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Abstract:

Introduction: Micro- and Nanoplastics (MNPs) are pervasive environmental contaminants with increasing concern
for human health and ecosystems. Their small size, persistence, and physicochemical diversity permit
bioaccumulation, long-range transport, and trophic transfer covering aquatic, terrestrial, and atmospheric systems.

Methods: This review comprehensively integrates old to recent literature on the sources (both primary and
secondary), physicochemical properties (surface chemistry, shape, size, charge, and chemical composition), transport
(through soil, water, air, food webs, etc.), exposure routes (dermal, ingestion, and inhalation), detection and
characterization techniques, toxicity (in vertebrates, invertebrates, aquatic organisms, etc., and plants), challenges,
and mitigation of toxicity of MNPs.

Results: Worldwide, evidence-based studies have reported the presence of MNPs in soil, water, food, air, and within
organisms and plants. Physicochemical properties of MNPs strongly influence their distribution, exposure, and
interaction with organisms. For example, most studies reported higher toxicity of nanoplastics than microplastics.
Nanoplastics trigger oxidative stress, inflammation, genotoxicity, and autophagy, and cross various biological
barriers, such as the lymphatic system and the gut lining. Microscopy, spectroscopy, thermal, and hybrid techniques
play a crucial role in the detection and characterization of MNPs. All studies emphasized controlling MNPs' exposure,
distribution, and toxicity by adopting effective, diverse strategies and raising awareness worldwide.

Discussion: Plastic pollution (especially micro- and nanoplastics) is one of the major challenges today. Moreover,
micro-and nanoplastics are ubiquitous. They are heterogeneous, adsorb various other pollutants and microbes, and
transport them in different ecosystems. Their physicochemical properties allow them to enter biological systems and
reach the liver, kidneys, heart, and the lymphatic and gut systems. They cause oxidative stress, inflammation, DNA
damage, mitochondrial damage, autophagy, necrosis, and apoptosis. Moreover, nanoplastics cause higher toxicity
than microplastics. Hence, there is an urgent need for advanced and standardized detection and characterization
techniques.

Conclusion: MNPs pose a significant threat to the health of vertebrates, invertebrates, aquatic organisms, and
plants. They cross multiple biological barriers, disrupt numerous organs/systems, and trigger apoptosis. There is an
urgent need for advanced detection techniques to overcome MNPs. Integrated mitigation approaches are essential
for effective regulatory action.

Keywords : Bioaccumulation, Detection and analysis, Distribution of MNPs, Environment, Health, Micro- and
Nanoplastics (MNPs), Physicochemical properties, Toxicity.
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1. INTRODUCTION

Plastics, especially Micro- and Nanoplastics (MNPs),
have recently emerged as a major concern for terrestrial
and aquatic environmental health and safety owing to
their ubiquitous presence across ecosystems (Thompson et
al., 2004). The constantly increasing production of
plastics, their widespread use in everyday life, and
inadequate, half-hearted waste management practices
have led to their extensive environmental circulation, even
into the Arctic regions (Andrady, 2011; Gigault et al.,
2018). While the collection and recycling of bulk plastic
waste may appear feasible, environmental weathering
processes fragment plastics into MNPs, which are far
more difficult to detect, monitor, and remove. There are
two sources of MNPs: primary sources (intentionally
produced powders, paints, inks, microbeads, toothpastes,
abrasive blasting, biomedical devices, etc.) and secondary
sources (existing from the breakdown of macroplastics like
bottles, bags, packaging films, tyres, road wear, synthetic
fibers, etc.) (Cozar et al., 2014). Notably, MNPs have also
been reported in human waste and indoor air. Indoor air
has been reported to contain substantial levels of airborne
MNPs (Nizzetto et al., 2016; Bergmann et al., 2019).
Alarmingly, MNPs have also been detected in the feces
and blood clots of newborns, as well as in maternal breast
milk (Liu et al., 2023; Wehrli et al., 2025). In marine
ecosystems, MNPs have been reported in fish, turtles,
crustaceans, and other higher organisms. Lower trophic
levels, such as plankton, shellfish, and suspended algae,
were also reported to internalize the MNPs. The diversity
of morphologies, polymer types, sizes, colors, and shapes
further complicates their environmental assessment.

Exposure of organisms to MNPs through inhalation,
dermal contact, and ingestion elicits immune responses.
However, nanoplastics, being smaller in size (< 1 um) than
microplastics (= 5 pm), possess greater efficiency in
penetrating cells and interacting with various biological
macromolecules, including proteins, DNA, mitochondria,
and lysosomes (Trevisan et al. 2022; Lehner et al., 2019;
Feng et al., 2023). Then, they trigger cellular damage,
oxidative stress, genetic mutations, inflammation, and
other health risks (Teuten et al., 2009). In addition, the
biodistribution, biocompatibility, and toxicity of surface-
altered NPs nanoplastics may differ appreciably from
those of pristine NPs nanoplastics. These surface-altered
NPs nanoplastics may exacerbate adverse effects on
human and ecosystem health. In natural settings, micro-
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and nanoplastics undergo continuous physicochemical
transformations as they interact with surrounding biotic
and abiotic components. In natural environments, the
impacts of MNPs continuously evolve via interactions with
surrounding flora and fauna. In organisms, MNPs cross
various biological barriers, including the placenta, blood-
brain barrier, gut, and lymphatic barrier (Cox et al., 2019;
Dris et al., 2016). Then they are transported to different
organelles, where they accumulate. Afterwards, they
cause oxidative stress, inflammation, reproductive, liver,
kidney, lung, and heart disorders. They also lead to
mitochondrial breakdown and DNA strand breaks and
cause genotoxicity (Wright et al., 2017; Leslie et al.,
2022). Plant roots absorb and retain MNPs from soil and
subsequently translocate them to numerous aboveground
tissues. Foliar uptake represents an additional exposure
pathway. After internalization, MNPs inhibit plant growth,
escalate oxidative stress, cause mechanical injury, and
induce genotoxic effects. In addition, MNPs accumulated
in plants are translocated to organisms through the food
web (Chae and An 2017).

The review presents current knowledge on the
environmental transport, bioaccumulation, and
toxicological impacts of micro- and nanoplastics on plants,
aquatic organisms, invertebrates, and vertebrates, thereby
creating a cross-ecosystem conceptual framework. A key
conceptual contribution is the emphasis on the greater
biological reactivity and toxicity of nanoplastics compared
with microplastics. This multi-kingdom toxicological
perspective is relatively uncommon in existing reviews.
The review also highlights critical challenges and future
directions for effective monitoring and mitigation.

2. SOURCES, EXPOSURE PATHWAYS AND FATE OF
DISTRIBUTION OF MICRO- AND NANOPLASTICS

MNPs originate from primary industrial products and
secondary fragmentation of larger plastic debris and are
released into the environment via atmospheric deposition,
agricultural activities, wastewater effluents, and urban
runoff.

2.1. Environmental Exposure Pathways to Micro-and
Nanoplastics

Their  physicochemical attributes govern the
environmental behavior of MNPs. MNPs are detected
across all major environmental compartments due to
continuous inputs from industrial activities, consumer
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waste, atmospheric deposition, and fragmentation of
larger plastic debris. In aquatic systems, they occur in
surface waters, the water column, deep-sea sediments,
and aquatic organisms, as shown in Fig. (1) (Chaudhary et
al., 2025). Their transport is strongly influenced by
polymer density, hydrodynamics, aggregation, and
biofouling processes [2, 17, 19]. Terrestrial environments
receive substantial MNPs loads through agricultural
plastic mulching, tire and road wear particles, land
application of sewage sludge, and littering (Fig. 1). This
causes their accumulation in soil and potential uptake by
plants and soil fauna (Nizzetto et al., 2016; de Souza
Machado et al., 2018).

In the atmosphere, MNPs are transported,
accumulated, and dispersed through both natural
processes and anthropogenic activities. Physical and
biological transport comprises wind erosion, soil erosion,
water runoff, bioturbation by soil fauna, biofouling, trophic
transfer, and biological fragmentation. Anthropogenic
activities comprise construction dust, tire abrasion,
personal care products, textile fibers, sewage sludge and
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compost, laundry, agricultural practices, resuspension of
contaminated soils, etc. (Fig. 1). These activities allow
accumulation and distribution of MNPs in terrestrial,
aquatic, and atmospheric regions (Bergmann et al., 2017;
Allen et al., 2019).

2.2, Human Exposure Pathways to Micro-and
Nanoplastics

Humans are the primary contributors to the
dissemination of MNPs into the environment through
ingestion, dermal contact, and inhalation (Fig. 2). A
comprehensive assessment of these direct and indirect
exposure routes is essential for accurately evaluating the
health risks posed by MNPs.

2.2.1. Inhalation

Inhalation is the primary factor driving the
translocation of MNPs in the environment and within
organisms. It results in various respiratory and systemic
disorders. It facilitates exposure to MNPs through both
indoor and outdoor air.
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Fig. (1). Schematic representation of the transport and distribution of Micro- and Nanoplastics (MNPs) across aquatic and terrestrial
ecosystems. In terrestrial systems, MNPs accumulate in soil, are absorbed by plants, and enter the food chain through animal and human
consumption. In aquatic environments, MNPs are ingested by phytoplankton and bacteria. They are transferred to higher trophic levels
via larvae, zooplankton, and other organisms, including marine mammals, fish, seabirds, and apex predators. MNPs also settle in
sediments. There, they are taken up by deposit-feeding organisms, which subsequently transfer them to higher trophic levels. The figure
highlights the interconnected pathways through which MNPs disperse and bioaccumulate across ecosystems, finally reaching humans and
wildlife. This figure is reprinted from an article licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution, and reproduction in any medium or format
(Copyright: Chaudhary et al., 2025, Nature).
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Fig. (2). Schematic representation of human exposure routes to micro- and nanoplastics. Human exposure includes mainly three
pathways: (i) inhalation (through indoor and outdoor routes); (ii) ingestion (food, drink, etc.); (iii) dermal contact pathways (personal care
products, mobile phone cases, etc.). The highly affected populations are infants, pregnant women, and elderly persons.

2.2.1.1. Indoor Air

Since individuals spend almost 89% of their time
indoors, indoor air is a major source of airborne MNP
exposure. Reported concentrations of MNPs indoors vary
widely depending on room functions, human activities, and
ventilation. For example, 1.1-18.2 fibers/m® in Paris
apartments, 4.0-59.4 fibers/m® in offices, and even higher
levels in nail salons/e-waste facilities were reported (Dris
et al., 2017; Chen et al., 2022). Deposition rates of MNPs
in indoor environments also differ significantly, with
homes exhibiting the highest accumulation. Most indoor
MNPs are fibers larger than 20 um, though smaller MNPs
(< 2.5 um) are of greater concern due to their ability to
remain airborne and reach deeper lung regions. Infants,
children, and older adults experience higher exposure
because they spend more time indoors and frequently
come into contact with dust, which can contain high
concentrations of MNPs (Zhang et al., 2020; Nematollahi
et al., 2022). Thus, indoor activity patterns, environment,
and age strongly influence inhalation risk (Fig. 2).

2.2.1.2. Outdoor Air

Outdoor MNP concentrations are generally lower due
to greater air movement; however, clear indoor-outdoor
and urban-rural contrasts exist. In Wenzhou, China, indoor
MNP concentrations (1,583 + 1,180 particles/m3) exceed
outdoor levels (189 * 85 particles/m?) by an order of
magnitude, and similar patterns are observed in European
cities (Dris et al., 2017; Liao et al., 2021). Urban regions

typically show higher levels than rural areas, and
estimated daily inhalation varies regionally, from nearly 21
particles/day in Shanghai to several thousand
particles/day in some parts of Wenzhou (Liao et al., 2021;
Liu et al., 2019). Although outdoor exposure is usually
lower than indoor exposure, microenvironments such as
roadsides, construction zones, and landfills may exhibit
elevated concentrations that warrant further study (Cox et
al., 2019; Zhang et al., 2020).

2.2.2. Ingestion

Ingestion is also the main factor driving the
translocation and accumulation of MNPs in organisms and
the environment (Fig. 2). Organisms ingest various food
items that are contaminated with MNPs. Then these MNPs
are transported through food webs and enter the gut.
There, these MNPs disrupt the integrity of the gut
epithelium and result in various gastrointestinal disorders.

2.2.2.1. Seafood Ingestion

Seafood intake is a notable dietary route for human
exposure to MNPs. Numerous marine organisms, such as
cephalopods, crustaceans, bivalves, and fish, ingest MNPs
from contaminated seawater and deposited sediments due
to their resemblance to various natural foods (Jams et al.,
2020; Curren et al., 2020). Because they are consumed
whole by humans, oysters and mussels are more
responsible for translocation of MNPs through food webs.
In addition, MNPs are carriers of numerous chemicals,
heavy metals, organic pollutants, and pathogens that
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cause oxidative stress and inflammation in human beings
(Wootton et al., 2021). Oysters from polluted areas have
been reported to contain nearly 100 particles per
individual. (Expoésito et al., 2022). Moreover, marketed
samples of mollusks generally contain fewer MNPs than
directly caught samples due to cleaning (Nicole, 2021).
Crustaceans accumulate MNPs primarily in inedible
organs, where levels are about four times higher than in
edible tissues (Yin et al., 2022). Interestingly, avoiding the
consumption of the intestinal parts of shrimp and crab can
reduce exposure. Accurate intake estimates should focus
on MPs in edible portions.

2.2.2.2. Drinking Water and Beverages Ingestion

Bottled water contains substantially more MNPs than
tap water (OBmann et al.,, 2018; Akhbarizadeh et al.,
2020). Some glass-bottled beverages were reported to
contain more than 6,000 particles/L (OBmann et al., 2018).
The size of most particles was 1-5 ym. Tap water generally
shows lower levels (up to nearly 930 particles/L), and
boiling does not remove MNPs. Annual adult intake is
estimated at ~ 4.6 x 10° particles from tap water and ~3.6
x 10" from bottled water.

MNPs are also present in beverages such as tea, milk,
and beer, largely due to contaminated water (Shruti et al.,
2020; da Costa Filho et al., 2021). Beer shows variable
contamination depending on the analytical method used.
Tea bags release MNPs from a few to thousands of
particles, depending on the region (Ali et al., 2023).
Ongoing monitoring and standards, especially for bottled
water, are needed to manage exposure.

2.2.2.3. Honey, Salt, and Sugar Ingestion

MNPs have also been detected in multiple food
additives, such as sugar, honey, and salt (Ali et al., 2023;
Peixoto et al., 2019). The shape of most MNPs was fibrous
and fragmented (Peixoto et al., 2019). The annual
consumption of MNPs by adults through salt was
estimated at 35.8-36,172 particles (Lee et al., 2021).
Sugar samples from Bangladesh exhibited high
contamination (nearly 344 particles/g), while honey
generally contained lower levels (22-114 particles/L (Diaz-
Basantes et al., 2020). Other common seasonings and
condiments, such as cooking oil, monosodium glutamate,
and soy sauce, also warrant investigation to fully assess
dietary MNP exposure (Fig. 2).

2.2.2.4. Crops and Livestock Ingestion

Field data on MNP contamination in crops and
livestock are limited. Laboratory studies show that
numerous plants, including carrots, lettuce, rice, wheat,
and peanuts, can take up and accumulate MNPs in edible
tissues (Li et al., 2020; Dong et al., 2021). While natural
uptake is generally low, long-term consumption of
contaminated crops may pose health risks. Livestock can
also accumulate MPs. For example, nearly 46 MNPs were
reported per chicken gizzard (Huerta Lwanga et al.,
2017). MNPs have also been detected in edible snails.
Food items can also acquire MNPs during production,

processing, packaging, and transport (Fig. 2). Rice
samples from Australia contained an average of 67 + 26
ng/g MNPs, and packaged meats showed 4-18.7
particles/kg (Dessi et al., 2021; Kedzierski et al., 2020).
Dust ingestion also contributes to intake of MNPs. Adults

consume nearly 4.0 x 10°-2.5 x 10* particles annually, and
infants even more. However, data remain scarce for major
foods such as fruits, vegetables, meat, and grains.
Therefore, accurate exposure assessments must consider
local dietary patterns and measure MNP concentrations in
staple foods (Danopoulos et al., 2020; Domenech et al.,
2021; Zhu et al., 2022).

2.2.3. Dermal Contact

Human skin is routinely exposed to MNPs through
personal care products (Fig. 2), such as toothpaste,
sunscreens, soaps, and face washes (Rahman et al., 2021;
Lett et al., 2021). Before regulatory restrictions in 2018,
microplastics were widely used as exfoliants, raising
concerns that nanoparticles could penetrate the skin
barrier (Fendall and Sewell, 2009; Sykes et al., 2014).
Additional dermal exposure may occur from wear debris
generated by plastic components in prostheses and from
airborne MNPs settling onto the skin (Wright et al., 2017;
Abafe et al., 2023). Although no quantitative estimates
exist for dermal absorption, the potential risks, especially
from compromised skin exposed to nanoplastics, should
not be overlooked.

3. PHYSICOCHEMICAL PROPERTIES OF MICRO-
AND NANOPLASTICS

MNPs exhibit heterogeneous physicochemical
characteristics  that influence their transport,
environmental fate, and biological consequences.

Nanoplastics have higher colloidal stability and a larger
surface area, which increase their reactivity and capacity
to penetrate biological barriers (Xia et al., 2026; Andrady,
2017). Morphological variations include fragments, fibers,
films, and spheres. Particle shape influences
bioavailability, aggregation behavior, and uptake by
organisms, where fibrous shapes demonstrate greater
respiratory and gastrointestinal retention (Cole et al.,
2011). Environmental weathering leads to the evolution of
surface chemistry, with oxidation and chain scission
followed by the formation of reactive functional groups
that alter hydrophobicity, surface charges, and protein
and pollutant interactions (Gewert et al., 2015; Lamber
and Wagner, 2016). Crystallinity, density, glass transition
temperature, and additive content are determined by the
polymer type (e.g., PP, PS, PE, PVC, PET), thereby
affecting environmental persistence and the leaching of
plasticizers, stabilizers, and flame retardants (Rochman et
al., 2011). The density variations guide the mode of
sedimentation, floating, or suspension of the particle,
impacting the exposure route and trophic transfer
(Hidalgo-Ruz et al., 2012). In addition, mechanical
resilience and degradation rates are determined by
molecular weight and crystallinity. Low-crystallinity
polymers exhibit higher degradation rates under UV and
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oxidative conditions. (Andrady 2011). These
physicochemical features regulate the sorption of organic
contaminants and metals, alter interactions with biological
membranes, and determine the accumulation of MNPs in
ecosystems and human tissues (Teuten et al., 2009;
Schwabl et al., 2019).

The environmental behavior and biological impacts of
MNPs are strongly governed by their physicochemical
properties, leading to a complex structure-activity
relationship. Particle size is a primary determinant of
mobility and biological interactions. Due to high surface-
to-volume ratios, high colloidal stability, and enhanced
ability to penetrate biological barriers, NPs nanoplastics
facilitate cellular uptake and systemic distribution.
Surface charge and functional groups regulate
interactions with natural organic matter, proteins, and
cellular membranes. This, in turn, influences aggregation
behavior, environmental persistence, and uptake
pathways. The morphology of MNPs, such as spherical
fragments, fibrous structures, and irregular particles,
affects transport, sedimentation rates, and ingestion
probability in aquatic and terrestrial organisms. Polymer
composition further determines density, hydrophobicity,
additive release, and sorption affinity for environmental
pollutants. Heavy metals and persistent organic pollutants
may further amplify indirect toxicity through vector
effects. In addition, environmental aging processes such
as ultraviolet irradiation, mechanical abrasion, and
oxidative weathering progressively change the surface
chemistry and roughness of MNPs. This leads to increased
reactivity, pollutant adsorption capacity, and interactions
with microbial biofilms.

4. TOXICOLOGICAL EFFECTS OF MICRO- AND
NANOPLASTICS IN THE ECOSYSTEM

MNPs exert toxic effects across terrestrial and aquatic
ecosystems by disrupting biochemical, physiological, and
cellular processes in exposed organisms. Their small size,
persistence, and surface reactivity enable
bioaccumulation, trophic transfer, and interactions with
biological barriers, leading to inflammation, oxidative
stress, metabolic dysfunction, reproductive impairment,
reduced growth, and decreased survival.

4.1. Cellular, Physiological and Toxicological
Consequences of Micro- and Nanoplastics Exposure
In Terrestrial Vertebrates

Exposure of vertebrates to MNPs results in direct
interactions between MNPs and cellular components and
various physiological systems. At the cellular level, MNPs
interact with cell membranes and intracellular
components like the nucleus, cytoplasm, mitochondria,
endoplasmic reticulum, lysosome, Golgi apparatus, etc.
(Haldar et al., 2023; Bai et al., 2024; Tripathi and
Goshisht, 2022). This interaction leads to the initiation of a
cascade of toxicity responses. Due to their small size,
nanoplastics generally penetrate cellular membranes via
active or passive diffusion, thereby generating Reactive
Oxygen Species (ROS). The generated ROS trigger

Goshisht et al.

oxidative stress, inflammation, lipid peroxidation,
mitochondrial disruption, DNA damage, protein oxidation,
and disruption of cellular homeostasis (Guan et al., 2023;
Amereh et al., 2020; Lin et al., 2025). Chronic exposure of
organisms to MNPs leads to multisystem physiological
disturbances at the organismal level. MNPs accumulate in
several organs, such as the lungs, gastrointestinal tract,
kidneys, liver, spleen, and heart, and lead to disruption of
epithelial barriers (Liu et al., 2023) [7].

Microplastics are primarily taken up by phagocytosis,
whereas nanoplastics enter more rapidly via endocytosis,
macropinocytosis, and direct membrane penetration. Once
inside, MNPs cross the gut lining, pass through the air-
blood barrier following inhalation, and subsequently enter
the lymphatic system, thereby contributing to widespread
distribution, as shown in Fig. (3)(Lin et al., 2025). Many
particles persist in tissues because they resist degradation
and form a protein corona that alters how cells recognize
them. Evidence shows that MNPs accumulate in diverse
organs. (Momeni et al., 2025). These processes suggest
that chronic, low-dose exposure may lead to long-term
health risks that require careful evaluation. This section
summarizes recent evidence of MNPs toxicity in terrestrial
vertebrates and investigates how cellular mechanisms
shape the vulnerability of different physiological systems
(Tables 1 and 2, and Fig. 3).

4.2, Toxicity Of Micro- And Nanoplastics In
Terrestrial Invertebrates

Terrestrial invertebrate studies on nanoplastic toxicity
focus primarily on earthworms and Caenorhabditis
elegans (C. elegans). Exposure of C. elegans to 20-25 nm
polystyrene nanoplastics, even at low concentrations,
impaired intestinal integrity, growth, and movement (Liu
et al., 2021). The nanoplastics accumulate in the gut and
spread to other tissues, resulting in mitochondrial damage
(Fig. 4). 20 nm nanoplastics produced stronger and
longer-lasting transgenerational toxicity than 100 nm
particles. Additionally, 20 nm nanoplastics reduced
germline microRNA mir-38, and its downregulation drove
multigenerational toxicity via the NDK-1-KSR-1/2 signaling
pathway (Hua et al., 2022). Exposure of insects to
polystyrene nanoplastics suppressed immune gene
expression and antioxidant activity in Bombyx mori I
(Muhammad et al., 2021). This suppression led to higher
mortality following bacterial infection. The exposure of
Chironomus kiinensis larvae to amino-functionalized
positively charged polystyrene (PS-NH,) nanoplastics
caused greater gut accumulation, oxidative stress,
microbiota disruption, and epithelial injury as compared to
negatively charged particles (Zhang et al., 2026). A
terrestrial food chain study reported that nanoplastics
accumulated in mung beans grown in contaminated soil
when transferred to snails; the nanoplastics reduced
growth, feeding, and gut health of snails. This study
demonstrated trophic transfer and biological impacts
across terrestrial systems (Li et al., 2026). The effects of
nanoplastics on various terrestrial invertebrates have been
presented in Fig. (4) (Tang, 2025).
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Fig. (3). Cellular uptake mechanisms and toxicity pathways induced by micro- and nanoplastics. The schematic illustrates the
internalization of MNPs via clathrin-mediated endocytosis, macropinocytosis, and caveolae-mediated endocytosis, as well as their
interaction with TLR4 receptors, which leads to activation of NF-kB signaling. Internalized MNPs stimulate NADPH oxidase (NOX) and
mitochondrial dysfunction. This results in excessive ROS generation, lipid peroxidation, and glutathione (GSH) depletion. Oxidative stress
leads to Endoplasmic Reticulum (ER) stress, protein misfolding, DNA damage, and activation of the NLRP3 inflammasome, culminating in
the release of pro-inflammatory cytokines (IL-6, IL-1B, IL-8, TNF-a, etc.). These multiple molecular events further lead to adverse
biological outcomes like oxidative stress, genotoxicity, inflammation, cell death (necrosis, apoptosis, and autophagy), cellular senescence
(SASP), and barrier dysfunction via disruption of tight junction proteins such as occludin and claudin. This figure was reprinted from an
open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/) (Copyright: the authors (Lin et al., 2025, MDPI, Basel, Switzerland)).

Table 1. Human health impacts of micro- and nanoplastics across diverse physiological systems.

D Micro- and Nanoplastics
Anatomical Human Sample . Exposure Toxicity profile Ref.
System Type Size Dose Duration
Increased cell viability and MMP-9;
Pulmonary surfactant (Yang et al
U .
alveolar cells PSNPs| 40 nm - 24 h rotein A 232 1
(HPAEpIC) P -
Respiratory dysregulation.
Alveol D 11 viabili i
. ve'o ar 95 and 70 1.14-25 ecre'ase'd cell viability and increased
epithelial cells PSNPs 24-48 h apoptosis; increased TNF-q, IL-8, and NF-| (Xu et al., 2019)
(A549) m Hg/mL KB
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Digestive cells PE-MPs - 21mg/8 mL 14 days beneficial bacteria (e.g., Akkermansia); 2023)
(Caco-2, HT29) H intestinal homeostasis loss.
. Reduced heart
Embryonic valve (Bojic et al
i M
stem cells PSNPs| 40nm | 1 x 10%mL 24h ;
(hiPSCs) development; decreased 2020)
LEFTY1/2; increased CA4, OCLM.
Cardiovascular
Human Increased LDH release,
Umbilical Vei 100 nm b
mbilical Vein membrane
PSNP d 500 |5-100 L - Lu et al., 2022
Endothelial s annm Hg/m damage, and (Luetal, )
Cells (HUVECSs) autophagy; ER stress.
. Increased JNK1/2/3,
. Testicular cells .
Reproductive (NTE) PSNPs| 50 nm 200 pg/mL 24h TNF-a; Dysregulated PI3K-AKT Pathway; |(Xiao et al., 2023)
oxidative stress.
Forebrai
zzitizzn 1 um and Decreased cortical layer VI markers;
Nervous . PSMPs H 5-100 pg/mL 4-30 days decreased neuronal maturation; altered | Hua et al., 2022
spheroids (3D 10 pm . .
Nestin expression.
model)

Table 2. Overview of nanoplastic-induced toxic effects observed in mouse models.

Nanoplastic
Targeted
Toxicity Profil Ref.
Aspect/System Type | Size Exposure Dose Exposure oxicity Lrolile ¢
Route Duration
pS | ~500m Oral 0-10 mg/kg 30 days Modified guF microbiqta a.nd mgcus—related genes; no (Xiao et al.,
inflammation in major organs. 2022)
~80 nm Accumulated in liver < kidneys < intestine; increased (Choi et al
PS and Oral 5-50 mg/kg 2 weeks COX-2, iNOS, cytokines, ROS, superoxide dismutase 2021) v
500 nm activity, and Nrf2 expression.
L Intestinal barrier damage (decreased tight junctions); .
Drinking o K i K X X (Lietal.,
PS 50 nm ater 0.1-10 mg/L 32 weeks oxidative stress, villus erosion, immune disruption 2024)
wi
(increased B cells, decreased CD8+ T cells).
Crohn’s-like ileitis; intestinal epithelial Necroptosis
~100 . . ) (Huang et al.,
PS om Oral 1 mg/day 28 days (RIPK3/MLKL); impaired mitophagy (lysosomal 2022)
dysfunction).
Crossed blood-brain barrier; neuronal damage; microglial (Shan et al
PS | 50 nm Oral 0.5-50 mg/kg 7 days activation; increased ROS, TNF-a release, NF-kB 2022) v
activation, necroptosis.
0.25-250 Parkir%son’s-like neu'rodegener'ation, nﬁtochondrial (Liang et al.,
) PS | 50 nm Oral ma/k 28 days dysfunction; astrocyte inflammation, excitatory neurons 2022)
Brain 9y most vulnerable.
and behavior
Cognitive decline; increased ROS; DNA damage; synaptic (Chu et al
PS 25 nm Oral 0-50 mg/kg 6 months dysfunction, altered expression of mRNAs, miRNAs, 2022) v
circRNAs.
PS 80 nm Inhalation Crossed brain tissue; suppressed acetylcholinesterase (Liu et al.,
(aerosol) activity; decreased locomotor activity. 2022)
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Nanoplastic
Targeted
Toxicity Profile Ref.
Aspect/System Type | Ssize Exposure Dose Expostlre
Route Duration
Damaged seminiferous tubules; impaired BTB integrity via (Liet al
PS | 500 nm Oral 0-1.5 mg/day 90 days MAPK/Nrf2 suppression; sperm 2021) v
Apoptosis.
Reproductive Decreased luteinizing hormone, testosterone, follicle-
1-10 K X (Amereh et
system PS [~39nm Oral 5 weeks stimulating hormone; abnormal sperm; sperm DNA
mg/kg/day . C ) al., 2022)
damage; disrupted hypothalamic-pituitary axis.
ps | 50 nm Oral 0.2 mg/mL 60 days Leydig c?ll hyperplasia; Lowe‘r testis weight; poor sperm | (Sharma et
quality; vascular congestion; structural damage. al., 2024)
Kidney damage (renal corpuscles/tubules degeneration); (Kamel et al
PET | ~96 nm Oral 200 mg/kg 30 days increased blood urea nitrogen, malondialdehyde, 2024) v
creatinine; decreased glutathione.
' 40 and 0.01-0.1 Accumulated in organs; male testis toxicity (reduced (Nikolic et al.,
Systemic PS Oral - testosterone, abnormal
200 nm mg/day . ) o . . 2022)
sperm); anxiety-like behavior; immune disruption.
95-50 1-10 Escalated Ros ; altersed liver and kidpey markers; stress- (Babaei et al.,
PS Oral 5 weeks related biochemical changes; disrupted energy
nm mg/kg/day ; 2022)
metabolism.
Impaired testis development and sperm count; reduced (Huang et al
Transgenerational | PS | 100 nm [ Maternal 0.1-10 mg/L - offspring body weight; male offspring liver damage, 20%2) v
oxidative stress.

_____________ i i SR, —————

Neurotoxicity, oxidative stress

M . Stunt growth, damage intestinal barrier, fragment mitochondria
M » (greater effect than microplastics)

Earthworms

M Reduce germline microRNA mir-38 expression = Transgenerational toxicity

| EE} @ %% Immune response
2B o 8 B >

S ¢ Higher activities of antioxidant enzymes
"..é.}_ o

Nanoplastics 7 Stunt growth, epithelial damage

(f‘. rronf)mus . ; Oxidative stress, inflammation
Kiinensis larva i -

» W Reduce growth, feeding, and foraging rates
Snail | 4

Silkworm

Fig. (4). Schematic representation of toxicological effects of nanoplastics on terrestrial invertebrates. Nanoplastics reduce growth,
feeding activity, and germline microRNA mir-38 expression, which leads to toxicity. They cause oxidative stress, neurotoxicity, epithelial
damage, mitochondrial damage, and intestinal barrier damage. This figure was reprinted from an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). Copyright:
the author (Tang 2025, MDPI, Basel, Switzerland).
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Table 3. Summary of key toxicological effects of nanoplastics in aquatic organisms.

Goshisht et al.

Speci t
pemes/l.'arge Nanoplastic Type | Size | Concentration | Duration Toxicity Ref
Organism
Accumulation in brain, liver, intestine, and
ds; di ti f lipid
Zebrafish 7 days and goga s 1'sru1‘j\ fon oL Ap /energy. (Sarasamma et al.,
. Polystyrene ~70 nm | 0.5 and 1.5 ppm metabolism; oxidative stress and behavioral
(D. rerio) 7 weeks . . . 2020)
alterations (aggression, locomotion, and
shoaling, circadian rhythm).
Fathead minnow Polystyrene 50 nm 5 ug/L (injjection, 48 h Downr(?gulation of' i@@ung genes (mstl, (Elizalde-Velazquez et
(P. promelas) ingestion) ncf, ¢3); immunotoxicity in liver and kidney. al., 2020)
Tilapia 7 days + Persistent transcriptomic and metabolic
ilapi i i i i
apt Polystyrene | 100nm | 20 mg/L 7day Pie (Pang et al., 2021)
(O. niloticus) toxicity.
recovery
Largemouth bass Alterations in gill, liver, and intestine;
Polyst; 100 10 and 100 pg/L| 7-9 d Chen et al., 2022
(M. salmoides) olystyrene nm an ug/ ays transient oxidative stress. (Cheneta )
Myocardial inflammation and apoptosis;
Common carp 50-400 increased TLR4, NOX2, reactive oxygen
Polyst; 1000 L 28d Wu et al., 2022
(C. carpio) oystyrene nm Hg/ ays species, malondialdehyde; | antioxidant (Wueta )
enzymes; Thl immune shift.
Musse{ (M. ' Polystyreye (100 nm) 0.5 and 7 days Disruption of ion regulation: oxifiatifle (Wang et al,, 2023)
galloprovincialis) nanoplastics 5 mgL-1 balance, and energy metabolism in gills.
Mitoch ial 1 1 1
Mediterranean Amino-modified itochondria a}nd ysosomal stress, altered
10 pgiL-1, (72 h gene expression, reduced lysozyme; re-
mussel polystyrene (50 nm) . . (Auguste et al., 2020)
. . 24 h x 2 interval) exposure restored the functions and
(M. galloprovincialis nanoplastics . .
enhanced immune gene expression.
(139.5 . . L R
, Pd-doped High dose induced ROS, lipid peroxidation,
Manila clam nm, 0.02 and . )
e polystyrene o 14 days tissue damage and apoptosis; altered gut (Zhou et al., 2023)
(R. philippinarum) K +43.8 2 mg[JL X i
nanoplastics mv) microbiota at low dose.

4.3. Toxicological Effects of Micro- and Nanoplastics
in Aquatic Organisms

Nanoplastics pose significant toxicological threats to
aquatic animals such as fishes, crustaceans, and bivalves
(Table 3) due to their high surface reactivity, small size,
and ability to penetrate diverse biological barriers
(Contino et al., 2023; Sun et al., 2024). In crustaceans,
nanoplastics disrupt gut function, alter immune responses,
induce oxidative stress, impair molting and growth, and
trigger apoptosis (Machado et al., 2021). Bivalves, which
continuously filter large volumes of water, readily
accumulate nanoplastics in their gills and digestive glands,
leading to genotoxicity, lysosomal instability, oxidative and
inflammatory damage, and compromised immune and
reproductive functions (Liu et al., 2021). In fish, MNPs
accumulate in multiple organelles and cause inflammation,
oxidative stress, and genotoxicity (Sun et al., 2024).

4.4. Toxicological Effects of Micro- and Nanoplastics
on Plant Health

Interaction between MNPs and plants may occur
through various routes, including atmospheric, soil, and
aquatic environments (Chen et al., 2025). Leaf cuticles
regulate water loss and gas exchange. This serves as the
main defense against micro- and nanoplastics. However,
MNPs smaller than 5 nm can easily overcome this defense

through hydrophilic and lipophilic routes (da Costa et al.,
2016; Wang et al., 2023). Moreover, stomata, being 3-10
pm wide, serve as primary entry points for MNPs. After
internalization through stomata, MNPs are
unidirectionally translocated to different plant tissues via
the vascular system (Du et al., 2025). Afterwards, MNPs
induce cellular, physiological, and organ-level toxicity
(Canniff and Hoang, 2018; Jia et al., 2023). Accumulation
of MNPs triggers oxidative stress, reduced mitosis,
membrane damage, disruption of nutrient transport,
reduced metabolic enzyme activity, and ultimately gene
expression in various species such as Triticum aestivum,
Phaseolus vulgaris, Hordeum vulgare, Arabidopsis
thaliana, etc. (Ranjan et al., 2021; Colzi et al., 2022;
Hernandez-Sanchez et al., 2025). Consequently, length,
activity, and biomass of different plant parts such as roots
and shoots are inhibited.

MNPs also affect photosynthesis in plants. However,
these effects depend upon concentration, size, and
environmental conditions (Tan et al., 2025). They lead to
the production of ROS, impaired electron transport,
disrupted chlorophyll synthesis, reduced photosynthetic
pigments, reduced photosystem efficiency, and altered
resource uptake/carbon fixation (Roy et al., 2024).
Ultimately, MNPs cause ROS production, membrane lipid
peroxidation, disruption of cellular integrity, reduced
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efficiency of the defense system/nutrient
uptake/metabolism, and altered gene expression. In
addition, heavy metals, pathogens, and organic pollutants
carried by MNPs further affect photosynthetic efficiency,
plant defense, and pathogen persistence and
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dissemination (Teuten et al., 2009; Shah et al., 2023). This
section explores the toxicity of micro- and nanoplastics
across various plant species and summarizes the findings
in Table 4.

Table 4. Differential impacts of micro- and nanoplastics on aquatic and terrestrial plant species.

Plant | MNPs MNPs Exposure |  Lilectson Effects in Soil | Mechanism of
Parameter . . . Aquatic . . Ref.
Species Type Size/Shape Duration . Environment Action
Environment
Increased lateral Inhibited root
Lactuca root formatlop in elongation and' Physm;l (Giorgetti et dl.,
Root . . PP, PE, | _. some aquatic reduced root hair obstruction; .
sativa, Allium Fibers and spheres | 14-28 days . . . . . 2020; Liet al.,
Morphology PS species due to density; soil nutrient leaching
cepa . . " 2020)
nutrient compaction and and competition.
redistribution. abrasion effects.
Generally Decreased
. unaffected or o
Lactuca sativa . germination in crop| MNPs obstruct
A PVC, slightly enhanced .
Germination and PE Fragments and 7.21 days | (duckweed) owin plants (e.g., lettuce,| seed pores and (Qietal., 2018;
Rate Triticum ; fibers (< 5 mm) Y g wheat, etc.) due to adsorb Lian et al., 2021)
) PS to constant . . ;
aestivum . impaired water and | allelochemicals
hydration and nutrient uptake
MNPs adsorption. p ’
Spirodela PS, Fibers, gty chlorophyll aand b | ROS formation;
Chlorophyll X elevated in X s . . (Mateos-Cardenas
polyrhiza and | PLA, Nanospheres 7-21 days owing to oxidative | nutrient chelation
Content . duckweed; reduced R etal., 2019)
Lemna minor | PET (<100 nm) X stress and inhibited | and enhancement
in submerged .
nutrient uptake.
macrophytes.
Mixed outcomes: | Reduced uptake of . .
. Physicochemical
. Lactuca sometimes P, N, Mg, and K . .
Nutrient . PS, . ; interactions of (Gao et al., 2019;
sativa, Zea Particles 7-30 days | enhanced uptake owing to root .
Uptake PE . ; X MNPs with Sun et al., 2021)
mays as MNPs act as | disruption and ion nutrient jons
nutrient carriers. | sorption by MNPs.
Upregulation of
Oryza sativa linkedStgfs; (e D?rlgsr i%f;zﬁ?n()f MNPs-induced
Gene v X L Nanoplastics, g X g+ 9 g modulation of (Taylor et al., 2020;
. Arabidopsis | PS, PE 7-14 days glutathione growth (e.g.,
Expression X Fragments . K . hormonal and Wu et al., 2022)
thaliana metabolism and | aquaporins, auxin stress pathwavs
heat-shock signaling, etc.). p o
proteins).
Neutral or .
. . Decrease in root
increased biomass . . .
Orvza sativa owing to improved and shoot biomass | Disrupted root-soil
Biomass Iy . ’ PVC, Spheres, g X P (10-30%) owing to | interaction versus |(Taylor et al., 2020;
. Triticum 14-30 days nutrient .
Accumulation . PE fragments (<1 mm) s stress and reduced | enhanced nutrient | Zhang et al., 2021)
aestivum availability through . .
photosynthetic absorption
MNPs surface Y
. efficiency.
sorption.
Solanum Limited data: most Stress-driven (Lian et al., 2021;
Reproductive | Ivcopersicum studies focus on | Reduced flowering, reallocation of Nei et al., 2024)
p yeop . . " | PS, PE Fragments >30 days early growth pollen viability, and energy from (Lian et al., 2021;
Development | Arabidopsis . . ; . .
. stages in aquatic | seed production. reproduction to nei et al., 2024)
thaliana, .
species. defense. [126,133].
Elevated ROS, lipid
- . Incr.eas'ed lipid per9x1dat10n, and Cellular injury (Mateos-Cardenas
Oxidative Lemna minor, . peroxidation, ROS, increased
X PE, PS | Nano/microspheres | 10-21 days L. .. from ROS etal., 2019; Gao et
Stress (ROS) | Lactuca sativa and antioxidant antioxidant .
accumulation. al., 2021).
defense. enzymes (SOD,
CAT, POD, etc.).
Generally stable or Lower Stomatal blockage
Photosynthetic | Lactuca sativa, PE, ' ' improved ' photosynthetic rate, |in terrestrial plants| (Mateos-Cardenas
Efficienc Lemna minor PS, Fibers, particles 7-28 days performance in stomatal vs. buoyancy et al., 2019; Gao et
¥ PVC floating plants conductance, and advantage in al., 2021).
(e.g., duckweed). transpiration. aquatic species.
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Table 5. Levels of toxicological evidence used in assessing the health effects of micro- and nanoplastics.

Typical Experimental

Evidence Level Model

Study Type

Major Limitations for Real-World

Key Insights Provided
S S Risk Assessment

Human or animal cell lines
(e.g., epithelial cells,
macrophages, intestinal cells).

Cell culture

in vitro studies .
experiments.

Provide mechanistic insights such as

inflammation, and cellular uptake of

Simplified biological systems; lack of
whole-organism interactions; exposure
conditions often not environmentally
realistic.

oxidative stress, cytotoxicity,

MNPs.

in vivo animal
studies

Controlled laboratory
experiments.

Rodents, zebrafish, fish, and
other vertebrates.

Evaluate bioaccumulation, organ
distribution, physiological responses,

Species-specific physiological differences
may limit direct extrapolation to humans;
exposure doses often exceed

and systemic toxicity. environmental levels

Tissue-based
experimental systems.

Isolated tissues or organ

Ex vivo studies
cultures.

Provide insights into tissue-level
responses and biological interactions

Limited representation of systemic

iological .
with MNPs. biological processes

Human . Detection of microplastics in
. Environmental or .
observational . L . human tissues, blood,
. biomonitoring studies.
evidence placenta, lungs, or feces.

Direct evidence of human exposure

Limited data on health outcomes;
causality between exposure and disease
remains unclear.

to microplastics and potential
bioaccumulation.

Risk modeling and
comparative
toxicology.

Integration of laboratory data
with environmental exposure
estimates.

Human health risk
extrapolation

Helps estimate potential human
health risks and exposure thresholds.

High uncertainty due to limited exposure
data, variability in particle
characteristics, and lack of long-term
epidemiological studies.

The current understanding of the toxicological effects
of MNPs is derived from multiple levels of evidence,
including in vitro cellular studies, in vivo animal
experiments, and emerging human exposure data (Aratjo
et al., 2025; Thomas et al., 2026). However, each level of
evidence has specific strengths and limitations when
extrapolating experimental findings to real-world human
exposure scenarios. A summary of these evidence levels
and their associated limitations is presented in Table 5.

Recent studies have suggested that nanoplastics may
enter plant tissues through several potential pathways,
including stomatal openings, cuticular diffusion, and root
uptake followed by vascular transport (Vleeming et al.,
2026; Zhu et al., 2026). However, the relative importance
of these pathways remains uncertain and appears to be
highly context-dependent. Evidence for stomatal entry has
largely been derived from controlled experimental studies,
where nanoscale particles were shown to penetrate leaf
surfaces under specific exposure conditions. Similarly, the
diffusion of nanoplastics through the cuticular layer has
been proposed as a possible mechanism, particularly for
extremely small particles with appropriate surface
properties (Bhati et al., 2026). Nevertheless, these
transport processes cannot yet be considered universal
mechanisms for nanoplastic uptake in plants. Their
occurrence and efficiency may depend on several factors,
including particle size, surface functionalization, plant
species, leaf morphology, environmental conditions, and
exposure concentrations (Piovesan et al., 2026). Moreover,
many existing studies rely on laboratory-based exposure
systems that may not fully represent realistic
environmental scenarios. Therefore, further research is
required to clarify the dominant uptake pathways and
transport dynamics of nanoplastics in plants under
environmentally relevant conditions.

4.5. Micro- and Nanoplastics as Vectors of Co-
Contaminants: Combined toxicity and Food-Chain
Transfer

MNPs are increasingly recognized not only as
emerging pollutants themselves but also as effective
vectors for a wide range of environmental contaminants
like persistent organic pollutants (POPs), heavy metals,
pesticides, pharmaceuticals, and pathogenic
microorganisms (Li et al., 2025). Due to their large surface
area, hydrophobicity, and diverse surface functional
groups, MNPs can readily adsorb and concentrate
chemical and biological pollutants from surrounding
environmental matrices such as water, sediments, soil,
and atmospheric particles. This capacity to bind multiple
contaminants significantly enhances the complexity of
MNP-associated environmental risks and represents a
major research hotspot in the field of environmental
toxicology.

4.5.1. Adsorption and Interaction Mechanisms of Co-
Contaminants

The adsorption of pollutants onto MNP surfaces occurs
through several physicochemical mechanisms, including
hydrophobic interactions, electrostatic attraction, van der
Waals forces, n-n interactions, and surface complexation
(Rai et al., 2022). Environmental aging processes such as
UV irradiation, mechanical abrasion, and oxidative
weathering can further modify the surface chemistry of
plastics by introducing oxygen-containing functional
groups (e.g., hydroxyl and carbonyl groups), thereby
enhancing their adsorption capacity for metal ions and
organic molecules (Sekar et al., 2026). Consequently, aged
MNPs often exhibit significantly higher affinities for
contaminants compared with pristine plastics.
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Heavy metals such as lead (Pb), cadmium (Cd),
chromium (Cr), copper (Cu), and zinc (Zn) have been
shown to strongly associate with MNP surfaces through
electrostatic interactions and complexation with surface
functional groups (Mohamed et al., 2025). Similarly,
hydrophobic organic pollutants, including polycyclic
aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), pesticides, and pharmaceutical residues, can
partition onto plastic surfaces through hydrophobic and n-
n interactions. These interactions enable MNPs to act as
mobile carriers of environmental pollutants, facilitating
their long-distance transport and redistribution across
ecosystems.

4.5.2. Combined Toxic Effects of MNPs and
Associated Pollutants

The co-occurrence of MNPs with other contaminants
may lead to additive, synergistic, or antagonistic toxic
effects in biological systems. When organisms ingest
MNPs carrying adsorbed pollutants, the particles can
serve as delivery vehicles, increasing the bioavailability of
these contaminants and promoting their accumulation in
tissues (Samaei et al., 2025). Several studies have
demonstrated that co-exposure to MNPs and heavy metals
can exacerbate oxidative stress, inflammatory responses,
mitochondrial dysfunction, and cellular damage (Sun et
al., 2025; Devi et al., 2025). Similarly, MNPs interacting
with organic pollutants can amplify toxicological
responses by enhancing membrane permeability,
endocrine disruption, and metabolic disturbances. For
instance, the combined exposure of aquatic organisms to
MNPs and hydrophobic organic contaminants has been
associated with elevated ROS production, DNA damage,
and impaired physiological functions.

In addition to chemical pollutants, MNPs can also act
as substrates for microbial colonization, forming complex
microbial communities known as the “plastisphere.” These
biofilms may include pathogenic bacteria, antibiotic-
resistant microbes, and harmful algae, potentially
facilitating the dissemination of pathogens and antibiotic
resistance genes in aquatic and terrestrial environments.
The coexistence of MNPs, toxic chemicals, and
microorganisms therefore creates a multifactorial
exposure scenario that may significantly increase
ecological and human health risks.

Chu et al. 2024 studied the effects of polystyrene
microplastics (1 pm) and nanoplastics (100 nm) on growth,
oxidative stress, tissue damage, metabolism, and gut
microbiota of rare minnows, Gobiocypris rarus. Chemical
and multi-omics studies were employed to evaluate the
results. Both particle types inhibited growth and
development, induced histopathological lesions, and
increased oxidative stress, with the effects changing with
size and concentration. High microplastic exposure led to
considerable shifts in the gut microbiota, while high
nanoplastic exposure reduced diversity. Ding et al. 2020
studied the effects of polystyrene nano- and microplastics
(0.3, 5, and 70-90 um, at 95, 92, and 112 ug/L) on red
tilapia. After 14 days, larger particles (70-90 pm)
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accumulated the most. Microplastics (5 and 70-90 pm)
caused more oxidative damage than nanoplastics.
Polystyrene nanoplastics significantly reduced CYP3A-
related enzymes, but liver CYP enzymes were less affected
by microplastics. Microplastics as small as 5 pm were
shown to dramatically impair acetylcholinesterase activity
in the brain. Metabolomics found changed metabolites for
0.3, 5, and 70-90 pym doses, with a similar impact on
tyrosine metabolism. Overall, um-sized particles induced
more physiological stress than nanoplastics.

Chen et al. (2017) investigated how MPs microplastics
(45 pm) and NPs nanoplastics (50 nm), both directly and
indirectly, affect the locomotion of zebrafish larvae. The
larvae were exposed to 1 mg/L of MPs microplastics and
NPs nanoplastics for 48 and 72 h. Their findings showed
that microplastics had minimal impact, apart from an
increase in the expression of the visual gene zfrho. In
contrast, nanoplastics caused a 22% reduction in larval
movement during the final dark phase, suppressed
acetylcholinesterase activity by 40%, reduced body length
by 6%, and significantly increased the expression of gfap,
al-tubulin, zfrho, and zfblue genes. Latchere et al. 2023
compared the toxicity of polystyrene nanoplastics (200
nm) and environmentally derived microplastics (1.2 to 300
pm) and nanoplastics (235 nm) on the freshwater bivalve
Corbicula fluminea (Muller, 1774). They exposed the

organisms to 0.008, 10, or 100 ugL™" for 21 days, and
responses were evaluated using many biomarkers.
Environmental nanoplastics had the strongest impact,
particularly on detoxification and immune functions.
Capolupo et al. 2021 evaluated the effects of polystyrene
microplastics (3 um) and nanoplastics (50 nm) on
Mediterranean  mussels, Mytilus  galloprovincialis
(Lamarck, 1819). The exposure duration was 21 days.
Nanoplastics induced stronger lysosomal stress, increased
catalase activity, and elevated lipid peroxidation,

glutathione S-transferase, and lysozyme activities,
whereas microplastics uniquely reduced hemocyte
phagocytosis. Nanoplastics also decreased
acetylcholinesterase  activity, indicating  possible
neurotoxicity.

4.5.3. Transfer and Bioaccumulation in the Food
Chain

The small size and persistence of MNPs enable them to
be readily ingested by a wide range of organisms across
trophic levels, including plankton, invertebrates, fish,
livestock, and humans (Liu et al., 2026). When MNPs carry
adsorbed contaminants, they can facilitate the co-
transport of pollutants through the food web, leading to
bioaccumulation and potential biomagnification in higher-
trophic organisms (Du et al., 2025). In aquatic ecosystems,
primary consumers such as zooplankton and benthic
invertebrates may ingest contaminated MNPs directly
from the water column and sediments. These particles can
then be transferred to predators, including fish and
marine mammals, thereby propagating the associated
pollutants through successive trophic levels. Similarly, in
terrestrial systems, MNPs present in soils may be taken up
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by soil organisms and plants, entering agricultural food
chains.

The ingestion of MNP-bound contaminants may result
in enhanced internal exposure due to desorption processes
within biological systems, particularly under conditions
such as acidic gastrointestinal environments or the
presence of digestive surfactants. This process can lead to
the release of adsorbed pollutants from plastic surfaces,
increasing their bioavailability and toxicity within
organisms.

Laboratory investigations have shown trophic transfer
between the mussel Mytilus edulis and the crab Carcinus
maenas (Farrell et al., 2016; Watts et al., 2014). However,
it is unclear if this resulted in biomagnification, because
MP presence in prey and predator was not quantified.
Consuming contaminated mussels immediately disregards
the bioaccumulation kinetics of MPs in prey and predator-
prey interactions in the field (Provencher et al., 2019;
Diepens and Koelmans, 2018). The proof supporting
trophic transfer in the wild would be the documentation of
contaminated prey items from a consumer species'
digestive tract, which MPs have yet to accomplish. One
study found plastic particles (size not reported) in the
stomachs of post-hatchling marine turtles collected from
fish (Boyle and Limpus 2008). The bioaccumulation of
chemical additives from MP consumption has only been
documented from a single trophic level (Hermabessiere et
al., 2019; Vered et al.,, 2019). Controlled laboratory
exposures have not evaluated trophic transfer, limiting the
examination of possible biomagnification. This work
confirms that marine species' feeding choices greatly
influence MP bioaccumulation, rather than
biomagnification through trophic transfer (Bour et al.,
2018; Mizraji et al., 2017). Field investigations show that
pelagic fish species have a greater MP body burden than
demersal species, regardless of trophic level (Guven et al.,
2017). Fish larvae from the English Channel (Steer et al.,
2017) accumulated more MP than adult fish from the
Arctic (Morgana et al., 2018), despite equivalent levels of
pollution in surrounding waters. Similarly, the juveniles of
Girella laevifrons fish have a larger MP body load (no
report on specific quantity) than other intertidal fish
species classified as herbivores or carnivores (Mizraji et
al., 2017). The assessment of MP concentrations from
lower to higher trophic levels is based on the principles of
bioaccumulation and biomagnification, which are
commonly used for dissolved compounds. Physical goods,
like MPs, may not interact with marine organisms in the
same way; hence, these endpoints may not be fully
applicable. More research is needed to determine if
bioaccumulation and biomagnification can accurately
assess the ecological consequences of MP contamination
in maritime ecosystems.

4.5.4. Implications for Environmental and Human
Health Risk Assessment
The combined pollution effects of MNPs and co-

contaminants highlight the need to move beyond single-
pollutant assessment frameworks toward integrated risk
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assessment approaches that account for complex exposure
scenarios. Current evidence suggests that MNP-associated
contaminants may significantly influence the transport,
persistence, and toxicity of environmental pollutants,
thereby complicating predictions of ecological and human
health risks.

Future research should therefore focus on quantifying
the interactions between MNPs and co-occurring
pollutants, elucidating their synergistic toxic mechanisms,
and evaluating their long-term impacts on food safety and
ecosystem health. Developing standardized methodologies
for assessing combined exposures will be essential for
improving the accuracy of human health risk assessments
of micro- and nanoplastics.

5. DETECTION AND ANALYSIS OF MICRO- AND
NANOPLASTICS

Detection and characterization of MNPs rely on a suite
of analytical tools that demonstrate their morphology, size,
surface properties, and chemical composition (Fig. 5).
These properties dictate the interactions and
environmental behavior of MNPs. The particle size and
distribution are normally assessed by means of dynamic
light scattering (DLS), Nanoparticle Tracking Analysis
(NTA), and atomic force/scanning/transmission electron
microscopy (AFM/SEM/TEM) as shown in Fig. (5). Polymer
recognition is determined by Fourier Transform Infrared
(FTIR) spectroscopy, Raman spectroscopy, and Pyrolysis-
GC-MS (Py-GC-MS) of its chemical composition (Ly et al.,
2022). The zeta potential analysis, the XPS, and the
complementary spectroscopies (e.g., FTIR and Raman
spectroscopy) are used to identify such surface features as
charge and oxidation state (Kissel et al., 2025). Dynamic
Light Scattering (DLS) and surface charge measurements
are used to assess colloidal stability and aggregation
behavior (Rodriguez-Loya et al., 2024). Such a
combination provides strong physicochemical properties
for MNPs and enables accurate prediction of the activity,
transport, and toxicity of nanoplastics in the environment
and biological systems.

The applicability of any analytical method depends on
the objective of the research. For instance, destructive
mass-based methods are also suitable for quantifying only
the mass of the polymer (regardless of particle number,
shape, or size). For detailed information, the
nondestructive particle-based methods can be applied.
Thompson et al.,1966 employed a technique integrating
pyrolysis and chromatography for detecting vehicle tire
abrasion products in the roadway. De Leeuw et al., 1986
first reported the presence of polystyrene as an
anthropogenic pollutant in sediment and soil analyzed by
Py-GC/MS. Subsequently, Fabbri and colleagues employed
Py-GC/MS for analysis of PS, PVC, polybutadiene, styrene-
butadiene random and block, and poly(acrylonitrile-
styrene-co-butadiene) in coastal sediments (Fabbri et al.,
1998; Fabbri et al., 2000). Recently, Lin et al., 2020,
explored the applicability of matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-ToF/MS) for the analysis of MNPs. Currently,
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Fig. (5). Schematic representation of key analytical methods employed to detect and characterize the MNPs. There are four fundamental
techniques that are employed for this purpose: (i) Microscopy; (ii) Spectroscopy; (iii) Thermal analysis; (iv) Hybrid/advanced techniques.
Key techniques and their applications (green right mark) and limitations (red cross mark) are shown.

Fourier Transform Infrared (FTIR) spectroscopy and
Raman micro-spectroscopy are widely employed for MNPs
analysis because these methods enable the determination
of polymer type, together with the number, size, and
shape of MNPs (Koelmans et al., 2019; Schymanski et al.,
2021). FTIR spectroscopy was employed to identify MPs
from marine samples in the 2004 publication by Thompson
et al. 2004, which also introduced the term
“microplastics.”

Since then, this approach has proven to be effective for
identifying, quantifying, and characterizing MP
contamination in aquatic and terrestrial environments and
continues to be the most relevant in MP research globally
(Renner et al., 2018). IR spectroscopy is a nondestructive
method based on the examination of molecular vibrations
triggered by radiation absorption in the electromagnetic
spectrum's mid-infrared (MIR) region (4000—400 cm™).

Attenuated Total Reflection (ATR) can be employed for
the effective study of MPs. Primpke et al., 2020, claimed
that this method has been employed in 58% of IR
research, particularly for larger particles due to its high
cost-effectiveness. ATR-FTIR is frequently used to identify
visually presorted particles (sizes larger than 200-500 um)
(Cabernard et al.,, 2018; Kappler et al., 2016) and to
characterize weathered MP because it is easy to obtain
information on changed particle surfaces caused by age
(additional OH, C-O, and COOH). Additionally, ATR-FTIR
can be used effectively to distinguish synthetic from
natural (micro)fibers (Dris et al., 2018). Micro-FTIR
spectroscopy (U-FTIR), which combines an optical

microscope with an FTIR spectrometer, is the most useful
FTIR-based technique for the investigation of (MP)
particles smaller than 500 um. In addition to FPA p-FTIR
systems, an alternative method, Laser Direct Infrared
(LDIR) analysis, appears to have high potential for the
rapid, automated identification and quantification of MP
particles. This was first reported recently by Scircle et al.
2020. LDIR has been employed for the analysis of MP
particles >20 um in soil and aquatic environments (river
and marine water) (Scircle et al., 2020; Mughini-Gras et
al., 2021). The light source, a patented Quantum Cascade
Laser (QCL), is the main innovative feature.

Raman spectroscopy is a nondestructive analytical
technique that is being employed more and more to
analyze small microplastics in various environmental
samples, such as fresh and marine water, sediments,
biota, drinking water, beverages, and food (Missawi et al.,
2020; Karami et al., 2017). Raman spectroscopy has
recently been shown to be wuseful for analyzing
nanoplastics (Sobhani et al., 2020). The interference
caused by fluorescence, which can be caused by inorganic
(such as dust particles and clay minerals), organic (such as
humic substances), and (micro)biological impurities in the
matrix as well as some additives (pigments), is a
significant drawback of Raman spectroscopy, particularly
when analyzing MPs in environmental samples (Araujo et
al., 2018). The large number of spectra (several thousand)
produced by automated Raman measurements
necessitates time-efficient and reliable processing of
spectra (baseline correction, smoothing, normalization)
and their assignment (Cowger et al., 2020).
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Table 6. Current methodological challenges and future analytical needs for the detection and characterization
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of nanoplastics.
S.
No Analytical Challenge Description of the Problem Impact on Nanoplastic Research Potential Future Solutions

Most current spectroscopic and
microscopic techniques lack the
Detection of ultrafine ) P . q s
1. ) spatial resolution and sensitivity
nanoplastics (<10 nm) . .
required to detect particles below 10
nm.

This leads to significant
underestimation of nanoplastic
abundance and environmental

exposure levels.

Development of ultra-high-resolution
imaging techniques and advanced

spectroscopic tools capable of nanoscale

polymer identification.

. Nanoplastics are often present at
Low environmental R i
2. K extremely low concentrations in
concentrations . . )
environmental and biological samples.

Difficulty in accurate quantification
and increased risk of analytical
uncertainty.

Improved sample pre-concentration methods
and highly sensitive detection techniques.

Nanoplastics tend to aggregate or

Particle aggregation and | interact with natural organic matter

Alters particle size distribution and
complicates accurate

Development of improved sample

preparation and separation techniques to

artifacts . L
introduce contamination.

distribution.

transformation and minerals in environmental . . L. .
. characterization. maintain particle integrity.
matrices.
. L Environmental samples contain . . . .
Distinguishing . . . . . e Integration of multi-technique analytical
. abundant natural colloids and organic | High risk of misidentification and L.
4. | nanoplastics from natural . . e . K . approaches combining spectroscopy,
K particles with similar sizes and analytical artifacts. X K X
nanoparticles . microscopy, and chemical analysis.
morphologies.
Establishment of internationall;
Lack of standardized Sampling, extraction, and analytical Limited comparability of results . y
5. . . ) . . standardized protocols and reference
analytical protocols procedures vary widely among studies. across studies and regions. ) . .
materials for nanoplastic analysis.
. Filtration, digestion, and extraction Potential overestimation or .
Sample preparation ) . L . . Development of gentle extraction protocols
6. procedures may fragment plastics or | mischaracterization of particle size

and contamination control strategies.

Many nanoparticle detection methods
provide size information but lack
chemical specificity.

Limited polymer-specific
identification at nanoscale

Difficulty in confirming polymer
composition of detected
nanoparticles.

Coupling high-resolution imaging with

advanced spectroscopic techniques such as

Raman, FTIR, or mass spectrometry.

Despite significant advances in analytical techniques,
the detection and characterization of nanoplastics remain
technically challenging. Several methodological limitations

hinder accurate identification, quantification, and
characterization of nanoscale plastic particles in
environmental and biological matrices. The major

analytical challenges and potential future solutions are
summarized in Table 6.

6. CHALLENGES AND MITIGATION STRATEGIES
FOR MICRO- AND NANOPLASTIC POLLUTION AND
TOXICITY IN THE ENVIRONMENT AND
BIOLOGICAL SYSTEMS

MNPs interact with almost all terrestrial and aquatic
organisms at multiple life stages. Due to their
heterogeneous nature and surface properties, they pose a
growing global challenge for all organisms (Kochanek et
al., 2025). The greatest challenge is the detection of
nanoplastics in the complex biological and environmental
matrices. Most current detection and quantification tools
lack the resolution required to precisely assess
nanoplastics smaller than 10 nm in these complex
matrices. This limitation prevents accurate assessment of
the risks posed by MNPs to exposed organisms (Wright
and Kelly 2017). In addition, various physical, biological,
and chemical fragmentation processes are continuously

generating MNPs by weathering, photolysis, hydrolysis,
wind abrasion, oxidative degradation, and biodegradation.
This clearly shows that only source reduction cannot
overcome the challenges posed by MNPs. The
heterogeneous nature of MNPs further complicates cross-
study comparisons and assessment of toxicity caused by
them in diverse ecosystems. Additionally, they adsorb and
transport numerous heavy metals, organic waste,
microbes, and other hazardous pollutants across diverse
ecosystems, thereby causing toxicity. Due to their small
size (especially less than 10 nm), they cross diverse
biological barriers such as intestinal epithelium, alveolar
epithelium, blood-brain barrier, blood-testis barrier, and
placental barrier. This leads to the accumulation of MNPs
in diverse organs of the organism, such as the intestine,
lung, brain, liver, testis, kidney, heart, and placenta. Their
accumulation causes various inflammations and disorders
like oxidative stress, disruption of mitochondrial
functioning, weakening of membrane integrity, and
disruption of functions of the liver, kidney, heart, spleen,
pancreas, and reproductive system of the organisms (Xie
et al., 2025).

Mitigation of these adverse effects of MNPs is
essential and requires integrated strategies. These
strategies involve source reduction through improved
waste management and reduced plastic use; the adoption



Environmental Transport, Bioaccumulation, and Health Impacts

of advanced MNP removal technologies such as
coagulation, filtration, and advanced oxidation processes;
and the use of biological and biochemical solutions (Priya
et al., 2022). There is an urgent need to adopt Extended
Producer Responsibility (EPR) frameworks and promote
numerous biodegradable alternatives. Several nature-
inspired processes like nano-enabled catalytic processes
and enzymatic /microbial degradation processes can
overcome these challenges but require further
optimization for mass applications. In addition,
harmonized analytical standards, risk-based policymaking,
and robust monitoring systems can aid in overcoming
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these challenges. Numerous regulatory policies, such as
single-use plastic bans, mandatory use of filters for
industrial and textile effluents, and bans on the use of
microbeads, have demonstrated remarkable reductions in
MNPs and their adverse effects (Malinowski et al., 2023).
Increased public awareness programs, circular economy
frameworks, and advanced waste management techniques
can further assist in overcoming these challenges. In this
section, we have presented various challenges,
accounting, mitigation strategies, and representative
examples of MNPs and summarized them in table format
(Table 7).

Table 7. Challenges and mitigation strategies for micro- and nanoplastics pollution and toxicity.

S.
No Challenge Account Mitigation Strategies Representative Examples Ref.
Macroplastics progressively Depletion of plastic production and . .
- . . o Bans on single-use plastics;
Fragmentation into degrade into MNPs that are more | usage; Implementation of anti-littering o (Kochanek et
1. . . . . . L e usage of stabilizers to extend
nanoplastics bioavailable, mobile, and difficult policies; stabilization of polymers to . i al., 2025)
. material durability.
to remove. prevent embrittlement.
. MNPs .eXhlblt extremely slow Development of biodegradable Use of PLA and PHA; .
Environmental degradation rates, leading to long- . .. . (Wright and
2. . - A polymers; improvement of waste enhanced municipal recycling
persistence term accumulation in terrestrial . o Kelly 2017)
. . collection and recycling infrastructure. programs.
and aquatic environments.
. MNP? d isperse via atmospheric Advanced filtration systems; adoption of Membrane filtration in .
Complex environmental | deposition, wastewater effluents, . ) . (Priya et al.,
3. . nature-based solutions; improved WWTPs; vegetative buffer
transport pathways surface runoff, and trophic . 2022)
stormwater management. strips.
transfer.
MNPs act as vectors for organic
A i f 1l h 1 A ;
dsorption 0' 1?0 utfints, eavy metals, agd ; dvar'lced treatment prf)cesses, Ozonation, AOPs, and '
4. hazardous chemicals microbial pathogens, enhancing | engineering of low-adsorption polymer . (Xie et al., 2025)
. . . . . activated carbon treatment
and pathogens their environmental persistence | materials; removal of co-contaminants.
and toxicity.
Developing dietary exposure guidelines;
5 Bioaccumulation and MNPs accumulate in plants, establishing monitoring programs; Routine surveillance of MNPs | (Malinowski et
’ trophic transfer animals, and humans. reducing agricultural plastic in crops and seafood al., 2023)
applications
Exposure to MNPs induces Standardized toxicological testing; .
. S - . . Formulation of reference
Ecotoxicity and human oxidative stress, genotoxicity, establishment of exposure limits, and . (Yee et al.,
6. . . . - doses and occupational safety
health impacts inflammatory responses, and Comprehensive risk assessment thresholds 2021)
developmental toxicity. frameworks. '
. PlaStl(? ‘mulch films, contaminated Pre-treatment of sludge before land Bio-based mulch films, EU .
Agricultural fertilizers, and sewage sludge . . . . (Sintim and
7. o . . . applications, regulation of mulch films; regulations on sludge
contamination introduce MNPs into agricultural . . . - Flury)
soils adoption of biodegradable alternatives. application.
Conventional WWTPs have limited Adoption of rapid sand filtration, Reverse Osmosis (RO) .
Wastewater treatment . . . . . . . 3 . Monira et al.,
8. e efficiency in removing particles <1 | membrane bioreactors, and tertiary systems and Ultrafiltration
inefficiencies 2023
pm. treatments such as AOPs. (UF).
D i f mi lasti
L . . etectlgn Ol ficrop astflcs.and Harmonization of global monitoring [Nanoparticle tracking. Raman ,
Limitations in detection especially nanoplastics is ; . (Osko et al.,
9. o . . protocols; establishment of high- spectroscopy, p-FTIR, Py-GC-
and quantification challenging due to small size and . . . 2025)
. resolution analytical techniques. MS.
complex sample matrices.
High dependency on single-use Incentives for recycling; public . .
o . . . ) ) . . Community recycling )
Limited public plastics and inadequate waste education campaigns; implementation | . . . . (Heidbreder et
10. . . . . initiatives; plastic buy-back
awareness segregation drives environmental | of Extended Producer Responsibility al., 2023)
. programs.
release. (EPR) policies.
Lack of harmonized regulations Standardlzgd risk assessment EU and UNEP initiatives on | (Bearth et al.,
11. Regulatory gaps and exposure thresholds hampers methodologies; Development of
. . . exposure standards. 2025)
risk management. international regulatory frameworks.
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7. CONCLUSION AND FUTURE PERSPECTIVES

This review article amalgamates current knowledge on
the sources, physicochemical properties, environmental
transport, bioaccumulation, and biological impacts of
MNPs. The article highlights the environmental fate and
toxicity of MNPs, which are strongly governed by their
physicochemical characteristics, including shape, size,
surface charge, morphology, and polymer composition.
These characteristics regulate environmental mobility,
contaminant adsorption capacity, biological uptake
efficacy, and various toxicity pathways.

Owing to their extremely small size and high surface
reactivity, nanoplastics exhibit greater environmental
mobility and bioavailability than microplastics. They can
easily penetrate many biological barriers such as
pulmonary, placental, intestinal, and blood-brain barriers.
This leads to systemic distribution and accumulation of
MNPs in organs such as the liver, kidney, lungs, and brain.
Experimental evidence shows that MNP exposure can
trigger oxidative stress, inflammation, mitochondrial
dysfunction, genotoxicity, and programmed cell death in
both animal and plant systems. In plants, nanoplastics
interfere with nutrient transport, stomatal function,
metabolic activity, and gene expression, ultimately
affecting plant growth and productivity.

Human exposure to microplastics has been estimated
at 103-105 particles per day via ingestion and 102-104
particles per day via inhalation. However, these values are
highly uncertain due to methodological variability and a
lack of measurements of nanoplastics. Translating these
exposure estimates into risk-relevant measures remains
difficult since there is no agreement on the appropriate
dose descriptor (particle mass, number, and surface area),
and internal dose data is extremely restricted. A
screening-level quantitative risk assessment shows that
microplastic concentrations in sediment and freshwater
systems approach/exceed Predicted No-Effect
Concentration (PNEC) limits under high-exposure
scenarios. Freshwater PNEC estimates using species

sensitivity distributions (2.61 particles L™ 0.003-0.011 mg

L") (Morales-Espinoza et al., 2025) are consistent with
upper-bound environmental concentrations reported in
damaged systems (Morales-Espinoza et al., 2025; Pandey

et al., 2023). Sediment concentrations of 10° particles kg™
(Patra et al., 2024) are comparable to projected effect
thresholds, indicating a localized ecological danger.
However, the significant diversity in Risk Quotients (RQ)
among locations (RQ = 0.000008-22.06) demonstrates the
importance of spatial heterogeneity and methodological
uncertainty (Morales-Espinoza et al., 2025). Furthermore,
the lack of rigorous nanoplastic quantification results in a
systematic underestimate of overall exposure and risk
(Bae et al., 2025).

Nevertheless, the current understanding of MNP
behavior and toxicity remains fragmented due to
limitations in analytical techniques, inconsistent
experimental conditions, and insufficient long-term

Goshisht et al.

exposure studies. Therefore, the development of a
comprehensive understanding of the structure-activity
relationships controlling the environmental fate and
biological impacts of MNPs remains a crucial challenge for
environmental science and toxicology.

To address these limitations, the following research
priorities should be addressed:

(1) Development of standardized analytical methods for
NPs (nanoplastics) detection. Sensitive and validated
techniques are required to accurately detect, quantify,
and characterize NPs nanoplastics in complex
environmental and biological matrices.

(2) Understanding structure-activity relationships of
MNPs. Future studies should systematically investigate
how physicochemical parameters such as size, surface
charge, morphology, polymer type, and aging influence
environmental transport, bioavailability, and toxicity.

(3) Assessment of long-term and low-dose exposure
effects. Most existing studies focus on short-term
laboratory exposure. Long-term and environmentally
relevant exposure studies are necessary to evaluate
chronic ecological and human health risks.

(4) Mechanistic understanding of MNP interactions with
biological systems. Integrated omics approaches,
including transcriptomics, proteomics, and
metabolomics, should be employed to clarify molecular
mechanisms underlying MNP-induced toxicity in
animals, plants, and microorganisms.

(5) Integration of environmental transport models with
ecological risk assessment. Future research should link
environmental distribution, trophic transfer, and
bioaccumulation processes with toxicological outcomes
to develop more accurate risk assessment frameworks
and inform regulatory policies.

To improve the global understanding of MNPs
pollution and develop effective strategies to mitigate
environmental and health impacts, the aforementioned
scientific challenges should be addressed.

AUTHORS’ CONTRIBUTIONS

The authors confirm their contribution to the paper as
follows: M.K.G. and A.G.: Data analysis, interpretation,
writing the manuscript, and supervision; M.K., C.A., M.P.,
D.D., and I.M.: Methodology, supervision, and manuscript
drafting. All authors reviewed the results and approved
the final version of the manuscript.

CONSENT FOR PUBLICATION

Not applicable.
FUNDING
None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.



Environmental Transport, Bioaccumulation, and Health Impacts

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

Abafe, OA, Harrad, S & Abdallah, MAE (2023) Novel insights into
the dermal bioaccessibility and human exposure to
brominated flame retardant additives in microplastics.
Environmental Science & Technology, 57, 10554-62.
[http://dx.doi.org/10.1021/acs.est.3c01894]

Akhbarizadeh, R, Dobaradaran, S, Schmidt, TC, Nabipour, I &
Spitz, J (2020) Worldwide bottled water occurrence of
emerging contaminants: A review of the recent scientific
literature. Journal of Hazardous Materials, 392, 122271.
[http://dx.doi.org/10.1016/j.jhazmat.2020.122271]

Ali, T, Habib, A, Muskan, F, Mumtaz, S & Shams, R (2023) Health
risks posed by microplastics in tea bags: Microplastic
pollution - A truly global problem. International Journal of
Surgery, 109, 515-6.
[http://dx.doi.org/10.1097/JS9.0000000000000055]

Allen, S, Allen, D, Phoenix, VR, Le Roux, G, Durantez Jiménez, P,
Simonneau, A, Binet, S & Galop, D (2019) Atmospheric
transport and deposition of microplastics in a remote
mountain catchment. Nature Geoscience, 12, 339-44.
[http://dx.doi.org/10.1038/s41561-019-0335-5]

Amereh, F, Babaei, M, Eslami, A, Fazelipour, S & Rafiee, M
(2020) The emerging risk of exposure to
nano(micro)plastics on endocrine disturbance and
reproductive toxicity: From a hypothetical scenario to a
global public health challenge. Environmental Pollution,
261, 114158.
[http://dx.doi.org/10.1016/j.envpol.2020.114158]

Andrady, AL (2011) Microplastics in the marine environment.
Marine Pollution Bulletin, 62, 1596-605.
[http://dx.doi.org/10.1016/j.marpolbul.2011.05.030]

Andrady, AL (2017) The plastic in microplastics: A review. Marine
Pollution Bulletin, 119, 12-22.
[http://dx.doi.org/10.1016/j.marpolbul.2017.01.082]

Aratjo, AM, Mota, C, Ramos, H, Faria, MA, Carvalho, M &
Ferreira, IMPLVO (2025) The neurotoxic threat of micro-
and nanoplastics: Evidence from in vitro and in vivo
models. Archives of Toxicology, 99, 3505-25.
[http://dx.doi.org/10.1007/s00204-025-04091-3]

Araujo, CF, Nolasco, MM, Ribeiro, AMP & Ribeiro-Claro, PJA
(2018) Identification of microplastics using Raman
spectroscopy: Latest developments and future prospects.
Water Research, 142, 426-40.
[http://dx.doi.org/10.1016/j.watres.2018.05.060]

Auguste, M, Balbi, T, Ciacci, C, Canonico, B, Papa, S, Borello, A,
Vezzulli, L & Canesi, L (2020) Shift in immune parameters
after repeated exposure to nanoplastics in the marine
bivalve Mytilus. Frontiers in Immunology, 11, 426.
[http://dx.doi.org/10.3389/fimmu.2020.00426]

Babaei, AA, Rafiee, M, Khodagholi, F, Ahmadpour, E & Amereh, F
(2022) Nanoplastics-induced oxidative stress, antioxidant
defense, and physiological response in exposed Wistar
albino rats. Environmental Science and Pollution Research
International, 29, 11332-44.
[http://dx.doi.org/10.1007/s11356-021-15920-0]

Bae, S, Kim, HM, Jung, Y, Park, JW, Moon, HG & Kim, S (2025)

19

Assessment of potential ecological risk for microplastics in
freshwater ecosystems. Chemosphere, 370, 143995.
[http://dx.doi.org/10.1016/j.chemosphere.2024.143995]

Bai, CL, Wang, D, Luan, YL, Huang, SN, Liu, LY & Guo, Y (2024) A
review on micro- and nanoplastics in humans: Implication
for their translocation of barriers and potential health
effects. Chemosphere, 361, 142424.
[http://dx.doi.org/10.1016/j.chemosphere.2024.142424]

Bearth, A, Roth, N, Jansen, T, Holden, L, Cavoski, A, Di Consiglio,
E, Hauzenberger, I, Lee, R, Mombelli, E, Tcheremenskaia,
O, Wendt-Rasch, L & Wilks, MF (2025) New approach
methodologies in human health risk assessment across
European regulatory frameworks: Status quo, barriers and
drivers for regulatory acceptance and use. Environment
International, 196, 109279.
[http://dx.doi.org/10.1016/j.envint.2025.109279]

Bergmann, M, Wirzberger, V, Krumpen, T, Lorenz, C, Primpke, S,
Tekman, MB & Gerdts, G (2017) High quantities of
microplastic in Arctic deep-sea sediments from the
HAUSGARTEN observatory. Environmental Science &
Technology, 51, 11000-10.
[http://dx.doi.org/10.1021/acs.est.7b03331]

Bergmann, M, Miitzel, S, Primpke, S, Tekman, MB, Trachsel, ] &
Gerdts, G (2019) White and wonderful? Microplastics
prevail in snow from the Alps to the Arctic. Science
Advances, 5, eaax1157.
[http://dx.doi.org/10.1126/sciadv.aax1157]

Bhati, VS, Singh, PK, Parmar, Y] & Rokins, PG (2026) Foliar
uptake and translocation of nanoparticles in the plants: A
review. Journal of Plant Nutrition, 49, 246-83.
[http://dx.doi.org/10.1080/01904167.2025.2538638]

Bojic, S, Falco, MM, Stojkovic, P, Ljujic, B, Gazdic Jankovic, M,
Armstrong, L, Markovic, N, Dopazo, J, Lako, M, Bauer, R &
Stojkovic, M (2020) Platform to study intracellular
polystyrene nanoplastic pollution and clinical outcomes.
Stem Cells, 38, 1321-5.
[http://dx.doi.org/10.1002/stem.3244]

Bour, A, Avio, CG, Gorbi, S, Regoli, F & Hylland, K (2018)
Presence of microplastics in benthic and epibenthic
organisms: Influence of habitat, feeding mode and trophic
level. Environmental Pollution, 243, 1217-25.
[http://dx.doi.org/10.1016/j.envpol.2018.09.115]

Boyle, MC & Limpus, CJ (2008) The stomach contents of post-
hatchling green and loggerhead sea turtles in the
southwest Pacific: An insight into habitat association.
Marine Biology, 155, 233-41.
[http://dx.doi.org/10.1007/s00227-008-1022-z]

Cabernard, L, Roscher, L, Lorenz, C, Gerdts, G & Primpke, S
(2018) Comparison of Raman and Fourier transform
infrared spectroscopy for the quantification of
microplastics in the aquatic environment. Environmental
Science & Technology, 52, 13279-88.
[http://dx.doi.org/10.1021/acs.est.8b03438]

Canniff, PM & Hoang, TC (2018) Microplastic ingestion by
Daphnia magna and its enhancement on algal growth.
Science of the Total Environment, 633, 500-7.
[http://dx.doi.org/10.1016/j.scitotenv.2018.03.176]

Capolupo, M, Valbonesi, P & Fabbri, E (2021) Comparative
assessment of the chronic effects of micro- and nano-
plastics on the physiology of the mediterranean mussel


http://dx.doi.org/10.1021/acs.est.3c01894
http://dx.doi.org/10.1016/j.jhazmat.2020.122271
http://dx.doi.org/10.1097/JS9.0000000000000055
http://dx.doi.org/10.1038/s41561-019-0335-5
http://dx.doi.org/10.1016/j.envpol.2020.114158
http://dx.doi.org/10.1016/j.marpolbul.2011.05.030
http://dx.doi.org/10.1016/j.marpolbul.2017.01.082
http://dx.doi.org/10.1007/s00204-025-04091-3
http://dx.doi.org/10.1016/j.watres.2018.05.060
http://dx.doi.org/10.3389/fimmu.2020.00426
http://dx.doi.org/10.1007/s11356-021-15920-0
http://dx.doi.org/10.1016/j.chemosphere.2024.143995
http://dx.doi.org/10.1016/j.chemosphere.2024.142424
http://dx.doi.org/10.1016/j.envint.2025.109279
http://dx.doi.org/10.1021/acs.est.7b03331
http://dx.doi.org/10.1126/sciadv.aax1157
http://dx.doi.org/10.1080/01904167.2025.2538638
http://dx.doi.org/10.1002/stem.3244
http://dx.doi.org/10.1016/j.envpol.2018.09.115
http://dx.doi.org/10.1007/s00227-008-1022-z
http://dx.doi.org/10.1021/acs.est.8b03438
http://dx.doi.org/10.1016/j.scitotenv.2018.03.176

20 The Open Environmental Research Journal, 2026, Vol. 19

Mytilus galloprovincialis. Nanomaterials, 11, 649.
[http://dx.doi.org/10.3390/nano11030649]

Chae, Y & An, Y] (2017) Effects of micro- and nanoplastics on
aquatic ecosystems: Current research trends and
perspectives. Marine Pollution Bulletin, 124, 624-32.
[http://dx.doi.org/10.1016/j.marpolbul.2017.01.070]

Chaudhary, HD, Shah, G, Bhatt, U, Singh, H & Soni, V (2025)
Microplastics and plant health: A comprehensive review of
sources, distribution, toxicity, and remediation. npj
Emerging Contaminants, 1, 8.
[http://dx.doi.org/10.1038/s44454-025-00007-z]

Chen, EY, Lin, KT, Jung, CC, Chang, CL & Chen, CY (2022)
Characteristics and influencing factors of airborne
microplastics in nail salons. Science of the Total
Environment, 806, 151472.
[http://dx.doi.org/10.1016/j.scitotenv.2021.151472]

Chen, M, Yue, Y, Bao, X, Feng, X, Ou, Z, Qiu, Y, Yang, K, Yang, Y,
Yu, Y & Yu, H (2022) Effects of polystyrene nanoplastics on
oxidative stress, histopathology and intestinal microbiota
in largemouth bass (Micropterus salmoides). Aquaculture
Reports, 27, 101423.
[http://dx.doi.org/10.1016/j.aqrep.2022.101423]

Chen, Q, Gundlach, M, Yang, S, Jiang, ], Velki, M, Yin, D &
Hollert, H (2017) Quantitative investigation of the
mechanisms of microplastics and nanoplastics toward
zebrafish larvae locomotor activity. Science of the Total
Environment, 584-585, 1022-31.
[http://dx.doi.org/10.1016/j.scitotenv.2017.01.156]

Chen, Z, Carter, L], Banwart, SA & Kay, P (2025) Microplastics in
soil-plant systems: Current knowledge, research gaps, and
future directions for agricultural sustainability. Agronomy,
15, 1519.

[http://dx.doi.org/10.3390/agronomy15071519]

Choi, Y], Park, JW, Lim, Y, Seo, S & Hwang, DY (2021) in vivo
impact assessment of orally administered polystyrene
nanoplastics: Biodistribution, toxicity, and inflammatory
response in mice. Nanotoxicology, 15, 1180-98.
[http://dx.doi.org/10.1080/17435390.2021.1996650]

Chu, C, Zhang, Y, Liu, Q, Pang, Y, Niu, Y & Zhang, R (2022)
Identification of ceRNA network to explain the mechanism
of cognitive dysfunctions induced by PS NPs in mice.
Ecotoxicology and Environmental Safety, 241, 113785.
[http://dx.doi.org/10.1016/j.ecoenv.2022.113785]

Chu, T, Zhang, R, Guo, F, Zhu, M, Zan, S & Yang, R (2024) The
toxicity of polystyrene micro- and nano-plastics on rare
minnow (Gobiocypris rarus) varies with the particle size
and concentration. Aquatic Toxicology, 269, 106879.
[http://dx.doi.org/10.1016/j.aquatox.2024.106879]

Cole, M, Lindeque, P, Halsband, C & Galloway, TS (2011)
Microplastics as contaminants in the marine environment:
A review. Marine Pollution Bulletin, 62, 2588-97.
[http://dx.doi.org/10.1016/j.marpolbul.2011.09.025]

Colzi, I, Renna, L, Bianchi, E, Castellani, MB, Coppi, A, Pignattelli,
S, Loppi, S & Gonnelli, C (2022) Impact of microplastics on
growth, photosynthesis and essential elements in
Cucurbita pepo L. Journal of Hazardous Materials, 423,
127238.

[http://dx.doi.org/10.1016/j.jhazmat.2021.127238]

Contino, M, Ferruggia, G, Indelicato, S, Pecoraro, R, Scalisi, EM,

Salvaggio, A & Brundo, MV (2023) Sublethal effects of

Goshisht et al.

polystyrene nanoplastics on the embryonic development of
Artemia salina (Linnaeus, 1758). Animals, 13, 3152.
[http://dx.doi.org/10.3390/ani13193152]

Cowger, W, Gray, A, Christiansen, SH, DeFrond, H, Deshpande,
AD, Hemabessiere, L, Lee, E, Mill, L, Munno, K, Ossmann,
BE, Pittroff, M, Rochman, C, Sarau, G, Tarby, S & Primpke,
S (2020) Critical review of processing and classification
techniques for images and spectra in microplastic
research. Applied Spectroscopy, 74, 989-1010.
[http://dx.doi.org/10.1177/0003702820929064]

Cox, KD, Covernton, GA, Davies, HL, Dower, JF, Juanes, F &
Dudas, SE (2019) Human consumption of microplastics.
Environmental Science & Technology, 53, 7068-74.
[http://dx.doi.org/10.1021/acs.est.9b01517]

Cézar, A, Echevarria, F, Gonzélez-Gordillo, JI, Irigoien, X, Ubeda,
B, Hernandez-Leén, S, Palma, AT, Navarro, S, Garcia-de-
Lomas, ], Ruiz, A, Ferndndez-de-Puelles, ML & Duarte, CM
(2014) Plastic debris in the open ocean. Proceedings of the
National Academy of Sciences of the United States of
America, 111, 10239-44. [PNAS].
[http://dx.doi.org/10.1073/pnas.1314705111]

Curren, E, Leaw, CP, Lim, PT & Leong, SCY (2020) Evidence of
marine microplastics in commercially harvested seafood.
Frontiers in Bioengineering and Biotechnology, 8, 562760.
[http://dx.doi.org/10.3389/fhioe.2020.562760]

Da Costa Filho, PA, Andrey, D, Eriksen, B, Peixoto, RP, Carreres,
BM, Ambiihl, ME, Descarrega, JB, Dubascoux, S, Zbinden,
P, Panchaud, A & Poitevin, E (2021) Detection and
characterization of small-sized microplastics (= 5 pm) in
milk products. Scientific Reports, 11, 24046.
[http://dx.doi.org/10.1038/s41598-021-03458-7]

da Costa, JP, Santos, PSM, Duarte, AC & Rocha-Santos, T (2016)
(Nano)plastics in the environment - Sources, fates and
effects. Science of the Total Environment, 566-567, 15-26.
[http://dx.doi.org/10.1016/j.scitotenv.2016.05.041]

Danopoulos, E, Jenner, LC, Twiddy, M & Rotchell, J]M (2020)
Microplastic contamination of seafood intended for human
consumption: A systematic review and meta-analysis.
Environmental Health Perspectives, 128, 126002.
[http://dx.doi.org/10.1289/EHP7171]

De Leeuw, JW, De Leer, EWB, Damste, JSS & Schuyl, PJW (1986)
Screening of anthropogenic compounds in polluted
sediments and soils by flash evaporation/pyrolysis gas
chromatography-mass spectrometry. Analytical Chemistry,
58, 1852-7.

[http://dx.doi.org/10.1021/ac00121a055]

de Souza Machado, AA, Lau, CW, Kloas, W, Bergmann, ],
Bachelier, ]JB, Faltin, E, Becker, R, Gorlich, AS & Rillig, MC
(2019) Microplastics can change soil properties and affect
plant performance. Environmental Science & Technology,
53, 6044-52.

[http://dx.doi.org/10.1021/acs.est.9b01339]

Dessi, C, Okoffo, ED, O'Brien, JW, Gallen, M, Samanipour, S,
Kaserzon, S, Rauert, C, Wang, X & Thomas, KV (2021)
Plastics contamination of store-bought rice. Journal of
Hazardous Materials, 416, 125778.
[http://dx.doi.org/10.1016/j.jhazmat.2021.125778]

Devi, A, De Silva, YSK & Tyagi, L (2025) The individual and
combined effects of microplastics and heavy metals on
marine organisms. Microplastics, 4, 38.


http://dx.doi.org/10.3390/nano11030649
http://dx.doi.org/10.1016/j.marpolbul.2017.01.070
http://dx.doi.org/10.1038/s44454-025-00007-z
http://dx.doi.org/10.1016/j.scitotenv.2021.151472
http://dx.doi.org/10.1016/j.aqrep.2022.101423
http://dx.doi.org/10.1016/j.scitotenv.2017.01.156
http://dx.doi.org/10.3390/agronomy15071519
http://dx.doi.org/10.1080/17435390.2021.1996650
http://dx.doi.org/10.1016/j.ecoenv.2022.113785
http://dx.doi.org/10.1016/j.aquatox.2024.106879
http://dx.doi.org/10.1016/j.marpolbul.2011.09.025
http://dx.doi.org/10.1016/j.jhazmat.2021.127238
http://dx.doi.org/10.3390/ani13193152
http://dx.doi.org/10.1177/0003702820929064
http://dx.doi.org/10.1021/acs.est.9b01517
http://dx.doi.org/10.1073/pnas.1314705111
http://dx.doi.org/10.3389/fbioe.2020.562760
http://dx.doi.org/10.1038/s41598-021-03458-7
http://dx.doi.org/10.1016/j.scitotenv.2016.05.041
http://dx.doi.org/10.1289/EHP7171
http://dx.doi.org/10.1021/ac00121a055
http://dx.doi.org/10.1021/acs.est.9b01339
http://dx.doi.org/10.1016/j.jhazmat.2021.125778

Environmental Transport, Bioaccumulation, and Health Impacts

[http://dx.doi.org/10.3390/microplastics4030038]

Diaz-Basantes, MF, Conesa, JA & Fullana, A (2020) Microplastics
in honey, beer, milk and refreshments in Ecuador as
emerging contaminants. Sustainability, 12, 5514.
[http://dx.doi.org/10.3390/su12145514]

Diepens, NJ & Koelmans, AA (2018) Accumulation of plastic
debris and associated contaminants in aquatic food webs.
Environmental Science & Technology, 52, 8510-20.
[http://dx.doi.org/10.1021/acs.est.8b02515]

Ding, ], Huang, Y, Liu, S, Zhang, S, Zou, H, Wang, Z, Zhu, W &
Geng, ] (2020) Toxicological effects of nano- and micro-
polystyrene plastics on red tilapia: Are larger plastic
particles more harmless? Journal of Hazardous Materials,
396, 122693.
[http://dx.doi.org/10.1016/j.jhazmat.2020.122693]

Domenech, ] & Marcos, R (2021) Pathways of human exposure to
microplastics, and estimation of the total burden. Current
Opinion in Food Science, 39, 144-51.
[http://dx.doi.org/10.1016/j.cofs.2021.01.004]

Dong, Y, Gao, M, Qiu, W & Song, Z (2021) Uptake of microplastics
by carrots in presence of As (III): Combined toxic effects.
Journal of Hazardous Materials, 411, 125055.
[http://dx.doi.org/10.1016/j.jhazmat.2021.125055]

Dris, R, Gasperi, J, Mirande, C, Mandin, C, Guerrouache, M,
Langlois, V & Tassin, B (2017) A first overview of textile
fibers, including microplastics, in indoor and outdoor
environments. Environmental Pollution, 221, 453-8.
[http://dx.doi.org/10.1016/j.envpol.2016.12.013]

Dris, R, Gasperi, J, Rocher, V & Tassin, B (2018) Synthetic and
non-synthetic anthropogenic fibers in a river under the
impact of Paris Megacity: Sampling methodological aspects
and flux estimations. Science of the Total Environment,
618, 157-64.
[http://dx.doi.org/10.1016/j.scitotenv.2017.11.009]

Dris, R, Gasperi, ]J, Saad, M, Mirande, C & Tassin, B (2016)
Synthetic fibers in atmospheric fallout: A source of
microplastics in the environment? Marine Pollution
Bulletin, 104, 290-3.
[http://dx.doi.org/10.1016/j.marpolbul.2016.01.006]

Du, H, Peng, C, Li, Y, Shi, X, Liu, C, Liu, W & Wang, L (2025)
Absorption of microplastics by terrestrial plants and their
ecological risk. New Contaminants, 1, 0-0.
[http://dx.doi.org/10.48130/newcontam-0025-0006]

Du, J, Qiu, L, Zhou, Q, Jin, M & Wu, W (2025) Microplastics as
vectors for environmental contaminants in the food chain:
Assessing the combined toxicological effects and
bioavailability. Toxicology Letters, 413, 111734.
[http://dx.doi.org/10.1016/j.toxlet.2025.111734]

Elizalde-Velazquez, A, Crago, J, Zhao, X, Green, M] & Caias-
Carrell, JE (2020) in vivo effects on the immune function of
fathead minnow (Pimephales promelas) following ingestion
and intraperitoneal injection of polystyrene nanoplastics.
Science of the Total Environment, 735, 139461.
[http://dx.doi.org/10.1016/j.scitotenv.2020.139461]

Expoésito, N, Rovira, ], Sierra, J, Gimenez, G, Domingo, JL &
Schuhmacher, M (2022) Levels of microplastics and their
characteristics in molluscs from North-West Mediterranean
Sea: Human intake. Marine Pollution Bulletin, 181,
113843.
[http://dx.doi.org/10.1016/j.marpolbul.2022.113843]

21

Fabbri, D, Tartari, D & Trombini, C (2000) Analysis of poly(vinyl
chloride) and other polymers in sediments and suspended
matter of a coastal lagoon by pyrolysis-gas
chromatography-mass spectrometry. Analytica Chimica
Acta, 413, 3-11.
[http://dx.doi.org/10.1016/S0003-2670(00)00766-2]

Fabbri, D, Trombini, C & Vassura, I (1998) Analysis of polystyrene
in polluted sediments by pyrolysis-gas chromatography-
mass spectrometry. Journal of Chromatographic Science,
36, 600-4.

[http://dx.doi.org/10.1093/chromsci/36.12.600]

Farrell, P & Nelson, K (2013) Trophic level transfer of
microplastic: Mytilus edulis (L.) to Carcinus maenas (L.).
Environmental Pollution, 177, 1-3.
[http://dx.doi.org/10.1016/j.envpol.2013.01.046]

Fendall, LS & Sewell, MA (2009) Contributing to marine pollution
by washing your face: Microplastics in facial cleansers.
Marine Pollution Bulletin, 58, 1225-8.
[http://dx.doi.org/10.1016/j.marpolbul.2009.04.025]

Feng, Y, Ty, C, Li, R, Wu, D, Yang, ], Xia, Y, Peijnenburg, W] &
Luo, Y (2023) A systematic review of the impacts of
exposure to micro- and nano-plastics on human tissue
accumulation and health. Eco-Environment & Health, 2,
195-207.
[http://dx.doi.org/10.1016/j.eehl.2023.08.002]
38435355]

Fournier, E, Leveque, M, Ruiz, P, Ratel, ], Durif, C, Chalancon, S,
Amiard, F, Edely, M, Bezirard, V, Gaultier, E, Lamas, B,
Houdeau, E, Lagarde, F, Engel, E, Etienne-Mesmin, L,
Blanquet-Diot, S & Mercier-Bonin, M (2023) Microplastics:
What happens in the human digestive tract? First
evidences in adults using in vitro gut models. Journal of
Hazardous Materials, 442, 130010.
[http://dx.doi.org/10.1016/j.jhazmat.2022.130010]

Gao, M, Liu, Y & Song, Z (2019) Effects of polyethylene
microplastic on the phytotoxicity of di-n-butyl phthalate in
lettuce (Lactuca sativa L. var. ramosa Hort). Chemosphere,
237, 124482.
[http://dx.doi.org/10.1016/j.chemosphere.2019.124482]

Gao, M, Liu, Y, Dong, Y & Song, Z (2021) Effect of polyethylene
particles on dibutyl phthalate toxicity in lettuce (Lactuca
sativa L.). Journal of Hazardous Materials, 401, 123422.
[http://dx.doi.org/10.1016/j.jhazmat.2020.123422]

Gewert, B, Plassmann, MM & MacLeod, M (2015) Pathways for
degradation of plastic polymers floating in the marine
environment. Environmental Science: Processes &
Impacts, 17, 1513-21.
[http://dx.doi.org/10.1039/C5EM00207A]

Gigault, J, Halle, A, Baudrimont, M, Pascal, P-Y, Gauffre, F, Phi, T-
L, El Hadri, H, Grassl, B & Reynaud, S (2018) Current
opinion: What is a nanoplastic? Environmental Pollution,
235, 1030-4.
[http://dx.doi.org/10.1016/j.envpol.2018.01.024]

Giorgetti, L, Spano, C, Muccifora, S, Bottega, S, Barbieri, F,
Bellani, L & Ruffini Castiglione, M (2020) Exploring the
interaction between polystyrene nanoplastics and Allium
cepa during germination: Internalization in root cells,
induction of toxicity and oxidative stress. Plant Physiology
and Biochemistry, 149, 170-7.
[http://dx.doi.org/10.1016/j.plaphy.2020.02.014]

[PMID:


http://dx.doi.org/10.3390/microplastics4030038
http://dx.doi.org/10.3390/su12145514
http://dx.doi.org/10.1021/acs.est.8b02515
http://dx.doi.org/10.1016/j.jhazmat.2020.122693
http://dx.doi.org/10.1016/j.cofs.2021.01.004
http://dx.doi.org/10.1016/j.jhazmat.2021.125055
http://dx.doi.org/10.1016/j.envpol.2016.12.013
http://dx.doi.org/10.1016/j.scitotenv.2017.11.009
http://dx.doi.org/10.1016/j.marpolbul.2016.01.006
http://dx.doi.org/10.48130/newcontam-0025-0006
http://dx.doi.org/10.1016/j.toxlet.2025.111734
http://dx.doi.org/10.1016/j.scitotenv.2020.139461
http://dx.doi.org/10.1016/j.marpolbul.2022.113843
http://dx.doi.org/10.1016/S0003-2670(00)00766-2
http://dx.doi.org/10.1093/chromsci/36.12.600
http://dx.doi.org/10.1016/j.envpol.2013.01.046
http://dx.doi.org/10.1016/j.marpolbul.2009.04.025
http://dx.doi.org/10.1016/j.eehl.2023.08.002
http://www.ncbi.nlm.nih.gov/pubmed/38435355
http://dx.doi.org/10.1016/j.jhazmat.2022.130010
http://dx.doi.org/10.1016/j.chemosphere.2019.124482
http://dx.doi.org/10.1016/j.jhazmat.2020.123422
http://dx.doi.org/10.1039/C5EM00207A
http://dx.doi.org/10.1016/j.envpol.2018.01.024
http://dx.doi.org/10.1016/j.plaphy.2020.02.014

22 The Open Environmental Research Journal, 2026, Vol. 19

Guan, Q, Jiang, J, Huang, Y, Wang, Q, Liu, Z, Ma, X, Yang, X, Li, Y,
Wang, S, Cui, W, Tang, J, Wan, H, Xu, Q, Tu, Y, Wu, D &
Xia, Y (2023) The landscape of micron-scale particles
including microplastics in human enclosed body fluids.
Journal of Hazardous Materials, 442, 130138.
[http://dx.doi.org/10.1016/j.jhazmat.2022.130138]

Giiven, O, Gokdag, K, Jovanovic, B & Kideys, AE (2017)
Microplastic litter composition of the Turkish territorial
waters of the Mediterranean Sea, and its occurrence in the
gastrointestinal tract of fish. Environmental Pollution, 223,
286-94.

[http://dx.doi.org/10.1016/j.envpol.2017.01.025]

Haldar, S, Muralidaran, Y, Miguez, D, Mulla, SI & Mishra, P
(2023) Eco-toxicity of nano-plastics and its implication on
human metabolism: Current and future perspective.
Science of the Total Environment, 861, 160571.
[http://dx.doi.org/10.1016/j.scitotenv.2022.160571]

Heidbreder, LM, Troger, J & Schmitt, M (2023) Exploring the
psychological antecedents of private and public sphere
behaviours to reduce household plastic consumption.
Environment, Development and Sustainability, 25,
3405-28.

[http://dx.doi.org/10.1007/s10668-022-02186-w]

Hermabessiere, L, Paul-Pont, I, Cassone, AL, Himber, C,
Receveur, ], Jezequel, R, El Rakwe, M, Rinnert, E, Riviére,
G, Lambert, C, Huvet, A, Dehaut, A, Duflos, G & Soudant, P
(2019) Microplastic contamination and pollutant levels in
mussels and cockles collected along the channel coasts.
Environmental Pollution, 250, 807-19.
[http://dx.doi.org/10.1016/j.envpol.2019.04.051]

Hernandez-Sanchez, L, Cruz-Lopez, V, Herrera-Rivera, R, Solis-
Pomar, F, Navarro-Antonio, J & Cruz-Martinez, H (2025)
Impacts of microplastics and nanoplastics on tomato crops:
A critical review. Environments, 12, 328.
[http://dx.doi.org/10.3390/environments12090328]

Hidalgo-Ruz, V, Gutow, L, Thompson, RC & Thiel, M (2012)
Microplastics in the marine environment: A review of
methods  for identification and  quantification.
Environmental Science & Technology, 46, 3060-75.
[http://dx.doi.org/10.1021/es2031505]

Hua, T, Kiran, S, Li, Y & Sang, QXA (2022) Microplastics exposure
affects neural development of human pluripotent stem cell-
derived cortical spheroids. Journal of Hazardous Materials,
435, 128884.
[http://dx.doi.org/10.1016/j.jhazmat.2022.128884]

Hua, X, Zhao, Y, Yuan, Y, Zhang, L, Bian, Q & Wang, D (2022)
Nanoplastics cause transgenerational toxicity through
inhibiting germline microRNA mir-38 in C. elegans. Journal
of Hazardous Materials, 437, 129302.
[http://dx.doi.org/10.1016/j.jhazmat.2022.129302]

Huang, T, Zhang, W, Lin, T, Liu, S, Sun, Z, Liu, F, Yuan, Y, Xiang,
X, Kuang, H, Yang, B & Zhang, D (2022) Maternal
exposure to polystyrene nanoplastics during gestation and
lactation induces hepatic and testicular toxicity in male
mouse offspring. Food and Chemical Toxicology, 160,
112803.

[http://dx.doi.org/10.1016/j.fct.2021.112803]

Huerta Lwanga, E, Mendoza Vega, ], Ku Quej, V, Chi, JA, Sanchez
del Cid, L, Chi, C, Escalona Segura, G, Gertsen, H, Salanki,
T, van der Ploeg, M, Koelmans, AA & Geissen, V (2017)

Goshisht et al.

Field evidence for transfer of plastic debris along a
terrestrial food chain. Scientific Reports, 7, 14071.
[http://dx.doi.org/10.1038/s41598-017-14588-2]

Jams, IB, Windsor, FM, Poudevigne-Durance, T, Ormerod, SJ &
Durance, I (2020) Estimating the size distribution of
plastics ingested by animals. Nature Communications, 11,
1594.

[http://dx.doi.org/10.1038/s41467-020-15406-6]

Jia, L, Liu, L, Zhang, Y, Fu, W, Liu, X, Wang, Q, Tanveer, M &
Huang, L (2023) Microplastic stress in plants: Effects on
plant growth and their remediations. Frontiers in Plant
Science, 14, 1226484.
[http://dx.doi.org/10.3389/fpls.2023.1226484]

Kamel, NA, Bashir, DW, El-Leithy, EMM, Tohamy, AF, Rashad,
MM, Ali, GE & Aa, ES (2024) Screening the toxic effect of
polyethylene terephthalate nanoplastics on kidney of adult
male Swiss albino mice with promising betaine alleviation.
Journal of Applied Veterinary Sciences, 9, 55-66.
[http://dx.doi.org/10.21608/javs.2024.255947.1301]

Kappler, A, Fischer, D, Oberbeckmann, S, Schernewski, G,
Labrenz, M, Eichhorn, K] & Voit, B (2016) Analysis of
environmental microplastics by vibrational
microspectroscopy: FTIR, Raman or both? Analytical and
Bioanalytical Chemistry, 408, 8377-91.
[http://dx.doi.org/10.1007/s00216-016-9956-3]

Karami, A, Golieskardi, A, Ho, YB, Larat, V & Salamatinia, B
(2017) Microplastics in eviscerated flesh and excised
organs of dried fish. Scientific Reports, 7, 5473.
[http://dx.doi.org/10.1038/s41598-017-05828-6]

Kedzierski, M, Lechat, B, Sire, O, Le Maguer, G, Le Tilly, V &
Bruzaud, S (2020) Microplastic contamination of packaged
meat: Occurrence and associated risks. Food Packaging
and Shelf Life, 24, 100489.
[http://dx.doi.org/10.1016/j.fpsl.2020.100489]

Kissel, A, Nogowski, A, Kienle, A & Foschum, F (2025) Flow
Raman spectroscopy for the detection and identification of
small microplastics. Sensors, 25, 1390.
[http://dx.doi.org/10.3390/5s25051390]

Kochanek, A, Graz, K, Potok, H, Gronba-Chyta, A, Kwasny, J,
Wiewiorska, I, Ciula, J, Basta, E & Lapinski, J (2025) Micro-
and nanoplastics in the environment: Current state of
research, sources of origin, health risks, and
regulations—A comprehensive review. Toxics, 13, 564.
[http://dx.doi.org/10.3390/toxics13070564]

Koelmans, AA, Mohamed Nor, NH, Hermsen, E, Kooi, M,
Mintenig, SM & De France, ] (2019) Microplastics in
freshwaters and drinking water: Critical review and
assessment of data quality. Water Research, 155, 410-22.
[http://dx.doi.org/10.1016/j.watres.2019.02.054]

Lambert, S & Wagner, M (2016) Characterisation of nanoplastics
during the degradation of polystyrene. Chemosphere, 145,
265-8.
[http://dx.doi.org/10.1016/j.chemosphere.2015.11.078]

Latchere, O, Roman, C, Métais, I, Perrein-Ettajani, H, Mouloud,
M, Georges, D, Feurtet-Mazel, A, Gigault, ], Catrouillet, C,
Baudrimont, M & Chatel, A (2023) Toxicity assessment of
environmental MPs and NPs and polystyrene NPs on the
bivalve Corbicula fluminea using a multi-marker approach.
Comparative Biochemistry and Physiology Part C:
Toxicology & Pharmacology, 273, 109714.


http://dx.doi.org/10.1016/j.jhazmat.2022.130138
http://dx.doi.org/10.1016/j.envpol.2017.01.025
http://dx.doi.org/10.1016/j.scitotenv.2022.160571
http://dx.doi.org/10.1007/s10668-022-02186-w
http://dx.doi.org/10.1016/j.envpol.2019.04.051
http://dx.doi.org/10.3390/environments12090328
http://dx.doi.org/10.1021/es2031505
http://dx.doi.org/10.1016/j.jhazmat.2022.128884
http://dx.doi.org/10.1016/j.jhazmat.2022.129302
http://dx.doi.org/10.1016/j.fct.2021.112803
http://dx.doi.org/10.1038/s41598-017-14588-2
http://dx.doi.org/10.1038/s41467-020-15406-6
http://dx.doi.org/10.3389/fpls.2023.1226484
http://dx.doi.org/10.21608/javs.2024.255947.1301
http://dx.doi.org/10.1007/s00216-016-9956-3
http://dx.doi.org/10.1038/s41598-017-05828-6
http://dx.doi.org/10.1016/j.fpsl.2020.100489
http://dx.doi.org/10.3390/s25051390
http://dx.doi.org/10.3390/toxics13070564
http://dx.doi.org/10.1016/j.watres.2019.02.054
http://dx.doi.org/10.1016/j.chemosphere.2015.11.078

Environmental Transport, Bioaccumulation, and Health Impacts

[http://dx.doi.org/10.1016/j.cbpc.2023.109714]

Lee, HJ, Song, NS, Kim, JS & Kim, SK (2021) Variation and
uncertainty of microplastics in commercial table salts:
Critical review and validation. jJournal of Hazardous
Materials, 402, 123743.
[http://dx.doi.org/10.1016/j.jhazmat.2020.123743]

Lehner, R, Weder, C, Petri-Fink, A & Rothen-Rutishauser, B
(2019) Emergence of nanoplastic in the environment and
possible impact on human health. Environmental Science
& Technology, 53, 1748-65.
[http://dx.doi.org/10.1021/acs.est.8b05512]

Leslie, HA, van Velzen, MJM, Brandsma, SH, Vethaak, AD, Garcia-
Vallejo, J] & Lamoree, MH (2022) Discovery and
quantification of plastic particle pollution in human blood.
Environment International, 163, 107199.
[http://dx.doi.org/10.1016/j.envint.2022.107199]

Lett, Z, Hall, A, Skidmore, S & Alves, NJ (2021) Environmental
microplastic and nanoplastic: Exposure routes and effects
on coagulation and the cardiovascular system.
Environmental Pollution, 291, 118190.
[http://dx.doi.org/10.1016/j.envpol.2021.118190]

Li, L, Luo, Y, Li, R, Zhou, Q, Peijnenburg, WJGM, Yin, N, Yang, ],
Tu, C & Zhang, Y (2020) Effective uptake of submicrometre
plastics by crop plants via a crack-entry mode. Nature
Sustainability, 3, 929-37.
[http://dx.doi.org/10.1038/s41893-020-0567-9]

Li, L, Lv, X, He, ], Zhang, L, Li, B, Zhang, X, Liu, S & Zhang, Y
(2024) Chronic exposure to polystyrene nanoplastics
induces intestinal mechanical and immune barrier
dysfunction in mice. Ecotoxicology and Environmental
Safety, 269, 115749.
[http://dx.doi.org/10.1016/j.ecoenv.2023.115749]

Li, M, Ma, W, Fang, JKH, Mo, ], Li, L, Pan, M, Li, R, Zeng, X & Laj,
KP (2025) A review on the combined toxicological effects of
microplastics and their attached pollutants. Emerging
Contaminants, 11, 100486.
[http://dx.doi.org/10.1016/j.emcon.2025.100486]

Li, Q, Meng, W, Wen, L, Xie, C, Wang, F, Guo, Z, Yan, Z, Deng, Y,
Chen, K, Li, Y, Wen, Y, Han, T & Han, F (2026) Chronic
exposure to polystyrene nanoplastics promotes lung cancer
progression via activating gluconeogenesis and inhibiting
glycolysis. Environmental Health, envhealth.5c00487.
[http://dx.doi.org/10.1021/envhealth.5c00487]

Li, S, Wang, Q, Yu, H, Yang, L, Sun, Y, Xu, N, Wang, N, Lei, Z,
Hou, J, Jin, Y, Zhang, H, Li, L, Xu, F & Zhang, L (2021)
Polystyrene microplastics induce blood-testis barrier
disruption regulated by the MAPK-Nrf2 signaling pathway
in rats. Environmental Science and Pollution Research
International, 28, 47921-31.
[http://dx.doi.org/10.1007/s11356-021-13911-9]

Li, Z, Li, Q, Li, R, Zhao, Y, Geng, ] & Wang, G (2020) Physiological
responses of lettuce (Lactuca sativa L.) to microplastic
pollution. Environmental Science and Pollution Research
International, 27, 30306-14.
[http://dx.doi.org/10.1007/s11356-020-09349-0]

Lian, J, Liu, W, Meng, L, Wu, ], Chao, L, Zeb, A & Sun, Y (2021)
Foliar-applied polystyrene nanoplastics (PSNPs) reduce the
growth and nutritional quality of lettuce (Lactuca sativa
L.). Environmental Pollution, 280, 116978.
[http://dx.doi.org/10.1016/j.envpol.2021.116978]

23

Liang, B, Huang, Y, Zhong, Y, Li, Z, Ye, R, Wang, B, Zhang, B,
Meng, H, Lin, X, Du, J, Hu, M, Wu, Q, Suj, H, Yang, X &
Huang, Z (2022) Brain single-nucleus transcriptomics
highlights that polystyrene nanoplastics potentially induce
Parkinson’s disease-like neurodegeneration by causing
energy metabolism disorders in mice. Journal of Hazardous
Materials, 430, 128459.
[http://dx.doi.org/10.1016/j.jhazmat.2022.128459]

Liao, Z, Ji, X, Ma, Y, Lv, B, Huang, W, Zhu, X, Fang, M, Wang, Q,
Wang, X, Dahlgren, R & Shang, X (2021) Airborne
microplastics in indoor and outdoor environments of a
coastal city in Eastern China. Journal of Hazardous
Materials, 417, 126007.
[http://dx.doi.org/10.1016/j.jhazmat.2021.126007]

Lin, RH, Chen, HT, Lee, IT, Vo, TTT & Wang, YL (2025)
Microplastics and nanoplastics in health concerning
cellular toxicity mechanisms, exposure pathways, and
global mitigation strategies. Life, 15, 1449.
[http://dx.doi.org/10.3390/1ife15091449]

Lin, Y, Huang, X, Liu, Q, Lin, Z & Jiang, G (2020) Thermal
fragmentation enhanced identification and quantification
of polystyrene micro/nanoplastics in complex media.
Talanta, 208, 120478.
[http://dx.doi.org/10.1016/j.talanta.2019.120478]

Liu, H, Tian, L, Wang, S & Wang, D (2021) Size-dependent
transgenerational toxicity induced by nanoplastics in
nematode Caenorhabditis elegans. Science of the Total
Environment, 790, 148217.
[http://dx.doi.org/10.1016/j.scitotenv.2021.148217]

Liu, K, Wang, X, Fang, T, Xu, P, Zhu, L & Li, D (2019) Source and
potential risk assessment of suspended atmospheric
microplastics in Shanghai. Science of the Total
Environment, 675, 462-71.
[http://dx.doi.org/10.1016/j.scitotenv.2019.04.110]

Liu, L, Wang, X, Liu, X, Wang, P, Wang, H, Zhang, B, Wang, K,
Liu, Z, Zhao, ], Krause, S & Xing, B (2026) Trophic transfer
of differentially hydrophobic nanoplastics along marine
food chains and related toxicity. ACS Nano, 20, 6006-17.
[http://dx.doi.org/10.1021/acsnano.5¢19606]

Liu, L, Zheng, H, Luan, L, Luo, X, Wang, X, Lu, H, Li, Y, Wen, L,
Li, F & Zhao, J (2021) Functionalized polystyrene
nanoplastic-induced energy homeostasis imbalance and the
immunomodulation dysfunction of marine clams ( Meretrix
meretrix ) at environmentally relevant concentrations.
Environmental Science: Nano, 8, 2030-48.
[http://dx.doi.org/10.1039/D1EN00212K]

Liu, S, Guo, J, Liu, X, Yang, R, Wang, H, Sun, Y, Chen, B & Dong,
R (2023) Detection of various microplastics in placentas,
meconium, infant feces, breastmilk and infant formula: A
pilot prospective study. Science of the Total Environment,
854, 158699.
[http://dx.doi.org/10.1016/j.scitotenv.2022.158699]

Liu, X, Zhao, Y, Dou, J, Hou, Q, Cheng, J] & Jiang, X (2022)
Bioeffects of inhaled nanoplastics on neurons and
alteration of animal behaviors through deposition in the
brain. Nano Letters, 22, 1091-9.
[http://dx.doi.org/10.1021/acs.nanolett.1c04184]

Lu, YY, Li, H, Ren, H, Zhang, X, Huang, F, Zhang, D, Huang, Q &
Zhang, X (2022) Size-dependent effects of polystyrene
nanoplastics on autophagy response in human umbilical


http://dx.doi.org/10.1016/j.cbpc.2023.109714
http://dx.doi.org/10.1016/j.jhazmat.2020.123743
http://dx.doi.org/10.1021/acs.est.8b05512
http://dx.doi.org/10.1016/j.envint.2022.107199
http://dx.doi.org/10.1016/j.envpol.2021.118190
http://dx.doi.org/10.1038/s41893-020-0567-9
http://dx.doi.org/10.1016/j.ecoenv.2023.115749
http://dx.doi.org/10.1016/j.emcon.2025.100486
http://dx.doi.org/10.1021/envhealth.5c00487
http://dx.doi.org/10.1007/s11356-021-13911-9
http://dx.doi.org/10.1007/s11356-020-09349-0
http://dx.doi.org/10.1016/j.envpol.2021.116978
http://dx.doi.org/10.1016/j.jhazmat.2022.128459
http://dx.doi.org/10.1016/j.jhazmat.2021.126007
http://dx.doi.org/10.3390/life15091449
http://dx.doi.org/10.1016/j.talanta.2019.120478
http://dx.doi.org/10.1016/j.scitotenv.2021.148217
http://dx.doi.org/10.1016/j.scitotenv.2019.04.110
http://dx.doi.org/10.1021/acsnano.5c19606
http://dx.doi.org/10.1039/D1EN00212K
http://dx.doi.org/10.1016/j.scitotenv.2022.158699
http://dx.doi.org/10.1021/acs.nanolett.1c04184

24 The Open Environmental Research Journal, 2026, Vol. 19

vein endothelial cells. Journal of Hazardous Materials, 421,
126770.
[http://dx.doi.org/10.1016/j.jhazmat.2021.126770]

Ly, NH, Kim, MK, Lee, H, Lee, C, Son, S], Zoh, KD, Vasseghian, Y
& Joo, S-W (2022) Advanced microplastic monitoring using
Raman spectroscopy with a combination of nanostructure-
based substrates. Journal of Nanostructure in Chemistry,
12, 865-88.

[http://dx.doi.org/10.1007/s40097-022-00506-0]

Machado, AJT, Mataribu, B, Serrao, C, da Silva Silvestre, L,
Farias, DF, Bergami, E, Corsi, I & Marques-Santos, LF
(2021) Single and combined toxicity of amino-
functionalized polystyrene nanoparticles with potassium
dichromate and copper sulfate on brine shrimp Artemia
franciscana larvae. Environmental Science and Pollution
Research International, 28, 45317-34.
[http://dx.doi.org/10.1007/s11356-021-13907-5]

Malinowski, CR, Searle, CL, Schaber, ] & Hook, TO (2023)
Microplastics impact simple aquatic food web dynamics
through reduced zooplankton feeding and potentially
releasing algae from consumer control. Science of the
Total Environment, 904, 166691.
[http://dx.doi.org/10.1016/j.scitotenv.2023.166691]

Mateos-Cardenas, A, Scott, DT, Seitmaganbetova, G & van Pelt,
FNAM (2019) Polyethylene microplastics adhere to Lemna
minor (L.), yet have no effects on plant growth or feeding
by Gammarus duebeni (Lillj.). Science of the Total
Environment, 689, 413-21.
[http://dx.doi.org/10.1016/j.scitotenv.2019.06.359]

Missawi, O, Bousserrhine, N, Belbekhouche, S, Zitouni, N,
Alphonse, V, Boughattas, I & Banni, M (2020) Abundance
and distribution of small microplastics (= 3 pm) in
sediments and seaworms from the Southern Mediterranean
coasts and characterisation of their potential harmful
effects. Environmental Pollution, 263, 114634.
[http://dx.doi.org/10.1016/j.envpol.2020.114634]

Mizraji, R, Ahrendt, C, Perez-Venegas, D, Vargas, ], Pulgar, ],
Aldana, M, Patricio Ojeda, F, Duarte, C & Galbéan-Malagon,
C (2017) Is the feeding type related with the content of
microplastics in intertidal fish gut? Marine Pollution
Bulletin, 116, 498-500.
[http://dx.doi.org/10.1016/j.marpolbul.2017.01.008]

Mohamed, HI, Ullah, I, Toor, MD, Tanveer, NA, Din, MMU, Basit,
A, Sultan, Y, Muhammad, M & Rehman, MU (2025) Heavy
metals toxicity in plants: Understanding mechanisms and
developing coping strategies for remediation: A review.
Bioresources and Bioprocessing, 12, 95.
[http://dx.doi.org/10.1186/s40643-025-00930-4]

Momeni, MK, Taghipour, H, Ghayebzadeh, M, Mohammadi, M &
Keikhaee, R (2025) Isolation and characterization of
microplastics from the human respiratory system: Sputum,
broncho-alveolar lavage fluid, and pleural fluid
simultaneously. Environmental Pollution, 365, 125389.
[http://dx.doi.org/10.1016/j.envpol.2024.125389]

Monira, S, Roychand, R, Hai, FI, Bhuiyan, M, Dhar, BR &
Pramanik, BK (2023) Nano and microplastics occurrence in
wastewater treatment plants: A  comprehensive
understanding of microplastics fragmentation and their
removal. Chemosphere, 334, 139011.
[http://dx.doi.org/10.1016/j.chemosphere.2023.139011]

Goshisht et al.

Morales-Espinoza, LL, Gebara, RC, Longo, E & Fracécio, R (2025)
Microplastics in freshwater ecosystems: Probabilistic
environmental risk assessment and current knowledge in
occurrence and ecotoxicological studies. Environmental
Toxicology and Chemistry, 44, 3-25.
[http://dx.doi.org/10.1093/etojnl/vgae008]

Morgana, S, Ghigliotti, L, Estévez-Calvar, N, Stifanese, R,
Wieckzorek, A, Doyle, T, Christiansen, JS, Faimali, M &
Garaventa, F (2018) Microplastics in the Arctic: A case
study with sub-surface water and fish samples off
Northeast Greenland. Environmental Pollution, 242,
1078-86.

[http://dx.doi.org/10.1016/j.envpol.2018.08.001]

Mughini-Gras, L, van der Plaats, RQJ, van der Wielen, PW]J,
Bauerlein, PS & de Roda Husman, AM (2021) Riverine
microplastic and microbial community compositions: A
field study in the Netherlands. Water Research, 192,
116852.

[http://dx.doi.org/10.1016/j.watres.2021.116852]

Muhammad, A, Zhou, X, He, J, Zhang, N, Shen, X, Sun, C, Yan, B
& Shao, Y (2021) Toxic effects of acute exposure to
polystyrene microplastics and nanoplastics on the model
insect, silkworm Bombyx mori. Environmental Pollution,
285, 117255.
[http://dx.doi.org/10.1016/j.envpol.2021.117255]

Nei, N, Changmai, U, Sk, S, Kumar, N, Borah, B, Chikkaputtaiah,
C, Saikia, R & Phukan, T (2024) Impact of polyvinyl
chloride (PVC) microplastic on growth, photosynthesis and
nutrient uptake of Solanum lycopersicum L. (Tomato).
Environmental Pollution, 349, 123994.
[http://dx.doi.org/10.1016/j.envpol.2024.123994]

Nematollahi, MJ, Zarei, F, Keshavarzi, B, Zarei, M, Moore, F,
Busquets, R & Kelly, FJ (2022) Microplastic occurrence in
settled indoor dust in schools. Science of the Total
Environment, 807, 150984.
[http://dx.doi.org/10.1016/j.scitotenv.2021.150984]

Nicole, W (2021) Microplastics in seafood: How much are people
eating? Environmental Health Perspectives, 129, 034001.
[http://dx.doi.org/10.1289/EHP8936]

Nikolic, S, Gazdic-Jankovic, M, Rosic, G, Miletic-Kovacevic, M,
Jovicic, N, Nestorovic, N, Stojkovic, P, Filipovic, N,
Milosevic-Djordjevic, O, Selakovic, D, Zivanovic, M, Seklic,
D, Milivojevi¢, N, Markovic, A, Seist, R, Vasilijic, S,
Stankovic, KM, Stojkovic, M & Ljujic, B (2022) Orally
administered fluorescent nanosized polystyrene particles
affect cell viability, hormonal and inflammatory profile, and
behavior in treated mice. Environmental Pollution, 305,
119206.

[http://dx.doi.org/10.1016/j.envpol.2022.119206]

Nizzetto, L, Futter, M & Langaas, S (2016) Are agricultural soils
dumps for microplastics of urban origin? Environmental
Science & Technology, 50, 10777-9.
[http://dx.doi.org/10.1021/acs.est.6b04140]

0Osko, J, Kadac-Czapska, K, Jazdzewska, K, Nowak, N, Kowalczyk,
P & Grembecka, M (2025) Nanoplastics: From separations
to analysis-challenges and limitations. Separations, 12,
185.

[http://dx.doi.org/10.3390/separations12070185]

ORmann, BE, Sarau, G, Holtmannspotter, H, Pischetsrieder, M,

Christiansen, SH & Dicke, W (2018) Small-sized


http://dx.doi.org/10.1016/j.jhazmat.2021.126770
http://dx.doi.org/10.1007/s40097-022-00506-0
http://dx.doi.org/10.1007/s11356-021-13907-5
http://dx.doi.org/10.1016/j.scitotenv.2023.166691
http://dx.doi.org/10.1016/j.scitotenv.2019.06.359
http://dx.doi.org/10.1016/j.envpol.2020.114634
http://dx.doi.org/10.1016/j.marpolbul.2017.01.008
http://dx.doi.org/10.1186/s40643-025-00930-4
http://dx.doi.org/10.1016/j.envpol.2024.125389
http://dx.doi.org/10.1016/j.chemosphere.2023.139011
http://dx.doi.org/10.1093/etojnl/vgae008
http://dx.doi.org/10.1016/j.envpol.2018.08.001
http://dx.doi.org/10.1016/j.watres.2021.116852
http://dx.doi.org/10.1016/j.envpol.2021.117255
http://dx.doi.org/10.1016/j.envpol.2024.123994
http://dx.doi.org/10.1016/j.scitotenv.2021.150984
http://dx.doi.org/10.1289/EHP8936
http://dx.doi.org/10.1016/j.envpol.2022.119206
http://dx.doi.org/10.1021/acs.est.6b04140
http://dx.doi.org/10.3390/separations12070185

Environmental Transport, Bioaccumulation, and Health Impacts

microplastics and pigmented particles in bottled mineral
water. Water Research, 141, 307-16.
[http://dx.doi.org/10.1016/j.watres.2018.05.027]

Pandey, N, Verma, R, Patnaik, S & Anbumani, S (2023)
Abundance, characteristics, and risk assessment of
microplastics in indigenous freshwater fishes of India.
Environmental Research, 218, 115011.
[http://dx.doi.org/10.1016/j.envres.2022.115011]

Pang, M, Wang, Y, Tang, Y, Dai, J, Tong, J] & Jin, G (2021)
Transcriptome sequencing and metabolite analysis reveal
the toxic effects of nanoplastics on tilapia after exposure to
polystyrene. Environmental Pollution, 277, 116860.
[http://dx.doi.org/10.1016/j.envpol.2021.116860]

Patra, KB & Baitharu, I (2024) Assessment of microplastics and
associated ecological risk in the Hirakud Reservoir,
Odisha, India. Journal of Water and Health, 22, 1017-32.
[http://dx.doi.org/10.2166/wh.2024.393]

Peixoto, D, Pinheiro, C, Amorim, ], Oliva-Teles, L, Guilhermino, L
& Vieira, MN (2019) Microplastic pollution in commercial
salt for human consumption: A review. Estuarine, Coastal
and Shelf Science, 219, 161-8.
[http://dx.doi.org/10.1016/j.ecss.2019.02.018]

Piovesan, A, Quartieri, S, Faleri, C, Bellingeri, A, Nepi, M, Al Sid
Cheikh, M & Corsi, I (2026) Translocation of nanoplastics
from soil to crops impairs pollen viability with potential
implications to pollinators. Environmental Science: Nano,
13, 952-65.

[http://dx.doi.org/10.1039/D5EN00969C]

Primpke, S, Christiansen, SH, Cowger, W, De Frond, H,
Deshpande, A, Fischer, M, Holland, EB, Meyns, M,
O’Donnell, BA, Ossmann, BE, Pittroff, M, Sarau, G, Scholz-
Bottcher, BM & Wiggin, KJ (2020) Critical assessment of
analytical methods for harmonized and cost-efficient
analysis of microplastics. Applied Spectroscopy, 74,
1012-47.

[http://dx.doi.org/10.1177/0003702820921465]

Priya, KL, Renjith, KR, Cindrella, JJ, Indu, MS, Reji, S & Haddout,
S (2022) Fate, transport and degradation pathway of
microplastics in aquatic environment-A critical review.
Regional Studies in Marine Science, 56, 102647.
[http://dx.doi.org/10.1016/j.rsma.2022.102647]

Provencher, JF, Ammendolia, J, Rochman, CM & Mallory, ML
(2019) Assessing plastic debris in aquatic food webs: What
we know and don’'t know about uptake and trophic
transfer. Environmental Reviews, 27, 304-17.
[http://dx.doi.org/10.1139/er-2018-0079]

Qi, Y, Yang, X, Pelaez, AM, Huerta Lwanga, E, Beriot, N, Gertsen,
H, Garbeva, P & Geissen, V (2018) Macro- and micro-
plastics in soil-plant system: Effects of plastic mulch film
residues on wheat (Triticum aestivum) growth. Science of
the Total Environment, 645, 1048-56.
[http://dx.doi.org/10.1016/j.scitotenv.2018.07.229]

Rahman, A, Sarkar, A, Yadav, OP, Achari, G & Slobodnik, J (2021)
Potential human health risks due to environmental
exposure to nano- and microplastics and knowledge gaps:
A scoping review. Science of the Total Environment, 757,
143872.
[http://dx.doi.org/10.1016/j.scitotenv.2020.143872]

Rai, PK, Sonne, C, Brown, RJC, Younis, SA & Kim, KH (2022)
Adsorption of environmental contaminants on micro- and

25

nano-scale plastic polymers and the influence of
weathering processes on their adsorptive attributes.
Journal of Hazardous Materials, 427, 127903.
[http://dx.doi.org/10.1016/j.jhazmat.2021.127903]

Ranjan, A, Rajput, VD, Minkina, T, Bauer, T, Chauhan, A & Jindal,
T (2021) Nanoparticles induced stress and toxicity in
plants. Environmental Nanotechnology, Monitoring &
Management, 15, 100457.
[http://dx.doi.org/10.1016/j.enmm.2021.100457]

Renner, G, Schmidt, TC & Schram, ] (2018) Analytical
methodologies for monitoring micro(nano)plastics: Which
are fit for purpose? Current Opinion in Environmental
Science & Health, 1, 55-61.
[http://dx.doi.org/10.1016/j.coesh.2017.11.001]

Rochman, CM, Hoh, E, Kurobe, T & Teh, SJ (2013) Ingested
plastic transfers hazardous chemicals to fish and induces
hepatic stress. Scientific Reports, 3, 3263.
[http://dx.doi.org/10.1038/srep03263]

Rodriguez-Loya, J, Lerma, M & Gardea-Torresdey, JL (2023)
Dynamic light scattering and its application to control
nanoparticle aggregation in colloidal systems: A review.
Micromachines, 15, 24.
[http://dx.doi.org/10.3390/mi15010024]

Roy, R, Hossain, A, Sultana, S, Deb, B, Ahmod, MM & Sarker, T
(2024) Microplastics increase cadmium absorption and
impair nutrient uptake and growth in red amaranth
(Amaranthus tricolor L.) in the presence of cadmium and
biochar. BMC Plant Biology, 24, 608.
[http://dx.doi.org/10.1186/s12870-024-05312-0]

Samaei, SHA, Mojahednia, P, Chen, ], Li, Z, Jaszczyszyn, K,
Kiedrzynska, E & Xue, J (2025) What does the “trojan
horse” carry? The pollutants associated with
microplastics/nanoplastics in water environments. ACS
ES&T Water, 5, 1530-45.
[http://dx.doi.org/10.1021/acsestwater.4c01089]

Sarasamma, S, Audira, G, Siregar, P, Malhotra, N, Lai, YH, Liang,
ST, Chen, JR, Chen, KHC & Hsiao, CD (2020) Nanoplastics
cause neurobehavioral impairments, reproductive and
oxidative damages, and biomarker responses in zebrafish:
Throwing up alarms of wide spread health risk of exposure.
International Journal of Molecular Sciences, 21, 1410.
[http://dx.doi.org/10.3390/ijms21041410]

Schwabl, P, Koppel, S, Konigshofer, P, Bucsics, T, Trauner, M,
Reiberger, T & Liebmann, B (2019) Detection of various
microplastics in human stool: A prospective case series.
Annals of Internal Medicine, 171, 453-7.
[http://dx.doi.org/10.7326/M19-0618]

Schymanski, D, OBmann, BE, Benismail, N, Boukerma, K,
Dallmann, G, von der Esch, E, Fischer, D, Fischer, F,
Gilliland, D, Glas, K, Hofmann, T, Kappler, A, Lacorte, S,
Marco, J, Rakwe, MEL, Weisser, ], Witzig, C, Zumbiilte, N
& Ivleva, NP (2021) Analysis of microplastics in drinking
water and other clean water samples with micro-Raman
and micro-infrared spectroscopy: Minimum requirements
and best practice guidelines. Analytical and Bioanalytical
Chemistry, 413, 5969-94.
[http://dx.doi.org/10.1007/s00216-021-03498-y]

Scircle, A, Cizdziel, JV, Tisinger, L, Anumol, T & Robey, D (2020)
Occurrence of microplastic pollution at Oyster Reefs and
other coastal sites in the mississippi sound, USA: Impacts


http://dx.doi.org/10.1016/j.watres.2018.05.027
http://dx.doi.org/10.1016/j.envres.2022.115011
http://dx.doi.org/10.1016/j.envpol.2021.116860
http://dx.doi.org/10.2166/wh.2024.393
http://dx.doi.org/10.1016/j.ecss.2019.02.018
http://dx.doi.org/10.1039/D5EN00969C
http://dx.doi.org/10.1177/0003702820921465
http://dx.doi.org/10.1016/j.rsma.2022.102647
http://dx.doi.org/10.1139/er-2018-0079
http://dx.doi.org/10.1016/j.scitotenv.2018.07.229
http://dx.doi.org/10.1016/j.scitotenv.2020.143872
http://dx.doi.org/10.1016/j.jhazmat.2021.127903
http://dx.doi.org/10.1016/j.enmm.2021.100457
http://dx.doi.org/10.1016/j.coesh.2017.11.001
http://dx.doi.org/10.1038/srep03263
http://dx.doi.org/10.3390/mi15010024
http://dx.doi.org/10.1186/s12870-024-05312-0
http://dx.doi.org/10.1021/acsestwater.4c01089
http://dx.doi.org/10.3390/ijms21041410
http://dx.doi.org/10.7326/M19-0618
http://dx.doi.org/10.1007/s00216-021-03498-y

26 The Open Environmental Research Journal, 2026, Vol. 19

of freshwater inflows from flooding. Toxics, 8, 35.
[http://dx.doi.org/10.3390/toxics8020035]

Sekar, V & Sundaram, B (2026) Adsorption behaviour of
accelerated UV aged PET and PP microplastics towards
Pb(II) under varying pH, temperature, and salinity
conditions. Science of the Total Environment, 1012,
181175.
[http://dx.doi.org/10.1016/j.scitotenv.2025.181175]

Shah, T, Ali, A, Haider, G, Asad, M & Munsif, F (2023)
Microplastics alter soil enzyme activities and microbial
community structure without negatively affecting plant
growth in an agroecosystem. Chemosphere, 322, 138188.
[http://dx.doi.org/10.1016/j.chemosphere.2023.138188]

Shan, S, Zhang, Y, Zhao, H, Zeng, T & Zhao, X (2022) Polystyrene
nanoplastics penetrate across the blood-brain barrier and
induce activation of microglia in the brain of mice.
Chemosphere, 298, 134261.
[http://dx.doi.org/10.1016/j.chemosphere.2022.134261]

Sharma, K, Sharma, A & Bhatnagar, P (2024) Combined effect of
polystyrene nanoplastic and di-n-butyl phthalate on
testicular health of male Swiss albino mice: Analysis of
sperm-related parameters and potential toxic effects.
Environmental  Science and  Pollution  Research
International, 31, 23680-96.
[http://dx.doi.org/10.1007/s11356-024-32697-0]

Shruti, VC, Pérez-Guevara, F, Elizalde-Martinez, I & Kutralam-
Muniasamy, G (2020) First study of its kind on the
microplastic contamination of soft drinks, cold tea and
energy drinks - Future research and environmental
considerations. Science of the Total Environment, 726,
138580.
[http://dx.doi.org/10.1016/j.scitotenv.2020.138580]

Sintim, HY & Flury, M (2017) Is biodegradable plastic mulch the
solution to agriculture’s plastic problem? Environmental
Science & Technology, 51, 1068-9.
[http://dx.doi.org/10.1021/acs.est.6b06042]

Sobhani, Z, Zhang, X, Gibson, C, Naidu, R, Megharaj, M & Fang,
C (2020) Identification and  visualisation  of
microplastics/nanoplastics by Raman imaging (i): Down to
100 nm. Water Research, 174, 115658.
[http://dx.doi.org/10.1016/j.watres.2020.115658]

Steer, M, Cole, M, Thompson, RC & Lindeque, PK (2017)
Microplastic ingestion in fish larvae in the western English
Channel. Environmental Pollution, 226, 250-9.
[http://dx.doi.org/10.1016/j.envpol.2017.03.062]

Sun, H, Lei, C, Xu, J & Li, R (2021) Foliar uptake and leaf-to-root
translocation of nanoplastics with different coating charge
in maize plants. Journal of Hazardous Materials, 416,
125854.

[http://dx.doi.org/10.1016/j.jhazmat.2021.125854]

Sun, N, Shi, H, Li, X, Gao, C & Liu, R (2023) Combined toxicity of
micro/nanoplastics loaded with environmental pollutants to
organisms and cells: Role, effects, and mechanism.
Environment International, 171, 107711.
[http://dx.doi.org/10.1016/j.envint.2022.107711]

Sun, Z, Wu, B, Yi, ], Yu, H, He, ], Teng, F, Xi, T, Zhao, ], Ruan, ],
Xu, P, Tao, R, Jia, L & Ji, H (2024) Impacts of
environmental concentrations of nanoplastics on zebrafish
neurobehavior and reproductive toxicity. Toxics, 12, 617.
[http://dx.doi.org/10.3390/toxics12080617]

Goshisht et al.

Sykes, EA, Dai, Q, Tsoi, KM, Hwang, DM & Chan, WCW (2014)
Nanoparticle exposure in animals can be visualized in the
skin and analysed via skin biopsy. Nature Communications,
5, 3796.

[http://dx.doi.org/10.1038/ncomms4796]

Tan, Q, He, D, Xu, Z, Luo, T, Zhao, W & Chen, Y (2025)
Integration of physiological, transcriptomic, and
metabolomic approaches reveals the responses of sweet
orange (Citrus sinensis) seedlings exposed to polystyrene
microplastics. Industrial Crops and Products, 236, 122061.
[http://dx.doi.org/10.1016/j.indcrop.2025.122061]

Tang, KHD (2025) Toxic effects of nanoplastics on animals:
Comparative  insights into microplastic toxicity.
Environments, 12, 429.
[http://dx.doi.org/10.3390/environments12110429]

Taylor, SE, Pearce, CI, Sanguinet, KA, Hu, D, Chrisler, WB, Kim,
YM, Wang, Z & Flury, M (2020) Polystyrene nano- and
microplastic accumulation at arabidopsis and wheat root
cap cells, but no evidence for uptake into roots.
Environmental Science: Nano, 7, 1942-53.
[http://dx.doi.org/10.1039/DOEN00309C]

Teuten, EL, Saquing, JM, Knappe, DRU, Barlaz, MA, Jonsson, S,
Bjorn, A, Rowland, SJ, Thompson, RC, Galloway, TS,
Yamashita, R, Ochi, D, Watanuki, Y, Moore, C, Viet, PH,
Tana, TS, Prudente, M, Boonyatumanond, R, Zakaria, MP,
Akkhavong, K, Ogata, Y, Hirai, H, Iwasa, S, Mizukawa, K,
Hagino, Y, Imamura, A, Saha, M & Takada, H (2009)
Transport and release of chemicals from plastics to the
environment and to wildlife. Philosophical Transactions of
the Royal Society B: Biological Sciences, 364, 2027-45.
[http://dx.doi.org/10.1098/rsth.2008.0284]

Thomas, KV, Belz, S, Booth, AM, Clift, MJD, Cross, RK, Davies, G,
Dirven, H, Dunlop, S, Gomiero, A, Guo, S, Herzke, D,
Koelmans, AA, Mudway, IS, Okoffo, ED, Rauert, C,
Samanipour, S, Symeonides, C, Walker, DI, Wang, T,
Wright, SL, Xu, JL & Barron, LP (2026) Communicating
confidence in the reliability of micro- and nanoplastic
identification in human health studies. Environmental
Health, 4, 804-11.
[http://dx.doi.org/10.1021/envhealth.5c00671]

Thompson, RC, Olsen, Y, Mitchell, RP, Davis, A, Rowland, SJ,
John, AWG, McGonigle, D & Russell, AE (2004) Lost at sea:
Where is all the plastic? Science, 304, 838.
[http://dx.doi.org/10.1126/science.1094559]

Thompson, RN, Nau, CA & Lawrence, CH (1966) Identification of
vehicle tire rubber in roadway dust. American Industrial
Hygiene Association journal, 27, 488-95.
[http://dx.doi.org/10.1080/00028896609342461]

Trevisan, R, Ranasinghe, P, Jayasundara, N & Di Giulio, R (2022)
Nanoplastics in aquatic environments: Impacts on aquatic
species and interactions with environmental factors and
pollutants. Toxics, 10, 326.
[http://dx.doi.org/10.3390/toxics10060326]

Tripathi, N & Goshisht, MK (2022) Recent advances and
mechanistic insights into antibacterial activity, antibiofilm
activity, and cytotoxicity of silver nanoparticles. ACS

Applied Bio Materials, 5, 1391-463.
[http://dx.doi.org/10.1021/acsabm.2c00014]

Vered, G, Kaplan, A, Avisar, D & Shenkar, N (2019) Using solitary
ascidians to assess microplastic and phthalate plasticizers


http://dx.doi.org/10.3390/toxics8020035
http://dx.doi.org/10.1016/j.scitotenv.2025.181175
http://dx.doi.org/10.1016/j.chemosphere.2023.138188
http://dx.doi.org/10.1016/j.chemosphere.2022.134261
http://dx.doi.org/10.1007/s11356-024-32697-0
http://dx.doi.org/10.1016/j.scitotenv.2020.138580
http://dx.doi.org/10.1021/acs.est.6b06042
http://dx.doi.org/10.1016/j.watres.2020.115658
http://dx.doi.org/10.1016/j.envpol.2017.03.062
http://dx.doi.org/10.1016/j.jhazmat.2021.125854
http://dx.doi.org/10.1016/j.envint.2022.107711
http://dx.doi.org/10.3390/toxics12080617
http://dx.doi.org/10.1038/ncomms4796
http://dx.doi.org/10.1016/j.indcrop.2025.122061
http://dx.doi.org/10.3390/environments12110429
http://dx.doi.org/10.1039/D0EN00309C
http://dx.doi.org/10.1098/rstb.2008.0284
http://dx.doi.org/10.1021/envhealth.5c00671
http://dx.doi.org/10.1126/science.1094559
http://dx.doi.org/10.1080/00028896609342461
http://dx.doi.org/10.3390/toxics10060326
http://dx.doi.org/10.1021/acsabm.2c00014

Environmental Transport, Bioaccumulation, and Health Impacts

pollution among marine biota: A case study of the Eastern
Mediterranean and Red Sea. Marine Pollution Bulletin,
138, 618-25.
[http://dx.doi.org/10.1016/j.marpolbul.2018.12.013]

Vleeming, J, Laan, SNJ & Bosker, T (2026) Uptake and
translocation of polystyrene nanoplastics in edible plants
via root and foliar exposure: A qualitative imaging-based
study. Environmental Pollution, 390, 127516.
[http://dx.doi.org/10.1016/j.envpol.2025.127516]

Wang, X, Shao, S, Zhang, T, Zhang, Q, Yang, D & Zhao, ] (2023)
Effects of exposure to nanoplastics on the gill of mussels
Mpytilus galloprovincialis: An integrated perspective from
multiple biomarkers. Marine Environmental Research, 191,
106174.
[http://dx.doi.org/10.1016/j.marenvres.2023.106174]

Wang, X, Xie, H, Wang, P & Yin, H (2023) Nanoparticles in plants:
Uptake, transport and physiological activity in leaf and
root. Materials, 16, 3097.
[http://dx.doi.org/10.3390/mal16083097]

Watts, AJR, Lewis, C, Goodhead, RM, Beckett, S], Moger, ], Tyler,
CR & Galloway, TS (2014) Uptake and retention of
microplastics by the shore crab Carcinus maenas.
Environmental Science & Technology, 48, 8823-30.
[http://dx.doi.org/10.1021/es501090e]

Wehrli, L, Martin, OV, Trasande, L & Damdimopoulou, P (2025)
Reproductive toxicity of micro- and nanoplastics: Insights
from experimental and human studies. Journal of Internal
Medicine, 298, 532-61.
[http://dx.doi.org/10.1111/joim.70038]

Wootton, N, Reis-Santos, P & Gillanders, BM (2021) Microplastic
in fish - A global synthesis. Reviews in Fish Biology and
Fisheries, 31, 753-71.
[http://dx.doi.org/10.1007/s11160-021-09684-6]

Wright, SL & Kelly, FJ (2017) Plastic and human health: A micro
issue? Environmental Science & Technology, 51, 6634-47.
[http://dx.doi.org/10.1021/acs.est.7b00423]

Wu, H, Guo, J, Yao, Y & Xu, S (2022) Polystyrene nanoplastics
induced cardiomyocyte apoptosis and myocardial
inflammation in carp by promoting ROS production. Fish &
Shellfish Immunology, 125, 1-8.
[http://dx.doi.org/10.1016/j.fsi.2022.04.048]

Wu, X, Hou, H, Liu, Y, Yin, S, Bian, S, Liang, S, Wan, C, Yuan, S,
Xiao, K, Liu, B, Hu, J & Yang, J (2022) Microplastics affect
rice (Oryza sativa L.) quality by interfering metabolite
accumulation and energy expenditure pathways: A field
study. Journal of Hazardous Materials, 422, 126834.
[http://dx.doi.org/10.1016/j.jhazmat.2021.126834]

Xia, H, Li, Y, Wang, F, Li, G, Tan, Z & Song, M (2026) Human
exposure to micro- and nanoplastics: Trans-barrier
transport, tissue accumulation, and health risks.
Environmental Health, envhealth.6c00122.
[http://dx.doi.org/10.1021/envhealth.6c00122]

Xiao, J, Jiang, X, Zhou, Y, Sumayyah, G, Zhou, L, Tu, B, Qin, Q,
Qiu, J, Qin, X, Zou, Z & Chen, C (2022) Results of a 30-day
safety assessment in young mice orally exposed to
polystyrene nanoparticles. Environmental Pollution, 292,
118184.

[http://dx.doi.org/10.1016/j.envpol.2021.118184]

Xiao, M, Li, X, Zhang, X, Duan, X, Lin, H, Liu, S & Sui, G (2023)

Assessment of cancer-related signaling pathways in

27

responses to polystyrene nanoplastics via a kidney-testis
microfluidic platform (KTP). Science of the Total
Environment, 857, 159306.
[http://dx.doi.org/10.1016/j.scitotenv.2022.159306]

Xie, Y, Lyu, Y, Irshad, S, Liu, X, Jiang, Y, Sun, Y, Zhang, Z, Wei, H,
He, H, An, C & Zhang, P (2025) Combined interactions and
ecotoxicological effects of micro/nanoplastics and organic
pollutants in soil-plant systems: A critical overview.
Environmental Science: Advances, 4, 1166-80.
[http://dx.doi.org/10.1039/D5VA00072F]

Xu, D, Ma, Y, Peng, C, Gan, Y, Wang, Y, Chen, Z, Han, X & Chen,
Y (2023) Differently surface-labeled polystyrene
nanoplastics at an environmentally relevant concentration
induced Crohn’s ileitis-like features via triggering
intestinal epithelial cell necroptosis. Environment
International, 176, 107968.
[http://dx.doi.org/10.1016/j.envint.2023.107968]

Xu, M, Halimu, G, Zhang, Q, Song, Y, Fu, X, Li, Y, Li, Y & Zhang,
H (2019) Internalization and toxicity: A preliminary study
of effects of nanoplastic particles on human lung epithelial
cell. Science of the Total Environment, 694, 133794.
[http://dx.doi.org/10.1016/j.scitotenv.2019.133794]

Yang, S, Cheng, Y, Chen, Z, Liu, T, Yin, L, Pu, Y & Liang, G (2021)
in vitro evaluation of nanoplastics using human lung
epithelial cells, microarray analysis and co-culture model.
Ecotoxicology and Environmental Safety, 226, 112837.
[http://dx.doi.org/10.1016/j.ecoenv.2021.112837]

Yee, MSL, Hii, LW, Looi, CK, Lim, WM, Wong, SF, Kok, YY, Tan,
BK, Wong, CY & Leong, CO (2021) Impact of microplastics
and nanoplastics on human health. Nanomaterials, 11, 496.
[http://dx.doi.org/10.3390/nan011020496]

Yin, J, Li, JY, Craig, NJ & Su, L (2022) Microplastic pollution in
wild populations of decapod crustaceans: A review.
Chemosphere, 291, 132985.
[http://dx.doi.org/10.1016/j.chemosphere.2021.132985]

Zhang, J, Wang, L & Kannan, K (2020) Microplastics in house dust
from 12 countries and associated human exposure.
Environment International, 134, 105314.
[http://dx.doi.org/10.1016/j.envint.2019.105314]

Zhang, Q, Zhao, M, Meng, F, Xiao, Y, Dai, W & Luan, Y (2021)
Effect of polystyrene microplastics on rice seed
germination and antioxidant enzyme activity. Toxics, 9,
179.

[http://dx.doi.org/10.3390/toxics9080179]

Zhang, Q, Zhao, Y, Du, F, Cai, H, Wang, G & Shi, H (2020)
Microplastic fallout in different indoor environments.
Environmental Science & Technology, 54, 6530-9.
[http://dx.doi.org/10.1021/acs.est.0c00087]

Zhang, Y, Zhou, Q, Song, S & Liu, Q (2026) Gaps between

laboratory experiments and real-world exposure:
Toxicological assessment of microplastics is based on
inadequate evidence. Environmental Health,
envhealth.6¢00030.

[http://dx.doi.org/10.1021/envhealth.6c00030]

Zhou, Y, Wu, C, Li, Y, Jiang, H, Miao, A, Liao, Y & Pan, K (2023)
Effects of nanoplastics on clam Ruditapes philippinarum at
environmentally realistic concentrations: Toxicokinetics,
toxicity, and gut microbiota. Journal of Hazardous
Materials, 456, 131647.
[http://dx.doi.org/10.1016/j.jhazmat.2023.131647]


http://dx.doi.org/10.1016/j.marpolbul.2018.12.013
http://dx.doi.org/10.1016/j.envpol.2025.127516
http://dx.doi.org/10.1016/j.marenvres.2023.106174
http://dx.doi.org/10.3390/ma16083097
http://dx.doi.org/10.1021/es501090e
http://dx.doi.org/10.1111/joim.70038
http://dx.doi.org/10.1007/s11160-021-09684-6
http://dx.doi.org/10.1021/acs.est.7b00423
http://dx.doi.org/10.1016/j.fsi.2022.04.048
http://dx.doi.org/10.1016/j.jhazmat.2021.126834
http://dx.doi.org/10.1021/envhealth.6c00122
http://dx.doi.org/10.1016/j.envpol.2021.118184
http://dx.doi.org/10.1016/j.scitotenv.2022.159306
http://dx.doi.org/10.1039/D5VA00072F
http://dx.doi.org/10.1016/j.envint.2023.107968
http://dx.doi.org/10.1016/j.scitotenv.2019.133794
http://dx.doi.org/10.1016/j.ecoenv.2021.112837
http://dx.doi.org/10.3390/nano11020496
http://dx.doi.org/10.1016/j.chemosphere.2021.132985
http://dx.doi.org/10.1016/j.envint.2019.105314
http://dx.doi.org/10.3390/toxics9080179
http://dx.doi.org/10.1021/acs.est.0c00087
http://dx.doi.org/10.1021/envhealth.6c00030
http://dx.doi.org/10.1016/j.jhazmat.2023.131647

28 The Open Environmental Research Journal, 2026, Vol. 19 Goshisht et al.

Zhu, ], Zhang, X, Liao, K, Wu, P & Jin, H (2022) Microplastics in Environmental Science & Technology, 60, 3899-910.
dust from different indoor environments. Science of the (http://dx.doi.org/ 10~102.1/acs'95t~5(315586] .
Total Environment, 833, 155256. Zhu, X, Huang, W, Fang, M, Liao, Z, Wang, Y, Xu, L, Mu, .Q, Shi,
[http://dx.doi.org/10.1016/j.scitotenv. 2022.155256] C, Lu, C, Deng, H, Dahigren, R & Shang, X (2021) Airborne
microplastic concentrations in five megacities of northern
Zhu, R, Wang, Y, Yuan, Y, Zhou, F, Yan, N, Song, Q, Zhong, H & and southeast China. Environmental Science &
Dang, F (2026) Route-specific phytotoxicity: Foliar Technology, 55, acs.est.1c03618.
polystyrene nanoplastics inhibit rice photosynthesis. [http://dx.doi.org/10.1021/acs.est.1¢03618]

DISCLAIMER: Please note that this article is currently in the 'Early view' stage and is not the final 'Version of Record'. While it has
been accepted, copy-edited, and formatted, however, it is still undergoing proofreading and corrections by the authors. Therefore,
the text may still change before the final publication. Although 'Early view' may not have all bibliographic details available, the DOI
and the year of online publication can still be used to cite them. The article title, DOI, publication year, and author(s) should all be
included in the citation format. Once the 'Final Version of Record' becomes available the 'Early view' will be replaced by that.



http://dx.doi.org/10.1016/j.scitotenv.2022.155256
http://dx.doi.org/10.1021/acs.est.5c15586
http://dx.doi.org/10.1021/acs.est.1c03618

	[1. INTRODUCTION]
	1. INTRODUCTION
	2. SOURCES, EXPOSURE PATHWAYS AND FATE OF DISTRIBUTION OF MICRO- AND NANOPLASTICS
	2.1. Environmental Exposure Pathways to Micro-and Nanoplastics
	2.2. Human Exposure Pathways to Micro-and Nanoplastics
	2.2.1. Inhalation
	2.2.2. Ingestion
	2.2.3. Dermal Contact


	3. PHYSICOCHEMICAL PROPERTIES OF MICRO- AND NANOPLASTICS
	4. TOXICOLOGICAL EFFECTS OF MICRO- AND NANOPLASTICS IN THE ECOSYSTEM
	4.1. Cellular, Physiological and Toxicological Consequences of Micro- and Nanoplastics Exposure In Terrestrial Vertebrates
	4.2. Toxicity Of Micro- And Nanoplastics In Terrestrial Invertebrates
	4.3. Toxicological Effects of Micro- and Nanoplastics in Aquatic Organisms
	4.4. Toxicological Effects of Micro- and Nanoplastics on Plant Health
	4.5. Micro- and Nanoplastics as Vectors of Co-Contaminants: Combined toxicity and Food-Chain Transfer
	4.5.1. Adsorption and Interaction Mechanisms of Co-Contaminants
	4.5.2. Combined Toxic Effects of MNPs and Associated Pollutants
	4.5.3. Transfer and Bioaccumulation in the Food Chain
	4.5.4. Implications for Environmental and Human Health Risk Assessment


	5. DETECTION AND ANALYSIS OF MICRO- AND NANOPLASTICS
	6. CHALLENGES AND MITIGATION STRATEGIES FOR MICRO- AND NANOPLASTIC POLLUTION AND TOXICITY IN THE ENVIRONMENT AND BIOLOGICAL SYSTEMS
	7. CONCLUSION AND FUTURE PERSPECTIVES
	AUTHORS’ CONTRIBUTIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


