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ABSTRACT 
	Microplastics (MPs; <5 mm) and nanoplastics (NPs; <1 µm) have emerged as widespread contaminants in freshwater ecosystems, originating from agricultural activities, urban runoff, wastewater discharge, and atmospheric deposition. Rivers play a dual role by transporting these particles across landscapes while also acting as zones of accumulation. Freshwater fish, which form an important component of human diets, are continuously exposed to microplastics through feeding interactions and gill uptake. Most studies report higher concentrations in the gastrointestinal tract, while evidence of their presence in edible muscle tissue remains variable and influenced by analytical methods. This review brings together global and India-specific research published between 2017 and 2025, examining occurrence patterns, toxicological effects in fish, human exposure pathways, analytical challenges, and current policy responses. Recent biomonitoring studies reporting microplastics in human blood, placenta, and arterial tissues highlight the potential for internal exposure and underscore growing public health concerns. Advances in analytical tools such as µ-FTIR, Raman spectroscopy, and thermal analysis have improved detection, although differences in methodology continue to limit comparability across studies. Policy measures in regions such as the European Union and India represent important steps forward, but gaps remain in addressing secondary microplastic sources. Future efforts should focus on standardized monitoring, improved analytical consistency, and stronger integration of scientific evidence into regulatory frameworks to reduce exposure risks and protect both ecosystem and human health.
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1. Introduction
Since the mid-20th century, global plastic production has increased exponentially, rising from a few million tonnes annually to over 400 million metric tonnes per year. A substantial proportion of this plastic ultimately fragments into microplastics and nanoplastics that persist for decades within aquatic ecosystems (Geyer, Jambeck, & Law, 2017). Rivers play a dual ecological role in this context. They act as major transport pathways delivering land-based plastic waste to oceans while simultaneously functioning as depositional environments where microplastics accumulate in sediments, benthic organisms, and fish.
Riverine hydrodynamics, sediment characteristics, and anthropogenic pressures strongly influence the distribution and retention of microplastics. Seasonal variability, particularly during flood events, can remobilize previously deposited particles, increasing their bioavailability to aquatic organisms. As a result, rivers represent both short-term transport systems and long-term contamination reservoirs within the plastic pollution continuum.
Compared with marine systems, freshwater ecosystems have a more immediate and intimate connection with human populations through drinking water abstraction, inland fisheries, aquaculture, irrigation, and recreational use. Consequently, microplastic contamination in rivers presents direct implications for food safety, public health, and ecosystem services (Neelavannan & Sen, 2023). Freshwater fish serve as ecological sentinels, reflecting the cumulative impacts of plastic pollution within river basins. Microplastics enter fish through multiple exposure routes, including direct ingestion due to mistaken identity with prey, trophic transfer from contaminated invertebrates, gill uptake during respiration, and incidental contact with sediments. Feeding behavior and habitat preference significantly influence exposure patterns, with benthic and omnivorous species often exhibiting higher ingestion rates due to greater sediment interaction. Because freshwater fisheries supply essential protein and micronutrients to millions of people, contamination at this level may have implications that extend beyond ecological concern to human dietary exposure.
While the majority of field-based studies report microplastics primarily in gastrointestinal tracts and gills, laboratory experiments demonstrate that smaller particles, particularly nanoplastics, may translocate across epithelial barriers into internal organs such as the liver, brain, and muscle tissue (Lin et al., 2023). This has raised concerns regarding the potential transfer of microplastics from aquatic food webs to humans. In parallel, landmark human biomonitoring studies have documented microplastics in blood, placenta, and arterial plaques, suggesting that plastic particles are capable of crossing biological barriers and entering systemic circulation (Leslie et al., 2022; Ragusa et al., 2021; Marfella et al., 2024).
These findings highlight the possibility of chronic internal exposure and raise important questions regarding bioaccumulation, inflammatory responses, and long-term health implications. Although causal relationships with specific diseases remain under investigation, the detection of microplastics in sensitive human tissues underscores the urgency of precautionary evaluation.
Despite increasing evidence of exposure, substantial uncertainty remains regarding dose-response relationships, chronic health outcomes, and population-level risks. International bodies such as the World Health Organization (WHO) and the European Food Safety Authority (EFSA) have highlighted critical knowledge gaps related to analytical standardization, exposure assessment, and toxicological relevance, emphasizing the need for precautionary approaches and harmonized monitoring frameworks (WHO, 2019; EFSA, 2016). This review builds upon existing literature by integrating ecological, toxicological, and policy perspectives, with a special focus on freshwater fish as a key interface between environmental contamination and human health. 
By synthesizing current evidence across environmental, biological, and regulatory dimensions, this review seeks to contribute to a more comprehensive understanding of microplastic risks from rivers to humans.
2. Sources and Pathways of Microplastics to Freshwater Systems
Microplastics enter freshwater environments through a combination of direct sources and complex anthropogenic pathways that operate across urban, industrial, and agricultural landscapes.
2.1 Sources of Microplastics:
2.1.1. Primary sources: Primary microplastics are intentionally manufactured at microscopic sizes for use in products such as cosmetics, personal care items, industrial abrasives, and biomedical applications. Although bans on cosmetic microbeads have been implemented in several countries, legacy products and industrial uses continue to contribute to environmental loading. These particles enter freshwater systems mainly through wastewater discharge and improper disposal, making them a persistent source despite regulatory controls.
2.1.2. Secondary sources: Secondary microplastics originate from the fragmentation and weathering of larger plastic items such as packaging materials, fishing gear, textiles, and agricultural films. Ultraviolet radiation, mechanical abrasion, and microbial activity accelerate fragmentation, generating diverse particle sizes and shapes.
Secondary microplastics dominate environmental concentrations due to continuous degradation of plastic debris in both terrestrial and aquatic environments.
PATHWAYS:
Wastewater effluents: Waste water treatment plants are major sources of microplastics, especially microfibers, with removal efficiency varying by treatment technology (Liu et al., 2021). Even high-efficiency treatment systems allow residual microplastics to pass into receiving rivers due to large wastewater volumes.
Stormwater and runoff: Rain-induced runoff transfers packaging debris, tire wear, and urban litter into waterways (Kole et al., 2017). This pathway becomes particularly significant during high-intensity rainfall and flood events.
Agricultural sources: Plastic mulching, sludge application, and fertilizer packaging contribute to MPs entering rivers via runoff and drainage (Corradini et al., 2019).
Intensive farming near riverbanks increases the likelihood of direct microplastic transfer to freshwater systems.
Atmospheric deposition: Airborne fibers and fragments settle in water bodies, even in remote areas (Dris et al., 2018). This pathway enables microplastics to bypass conventional waste management routes entirely. These routes converge in riverine fish habitats. Dominant polymer types (PE, PP, PET, PS) mirror global plastic usage patterns (Jiang et al., 2020). As a result, freshwater fish experience continuous and multi-pathway exposure to environmentally prevalent plastic polymers.
These routes converge in riverine fish habitats. Dominant polymer types (PE, PP, PET, PS) mirror global plastic usage patterns (Jiang et al., 2020).
India-specific observations
In India, riverine microplastic contamination reflects rapid urbanization, population density, and inadequate waste management infrastructure. Studies along the Ganga and Yamuna rivers consistently report elevated microplastic concentrations near urban centers, industrial zones, and wastewater discharge points (Kutralam-Muniasamy et al., 2020; Pandey et al., 2023). The Narmada River has also emerged as a significant hotspot, with contamination linked to urban runoff, tourism, and fishing activities (Kumar et al., 2023). Seasonal monsoon flooding intensifies microplastic transport, redistributing particles from catchment soils into river channels and floodplains (Pawak et al., 2024).
2.2. Occurrence of Microplastics in Freshwater Fish
2.2.1 Global patterns
Globally, freshwater fish across trophic levels and habitats ingest microplastics, with fibers and fragments dominating reported particle types. Polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), and nylon are frequently identified, reflecting their widespread use in packaging, textiles, and fishing gear. Advances in analytical techniques since 2020, particularly μ-FTIR and Raman spectroscopy, have improved polymer identification accuracy and comparability across studies (Lin et al., 2023).
Studies from Europe, Asia, and North America indicate that omnivorous and benthic-feeding species often show higher ingestion rates due to their feeding behavior and sediment interaction. Urban and industrial river stretches consistently report elevated microplastic burdens compared to less disturbed catchments.
2.2.2 India’s freshwater species
Indian freshwater species such as Catla catla, Labeo rohita, and Clarias batrachus exhibit measurable microplastic burdens, with reported concentrations ranging from 0.5 to 3.2 particles per gram of tissue (Pandey et al., 2023). The Ganga River basin demonstrates widespread ingestion across trophic guilds, while studies in the Yamuna report polymer dominance by PP and PE (Kutralam-Muniasamy et al., 2020; Sharma & Chatterjee, 2017). Seasonal variability is evident, with higher ingestion rates during monsoon periods due to increased particle availability and resuspension (Gao et al., 2021).
Higher concentrations are often observed near densely populated urban centers and industrial discharge zones, indicating strong anthropogenic influence. Variability among species reflects differences in habitat preference, feeding strategy, and exposure duration.
2.2.3 Tissue distribution
Field studies consistently report the presence of microplastics in the gastrointestinal tract and gills of freshwater fish, reflecting direct exposure under natural environmental conditions. Detection in edible muscle tissue remains inconsistent, often limited to fibers and smaller particles.In contrast, laboratory studies conducted under controlled settings have shown that smaller particles, particularly nanoplastics, can cross biological barriers and reach internal organs such as the liver, brain, and muscle tissue. However, the ecological relevance of these findings depends on environmental particle size distributions and exposure concentrations (Lin et al., 2023; Traylor et al., 2024).
Differences in detection also arise from methodological variability, including digestion protocols and contamination control measures. Consequently, standardized analytical approaches are essential for reliable comparison of tissue-level contamination across studies.
2.3. Toxicological Mechanisms and Effects in Fish
2.3.1 MP exposure harms fish through:
Mechanical damage: Physical abrasion of gut epithelium and gill tissues, leading to inflammation and impaired nutrient absorption. Such damage can compromise barrier integrity, increasing susceptibility to pathogens and secondary infections.
Oxidative stress and inflammation: Elevated reactive oxygen species (ROS), altered antioxidant enzyme activity, lipid peroxidation, and histopathological lesions in liver and gills (Schell et al., 2022). Prolonged oxidative imbalance may impair organ function and reduce overall fitness and survival. 
Endocrine and metabolic disruption: Leaching of plastic additives and sorbed pollutants interferes with hormonal regulation and energy metabolism (Miserli et al., 2023).These disruptions can affect growth, reproduction, and stress-response pathways in exposed fish.
Vectoring of co-pollutants: Microplastics adsorb persistent organic pollutants (POPs) and metals, potentially enhancing bioavailability and toxicity (Pan et al., 2022).
This carrier effect may amplify toxic responses compared to exposure to contaminants alone.
Histopathological damage: Documented liver inflammation, intestinal lesions, and gill structural abnormalities in exposed freshwater species (Qiang & Cheng, 2019).
Such tissue-level damage reflects chronic exposure and cumulative physiological stress.
Behavioural alterations: Zebrafish studies reveal impaired locomotion, altered predator-prey interactions, and reduced learning ability following microplastic exposure (Mattsson et al., 2017). Behavioural changes can indirectly affect survival, foraging efficiency, and reproductive success.
Effect intensity depends on particle size, shape, polymer chemistry, and environmental context; lab-focused mixtures may not fully reflect complex, real-world exposures (Pan et al., 2022; Schell et al., 2022). Most toxicological evidence is derived from laboratory-based exposure studies, which allow controlled evaluation of physiological and cellular responses. However, field-based observations reflect more realistic exposure scenarios, where concentrations are often lower and influenced by environmental variability. Therefore, combining laboratory and field evidence provides a more balanced and accurate understanding of the potential risks associated with microplastic exposure.
2.4 Human Exposure Routes & Biomonitoring
In India, the Ganga and Yamuna rivers exhibit high MP levels, especially near cities and utility discharges (Kutralam-Muniasamy et al., 2020; Pandey et al., 2023). The Narmada River also shows significant MP contamination linked to urban runoff and fishing gear (Kumar et al., 2023).These river systems support large populations and inland fisheries, increasing the likelihood of chronic human exposure through food and water pathways.
2.4.1 Pathways
Humans are exposed to microplastics through multiple routes, including consumption of fish and seafood, drinking water, inhalation of airborne particles, and contact with food packaging materials. Consumption of whole fish, including gastrointestinal contents, results in higher exposure compared with fillet-only consumption (WHO, 2019). Relative contribution of each pathway varies with dietary habits, water treatment efficiency, and environmental contamination levels, making exposure assessment context-specific.
2.4.2 Biomonitoring evidence
Recent studies provide compelling evidence of internal human exposure:
Blood: Detection of polymeric particles confirms systemic circulation (Leslie et al., 2022). This indicates that microplastics can cross epithelial barriers and persist within the human body.
Placenta: Presence of microplastics suggests transplacental transfer (Ragusa et al., 2021). This raises concerns regarding fetal exposure during critical developmental stages.
Arterial plaques: Microplastics and nanoplastics have recently been detected in human arterial plaques, indicating their ability to enter and accumulate within vascular tissues (Marfella et al., 2024). This finding suggests that plastic particles may persist in the circulatory system and could contribute to inflammatory processes, although their exact role in cardiovascular disease requires further investigation. 
These findings underscore internal exposure and potential systemic risks.
However, long-term health implications remain uncertain, emphasizing the need for large-scale epidemiological and mechanistic studies.
2.4.3 Regulatory stance
EFSA and WHO emphasize that current evidence is insufficient for quantitative risk assessment due to methodological variability and limited dose-response data, advocating precautionary risk management (WHO, 2019; EFSA, 2016).

2.5 Analytical Methods & Measurement Challenges
2.5.1 Key methodological issues:
Contamination controls: Needed in field/lab (filtered air, procedural blanks, lab clothing) to reduce fiber contamination. Strict contamination control is essential, as airborne fibers and laboratory materials can easily bias results, particularly when analyzing low-abundance samples.
Particle ID: μ-FTIR and Raman are recommended for particles >20 µm; Py-GC/MS and TED-GC/MS offer mass-based polymer quantification; Nile Red staining is a useful screen but requires spectral confirmation (JRC, 2021).
Combining visual screening with spectroscopic or thermal confirmation improves accuracy and reduces false positives.
Reporting standards: Count/mass metrics, detailed size distributions (<100 µm), polymer classes, and shapes (fibers/fragments) are essential for comparability.
Lack of standardized reporting formats currently limits cross-study comparison and meta-analysis.
Thermal Analysis: Pyrolysis-GC/MS and Thermogravimetric Analysis (TGA)-provide polymer specific chemical fingerprints and quantify MPs, but require sample destruction.
These methods are particularly useful for complex matrices where spectroscopic identification is challenging.
JRC guidance and reference material development are helping standardize practices (JRC, 2021; JRC reference announcements, 2025).
Such harmonization efforts are critical for generating reliable datasets to support risk assessment and policy decisions.

3. Policy & Governance Landscape

3.1  Global treaty process
The UNEA-led Intergovernmental Negotiating Committee (INC) aims to finalize a legally binding global plastics treaty addressing the full lifecycle of plastics, with potential inclusion of microplastic-specific controls (UNEP, 2025).
3.2 European Union
The 2023 REACH restriction on intentionally added microplastics represents a landmark regulatory intervention, complemented by harmonized monitoring guidance (European Union, 2023; JRC, 2021).

3.3 India
India’s Plastic Waste Management Rules (2016) and 2022 EPR and SUP bans indirectly address secondary MP generation, though gaps persist in managing tire wear and microfibers. Basin-level monitoring tied to regulation remains nascent (MoEFCC, 2022; Pandey et al., 2023).Initiatives like the Swachh Bharat Mission and Extended Producer Responsibility(EPR) guidelines reflect a push towards sustainable waste management (KAZA et al.,2018).
3.4 United States
The Microbead-Free Waters Act (2015) banned cosmetic microbeads. Broader interventions focus on textile filters and WWTP upgrades, though federal regulation on MPs is limited (Udovicki et al., 2022).  
3.5 Policy gaps
Secondary MPs textile fibers, tire wear remain underregulated globally. Needed actions include upstream product design, WWTP/laundry filters, operation-clean-sweep, and monitoring/EPR performance linkages (Pan et al., 2022; Udovicki et al., 2022).
3.6 Risk Mitigation Strategies
Infrastructure upgrades: Tertiary and advanced filtration in WWTPs reduce MP discharge; sediment traps in flood-prone areas help capture runoff-bound particles (Liu et al., 2021).
Advanced treatment processes such as membrane filtration and sand filtration improve removal efficiency, particularly for fibers and fragments. Strengthening stormwater management and routine monitoring at WWTP outlets can further limit riverine MP inputs, especially during monsoon events.
Product innovation: Banning intentionally added MPs and promoting low-shedding textiles and circular packaging (JRC, 2025).
Upstream product redesign reduces MP generation at source, particularly from cosmetics, textiles, and packaging. Encouraging eco-design, durable materials, and circular economy practices can significantly lower long-term MP release into freshwater systems.
Consumer behavior: Prefer fillets; use laundry filters; reduce single-use plastics; use filtered drinking water precautionary, especially amid uncertainty (WHO, 2019).
Simple behavioral changes can reduce direct exposure and environmental loading. Public awareness on safer fish consumption practices and microfiber reduction during washing plays a complementary role in mitigation.
Fisheries best practices: Evisceration procedures, reducing gear loss, and implementing take-back schemes reduce fish contamination (Akar et al., 2022).
Improved handling and processing practices minimize contamination of edible tissues, while responsible gear management reduces secondary MP generation in aquatic environments.
4. Research Gaps & Future Priorities
Key priorities include standardized edible tissue analysis, chronic low-dose nanoplastic toxicology, large-scale human biomonitoring, source attribution using polymer fingerprinting, and basin-scale monitoring frameworks for Indian rivers.
1. Standardized edible tissue analysis: Robust, contamination-controlled quantification of MPs/NPs in fish muscle using polymer specific ID (JRC, 2021).
2. Chronic, low-dose NP toxicology: Real-world exposure models incorporating polymer mixture effects (Pan et al., 2022).
3. Large-scale biomonitoring: Epidemiological linkage of MPs in human samples with health outcomes (Leslie et al., 2022; Marfella et al., 2024).
4. Source attribution: Polymer/additive fingerprinting to trace MPs to textiles, tires, packaging; assessing policy efficacy (Kole et al., 2017; Pan et al., 2022).
5. Regional monitoring frameworks: Coordinate MP assessments in basins like Ganga, Narmada, and Godavari to track policy impacts (Pawak et al., 2024; Pandey et al., 2023).
5. Conclusion
Microplastics in freshwater systems constitute a pressing, multi-source environmental health concern. Fish in rivers globally and especially in India are routinely exposed to MPs. Ingestion is well-documented while presence in edible tissue remains uncertain due to methodological differences. Human biomonitoring shows that plastic particles can cross biological barriers and accumulate in tissues; however, health effects remain to be fully delineated. Policies are advancing, moving forward, bridging existing policy gaps and aligning global, regional and national frameworks will be crucial for achieving long-term sustainability. We see bans on intentionally added MPs (EU), EPR initiatives (India), and microbead bans (US) but regulatory gaps on secondary plastics remain. The way forward lies in combining upstream source control, harmonized measurement, improved infrastructure, consumer awareness, and robust research to protect freshwater ecosystems and human health from MP pollution.
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