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Microplastic Toxicity in Biological Systems: Physical Damage, Chemical Pathways, and Health Implications


ABSTRACT
Microplastics (MPs) are considered to be dominant agents responsible for serious contamination in environmental and biological systems. Despite a huge increase in research on these contaminants, there are still considerable uncertainties and progress to be made on the exposure pathways of biological systems, modes of detection, and toxicity assessments.  The ubiquitous presence of microplastics across diverse environmental matrices has emerged as a major ecological concern due to their potential for bioaccumulation and biomagnification within trophic networks. Defined as synthetic plastic polymer particles smaller than 5 mm, MPs are now widely detected in marine, freshwater, terrestrial, and atmospheric systems, where they exert both physical and chemical impacts on organisms. Physically, MPs induce adverse effects through ingestion, entanglement, and obstruction, often causing external abrasions, gastrointestinal blockages, inflammation, and internal organ swelling. These effects are particularly pronounced in aquatic fauna, including invertebrates and vertebrates, as well as in avian species and some marine mammals, which may mistake MPs for food due to their size, color, or texture. Chemically, MPs composed of polymers such as polypropylene, polyethylene, and polystyrene can interfere with physiological processes, while also serving as vectors for residual monomers, plastic additives (e.g., plasticizers, stabilizers), and adsorbed persistent organic pollutants. Once internalized, these substances can disrupt endocrine signalling, impair immune responses, induce reproductive dysfunctions, and cause systemic organ damage, ultimately compromising the health and survival of exposed organisms. This study provides a comprehensive evaluation of the mechanisms by which MPs exert toxicity, examining both their physical structures and chemical constituents, and synthesizes current evidence on organismal responses to microplastic exposure, with the aim of elucidating pathways of toxicity and highlighting broader implications for ecosystem integrity and human health. Addressing microplastic pollution requires coordinated international action, interdisciplinary research, and precautionary policy frameworks to safeguard ecosystems, food security, and human health.
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Fig 1: Graphical abstract image of Physical Damage, Chemical Pathways, and Health Implications of Microplastics in environment.












 
1. INTRODUCTION
Plastic particles smaller than 5 mm, collectively referred to as microplastics (MPs), are synthetic materials of chemical origin that have emerged as a major environmental and public health concern over the past decade. Their rapid and widespread accumulation is largely driven by the excessive and uncontrolled use of plastic-based products, particularly single-use and non-recyclable plastics. Consequently, microplastics are now ubiquitous across terrestrial, aquatic, and atmospheric environments (Thompson et al., 2004; Browne et al., 2007; Zarfi et al., 2011). Microplastics can carry dangerous chemicals and other substances, causing serious health hazards. They can enter the human body through inhalation, ingestion, or skin contact, causing various health hazards, including cell injury, hormone disruption, and cardiovascular disease. On the other hand, these microplastics also significantly impact soil and plant growth, reducing yields and causing other negative consequences for the plants (Kumar et al., 2024). These microplastics can quickly enter the soil and plants, causing drastic changes in the physicochemical characteristics of soil (pH, water retention, nutrient content), microbial community, and fertility, thereby impeding the plant's whole performance and response (Lee et al., 2023; Lalrinfela et al., 2024). 
Based on their origin, microplastics are broadly classified into primary and secondary types. Primary microplastics are intentionally manufactured at microscopic sizes and include cosmetic microbeads, textile microfibres, industrial plastic pellets (nurdles), and decorative glitter. In contrast, secondary microplastics originate from the fragmentation of larger plastic items through physical, chemical, and biological processes. Environmental weathering plays a critical role in this transformation, with factors such as ultraviolet radiation, temperature fluctuations, oxygen exposure, water, and mechanical stress accelerating plastic degradation. Photodegradation weakens polymer bonds, thermal and mechanical stress enhance fragmentation, and chemical oxidation and microbial activity further break down plastic materials (Jahnke et al., 2017; Kin et al., 2021). Since zooplanktonic grazers are a key component of the food web for higher trophic level animals, it is imperative to distinguish the detrimental impacts of MPs on the basic trophic level via biomagnification. MPs are dispersed at varying trophic levels via bioaccumulation within the body, and microplastic levels can rise to higher trophic levels. Additionally, MPs can infect humans via the food chain. Thus, it suggests that people might be most negatively affected by the toxicity of microplastics. The absorption of toxins from the environment, such as organochlorine (OC) pesticides like Dichlorodiphenyltrichloroethane (DDT) (Kumar et al., 2024; Snehamayee et al., 2026).
Microplastics pose serious physical hazards to living organisms at the organ, tissue, and cellular levels. Many terrestrial, aquatic, and aerial species ingest microplastic fragments inadvertently. Once ingested, sharp or rigid particles can cause choking, gastrointestinal blockage, inflammation, impaired nutrient absorption, and esophageal damage, which may interfere with respiration and even prove fatal in severe cases (Kin & Hong, 2022; de Oliveira et al., 2024).
Beyond physical injury, microplastics also present significant chemical risks. They are composed of polymers such as polyethylene, polypropylene, and polystyrene, and often contain additives like bisphenol A and phthalates. Furthermore, microplastics act as vectors for persistent pollutants, including heavy metals and petroleum-derived compounds, amplifying toxicity after ingestion. Poor waste management practices, particularly open landfilling, exacerbate contamination through leachate-mediated transport of plastic-associated chemicals into soil and water systems (Tourinho et al., 2022).
Microplastics undergo trophic transfer, moving through food webs as contaminated organisms are consumed by higher trophic levels, ultimately reaching humans. Additionally, plastic combustion releases toxic by-products such as dioxins, contributing to respiratory, neurological, endocrine, and reproductive disorders (Gouin, 2022).
Overall, microplastics exert a dual threat: direct physical damage due to their size and shape, and indirect chemical toxicity through pollutant transport and release. Understanding these mechanisms of interaction and toxicity forms the central focus of this chapter, providing insight into their broader ecological and human health implications.
2. OVERVIEW OF MICROPLASTIC-INDUCED HARM
Low-density microplastics (MPs) persist in surface waters and primarily accumulate in surface feeders, plankton, and filter-feeding organisms. In contrast, high-density microplastics settle into sediments, affecting corals, benthic invertebrates, and bottom-feeding fish. Both types are widely dispersed and can undergo trophic transfer as contaminated organisms are consumed by higher trophic levels, including humans (Hale et al., 2020).
The toxicological impacts of MPs have been extensively studied using both in vitro systems (Hwang et al., 2020; Choi et al., 2021; Stock et al., 2021) and in vivo models (Jin et al., 2019; Akhbarizadeh et al., 2018; Oliviero et al., 2019; Mateos-Cárdenas et al., 2019; Devriese et al., 2017; Santana et al., 2018; Li et al., 2020), demonstrating adverse effects on biota, consumers, food chains, and ecosystems. In humans, experimental studies have detected microplastics in stool, colectomy tissues, placenta, and meconium, highlighting potential health risks from environmental exposure (Wibowo et al., 2021; Ibrahim et al., 2021a; Braun et al., 2021).
2.1. TRANSITION FROM ENVIRONMENTAL PRESENCE TO BIOLOGICAL IMPACT
The widespread occurrence of microplastics (MPs) and nanoplastics (NPs) across aquatic, terrestrial, and atmospheric environments has raised concerns regarding their translation into measurable biological effects. Evidence across trophic levels indicates a multistep toxicity continuum involving environmental weathering and pollutant sorption, organismal exposure and uptake, translocation and retention, molecular and tissue-level disturbances, and finally, organismal dysfunction (Anbumani and Kakkar, 2018; Zhang et al., 2022).
Environmental weathering alters particle size, surface chemistry, and adsorption potential, enhancing the bioavailability of hydrophobic pollutants and metals associated with MPs. These particles can act as vectors, modifying dose and chemical speciation delivered to tissues (Wang et al., 2020; Al Harraq et al., 2022). Mammalian in vivo studies confirm gastrointestinal and respiratory uptake, systemic distribution to organs including liver, kidneys, and brain, and associated metabolic disruptions, particularly in lipid and energy metabolism (Stock et al., 2019; Yong et al., 2020; Florance et al., 2022; Tao et al., 2024; Fröhlich, 2024; Chen et al., 2024; Borgatta and Breider, 2024; Kim et al., 2025). Placental transfer of nanosized plastics has also been reported in animal models and human tissues, raising concerns regarding fetal exposure (Syvänen, 2024; Zurub, 2024).
At the cellular and molecular level, MPs induce oxidative stress via reactive oxygen species generation and activate inflammatory pathways such as NF-κB signaling, resulting in cytotoxicity, barrier disruption, and altered cell fate (Umamaheswari et al., 2021; Wang et al., 2022; Zhang et al., 2024; Zeng et al., 2024; Zhang et al., 2025). Microplastic–microbiome interactions disrupt gut microbial composition and immune signaling, amplifying toxicity (Wang et al., 2022; Liu et al., 2022). Overall, MP toxicity depends on particle size, surface properties, dose, and co-contaminant load, with smaller particles often producing disproportionately high biological effects (Verla et al., 2019; Dong et al., 2020; Rubin et al., 2023; Cui et al., 2023; Papac et al., 2023; da Silva Brito et al., 2023).
2.2. MICROPLASTIC FORMS RELEVANT TO TOXICITY
Microplastics occur as fibres, films, fragments, spheres or beads, foams, and irregular shapes, which strongly influence their environmental behavior, bioavailability, and ecotoxicological effects (Rosal, 2021). Comparative studies in invertebrates (e.g., Daphnia magna) and fish larvae indicate that fragments and films adhere more readily to biological surfaces and environmental substrates than spherical particles of equivalent mass, increasing physical interference such as gut blockage and tissue abrasion (Schrank et al., 2019; Karami et al., 2017).
Fibres pose particular risks to filter-feeding and benthic organisms due to their high aspect ratio, which facilitates entanglement with gills and digestive tracts, leading to prolonged retention, tissue damage, reduced feeding efficiency, and energetic stress (Bonello et al., 2018; Fraissinet et al., 2024; Bhuyan et al., 2021; Pathania, 2025). Environmental weathering amplifies toxicity by increasing surface area and promoting the adsorption of hydrophobic pollutants and metals. Meta-analyses indicate that much of microplastic-induced toxicity arises from chemical leachates and co-contaminant transport rather than physical damage alone (Al Harraq et al., 2022). Mammalian in vivo studies confirm that nanoplastics can cross epithelial barriers, accumulate in internal organs, and induce oxidative and inflammatory responses at lower doses than larger particles, emphasizing the importance of particle size and morphology in biological impact (Rubio et al., 2020).
3. MECHANISMS OF PHYSICAL INTERACTION
Direct physical interactions between microplastics (MPs) and living organisms cause substantial biological damage across multiple taxa. Owing to their diverse morphologies, MPs can abrade epithelial tissues, adhere to gill surfaces, and accumulate within digestive tracts, leading to mechanical blockage, tissue injury, and impaired nutrient absorption (Hamed et al., 2021; Ammar et al., 2022). These physical interferences disrupt feeding efficiency, energy allocation, and normal physiological processes, often triggering inflammatory responses, oxidative stress, and behavioural alterations (Sarasamma et al., 2020). Collectively, these findings underscore the inherent capacity of morphologically diverse microplastics to induce biological harm independent of their chemical composition.
3.1. INGESTION AND INTERNAL BLOCKAGE: A CROSS-SPECIES PHENOMENON
Ingestion is recognized as a primary route through which microplastics interact biologically with organisms, establishing MPs as pervasive stressors across aquatic, terrestrial, and even aerial ecosystems (Manikandan et al., 2024). Both experimental and field-based studies across a broad taxonomic spectrum—from invertebrates to vertebrates—consistently report accidental ingestion followed by gastrointestinal accumulation and blockage as common consequences of MP exposure (Lusher et al., 2020; Adhikari et al., 2022; da Costa Araújo & Malafaia, 2021). Retention of MPs within the digestive tract often results in reduced nutrient absorption, stunted growth, altered behaviour, and compromised fitness.
Non-selective feeders, particularly filter-feeding invertebrates such as Daphnia magna, bivalves, and amphipods, exhibit heightened vulnerability to MP ingestion. Controlled exposure experiments using polyethylene and polystyrene fragments at environmentally relevant concentrations reveal gut congestion, reduced feeding efficiency, and energetic deficits. Histopathological analyses further demonstrate MP accumulation in the midgut and hepatopancreas, causing epithelial abrasion and inflammatory responses (Khan & Rountos, 2025).
Comparable ingestion-related impacts have been documented in vertebrate models. In zebrafish (Danio rerio) larvae, exposure to microplastic fragments smaller than 100 µm results in prolonged gut retention, delayed intestinal transit, reduced growth rates, and increased tissue translocation (Lei et al., 2018; Qiao et al., 2019; Batel et al., 2020; McIlwraith et al., 2021; Kim et al., 2022; Cattaneo et al., 2023). In juvenile rainbow trout (Oncorhynchus mykiss), exposure to microfibres induces physical obstruction in the stomach and pyloric regions, accompanied by disrupted lipid metabolism and elevated oxidative stress markers in hepatic tissues (Şener et al., 2025).
Field observations strongly corroborate laboratory findings. Studies on seabirds, including northern fulmars and shearwaters from polluted regions, frequently report plastic fibres and fragments constituting a substantial proportion of stomach contents (Provencher et al., 2019; Lavers et al., 2019; Puškic et al., 2024). Compaction of MPs within the proventriculus impairs digestion and body condition (Azam, 2025). Similar ingestion-related gut blockages have been reported in marine turtles, directly linking environmental exposure to physiological stress and reduced survival (Duncan et al., 2019; Biagi et al., 2021; Firouzi, 2025).
3.2. MORPHOLOGICAL TRIGGERS: SIZE, COLOR, TEXTURE, AND BUOYANCY
Particle morphology plays a decisive role in shaping the biological interactions of microplastics, with size, color, surface texture, and buoyancy acting as key determinants of ingestion, retention, and toxicity (Xiong et al., 2019; Kumar et al., 2021; Shahriar et al., 2024). Experimental and field-based evidence consistently demonstrates that these physical attributes strongly influence organismal uptake, often overriding chemical cues during feeding.
Laboratory exposure studies involving filter-feeding invertebrates and early life-stage fishes indicate preferential ingestion of smaller microplastics (<100 µm) by organisms such as Daphnia magna and zebrafish larvae. These particles exhibit higher gut retention and increased potential for trans-epithelial translocation compared to larger fragments. Conversely, larger particles (>500 µm) are less likely to translocate but frequently cause gastrointestinal obstruction and mechanical abrasion in both pelagic and benthic feeders (Scherer et al., 2017; Zhang et al., 2021; Cheng et al., 2024).
Particle color further influences selective ingestion, as many aquatic organisms visually mistake brightly colored MPs for prey items. Fish and seabirds demonstrate higher ingestion rates of red, blue, and green particles, shaping exposure profiles and downstream toxicological outcomes. Surface texture also modulates biological effects; rough, jagged fragments induce greater epithelial abrasion and inflammatory responses than smooth spherical particles, which tend to pass more readily through the digestive tract. Buoyancy governs environmental distribution and exposure probability, with low-density MPs disproportionately affecting pelagic feeders and high-density particles posing elevated risks to benthic organisms. Collectively, these findings highlight morphology as a critical determinant of microplastic uptake and toxicity, reinforcing its importance in ecological risk assessment.
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Fig 2: Stereomicroscopic images of environmental microplastics of varios morphologies and colours A: Tangled filaments, B: Fibers, C: Foam, D: Film of irregular shape. Reflecting morphological triggers: size, color, texture, and buoyancy 
3.3. SPECIFIC VULNERABILITIES: INVERTEBRATES, FISH, BIRDS, AND MAMMALS
Growing experimental and field-based evidence indicates that microplastics are pervasive across aquatic and terrestrial ecosystems, exerting species-specific and ecosystem-level impacts. Mora-Teddy et al. (2024) investigated MP pollution using benthic mesocosms under a multiple-stressor framework, demonstrating that MP concentration and particle size significantly influenced invertebrate drift patterns. Taxa such as Hydrobiosidae, Deleatidium spp., Potamopyrgus antipodarum, and Archichauliodes diversus exhibited differential susceptibility, with combined exposure to MPs and fine sediments amplifying ecological effects.
Similarly, Sfriso et al. (2024) conducted microcosm experiments exposing benthic invertebrates to polypropylene and polyester MPs, observing significant accumulation across taxa, altered feeding behaviour, reduced growth, and shifts in community composition. Their findings further revealed that MPs facilitate pollutant transfer within food webs, intensifying trophic-level risks.
Field investigations reinforce these experimental outcomes. In the German Wadden Sea, MPs were detected in sediments and biota across multiple sites, with high prevalence in Arenicola marina, Littorina littorea, Mytilus edulis, and Platichthys flesus, confirming widespread food-web integration. Along the KwaZulu-Natal coast of South Africa, Iwalaye et al. (2020) reported extensive MP ingestion by marine invertebrates, particularly during the wet season, with fibres dominating and correlating with reduced feeding efficiency and physical injury.
Studies from India further document MP contamination in commercially important species. while Patel et al. (2025) documented high MP loads in ginger prawns from Gujarat. In freshwater systems, Pace et al. (2025) identified MP accumulation in benthic macroinvertebrates across Portuguese rivers irrespective of ecological quality status, suggesting widespread contamination beyond urban influences.
Beyond aquatic organisms, MPs are increasingly reported in birds, reptiles, amphibians, and mammals. Tatlı et al. (2025) observed MP accumulation in approximately half of the bird species examined in Turkey, while non-invasive fecal analyses in urban birds from Mexico City confirmed routine exposure. Seabird studies further demonstrate that MPs act as vectors for persistent organic and inorganic pollutants, generating complex contaminant mixtures in tissues and disrupting gut microbiomes.
Collectively, these studies demonstrate that microplastics permeate ecosystems globally, spanning freshwater, marine, and terrestrial environments and multiple trophic levels. Although community-level effects may not always be immediately apparent, cumulative exposure, species-specific sensitivity, and interactions with co-occurring stressors pose substantial ecological risks. This growing body of evidence underscores the urgent need for standardised monitoring frameworks, long-term ecological studies, and effective mitigation strategies to address the complex impacts of microplastic pollution.
Table 1. Physical interactions and organism-specific impacts of microplastics across taxonomic groups
	Taxonomic group / species category
	Primary exposure route
	Dominant microplastic type
	Target organ/system
	Mode of physical interaction
	Observed physical damage
	Ecological / functional consequence
	Key references

	Zooplankton
	Ingestion
	Spheres, fragments
	Digestive tract
	Particle ingestion exceeding gut capacity
	Gut blockage, reduced food intake
	Decreased feeding efficiency, altered energy balance
	Manikandan et al., 2024

	Benthic invertebrates (e.g., polychaetes)
	Ingestion, sediment contact
	Fibres, fragments
	Gut, body wall
	Retention and abrasion
	Intestinal lesions, tissue irritation
	Reduced growth and burrowing activity
	Sfriso et al., 2024

	Bivalves (e.g., mussels, oysters)
	Filter feeding
	Fibres, fragments
	Gills, digestive gland
	Gill entanglement, filtration interference
	Gill abrasion, impaired filtration
	Reduced respiration and feeding capacity
	Cesarini et al., 2023

	Crustaceans (e.g., shrimp, copepods)
	Ingestion
	Fragments, fibres
	Gut, hepatopancreas
	Mechanical abrasion
	Gut inflammation, epithelial damage
	Impaired digestion and nutrient uptake
	Jayakumari et al., 2025

	Fish (juvenile and adult)
	Ingestion
	Fragments, fibres, films
	Gastrointestinal tract, liver
	Blockage and prolonged retention
	Intestinal injury, altered gut morphology
	Reduced growth and condition factor
	Kim et al., 2022

	Amphibians (larvae)
	Ingestion
	Fibres, fragments
	Gut
	Physical obstruction
	Gut blockage, inflammation
	Delayed development and reduced survival
	Ammar et al., 2022

	Seabirds
	Ingestion
	Fibres, fragments
	Proventriculus, gizzard
	Accumulation and compaction
	Gut compaction, false satiation
	Reduced food intake and body condition
	Puskic et al., 2025

	Mammals (experimental models)
	Ingestion, inhalation
	Micro- and nanoplastics
	Gut, lungs
	Mechanical irritation
	Tissue irritation, inflammatory lesions
	Altered physiological homeostasis
	Fröhlich, 2024


4. CHEMICAL PATHWAYS OF TOXICITY
Microplastic contamination is now widely recognized as a pervasive and persistent ecological toxicant affecting a broad spectrum of aquatic and terrestrial organisms, with far-reaching ecological and toxicological consequences. Weis and Alava (2023) highlighted the environmental persistence, bioaccumulation potential, and widespread occurrence of microplastics across diverse aquatic taxa, underscoring their global ecological relevance. 
4.1. POLYMERS AND ADDITIVES: TOXIC AGENTS WITHIN
Beyond their physical presence, microplastics function as vectors for plastic additives, heavy metals, and persistent organic pollutants (POPs), forming complex contaminant assemblages that amplify toxicological risks to exposed organisms (Gallo et al., 2018; Verla et al., 2019).
Recent methodological and analytical advances have substantially improved the detection, quantification, and characterization of microplastics and their associated chemical burdens. 
Chen et al. (2022) comprehensively reviewed emerging analytical techniques for identifying chemical additives sorbed to microplastic fibers and demonstrated strong links between additive exposure and oxidative stress, endocrine disruption, and metabolic dysregulation. 
4.2. ADSORPTION AND TRANSFER OF ENVIRONMENTAL POLLUTANTS
Using food-web and fate-based modeling approaches, Gouin and Whalen (2024) demonstrated the potential for trophic transfer and bioaccumulation of additive-laden microplastics across multiple ecological levels. Complementary studies by U et al. (2024) and Iftikhar et al. (2024 further revealed environmentally driven release dynamics of plastic-associated chemicals and pronounced spatial exposure gradients across freshwater, marine, and terrestrial ecosystems.
Field-based monitoring studies consistently indicate that microplastic exposure is particularly pronounced in urbanized, industrialized, and densely populated regions. Environmentally realistic microplastic concentrations have been shown to disrupt the gut microbiome of seabirds, reducing beneficial microbial taxa while increasing pathogen susceptibility and inflammatory responses (Fackelmann et al., 2023). Similarly, predatory species inhabiting coastal and near-urban environments often exhibit elevated microplastic burdens, reflecting localized anthropogenic inputs and biomagnification through trophic pathways.
Collectively, these findings confirm that microplastics are ubiquitous, bioaccumulative, chemically active, and capable of inducing sublethal physiological, biochemical, and microbiome-level disturbances. This growing body of evidence underscores the urgent need for mechanistic toxicological studies, standardized monitoring frameworks, and targeted mitigation strategies to reduce microplastic exposure in both human-dominated landscapes and ecologically sensitive regions worldwide.
Table 2. Chemical contaminants associated with microplastics (MPs), their sources, interaction mechanisms, and reported biological effects
	Chemical Category
	Representative Compounds
	Associated Polymer Type
	Source of Chemical
	Mechanism of Association with MPs
	Primary Mode of Toxic Action
	Reported Biological Effect
	Key References

	Plasticizers
	Phthalates (DEHP, DBP)
	PVC
	Intentionally added during manufacture
	Leaching from polymer matrix
	Endocrine disruption
	Reproductive and developmental toxicity
	Gorini et al., 2025

	Bisphenols
	BPA, BPS
	Polycarbonate, epoxy resins
	Residual monomers/additives
	Diffusion from polymer structure
	Hormone receptor interference
	Altered endocrine signaling, metabolic disturbance
	Chen et al., 2022

	Flame retardants
	PBDEs, HBCD
	Polystyrene, polyurethane
	Fire-retardant additives
	Gradual release during aging
	Neurotoxicity, oxidative stress
	Impaired neurological and developmental functions
	Kramer et al., 2024

	Persistent organic pollutants (POPs)
	PAHs, PCBs
	Mixed polymers
	Environmental contamination
	Hydrophobic surface adsorption
	Genotoxicity, carcinogenicity
	DNA damage, mutagenesis
	Wang et al., 2021

	Heavy metals
	Cd, Pb, Hg
	Mixed polymers
	Environmental sorption from water/sediments
	Electrostatic attraction and surface complexation
	Enzyme inhibition
	Organ dysfunction, oxidative stress
	Chen et al., 2025

	Pharmaceuticals & personal care products (PPCPs)
	Antibiotics, analgesics
	Mixed polymers
	Wastewater effluents
	Adsorption onto MP surface
	Metabolic and microbial disruption
	Altered gut microbiome and organismal physiology
	Iftikhar & Zhang, 2024



4.3. Leaching Dynamics: Release of Plasticizers, Stabilizers, and Monomers
Microplastics pose not only physical hazards but also substantial chemical risks due to the release of plastic-associated additives and residual monomers into environmental compartments. During plastic manufacturing, various additives including plasticizers, stabilizers, flame retardants, antioxidants, and pigments—are incorporated to improve polymer flexibility, durability, and resistance to environmental stress (Lithner et al., 2011; Hermabessiere et al., 2017). Once plastics enter aquatic or terrestrial ecosystems and fragment into microplastics (MPs), these additives are no longer chemically bound to the polymer backbone and can gradually leach into surrounding media (Teuten et al., 2009; Wang et al., 2019).
Leaching occurs primarily through diffusion, desorption, and polymer degradation processes that are strongly influenced by environmental factors such as ultraviolet (UV) radiation, temperature fluctuations, salinity, pH, mechanical abrasion, and microbial activity (Rochman et al., 2013; Zhang et al., 2022). Experimental studies demonstrate that environmental weathering significantly accelerates additive release; for example, UV aging increases polymer oxidation and fragmentation, thereby enhancing the release of phthalates and bisphenols from polyethylene and polystyrene MPs (Hermabessiere et al., 2017; Chen et al., 2022). Simulated wave action and thermal stress further amplify chemical emissions, particularly from low-crystallinity polymers (Wang et al., 2019).
Leaching dynamics are highly dependent on polymer type, additive chemistry, particle size, and surface area. Smaller MPs exhibit disproportionately higher leaching rates due to their elevated surface-area-to-volume ratios, while amorphous polymers generally release additives more rapidly than crystalline plastics (Teuten et al., 2009; Verla et al., 2019). Environmental parameters such as elevated temperature, increased salinity, and acidic pH further enhance additive mobility (Wang et al., 2019; Zhang et al., 2022). Recent methodological advances, including accelerated weathering experiments, dynamic leaching models, and passive sampling techniques, have improved environmentally realistic estimates of additive release from MPs (Chen et al., 2022; Gouin and Whalen, 2024).
Collectively, these findings demonstrate that MPs function as mobile, long-term reservoirs of hazardous chemicals, continuously releasing biologically active compounds into ecosystems and facilitating chemical exposure across trophic levels (Gallo et al., 2018; Verla et al., 2019). This chemical dimension substantially amplifies the ecological and toxicological relevance of MP pollution and highlights the necessity for integrated chemical monitoring and biological impact assessments.
5. PHYSIOLOGICAL AND MOLECULAR DISRUPTIONS
Microplastics and their leachates,  upon exposure with organisms causes serious disturbances at the physiological, biochemical and molecular levels. When ingested or engulfed by aquatic and marine biota, microplastics interfere with digestion, slow down the nutrient absorption and alter their feeding patterns. Due to this, a reduction in growth, fertility, and survival rates is often observed (Anbumani and Kakkar, 2018). Some of the key damaging players are oxidative stress and metabolic abnormalities, where lipid and energy metabolism are mostly altered (Stock et al. al., 2019;Yong et al., 2020).
At the cellular level, microplastic particles (MPs) and chemicals made from plastics damage membrane integrity, disrupt the work of mitochondria and interfere with enzyme activity. This leads to overproduction of reactive oxygen species (ROS) and imbalance in redox homeostasis (Umamaheswari et al., 2021; Wang et al., 2022). Prolonged exposure activates inflammation-associated signaling pathways such as NF-κB, increases lysosomal dysfunction, and may lead to apoptosis or necrosis in affected tissues (Zhang et al., 2024; Zeng et al., 2024).
At the molecular level, transcriptomic and proteomic analyzes uncover extensive transcriptional reprogramming after exposure to MP. Liu et al. (2022) demonstrated in their experimental studies that the interaction of MPs is related to elevated expression of genes responsible for stress and inflammation. While genes associated with antioxidant defence tend to be suppressed, suggesting an altered cellular regulatory balance.
Experimental and filed studies on aquatic organism and mammalian models demonstrated that phthalates, bisphenol A (BPA), and brominated flame retardants are some Important disruptors of endocrine system, leached from MPs which impairs the hormone receptor signaling,  and mostly causes reproductive anomalies, developmental deficiencies, metabolic dysfunctions, and immune toxic impacts in mammalian models (Rochman et al., 2013; Verla et al., 2019; Fröhlich, 2024).
In a nutshell, the above statement reflects the biologically active stressors nature of MPS which having potential to cause systemic, cellular, and molecular toxicity.
Exposure to microplastics and their leachates induces a wide range of physiological, biochemical, and molecular disturbances across taxa. In aquatic organisms, ingestion of MPs impairs digestive efficiency, disrupts nutrient absorption, and alters feeding behavior, often resulting in reduced growth, compromised reproductive capacity, and decreased survival (Anbumani and Kakkar, 2018). These effects are frequently associated with oxidative stress and metabolic dysregulation, including alterations in lipid and energy metabolism (Stock et al., 2019; Yong et al., 2020).
At the cellular level, MPs and plastic-derived chemicals compromise membrane integrity, disrupt mitochondrial function, and interfere with enzyme activity, leading to excessive production of reactive oxygen species (ROS) and loss of redox homeostasis (Umamaheswari et al., 2021; Wang et al., 2022). Chronic exposure activates inflammatory signaling pathways such as NF-κB, promotes lysosomal dysfunction, and induces apoptosis or necrosis in exposed tissues (Zhang et al., 2024; Zeng et al., 2024).
At the molecular scale, transcriptomic and proteomic analyses reveal extensive transcriptional reprogramming following MP exposure. Stress-responsive and inflammatory genes are upregulated, while antioxidant defense pathways and metabolic genes are frequently suppressed (Liu et al., 2022). Importantly, endocrine-disrupting chemicals leached from MPs—such as phthalates, bisphenol A (BPA), and brominated flame retardants—interfere with hormone receptor signaling, leading to reproductive abnormalities, developmental defects, metabolic disorders, and immunotoxic effects in both aquatic organisms and mammalian models (Rochman et al., 2013; Verla et al., 2019; Fröhlich, 2024).
Overall, these findings demonstrate that MPs are not inert particles but biologically active stressors capable of inducing systemic, cellular, and molecular toxicity. The combined effects of physical injury and chemically mediated disruption underscore the complex nature of MP toxicity and raise serious concerns regarding their long-term implications for ecosystem integrity and human health (Gallo et al., 2018; Zhang et al., 2022).
5.1. ENDOCRINE INTERFERENCE AND HORMONAL IMBALANCES
The persistence, bioaccumulation, and biological activity of microplastics (MPs) and their associated chemical additives have emerged as major environmental and human health concerns (Yong et al., 2020; Leslie et al., 2022). Increasing evidence indicates that MPs disrupt reproductive health, oxidative balance, and endocrine function across multiple biological models (Diamanti-Kandarakis et al., 2009; Chen et al., 2022). In male Wistar rats, exposure to polyethylene microplastics (PE-MPs) significantly increased kallikrein-3 levels while reducing free triiodothyronine (T3), total cholesterol, and antioxidant defenses including superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and ascorbic acid, accompanied by elevated lipid peroxidation (Kehinde et al., 2024). Partial recovery following naringin co-administration highlights oxidative stress as a central mechanism underlying MP-induced endocrine toxicity (Kehinde et al., 2024).
Synergistic toxicity has been reported under co-exposure conditions. Combined exposure to PE-MPs and bisphenol A (BPA) in MLTC-1 mouse Leydig cells and zebrafish resulted in reduced cell viability, increased apoptosis, and suppressed steroidogenesis, indicating that MPs enhance the endocrine-disrupting effects of co-existing contaminants (Chen et al., 2022). 
Human relevance is underscored by the detection of microplastics in umbilical cord blood and placenta, where exposure has been associated with altered haematological and biochemical parameters, suggesting maternal–fetal transfer (Ragusa et al., 2021; Leslie et al., 2022). Collectively, these findings demonstrate that MPs act as biologically active chemical carriers rather than inert debris, necessitating standardized toxicological evaluation.
5.2. IMMUNOLOGICAL STRESS AND INFLAMMATORY RESPONSES
Exposure to microplastics in aquatic and mammalian organisms consistently induces oxidative stress, immune activation, and organ-specific pathology (Jin et al., 2018; Yong et al., 2020). Elevated reactive oxygen species (ROS), lipid peroxidation, and reduced antioxidant enzyme activity (SOD, CAT, GST) have been reported as early toxic responses in fish and rodents (Deng et al., 2021; Liu et al., 2023).
Polyethylene and polystyrene MPs activate innate immune pathways, including NF-κB signalling and NLRP3 inflammasome activation in fish gills (Jin et al., 2018; Deng et al., 2021). Inhalation exposure in mammals triggers TLR–MyD88–NF-κB signaling and systemic cytokine release, promoting chronic inflammation (Block & Calderón-Garcidueñas, 2009). In the kidney, polystyrene MPs induce endoplasmic reticulum (ER) stress, which interacts with inflammatory cascades to promote apoptosis and nephrotoxicity (Liu et al., 2023).
Organ-level outcomes include gill mucosal damage, disruption of the gut–liver axis, hepatopancreatic injury in fish, myocardial inflammation, and oxidative damage in skeletal muscle (Jin et al., 2018; Yong et al., 2020). In vitro studies using human cell lines further confirm ROS and nitric oxide overproduction following MP exposure (Leslie et al., 2022).
5.3. REPRODUCTIVE DYSFUNCTIONS AND DEVELOPMENTAL DELAYS
Accumulating evidence indicates that micro- and nanoplastics (MNPs) adversely affect reproduction and development across taxa through shared biological pathways (Yong et al., 2020; Liu et al., 2023). Oxidative stress is among the earliest responses, characterized by ROS overproduction and weakened antioxidant defences in reproductive tissues, which subsequently activate inflammatory pathways such as TLR4 and NLRP3 inflammasomes (Deng et al., 2021).
In mammals, these processes disrupt ovarian energy metabolism, accelerate follicular depletion, and impair spermatogenesis via mitochondrial dysfunction and ER stress (Liu et al., 2023). Females often exhibit altered estrogen levels and mitochondrial damage in oocytes, while males show reduced sperm motility, abnormal morphology, and hormonal imbalance linked to disruption of the gut–testis axis (Chen et al., 2022; Kehinde et al., 2024). Aquatic organisms such as zebrafish display reduced fertility, impaired gametogenesis, and embryonic abnormalities following MP exposure (Jin et al., 2018).
Developmental toxicity is particularly concerning, as early-life exposure disrupts endocrine signaling, delays embryogenesis, and may induce transgenerational effects (Ragusa et al., 2021). Emerging human epidemiological data further associate MNP exposure with reduced fertility outcomes (Leslie et al., 2022).
5.4. CELLULAR AND ORGAN-LEVEL PATHOLOGIES
Micro- and nanoplastic exposure has been increasingly linked to systemic dysfunction through interconnected cellular stress mechanisms (Yong et al., 2020). MPs have been detected in multiple human tissues, including reproductive organs, confirming whole-body distribution following ingestion and inhalation (Leslie et al., 2022).
Early developmental stages are particularly vulnerable. Maternal–infant studies demonstrate placental transfer of microplastics, with the highest concentrations detected in meconium, followed by placenta and umbilical cord blood, indicating prenatal exposure (Ragusa et al., 2021). At the cellular level, MNPs induce oxidative stress, ferroptosis, mitochondrial damage, ER stress, and iron metabolism disruption, accompanied by activation of Toll-like receptors and inflammasomes (Deng et al., 2021; Liu et al., 2023).
Reproductive tissues are especially sensitive, as inflammation and oxidative damage interfere with hormone signaling, follicular integrity, and gamete development (Chen et al., 2022; Kehinde et al., 2024). Similar mechanisms operate in aquatic organisms, enabling trophic transfer and population-level effects (Wang et al., 2020).
6. CROSS-COMPARTMENTAL TRANSFER AND BIOACCUMULATION
The cross-compartmental movement and bioaccumulation of MNPs represent a major concern in environmental toxicology (Wang et al., 2020). Once released, MNPs disperse through terrestrial, freshwater, marine, and atmospheric compartments via river transport, atmospheric deposition, and food-web transfer (Yong et al., 2020). Their small size and surface reactivity facilitate uptake, tissue retention, and accumulation in organs such as the intestine, liver, kidneys, and reproductive tissues, with growing evidence of placental transfer (Ragusa et al., 2021).
Bioaccumulation and biomagnification through food webs increase long-term exposure risks, particularly for higher trophic-level organisms, including humans (Wang et al., 2020; Leslie et al., 2022). This systemic circulation distinguishes MNPs from many conventional pollutants and highlights their potential for widespread ecological and human health impacts.
6.1 TROPHIC MOVEMENT: FROM INGESTION TO HIGHER ORGANISMS
The cross-compartmental movement and bioaccumulation of microplastics (MPs) represent a major environmental challenge due to their persistence and mobility across aquatic, terrestrial, and atmospheric systems (Yong et al., 2020; Wang et al., 2020). Microplastics circulate through atmospheric deposition, sediment resuspension, surface runoff, and riverine transport before accumulating in biofilms and organisms across food webs (Allen et al., 2019; Wright & Kelly, 2017). Rivers and estuaries play a central role in linking land-based plastic sources to marine environments, enabling long-distance and transboundary transport of particles (Lebreton et al., 2017).
Bioaccumulation occurs when organisms ingest and retain MPs and their associated additives, with exposure increasing as particles move through food chains from invertebrates to higher vertebrates (Wang et al., 2020). Both field and laboratory studies demonstrate that exposure pathways include direct ingestion, uptake from surrounding water, and dietary transfer, with species-specific feeding strategies strongly influencing accumulation patterns (Wright et al., 2013; Au et al., 2017). Once ingested, MPs may cross epithelial barriers and enter circulation, accumulating in tissues and organs such as the gills, liver, and gastrointestinal tract in fish, reflecting organ-specific vulnerability (Jin et al., 2018; Yong et al., 2020).
Predators consuming contaminated prey experience elevated exposure, amplifying ecological risk at higher trophic levels (Wang et al., 2020). In aquaculture systems, MPs infiltrate controlled environments, raising concerns about seafood safety and human dietary exposure (Smith et al., 2018). Moreover, MPs act as vectors for co-pollutants, including heavy metals and persistent organic pollutants, further compounding toxicity (Rochman et al., 2013; Brennecke et al., 2016). Recent synthesis studies indicate that these combined exposures drive oxidative stress, endocrine disruption, and food-web alterations across ecosystems (Yong et al., 2020; Deng et al., 2021).
6.2. ACCUMULATION PATTERNS ACROSS ECOSYSTEMS
Microplastic particles readily cross environmental boundaries and accumulate in ecological “hotspots” through interacting physical, chemical, and biological processes (Koelmans et al., 2017; Besseling et al., 2019). Consistent accumulation has been documented in coastal zones, estuaries, mangroves, seagrass meadows, and river systems (Li et al., 2018; Martin et al., 2020). Hydrodynamic forces such as tides, currents, and river flow interact with particle traits—including size, shape, density, and surface aging—and with biological processes such as biofouling and ingestion, determining whether MPs remain suspended, are transported long distances, or settle into sediments (Kooi et al., 2017).
Land–sea interface habitats often show pronounced enrichment. Mangrove ecosystems trap MPs due to fine sediments, tidal inundation, and high organic matter content, leading to elevated concentrations across tidal gradients (Martin et al., 2020). Vegetated systems such as seagrass and eelgrass meadows function as long-term sinks, where plant structure and sediment stabilization promote the accumulation of fibers and fragments (Huang et al., 2021). Urban rivers act as both transport corridors and deposition zones, with reduced flow velocity and mixed land use creating localized accumulation hotspots (Li et al., 2018).
Deposited or ingested MPs can re-enter the water column through sediment resuspension or trophic transfer, enabling redistribution across ecosystems and food webs (Besseling et al., 2019). While intact particle biomagnification may be limited by excretion and fragmentation, plastic additives and sorbed contaminants transfer more efficiently and substantially increase ecological toxicity (Rochman et al., 2013; Koelmans et al., 2017). At larger scales, MP accumulation contributes to ecosystem stress, food-web contamination, and increased human exposure (Wang et al., 2020).
7. HUMAN HEALTH DIMENSIONS
The widespread occurrence of microplastics has raised growing concern regarding their potential impacts on human health (Wright & Kelly, 2017; Yong et al., 2020). Humans are exposed through multiple routes, including consumption of contaminated food and drinking water, inhalation of airborne particles, and dermal contact with plastic-containing products (Cox et al., 2019). Once internalized, MPs have been detected in the gastrointestinal tract, lungs, bloodstream, and reproductive tissues, with increasing evidence that they can cross epithelial barriers and reach the placenta, potentially exposing the developing fetus (Ragusa et al., 2021; Leslie et al., 2022).
Beyond their physical presence, MPs act as carriers for chemical additives, persistent organic pollutants, heavy metals, and microorganisms, intensifying oxidative stress, inflammation, endocrine disruption, and genotoxicity (Rochman et al., 2013; Deng et al., 2021). Biomonitoring studies have now reported microplastic particles in human stool, blood, and lung tissue, indicating widespread and chronic low-level exposure (Schwabl et al., 2019; Leslie et al., 2022). These exposures may contribute to systemic effects involving metabolic regulation, immune function, and developmental processes (Yong et al., 2020).
Overall, MP-related health risks are complex and multifactorial, extending beyond localized tissue responses to organism-wide impacts. Clarifying exposure pathways, dose–response relationships, and underlying biological mechanisms remains essential for robust human health risk assessment and for developing effective mitigation and regulatory strategies.
7.1 MICROPLASTIC INFILTRATION INTO THE HUMAN FOOD CHAIN
Microplastics (MPs) were initially studied primarily for their environmental distribution and gastrointestinal effects; however, increasing evidence now links them to potential neurological and developmental harm (Wright & Kelly, 2017; Yong et al., 2020). Experimental studies indicate that MPs can cross biological barriers such as the intestinal epithelium and, in some cases, the blood–brain barrier, raising concern for neural vulnerability (Deng et al., 2021; Liu et al., 2023). The brain is particularly sensitive due to its high metabolic demand, limited regenerative capacity, and heightened susceptibility during early development.
Within neural tissues, MP exposure induces oxidative stress and mitochondrial dysfunction—key mechanisms associated with neurodegeneration and neuronal injury (Block & Calderón-Garcidueñas, 2009; Liu et al., 2023). Animal studies further demonstrate MP-induced neuroinflammation, disrupted neurotransmitter signaling, and behavioral alterations, including impaired learning, anxiety-like behavior, and locomotor deficits (Jin et al., 2018; Yong et al., 2020). These findings indicate that MPs are biologically active agents capable of interfering with normal brain function.
Developmental risks are particularly concerning. Children may absorb higher relative MP doses due to immature detoxification systems and higher intake per unit body weight (Wright & Kelly, 2017). Early-life exposure has been associated with altered neurodevelopmental trajectories, including attention deficits and cognitive impairment in experimental models, highlighting a potential long-term public health risk that warrants intensified research and regulatory attention (Leslie et al., 2022).
7.2 POTENTIAL CLINICAL OUTCOMES: A RISK SYNOPSIS
Growing evidence suggests that micro- and nanoplastics (MNPs) pose a multifaceted threat to human health through overlapping physical and chemical mechanisms (Yong et al., 2020; Leslie et al., 2022). Inhaled or ingested particles can cross epithelial and placental barriers and distribute systemically, extending potential toxicity beyond the lungs and gastrointestinal tract (Ragusa et al., 2021).
At the cellular level, MNP exposure induces oxidative stress, mitochondrial and endoplasmic-reticulum dysfunction, and activation of innate immune pathways, linking particle exposure to inflammation and programmed cell death (Deng et al., 2021; Liu et al., 2023). These effects manifest across multiple tissues. Placental studies reveal metabolic disruption and mitochondrial stress following maternal exposure (Ragusa et al., 2021), while cardiovascular models demonstrate endothelial dysfunction and pro-atherogenic signaling (Yong et al., 2020). Neural systems exhibit blood–brain barrier disruption, neuroinflammation, and behavioral alterations (Block & Calderón-Garcidueñas, 2009).
Reproductive and developmental outcomes are particularly concerning, with evidence of impaired gametogenesis, altered hormone signaling, ovarian aging, and adverse fetal effects (Kehinde et al., 2024; Chen et al., 2022). Although epidemiological data remain limited and heterogeneous, emerging associations with cardiometabolic and neurodevelopmental risks support an integrated exposure–disease model in which plastics act as vectors for additives and environmental pollutants (Rochman et al., 2013).
8. CRITICAL GAPS AND FUTURE RESEARCH DIRECTIONS
Despite rapid advances in microplastic research, significant knowledge gaps limit accurate risk assessment for ecosystems and human health (Koelmans et al., 2017). Current evidence is fragmented across disciplines and constrained by inconsistent sampling, identification, and reporting methods. Many laboratory studies rely on particle concentrations, sizes, or polymer types that do not reflect environmental reality, raising concerns regarding ecological and human relevance (Besseling et al., 2019).
Key uncertainties remain regarding nanoplastic bioavailability, barrier penetration, and interactions with additives and co-contaminants (Yong et al., 2020). Interspecies variability, food-web transfer, and intergenerational effects of chronic low-dose exposure are underexplored. Addressing these gaps requires interdisciplinary approaches integrating toxicology, ecology, exposure science, and socio-economic vulnerability frameworks.
8.1. BRIDGING THE LABORATORY–FIELD DIVIDE
Although laboratory studies show that plastic degradation produces vast quantities of small particles, these fractions are rarely detected in environmental samples due to analytical limitations (Kooi et al., 2017). Biofilm formation and heteroaggregation explain why buoyant plastics accumulate in sediments, reconciling laboratory predictions with field observations (Koelmans et al., 2017).
Current analytical methods—density separation, chemical digestion, and spectroscopic identification—are robust but slow and limited in size resolution (Hidalgo-Ruz et al., 2012). Emerging tools such as microfluidics, optical spectroscopy, and impedance-based sensors offer promise for near–real-time monitoring, but lack standardization and validation (Prata et al., 2020).
Toxicological studies face parallel issues. Many experiments use pristine particles that poorly represent environmentally aged plastics, limiting ecological realism (Besseling et al., 2019). Improved exposure designs and citizen-science monitoring initiatives are essential to bridge this gap and inform policy.
8.2 STANDARDIZATION NEEDS IN TOXICOLOGICAL TESTING
Standardization is critical for translating microplastic research into risk assessment and regulation (Koelmans et al., 2017). Fragmentation experiments generate nanoplastics rarely captured by monitoring programs, distorting exposure estimates. Likewise, pristine laboratory particles differ from weathered environmental plastics in surface chemistry and reactivity (Besseling et al., 2019).
Recent advances emphasize mixture-based testing, standardized reporting of particle properties, and comparison with natural suspended matter to isolate plastic-specific effects (Koelmans et al., 2017). Although progress has been made, inconsistent methodologies continue to hinder cross-study comparisons.
8.3. TOWARD PREDICTIVE MODELS OF MICROPLASTIC IMPACT
Data-driven modeling increasingly complements mechanistic science to predict microplastic fate and risk (Wang et al., 2020). Machine-learning approaches help estimate environmental abundance and improve spectral identification in FTIR and Raman workflows (Prata et al., 2020). However, their reliability depends on high-quality, representative datasets and transparent uncertainty handling.
Integrating mechanistic processes such as aggregation, biofilm formation, and trophic transfer into predictive models is essential for realistic risk projections. Hybrid modeling frameworks combining machine learning with process-based understanding offer promising pathways toward policy-relevant environmental management.
9. CONCLUSION: A CONVERGING THREAT TO LIFE AND HEALTH
The evidence reviewed here demonstrates that microplastics represent a global, systemic threat spanning ecosystems, biological systems, and human societies (Yong et al., 2020). Their presence in air, water, soil, and food webs makes human exposure unavoidable. Through oxidative stress, inflammation, and chemical transport, MPs pose risks to reproductive health, immune regulation, and neurodevelopment (Wright & Kelly, 2017; Leslie et al., 2022).
At the ecosystem level, microplastics disrupt nutrient cycling, food-web stability, and resilience to climate stressors. Combined with co-pollutants, their impacts are amplified, as demonstrated by experimental and modeling studies (Rochman et al., 2013). Current risks are likely underestimated due to analytical limitations and lack of standardized assessment methods.
Addressing microplastic pollution requires coordinated international action, interdisciplinary research, and precautionary policy frameworks to safeguard ecosystems, food security, and human health.
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Integrated source control, environmental remediation, and policy-driven interventions are essential to mitigate microplastc-induced physical and chemical toxicity.





