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ABSTRACT

Micro- and nanoplastics (MNPs) are pervasive contaminants increasingly implicated in DNA damage and genomic instability
across biological systems. This systematic review addresses two core questions: (1) How do MNPs induce genotoxic effects and/
or genomic instability in invertebrates, vertebrates, and human cell lines? (2) Through which molecular mechanisms and cellular
pathways do these particles exert genotoxic effects? To answer these questions, the review employs an analytical framework in-
tegrating mechanistic toxicology, comparative organismal evidence, and pathway-level synthesis. Using PRISMA-guided meth-
ods, data were compiled from studies assessing oxidative stress, DNA strand breaks, chromosomal alterations, and disruption
of repair pathways. Across aquatic and terrestrial organisms, as well as human epithelial and fly model models, MNP exposure
consistently activated oxidative stress pathways, impaired base-excision and nucleotide-excision repair, triggered inflamma-
tory signaling (e.g., NF-xB), and induced apoptosis or cell-cycle arrest. The framework highlights converging mechanisms—in-
cluding ROS overproduction, mitochondrial dysfunction, and direct nuclear interactions—that collectively compromise genome
integrity. These' findings reveal a coherent pattern of genotoxicity across taxa and underscore the growing public-health and
ecological risks associated with rising MNP pollution. The review identifies critical knowledge gaps, particularly in chronic low-
dose exposures, polymer diversity, and environmentally aged particles, and calls for standardized mechanistic research to inform
regulatory interventions.

| Introduction and industrial abrasives. In contrast, secondary MPs arise from

Microplastics (MPs) are plastic particles with diameters less than
5mm, while nanoplastics (NPs) are typically defined as parti-
cles smaller than 100nm (Thompson et al. 2004; Anifowoshe
et al. 2022, 2024, 2025). These small plastic fragments are now
ubiquitous in the environment, originating from a variety of
sources. Primary MPs are intentionally manufactured at mi-
croscopic scales for use in products such as personal care items
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the degradation and fragmentation of larger plastic debris due to
environmental factors such as ultraviolet radiation, weathering,
and mechanical abrasion (Andrady 2022).

The rapid proliferation of MPs in ecosystems correlates
strongly with the exponential growth of global plastic produc-
tion, which now reaches hundreds of millions of tons annually
(Bexeitova et al. 2024). Improper disposal and inadequate waste
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management have contributed significantly to the accumulation
of plastic pollutants in oceans, freshwater bodies, soil, and even
the atmosphere (Geyer et al. 2017). NPs, though less studied, are
of increasing concern due to their ultrafine size, which enables
them to cross biological membranes and potentially exert un-
known toxicological effects (Gigault et al. 2018).

MPs have been detected across a wide range of environmental
compartments—from remote marine ecosystems to urban air—
underscoring their pervasiveness (Jolaosho et al. 2025). Their
presence in aquatic ecosystems is particularly troubling due to
the risk of ingestion by marine organisms, subsequent bioac-
cumulation, and the potential for trophic transfer, which may
ultimately impact human health (Guerrera et al. 2021; Ashrafy
et al. 2023; Jolaosho et al. 2025). Furthermore, micro- and NPs
frequently act as vectors for other environmental contaminants,
including persistent organic pollutants (POPs) and heavy met-
als, which adhere to their surfaces and may be transported
across ecosystems (Cole et al. 2011).

NPs, owing to their small size and high surface area-to-volume
ratio, may exhibit greater chemical reactivity and potential
toxicity than their larger counterparts (Alimi et al. 2018; Teng
et al. 2022; He and Yin 2024; Jolaosho et al. 2025). They may
also penetrate cellular structures more easily, posing risks that
are not yet fully understood. Preliminary research suggests that
NPs can disrupt cellular function and elicit cytotoxic and geno-
toxic responses (Koelmans et al. 2015).

1.1 | Environmental Trends and Sources
of Micro- and Nanoplastics (MNPs)

MNPs have become increasingly pervasive across global ecosys-
tems, reflecting a clear upward trend in environmental plastic
contamination. The rapid increase in plastic production—now
reaching hundreds of millions of tons annually—has directly
accelerated the generation and environmental accumulation
of micro-sized and nano-sized particles (Bexeitova et al. 2024).
Inadequate waste management, improper disposal, and wide-
spread use of single-use plastics contribute significantly to their
presence in freshwater, marine, terrestrial, and atmospheric
compartments (Geyer et al. 2017).

MNPs originate from primary sources, which include inten-
tionally manufactured microbeads used in cosmetics, industrial
abrasives, and biomedical applications, and secondary sources,
which arise through the fragmentation of larger plastic debris
via photo-oxidation, mechanical abrasion, and environmental
weathering (Andrady and Neal 2011). Their occurrence has
now been documented in remote marine ecosystems, urban
runoff, agricultural soils, and even airborne particulate matter
(Jolaosho et al. 2025), indicating their mobility and persistence.

Environmental monitoring studies highlight that MNPs fre-
quently act as carriers for POPs, heavy metals, and other environ-
mental contaminants due to their high surface-area-to-volume
ratio and diverse surface functional groups (Cole et al. 2011).
This adsorptive capacity enhances their chemical reactivity and
increases ecological and human health risks. NPs, in particular,
display heightened environmental behavior and toxicity due to

their ultrafine size, which facilitates transport across biological
membranes and long-range movement through air and water
currents (Gigault et al. 2018).

Overall, the global trends reveal a continuous rise in MNP
abundance across ecosystems, driven by expanding plastic pro-
duction, ineffective waste control, and the gradual breakdown
of existing plastic pollution. These environmental patterns un-
derscore the relevance of examining MNP-induced genomic
instability, as the growing environmental burden increases the
likelihood of organismal exposure across trophic levels.

1.2 | Biological Significance of Genotoxicity
and Genomic Instability

Genotoxicity refers to acute or short-term DNA and chromosomal
lesions that are measurable soon after exposure (e.g., alkaline
comet tail moment, YH2AX foci, and micronucleus frequency),
often reflecting direct damage or ROS-mediated oxidative le-
sions and early repair responses. By contrast, genomic instabil-
ity (GI) denotes sustained, heritable increases in mutation and
chromosomal mis-segregation rates arising from defects in ge-
nome maintenance systems (e.g., BER/NER failure, DSB repair
imbalance, centrosome amplification, and spindle-checkpoint
slippage) and epigenetic drift. In this review, we classify comet/
micronucleus/yH2AX/8-0xoG as genotoxic endpoints, and we
interpret aneuploidy, chromosomal mis-segregation, persistent
copy-number variation, and stable repair pathway repression as
genomic-instability endpoints. We further trace a mechanistic
sequence—exposure — mitochondrial ROS — DNA base/strand
lesions — repair pathway saturation or suppression— check-
point adaptation — chromosomal instability (CIN)—to anchor
how short-term genotoxic signals may progress into long-term
GI across models. We apply this hierarchy consistently when in-
terpreting Tables 1-6 and Figure 2.

Genomic stability refers to the preservation of DNA sequence
and chromosomal integrity over time—a fundamental require-
ment for cellular homeostasis, accurate cell division, and the
prevention of mutations (Ferguson et al. 2015). Maintaining ge-
nomic stability is essential for avoiding diseases such as cancer,
neurodegeneration, and premature aging (Negrini et al. 2010).
This stability is safeguarded by a range of mechanisms, includ-
ing DNA repair pathways—base excision repair (BER), nucleo-
tide excision repair, mismatch repair, and double-strand break
repair—which correct errors arising during DNA replication or
caused by environmental insults (Huang and Zhou 2021).

Additionally, cell cycle checkpoints coordinate DNA repair with
cell division, ensuring that damaged DNA is not propagated
(Clay and Fox 2021). In stem cells and during development,
robust DNA maintenance systems are vital for proper differen-
tiation and sustained functionality (Mani et al. 2020). The accu-
mulation of DNA damage with age contributes to tissue decline
and the onset of age-related pathologies (Lopez-Otin et al. 2023).
Recent advances in genomics have shed light on the complexity
of these repair networks, providing new avenues for therapeutic
intervention, particularly in oncology, where targeting weak-
nesses in DNA repair mechanisms has become a strategy for
personalized cancer treatments.
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TABLE6 |

Comparison of environmental vs. experimental exposure concentrations of MNPs.

Category

Environmental exposure
concentrations (field
measurements)

Experimental exposure
concentrations (laboratory
studies in your review)

Implications

Aquatic
ecosystems

Terrestrial
ecosystems
(soil,

litter, and
agriculture)

Terrestrial
vertebrates
(mammals)

Human
exposure
(inhalation
and ingestion)

Fly model
(Drosophila
melanogaster)

« Often reported in the low pg/L
to low mg/L range, depending
on region and polymer type..
Freshwater and marine
studies show concentrations
typically between 0.1-
10mg/L. Atmospheric
fallout into waterbodies
contributes variable loads.

«Typically mg/kg range in
soils.e Agricultural soils can
accumulate tens to hundreds

of mg/kg from sewage
sludge, mulching films,
and atmospheric fallout.

« Limited direct environmental
quantification.. Likely
dominated by dietary ingestion
and airborne fallout, typically
in pg/day exposure scale.

« Indoor air: 0.3-1.5 particles/
m? (nanoplastics) and several
hundred pg/m3 MPs in
polluted areas.. Foodborne
exposure: a few ug to mg per
day, depending on diet (e.g.,
seafood, salt, and bottled water).

« Terrestrial matrices (soils,
dust, and food surfaces) often
report microplastics in mg/kg

ranges; airborne fallout adds
particles:m~3/ug-m~3 loads

relevant to foraging flies (review

syntheses).» Environmental

heterogeneity and weathering

(oxidation, pollutant loading)
increase bio-reactivity, even

at low chronic doses

« Zebrafish: 10-1000 ug/L PS-MPs;
100-400mg/L PS-NPs; 3-6 ug/
mL PIB-MPs.. Carp: 5-50mg/L
PE-MPs.. Mussels: 0.02-2mg/L
PS-MPs.. Medaka: 500-2000 ug/g
diet.» Leech: 0.05-5mg/L PET-NPs.

« Invertebrates (centipede, mites,
slugs): 0.1%-0.5% w/w in substrate
(equivalent to 1000-5000 mg/
kg).» Earthworms: 0.1%-1% w/w
PS or PE MPs (1000-10,000 mg/
kg).e Silkworms: doses mixed in
diet, approx. 0.25-0.5mg/g diet.

« Mice: 0.1-100 mg/kg (PVC, PS, PE
across studies).» Rats: 0.015-1.5mg/kg
PS MPs.s Chronic studies: 20-40mg/
kg or 50-500mg/kg food PS-MPs.

In vitro studies:e Human epithelial
cells (HRT-18, Caco-2): 12.5-50mg/L
PS-MPs.. HEK293/HepG2: 100 ug/
mL.. Human lymphocytes:
25-2000 ug/mL PS-NPs.

+ PE-MPs:1-10mg/mL diet; locomotor
deficits, 1ROS, |SOD, 1GST; p53,
rpr, Hsp70Bc upregulated (Ranjan
et al. 2024; Priscilla et al. 2025).¢
PS-MPs: 5-10g/L diet; 1lipid
peroxidation, |climbing, altered
pupal positioning (Raj et al. 2024)..
PS-NPLs: 50-200-500nm (ingestion);
gut translocation; size-dependent
TROS, DNA damage, stress/repair
gene changes (Alaraby et al. 2022).
PET-NPLs (true-to-life): ingestion;
internalization into enterocytes/
hemocytes; toxidative stress and DNA
damage; altered repair/stress genes
(Alaraby et al. 2023).« PET-MPs: higher
experimental doses; reproductive/
cellular toxicity; theat-shock proteins
(Kauts et al. 2024).» PS-MPs/NPs:
0.01-100 ppm; intestinal damage;
sublethal locomotor effects; size-
dependent toxicity (Matthews 2020).

Laboratory exposures frequently
exceed environmental levels
to induce measurable effects;

however, environmentally
aged particles may be more
toxic than pristine MPs/NPs.

Experimental concentrations
are often 1-2 orders of
magnitude higher than typical
field measurements, though
hotspots near urban centers
or agricultural sites can
approach experimental levels.

Mammalian exposures in
labs are standardized for
mechanistic clarity but exceed
environmental intake; however,
humans encounter lifelong
chronic low-dose exposure.

In vitro concentrations must be
higher to observe measurable
genotoxic responses. Direct
comparison with human
exposure is complex due to
different uptake mechanisms.

Laboratory doses are frequently
above environmental medians,
yet they reveal conserved
mechanisms—gut uptake,
ROS surge, repair pathway
modulation (BER/NER
gene signals), and apoptosis/
inflammation—that likely
operate under chronic low-
dose, weathered conditions
(Alaraby et al. 2022; Alaraby
et al. 2023; Ranjan et al. 2024).
Aligning future designs to
environmentally realistic
concentrations and aged/
pollutant-loaded particles will
improve external validity;
the fly's rapid lifecycle
enables multigeneration
testing of genomic instability
endpoints (Priscilla et al. 2025;
Matthews 2020).

Abbreviations: PE, polyethylene; PET, polyethylene terephthalate; PIB, polyisobutylene; PS, polystyrene; PVC, polyvinyl chloride.
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Identification
Records identified through
* Google Scholar: 645
* PubMed: 421
Total records after database search: 1,066

l

Screening
* Duplicate records removed: 147
« Records screened by title and abstract: 919
« Records excluded for topic irrelevance: 702

l

Eligibility
« Full-text articles assessed for eligibility: 217
« Full-text articles excluded: 143
— Addressed plastic pollution without genomic focus (84)
— Lacked methodological detailed/statistical rigor (37)
— Non-peer-reviewed publications (22)

!

Included
» Studies included in qualitative synthesis: 74
— Aquatic organisms (31)
— Terrestrial invertebrates (14)
— Terrestrial vertebrates (13)
— Human or human-derived cell lines (16)

FIGURE 1 | PRISMA flow diagram of this systematic review. The
flow reveals the study selection process in accordance with PRISMA
2020 guidelines. The flowchart presents the number of records
(n=1066) identified through database searching and other sources, the
number of duplicates removed, the records screened, assessed for eligi-
bility, and the final number of studies (n = 74) included in the qualitative
and/or quantitative synthesis. The reasons for exclusion at each stage
are documented to ensure transparency of the selection process.

1.3 | Mechanisms of DNA Damage: Oxidative
Stress and Indirect Pathways

DNA is continuously exposed to damage from both endogenous
and exogenous sources. Among the most common are single-
strand breaks (SSBs), which occur over 10,000 times per cell per
day (Hossain et al. 2018). If unrepaired, SSBs can lead to repli-
cation stress, chromosomal mutations, and eventually double-
strand breaks (DSBs)—a more severe form of damage (Lai
et al. 2016).

Micro/nanoplastics often induce DNA damage indirectly
through oxidative stress. These particles can generate ROS via
inflammatory responses and mitochondrial dysfunction, often
mediated by activation of NADPH oxidase. Excessive ROS pro-
duction has been observed in mammalian cell lines upon expo-
sure to polystyrene NPs, with particle size, concentration, and
exposure duration all influencing ROS levels.

Rubio et al. (2020) demonstrated increased ROS in hemato-
poietic cells after 3-24h of PS-NP exposure. Smaller particles
induced greater oxidative stress, a trend also supported by Kik
et al. (2020) who reported significant ROS generation even at
low concentrations. Kadac-Czapska et al. (2024) found that long-
term NP exposure significantly altered expression of oxidative

Genome
Cytoplasm
Genotoxu:uty

Actlvatlon

@ OX|dat|ve stress
|

Activation o M DNA damage

Mit: I dria > | Oxidation
» [ Mutations |

B. Microplastics/
Nanoplastics
_
‘ DNA

Oxidative

stress
-f
Cell cycle ) . < >
Q arrest | > Apopt05|s

FIGURE 2 | A and B: Schematic Pathways of MNP-Induced
Genotoxicity and Genomic Instability.

@@*

stress-related genes, such as hol and sod2, in intestinal cells, de-
spite no immediate increase in ROS levels.

Particle surface chemistry also influences toxicity. Functional
groups, such as amino or carboxyl groups, can enhance the
oxidative potential of MNPs. While short-term responses may
be mitigated by antioxidant defenses, prolonged exposure may
overwhelm detoxification systems, leading to sustained oxida-
tive damage.

1.4 | Environmental and Health Implications

The intersection of MNP pollution and genomic stability is a
critical emerging issue in environmental and health sciences.
These particles not only accumulate in ecosystems but may
also infiltrate biological systems and disrupt essential mo-
lecular processes. Their capacity to act as vectors for POPs
and heavy metals further elevates their toxic potential (Cole
et al. 2011).

From a health perspective, chronic exposure to MNPs has been
linked to inflammation, cytotoxicity, and potentially carcino-
genesis. Their ability to cross biological barriers—including the
blood-brain barrier, placenta, and testicular tissues—raises pro-
found concerns about systemic toxicity. Anifowoshe et al. (2024)
report that exposure in animals leads to oxidative stress, mem-
brane dysfunction, and reduced cell viability.
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Ultimately, the toxic effects of MNPs are multifactorial and
interlinked. Disruption of one pathway—such as oxidative
balance—may cascade into broader dysfunctions, including
DNA damage, apoptosis, or uncontrolled cell proliferation. As
research evolves, understanding the mechanisms behind MNP-
induced genomic instability will be vital for environmental risk
assessment and public health policy development.

2 | Materials and Methods

A comprehensive literature search was conducted using two
major scientific databases—Google Scholar and PubMed—to
identify peer-reviewed studies investigating the impact of MNPs
on genomic integrity across various biological systems. The
search strategy employed a targeted combination of keywords,
including but not limited to: “Induction of genomic instability by
microplastics in aquatic organisms,” “Induction of genomic in-
stability by microplastics in terrestrial invertebrates,” “Induction
of genomic instability by microplastics in terrestrial verte-
brates,” and “Induction of genomic instability by microplastics
in human cell lines and/or humans.” These search terms were
chosen to ensure a broad yet focused coverage of relevant litera-
ture examining both the physiological interactions and molecu-
lar impacts of MNPs on genetic material and associated cellular
processes. This systematic review was conducted in adherence
to the guidelines outlined in the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) framework.
PRISMA offers a structured and transparent approach to iden-
tifying, selecting, and synthesizing relevant research, ensuring
the reliability and generalizability of the findings. Figure 1 rep-
resents a flow chart using the PRISMA protocol that summa-
rizes our screening processes to obtain the inclusion.

2.1 | Inclusion Criteria

To ensure the relevance and quality of selected studies, the fol-
lowing inclusion criteria were applied:

1. Study scope: Articles between 2015 and 2025 were selected
if they specifically investigated the induction of genomic
instability caused by MNP exposure in aquatic organisms,
terrestrial invertebrates or vertebrates, and human or
human-derived cell lines.

2. Study type: Eligible studies included original research ar-
ticles, systematic reviews, and meta-analyses that utilized
in vivo animal models, in vitro cellular systems, or human
subjects.

3. Publication timeframe: Preference was given to studies
published within the last 20years to incorporate the most
current findings and emerging scientific trends in the field
of MNP toxicology.

4. Language: Only studies published in English were included
to maintain consistency in interpretation and reporting.

5. Scientific rigor: Studies were evaluated for methodological
robustness, including clear experimental design, appropri-
ate sample size, well-defined control groups, and rigorous
statistical analysis.

2.2 | Exclusion Criteria
Studies were excluded based on the following criteria:

1. Topic irrelevance: Articles that addressed plastics in gen-
eral without directly exploring their genomic effects in bio-
logical systems were excluded.

2. Lack of peer review: Non-peer-reviewed materials, such
as conference abstracts, editorial opinions, or popular sci-
ence articles, were not considered to maintain scientific
integrity.

3. Redundancy: Duplicate publications or studies presenting
overlapping datasets were excluded to avoid redundancy
and ensure the uniqueness of the data set.

4. Insufficient methodological detail: Studies lacking com-
prehensive information on experimental methods, data
analysis, or statistical validation were omitted to uphold
the reliability and credibility of the review's conclusions.

3 | Result and Discussion

MNPs have emerged as ubiquitous environmental pollutants,
infiltrating terrestrial, freshwater, and marine ecosystems.
Their persistence and small size enable them to be readily in-
gested or absorbed by organisms across multiple trophic levels,
ranging from microorganisms to vertebrates. Once internal-
ized, MNPs can traverse biological barriers and accumulate in
tissues, where they may exert toxicological effects. A growing
body of evidence indicates that MNPs can induce genomic in-
stability through multiple pathways, including the generation of
reactive oxygen species (ROS), chronic inflammation, physical
disruption of cellular architecture, and direct interaction with
DNA and nuclear proteins. These disturbances can lead to DNA
strand breaks, impaired repair mechanisms, chromosomal ab-
errations, and altered gene expression patterns, all of which are
hallmarks of genomic instability.

Numerous in vivo and in vitro studies have demonstrated the
genotoxic potential of MNPs in various organisms and cell lines,
as summarized in Tables 1-4. Table 1 highlights findings from
aquatic model organisms, including Zebrafish (Danio rerio),
Silver Carp (Hypophthalmichthys molitrix), and Yellow River
Carp (Cyprinus carpio haematopterus), all of which displayed
cellular and molecular indicators of stress and genomic dis-
ruption following MNP exposure. In Zebrafish, for example,
exposure to varying concentrations of polyisobutylene MPs
(PIB-MPs) triggered significant morphological deformities and
biochemical alterations. These included changes in the ex-
pression levels of genes encoding antioxidant enzymes such as
catalase (CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx), indicating oxidative stress-mediated molecu-
lar damage (Anifowoshe et al. 2024).

Similarly, in Silver Carp, even exposure to relatively low concen-
trations of polystyrene microplastics (PS-MPs) led to oxidative
stress and a notable upregulation of stress-related genes such
as tub84 and hsp70 in the intestinal tissues. Although these ef-
fects were partially reversible upon cessation of exposure and
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a period of depuration, the reversibility was limited at higher
concentrations. Fish subjected to high-dose exposure showed
irreversible damage to both gill and intestinal tissues, under-
scoring the dose-dependent severity of MNP toxicity (Zhang
et al. 2021). These observations collectively suggest that MNPs
can disrupt cellular homeostasis and promote genotoxic effects
in aquatic organisms, raising significant concerns about ecolog-
ical safety and potential trophic transfer effects that may also
impact human health.

In terrestrial invertebrates (Table 2), microplastic exposure
has also demonstrated significant genotoxic and cytotoxic ef-
fects. For instance, centipedes exposed to polypropylene MPs
(PP-MPs) exhibited considerable DNA damage, which was
evidenced by an increase in DNA strand breaks and the for-
mation of micronuclei—both reliable biomarkers of genomic
instability. Histopathological evaluations further revealed
severe damage to the digestive system, including epithelial
cell degeneration, disruption of gut tissue architecture, and
altered morphology of absorptive surfaces. These structural
impairments likely compromise nutrient absorption and met-
abolic homeostasis, leading to broader physiological dysfunc-
tion. In silkworms exposed to MNPs, no significant changes
in larval body mass or survival were reported. Nevertheless,
exposure led to significant alterations in the expression of
immunity-related genes (cecropin A, lysozyme, SOD, and
GST) and antioxidant-mediated protective response (SOD,
GST, and CAT enzymes), which differed in the PS-MP and PS-
NP groups.

Research on terrestrial vertebrates supports similar findings,
reinforcing the concern that MNPs pose a pervasive biological
threat across taxonomic boundaries. In a study involving adult
female albino mice, exposure to varying concentrations of
polyvinyl chloride MPs (PVC-MPs) induced a dose-dependent
increase in chromosomal instability, as demonstrated by the
elevated frequency of binucleated cells and micronucleus for-
mation. Prolonged exposure exacerbated these effects, with
significant DNA fragmentation and damage observed in liver
and kidney cells. These genotoxic effects were closely associ-
ated with elevated levels of ROS, which are known to dam-
age cellular components and disrupt genomic integrity (Ullah
et al. 2025).

Complementary findings were reported in a study involving adult
male mice exposed to PVC MPs. This study revealed gastrointes-
tinal toxicity marked by a pronounced reduction in mucus secre-
tion and a significant increase in intestinal permeability. These
effects were linked to the downregulation of genes associated
with mucus production, highlighting the molecular impact of
MNPs on epithelial barrier function and host-microbiota inter-
actions (Chen et al. 2022). These changes can facilitate systemic
exposure to environmental toxins and pathogens, amplifying
physiological stress and the risk of inflammation-mediated ge-
nomic damage (Table 3).

At the cellular level, MNPs have been shown to bind to compo-
nents of the nuclear envelope and interact with nuclear proteins,
leading to the disruption of fundamental cellular processes.
Specifically, these plastics can alter gene expression profiles re-
lated to DNA repair, apoptosis, and cellular metabolism. Such

changes are primarily driven by oxidative stress, which acts
as a central mechanism in mediating MNP-induced cytotoxic-
ity and genotoxicity (Yang et al. 2024). These findings suggest
a mechanistic link between MNP exposure and impaired ge-
nomic maintenance, raising serious concerns about long-term
ecological and public health consequences. The ability of MNPs
to interfere with genomic stability not only threatens individual
organisms but also poses risks of transgenerational effects and
ecosystem-level disruptions.

In human cell lines (HRT-18 and CMT-93 epithelial cell lines),
exposure to PS-MPs resulted in a marked increase in the expres-
sion of IL-8 and B2M genes in human HRT-18 cells, suggesting
an activation of inflammatory and immune-related pathways.
In contrast, no significant gene expression changes were ob-
served in the murine CMT-93 cells, indicating a cell-type-
specific response to PS-MPs (Mattioda et al. 2023) (Table 4).
Approximately 30,000 types of plastic polymers have been iden-
tified, but they share common features such as high surface area
and strong binding affinity, allowing extensive interactions with
various substances, including metal cations, inorganic anions,
organic chemicals, and biomolecules. These interactions are fa-
cilitated through hydrophobic forces or electrostatic attractions
with functional groups present on MNPs. Such extensive surface
interactions can lead to complex environmental consequences
and biological effects, including gene toxicity. The Caco-2 cells
exposed to different concentrations of PS-MPs changed the ac-
tivity of many genes in the cells, with the biggest change hap-
pening at the highest plastic dose (50mg/L). The changes were
linked to inflammation, immune responses, fat and energy use,
and cancer-related pathways (Table 4).

In vitro studies involving human and animal epithelial cell lines
have provided valuable insights into the cytotoxic and genotoxic
effects of MNPs at the molecular level. Notably, in human col-
orectal epithelial HRT-18 cells and murine intestinal epithelial
CMT-93 cells, differential gene expression patterns were ob-
served following exposure to PS-MPs. Specifically, PS-MP ex-
posure led to a marked upregulation of interleukin-8 (IL-8) and
beta-2-microglobulin (B2M) genes in HRT-18 cells, indicating
the activation of inflammatory and immune response pathways
(Mattioda et al. 2023). IL-8 plays a critical role in neutrophil re-
cruitment and the initiation of inflammatory cascades, while
B2M is associated with immune system regulation, including an-
tigen presentation. In contrast, the murine CMT-93 cell line did
not exhibit significant changes in gene expression under similar
experimental conditions, suggesting a potential species-specific
or cell-type-specific response to PS-MP exposure. These find-
ings underscore the complexity of cellular responses to MNPs
and the necessity of examining multiple biological models to
fully understand the scope of plastic-induced toxicity (Table 4).

The chemical and physical properties of microplastic polymers
further contribute to their biological reactivity. Although ap-
proximately 30,000 distinct plastic polymers have been iden-
tified globally, they tend to share several physicochemical
characteristics, including large surface area-to-volume ratios,
surface functionalization, and strong binding affinities. These
features enable MNPs to engage in diverse interactions with en-
vironmental and biological molecules, including metal cations,
inorganic anions, POPs, proteins, and DNA. Such interactions
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are primarily facilitated through hydrophobic interactions,
van der Waals forces, and electrostatic attractions between the
functional groups on MNP surfaces and target molecules. This
binding capacity not only allows MNPs to serve as vectors for
toxicants but also amplifies their potential to cause gene-level
toxicity through secondary mechanisms.

Supporting this, research using the human intestinal Caco-2
epithelial cell line has shown that exposure to varying con-
centrations of PS-MPs results in widespread transcriptomic
alterations. These changes are dose-dependent, with the most
pronounced effects observed at the highest tested concentration
of 50mg/L. The altered gene expression profiles were associ-
ated with a range of biological processes, including inflamma-
tion, immune system modulation, lipid metabolism, energy
homeostasis, and oncogenic signaling pathways (Table 4). The
disruption of these pathways raises serious concerns, particu-
larly regarding chronic exposure, which may predispose cells
to metabolic dysregulation, inflammatory disorders, and even
carcinogenesis.

The compiled studies on Drosophila melanogaster provide clear
evidence that MNPs induce oxidative stress, disrupt physiolog-
ical functions, and activate genotoxic pathways across multiple
polymer types and particle sizes. Polyethylene (PE) MPs con-
sistently elevated ROS, reduced antioxidant defences such as
SOD, and upregulated stress-response and apoptosis-related
genes including p53, rpr, and Hsp70Bc—demonstrating early
genomic stress signals (Ranjan et al. 2024; Priscilla et al. 2025).
PET MPs and NPs further intensified these responses, induc-
ing cellular and reproductive toxicity, heat-shock protein acti-
vation, and measurable DNA damage, supporting a conserved
mechanism of oxidative and genotoxic stress (Kauts et al. 2024;
Alaraby et al. 2023). Polystyrene MNPs caused size-dependent
internalization, ROS production, intestinal damage, impaired
locomotion, and genotoxicity, with smaller nanoparticles elicit-
ing stronger DNA damage responses (Alaraby et al. 2022; Raj
et al. 2024). Across studies, sublethal impairments such as loco-
motor deficits and developmental abnormalities were consistent,
even where mortality remained unchanged (Matthews 2020).

Table 5 summarizes studies on micro/nanoplastic exposure in
Drosophila melanogaster.PE and polystyrene (PS) MPs (2-10 um)
at dietary concentrations of 1-10mg/mL or small liquid doses
caused oxidative stress, reduced antioxidant enzymes, impaired
climbing, and activated stress and apoptosis genes (p53, Hsp70Bc).
PET MPs and true-to-life PET NPs induced gut internalization,
disrupted antioxidant and DNA repair gene expression, and
caused intestinal and genetic damage. Size-dependent toxicity
was observed for PS micro/nanoplastics (0.01-100 ppm), leading
to locomotor deficits and nutrient absorption issues. Overall, find-
ings indicate ROS overproduction, mitochondrial dysfunction,
genotoxicity, and behavioral impairments across larval and adult
stages, highlighting systemic toxicity of MPs in flies.

Table 6 compares real-world environmental concentrations of
MNPs with the typically higher doses used in laboratory experi-
ments. Environmental levels in water, soil, air, and food generally
fall within low pg/L to mg/L or mg/kg ranges, whereas exper-
imental studies often apply elevated concentrations to reveal
mechanistic effects. This contrast highlights a key gap: laboratory

exposures may exceed natural levels, yet environmental particles
are more weathered and potentially more toxic. The comparison
underscores the importance of aligning experimental designs
with environmentally realistic conditions to improve the ecologi-
cal and human-health relevance of genotoxicity findings.

The internalization of MNPs by cells occurs predominantly
through endocytosis and phagocytosis, processes that depend
on particle size, surface chemistry, and cell type. Several endo-
cytic pathways have been implicated in MNP uptake, includ-
ing clathrin-mediated endocytosis (CME), caveolin-mediated
endocytosis, and macropinocytosis. CME involves the forma-
tion of clathrin-coated pits (~100nm) that internalize particles
via receptor-mediated binding, followed by vesicle scission
and trafficking to endosomes and lysosomes (Doherty and
McMahon 2009). Caveolin-mediated endocytosis occurs in
flask-shaped invaginations called caveolae and can bypass ly-
sosomal degradation, directing internalized materials to the
Golgi apparatus or endoplasmic reticulum (Barman and Drolia
2024). Macropinocytosis enables the uptake of larger vesicles
(0.2-5um) through actin-driven membrane ruffling, often
contributing to nonspecific MNP internalization (Lim and
Gleeson 2011). In vitro studies with Caco-2 intestinal epithelial
cells have demonstrated that polystyrene NPs are internalized
through a combination of CME, caveolin-mediated pathways,
macropinocytosis, and actin-dependent phagocytic-like pro-
cesses, with uptake efficiency strongly influenced by particle
size and surface charge (Xie et al. 2024).

Phagocytosis is specialized for larger particles (>0.5um) and is
primarily executed by professional phagocytes such as macro-
phages and neutrophils. This process involves actin cytoskel-
eton remodeling to form pseudopods that engulf particles into
phagosomes, which subsequently fuse with lysosomes for degra-
dation (Flannagan et al. 2012). The adsorption of serum proteins
(opsonins) onto MNP surfaces—known as the biocorona—can
enhance recognition and uptake by phagocytes (Nasser and
Lynch 2016).

Particle size is a key determinant: NPs (<0.5um) are preferen-
tially internalized via endocytic routes, whereas MPs (> 0.5 um)
typically undergo phagocytosis. Surface charge and hydropho-
bicity further modulate internalization efficiency, with posi-
tively charged particles generally exhibiting higher uptake rates
due to electrostatic interactions with negatively charged cell
membranes (Yong et al. 2020).

A growing body of evidence indicates that MNPs induce ge-
nomic instability through the activation or impairment of multi-
ple molecular pathways involved in DNA repair, oxidative stress
regulation and mitochondrial signalling. One of the earliest
cellular events observed in MNP-exposed cells is the overpro-
duction of ROS, which not only compromises mitochondrial
membrane potential but also drives oxidative lesions in DNA.
Such oxidative lesions, including 8-ox0-7,8-dihydro-2’-deoxygu
anosine (8-0xoG), are normally processed by the BER pathway.
However, excessive ROS generation can saturate BER capacity,
leading to misrepair and strand breaks In polystyrene-treated
zebrafish, downregulation of Oggl and Apex1—two key compo-
nents of the BER machinery—has been reported in parallel with
increased levels of DNA strand breaks (Mu et al. 2022).
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In addition to oxidative damage, several studies have demon-
strated direct interference of MNPs with nucleotide excision
repair (NER) pathways. For example, exposure of human epi-
thelial cells to NPs resulted in suppressed expression of XPA,
XPC, and ERCC1, which are essential for removal of bulky DNA
adducts. This suggests that MNPs not only induce DNA damage
but also compromise the cell’s ability to repair it. Similarly, mi-
tochondrial dysfunction and release of cytochrome-c has been
described in rodent models and in vitro systems following MNP
exposure (Liu et al. 2024). This mitochondrial stress activates
caspase-9 and downstream caspase-3, leading to apoptotic cell
death, thereby contributing to loss of genomic integrity (Hamed
et al. 2022).

Transcriptomic analyses in zebrafish and mussel models fur-
ther showed upregulation of pro-inflammatory and apoptotic
gene networks, including TNF-a, NF-xB, and Casp3, after MNP
exposure (Annona et al. 2025; Roman et al. 2023). The activa-
tion of NF-xB has a dual effect because, while it promotes in-
flammatory gene transcription, it also suppresses p53-mediated
DNA repair and apoptosis, favouring survival of damaged cells
(Ferguson et al. 2015; Teng et al. 2022). These findings highlight
a convergence between inflammatory signalling and impaired
genomic maintenance mechanisms.

Taken together, these lines of evidence indicate that the geno-
toxicity of MNPs is mediated not by a single molecular event but
by interference with multiple pathways, including mitochon-
drial ROS production, BER/NER impairment, and dysregulated
inflammatory signalling, ultimately resulting in chromosomal
instability and cell death.

Although numerous investigations demonstrate strong geno-
toxic effects of MNPs, a few studies show no statistically signifi-
cant DNA damage in certain cell lines under controlled exposure
conditions. For example, Bengalli et al. (2021) observed that
A549 human lung epithelial cells exposed to environmentally
relevant concentrations (1-10ug/mL) of polyethylene-derived
microplastic particles did not show a significant increase in
DNA strand breaks as measured by alkaline comet assay. The
authors suggested that cellular antioxidant systems may have
compensated for the transient oxidative stress induced by the
particles, preventing measurable DNA lesions.

Similarly, Poma et al. (2019) reported that polystyrene NPs did
not induce statistically significant micronuclei formation in
human fibroblast Hs27 cells after 24 h exposure, although slight
elevations in oxidative markers were detected. These results in-
dicate that some cell types, particularly primary fibroblasts and
lung epithelial models, can maintain genomic integrity at lower
MNP concentrations through DNA repair and stress-response
mechanisms.

In another study, Rubio et al. (2020) found no significant
changes in YH2AX foci formation in human hematopoietic cell
lines exposed to low doses (<5ug/mL), suggesting that DNA
double-strand breaks may not occur at sub-cytotoxic concentra-
tions. However, mild but consistent increases in ROS and subtle
transcriptional changes in BER-related genes (e.g., PARP1 and
OGG1) were observed, indicating early molecular responses that
may precede overt DNA damage.

Thus, these results emphasize that MNP-induced genotoxicity is
highly dependent on cell type, polymer type, concentration, and
duration of exposure.

MNPs exert their toxic effects through multiple intercon-
nected pathways that ultimately compromise genomic integrity
(Figure 2). Upon exposure, MNPs can directly interact with
cellular DNA, causing genotoxicity, or indirectly trigger inflam-
mation, which activates signaling cascades such as IKK and
NF-xB, leading to stress responses. Concurrently, MNPs induce
mitochondrial dysfunction, resulting in excessive production of
ROS. Elevated ROS levels drive oxidative stress, which damages
DNA through strand breaks and base modifications while im-
pairing repair mechanisms like BER and NER. These processes
collectively lead to persistent DNA damage, oxidation, and mu-
tations, increasing the risk of carcinogenesis and transgenera-
tional effects. The severity of these outcomes is influenced by
polymer type (e.g., polystyrene, polyethylene, PVC, PET, and
PIB), particle size, dose, and environmental aging or weather-
ing, which alter surface chemistry and enhance toxicity.

The Figure 2A,B showed the proposed mechanistic model of mi-
croplastic/nanoplastic-induced genotoxic stress and genomic in-
stability. MNP exposure disrupts mitochondrial function, causing
excessive ROS production. ROS accumulation induces oxidative
stress in the cytoplasm, activating NF-xB-mediated stress sig-
naling, and diffuses into the nucleus where it induces oxidative
DNA damage. Although BER and NER pathways are engaged,
sustained ROS leads to repair overload and impairment, result-
ing in mutations and chromosomal instability. These events ul-
timately activate cell-cycle arrest or apoptosis. This schematic
illustrates the cellular and molecular mechanisms by which
MNPs disrupt genomic integrity. MNP exposure initiates inflam-
mation and mitochondrial dysfunction, leading to activation of
IKK/NF-xB signaling and excessive ROS production. These pro-
cesses drive oxidative stress, DNA damage, and impaired repair
pathways, culminating in genotoxicity, oxidation, and mutations
(Figure 2A). The combined effects of direct genome interac-
tion and indirect stress responses highlight the multifactorial
nature of MNP toxicity and its potential role in carcinogenesis
and transgenerational impacts. The signaling pathway diagram
(landscape) showing how MNP exposure —ROS — oxidative
DNA damage — BER/NER, with NF-xB-mediated inflamma-
tion, cell-cycle arrest, and apoptosis in Figure 2B.

Species vary widely in their sensitivity to MNPs due to funda-
mental physiological and cellular differences that shape ex-
posure, uptake, and genomic responses. Organisms with high
metabolic rates, such as small fish, insects, and larval stages,
generate more endogenous ROS and therefore experience ampli-
fied oxidative stress when exposed to MNPs, increasing the like-
lihood of DNA strand breaks and impaired repair. Sensitivity
is further influenced by differences in antioxidant capacity:
aquatic invertebrates and insects possess limited or rapidly sat-
urable antioxidant defenses (e.g., SOD, CAT, and GST), making
them more vulnerable to oxidative DNA damage than verte-
brates with more robust detoxification systems.

Uptake efficiency also varies. Species with high rates of endocyto-
sis or filtration—including mussels, daphnids, and Drosophila—
internalize greater quantities of particles, promoting lysosomal
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destabilization, mitochondrial ROS, and apoptosis. In addition,
anatomical features such as permeable epithelia, developing
barriers in embryos and larvae, and gill or tracheal structures
facilitate deeper tissue penetration of nanoparticles.

Differences in detoxification enzyme capacity (e.g., CYP450s
and glutathione pathways) influence how effectively species re-
move adsorbed co-pollutants. Thus, species with fast life-history
cycles are more susceptible to disruptions in early cell division
and germ-line stability.

4 | Strengths and Limitations

Although numerous studies report that MNPs induce genomic
instability across biological systems, the strength of the evidence
varies considerably depending on study design, model organism,
and exposure conditions. In aquatic models such as zebrafish
and mussels, most studies employ acute or sub-chronic expo-
sures under controlled laboratory conditions; however, exposure
concentrations sometimes far exceed environmentally relevant
levels, which may overestimate biological impact. In addition,
a large proportion of aquatic studies focus on a single polymer
type (e.g., polystyrene), which does not reflect the complexity
of real-world mixtures. Terrestrial invertebrate and vertebrate
studies also differ markedly in routes of administration (dietary,
injection, and gavage), and in some cases lack appropriate ve-
hicle controls, complicating interpretation of dose-response re-
lationships. Also, as reported in Table 6, median environmental
concentrations generally fall in the low pug/L-mg/L (water) and
mg/kg (soil/food) ranges, whereas experimental doses used to re-
solve mechanisms frequently extend >1-2 orders of magnitude
higher, particularly in short-term cell or animal studies. This
creates an upward extrapolation bias if nominal mass/volume is
interpreted without accounting for particle number, surface area,
weathering state, and adsorbed co-pollutants.

A further limitation relates to the heterogeneity of genomic re-
sponse pathways assessed across studies. Although oxidative stress
and ROS-driven damage are consistently reported, downstream
genomic pathways—including BER, NER, DNA double-strand
break repair, p53 signaling, NF-xB-mediated inflammation, and
apoptotic pathways—are not uniformly evaluated across models.
Aquatic species often emphasize oxidative DNA lesions and BER-
associated gene expression, whereas terrestrial invertebrates fre-
quently report apoptosis-related markers with limited assessment
of canonical repair pathways. Mammalian studies highlight p53-
dependent and inflammatory responses, yet few compare these
pathways systematically or quantify cross-talk among them. This
inconsistency limits the ability to draw firm conclusions about
conserved or divergent genomic mechanisms across taxa.

Similarly, in vitro experiments using human or mammalian
cell lines often demonstrate clear evidence of oxidative DNA
damage, altered expression of DNA repair genes, and increased
micronucleus formation; however, these studies frequently rely
on single-time-point exposures and immortalized cell lines that
may not fully recapitulate responses of primary cells. Moreover,
only a few investigations include replication across laboratories
or validation in physiologically relevant 3D models. Thus, al-
though the cumulative evidence supports the capacity of MNPs

to disrupt genome integrity, the fragmented assessment of ge-
nomic pathways across studies prevents a fully systematic com-
parison of mechanistic responses.

4.1 | Dose Realism, Extrapolation Bias,
and Ecological Risk Interpretation

While Table 6 summarizes reported exposure concentrations
of MNPs across experimental systems, a critical consideration
is the frequent mismatch between laboratory dosing regimens
and environmentally realistic exposure levels. Environmental
concentrations of MNPs in water, soil, food, and biota are typi-
cally reported in the pg/L-mg/L or particles m~ range, whereas
many experimental studies employ concentrations that are one
to several orders of magnitude higher to elicit measurable bio-
logical responses within short exposure windows (Vethaak and
Legler 2021; Koelmans et al. 2022). Although such dosing strate-
gies are valuable for mechanistic discovery, they introduce dose-
response extrapolation bias when nominal mass concentrations
are interpreted directly in an ecological or human health context.

Importantly, mass-based comparisons alone can be misleading.
Particle number, surface area, size distribution, polymer type,
and weathering state strongly influence biological reactivity,
meaning that lower environmental doses of aged or contami-
nated particles may exert effects comparable to higher doses of
pristine laboratory particles (Hartmann et al. 2019; Koelmans
et al. 2022). Failure to account for these parameters risks either
overestimating hazard from high-dose studies or underestimat-
ing risk from environmentally relevant exposures.

From an ecological risk perspective, Table 6 should therefore be
interpreted as defining hazard potential rather than direct envi-
ronmental risk. Robust risk assessment will require integration
of time-resolved, low-dose exposures, environmentally aged
particles, and dosimetry frameworks that normalize responses
to particle number and surface area, alongside IVIVE-based ex-
trapolation to realistic tissue burdens (Vethaak and Legler 2021).
Such approaches will better bridge laboratory findings with real-
world exposure scenarios and improve the regulatory relevance
of MNP toxicology.

Therefore, the heterogeneity in experimental systems, dos-
ing strategies, endpoints, and mechanistic pathway coverage
highlights the need for standardised protocols and integrated
genomic frameworks. Future work should harmonise method-
ologies, examine a broader range of polymers, particle sizes, and
co-pollutant scenarios, and adopt pathway-based approaches
that directly compare ROS generation, DNA repair pathways,
inflammatory signaling, and apoptosis across models. Such
alignment will strengthen causal inference and improve ecolog-
ical and human health risk assessment.

4.2 | Summary

MNPs, derived from both primary (manufactured) and second-
ary (fragmented) sources, have become pervasive environmen-
tal contaminants. These particles infiltrate biological systems
through ingestion, inhalation, and dermal contact, affecting
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FIGURE3 | Mechanisms of genomic instability in vertebrate, invertebrate, and human cell lines exposed to MNPs.

organisms across aquatic, terrestrial, and atmospheric ecosys-
tems. Their small size and reactive surfaces enable cellular up-
take and interaction with biomolecules, triggering a cascade of
toxicological effects.

Mechanistically, MNPs induce genomic instability through
several interconnected pathways. Oxidative stress is a central
driver, with elevated ROS leading to DNA strand breaks and
chromosomal aberrations. These particles also impair DNA
repair mechanisms—particularly BER and NER—and activate
inflammatory signaling pathways such as NF-xB and IL-6.
Mitochondrial dysfunction and caspase-mediated apoptosis fur-
ther contribute to cellular damage and genomic disruption.

The biological impact of MNPs spans multiple taxa. Aquatic or-
ganisms like zebrafish and silver carp exhibit oxidative stress
and altered gene expression. Terrestrial invertebrates such as
centipedes and silkworms show DNA fragmentation and histo-
pathological changes, while vertebrates like albino mice demon-
strate chromosomal instability and organ-specific genotoxicity.
Human epithelial cell lines (HRT-18, Caco-2) respond with cell-
type-specific inflammation and metabolic dysregulation, high-
lighting the translational relevance of these findings (Figure 3).

This growing body of evidence underscores the urgent need for
regulatory frameworks to mitigate the genomic and ecological
risks posed by MNP exposure. As plastic pollution escalates
globally, its intersection with genome integrity presents a criti-
cal challenge for environmental health and public safety. While
the current body of research provides valuable insights into the
genotoxic potential of MNPs, it is dominated by acute and sub-
chronic exposure studies, which may not accurately reflect real-
world scenarios of chronic, low-dose exposure. Furthermore,
PS remains the most extensively studied polymer, creating a
knowledge gap regarding other commonly encountered plastics
such asPE, polyvinyl chloride (PVC), polyethylene terephthal-
ate (PET), and polyisobutylene (PIB). To strengthen ecologi-
cal and human health risk assessments, future investigations
must prioritize long-term, environmentally relevant exposure
models and incorporate a broader spectrum of polymer types.
Additionally, the influence of aging and weathering processes

on particle physicochemical properties and toxicity warrants
systematic evaluation, as these factors significantly alter surface
reactivity and biological interactions. Addressing these gaps will
enable a more comprehensive understanding of MNP-induced
genomic instability under realistic environmental conditions.

5 | Conclusion

MNPs have become unavoidable contaminants in modern eco-
systems, with documented presence in aquatic, terrestrial, and
even atmospheric environments. Their small size, large surface
area, and diverse chemical composition facilitate their entry into
biological systems, where they are capable of interacting directly
with cells and biomolecules. Evidence from aquatic organisms,
terrestrial animals, and human cell models clearly demonstrates
that MNP exposure can induce oxidative stress, inflammation,
DNA fragmentation, and chromosomal instability. These cel-
lular and molecular disruptions are linked to impaired antiox-
idant responses, altered gene expression, and reduced genomic
integrity. This review highlights the intricate mechanisms by
which MNPs influence gene expression and cellular behavior.
They also emphasize the urgency of further research into the
effects of plastic pollution at the cellular and molecular levels,
especially in human-relevant models, to better assess potential
health risks and inform regulatory policies.

5.1 | Recommendation and Future Directions

Given the pervasive distribution of MNPs and their capacity to
induce oxidative stress, inflammation, and genomic instability
across taxa, urgent action is warranted. Future research should
prioritize mechanistic investigations that elucidate the precise
cellular and molecular pathways underlying MNP-induced DNA
damage, particularly in relation to oxidative stress signaling and
DNA repair suppression. Additionally, long-term in vivo mod-
els are needed to assess chronic and transgenerational effects.
We also recommend expanding studies beyond PS to include di-
verse polymer types and environmentally aged particles. From
a practical standpoint, there is an immediate need to develop
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and implement regulatory guidelines limiting environmental
discharge of MNPs and monitoring hotspot ecosystems. In ad-
dition, future research on MNPs should adopt two complemen-
tary frameworks to strengthen mechanistic understanding and
ecological relevance. First, an In Vitro-to-In Vivo Extrapolation
(IVIVE) framework is needed to translate cellular-level geno-
toxicity—such as oxidative DNA damage, impaired BER/NER
repair pathways, NF-kB-mediated inflammation, and apopto-
sis—into organism-level dose equivalents. This requires harmo-
nized particle characterization, standardized in vitro dosimetry,
and physiologically based modeling of intestinal uptake and
tissue accumulation. Mechanistic anchor endpoints, including
8-0x0G, micronuclei formation, and repair gene expression,
should be used to develop benchmark dose estimates applicable
across taxa. Second, multi-generation exposure designs (F -F,/
F,) are essential for assessing long-term and transgenerational
impacts. These studies should use environmentally realistic
doses and examine developmental, reproductive, and genomic
outcomes in model organisms such as zebrafish, earthworms,
silkworms, and mice. Emphasis should be placed on chronic
low-dose effects, persistence of DNA damage and repair sup-
pression, inflammatory signaling, mitochondrial dysfunction,
and epigenetic or miRNA-mediated inheritance. Incorporating
aged or pollutant-loaded particles will improve environmental
realism. Together, IVIVE modeling and multi-generation test-
ing will provide a more accurate foundation for ecological risk
assessment, regulatory guideline development, and mechanistic
insight into how MNPs contribute to genomic instability across
biological systems.

Therefore, we recommend systematically comparing pristine
versus UV—/oxidatively aged MPs/NPs, with and without ad-
sorbed PAHs/metals, to quantify potency shifts in ROS gen-
eration, repair gene repression (BER/NER panels), and CIN
metrics. Include factorial designs to resolve additive versus syn-
ergistic effects and rank mixture-level hazard under environ-
mentally realistic scenarios.

Pair in vitro particle dosimetry (mass, count, and surface area)
with physiologically based intestinal uptake/clearance models
to estimate organ burdens that reproduce observed BER/NER
suppression and micronucleus benchmark doses in vivo. Report
conversion factors to ug plastic per g tissue and particles per 10°
cells to harmonize endpoints across systems and support risk-
relevant dose setting.

Use chronic low-dose exposures with aged, mixed-polymer
particles, tracking: (i) genotoxic endpoints (comet/yH2AX/mi-
cronucleus) in F, tissues; (ii) genomic-instability endpoints (an-
euploidy rates, segregation errors, persistent CNV by qPCR or
shallow WGS) across F,-F,; (iii) epigenetic drift (global 5-mC,
selected DMRs/miRNA panels) to test inheritance. Employ >3
biological replicates per sex/timepoint and fit mixed-effects
models to resolve lineage effects.

Also, in Table 6, to reduce bias, we advocate reporting mass,
count, and surface-area dosimetry together; using aged/mixed-
polymer particles; and prioritizing longer, low-dose exposures.
Ecological risk inferences should therefore weigh environmen-
tal realism (weathered particles may be more potent per mass
than pristine spheres) against the mechanistic value of higher

laboratory doses that reveal repair suppression, checkpoint ad-
aptation, and early CIN signatures.

Finally, future work should explore bioremediation strategies,
including microbial degradation and enzyme-based approaches,
as sustainable methods to reduce MNP abundance in aquatic
and terrestrial environments.
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