indicate variable or uncertain data

Additives and Surface Chemistry
Microplastics (MPs) contain chemical additives such as phthalates, brominated flame retardants, and bisphenol A (BPA), which can leach into the environment and interfere with the endocrine and developmental pathways. Plastics are also chemically complex:  inventories have identified more than 10,000 plastic-related substances (monomers, additives, and processing aids), and many lack sufficient hazard and use data (Wiesinger et al., 2021; UNEP, 2023). The large surface area-to-volume ratio and small size of MPs and nanoplastics (NPs) also make them effective sorbents for environmental pollutants, including heavy metals and persistent organic pollutants (POPs). Combined exposure to plastic-associated chemicals and sorbed contaminants may lead to additive or synergistic effects in exposed organisms (Wu et al., 2022; Yuan et al., 2022b).	 

3. SOURCES AND PATHWAYS OF MICROPLASTICS IN AQUATIC ENVIRONMENTS
Microplastics (MPs) have numerous sources, and they enter water bodies through complex pathways. Knowledge of these sources and modes of transportation is crucial for designing effective mitigation measures. The deposition of atmospheric particles has also become a major pathway, and MPs are transported by wind and rain to distant marine and freshwater systems. Commercial shipping, aquaculture, and abandoned fishing equipment are also sources of marine-based pollution that contribute to MP pollution through direct discharge and the degradation of plastic infrastructure (Barnes et al., 2009).
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Figure 4. Conceptual model/framework used to understand microplastics (MPs) in aquatic ecosystems

3.1 Primary vs secondary microplastics
Based on the source, MPs can be classified as primary and secondary microplastics. Artificially produced MPs with a specific purpose are called primary MPs, and those produced from the degradation of larger plastics are called secondary MPs (Sawma et al., 2024; Ziani et al., 2023).

3.1.1 Primary Microplastics 
Specially designed and manufactured microscopic primary microplastics (PMPs) are present in various consumer goods (e.g., microbeads in cosmetics and toothpaste), medicines, and industrial abrasives. They are further generated through laundering, which releases synthetic fibers, as well as through the degradation of materials used in paints, adhesives, electronics, and 3D printing (An et al., 2020; Costa et al., 2016; Sawma et al., 2024).

3.1.2 Secondary Microplastics  
Many processes drive the degradation of plastics, such as mechanical abrasion, UV-induced photo-oxidation, and microbial activity that produces MPs and secondary microplastics (SMPs). Plastic bags, bottles, packing materials, and fishing gear are the main contributors to SMPs (An et al., 2020; Costa et al., 2016).

3.2 Transport Pathways 
MPs can be found in terrestrial, atmospheric, and aquatic environments, but they primarily originate from terrestrial sources. They are transported to the oceans through rivers, which are the primary carriers, and ocean currents and winds drive their horizontal spread and accretion. In the vertical direction, heavy MPs are buried in sediments, while light ones remain on the surface. Textile MPs or degraded plastics move across terrestrial and aquatic systems in the atmosphere over long distances through wet and dry deposition, connecting remote locations.

3.2.1 Terrestrial inputs
The primary source of plastic pollution in global ecosystems is the terrestrial sector, which introduces microplastics (MPs) and nanoplastics (NPs) into soils, freshwater, and the sea. (Walker & Fequet, 2023). It is estimated that about 80% of marine (micro)plastic pollution originates on land. It has been proposed that on land, terrestrial ecosystems contain 4 to 23 times as much microplastic (nano) waste per annum as the sea. (Horton et al., 2017; Sana et al., 2020).

3.2.1.1 Agricultural Practices
The agricultural sector plays an important role and is a particular source of soil MPs (Zhou et al., 2020). The primary means of incorporation of MPs into agricultural soil is by applying biosolids/sewage sludge (with synthetic fibers and deposited MPs) as fertilizer (Palmer, 2000; Yoon et al., 1975). The other sources are the use of plastic mulch films to protect crops, compost, and irrigation (Katsumi et al., 2021; Yang et al., 2021). These MPs, bound to the soil, can then enter nearby rivers and surface water through runoff from rain and irrigation.

3.2.2 Aquatic and Marine sources
Microplastics enter water systems through fishing practices, primarily via plastic ropes, nets, and pots. Microplastic fiber waste is a product of mechanical wear on fishing nets and ropes during use. Fishing equipment lacks proper disposal procedures and is frequently discarded in the ocean. According to U.S. statistics, 30 million pounds are disposed of in the ocean each year. Fishing nets deteriorate, forming secondary microplastics in the sea (Environmental Investigation Agency, 2024). 
Fishing equipment accounts for 10 percent of total marine plastic pollution worldwide, and in specific components, it may reach 50-100 percent, while chemical additives are even more dangerous (Environmental Investigation Agency, 2024). Since 1983, Norway's program has recovered more than 22,000 gillnets, though not evenly across regions and with varying levels of difficulty (Standal et al., 2020). Issues in tracing gear and preventing losses have remained (Deshpande & Haskins, 2021; Richardson et al., 2021).

3.2.3 Atmospheric deposition
Atmospheric deposition is now finally recognized as a significant source of microplastics (MPs) to freshwater systems, including remote and pristine systems. Terrestrial sources of microplastics, such as textile fibers and eroded plastic particles, may be transported far in the atmosphere before being deposited in water bodies via both wet and dry processes.

3.2.3.1 Remote and Pristine Locations
Other papers have reported the presence of atmospheric microplastics deposited in isolated mountain catchments (Table 2), including the French Pyrenees, the Tibetan Plateau, and the Canadian boreal lakes. These results show that microplastics may be carried over long distances from their point of origin (Allen et al., 2019; Dong et al., 2021).

3.2.3.2 Quantitative Impact
Atmospheric fallout on the Tibetan Plateau is estimated to be 3.3 tons of MPs in one lake alone during the monsoon, more than that from glacial or non-glacial runoff (Dong et al., 2021). The daily deposition rate at atmospheric sites in the French Pyrenees was hundreds of particles per square meter, and analysis of air mass transport indicates transport distances of 95km (Allen et al., 2019).

3.2.3.3 Ubiquity and Composition
Synthetic textiles and urban activities contribute to MPs in the atmosphere in the form of fibers and fragments, which are common. Their existence in both cities and rural areas promotes the universal nature of this transport channel (Miller et al., 2024).

3.2.3.4 Deposition Mechanisms
The processes of wet (rain, snow) and dry (settling) deposition can transfer MPs into the freshwater and terrestrial systems (Allen et al., 2019; Dong et al., 2021) 

	Table 3. Key Findings on Atmospheric Microplastic Deposition

	Location/Study Area
	Deposition Rate/Impact
	Key Findings
	Citations

	Tibetan Plateau (Nam Co)
	3.3 tons/monsoon season
	Atmospheric fallout is the dominant MP source
	(Dong et al., 2021)

	French Pyrenees
	Up to 249 fragments/m²/day
	MPs transported up to 95 km via the atmosphere
	(Allen et al., 2019)

	Southern Blue Ridge, USA
	7.6-449.8 MPs/m²/day
	Atmospheric input is significant, even in forests
	(Miller et al., 2024)

	Boreal Lakes, Canada
	0.4 ± 0.2 particles/m²/day
	Atmospheric deposition is the main MP pathway
	(McIlwraith et al., 2024)

	Global/Meta-analyses
	Ubiquitous, mostly fibers/fragments
	Long-range transport confirmed worldwide
	(Evangeliou et al., 2020; Fox et al., 2024)



3.4 wastewater treatment plants
Major transport routes for MPs into waterways include rivers and wastewater treatment plants (WWTPs). Although wastewater treatment plants (WWTPs) are effective in the elimination of 90-99% of MPs, they are still a significant source of microplastics (nano-plastics) in the environment, whether directly through the release of effluents into water bodies or indirectly through biosolids application to the land (Walker & Fequet, 2023). Cities are also sources of inputs, including wastewater discharge, rainwater discharge, wastewater overflow, and littering into rivers, which are the primary means of transporting plastics to marine habitats (Murphy et al., 2016).

4. FATE AND BEHAVIOUR OF MICROPLASTICS IN AQUATIC ENVIRONMENTS
The physical and chemical characteristics of microplastics (MPs) make them behave in complex ways in water bodies. Their destiny is determined by the type of polymer, size, density, environment, and contact with biotic and abiotic elements of the environment. After entering aquatic environments, MPs undergo various transformations that influence their distribution, persistence, and ecological effects (Witczak et al., 2024).

4.1 Environmental persistence and degradation
The slow degradation rate and strong resistance of plastics to environmental factors are the primary causes of their massive accumulation. Polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC), and most other plastics produced in large quantities, do not readily biodegrade and may take several centuries to degrade and break down (Geyer et al., 2017). Due to their persistence, microplastics may take hundreds of years to fully mineralize in aquatic environments (Walker & Fequet, 2023).

Mechanisms of fragmentation and degradation

4.1.1 Physical Degradation
Weathering, commonly referred to as physical degradation, is a mechanical process involving abrasion, Impact, and flexing caused by factors such as water, sand, wind, and mechanical shocks. Through this process, micro- and nanoplastics are produced from plastics. The use of synthetic fibers accelerates the release of MPs into the environment. Physical degradation of plastics alters their structural integrity, making them brittle and more susceptible to further breakdown (Pfohl et al., 2022; Yuan et al., 2022a). 

4.1.2 Chemical Degradation
Chemical degradation is primarily caused by environmental exposure, which includes:

Photodegradation
Photo-oxidation is triggered by ultraviolet (UV) radiation from sunlight, which breaks chemical bonds in the polymer matrix, leading to brittleness and fragmentation. It is a significant factor of surface aging and embrittlement of plastics (Pfohl et al., 2022).

Hydrolysis
Of particular importance to ester- or amide-linked polymers (e.g., PET, PU, polyamides), hydrolysis breaks these bonds in the presence of water, further enhancing degradation. Oxidation and hydrolysis can also occur synergistically, significantly accelerating chain scission and fragmentation (Deshoulles et al., 2022).

4.1.3 Biological Degradation
Biological degradation is carried out by microorganisms such as bacteria, fungi, and algae. The organisms colonize biofilm surfaces that secrete enzymes (e.g., esterases, lactases, hydrolases) that break the polymer chain, and the monomers may be mineralized into CO2 and H2O (aerobically) or into CH4 (anaerobically). Biological degradation usually takes a long time in most commercial plastics, but advances in microbial and enzyme technologies are under consideration to accelerate this process (Yuan et al., 2022a).

Microbial Activity

Biodegradation involves microorganisms, such as bacteria, molds (fungi), and algae.

Enzymatic Catalysis
They destroy MPs by hydrolysis and enzyme catalysis. Long-chain polymers are broken down into monomer components by extracellular enzymes (such as esterases, lipases, and laccases). These monomers are then normally mineralized to carbon dioxide (CO2) and water (H2O) in aerobic environments (or methane (CH4) anaerobically). The use of microorganisms, including Bacillus cereus and Agromyces mediterraneus, and marine fungi, including Zalerion maritimum, is under research as a promising greener approach to the removal and degradation of MP (Tang et al., 2022).

4.2 Biofouling and sinking behaviour
In aquatic systems, interconnected processes such as biofouling, aggregation, and sinking determine the fate and vertical transport of microplastics (MPs) and nanoplastics (NPs) (Zettler et al., 2013). A community of fouling organisms colonizes plastic surfaces (biofouling) and can alter particle hydrophobicity, density, and degradation behaviour (Cole et al., 2011). The formation of biofilms on buoyant plastics such as polyethylene (PE) and polypropylene (PP) can increase their effective density and promote sinking. In contrast, inherently denser polymers such as polystyrene (PS) and polyvinyl chloride (PVC) tend to settle more readily. A substantial fraction of marine plastic debris and MPs is thought to accumulate in sediments (often reported on the order of ~70% for marine plastic debris), although resuspension can occur due to turbulence and biological activity (Yang et al., 2021; Uddin et al., 2021). Overall, biofouling and sedimentation are key processes that shape residence time and ecological exposure in aquatic ecosystems (Du et al., 2021).

4.3 Interaction with pollutants
Microplastics and nanoplastics may endanger ecosystems and human health by serving as vectors for chemical and biological pollutants, thereby increasing their toxicity and facilitating their transfer across food webs. MPs can accumulate contaminants at a significantly higher rate because of their distinct surface properties. Pollutant interactions may be driven by the leaching of plastic additives and the adsorption of environmental pollutants (Du et al., 2021; Sana et al., 2020). Many plastic additives act as endocrine disruptors, such as phthalates, flame retardants, and BPA, while many pollutants, such as heavy metals, POPs, and other emerging pollutants, are readily adsorbed by MPs. The biofilms formed by colonizing bacteria on MPs may harbor pathogenic bacteria, thereby facilitating the dispersal of harmful microbes. Various factors also influence this adsorption process. Further, bioaccumulation of these pollutants and additives may happen at higher trophic levels upon their release from MPs. Multiple physiological changes are induced in aquatic organisms by these pollutants, including organ toxicity, oxidative stress, and endocrine disruption. Thus, MPs help distribute contaminants by acting as vectors and enhance ecological risk by transferring pollutants through food webs (Sana et al., 2020).

	Table 4: Types of pollutants adsorbed by microplastics, their bioaccumulation, and associated toxicity in aquatic organisms

	Aquatic Organisms
	Pollution
	Toxicity
	References

	Blood clam (Tegillarca granosa)
	Bisphenol A
	Neurotoxicity, immunotoxicity, an increase in neurotransmitter concentration, a decrease in gene expression, and an effect on DNA methylation
	(Tang et al., 2020; Weis & Alava, 2023)

	Copepods (Acartia tonsa, Calanus finmarchicus)
	PAHs fluromethane and phenanthrene
	Bioaccumulation in lipid-rich tissues, MP-sorbed PAHs do not significantly accumulate or contribute to toxicity in marine organisms.
	(Sørensen et al., 2020)

	Goldfish (Carassius auratus)
	PAH benzo(a)pyrene
	Disrupted lipid metabolism, liver damage, significantly higher Casp3 mRNA expression, oxidative stress, which leads to apoptosis
	(Kim et al., 2024)

	Mussel (Mytilus coruscus)
	Dechlorane Plus
	Reduced photosynthetic efficiency (reduced Fv/Fm by 0.03%), higher growth inhibition (16.15%), and oxidative damage (increased ROS by 152%). Co-exposure significantly downregulated amino acid metabolism and the tricarboxylic acid cycle (TCA), and upregulated fatty acid metabolism. 
	(Xu et., 2023)

	Atlantic cod (Gadus morhua)
	PCB-126
	Bioaccumulation in livers and muscles, minor differences in liver and skin histology
	(Bogevik et al., 2023)

	European seabass (Dicentrarchus labrax) 
	DDE, BP-3, chlorpyrifos
	Bioaccumulation in livers and muscles, no effect on fish condition indicators was observed.
	(Herrera et al., 2023)

	Blue discus (Symphysodon aequifasciatus)
	Cadmium
	Oxidative stress, stimulation of innate immunity in young individuals, and antagonistic interaction between the two stressors (MP and cadmium)
	(Wen et al., 2018)

	Crucian carp (Carassius carassius)
	Cadmium
	Inflammation of liver and spleen cells, reduction in the diversity and number of intestinal microflora organisms, oxidative stress, and a significant upregulation in the gene expression levels of IL-8 and hsp70
	(Wei et al., 2023)



5. ECOLOGICAL IMPACTS OF MICROPLASTICS
MPs pose a significant threat to aquatic ecosystems due to their minute size, physicochemical properties, vector nature, and their ability to interact with organisms and the environment. Both organisms and ecosystems are affected by MPs through their interactions at the organism and trophic levels, thereby hampering overall ecosystem functioning. 

5.1 Effects on Aquatic Organisms

5.1.1 Ingestion and entanglement
Aquatic organisms readily ingest MPs and nanoplastics, as these particles closely resemble natural food particles (in shape and size) (Derraik, 2002). Numerous reports have documented the bioaccumulation of MPs and naoplastics in various body parts and organs of aquatic organisms (Rist & Hartmann, 2018; Wang, AL-Hasni, et al., 2024). Particles with a size of less than 150 0.5 are highly bioavailable and can easily penetrate biological barriers (Yuan et al., 2021).

Digestive Tract Impairment
Consumed plastic debris may block the digestive system, resulting in starvation and malnourishment, and can also cause a false feeling of fullness, inhibiting feeding behaviour (Dada & Bello, 2023).

Physical Injury
Abrasion and internal injury to the digestive system may occur after Ingestion, often due to mechanical forces. The long-term exposure is found to result in intestinal holes in experimental models, including zebrafish and nematodes (Speirs et al., 2024).

Size-Dependent Penetration
Smaller MPs (less than 1.5 mm) can enter deeper into internal organs and block physiological pathways. Translocation of MPs between the gut and the circulatory system may occur in the bivalves (Ward et al., 2024).

Entanglement
Big plastic debris can trap aquatic organisms, limiting their movement, harming, or even killing them. The entanglement poses a severe threat to large marine animals such as seals and cetaceans (Pinzone et al., 2021; Ward et al., 2024).

5.1.2 Physiological and cellular toxicity
MPs and NPs can have various toxic effects at the cellular and physiological levels and depend on particle size, composition, and surface chemistry.

Oxidative Stress and Inflammation
At the cellular level, microplastics also induce oxidative stress, inflammation, and autophagy, leading to tissue damage. For example, exposure to microplastics from polystyrene interferes with the BTB. This key barrier prevents spermatogenic cells from entering the outside by allowing the entry of pollutants and immune cells, a leading cause of reproductive system toxicity in males. They are presumably oxidative stress and inflammatory mechanisms, though they are not fully understood (Jiang et al., 2024).

Organ and Tissue Damage
The buildup causes histopathological changes in the gills, liver, and intestines, including necrosis and degenerative changes. Polystyrene MPs have been shown to cause liver swelling and hepatitis in zebrafish, but NPs cause chronic hepatotoxicity in medaka fish.

Neurotoxicity
Neuronal function can be disturbed by exposure to MP and NP, leading to inhibition of acetylcholinesterase (AChE) and impairing normal nervous system function. Even though there is little literature on the prevalence of the common goby, other species of aquatic life have been observed to exhibit comparable neurotoxicity in its presence, and MPs and NPs have been associated with neuroinflammation, oxidative stress, and reduced neural cell viability. To illustrate, neural stem cells exposed to polystyrene nano- and microplastics exhibit perturbed gene expression, depending on neuroinflammation and poor cellular function (Marcellus et al., 2024; Proca et al., 2024).

Developmental and Reproductive Impairment
Microplastics (MPs) and nanoplastics (NPs) have been shown to cause developmental retardation, growth retardation, and metabolic abnormalities in aquatic organisms, including crustaceans and embryonic zebrafish. MPs reduce fecundity and delay moulting in crustaceans, thereby altering reproductive and developmental mechanisms. Exposure to NP in zebrafish embryos causes increased mortality and lowered heart rate, which underscores cardiotoxicity and enhanced risk of mortality. Zebrafish research has described various mechanistic actions of MPs and NPs. Polystyrene nanoparticles (PS-NPs) have the potential to increase the toxicity of other pollutants, including silver nanoparticles, thereby altering gene expression of antioxidant defense and metabolism and altering apoptosis and immunotoxicity (Yan et al., 2023). Exposure to PS-NPs during developmental stages disrupts energy metabolism, leading to increased feeding, oxygen uptake rate, and locomotor behaviour indicative of a metabolic imbalance (Chackal et al., 2022). Co-exposure studies reveal that there are additive or synergistic metabolic disturbances, which make developmental toxicity even worse.

5.1.3 Trophic transfer and bioaccumulation
Microplastics undergo trophic transfer and bioaccumulate in aquatic ecosystems, making them a major environmental issue. Trophic transfer is the movement of microplastics via the food web, from lower to higher trophic levels. Simultaneously, bioaccumulation is the rise in concentration of microplastics in an organism over time.

Bioaccumulation Mechanism
Controlled laboratory-based studies show that microplastics bioaccumulate at lower trophic levels of the food chain. To illustrate, mixotrophic flagellates have been shown to take up microplastics. When consumed preferentially by filter-feeding ascidians, they enrich the microplastic content in the latter's digestive tracts and support bioaccumulation, identifying unicellular organisms as an essential player in microplastic trophic transfer at the micro-level (Pennati et al., 2022). Heterotrophic marine protists (e.g., some dinoflagellates) also do the latter, so the predator grows and produces less. It transfers to microplastics, which then move further up the microbial food web (Fulfer & Menden-Deuer, 2021).

Translocation and Transfer
Microplastic transfer has been experimentally established at various trophic levels in aquatic food chains. As an example, in Baltic Sea littoral food chains such as zooplankton, chameleon shrimp, and rockpool prawn, the Ingestion of liter levels of fluorescent microplastic particles is seen in each trophic level, with larger ingraction seen in predators that have prey exposure compared to environmental exposure, indicating that trophic transfer can enhance prey exposure to microplastics (Kangas et al., 2023). Also, in field studies of commercially significant marine species, including deep-sea rose shrimp, tangles of microplastic fibers have been found in the digestive tracts, suggesting the presence of microplastics and their transfer within natural populations (Yücel, 2022).

Carrier Role
Microplastics facilitate the transport of multiple environmental pollutants by adsorbing hydrophobic pollutants, such as persistent organic pollutants (POPs), heavy metals, and plastic additives. The surface characteristics of MPs promote the adsorption of pollutants and contaminants. Multiple factors, such as UV aging and biofilm colonization, further drive it. Thus, MPs enhance the bioavailability and toxicity of pollutants by accumulating and distributing them within aquatic ecosystems. The interactions between MPs and organisms contribute to biomagnification across trophic levels, thereby posing ecological and health risks to organisms that ingest MPs (Abihssira-García et al., 2022; Chen et al., 2024; Da Costa et al., 2024; Mittal et al., 2023a).

5.2 Effects on Ecosystem Functions
Microplastics significantly disrupt food-web functions, trophic cascades, primary producers, and feeding behaviour in both aquatic and terrestrial ecosystems. 

5.2.1 Alteration of food webs

Impact on Primary Producers
Microplastics enter food webs, beginning with primary producers. Trophic transfer can occur, for example, through microplastic contamination of freshwater plants (e.g., Lemna minuta) by herbivorous larvae (Cataclysta lemnata). Such a transfer will lead to high mortality and the absence of typical life cycles in consumers, indicating adverse effects on producers along the food chain (Mariani et al., 2023). Besides, microplastics through contaminants degrade the growth and photosynthesis of freshwater phytoplankton (e.g., Scenedesmus armatus and Microcystis aeruginosa) and thereby alter primary production, and possibly the synthesis of the desired toxins (e.g., Microcystins). This influences the foundation of the aquatic food webs and the productivity of the entire ecosystem (Sánchez-Fortún et al., 2022). Manipulations of feeding behaviour can alter trophic dynamics. Microplastics affect the heterotrophic feeding of coral reef organisms, including large benthic foraminifera, in which organisms discriminate against pristine microplastics but interact more with conditioned (biofilm-coated) ones, and increased ecological risks may be expected over time (Joppien et al., 2022).

Trophic Cascades
Another area of concern due to such disruption is known as Trophic cascades. Indirectly, via the feeding selectivity, it influences meso-zooplankton that mediate between the microbial and classic food webs. They affect the structure of phytoplankton communities, with effects of predation pressure and feeding preferences mediating biomass of various phytoplankton communities, and any perturbation (such as due to microplastics) could alter these cascading effects (Chen et al., 2021)

Feeding Behaviour
Alterations in prey (e.g., purple urchins) behaviour under the influence of environmental stressors may alter the amount of grazing that algae experience, thereby indirectly altering primary producers and trophic cascades (Belleza et al., 2021).

5.2.2 Impact on microbial communities
Microplastics have significant effects on microbial communities, including reorganizing their structure and dynamics in water ecosystems. It has been found that microplastic diversity can positively stabilise microbial network complexity and stability by promoting greater species interactions and network connectivity, especially in warmer environments. This increased complexity can also affect microbial ecology by altering the equilibrium among microbial species and their interactions in ecosystems (Wu et al., 2024).

Microbiota Dysbiosis
The imbalance in microbial communities within the host organism can be expressed as microbiota dysbiosis. Dysbiosis in the oral cavity may promote various diseases, such as dental caries and periodontal disease, thereby facilitating the growth of pathogenic microorganisms. Local environmental conditions and microbial dysbiosis are modified by microbial metabolic activity and immune responses. Thus, microbiota balance is crucial to maintain health, and dysbiosis is considered a key contributing factor to disease (Zhu et al., 2022).

Microbial Ecology
By functioning as vectors and facilitating or disrupting interaction among microbial communities, microplastics alter biochemical processes, antibiotic resistance, and microbial communities’ structure. Through the growth of biofilms on MPs' surfaces, MPs influence nutrient cycling and microbial communities in urban waters, thereby influencing microbial pathogen dynamics and ecological processes in both natural and urban aquatic ecosystems (Entezari et al., 2022).

5.2.3 Changes in sediment structure and nutrient cycling
In areas of high anthropogenic pressure, microplastics may accumulate in sediments, disrupting nutrient cycling and material turnover and thereby affecting bottom sediment composition, structure, and porosity (Mutshekwa et al., 2023). MPs hamper natural nutrient cycles by sheltering pathogenic microbial communities. This not only affects biogeochemical cycles such as carbon (C) and nitrogen (N) but also alters enzymatic activities involved in these cycles and in organic matter degradation, as shifts in microbial communities occur (Wang et al., 2024). In addition, MPs alter microalgal photosynthetic capacity, leading to a significant decrease in photosynthetic efficiency and a subsequent decline in nutrient uptake and carbon fixation (Jalaudin et al., 2023). They also have detrimental effects on the filtration of benthic organisms, such as mussels, thereby interfering with the nutrient supply to both sediments and water (Thomsen et al., 2024).

6. HUMAN HEALTH IMPLICATIONS
Microplastics are minute plastic particles less than 5 mm in size that have become ubiquitous environmental pollutants, with growing reports of human exposure through inhalation, Ingestion of contaminated water and food, and dermal contamination. Microplastics and their implications for human health are generally worrisome.

6.1 Routes and Levels of Exposure
The human population is exposed to microplastics through inhalation of atmospheric particles, consumption of food and water, and the use of plastic or PTFE-coated cookware, which may release micro- and nano-plastics into food during preparation. Research estimates that, each year, exposure by inhalation and the inclusion of dust in urban centres varies between 7.37 ×104 items in children and 1.06 ×105 items in adults, comparable to Ingestion via water and food. An individual's use of plastic cookware might add a few thousand microplastic particles to the home-cooked food prepared annually (Cole et al., 2024; Xu et al., 2024).

6.2 Tissue Accumulation and Potential Toxicity
The presence of microplastics has been documented in various body parts and tissues, including blood, the gastrointestinal tract, lungs, the placenta, and fetal meconium, indicating their ability to penetrate biological barriers. Microplastics' interactions with tissues and organs are governed by factors such as shape, size, and degree of weathering. The bioaccumulation and toxicity of MPs are further enhanced by their ability to adsorb various contaminants and pollutants, such as heavy metals and POPs. In addition, the potential risk of MPs is further enhanced by biofilm formation on the surface (Hunt et al., 2024a; Mittal et al., 2023b).

6.3 Mechanisms of Harm and Health Outcomes
Microplastics alter cellular functions by inducing oxidative stress, endoplasmic reticulum (ER) stress, inflammation, mitochondrial dysfunction, organ fibrosis, and cytotoxicity. Disrupting gut microbiota may cause systemic metabolic and immunological effects. Exposure to microplastics causes immunotoxicity and adversely affects reproductive performance, resulting in altered expression of reproductive genes and prolonged gamete developmental periods in animal and in vitro models (DiBona et al., 2022; Mittal et al., 2023b).

6.4 Human Health Concerns and Evidence
Experimental studies and limited observational evidence suggest that microplastic exposure may be associated with adverse outcomes in reproductive and developmental health, as well as with inflammation, oxidative stress, and respiratory effects. However, current epidemiological evidence is sparse, and exposure characterization remains uncertain, making it premature to conclude specific diseases. Reported associations and mechanistic findings highlight the need for well-designed studies that quantify human exposure, distinguish particle size fractions (including nanoplastics and evaluate health endpoints using standardized methods (Chartres et al., 2024; Hunt et al., 2024b). 

6.5 Environmental and Regulatory Context
To better understand the origins and distribution of MPs, as well as their impacts on aquatic ecosystems, organisms, and human health, ongoing studies examine MPs in air, water, soil, and food webs. The need for standardized exposure assessment and comprehensive toxicological studies has been emphasized by the World Health Organization (WHO). To reduce human exposure to MPs, policy-driven regulatory and mitigation strategies, such as reducing plastic use and replacing plastics with biodegradable materials, are recommended (Boccia et al., 2024; Ma et al., 2024).

6.6 Knowledge Gaps and Risk Assessment Challenges
Significant knowledge gaps persist in the risk assessment of MPs, despite ongoing studies, including a lack of standardized protocols for microplastic detection in food items and biological tissues. Poor standardization, insufficient reference materials, and non-uniform protocols constrain advances in understanding MPs, especially for nanoplastics (NPs). Safe exposure level determination remains unresolved because of methodological shortcomings, highlighting gaps in toxicological studies and inconsistencies across study designs. The chronic effects of MPs on human health are not well understood due to a lack of long-term epidemiologic studies. The adsorption of various pollutants and contaminants onto the surface of MPs complicates the understanding and assessment of their effect. Multiple studies have shown that MPs induce oxidative stress upon translocation across biological barriers, but the precise mechanism remains unclear. Biodistribution modelling of microplastics is challenging due to their heterogeneity in shape, size, and composition. Despite advancements in physiologically based kinetic models, data limitations remain a significant challenge. Secondary microplastics are generated through the daily use of plastic products, and their exposure pathways are inadequately quantified and underrepresented in current risk assessment frameworks.

7. DETECTION AND ANALYSIS OF MICROPLASTICS
The study of microplastics in aquatic ecosystems has emerged as a rapidly expanding area of research, highlighting the need to understand their distribution, composition, and potential impacts. Despite increased awareness, the lack of standardized protocols and field-deployable methodologies poses a significant challenge for researchers and regulatory bodies worldwide. 

 7.1 Sampling Techniques
Sampling techniques depend on the type of environmental matrix, such as water, sediment, or biota.

Water
Generally, various devices are used to collect surface water samples, including trawls, filtration systems, and neuston nets. Sampling nets with a 300 μm mesh size define the smallest particle size that can be captured.

Sediment
Bottom sediments are collected using grab samplers, such as core samplers and Van Veen grab samplers. Collected samples are dried and sieved, after which microplastics are isolated by density separation using saturated salt solutions such as NaCl and ZnCl₂.

Biota
In the case of biota, organisms are dissected, and their gastrointestinal tracts are processed using enzymatic or chemical treatments, such as KOH and H₂O₂, to extract MPs.

7.2 Identification Methods
After isolation, microplastics (MPs) are referred to and defined using visual and analytical methods.

Visual Inspection
The samples were also studied under a stereomicroscope or an optical microscope, which is convenient for initial sorting by size, Shape, and Color. Subjectivity, misidentification vulnerability, and a lack of effectiveness with particles below 300 mm are among the limitations.

Spectroscopic Techniques
Fourier-transform infrared spectroscopy (FTIR) identifies the type of polymer based on distinct infrared absorption bands and can be used on particles larger than 20 mm. It may be used in conjunction with microscopy (m-FTIR) to increase spatial resolution. Raman Spectroscopy is sensitive to molecular vibrations through inelastic light scattering and is appropriate for smaller particles (<1 mm). It is not as erythrocyte-latching by water, and hence it is recommended in wet samples.

Emerging Technologies
Pyrolysis-GC/MS involves the thermal decomposition of MPs and the analysis of the resultant gases to determine the composition of the polymers. Hyperspectral Imaging is an imaging technique that uses spectroscopy to analyze a specimen quickly and non-destructively. In AI-assisted classification, spectral libraries used to train machine learning models enable more accurate, faster identification. On-site detection of MPs has been implemented by developing portable field sensors that require minimal laboratory work. Some other emerging and advanced detection and characterization technologies are Micro-FTIR and Raman Spectroscopy (Automated Imaging), Microfluidic Separation Systems, etc.

7.3 Challenges and Limitations
Several challenges persist despite technological advancements. A lack of universally standardized protocols for sampling, processing, and analysis has been observed. For instance, differences in experimental designs, MP doses, particle size and type, and exposure period make it hard to compare results, leading to inconsistent findings across studies. Moreover, lab tests use high MP doses to identify the mechanisms involved, but the same conditions may not be reflected at field exposure levels or in ecological complexity. Several reviews note that experimental concentrations often exceed environmental levels and that some species show negligible responses under realistic exposures, leading to conflicts. Existing analytical methods struggle to detect and quantify nanoplastics, posing a significant challenge. The use of plastic sampling nets may lead to cross-contamination of samples by releasing microplastics. In microplastics research, the absence of standardized sampling and analytical protocols, challenges in detecting small particles and nanoplastics, unrealistic laboratory exposure scenarios, contamination issues, and insufficient long-term ecological studies. These constraints hinder accurate risk assessment and cross-study comparability. Additionally, most analytical methods are expensive, labor-intensive, and rely on specialized equipment. Due to the small size of nanoplastics, chemical validation is required to avoid false-positive detections.

8. POLICIES, REGULATIONS, AND MITIGATION STRATEGIES
Mitigating microplastic contamination at a global scale necessitates a multilayered approach encompassing international collaboration, national regulatory frameworks, industrial accountability, and public involvement. Although international treaties have yielded limited success, regional and local initiatives are increasingly emerging as viable pathways for mitigation.

8.1 Global and Regional Frameworks
Initiatives are underway to formulate a global treaty on plastic pollution, with the United Nations Environment Assembly (UNEA) at the center of these efforts. Despite ongoing efforts, negotiations toward a binding international agreement were unsuccessful in 2025 due to persistent divisions among key plastic-producing countries. Restrictions have been implemented on the use of non-biodegradable plastic glitter, and the inclusion of microplastics in products has been regulated. The Barcelona Convention and HELCOM (Helsinki Commission) have implemented the action plans at a regional level to reduce marine litter and microplastic emissions in the Mediterranean and Baltic seas, respectively. In 2019, the Basel Convention was revised to cover plastic waste, targeting microplastic pollution indirectly by controlling the export of plastic waste.

8.2 Waste Management and Reduction
Waste management is critical to reducing microplastic emissions. To address this problem, several strategies have been implemented worldwide. First of all, bans on microbeads in cosmetic products have been introduced in many countries, including the United States, Canada, the United Kingdom, France, and South Korea. Secondly, the EU and other U.S. states have recommended specific goals for reducing and recycling plastic packaging. Finally, greater focus is placed on research and policy incentives to promote the development and use of biodegradable plastics as alternatives to conventional plastics. Some of the innovative MPs removal techniques include Magnetic Nanoparticle-Assisted Removal, Electrocoagulation, Biofloc-Based Removal Systems, and Constructed Wetlands (Engineered Systems).

8.3 Industry and Innovation
Extended Producer Responsibility (EPR) policies put manufacturers in a position to take lifecycle responsibility for their products and manage their waste at the end of the consumption period. Perfect examples could include SB 54 in California, which requires manufacturers to fund recycling and reduction programs for plastic wrapping. Moreover, EPR newcomers in both Europe and Asia are claiming convergence of global standards and improved producer accountability.
Circular Economy Approaches aim to reduce plastic production, encourage reuse, and redesign products to be recyclable and reusable. These efforts are further supported by national action plans, notably the U.S. National Strategy to Prevent Plastic Pollution, which prioritizes innovation in product design and material recovery.


8.4 Public Awareness and Citizen Science
Public awareness and participation play a vital role in preventing microplastics. Several educational campaigns and eco-labelling initiatives have been implemented to raise consumer awareness of microplastic sources and promote sustainable decision-making. The Big Microplastic Survey and similar citizen science initiatives facilitate community-based data collection and regional pollution monitoring, thereby helping to narrow the gap between the scientific community and the general public. School-based programs, media campaigns, and community clean-up activities have demonstrated effectiveness in increasing public awareness and fostering behavioural change, while simultaneously contributing to educational initiatives and community-based surveillance.

9. RESEARCH GAPS AND FUTURE DIRECTIONS
Despite the growing volume of research on microplastics (MPs), critical knowledge gaps persist across analytical, ecological, toxicological, and policy areas. Addressing these knowledge gaps is crucial for the design and implementation of effective mitigation strategies and regulatory frameworks.

9.1 Analytical and Monitoring Gaps
Data comparability and reproducibility are hindered by the lack of standardized protocols for sampling, pretreatment, and analysis of microplastics (MPs) and nanoplastics (NPs) across various environmental matrices, including water, sediment, and biota. The detection of nanoplastics is constrained by the limitations of existing analytical methods. Various developed techniques are optimized for microscale particles and are not sufficiently sensitive to achieve the required nanoscale resolution. False positives or negatives, and sample contamination, are common due to the extensive use of plastic in the laboratory and the properties of environmental matrices. However, new technologies, including AI-based classification, nanotech-based sensors, and built-in spectromicroscopic systems, have potential but require further confirmation and validation.

9.2 Ecological and Toxicological Gaps
Although most studies have focused on the acute toxicity of model organisms, the conditions of chronic, low-dose, and long-term exposures are not thoroughly studied. Species-specific studies are required, particularly on freshwater and benthic organisms, to clarify differences in sensitivity and exposure routes. Experiments conducted in laboratories do not always reflect realistic exposure conditions, such as particle aging, biofouling, and co-contaminants, and therefore lack significant ecological applicability. Moreover, the effects of mixes of microplastics and other pollutants, such as heavy metals, persistent organic pollutants (POPs), and antibiotics, should also be studied in greater detail to define possible synergistic or antagonistic toxicological responses.

9.3 Human Health and Risk Assessment
Microplastics (MPs) are ubiquitous contaminants in aquatic environments, with significant ecological and potential human health implications. This review summarizes their sources, classification, and environmental behavior, with emphasis on transport and fate in freshwater and marine ecosystems. Ingestion of MPs by aquatic organisms has been linked to a range of sub-lethal and lethal effects, and MPs can act as carriers for plastic-associated chemicals and sorbed pollutants such as persistent organic pollutants and heavy metals, facilitating transfer through food webs. Evidence of MP occurrence in human matrices (e.g., blood and placenta) raises concerns, but significant gaps remain in exposure quantification, toxicokinetics, and causal inference. Progress will require harmonized definitions and analytical protocols, realistic chronic-exposure studies, risk-assessment frameworks that connect environmental concentrations to biological outcomes, and upstream prevention and policy measures to reduce plastic inputs.

9.4 Policy and Governance Needs
Today, there are no global standards for microplastics in food, water, or air. There is an urgent need for harmonized international policies covering upstream interventions, such as production and design, as well as downstream interventions, such as waste management and remediation. The systems for controlling and regulating microplastic pollution from industries, textile industries, and waste management facilities are poorly developed. Moreover, community participation and education are not widespread, although these are the most crucial steps towards reducing plastic use and promoting behavioural change (Sharma et al., 2025).


10. CONCLUSION 
Microplastics (MPs) are ubiquitous contaminants in aquatic environments, with significant ecological and human health implications. This review explores their sources, classification, and environmental behavior, with a focus on their distribution in freshwater and marine ecosystems. Studies have shown that Ingestion of MPs by aquatic organisms can induce physiological stress and mortality. Toxic substances may also be transported with MPs, as they adsorb onto the particle surface. These pollutants, including persistent organic pollutants (POPs) and heavy metals, can bioaccumulate through food webs. A major human health concern is the Impact of MPs on the body, particularly the placenta and circulatory system, potentially leading to disorders such as endocrine disruption and inflammation.
Despite some progress in understanding microplastics (MPs), significant research gaps remain, including standardized MP detection, analysis of nanoplastics (NPs), and comprehensive assessment of human health risks. Uncoordinated global policies hinder a unified response to microplastic contamination. Addressing microplastic issues requires research into the development of safe and sustainable alternatives to conventional plastics, improvements in wastewater treatment technologies, implementation of the Extended Producer Responsibility strategy, and adoption of circular-economy principles, including pay-or-produce systems. Public awareness initiatives can help reduce plastic use. To mitigate microplastic contamination and its adverse effects on human health and the environment, coordinated action by scientists, policymakers, industries, and governments is essential.
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