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Scientists have long researched to understand the environment and man’s place 
in it. The search for this knowledge grows in importance as rapid increases in 
population and economic development intensify humans’ stresses on ecosystems. 
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Preface

This book, Microplastics and Nanoplastics in Aquatic Environments, aims to provide
a comprehensive and multidisciplinary overview of the growing threat posed by
microplastics and nanoplastics in aquatic ecosystems. This global-scale problem has
been attracting increasing attention from the scientific community, regulatory
authorities, and the general public. The spread of these particles in the aquatic
environments has now become ubiquitous, and their effects, both ecological and on
the health of organisms, are complex and often underestimated.

The book examines the ecotoxicological effects of microplastics and nanoplastics,
highlighting how they can interfere with the fundamental biological processes of
aquatic organisms. Due to their extremely small size and persistence in the envir-
onment, these particles can penetrate organs and tissues, causing oxidative stress,
inflammation, and functional alterations. Particular attention is given to interactions
between micro- and nanoplastics and other chemical or biological contaminants in
ecosystems, which can amplify overall toxicity and pose a significant threat to
biodiversity and the stability of aquatic ecosystems.

A key chapter of the book focuses on the microscopic perspective, illustrating how
nanoplastics, due to their size of less than 100 nanometres, can cross cellular
membranes and biological barriers, acting as genuine “intrusive agents” at the
molecular level. This discussion allows an understanding not only of the direct
damage to individual organisms but also of systemic consequences along the food
chain, extending to potential effects on higher organisms and humans, particularly
through the consumption of contaminated aquatic species.

Alongside the biological and chemical approach, the book includes an ethical and
philosophical reflection on the human role in the microplastic crisis. It examines
collective responsibility towards aquatic ecosystems, raising fundamental questions
about environmental justice and the consumption and production choices that have
led to the current state of emergency. Readers are encouraged to consider not only
the scientific and health implications but also the moral consequences of human
actions on shared habitats and future generations.

The book is therefore presented as a valuable resource for researchers, students, and
professionals in environmental science and public health, providing conceptual tools and
up-to-date data to understand the complexity of the problem and develop mitigation
and management strategies. The interdisciplinary insights in the volume underscore the
urgency of addressing microplastics and nanoplastics through innovative approaches
that integrate ecology, toxicology, chemistry, environmental policy, and ethics.

A sincere note of thanks goes to Maja Božičević for her invaluable support over these
months, which made the completion of this work possible.



In conclusion, Microplastics and Nanoplastics in Aquatic Environments represents
a significant contribution to the scientific literature, combining analytical rigour,
experimental insight, and critical reflection, and provides a comprehensive overview
of the environmental threat posed by plastic particles. Its goal is to raise awareness,
inform, and stimulate concrete actions to protect the health of aquatic ecosystems
and, by extension, the communities that depend on them.
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Chapter 1

Ecotoxicological and Health 
Impacts of Micro- and 
Nanoplastics
Sourav Bhattacharya and Rajendran Rajaram

Abstract

Microplastics (MPs; <5 mm) and nanoplastics (NPs; <1 µm) have emerged as 
pervasive and persistent contaminants in aquatic ecosystems, posing significant risks 
to both environmental and human health. This chapter critically explores the 
ecotoxicological mechanisms and biological consequences of MPs/NPs across 
multiple levels of biological organization. Key factors such as particle size, polymer 
type, surface properties, and environmental weathering play crucial roles in 
determining their bioavailability, transport, and toxicity. MPs and NPs have been 
shown to induce oxidative stress, inflammation, genotoxicity, endocrine disruption, 
and neurotoxicity in aquatic organisms, with detrimental effects on reproduction, 
development, and behavior. These effects cascade through trophic levels, potentially 
altering ecosystem stability and function. A major emerging concern is the formation 
of the plastisphere, a dynamic microbial community on plastic surfaces that serves as 
a reservoir for pathogens and antibiotic resistance genes. This plastisphere 
contributes to the horizontal gene transfer of resistance traits and may facilitate 
disease emergence, thus bridging ecological and public health risks. Humans are 
increasingly exposed to MPs/NPs through seafood consumption, drinking water, 
inhalation, and occupational contact. While epidemiological data remain limited, 
in vivo and in vitro studies suggest possible links to inflammation, immune 
dysregulation, reproductive toxicity, and gut microbiome disturbances. This chapter 
also identifies critical knowledge gaps in current ecotoxicological and human 
health assessments, emphasizing the need for standardized methodologies, 
interdisciplinary collaboration, and regulatory integration. Advancing our 
understanding of MPs/NPs is essential for mitigating risks, guiding sustainable 
plastic use, and informing international environmental and public health policies.

Keywords: microplastics, nanoplastics, plastisphere, bioaccumulation, 
environmental contaminants

1. Introduction

Over the past few decades, the pervasive proliferation of microplastics (MPs; <5
mm) and nanoplastics (NPs; <1 µm) in aquatic ecosystems has evolved from
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a nascent environmental issue into a pressing global crisis, affecting both ecological 
integrity and public health [1–3]. These particulate pollutants, originating from 
primary sources such as personal care products, synthetic fibers, and industrial 
abrasives, as well as from the fragmentation of larger macroplastic debris, are 
characterized by their physicochemical persistence, environmental ubiquity, and 
high bioactivity [1, 3]. Their diminutive size and elevated surface area-to-volume 
ratio confer considerable reactivity and enable complex interactions with both biotic 
organisms and abiotic substrates across freshwater, estuarine, and marine systems 
[4, 5].

MPs and NPs exhibit the capacity to elicit adverse toxicological effects across 
hierarchical levels of biological organization, from subcellular and molecular 
domains to entire ecosystems [6]. Upon environmental entry, these particles 
undergo rapid colonization by diverse microbial assemblages and readily adsorb 
natural organic matter, heavy metals, persistent organic pollutants (POPs), and 
other co-contaminants [7, 8]. This process imparts a potent “vector effect,” 
amplifying the toxicity of the composite particle-contaminant complexes and 
enabling the transboundary transport of hazardous substances across trophic 
networks [9, 10]. Empirical evidence now demonstrates that MPs and NPs can 
breach cellular membranes, traverse epithelial barriers, and accumulate in vital 
organs such as the gastrointestinal tract, liver, gills, and central nervous system in 
a variety of aquatic taxa [11, 12].

Laboratory experiments and field-based studies have consistently shown that 
exposure to MPs and NPs induces oxidative stress via excessive generation of 
reactive oxygen species (ROS), culminating in lipid peroxidation, genomic 
instability, mitochondrial dysfunction, and programmed cell death (apoptosis) 
[13–15]. Furthermore, these particles have been implicated in disrupting endocrine 
homeostasis, impairing reproductive output, inducing neurotoxicity, and altering 
behavior across multiple aquatic phyla, including zooplankton, mollusks, 
crustaceans, teleost fish, and amphibians [16, 17]. These physiological and behavioral 
impairments compromise organismal fitness and propagate through ecological 
networks, thereby undermining population stability, community structure, and 
ecosystem service delivery [17]. Unlike earlier reviews that primarily provided 
descriptive accounts, recent research has moved toward mechanistic insights. For 
instance, Ma et al. [11] demonstrated translocation of MPs/NPs in fish organs, while 
Bhat et al. [18] reported endocrine and reproductive disturbances in aquatic 
vertebrates. These findings reveal that particle size, shape, polymer type, and surface 
chemistry directly influence biological interactions.

The potential ramifications for human health are increasingly evident. Micro and 
nanoplastics have been detected in a wide range of exposure media, including 
seafood, bottled water, table salt, and even atmospheric deposition, indicating 
multiple routes of human uptake [19]. Following ingestion, inhalation, or dermal 
exposure, MPs and NPs may act as vectors for xenobiotics and microbial pathogens, 
with the potential to trigger inflammatory responses, genotoxic effects, endocrine 
perturbations, and dysbiosis of the gut microbiota [19, 20]. Of particular concern are 
high-risk populations, such as residents of coastal zones, children, and individuals 
employed in sectors with elevated plastic exposure, namely aquaculture, fisheries, 
wastewater treatment, and plastic recycling industries [20].

An emerging frontier in plastic-associated risk involves the microbial 
colonization of plastic surfaces, termed the plastisphere, which harbors complex 
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biofilms comprising opportunistic pathogens (e.g., Vibrio spp.), antibiotic resistance 
genes (ARGs), and virulence determinants [21–23]. This microbial consortium raises 
significant ecological and epidemiological concerns due to its capacity to facilitate 
the environmental dissemination of infectious agents and contribute to the 
propagation of antimicrobial resistance (AMR) [24–26]. The introduction of 
plastisphere studies further complicates the risk scenario, as biofilms on MPs/NPs 
host opportunistic pathogens and antibiotic resistance genes, raising new public 
health concerns [20, 23].

This chapter delivers a critical, interdisciplinary synthesis of the ecotoxicological 
impacts and human health risks associated with micro and nanoplastics in aquatic 
systems. Drawing on the disciplines of environmental toxicology, analytical 
chemistry, microbial ecology, and epidemiology, we dissect the mechanistic 
underpinnings of particle toxicity, trophic transfer pathways, and bioaccumulation 
processes. Special focus is devoted to the emerging role of the plastisphere in 
mediating ecological interactions and disease dynamics. Ultimately, this work 
underscores the imperative for integrative research frameworks, evidence-driven 
policy interventions, and innovative mitigation strategies to confront the escalating 
threats posed by plastic contaminants in aquatic environments. Despite these 
advances, critical gaps remain, including insufficient data on long-term chronic 
exposure, lack of standard methodologies for nanoplastic detection, and weak 
integration of ecotoxicological findings with human epidemiological outcomes. 
Addressing these gaps requires an interdisciplinary One Health framework that 
merges ecotoxicology, microbiology, and environmental policy.

2. Physicochemical properties and bioavailability

MPs and NPs are distinguished from traditional pollutants by their complex and 
heterogeneous physicochemical profiles, which profoundly influence their 
environmental behavior and biological interactions. Key characteristics, including 
particle size, morphology, polymeric composition, degree of environmental 
weathering, and surface functionalization, play critical roles in governing their 
transport dynamics, partitioning, and interaction with biota in aquatic environments 
[27, 28]. These parameters collectively modulate their bioavailability, toxicokinetics, 
and propensity to act as carriers for co-contaminants, thereby shaping their 
ecotoxicological footprint. A mechanistic understanding of these properties is, 
therefore, fundamental for accurately predicting their environmental fate and 
assessing their risk potential within freshwater, estuarine, and marine ecosystems.

2.1 Size, shape, polymer type, and surface characteristics

The environmental behavior and biological interactions of MPs and NPs are 
intrinsically governed by their physical dimensions and molecular architectures, 
which collectively shape their mobility, reactivity, and toxicological profiles within 
aquatic systems [29]. Among these, particle size is a critical determinant of uptake 
pathways, cellular internalization mechanisms, and systemic distribution across 
biological compartments [29] (Figure 1). MPs (>1 µm to <5 mm) are predominantly 
ingested by larger aquatic organisms through traditional feeding behaviors, whereas 
NPs (<1 µm) possess the capacity to translocate across biological membranes via 
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endocytosis, passive diffusion, or paracellular transport routes [30]. The elevated 
surface area-to-volume ratio inherent to smaller particles augments their chemical 
reactivity and enhances their capacity to sorb environmental contaminants [31]. 
Particle shape – whether fibrous, fragmented, spherical, film-like, or foamed – plays 
a pivotal role in determining the likelihood of ingestion and the extent of mechanical 
injury inflicted upon organisms [28, 32]. For instance, fibrous MPs are more prone 
to entrapment within respiratory or gastrointestinal tissues, whereas angular 
fragments may cause epithelial abrasion and localized inflammation [28, 32]. The 
polymer composition, encompassing materials such as polyethylene (PE), 
polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), and 
polyvinyl chloride (PVC), dictates intrinsic properties such as hydrophobicity, 
density, chemical resilience, and affinity for co-contaminants [33]. Buoyancy 
behavior, which is closely linked to polymer density, determines vertical distribution 
in the water column: low-density polymers (e.g., PE, PP) tend to remain in surface 
waters and contribute to neustonic aggregations, whereas high-density polymers 
(e.g., PET, PVC) are more likely to sediment and contribute to benthic accumulation 
[34]. Surface characteristics, including textural roughness, electrostatic charge, and 
the presence of functional chemical groups, undergo dynamic transformations 
during environmental weathering via photodegradation, mechanical erosion, and 
biofouling [35]. These processes not only alter the physicochemical reactivity of the 
plastic particles but also modulate microbial colonization patterns and contaminant- 
binding affinities [35]. Aged or weathered particles often develop cracked or pitted 
morphologies that significantly increase sorptive capacity relative to their pristine 
analogs, thereby enhancing their role as vectors for persistent pollutants and 
microbial assemblages [36]. Collectively, the diversity and variability of these 
attributes introduce significant heterogeneity into the environmental dynamics of 
MPs and NPs. This complexity poses substantial challenges for accurately modeling 
their fate, transport, exposure routes, and associated ecotoxicological risks in aquatic 
ecosystems [37].

2.2 Adsorption of environmental pollutants and additives

MPs and NPs exhibit a remarkable ability to adsorb and concentrate a broad 
spectrum of environmental contaminants due to their hydrophobic surfaces and high 
specific surface area [38]. These include POPs such as PCBs, PAHs, and dioxins; 
heavy metals (e.g., lead, cadmium, mercury); pharmaceuticals and personal care 
products (PPCPs); antibiotics and antimicrobial agents; and plastic additives (e.g., 
phthalates, bisphenol A, flame retardants) [39, 40]. This sorptive behavior 
transforms MPs/NPs into vectors or “Trojan horses” for pollutant delivery to aquatic 
organisms. The adsorption-desorption dynamics are governed by various factors, 
including polymer type, surface aging, environmental pH, salinity, and the presence 
of natural organic matter [36]. For instance, weathered polystyrene microbeads 
show enhanced binding to hydrophobic pollutants like phenanthrene and 
fluoranthene, which can then be transferred to fish and bivalves upon ingestion [41, 
42]. In controlled exposure studies, organisms that ingested contaminated plastics 
exhibited higher tissue concentrations of these pollutants compared to those exposed 
to the contaminants alone [43]. Additionally, the release of leachable additives from 
plastics, such as UV stabilizers and endocrine-disrupting compounds, further 
compounds the toxicological burden. These chemicals may disrupt hormone 
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signaling, impair immune function, and alter reproductive physiology in aquatic 
biota, even at sublethal concentrations [42, 43].

2.3 Influence on environmental fate and bioavailability

The bioavailability of MPs and NPs, defined as the extent to which these particles 
can be absorbed by living organisms, is closely governed by their intrinsic 
physicochemical properties and the dynamic environmental contexts in which they 
reside [44]. Particle size and density are primary determinants: smaller, neutrally 
buoyant particles are more likely to remain suspended in the water column for 
extended periods, thereby increasing the likelihood of trophic exposure across 
multiple ecological levels [45]. Aggregation and sedimentation, often driven by 
surface fouling through biofilm formation and interactions with dissolved organic 
matter, alter particle density and promote vertical migration and deposition into 
benthic substrates [1, 46]. Additionally, environmental partitioning processes allow 
MPs and NPs to transition between surface waters, sediment layers, and biological 
compartments depending on local hydrodynamic forces, turbulence regimes, and 
salinity gradients [1, 46].

Once internalized by organisms, particle-specific traits further influence cellular 
uptake and systemic translocation. For instance, positively charged nanoplastics 
have demonstrated enhanced electrostatic interaction with negatively charged cell 
membranes, thereby promoting endocytic uptake and intracellular accumulation 
[47]. Experimental evidence has documented the ability of polystyrene nanoplastics 
to traverse the intestinal epithelium and accumulate in sensitive tissues such as the 
liver, brain, and gonads of fish [18, 48, 49]. Notably, aged or environmentally 
weathered plastics display elevated bioavailability and toxicity due to oxidative 
surface modification and increased affinity for biomolecular interactions [50]. These 
surface alterations may cause plastics to mimic natural prey particles, elevating the 
risk of mistaken ingestion by filter feeders, detritivores, and planktivorous species 
[18, 48, 50].

Moreover, the synergistic combination of bioavailable plastic particles with 
adsorbed environmental toxicants, such as heavy metals, polycyclic aromatic 
hydrocarbons (PAHs), or POPs, results in multifaceted exposure scenarios that are 
not adequately captured by conventional ecotoxicological models [37]. This 
complexity underscores the urgent need for incorporating comprehensive 
physicochemical profiling of plastic particles into exposure assessment protocols and 
ecological risk frameworks, ensuring a more accurate prediction of their biological 
impacts across ecosystems.

A major bottleneck in advancing ecological and health risk assessment is the 
inconsistent analytical pipeline used across studies. For microplastics, Fourier- 
transform infrared (FTIR) spectroscopy and Raman spectroscopy are the most 
widely adopted methods for polymer identification; however, differences in 
sampling, filtration, chemical digestion, and spectral library matching produce large 
inter-study variability [18, 48]. For nanoplastics (<1 µm), the situation is worse: 
validated, high-throughput detection in biological tissues is in its infancy. To 
improve comparability, we recommend (a) reporting particle counts by size-bin 
(e.g., <1 µm, 1–10 µm, 10–100 µm, ><100 µm), standardized protocols are urgently 
needed to reduce variability and improve comparability across studies. These 
protocols should include: (a) reporting particle size distribution and mass when 
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possible; (b) always declaring digestion and density-separation methods; (c) 
including spectral match scores for polymer identification; and (d) reporting limits 
of detection (LODs) for each matrix. Standard reference materials and 
interlaboratory calibration exercises should be prioritized by the research 
community and journal editors alike.

3. Ecotoxicological effects on aquatic biota

The rising presence of MPs and NPs in aquatic ecosystems has catalyzed 
a paradigm shift in ecotoxicology. No longer viewed as inert particles, these synthetic 
polymers, both pristine and weathered, exhibit diverse and often deleterious 
biological effects across taxa [51]. The toxicological footprint of MPs and NPs spans 
cellular, organismal, and population levels, interfering with physiological 
homeostasis, reproductive success, and ecological integrity [52]. Their effects are 
mediated through a combination of physical damage, chemical leaching, adsorbed 
toxicants, and biological interactions, including immune and microbiome 
disruptions [52]. This chapter synthesizes key mechanistic insights and experimental 
evidence to critically evaluate the multiscale ecotoxicological impacts of MPs and 
NPs on aquatic life.

3.1 Cellular and subcellular mechanisms of toxicity

MPs and NPs affect cells through physical interactions (membrane 
perturbation, particle-induced abrasion), chemical leaching (additives and 
sorbed toxicants), and indirect effects via the plastisphere (pathogen exposure 
and microbial metabolites) [53]. The predominant mechanistic cascade observed 
across taxa begins with particle contact and uptake (phagocytosis/endocytosis for 
NPs), followed by oxidative stress (mitochondrial dysfunction and ROS 
generation), inflammatory signaling pathways (elevated cytokines such as IL-1β 
and TNF-α), genotoxic stress (DNA strand breaks, micronuclei formation), and, 
in chronic contexts, altered cell proliferation and apoptosis via caspase cascade 
activation [53]. The severity of these pathways is strongly modulated by particle 
dose, chemical load (adsorbed contaminants), and the organismal capacity for 
antioxidant defense.

3.1.1 Oxidative stress and ROS generation

One of the most consistent and well-characterized responses to plastic 
particle exposure is the overproduction of ROS [54]. Upon internalization, MPs 
and NPs interfere with mitochondrial function and redox balance [55], leading 
to lipid peroxidation, protein carbonylation [56], DNA strand breaks, and base 
modifications [56]. This oxidative imbalance compromises membrane integrity 
and damages key cellular macromolecules, initiating cytotoxic and mutagenic 
processes [57]. Several studies on zebrafish (Danio rerio), mussels (Mytilus 
galloprovincialis), and crustaceans have demonstrated significantly elevated 
levels of malondialdehyde (MDA) and reduced antioxidant enzyme activities 
(e.g., superoxide dismutase, catalase, glutathione peroxidase) following MP/NP 
exposure [58–60].
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3.1.2 Inflammation, apoptosis, and genotoxicity

Chronic exposure to MPs and NPs initiates inflammatory signaling cascades, 
marked by the upregulation of pro-inflammatory cytokines (e.g., IL-1β, TNF-α) [54, 
61] and the recruitment of immune cells [61]. In aquatic invertebrates and fish, this 
inflammatory state is often linked to tissue degeneration in the gut, liver, and gills 
[62]. Moreover, persistent cellular stress induces apoptosis through mitochondrial 
(intrinsic) and death receptor (extrinsic) pathways [63]. Key markers, such as Bax/ 
Bcl-2 ratios and caspase-3 activation, have been observed in exposed organisms, 
indicating programmed cell death as a primary toxic response [64]. Genotoxic effects 
are also well-documented. Comet assays and micronucleus tests have shown DNA 
fragmentation and chromosomal aberrations in cells exposed to both MPs and 
associated contaminants [65]. In bivalves, DNA damage correlates strongly with 
plastic particle concentration and exposure duration [66].

3.2 Organismal-level effects

Beyond cellular toxicity, MPs and NPs disrupt whole-organism physiology and 
behavior, with significant implications for growth, development, fitness, and 
survival. These effects are often dose-dependent but can also occur at 
environmentally relevant concentrations [67]. At the organ level, repeated ingestion 
of MPs leads to gut epithelial inflammation, altered nutrient assimilation, and 
changes to the gut microbiome composition. In fish, nanoplastics can translocate to 
the liver and brain, invoking hepatic lipid accumulation and neuroinflammatory 
changes associated with behavioral deficits [54]. Filter-feeders accumulate large 
particle loads in the digestive tract, which can reduce filtration efficiency and growth 
rates and, for commercially important species, create direct food-safety concerns 
when consumed whole.

3.2.1 Impaired reproduction and development

Reproductive toxicity is one of the most concerning outcomes of plastic exposure in 
aquatic fauna [68]. Studies on model species such as zebrafish and Daphnia magna have 
demonstrated reduced fecundity and egg viability, decreased sperm motility, altered 
oocyte morphology, and developmental abnormalities such as spinal deformities, yolk 
sac edema, and cardiac dysfunction in embryos [69–71]. Mechanistically, these effects 
are often linked to endocrine disruption via plastic additives (e.g., bisphenol A, 
phthalates), oxidative stress in reproductive tissues, and interference with hormonal 
signaling pathways (e.g., estrogen receptor modulation) [72].

3.2.2 Neurotoxicity and behavioral disruptions

MPs and NPs have been shown to penetrate the blood-brain barrier in fish, 
leading to neuroinflammation, oxidative stress, and neuronal apoptosis [73]. 
Resultant behavioral impairments include altered predator avoidance, reduced 
locomotion and foraging efficiency, cognitive deficits, and anxiety-like responses 
[73]. Behavioral endpoints are increasingly recognized as sensitive biomarkers of 
sublethal toxicity, reflecting both neurological and systemic stress [74]. In aquatic 
invertebrates like Artemia and Daphnia, exposure to polystyrene NPs has been 
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associated with erratic swimming and impaired escape responses – effects that 
compromise ecological fitness and survival [75].

3.2.3 Immune and endocrine modulation

Plastic particle exposure can dysregulate immune function through either 
immunosuppression or hyperactivation [76]. In fish and mollusks, altered expression 
of immune-related genes (e.g., lysozyme, C-type lectins) has been documented, 
along with increased susceptibility to opportunistic infections [77]. Endocrine 
disruption, a hallmark of plastic additive toxicity, has been observed through 
changes in gonadal development and sex hormone levels, vitellogenin expression (a 
biomarker for estrogenic activity), and hypothalamic-pituitary-gonadal (HPG) axis 
signaling [68]. These disruptions have long-term consequences for population 
dynamics, especially in species with short generation times or high reproductive 
sensitivity.

3.3 Species-specific sensitivity: From plankton to fish

The ecotoxicological effects of MPs and NPs are not uniformly expressed across 
aquatic taxa [78]. Instead, species-specific sensitivity is governed by a combination 
of physiological traits, feeding strategies, habitat preferences, and life stage 
vulnerabilities [79]. A comprehensive understanding of these differences is essential 
for developing ecological risk models and prioritizing conservation strategies.

3.3.1 Planktonic organisms: The gatekeepers of aquatic food webs

Phytoplankton and zooplankton represent critical basal components of 
aquatic ecosystems, and their susceptibility to MPs/NPs poses a direct threat to 
trophic stability [80]. Phytoplankton, such as Skeletonema costatum and 
Thalassiosira pseudonana, exhibit reduced photosynthetic efficiency and 
chlorophyll content when exposed to MPs, particularly NPs, which adhere to cell 
surfaces and interfere with light absorption and gas exchange [80, 81] (Table 1). 
Zooplankton, including copepods (Calanus helgolandicus) and cladocerans 
(Daphnia magna), readily ingest microplastics due to their non-selective filter- 
feeding behavior [82, 83]. This ingestion reduces energy assimilation, alters gut 
residence time, and impairs fecundity [82]. Due to their small size and high 
metabolic rate, planktonic organisms also experience bioaccumulation of 
associated toxicants, making them critical bioindicators and vectors for trophic 
transfer [82] (Figure 2).

3.3.2 Invertebrates: Mollusks and crustaceans

Sessile filter feeders, such as bivalves (e.g., Mytilus edulis, Crassostrea gigas), are 
highly sensitive to MPs/NPs due to continuous exposure to suspended particles [84]. 
Documented effects include impaired filtration rates, histopathological damage in 
gill and digestive tissues, hemocyte dysfunction, and oxidative stress [84]. 
Crustaceans, such as amphipods and shrimp (Palaemonetes pugio), display sublethal 
effects like reduced molting success, altered locomotor activity, and endocrine 
disruption following chronic exposure [85].

Ecotoxicological and Health Impacts of Micro- and Nanoplastics 
DOI: http://dx.doi.org/10.5772/intechopen.1013839

99



O
rg

an
is

m
 

gr
ou

p
R

ep
re

se
nt

at
iv

e 
Sp

.
Fe

ed
in

g 
m

od
e

Ex
po

su
re

 r
ou

te
O

bs
er

ve
d 

ef
fe

ct
s

T
ro

ph
ic

 tr
an

sf
er

 p
ot

en
ti

al
R

ef
.

Ph
yt

op
la

nk
to

n
Sk

el
et

on
em

a 
co

sta
tu

m
, 

T.
 p

se
ud

on
an

a
A

ut
ot

ro
ph

ic
D

ir
ec

t s
us

pe
ns

io
n 

co
nt

ac
t

Re
du

ce
d 

ph
ot

os
yn

th
es

is
, c

el
l a

gg
re

ga
tio

n,
 

pi
gm

en
t l

os
s.

Lo
w

 (
ba

se
 o

f t
he

 fo
od

 w
eb

, n
o 

in
ge

st
io

n)
[8

0,
 8

1]

Zo
op

la
nk

to
n

D
ap

hn
ia

 m
ag

na
, 

C
al

an
us

 h
el

go
la

nd
ic

us
Fi

lte
r 

fe
ed

in
g

In
ge

st
io

n 
of

 s
us


pe

nd
ed

 M
Ps

/N
Ps

G
ut

 b
lo

ck
ag

e,
 r

ed
uc

ed
 fe

cu
nd

ity
, i

m
pa

ir
ed

 
m

ob
ili

ty
.

H
ig

h 
(k

ey
 v

ec
to

r 
to

 fi
sh

, 
in

ve
rt

eb
ra

te
s)

.
[8

2,
 8

3]

Bi
va

lv
es

M
yt

ilu
s e

du
lis

, 
C

ra
sso

str
ea

 g
ig

as
Fi

lte
r 

fe
ed

in
g

In
ge

st
io

n 
vi

a 
fil

tr
at

io
n

In
fla

m
m

at
io

n,
 d

ig
es

tiv
e 

tis
su

e 
da

m
ag

e,
 

im
m

un
e 

su
pp

re
ss

io
n.

M
ed

iu
m

–H
ig

h 
(b

io
ac

cu
m

u
la

te
d 

in
 e

di
bl

e 
tis

su
es

)
[8

4]

C
ru

st
ac

ea
ns

Pa
la

em
on

et
es

 p
ug

io
, 

G
am

m
ar

us
 sp

p.
O

m
ni

vo
ro

us
/ 

D
et

ri
tiv

or
ou

s
In

ge
st

io
n 

of
 c

on


ta
m

in
at

ed
 d

et
ri

tu
s

M
ol

tin
g 

di
sr

up
tio

n,
 o

xi
da

tiv
e 

st
re

ss
, b

eh
a

vi
or

al
 a

lte
ra

tio
ns

.
M

ed
iu

m
 (

pr
ey

ed
 o

n 
by

 fi
sh

 a
nd

 
bi

rd
s)

[8
5]

Fi
sh

 la
rv

ae
/ 

Ju
ve

ni
le

s
D

an
io

 r
er

io
, 

O
. n

ilo
tic

us
A

ct
iv

e 
pr

ed
at

io
n

In
ge

st
io

n 
vi

a 
pr

ey
/ 

pa
rt

ic
le

s
Re

du
ce

d 
gr

ow
th

, d
ev

el
op

m
en

ta
l d

ef
ec

ts
, g

ut
 

in
fla

m
m

at
io

n.
H

ig
h 

(c
ri

tic
al

 d
ev

el
op

m
en

ta
l 

st
ag

e 
se

ns
iti

vi
ty

)
[8

6]

Fi
sh

 –
 a

du
lts

D
ic

en
tr

ar
ch

us
 la

br
ax

, 
O

nc
or

hy
nc

hu
s m

yk
iss

C
ar

ni
vo

ro
us

Pr
ey

 c
on

su
m

pt
io

n,
 

di
re

ct
 in

ge
st

io
n

Li
ve

r 
da

m
ag

e,
 n

eu
ro

to
xi

ci
ty

, r
ep

ro
du

ct
iv

e 
fa

ilu
re

.
H

ig
h 

(c
on

su
m

ed
 b

y 
hu

m
an

s 
an

d 
pr

ed
at

or
s)

.
[8

7,
 8

8]

Bi
rd

s 
an

d 
m

ar


in
e 

m
am

m
al

s
La

ru
s s

pp
., 

Ph
oc

oe
na

 
ph

oc
oe

na
Pi

sc
iv

or
ou

s
In

ge
st

io
n 

of
 c

on


ta
m

in
at

ed
 fi

sh
G

ut
 b

lo
ck

ag
e,

 r
ed

uc
ed

 n
ut

ri
en

t a
bs

or
pt

io
n,

 
im

m
un

e 
su

pp
re

ss
io

n.
H

ig
h 

(t
op

 p
re

da
to

rs
, p

la
st

ic
 

ac
cu

m
ul

at
io

n)
[8

9–
91

]

H
um

an
s

O
m

ni
vo

ro
us

Se
af

oo
d 

co
ns

um
p

tio
n,

 w
at

er
 in

ta
ke

U
nd

er
 re

se
ar

ch
: i

nf
la

m
m

at
io

n,
 e

nd
oc

ri
ne

 d
is


ru

pt
io

n,
 o

xi
da

tiv
e 

st
re

ss
 (

pr
el

im
in

ar
y)

.
Te

rm
in

al
 c

on
su

m
er

, 
a 

si
gn

ifi
ca

nt
 c

on
ce

rn
 fo

r 
fo

od
 

sa
fe

ty
.

[9
1]

T
ab

le
 1

. 
Sp

ec
ie

s-
sp

ec
ifi

c s
en

sit
iv

iti
es

 a
nd

 tr
op

hi
c t

ra
ns

fe
r 

pa
th

w
ay

s o
f M

Ps
 a

nd
 N

Ps
 in

 a
qu

at
ic

 ec
os

ys
te

m
s. 

Microplastics and Nanoplastics in Aquatic Environments

1010



3.3.3 Fish: Complexity across life stages

Fish represent the top vertebrate consumers in many aquatic systems and exhibit 
complex responses depending on age, species, and trophic level [92]. Laboratory studies 
have shown that larvae and juveniles are more vulnerable due to underdeveloped 
detoxification systems and higher surface-to-volume ratios [93–95]. Gastrointestinal 
accumulation of MPs is well-documented, with retention times ranging from hours to 
days depending on particle size and composition [96]. Organ-level impacts include liver 
inflammation, gut microbiota dysbiosis, and neurotoxic effects, particularly in species 
like Danio rerio (zebrafish) and Oreochromis niloticus (Nile tilapia) [86]. Reproductive 
endpoints, such as reduced gamete quality and altered hormone profiles, are frequently 
reported in chronic exposure studies [87, 88]. Importantly, predatory species that 
consume smaller contaminated organisms may experience compounded effects through 
biomagnification, although data are still emerging [94].

3.3.4 Inter-species variability and research gaps

Differences in MP/NP effects across species are influenced by feeding mode 
(filter feeder, deposit feeder, predator), particle selectivity, habitat exposure 
(benthic vs. pelagic), and detoxification and excretion mechanisms [97]. Current 
ecotoxicological frameworks often fail to account for such ecological diversity [98]. 
Future studies must adopt multi-species testing protocols under environmentally 
relevant conditions to accurately map sensitivity landscapes.

3.4 Trophic transfer and food web implications

The ecological implications of plastic pollution extend far beyond individual 
toxicity. MPs and NPs are now recognized as vectors for trophic transfer, whereby 

Figure 2. 
Schematic of trophic transfer in aquatic food webs 

.
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ingested particles pass from prey to predator, carrying both physical particles and 
sorbed pollutants up the food web [52]. Trophic transfer of MPs/NPs has been 
confirmed in both laboratory and field studies across multiple aquatic food chains 
(zooplankton to small fish to predators). For instance, polystyrene MPs have been 
shown to move from Artemia to Pagrus major, accumulating in the liver and 
intestines [89, 90]. Bivalves and crustaceans to fish and birds, where mussels 
consumed by demersal fish have been found to serve as intermediate reservoirs of 
MPs, and fish to marine mammals and humans, where evidence suggests MPs 
accumulate in the gastrointestinal tracts of top predators, raising concerns for higher 
vertebrates, including humans, through seafood consumption [90, 91]. These 
pathways are facilitated by the persistence of plastic particles, low degradation rates, 
and limited excretion efficiency in many organisms.

Trophic transfer introduces systemic risks to ecosystem function, such as 
bioaccumulation of MPs and associated pollutants in long-lived species, which could 
result in chronic toxicity, hormonal disruption, and immunosuppression [41]. Loss 
of keystone species due to reproductive failure or reduced fitness could destabilize 
community structures [99]. Altered predator-prey dynamics occur as contaminated 
prey exhibit reduced escape behaviors or survival rates [100]. Energy transfer 
disruption, where ingestion of inert plastic particles leads to reduced nutritional 
intake and impaired growth across trophic levels, is another significant concern 
[101]. Such changes threaten the resilience and productivity of aquatic ecosystems, 
particularly in biodiverse and economically important habitats like coral reefs, 
estuaries, and mangroves [102].

The cascading effects of trophic transfer can influence ecosystem services 
such as fisheries yield, water purification, and carbon sequestration [104]. 
Moreover, the intersection with human food webs, particularly through the 
consumption of shellfish and small pelagic fish, has introduced a direct route 
of microplastic exposure to humans, sparking global concern over food safety 
and health [52].

4. Human health implications

The pervasiveness of MPs and NPs in aquatic ecosystems has escalated concerns 
over their potential transference from the environment to human populations [52]. 
As these synthetic particles integrate into food chains and water systems, they 
emerge not only as environmental pollutants but also as emerging contaminants of 
global public health concern [103]. This chapter critically evaluates the established 
and emerging pathways of human exposure, explores toxicological evidence from 
experimental models, and examines the potential health outcomes associated with 
chronic and low-dose plastic particle exposure (Figure 3).

4.1 Pathways of human exposure

Human exposure arises from three principal routes: ingestion (seafood, salt, 
water), inhalation (airborne fallout, indoor dust), and dermal/occupational contact 
(workplace aerosolization, recycling shops). Quantitatively, ingestion through 
seafood remains the most studied route for integrated body burden; however, 
inhalation is gaining evidence for contributing non-trivial particle mass due to 
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indoor dust loading and synthetic textile abrasion. For each route, we recommend 
reporting both particle number and mass per unit intake, as well as context-specific 
physicochemical descriptors (size, polymer type).

4.1.1 Seafood and aquatic products

Among the most direct and concerning routes of human exposure to MPs/NPs is 
through the consumption of seafood, particularly filter-feeding organisms such as 
bivalves (e.g., Mytilus spp.), crustaceans, and small pelagic fish (e.g., Sardina 
pilchardus) [82, 104] (Table 2). These species are often consumed whole or partially 
whole, increasing the likelihood of ingesting MPs residing in their digestive tracts 
[105]. Studies have documented tens to hundreds of MP particles per individual 
mussel or oyster, particularly in urban coastal regions [106]. NPs pose an even 
greater risk due to their ability to cross biological barriers, potentially entering edible 
tissues [107]. The bioaccumulation of plastic-associated contaminants such as 
bisphenol A (BPA), phthalates, and POPs exacerbates toxic potential [108, 109]. 
Human exposure through seafood is not merely incidental but bioavailable and 
biologically relevant, particularly in high seafood-consuming populations [110].

4.1.2 Drinking water and atmospheric deposition

MPs/NPs have been widely detected in both tap and bottled drinking water, with 
concentrations ranging from a few to thousands of particles per liter, depending on 

Figure 3. 
Toxicological effects of microplastics on aquatic biota and humans.
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the region, treatment methods, and packaging materials [111]. Bottled water, 
particularly in PET containers, often contains fragmented plastic particles released 
during storage and transport [111]. Municipal tap water systems, even in developed 
nations, are not immune, particularly when relying on surface water sources [116]. 
Moreover, airborne microplastic fallout has been recorded in indoor and outdoor 
environments, suggesting inhalation and mucosal exposure as a relevant route, 
especially in urban centers and industrial settings [112]. These particles can be 
deposited in the respiratory tract and swallowed, making this a dual exposure 
route [117].

4.1.3 Occupational and recreational exposure

Populations engaged in plastic manufacturing, recycling, and textile industries 
face disproportionately high MP/NP exposure through inhalation and dermal 
contact [118]. Workers in plastic molding facilities exhibit elevated inflammatory 
markers and respiratory symptoms [119]. Recreational exposure (e.g., swimming, 
beach sports) in contaminated water bodies may also lead to incidental ingestion or 
skin contact [113]. Although less documented, this pathway represents a chronic, 
low-dose exposure scenario for millions globally.

Exposure 
pathway

Major sources Representative evidence Potential health 
impact

Ref.

Dietary – sea
food and aqua
tic products

Bivalves, crustaceans, 
fish (especially con
sumed whole).

MPs found in 100% of 
commercial mussels/ 
oysters in several studies.

Inflammation, endo
crine disruption, oxi
dative stress

[104, 105]

Drinking water Bottled water (PET), tap 
water, groundwater

Bottled water: 10–10,000 
MPs/L; tap water (global 
average): 5–20 MPs/L.

Gut irritation, tissue 
accumulation, and 
immune modulation.

[111]

Airborne 
inhalation

Indoor dust, synthetic 
textiles, urban air 
fallout.

Indoor air: up to 10,000 
MPs/day inhaled per per
son in industrial zones.

Respiratory inflam
mation, allergic 
response, systemic 
exposure.

[112]

Occupational 
exposure

Plastic manufacturing, 
recycling, synthetic tex
tiles, construction.

Workers show elevated 
markers of respiratory 
and dermal inflammation.

Chronic lung disease, 
skin disorders, 
reproductive 
toxicity.

[112]

Recreational 
activities

Swimming, beach activ
ities, and water sports in 
polluted environments

Exposure via ingestion/ 
contact with contami
nated water or sand.

Unknown; assumed 
minor but chronic 
exposure risk.

[113]

Transplacental 
exposure

Placental tissue, umbili
cal cord (emerging 
data).

MPs detected in human 
placentas.

Potential develop
mental disruption, 
fetal immune 
priming.

[72, 114]

Food contami
nation  
(non-seafood)

Salt, sugar, milk, honey, 
vegetables (from plastic 
packaging/processing).

MPs found in table salt 
(~200–500 particles/kg), 
teabags, and dairy 
products.

Chronic ingestion, 
endocrine disruption 
risk

[115]

Table 2. 
Summary of human exposure pathways to MPs and NPs, evidentiary support, and health implications. 
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4.2 Toxicological evidence in mammalian models and in vitro studies

Due to ethical constraints in human testing, much of the mechanistic 
understanding of plastic toxicity stems from mammalian in vivo models and cell- 
based in vitro assays [120]. Rodent studies reveal systemic uptake of NPs following 
oral ingestion, with particles found in the liver, spleen, kidneys, and even the brain 
[121]. In mice, polystyrene NPs induce gut inflammation, altered gut microbiota 
composition, and metabolic dysfunction [122]. In vitro studies with human lung and 
intestinal epithelial cells show increased ROS production, membrane disruption, and 
DNA damage upon plastic exposure [123]. These results provide compelling 
evidence that MPs and NPs are bioactive agents capable of eliciting toxicological 
responses at multiple biological levels. We currently lack robust, reproducible 
toxicokinetic models for plastics in humans. Key unresolved parameters include the 
absorption fraction across intestinal epithelia for polydisperse particles, distribution 
half-lives in organs, metabolic transformation (if any), and clearance mechanisms 
(urinary vs. biliary excretion). Advancing these models requires coordinated animal- 
to-human scaling studies, validated particle tracers, and harmonized reporting of 
dose metrics (mass, particle count, surface area).

4.3 Potential health outcomes

To move from plausibility to causality, prospective cohort studies with 
archived biological samples (blood, stool, cord blood) and repeated exposure 
measures are required. A recommended study design: a birth cohort with 
maternal exposure assessment (dietary questionnaires and measurement of MPs 
in maternal blood/placenta), infant developmental follow-ups 
(neurodevelopmental milestones, immune function, growth metrics), and nested 
case–control analyses for outcomes such as autoimmune disorders, metabolic 
syndromes, and reproductive health.

4.3.1 Inflammation and immune dysregulation

The primary physiological response to MPs/NPs is chronic inflammation. 
Phagocytic immune cells attempt to engulf plastic particles, leading to a frustrated 
phagocytosis response, ROS over production, and cytokine release [124]. 
Macrophage activation, complement system perturbation, and increased levels of 
pro-inflammatory interleukins (e.g., IL-6, TNF-α) have been observed in murine 
and human cell studies [125]. Chronic exposure could predispose individuals to 
autoimmune conditions, allergies, and systemic inflammatory disorders.

4.3.2 Endocrine disruption and reproductive risk

Plastic particles can act as endocrine-disrupting chemical (EDC) carriers, 
interfering with hormone signaling and reproductive functions [72]. Exposure to 
MPs coated with nonylphenol and phthalates has been linked to altered testosterone 
levels, reduced sperm quality, and disrupted estrous cycles in rats [68]. Human 
epidemiological studies are emerging, with correlations between higher urinary BPA 
levels and reproductive dysfunction, though causality remains to be 
established [114].
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4.3.3 Neurotoxicity and gut microbiome alterations

NPs may cross the blood–brain barrier, leading to neuroinflammatory responses 
and cognitive impairments [126]. Animal studies demonstrate microglial activation, 
oxidative stress in brain tissues, and impaired learning behavior in plastic-exposed 
rodents [127–129]. Simultaneously, gut-brain axis disruption has been observed, 
with significant dysbiosis of the intestinal microbiome, reduced microbial diversity, 
and increased leaky gut syndrome [130]. These changes are associated with mood 
disorders, altered metabolism, and heightened systemic vulnerability to disease.

5. The plastisphere: Microbial colonization of plastic surfaces

Plastics in aquatic environments have rapidly evolved from inert pollutants to 
dynamic microbial ecosystems [131]. The “plastisphere” refers to biofilm 
communities that colonize plastic surfaces, distinct from those found on natural 
substrates [132] (Figure 4). These communities foster unique ecological niches, 
drive biogeochemical cycling, and serve as vectors for pathogens and antimicrobial 
resistance genes (ARGs) [132]. This chapter delves into the mechanisms of microbial 
colonization, ecological implications, and the public health threats posed by the 
plastisphere, framing plastic debris not merely as waste but as mobile microbial 
habitats with profound consequences for ecosystem integrity and disease 
transmission.

5.1 Formation and succession of biofilms on plastics

The colonization of plastics begins almost immediately upon contact with 
aquatic environments [133]. This process follows a structured biofilm 
formation cascade, which includes the adsorption of organic molecules 
(conditioning film), the attachment of pioneer microbial taxa, the maturation 
of biofilm through quorum sensing and EPS (extracellular polymeric 
substances) secretion, and detachment and dispersal [134, 135]. Unlike natural 
substrates (e.g., wood, sediment), plastics provide hydrophobic, persistent, 
and often nutrient-scarce surfaces that select for specialized microbial 
consortia [136]. Early colonizers often include proteobacteria, bacteroidetes, 

Figure 4. 
Stages of microbial biofilm development on microplastic surfaces.
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and cyanobacteria, later succeeded by fungi, archaea, diatoms, and occasionally 
macroorganisms such as larval invertebrates [137]. Recent omics-based studies 
(metagenomics, 16S rRNA sequencing) show that plastisphere biofilms differ 
taxonomically and functionally from surrounding water and sediment 
microbiomes [138].

5.2 Ecological role of the plastisphere in aquatic systems

While often perceived solely as an anthropogenic disturbance, the plastisphere 
has evolved into a complex ecological niche with multifaceted functions. 
Microbial communities inhabiting plastic surfaces actively participate in nutrient 
cycling by metabolizing nitrogen, sulfur, and carbon compounds, thereby 
integrating into key biogeochemical processes [139]. These artificial substrates 
also serve as habitats for extremophile microorganisms capable of thriving on 
nutrient-poor, UV-exposed, and chemically contaminated plastic surfaces due to 
their remarkable metabolic flexibility [140]. Furthermore, plastics act as effective 
vectors for the long-distance dispersal of microbes and sessile organisms, 
facilitating the spread of invasive species and potentially destabilizing local 
biodiversity and ecosystem function [141]. Over time, plastics undergo microbial 
succession, with shifts in colonizing taxa often influenced by biofilm thickness 
and environmental variables such as temperature, salinity, and UV exposure 
[142]. Consequently, plastics function as novel benthic and pelagic habitats, 
reshaping microbial biogeography across both freshwater and marine 
ecosystems [143].

5.3 Plastics as vectors for pathogens and antibiotic resistance

Perhaps the most concerning facet of the plastisphere is its ability to harbor 
and disseminate pathogens and ARGs [144]. Numerous studies have identified 
opportunistic human and animal pathogens (e.g., Vibrio spp., Aeromonas, 
Pseudomonas, Escherichia coli) colonizing marine plastics [145–147]. The 
plastisphere enhances pathogen survival by providing physical protection from 
predation, desiccation, and UV exposure [148]. More alarmingly, plastics serve 
as hotspots for horizontal gene transfer (HGT): ARGs, such as those conferring 
resistance to β-lactams, tetracyclines, and sulfonamides, are frequently 
detected on plastic biofilms [144]. Dense microbial consortia in biofilms 
enhance HGT via conjugation, transformation, and phage-mediated 
transduction [149]. In aquatic environments where plastics intersect with 
effluents (e.g., hospital wastewater, urban runoff), this leads to a perfect storm 
of gene exchange, resistance amplification, and global dissemination [150].

5.4 Implications for disease emergence and environmental AMR

The plastisphere represents an under-recognized yet potent interface between 
environmental microbiology and public health [133]. One of its most concerning 
implications is its role as a reservoir for antimicrobial resistance (AMR), 
where plastics function as long-term carriers and vectors for resistance genes, 
bridging clinical, environmental, and agricultural domains [151]. Additionally, 
the plastisphere may contribute to the emergence or re-emergence of 

Ecotoxicological and Health Impacts of Micro- and Nanoplastics 
DOI: http://dx.doi.org/10.5772/intechopen.1013839

1717



waterborne infectious diseases (EIDs), particularly in eutrophic, warming, and 
polluted aquatic systems [152]. Aquatic organisms that interact with pathogen- 
contaminated plastics can serve as intermediate hosts for zoonotic pathogens, 
posing significant risks to fisheries, aquaculture, and food safety [153]. Despite 
growing scientific evidence, current AMR action plans and water quality 
monitoring frameworks largely overlook the plastisphere’s role. Effectively 
addressing these challenges necessitates a One Health approach integrating 
environmental surveillance, microbial risk assessment, and comprehensive 
regulatory reforms targeting plastic production, use, and wastewater 
discharge [154].

6. Knowledge gaps and research priorities

Despite the exponential rise in research on MPs and NPs, major knowledge 
gaps persist in understanding their toxicological impacts, human health risks, 
and environmental dynamics. Current models lack ecological realism, human 
exposure pathways remain under-characterized, and interactions with co- 
contaminants and microbiomes are poorly resolved [155]. This chapter critically 
examines the key limitations in existing methodologies and proposes a roadmap 
for future research. The integration of multidisciplinary approaches, 
standardized protocols, and next-generation analytical tools is essential for 
improving risk assessment and shaping informed policy. Bridging these gaps will 
enable a holistic, predictive framework for plastic pollution management in the 
Anthropocene [156].

6.1 Limitations in current ecotoxicological models

Ecotoxicological assessments of MPs and NPs are often constrained by 
oversimplified laboratory models that fail to reflect environmental realities. 
Most studies use pristine, spherical particles at unrealistically high 
concentrations and rely on single-species testing, which inadequately captures 
the complexity of natural ecosystems [157]. In real-world conditions, plastic 
particles are weathered, chemically altered, and highly heterogeneous in terms 
of size, shape, polymer composition, and density. They often co-occur with 
contaminants like heavy metals, hydrophobic organic compounds, and 
microbial biofilms, leading to multifaceted toxicity profiles. A major limitation 
is the scarcity of chronic, low-dose exposure studies that mirror 
environmentally relevant scenarios. Moreover, the taxonomic range is narrow; 
ecotoxicity data are predominantly based on standard model organisms such as 
Daphnia magna and zebrafish, offering limited insight into impacts on 
ecologically critical species [158]. Community and ecosystem-level endpoints 
such as biodiversity, trophic interactions, and nutrient cycling are significantly 
underrepresented in current assessments. Additionally, nanoplastics (<100 nm) 
pose unique toxicokinetic challenges due to their capacity to penetrate 
cellular membranes and cross biological barriers, yet they remain poorly 
characterized due to methodological and analytical limitations [159]. 
Addressing these gaps is essential for developing accurate risk assessment 
frameworks and informing environmental policy.
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6.2 Challenges in human risk assessment

Human exposure models to MPs and NPs are currently hindered by significant 
scientific uncertainties. Detection and quantification methodologies, particularly for 
nanoplastics in biological matrices, remain inconsistent and lack standardization 
[160]. Additionally, toxicokinetic data are scarce, and we have limited 
understanding of the absorption, distribution, metabolism, and excretion (ADME) 
of MPs and NPs in the human body [159]. No established dose-response thresholds 
exist for plastic particle exposure across different life stages, further complicating 
risk assessment [161]. Although MPs have been detected in human placenta, blood, 
lungs, and stool, direct causal relationships with disease outcomes have yet to be 
definitively proven [162]. Current health risk assessments also frequently overlook 
the role of additive leachates, such as phthalates and bisphenols, the potential 
synergistic toxicity with co-occurring environmental pollutants, and the modulatory 
influence of the gut microbiome on MP toxicity [162]. Critically, vulnerable 
populations, including pregnant women, neonates, and individuals with 
occupational exposure, such as coastal workers, are not systematically considered in 
existing exposure and regulatory frameworks, representing a major gap in public 
health protection [163].

6.3 Emerging contaminants and combined effects

Real-world exposure involves complex chemical cocktails. Plastics often adsorb 
POPs, pharmaceuticals, pesticides, and metals, acting as vectors for combined toxic 
effects [164]. Key research gaps include interactive effects between plastic particles, 
associated chemicals, and microbial communities; non-additive toxicological 
interactions, including antagonism or potentiation; and biotransformation of 
adsorbed compounds by plastisphere microbes, which may alter bioavailability or 
toxicity. Moreover, co-occurrence with climate-related stressors (e.g., ocean 
acidification, temperature rise, hypoxia) remains under-investigated but may 
amplify plastic toxicity across trophic levels. The field lacks comprehensive mixture 
toxicity models and cumulative risk assessments that account for real-life exposure 
scenarios.

6.4 Cross-disciplinary integration and method standardization

A fundamental barrier to scientific progress is the lack of standardized methods 
across studies. This includes inconsistent sampling, extraction, and quantification 
protocols; variable definitions of particle size classes (MPs vs. NPs); and the absence 
of reference materials and validated positive controls for toxicity assays.

To improve reproducibility and comparability, the field needs harmonized 
guidelines for exposure trials and environmental monitoring, advanced analytical 
platforms (e.g., FTIR imaging, Raman spectroscopy, FFF-ICP-MS, pyrolysis- 
GC/MS) that can reliably detect and characterize complex plastic matrices, and 
cross-validation of in vitro, in vivo, and in silico models. Equally important is fostering 
interdisciplinary collaboration among marine biologists, chemists, toxicologists, data 
scientists, and public health experts. Integrated approaches such as systems 
toxicology, exposomics, One Health, and planetary health frameworks will be key to 
resolving the complex interplay of plastic pollution across ecosystems and societies.
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7. Future perspectives

7.1 Synthesis of key findings

The global burden of MPs and NPs in aquatic environments has become 
increasingly evident over the last decade, substantiated by multidisciplinary research 
spanning environmental science, toxicology, microbiology, and human health [165]. 
The collective body of evidence demonstrates that plastics not only persist across 
a range of aquatic matrices, from surface waters to deep-sea sediments, but also act 
as vectors of chemical additives, heavy metals, and microbial pathogens [166]. 
Physicochemical diversity determines fate and bioavailability; size, shape, surface 
charge, and polymer type critically influence how MPs and NPs interact with 
organisms and the environment [159]. These variables modulate the adsorption of 
POPs and heavy metals, bioavailability to aquatic species, and environmental 
residence time. Ecotoxicological effects span biological scales, from oxidative stress 
and genotoxicity at the cellular level to reproductive, behavioral, and immunological 
impairments in whole organisms. Microplastic toxicity is widespread, species- 
specific, and exacerbated under combined exposure with other contaminants [94]. 
Human health implications are increasingly plausible, as evidence from animal 
models and in vitro systems suggests plastic particles may translocate across 
biological barriers, induce inflammation, disrupt the endocrine system, and alter the 
gut microbiome [167–169]. Seafood, drinking water, and inhalation constitute major 
exposure pathways. The Plastisphere represents a new frontier: the colonization of 
plastic surfaces by unique microbial communities has led to the emergence of 
a “plastisphere,” a dynamic ecological niche with the potential to disseminate 
antibiotic resistance genes (ARGs) and serve as reservoirs for pathogenic 
microbes [143].

7.2 Implications for policy and public health

The transition from scientific understanding to actionable policy is urgently 
needed to mitigate the impacts of plastic pollution. The complexity of MP 
interactions across ecological and biological domains necessitates a systems-level, 
One Health approach that integrates environmental monitoring, public health 
surveillance, and regulatory reform.

● Standardization of detection and monitoring protocols: To enable comparability 
across global datasets and establish regulatory thresholds, standardized meth
odologies for sampling, identification (e.g., FTIR, Raman), and toxicological 
assessment are essential.

● Precautionary regulations for plastic additives: Many plasticizers and colorants 
are known endocrine disruptors, yet they remain unregulated in several juris
dictions. Adopting precautionary bans or limits can reduce long-term health 
risks.

● Inclusion of microplastics in water quality and seafood safety guidelines: 
National agencies and international bodies (e.g., WHO, FAO) must incorporate 
microplastic thresholds into food safety and drinking water standards.
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● Surveillance of the plastisphere and environmental AMR: Given its role in 
pathogen and ARG dissemination, the plastisphere must be monitored within 
existing microbial and AMR surveillance frameworks.

● Public awareness and consumer behavior: Empowering consumers through 
plastic labeling (e.g., biodegradability, recyclability), promoting behavioral 
change campaigns, and incentivizing industry reform are key levers in reducing 
plastic usage.

7.3 Toward sustainable plastic use and pollution prevention

The mitigation of aquatic plastic pollution cannot rely solely on downstream 
interventions like cleanup technologies or waste management. A transformative shift 
toward sustainable plastic use is imperative, grounded in the principles of the 
circular economy, green chemistry, and life-cycle thinking.

● Development of biodegradable and biocompatible polymers: Emerging research 
in algal-based bioplastics, polyhydroxyalkanoates (PHA), and polylactic acid 
(PLA) shows promise, though concerns remain regarding degradation products 
and environmental compatibility.

● Product redesign for deconstruction and reuse: Industrial design must incor
porate modularity and end-of-life recyclability into plastic products to facilitate 
reuse and reduce waste leakage.

● Investment in waste infrastructure and innovation: In many developing econo
mies, the lack of plastic waste collection and treatment infrastructure remains 
a key bottleneck. Targeted funding and innovation in sorting, pyrolysis, and 
enzymatic degradation can close this loop.

● International governance and transboundary cooperation: Plastic pollution 
does not respect borders. As such, binding international frameworks – 
beyond voluntary initiatives – are necessary. The recently proposed UN 
Global Plastics Treaty could be instrumental in catalyzing unified global 
action.

8. Conclusion(s)

The ecotoxicological and human health impacts of MPs and NPs in aquatic 
environments represent a formidable and multifaceted global challenge. This 
chapter has critically examined how these synthetic particles – once considered 
chemically inert – exert complex biological effects across molecular, organismal, 
ecological, and epidemiological scales. Evidence synthesized across disciplines 
underscores that MPs and NPs are not passive pollutants but active 
environmental agents capable of altering cellular function, disrupting ecological 
interactions, and penetrating human food chains. Their physicochemical 
diversity, including variations in size, shape, surface chemistry, and polymer 
type, directly influences bioavailability, contaminant adsorption, and interaction 
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with aquatic organisms. Toxicological manifestations, ranging from oxidative 
stress, inflammation, and endocrine disruption to neurotoxicity and reproductive 
failure, have been reported across taxa, from plankton to fish. Additionally, their 
persistence in trophic networks and capacity for bioaccumulation raise red flags 
for long-term ecosystem destabilization and reduced biodiversity. Of particular 
concern is the emerging role of the plastisphere, a complex microbial biofilm 
community on plastic surfaces that functions as both a vector for pathogens and 
a reservoir of antimicrobial resistance genes (ARGs). This biofilm-mediated risk 
bridges environmental and public health domains, complicating water safety, 
disease emergence, and AMR management under the One Health paradigm. 
Moreover, the human health dimension, while still in its infancy, suggests 
tangible risks via dietary, inhalational, transplacental, and occupational exposure 
routes. Experimental evidence from in vitro and in vivo studies implicates MPs/ 
NPs in gut dysbiosis, immunomodulation, endocrine perturbation, and systemic 
toxicity. Despite substantial advances, critical knowledge gaps remain. Current 
ecotoxicological models lack environmental realism, human risk assessments are 
limited by detection challenges and insufficient toxicokinetic data, and 
interactions with co-contaminants and climate stressors remain underexplored. 
Addressing these challenges will require standardized methodologies, robust 
surveillance systems, interdisciplinary collaboration, and integrative frameworks 
such as exposomics and systems toxicology. Ultimately, reversing the trajectory 
of plastic pollution demands more than mitigation; it requires transformational 
change in how plastics are produced, used, and regulated. This includes the design 
of biodegradable alternatives, lifecycle product engineering, investment in global 
waste infrastructure, and the enactment of legally binding international 
agreements. The future of aquatic ecosystems and human health hinges on our 
ability to translate scientific insight into decisive policy and sustainable 
innovation. The window for action is narrowing, but the science is now 
undeniable.
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Chapter 2

Nanoplastics in the Biological 
System: A Microscopic Menace 
with an Impact
John Dennis and Tapan Kumar Mistri

Abstract

Nanoplastics, ultra-small polymer particles measuring less than one micrometre, 
have become a widespread and mostly invisible environmental pollutant with 
significant biological consequences due to their high surface activity, mobility, and 
capacity to traverse biological barriers. Nanoplastics, on the other hand, can easily 
move through air, water, soil, and living things, which means that everyone is 
exposed to them. This is not the case with macro- and microplastics, which are 
usually only found in certain places. This chapter examines their origins, 
physicochemical characteristics, environmental dispersion, and biological impacts, 
emphasising their interactions within living organisms. Experimental results from 
cellular and animal studies indicate that nanoplastics induce oxidative imbalance, 
mitochondrial dysfunction, lysosomal disruption, inflammatory signalling, and 
cellular apoptosis across various biological systems, including neural, immune, 
reproductive, and epithelial tissues. Animal studies show more evidence of placental 
transfer, foetal accumulation, metabolic dysfunction, and long-lasting effects on 
brain development, which raises concerns about effects that could last for 
generations. Direct evidence of human exposure has been established by the 
identification of nanoplastics in organs and biological fluids, including blood, breast 
milk, brain tissue, and the placenta, suggesting systemic distribution via ingestion, 
inhalation, and dermal pathways. Nanoplastics are even more toxic because they 
actively bind to and carry dangerous substances like heavy metals and persistent 
organic pollutants, which makes cellular damage worse by delivering contaminants 
together. Even though there is more and more evidence that plastic is bad for the 
environment, rules still mostly only apply to bigger plastic items. This chapter 
discusses the limits of analysis, looks at recent advances in detection, and points out 
major gaps in our knowledge about long-term exposure and environmental change. It 
stresses the need for more focused research and government action.

Keywords: nanoplastics, bioaccumulation, inflammation, cell death, carcinogenicity

1. Introduction

The introduction of synthetic polymers in the early 20th century changed
materials science. Plastics became essential in almost every area of modern life. Their 
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light weight, strength, resistance to chemicals, and low cost have made them widely 
used in packaging, construction, electronics, agriculture, and healthcare [1]. As 
global plastic production surpasses 400 million metric tonnes each year, worries 
have grown about the environmental impact and biological risks of this common 
material [2]. Plastics, made to resist breaking down, build up in land and water 
ecosystems. Over time, they break into smaller pieces due to environmental factors 
like UV radiation, heat, and physical wear [3].

These fragments, once reduced to sizes smaller than 5 millimeters, are classified 
as microplastics. However, even smaller particles, called nanoplastics, usually 
defined as those smaller than 1000 nanometers, present the greatest risk to living 
systems [4]. Nanoplastics may originate directly from industrial applications, such as 
in drug delivery, cosmetics, and toiletries, or indirectly through the gradual 
breakdown of larger plastic debris in the environment [5]. Their small size and large 
surface area give them special properties that set them apart from larger macro- and 
microparticles. These properties include increased surface reactivity, stability in 
liquid, and the ability to cross biological membranes [6, 7, 8]. Once they enter the 
environment, nanoplastics show complex behavior. Their interactions with natural 
organic matter, inorganic ions, and other small particles can change their charge, 
water-repelling ability, and how they clump together [9]. These changes affect how 
they move in water, how they settle, and how available they are for biological use. 
Unlike microplastics, which can settle in sediments or get caught in living organisms, 
nanoplastics can stay suspended in the water or seep into tiny soil spaces. This could 
impact groundwater and farming systems [10]. The atmospheric transport of 
nanoplastics has also been confirmed, suggesting a global dispersion route even into 
remote regions such as Arctic ice and mountain air [11].

The spotting and estimation of nanoplastics present notable analytical challenges 
due to their small size, low mass intensity, and physicochemical similarities to 
natural particulates [12]. Conventional imaging techniques, including scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM), do not 
offer chemical specificity. On the other hand, spectroscopic methods like Fourier- 
transform infrared (FTIR) and Raman spectroscopy require particle sizes that often 
exceed the dimensions of nanoplastics [13]. Progressive methods such as pyrolysis 
gas chromatography-mass spectrometry (Py–GC–MS), field-flow fractionation 
combined with multi-angle light scattering (FFF-MALS), and surface-enhanced 
Raman scattering (SERS) have begun to address this gap. However, standardized 
protocols for ecological and biotic samples are still under development [14]. The 
biological relevance of nanoplastics is underscored by their ability to traverse 
physiological barriers. Following environmental exposure, nanoplastics can enter 
organisms through oral, dermal, and nasal contact. Their nanoscale size enables them 
to bypass biological filters and penetrate systemic circulation [15]. Experimental 
studies have shown that nanoplastics can localize in several organs, such as the liver, 
brain, and placenta, highlighting their capacity to infiltrate critical tissues [16]. In 
aquatic organisms, consuming nanoplastics has been linked to problems with 
feeding, oxidative stress, and changes in reproductive function. For instance, filter- 
feeding invertebrates and fish have demonstrated accumulation of nanoplastics in 
their gastrointestinal tracts. This accumulation affects metabolism, enzyme activity, 
and behavior [17].

More concerning are the effects seen at the subcellular level in experiments 
involving both cells and animals [18, 19]. Cellular uptake of nanoplastics has been 
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observed in human epithelial and immune cells. This often occurs through 
endocytosis or passive diffusion [20]. Once inside the cell, nanoplastics can settle in 
lysosomes, mitochondria, and even the nucleus. They may cause problems with 
mitochondria, lead to the creation of reactive oxygen species (ROS), and trigger 
inflammatory signaling pathways [21–23]. These processes could lead to 
genotoxicity, cell cycle arrest, or apoptosis. In addition, nanoplastics can absorb and 
transport harmful environmental agents like heavy metals, PAHs, and POPs. They 
effectively act as carriers for increased toxicity through a “Trojan horse” mechanism 
[22, 24]. The effects of these interactions go beyond the individual organism to larger 
ecological and intergenerational levels. In model vertebrate systems, maternal 
exposure to nanoplastics has caused them to move across the placental barrier and 
build up in fetal tissues. This suggests that developmental stages may be particularly 
vulnerable [25, 26]. Reduced fetal and placental weights, increased fetal resorptions, 
and changes in gene expression have been reported. These findings suggest a link 
between nanoplastics and reproductive toxicity, as well as developmental issues [26]. 
These effects raise concerns about heritable epigenetic changes. These changes could 
carry health problems through generations.

Ecosystem-level disruptions are becoming more noticeable. In aquatic food webs, 
nanoplastics that enter at the base through plankton or microbial ingestion can build 
up, accumulating in higher trophic levels [27]. This has the potential to disturb 
predator-prey dynamics, energy transfer, and population stability. In soils, 
nanoplastics may interfere with microbial diversity and function, inhibiting critical 
ecosystem services, notably nutrient cycling, organic matter degradation, and 
symbiotic plant-microbe interactions [28]. Their interactions with root systems and 
soil microbes suggest potential effects on farming output and plant health [29]. From 
a human health standpoint, exposure to nanoplastics is almost impossible to avoid 
because they are everywhere—in food, water, and air. Nanoplastics have been found 
in bottled water, seafood, table salt, and even in human blood and placenta [30–33]. 
Although direct evidence of human toxicity is limited, laboratory studies suggest 
that prolonged or repeated exposure could lead to chronic inflammation, endocrine 
disruption, neurotoxicity, and immune modulation. The cumulative burden of 
nanoplastics, especially in sensitive groups, including infants, pregnant women, or 
individuals with weakened immune systems, necessitates urgent investigation 
[34–37].

Despite the increasing evidence of their biological and ecological effects, 
nanoplastics are largely overlooked in current regulations. These regulations mainly 
target microplastics or large plastic waste. This oversight stems from the limited data 
on their environmental presence, toxicity levels, and ways people are exposed. 
Tackling this issue will require global cooperation, improved analytical tools, and 
thorough risk assessments. Nanoplastics do not just passively break down; they 
actively disrupt cellular and ecological systems. In this chapter, we will investigate 
their harmful effects on biological systems.

2. Physicochemical properties of nanoplastics

Nanoplastics have various chemical compositions. These compositions are 
influenced by how they are made and the changes they undergo in the environment. 
They originate either as primary nanoplastics, released directly in nanoparticle form, 

Nanoplastics in the Biological System: A Microscopic Menace with an Impact 
DOI: http://dx.doi.org/10.5772/intechopen.1013429

341



or as secondary nanoplastics, which are caused by the gradual fragmentation of 
bigger plastics and microplastics through mechanical wear, heat, chemical reactions, 
and biological activity [38–40]. Typical polymer types found consist of PS, PE, PP, 
PVC, PET, and PA [39, 41, 42]. Studies have shown that nanoplastics from consumer 
products like cosmetics, synthetic textiles, and food packaging often consist of PE, 
PS, PET, or silicone-based polymers. Each of these has its own unique structural 
features [39, 43, 44].

The structural characteristics of nanoplastics are significantly influenced by both 
standardized production methods and environmental degradation. In the laboratory, 
controlled synthesis yields highly uniform, contaminant-free nanoparticles with 
molecular weight distributions and crystallinity comparable to commercial-grade 
plastics, providing essential materials for environmental monitoring and 
toxicological research [42]. In natural environments, however, processes like photo- 
oxidation, abrasion, and biofouling cause chemical changes, adding reactive species 
such as OH or COOH, shortening polymer chains, and even leading to mineral 
deposition, as seen in calcium carbonate (CaCO₃) accumulation on aged PET 
nanoparticles [45–47]. These changes make environmentally weathered nanoplastics 
more hydrophilic, chemically reactive, and often less negatively charged. Field 
observations in both living organisms, such as mussels, and non-living samples show 
that nanoplastics exist in a range of polymer types. Each type has its own unique 
shape and chemical profile, which can be identified using Raman imaging or mass 
spectrometry at nanometer scales [43, 48, 49]. Fragments as small as 24 to 52 nm 
have been found in commercial scrubs. This shows their ability to break down and 
their common presence around the world [44]. It is estimated that in certain areas, 
seafood consumption may add more than 2 mg per person each year [48]. Such 
findings emphasize the need to classify nanoplastics based on their polymer type, 
how they age in the environment, and changes to their surface, such as oxidation or 
eco-corona formation. These factors affect how long they last, how they interact, and 
their toxicity [45–47].

Their high surface-area-to-volume ratio, combined with surface heterogeneity 
and reactive sites formed during weathering, gives nanoplastics a strong capacity to 
adsorb pollutants [46, 47, 50]. These nanoplastics act as mobile carriers, binding and 
transporting contaminants that influence environmental fate and biological 
exposure. Lipophilic pollutants such as PAHs, PCBs, and endocrine disruptors 
adhere to their surfaces via hydrophobic interactions. Weathering slightly reduces 
hydrophobic binding but introduces functional groups that enhance adsorption 
[46, 47]. An eco-corona of organic matter (lamina) forms spontaneously on 
nanoplastics, altering sorption by adding or masking binding sites. Heavy metals 
bind mainly through ionizable groups like carboxyl (-COOH) or amine (-NH₂), 
introduced by aging or modification [45, 47, 51]. These groups enable electrostatic 
attraction, complexation, or ion exchange. Experimental evidence shows that 
polystyrene nanoplastics can lead to higher accumulation and toxicity of gold ions in 
zebrafish embryos [52]. In environmental and biological contexts, nanoplastics also 
adsorb to form an active protein corona. The composition of this corona depends on 
particle chemistry and aging. This corona influences how cells recognize and take up 
the particles. Aged particles are often taken up more easily by macrophages [45, 53]. 
Adsorption involves forces such as Van der Waals, hydrophobic partitioning, 
hydrogen bonding, electrostatic and cation–π interactions, and sometimes covalent 
bonding from environmental processes. Surface charge and functionalization govern 
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contaminant binding and cellular interactions, with associations detected at 
concentrations as low as 10⁻⁷ g/L [47, 53, 54], confirming their role as highly 
effective contaminant vectors.

Nanoplastics are continuously generated in the environment from the fragmentation 
of larger plastics through erosion, ultraviolet deterioration, and biological behavior [39, 
47, 50]. Controlled experiments as well as field surveys show that ordinary actions, such 
as washing 1 g of polyester fleece, can release over 3.3 × 101110¹¹ particles (2.1 mg) per 
wash [39]. Once released, their dispersion is regulated by particle size, compactness, 
surface composition, and interactions with organic matter and minerals, which can 
promote aggregation or sedimentation [47, 50, 55]. Techniques like filtration, Raman 
spectroscopy, and single-particle inductively coupled plasma mass spectrometry have 
confirmed their presence in various environmental samples. The highest concentrations 
usually fall within the 20 to 200 nm range [48–51]. Environmental modeling shows that 
these particles are common and long-lasting. They also have a high potential for 
bioaccumulation and trophic transfer.

Within biological systems, nanoplastics are easily absorbed through barriers like 
plant roots, skin, mucous membranes, and even cellular membranes [38, 56, 57]. 
Laboratory experiments have confirmed that aquatic species can ingest and 
accumulate substances in their tissues. This translocation occurs in edible tissues, 
allowing humans to come into contact with these substances through the food chain 
[48, 52]. Inside cells, uptake happens mainly through endocytosis or phagocytosis. 
This process is influenced by particle size, surface chemistry, and corona 
characteristics [45, 56, 58]. It can damage tissue integrity, change gene expression, 
affect immune responses, and cause inflammation or oxidative stress [59]. Prolonged 
low-level exposure has been connected to lasting biological effects, including the 
activation of stress-response genes, indicating ongoing risks to ecosystems [54, 60]. 
Simultaneous exposure to other pollutants can increase toxic effects. Nanoplastics 
enhance the absorption and availability of both metallic toxins and organic 
compounds [46, 52].

Measuring nanoplastics in complex samples is still difficult because of their tiny 
size and variation. Recent advances in surface-enhanced Raman spectroscopy, 
single-particle ICP-MS with a limit of sensing as low as 8.4 × 105 particles/L, and 
high-resolution electron microscopy have made it possible to detect and characterize 
them at very low concentrations [41, 43, 49, 51]. These analytical improvements are 
critical for quantifying their environmental distribution, accumulation, and possible 
dangers to humans and ecosystem conditions.

3. Ubiquity of micro and nanoplastics in the human body

Studies indicate an extensive buildup of nanoplastics in human tissues and fluids, 
ranging from submicron to microplastic dimensions. They manifest as pieces, fibers, 
beads, granules, or shards, encompassing polymers such as polyethylene (PE), 
polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyethylene 
terephthalate (PET), and synthetic composites (Table 1). A recent review has 
confirmed the presence of these particles in many human systems, including the 
cardiovascular, digestive, endocrine, integumentary, lymphatic, respiratory, 
reproductive, and urinary systems. They have also been found in biological materials 
such as breast milk, meconium, semen, stool, sputum, and urine [61]. The 
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Sample/ 
Organ

Number 
of 

Samples

Particle Size Range Particle 
Shape

Main Polymer Types Reference

Blood 22 0.7–1.5 μm Not 
specified

PET, PE, PS, & PMMA [62]

Kidney 
(post- 
mortem)

~50 <1 μm (NPs 
predominate)

Shard-like PE, others [64]

Liver (post- 
mortem)

~50 <1 μm to several μm Shard-like PE, PP, & PVC [64]

Heart (right 
atrium)

15 20–500 μm Irregular PET, PS, & PE [62]

Carotid 
plaque

304 NPs and MPs (sub- 
micron–μm)

Jagged/ 
irregular

PE, & PVC [65]

Saphenous 
vein

5 ≥5 μm Irregular Alkyd resin, polyester 
blends

[62]

Testes 23 0.28– > 1 μm Irregular PS, PE, others [66]

Placenta 6 ≈5–10 μm or smaller Irregular PP, PE, & PVC [66]

Breastmilk 34 2–12 µm Fragment, 
fiber, bead, 
granule

PE, PVC, & PP [74]

Sputum 22 20–500 μm (median: 
75.43 μm; IQR: 

44.67–210.64 μm)

Fiber, frag
ment, 
irregular

PU (dominant), PES, CPE, 
and AV

[67]

Urine 6 4–15 μm Irregular 
fragments

PEVA, PVC, PP, & PE [75]

Olfactory 
bulb (human 
brain)

15 Not explicitly stated 
(MPs, not NPs).

Particles, 
fibers

PP [63]

Semen 10 16 Particles 2-6 μm PP, PE, PET, PS, PVC, PC, 
and POM

[76]

25 0.23 ± 0.45 MPs/mL 21.76– 
286.71 μm

PVC, PE, PA, PP, PS, and 
PET

[77]

Human vitr
eous humor

49 8,543 particles in 
total

<50 μm PA-66, PVC, & PS [78]

Bone marrow 16 51.29 µg/g <100 μm PE, PS, PVC, PP, and PA-66 [79]

Human 
endometrium

20 21 MPs/100 mg 20-500 μm ACR, PE, PET, PP, PS, PU, 
PVC, BR, CPE, EAA, COP, 
FKM, EVA, & CO.

[80]

Uterine 
fibroids & 
Myometrium

48 1.5 ± 1.17 MPs/g 2.79–22.79  
μm

PE, PP, PEVA, PE–co–PP, 
and ABS

[47]

Penile tissue 6 46 in total 20–500 µm PET, PP, PMMA, PS, PVC, 
PTFE, and PU

[81]

Table 1. 
Detection of Microplastics (MPs) and Nanoplastics (NPs) in human biological tissues, organs, and fluids. 
The table summarizes studies that report on sample type, the number of samples analyzed, particle size range, 
morphology, and the main types of polymers found. 
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identification of microplastics in human saphenous vein tissue using μFTIR 
spectrometry [62] provides clear evidence of their ability to reach vascular 
structures, suggesting systemic dissemination via the circulatory network.

One of the most striking recent findings is the detection of microplastics in the 
human brain. Polypropylene particles were found in the olfactory lobe of eight out of 
fifteen deceased individuals. This suggests that the olfactory pathway acts as a direct 
route for exposure to the central nervous system [63]. Complementary studies using 
pyrolysis-GC/MS and electron microscopy have confirmed the presence of micro 
and nanoplastics in the brain, kidney, and liver of cadavers. Polyethylene is the most 
common polymer found in brain tissue, and concentrations generally increase with 
age. In individuals with dementia, particles have been observed in the vascular walls 
of the brain and in immune cells. This suggests a possible connection to 
neuropathological issues [64].

Within the circulatory system, micro and nanoplastics have been found in venous 
blood. The main types detected are PE, PET, PS, and PMMA. These particles range in 
size from 0.7 μm to 1.5 μm [62]. Their presence in blood highlights the potential for 
systemic distribution and reaching peripheral tissues. Post-mortem studies show that 
both nanoscale and micron-sized PE particles build up in the kidney and liver, with 
levels rising as time goes on [64], indicating that micro and nanoplastics can cross 
biological barriers and remain in metabolic organs. This raises concerns about long- 
term toxicity specific to those organs.

Cardiovascular tissues are another major site for accumulation. In patients who 
have undergone heart surgery, microvesicles composed of PET, PS, and PE (20–500  
μm) have been found in the saphenous vein, heart muscle, and carotid plaque. Their 
presence is associated with local inflammatory responses [62]. PE and PVC found in 
carotid plaques are associated with a significantly higher risk of adverse 
cardiovascular events, with a hazard ratio of 4.53 [65].

The reproductive system is also impacted. Testicular tissue contains PS and PE 
particles that are about 0.28 μm or larger, with higher amounts of these particles 
correlating with lower sperm counts [66]. Studies have confirmed the presence of 
microplastics in the placenta, covering both maternal and fetal regions. This includes 
PP, PE, and PVC. These findings show translocation across the placental barrier and 
emphasize the chance of direct exposure to the fetus.

The wide distribution of nanoplastics throughout the human body shows several 
ways they can enter, mainly through nasal and oral exposure. Dermal absorption 
occurs less often but is still a possible route. We can confirm respiratory uptake 
because nanoplastics have been found in human sputum. The median particle size is 
75.43 μm, and 21 different polymer types were identified in all the samples analyzed 
[67]. Exposure introduces nanoplastics through contaminated food, water, and 
packaging. Dermal contact, while not as well understood, is supported by 
observations in occupational and cosmetic settings [68]. Once internalized, micro 
and nanoplastics can cross epithelial and endothelial barriers via paracellular 
transport, endocytosis, or persorption, enabling their dissemination through the 
blood and lymphatic systems [69, 70]. Their repeated detection in the liver, kidney, 
and brain demonstrates an ability to overcome physiological defenses and 
accumulate in tissues with slow clearance rates [31, 71, 72]. Although elimination is 
possible, as evidenced by the presence of microplastics in urine and stool, retention 
in critical organs suggests potential for long-term bioaccumulation. Maternal 
transfer has also been confirmed, with microplastics found in 26 of 34 breastmilk 
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samples, predominantly PE, PVC, and PP [73], indicating that exposure is effectively 
unavoidable under current environmental conditions.

4. Reports based on in-vitro analysis

Polystyrene nanoplastics (PS–NPs) cause various effects on cells, which 
depend on their size, surface charge, concentration, and duration of exposure 
(Figure 1). Nanoplastics, whether pristine, weathered, surface-modified, or 
contaminated with toxins such as lead, disturb cellular homeostasis by inducing 
oxidative stress, mitochondrial dysfunction, altered autophagy, inflammation, 
DNA damage, metabolic alterations, and defective signaling across several cellular 
models (Table 2). Their uptake and effects have been confirmed in different 
human and animal cell lines. For example, Caco-2 intestinal epithelial cells take up 
PS–NPs in a concentration-dependent manner. Significant uptake starts at 25 μg/ 
mL and can reach 86% at 100 μg/mL, which also leads to a threefold increase in 
fluorescence intensity [82]. Similarly, exposure to 50 nm PS–NPs for both short- 
term (24 hours) and long-term (8 weeks) periods led to significant internalization, 
including occasional nuclear localization. However, even with this uptake, the 
genotoxic response was minimal. There was only slight overexpression of 
oxidative stress-related genes (HO-1 and SOD2) and mild mitochondrial changes. 
This suggests low overall cytotoxicity under the tested conditions [83].

The harmful effects of PS-NPs depend heavily on their size. Small particles 
(<100 nm) are usually more dangerous than larger ones. This is evident in liver 
LO2 cells, which took in more PS-NPs than kidney 293 T cells but showed greater 
resistance to toxicity. When lead ions (Pb2⁺) attach to PS-NPs, they increase the 
harmful effects by raising oxidative stress, causing mitochondrial dysfunction, 

Figure 1. 
Schematic illustration of potential exposure routes and associated biological effects of nanoplastics in the human body.
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and depleting ATP [84]. In human placental trophoblasts, 20 nm particles 
resulted in more severe cytotoxicity compared to 100 nm particles, even at very 
low doses (1 µg/mL). They induced oxidative stress, caused the release of 
inflammatory cytokines (IL-6, TNF-α), and disrupted endocrine activity, such as 
reducing human chorionic gonadotropin secretion [36]. A similar pattern was 
observed in endothelial cells, where minute particles (100 nm) were absorbed 
and triggered autophagy initiation, whereas larger particles (500 nm) localized 
on the cell membrane, causing membrane damage and lactate dehydrogenase 
release [20].

Surface charge and functionalization further modulate the cytotoxicity of 
nanoplastics. Amino-functionalized PS-NPs displayed the most severe effects on 
human liver cells, causing dose-dependent reductions in cell viability and oxidative 
damage. Initially, low doses triggered an increase in antioxidant defenses such as 
superoxide dismutase (SOD) and glutathione (GSH), but prolonged or high-dose 
exposure depleted these defenses, resulting in increased lipid peroxidation 
indicated by malondialdehyde accumulation [23]. Similarly, positively charged 
amino-functionalized 20 nm PS-NPs strongly reduced cell viability and promoted 
induction of epithelial-mesenchymal transition (EMT) through the 
downregulation of E-cadherin and the upregulation of MMP2. These effects were 
linked to oxidative stress driven by NOX4 overexpression and were accompanied 
by mitochondrial dysfunction characterized by decreased ATP production and 
altered membrane potential [85]. In gastric cells, smaller aminated particles 
demonstrated higher uptake and induced rapid apoptosis-necrosis within four 
hours, whereas carboxylated and unmodified particles caused delayed cytotoxicity 
[22]. Interestingly, protein corona formation around PS–NH₂ particles significantly 
reduced toxicity and restored normal signaling through the MAPK/ERK and PI3K/ 
AKT pathways, demonstrating a protective role of biomolecule adsorption [37].

Disruption of key signaling pathways has been documented in several cell types. 
In human granulosa cells, PS-NPs at 100 μg/mL inhibited proliferation and triggered 
apoptosis by inducing oxidative stress and dysregulating the Hippo signaling 
pathway through activation of MST1, LATS1, and YAP1, while downregulating 
CTGF and CYR61, which are critical for cell survival [86]. In IPEC-J2 cells, PS-NPs 
disrupted the NOTCH signaling pathway. They downregulated NOTCH3 and 
activated TP53, leading to changes in the cell cycle checkpoints and causing 
genotoxic stress, as shown by the upregulation of GADD45A [87]. In neural stem 
cells, nanoplastics caused widespread changes in gene activity, including an increase 
in oxidative stress markers like SOD1 and CAT, and in DNA repair genes such as 
GADD45A and RAD51. In contrast, the mismatch repair gene XRCC1 showed 
a decrease in activity. Apoptotic regulators, including BCL2 and HSP27, rose in 
levels, accompanied by early activation of CASPASE-7. Inflammatory markers 
showed complex behavior that depended on the dose [35]. HSP27 upregulation has 
been linked to neurodegenerative pathways, connecting nanoplastic exposure to 
possible neurological risks.

Mitochondrial dysfunction and problems with energy metabolism appeared as 
common effects in multiple studies. Exposure to nanoplastics led to a loss of 
mitochondrial membrane potential in nasal epithelial cells. This was linked to an 
increase in intracellular reactive oxygen species (iROS) and signs of faulty autophagy 
(LC3–II and p62). These findings suggest a problem with autophagic flux [21]. 
Similar findings were observed in airway epithelial cells. The increase in LC3–II 
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indicated a problem with autophagy, even though the overall cell damage was quite 
low [24]. Additionally, weathered nanoplastics altered the metabolism in Caco-2 
cells from mitochondrial respiration to glycolysis. This shift likely occurred because 
of electrostatic interference with mitochondrial function. PET nanoplastics also 
increased the basic glycolytic activity, which suggests a disruption in energy 
balance [88].

Inflammatory and oxidative responses were consistently observed in several 
models. HepG2 hepatocytes exposed to aminated PS-NPs exhibited increased 
CASPASE-3 activity and IL-8 expression after prolonged exposure. This suggests that 
oxidative stress can lead to cell death and inflammation [89]. In swine adipose 
stromal cells, prolonged exposure to PS-NPs resulted in oxidative imbalance. This 
was characterized by increased reactive oxygen species (O₂⁻, H₂O₂, NO), reduced 
non-enzymatic antioxidant capacity, and alterations in inflammatory markers, such 
as elevated TNF-α and decreased PAI-1 [34]. PS-NPs disrupted critical endocrine and 
metabolic pathways in placental cells, underscoring their potential to harm essential 
physiological processes [36].

Collectively, these findings show that nanoplastic toxicity depends heavily on the 
context. It is influenced by physical and chemical properties, such as size and surface 
chemistry, along with the duration and amount of exposure. Some cell types are 
resilient, while others show significant oxidative stress, mitochondrial dysfunction, 
changes in signaling pathways, and inflammation. These effects can lead to cell 
death, poor barrier function, and changes in metabolism. These lab observations 
emphasize the urgent need for systematic studies that include realistic 
environmental concentrations, long-term exposures, and complex mixtures to more 
accurately predict risks to human health.

5. Reports based on in-vivo analysis

Many studies confirm nanoplastic (NP) translocation across the placental barrier, 
accumulation in multiple fetal organs, and intergenerational effects. Together, these 
findings highlight the capacity of nanoplastics to cross biological barriers, disrupt 
developmental processes, and induce multi-organ toxicity in a size-, dose-, and sex- 
dependent manner (Table 3). Emerging evidence highlights the severe implications 
of maternal exposure to polystyrene nanoplastics (PS-NPs) and microplastics (PS- 
MPs) during gestation and lactation on fetal development, organ function, and long- 
term health. These effects manifest through placental transfer, metabolic disruption, 
and neurodevelopmental alterations, with mechanisms often linked to oxidative 
stress, inflammation, and ferroptosis.

Transplacental passage of PS-NPs is well documented. Fluorescent imaging 
confirms their presence in maternal organs and various fetal tissues, including the 
brain, within 24 hours of exposure [90]. This ability to cross biological barriers 
highlights the risk to the developing fetus, especially because the blood-brain 
barrier is still immature. When mothers are exposed to nanoplastics, it consistently 
results in restricted fetal growth, reduced placental weight, and higher resorption 
rates [90–92]. Placental dysfunction is key to these outcomes. PS-NPs change 
important pathways that control blood clotting, complement activation, and 
cholesterol metabolism. This disrupts nutrient transport and energy balance. 
Metabolic profiling of placental tissue showed lower levels of sucrose and glycogen. 
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In fetal tissues, genes related to muscle development and fat processing were 
downregulated. This was also linked to disrupted PPAR signaling and 
inflammatory activation through the JAK-STAT pathway [92]. Physiological 
effects go beyond just growth restriction. Size-related changes in fetal blood flow 
have been observed. Nanoplastics reduced blood flow in the umbilical artery and 
the cerebral pulsatility index. This triggered a brain-sparing response, which is 
a sign of fetal hypoxia [93]. Cardiovascular changes in offspring include higher 
blood flow velocity in major arteries and reduced vascular compliance. These 
changes relate to issues in maternal blood vessels, such as increased heart weight, 
problems with the endothelium, and increased smooth muscle reactivity after 
exposure to PS-NPs in the lungs [91]. These findings suggest a dual maternal-fetal 
cardiovascular risk that may predispose to long-term disease.

Organ-specific toxicities are also clear. Maternal PS-NP exposure during 
pregnancy and breastfeeding causes liver damage in offspring. This damage is 
marked by reduced liver weight, oxidative stress, inflammatory infiltration, and 
disrupted glycometabolism [67]. High-dose inhalation exposure in mothers worsens 
these effects. It increases lipid accumulation and leads to NAFLD-like symptoms by 
boosting lipid synthesis pathways. Female offspring are particularly vulnerable [94]. 
Microplastics disrupt lipid balance in a way that depends on sex. They change 
triglyceride and cholesterol levels and reduce the activity of genes related to β- 
oxidation in offspring [95]. These metabolic issues show that there could be a risk of 
obesity and metabolic disorders being passed down through generations. This is 
backed by evidence of changes in breast milk fat composition and shifts in gut 
bacteria that promote obesity [96].

Reproductive toxicity is another major concern. Male offspring exposed to PS- 
NPs show reduced testis weight, disruption of the seminiferous epithelium, and 
lower sperm counts. These effects are caused by oxidative injury and hormonal 
imbalance [67, 77]. Microplastics also disrupt sperm production and trigger immune- 
related responses. Additionally, exposure during breastfeeding causes ovarian 
problems and produces reproductive effects that can impact future generations [97]. 
Paternal exposure to polyethylene nanoplastics adds another layer of complexity. It 
leads to intergenerational effects tied to changes in gene expression and imbalances 
in gut microbiota. Both factors contribute to reduced fertility [98].

Neurological effects from prenatal PS-NP exposure are significant and varied. 
Nanoplastics build up in important brain areas, such as the cerebellum, 
hippocampus, and prefrontal cortex. This results in hypomyelination, death of 
oligodendrocytes, and problems with motor coordination [99]. Metabolomic 
changes involving lower levels of GABA, creatine, and glucose suggest problems 
with neurotransmission and energy regulation. There are also differences in 
amino acid metabolism based on sex [26]. Proteomic analyses show a decrease in 
synaptic and cytoskeletal proteins, including MAPT and KIF21A. This is linked to 
the activation of ferroptosis and neuroinflammation [100]. Structural changes in 
the brain, like cortical thinning, abnormal neuronal migration, and synaptic 
deficits, are linked to neurochemical imbalances. These include changes in 
dopamine, GABA, and glutamate levels. As a result, individuals may experience 
behavioral issues such as hyperactivity and memory problems [101]. 
Consistently, exposure to nanoplastics disrupts Wnt and Shh signaling, Gabra2 
expression, and neuronal shape. This reinforces their role in neurodevelopmental 
disorders [102].
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Finally, the systemic nature of nanoplastic toxicity affects bone growth and 
immune function. Microplastics hinder endochondral ossification through ER stress 
pathways, which reduces tibial length and disrupts growth plate organization [99]. 
Immune dysregulation includes more B cell and T cell subsets in offspring. This 
generational persistence suggests epigenetic reprogramming [103, 104]. Collectively, 
these findings show that exposure to nanoplastics in mothers poses a significant 
environmental risk, with effects that can span generations. The mechanisms involved 
include oxidative stress, ferroptosis, metabolic reprogramming, and pathways related 
to epigenetics and microbiota. This highlights the urgent need for regulatory measures 
and research on mechanisms to reduce developmental, reproductive, metabolic, and 
neurological risks tied to micro- and nanoplastics.

6. Conclusion

Nanoplastics are now detectable across tissues and fluids in multiple organisms, 
indicating that exposure leads to uptake, systemic distribution, and persistence at 
biologically relevant time scales. Once internalized, these particles interact with 
cellular membranes and macromolecules, form dynamic protein coronas, and 
localize to organelles such as mitochondria and lysosomes. The resulting cascade— 
membrane perturbation, oxidative stress, inflammation, impaired autophagy and 
lysosomal function, mitochondrial dysfunction, genotoxic and epigenetic 
alterations, and disrupted endocrine and immune signaling—provides converging 
mechanistic evidence that nanoplastics can compromise cellular homeostasis. 
Evidence of translocation across physiological barriers, including the gut epithelium, 
blood–brain barrier, and placenta, together with trophic transfer along food webs 
and potential microbiome dysbiosis, underscores that effects are not confined to 
single tissues or species but propagate across levels of biological organization.

At the same time, important uncertainties remain. Environmental exposures are 
complex mixtures in which particle size, shape, surface chemistry, aging, and sorbed co- 
contaminants jointly determine hazard, and many experimental studies still rely on 
pristine model particles and supra-environmental doses. Progress now depends on 
harmonized nomenclature, well-characterized reference materials, and exposure 
metrics that reflect particle number, mass, and surface area. Priorities include robust 
in vivo dose–response studies at environmentally realistic concentrations, longitudinal 
designs that capture chronic and developmental windows of susceptibility, and 
integrative “One Health” approaches that link human, animal, and ecosystem health. 
Taken together, the weight of current evidence supports the conclusion that nanoplastics 
can accumulate in biological systems and elicit adverse cellular and physiological effects; 
closing key data gaps will allow risk assessors and regulators to move from precaution 
toward evidence-based exposure limits and targeted mitigation strategies.

Abbreviations

General terms & types of plastics

MPs Microplastics
NPs Nanoplastics

Microplastics and Nanoplastics in Aquatic Environments

1856



PS Polystyrene
PE Polyethylene
PP Polypropylene
PVC Polyvinyl Chloride
PET Polyethylene Terephthalate
PMMA Polymethyl Methacrylate
PU Polyurethane
CPE Chlorinated Polyethylene
PA Polyamide (e.g., Nylon)
PA-66/Nylon 66 Polyamide-66 (Nylon-66)
ABS Acrylonitrile Butadiene Styrene
BR Butadiene Rubber
EAA Ethylene Acrylic Acid Copolymer
FR Fluoro Rubber
EVA Ethylene-Vinyl Acetate
PEVA Polyethylene Vinyl Acetate
PE-co-PP Polyethylene-co-Polypropylene (copolymer)
PC Polycarbonate
POM Polyoxymethylene
PTFE Polytetrafluoroethylene
PER Poly Epichlorohydrin Rubber

Analytical & detection methods

SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
FTIR Fourier-Transform Infrared Spectroscopy
μFTIR Micro-Fourier Transform Infrared Spectroscopy
Raman Raman Spectroscopy
SERS Surface-Enhanced Raman Scattering
Py-GC-MS Pyrolysis Gas Chromatography–Mass Spectrometry
GC/MS Gas Chromatography–Mass Spectrometry
FFF-MALS Field-Flow Fractionation with Multi-Angle Light Scattering
ICP-MS Inductively Coupled Plasma Mass Spectrometry

Toxicological & oxidative stress markers

ROS Reactive Oxygen Species
iROS Intracellular Reactive Oxygen Species
HO-1 Heme Oxygenase 1
SOD1/SOD2 Superoxide Dismutase 1/2
GPX1 Glutathione Peroxidase 1
GSH Glutathione
MDA Malondialdehyde
ER stress Endoplasmic Reticulum Stress
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Pollutants & environmental chemicals

PAHs Polycyclic Aromatic Hydrocarbons
POPs Persistent Organic Pollutants

Cellular & molecular biology markers

ATP Adenosine Triphosphate
LC3-II/LC3B Microtubule-Associated Protein 1 Light Chain 3 

(autophagy marker; lipidated form = II)
p62 Sequestosome-1 (autophagy adaptor protein)
BECN1 Beclin-1 (autophagy regulator)
BCL2 B-Cell Lymphoma 2 (anti-apoptotic regulator)
CASPASE-3/CASPASE-7 Cysteine-Aspartic Proteases (apoptosis  

executioner caspases)
HSP27 Heat Shock Protein 27
PAI-1 Plasminogen Activator Inhibitor 1

Inflammatory & immune markers

IL-6 Interleukin 6
IL-8 Interleukin 8
TNF-α Tumor Necrosis Factor Alpha
B/T cells B lymphocytes/T lymphocytes
GABA Gamma-Aminobutyric Acid
hCG Human Chorionic Gonadotropin
GD Gestational Day
PND Postnatal Day

Cellular pathways & signalling

EMT Epithelial-Mesenchymal Transition
MMP2 Matrix Metalloproteinase 2
NOX4 NADPH Oxidase 4
MAPK/ERK Mitogen-Activated Protein Kinase/Extracellular Signal- 

Regulated Kinase Pathway
PI3K/AKT Phosphoinositide 3-Kinase/Protein Kinase B Pathway
MST1 Mammalian Sterile 20-like Kinase 1
LATS1 Large Tumor Suppressor Kinase 1
YAP1 Yes-Associated Protein 1
CTGF Connective Tissue Growth Factor
CYR61 Cysteine-Rich Angiogenic Inducer 61
NOTCH3 Notch Receptor 3
TP53 Tumor Protein p53
GADD45A Growth Arrest and DNA Damage-Inducible Alpha
RAD51 RAD51 Recombinase (DNA repair)
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XRCC1 X-Ray Repair Cross-Complementing Protein 1
PPAR Peroxisome Proliferator-Activated Receptor (metabolic  

regulator)
JAK-STAT Janus Kinase/Signal Transducer and Activator of Transcription 

Pathway
MAPT Microtubule-Associated Protein Tau
KIF21A Kinesin Family Member 21A
Wnt Wingless/Integrated Signalling Pathway
Shh Sonic Hedgehog Pathway
NAFLD Non-Alcoholic Fatty Liver Disease.
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Chapter 3

The Hidden Poison: How 
Microplastics and Nanoplastics 
Threaten the Health of Aquatic 
Organisms Across Ecosystems
Naveen Kumar, Jayendra Kumar Singh, Mrinmoy Mandal,  
Nisha Yadav and Divya Tyagi

Abstract

Synthetic polymer debris, particularly microplastics and nanoplastics (NPs), 
has emerged as a structurally persistent and biologically active stressor in 
aquatic systems. This chapter offers an integrative synthesis of how micro-/ 
nanoplastics interact with aquatic organisms at molecular, cellular, and 
systemic levels. Beyond trophic ingestion, we examine sublethal 
toxicodynamics, including mitochondrial collapse, oxidative stress, 
neurotoxicity, immunomodulation, and reproductive disruption – effects now 
documented across phylogenetically diverse taxa. NPs, due to their ultrafine 
scale and surface reactivity, exhibit disproportionate bioavailability and 
organotropism, making them uniquely invasive at the intracellular level. We 
link mechanistic laboratory evidence with field-scale ecological data to trace 
bioaccumulation patterns and cascading disruptions across food webs. These 
particles are termed “hidden poison” by our laboratory in a recent paper 
because their effects are often cryptic, chronic, and cumulative – rarely lethal 
in isolation, yet profoundly destabilizing over time. Lacking scent, taste, or 
visibility, they bypass organismal defenses and regulatory frameworks alike. 
This silent toxicity challenges conventional paradigms of aquatic health 
assessment. By bridging ecotoxicology with systems biology and material 
science, this chapter proposes a new framework for understanding polymer- 
driven biological stress. We conclude with a call for predictive models that 
integrate particle-specific traits with ecosystem-level feedback, essential for 
mitigating this unresolved planetary contaminant.

Keywords: aquatic ecotoxicology, nanoplastics-induced cellular stress, trophic 
bioaccumulation, hidden pollutants, polymer-driven biological disruption
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1. Introduction

1.1 Background on synthetic polymer pollution

The global surge in plastic production – from approximately 2 million tonnes in 
1950 to over 460 million tonnes in 2019 – has introduced an unprecedented flux of 
synthetic polymers into aquatic ecosystems [1]. Their intrinsic resistance to abiotic 
and biotic degradation arises from high molecular weight, hydrophobicity, 
crystallinity, and stable C–C and C–H bonds, resulting in persistence over timescales 
that exceed ecological resilience thresholds [2].

Aquatic systems receive these polymers through multiple concurrent pathways 
(Figure 1). Major transport vectors include wastewater effluents, urban stormwater 
runoff, atmospheric fallout, and riverine inputs, with hydrodynamic forces 
determining eventual partitioning into pelagic, benthic, or estuarine compartments 
[3]. A high-resolution mass-balance survey of sedimentary MPs in Italy, applying the 
Polymer Identification and Specific Analysis protocol, revealed accumulation hot 
spots of oxidized polyolefins and PS (up to 1138 µg/kg sediment). These hot spots 
exhibited polymer-specific degradation products alongside cosorbed phthalates and 
brominated flame retardants [4]. Such particles were frequently enriched in 
hydrophobic organic contaminants (e.g., polycyclic aromatic hydrocarbons (PAHs), 
PCBs) and heavy metals, demonstrating their dual role as chemical vectors and 
environmental sinks.

Plastic pollution was historically framed as a physical hazard – manifested as 
entanglement and ingestion of macroplastics by marine vertebrates – but recent 
evidence indicates a chemical and biological threat. Submicron plastics (<1000 nm) 
exhibit high specific surface area and reactive aging surfaces, allowing epithelial 
interactions, bypass of endosomal entrapment, and activation of intracellular stress 
pathways [5]. In Daphnia magna, industrially relevant exposure induced ROS 
overproduction, mitochondrial dysfunction, and altered reproduction – outcomes 
that were sublethal yet ecologically disruptive.

Figure 1. 
Global pathways and cycling of micro-/nanoplastics (MNPs). Synthetic polymer particles are released from 
household and industrial sources and transported via riverine networks into aquatic systems. Progressive 
fragmentation drives the formation of secondary microplastics (MPs), which enter food webs through bioaccu
mulation in aquatic organisms. Volatilization and atmospheric transfer subsequently redistribute these particles 
into clouds and rainfall, enabling long-range transport and deposition into remote ecosystems, including crop
lands and polar regions.
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Synthetic polymer distribution has expanded beyond coastlines to polar and 
alpine environments (Figure 1). Cryospheric snow from the Kola Peninsula 
contained synthetic polymer fibers, likely derived from long-range Aeolian transport 
and secondary atmospheric fragmentation [6]. This finding redefines aquatic 
contamination to include vertical atmospheric deposition as a critical dispersal 
mechanism.

Importantly, the ecological risk of MNPs has been systematically 
underestimated due to analytical limitations, regulatory blind spots, and the 
misconception of plastics as chemically inert. Their surface-mediated 
bioavailability, long-range mobility, and capacity for biological translocation 
establish them as mobile, bioactive pollutants capable of inducing multiscale 
ecological perturbations [7]. That is why our laboratory has proposed the term 
“hidden poison” to describe these particles [8]. This designation is justified because 
MNPs exert cryptic, persistent, and often cumulative effects that may not manifest 
immediately or through overt toxicity. Instead, their lack of scent, taste, and 
visibility allows them to bypass both biological and regulatory detection, silently 
destabilizing aquatic systems through chronic exposures that undermine 
organismal health and ecological resilience over time.

1.2 Definitions and scope: MPs vs. NPs

MNPs are size-defined fragments of synthetic polymers, yet their classification 
carries toxicological and environmental implications beyond dimensionality. MPs 
are typically defined as 1 µm–5 mm, whereas NPs are < 1 µm, with some frameworks 
restricting NPs to < 100 nm to reflect colloidal behavior, quantum surface 
phenomena, and rapid diffusivity [9, 10]. Regulatory definitions remain non- 
harmonized across ECHA, ISO, and OECD, complicating hazard assessment and 
inter-study comparability. Plastic particles are further bifurcated by origin into 
primary MNPs – engineered at micro-/nanoscales (e.g., cosmetic microbeads, 
nanoparticle additives in paints, nanocarriers in drug delivery systems) – and 
secondary MNPs – are generated from macroplastic degradation via photolysis 
(Norrish I/II), oxidative chain scission, mechanical abrasion, and hydrolysis, leading 
to progressively smaller, more oxidized, and morphologically irregular particles 
[11, 12].

Environmental persistence also diverges. MPs accumulate in benthic 
sediments and ocean gyres, persisting for decades, whereas NPs exhibit high 
inter-compartment mobility, being detected in cryospheric snow, atmospheric 
fallout, and intracellular matrices, supporting their role in long-range transport 
and chronic bioavailability [12, 13]. A major challenge is the absence of 
standardized NP metrology. MPs are detectable via µ-FTIR and Raman 
spectroscopy (>300 µm), while NPs require ultrafiltration, AF4, pyro-GC/MS, 
and DLS – methods rarely deployed in routine ecotoxicology [13]. Without 
harmonized detection frameworks, size transitions from a metric to a blind 
spot.

Building on this challenge, the chapter develops a vertically integrated 
framework linking MNPs to aquatic biological interactions across molecular, 
physiological, and ecosystem scales. Section 2 examines environmental sources and 
transformation processes; Sections 3 and 4 address uptake routes and toxicodynamic 
mechanisms; Section 5 explores physiological endpoints in aquatic organisms; 
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Section 6 considers trophic bioaccumulation and ecological feedback loops; and 
Section 7 outlines predictive modeling, detection strategies, and policy integration. 
By bridging particle-level properties with population- and ecosystem-level 
perturbations, the chapter provides a mechanistic lens for understanding the hidden 
toxicity of MNPs.

2. Environmental sources and physicochemical fate

2.1 Primary and secondary sources of micro-/nanoparticles

MNPs infiltrate aquatic environments through two principal pathways: primary 
emissions and secondary generation. This distinction is critical because secondary 
particles dominate environmental burdens, comprising over 90% of marine plastic 
fragments [14].

Primary MPs and NPs are intentionally engineered for industrial or commercial 
purposes. Historically, polyethylene (PE) and polypropylene (PP) microbeads 
were incorporated into cosmetics and personal care products (PCPs) (Figure 2). 
Despite regulatory bans, such as the US Microbead-Free Waters Act, legacy 
residues persist downstream of wastewater treatment plants, embedded in 
sediments [15]. Synthetic textiles represent another dominant primary source; 
polyester and nylon garments shed up to 700,000 fibers per wash, contributing to 
long-term retention in aquatic sediments [16]. Tire wear particles, generated from 
styrene-butadiene rubber, constitute the largest urban polymer input, releasing ~  
1.5 million metric tonnes annually into road runoff and air, and dominating 
stormwater polymer loads [17].

Secondary MPs and NPs originate from the fragmentation of macroplastic 
debris under photodegradation, oxidative weathering, and mechanical abrasion. 
For example, PE films and PET bottles rapidly fragment under UV irradiation 
and turbulence, with thin plastic bags disintegrating into MPs within 2  
months of sunlight exposure and subsequently generating NPs under shear 
forces (Figure 3) [18]. Agricultural LDPE mulch films are similarly 
susceptible to oxidative cracking and plow-induced degradation, introducing 
persistent plastic fragments into soils and hydrologically connected 
waterways [16].

Atmospheric fallout is emerging as an underestimated vector for MNPs. Fibers 
from synthetic textiles, tire-derived particles, and urban dust have been detected in 
remote alpine air, arctic snow, and marine rainfall, with urban deposition rates 
reaching ~ 300 particles/m2/day [17]. Their low density and colloidal behavior enable 
long-range atmospheric transport, effectively connecting terrestrial sources to 
aquatic sinks. Globally, over 11 million metric tonnes of plastic enter aquatic systems 
annually, a figure projected to escalate to 29 million metric tonnes by 2040 under 
current trends [16, 19].

2.2 Surface properties, aging, and toxic potential

The toxicological impact of MNPs arises not solely from polymer type but from 
dynamic alterations in surface chemistry and morphology during environmental 
aging. Virgin polymers – including PE, PP, and PS – are highly hydrophobic with low 
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surface charge, facilitating passive diffusion across lipid membranes and bioadhesion 
to gill, gut, and hepatopancreatic tissues (Figure 4) [20]. Nanoscale dimensions 
(<1000 nm) amplify surface area-to-volume ratios, increasing pollutant sorption 
capacity and cellular interface contact. For example, 80-nm PS NPs were 
internalized into zebrafish (Danio rerio) hepatocytes within 4 hours, inducing dose- 
dependent ROS elevation and mitochondrial swelling at concentrations as low as 50  
µg/L [21].

Environmental aging transforms particle surfaces in three principal ways:

Figure 3. 
Sources, fragmentation pathways, and size spectrum of primary and secondary MNPs. Primary MNPs originate 
from intentionally manufactured sources such as microbeads, textile fibers, tire wear particles, PCPs, marine 
coatings, road markings, bottles, and industrial waste. Secondary MNPs arise through the degradation and 
fragmentation of larger plastic items, including packaging films, bottles, and trays. The lower panel illustrates the 
environmental size continuum, comparing NPs (1–1000 nm) and MPs (1 µm–5 mm) to biological and parti
culate references (DNA, proteins, viruses, bacteria, monocytes, and macroscopic objects).
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1. Photooxidation – UV exposure introduces hydroxyl (–OH), carbonyl 
(C=O), and carboxyl (–COOH) groups, increasing hydrophilicity and nega
tive zeta potential. Aged PS particles displayed a 25% rise in the carbonyl 
index after 96 h, enhancing the adsorption of benzo[a]pyrene and Cd2+ from 
seawater [21].

2. Mechanical erosion – Abrasion produces irregular edges and pore structures, 
promoting biofilm colonization. Biofilm-coated MNPs demonstrated 4 ×  
higher Pb2+ sorption and triggered immune activation in Mytilus galloprovin
cialis hemocytes [22].

3. Leaching of embedded additives – PVC fragments exposed to sunlight for 72  
hours released BPA and phthalates at 3–5 × higher rates than unaged particles, 
activating estrogenic genes (VTG1, ERα) in medaka liver cells [23]. Flame 
retardants and UV stabilizers, once leached, synergize with sorbed contami
nants, amplifying endocrine and immunotoxic effects.

Surface aging also modifies colloidal dynamics and bioavailability. Negatively 
charged NPs exhibit enhanced dispersion and cellular uptake [23]. Ultimately, aged 
MNPs function as multiphase toxic vectors, capable of binding, concentrating, and 
delivering POPs, metal ions, and microbial toxins to intracellular compartments. 
They impose mechanical stress via cellular penetration and biochemical disruption 
through cotransported toxics – a process further elaborated in Section 3 on uptake 
and exposure pathways.

Figure 4. 
Environmental aging and transformation of MNPs. Virgin MNPs, originating from consumer plastic items, 
contain embedded additives such as antioxidants and plasticizers. Upon exposure to UV light, oxidants (H2O2, 
Cl2), and reactive oxygen species (ROS), these particles undergo surface oxidation, developing functional groups 
(C=O, –OH) and enhanced affinity for persistent organic pollutants (POPs) and metals. Subsequent 
microbial colonization and biofilm formation further modify surface chemistry, increasing particle reactivity, 
persistence, and biological uptake.
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2.3 Fate in aquatic environments: Aggregation and transport

After entry into aquatic systems, the fate of MNPs is dictated by interfacial 
interactions, hydrodynamic forces, and geochemical conditions. Aggregation – both 
homoaggregation (self-association) and heteroaggregation (binding with natural 
colloids or biogenic particles) – is the primary driver of vertical flux, colloidal 
stability, and sediment sequestration (Figure 5).

Heteroaggregation dominates in natural waters. Drivers include particle size, 
surface charge (zeta potential), oxidation state, and bridging by divalent cations or 
biopolymers. Sedimentary organic matter, particularly amorphous and black carbon, 
facilitates aggregation via hydrogen bonding and reduced electrostatic repulsion, 
with salinity-dependent variations [24].

Ionic conditions strongly modulate aggregation. Ca2+ and Mg2+ ions 
compress electrical double layers and induce bridging flocculation, as predicted 
by DLVO/XDLVO theory. In contrast, macromolecules such as EPS, BSA, and 
humic acids provide electrosteric stabilization at low ionic strength but enhance 
aggregation under divalent-rich conditions by collapsing hydration barriers [25, 
26]. Surface interactions with nanomaterials further influence fate: MoS2 
nanosheets stabilize MPs in suspension, whereas graphene oxide promotes 
macroaggregate formation via van der Waals adhesion and oxidative edge 
interactions [27].

Vertical transport depends on density, aggregation state, and biofouling history. 
Low-density polymers (PE, PP) initially float, but biofilm growth and detritus 
adsorption increase effective density, promoting sinking. NPs often remain 
suspended due to Brownian motion and electrostatic stabilization. Seventy- 
nanometer PS NPs, for example, exhibit critical coagulation concentrations far 
exceeding typical freshwater ion levels, preventing aggregation unless destabilized 
by pH or ionic shifts [28]. In estuarine waters, however, elevated salinity and 
temperature drive rapid aggregation, forming > 2 µm clusters that accelerate 
sedimentation [29].

Benthic sediments act as both sinks and conditional sources. Sediment-bound 
MNPs are influenced by deposition rates, organic matter content, and redox-driven 
transformations. Though persistent over decadal scales, they undergo biofilm 
colonization and additive leaching, which can release pollutants into porewater, 
posing benthic ecotoxicological risks [30]. Bioturbation by infaunal organisms 
redistributes buried particles, while freeze–thaw cycles in cold systems immobilize 
NPs in cryogenic strata [31].

Horizontal transport occurs via fluvial discharge, estuarine mixing, coastal 
currents, and storm-induced resuspension. High-energy events – such as storms or 
dredging – can exceed critical shear stress, resuspending previously sequestered 
plastics. Process-based models, such as Full Multi Transport, demonstrate that 
particle speciation (pristine, biofouled, heteroaggregated) and aggregation state 
critically determine lateral advection across stratified waters [32].

During transport, continuous physicochemical aging – including photooxidation 
and biofouling – modifies surface charge, hydrophilicity, and contaminant affinity. 
Oxygenated surfaces display enhanced sorption for trace metals and hydrophobic 
organic pollutants, transforming MNPs into mobile, reactive vectors capable of 
cross-compartment contaminant transport [33, 34]. This dynamic fate underpins 
their ecotoxicological complexity in aquatic environments.
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3. Exposure pathways and organismal entry

3.1 Ingestion, filtration, and surface absorption

Once MNPs enter aquatic environments, they exploit evolutionarily conserved 
feeding and surface-interface behaviors to gain biological entry. These exposure 
routes span the entire trophic spectrum, from phytoplankton and rotifers to apex 
vertebrates, and are dictated by a convergence of particle traits (size, charge, 
hydrophobicity), anatomical access points (gills, gut, skin, mucosa), and species- 
specific behaviors. Entry is, therefore, a mechanistically precise process, not 
a random consequence of environmental availability.

Ingestion initiates at the base of the food web. Filter-feeding protists, rotifers, and 
ciliates readily engulf polymer particles 0.5–10 µm in diameter (Figure 6). 
Remarkably, rotifers exposed to fluorescent PS microspheres demonstrated 
intracellular fragmentation of larger MPs into nanoscale particles, suggesting in vivo 
generation of secondary NPs [34]. Mesozooplankton, such as copepods and 
cladocerans, ingest MPs that mimic algal prey in size and optical properties. Biofilm- 
coated particles emit dimethyl sulfide-like cues, chemically mimicking natural food 
sources and enhancing trophic uptake.

Suspension and filter feeders – including bivalves, tunicates, and polychaetes – 
capture particles non-selectively during filtration. In Mytilus edulis, MPs intercepted 
on mucus-covered gill filaments are entrained by ciliary currents and directed to 
labial palps for ingestion. Particle retention efficiency depends on mucus viscosity, 
zeta potential, and hydrodynamic shear [35]. Large MPs may be expelled as 
pseudofeces, whereas NPs penetrate epithelia via paracellular diffusion or vesicular 
transcytosis.

Planktivorous fish and larval amphibians ingest MPs < 2 mm, particularly 
under turbid or low-light conditions that reduce visual prey discrimination [35]. 
Benthic and deposit-feeding invertebrates, such as oligochaetes and amphipods, 
ingest particles incidentally while foraging, retaining them for extended gut 
residence times, which enhances leachate absorption and gut–epithelial 
interaction.

Trophic transfer serves as a secondary exposure pathway. Predators consuming 
pre-exposed prey can acquire NPs either directly from gut contents or via 

Figure 6. 
Trophic transfer of MNPs across aquatic food webs. MNPs adsorb or are absorbed onto/by phytoplankton or 
zooplankton, which serve as the primary carriers in aquatic food chains. Through predator–prey interactions, 
these particles are transferred to higher trophic levels, including fish, where they localize in critical organs such as 
gills and intestines.
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liberation from tissues during digestion. Larval zebrafish fed MP-laden 
zooplankton exhibit hepatic and neural accumulation, demonstrating cross-trophic 
particle transfer [36].

Surface-based entry routes complement ingestion. NPs adhere to gills, skin, 
mucosa, and egg chorions, leveraging colloidal stability and small size. In fish gills, 
NPs bind to mucopolysaccharide layers and penetrate via clathrin- and caveolin- 
mediated endocytosis, entering lamellar vasculature. In zebrafish embryos, NPs 
adhere to the chorion and translocate into the yolk sac and developing tissues prior to 
the onset of active feeding [37].

Benthic invertebrates with permeable cuticles – such as polychaetes and 
cnidarians – absorb NPs through direct epithelial contact in porewater. Hydra 
vulgaris demonstrated tentacle-bound NP uptake via epithelial phagocytosis, 
localizing to intracellular vesicles, a process facilitated by negative surface charge 
and biofilm-mediated membrane fusion [38].

Environmental context modulates uptake efficiency. Turbid, nutrient-rich waters 
enhance particle adherence via extracellular polymeric substances (EPS), whereas 
oligotrophic or high-salinity environments reduce mucosal hydration and suppress 
surface attachment. Field-collected shrimp and crustaceans often display substantial 
gill-associated plastic burdens, even in gut-empty individuals, confirming non- 
ingestive uptake pathways [39].

Host physiology influences susceptibility. Larval stages exhibit higher plastic 
burdens due to increased metabolic demand, permeable epithelia, and immature 
immune defenses, while inflamed or stressed tissues promote NP internalization via 
enhanced endocytosis and compromised junctions.

3.2 The role of biofilms and organic coatings

Upon release, synthetic particles undergo rapid physicochemical metamorphosis, 
acquiring an eco-corona – a dynamic coating of organic matter and microbial 
biofilms – which redefines their biological identity. This multilayered interface, 
composed of EPS, DOM, microbial assemblages, and colloidal ions, transforms inert 
plastics into biologically interactive vectors capable of trophic assimilation and 
intracellular trafficking.

Molecular architecture of the eco-corona is heterogeneous, dictated by polymer 
type, environmental chemistry, and microbial succession (Figure 4). EPS from 
Pseudoalteromonas, Shewanella, and Vibrio species is rich in uronic acids, sulfated 
polysaccharides, and phosphorylated glycoproteins, which modulate zeta potential, 
hydrophobicity, and aggregation kinetics [40].

Eco-coronas enhance biological recognition and adhesion. AFM and XPS 
studies reveal that corona-coated NPs adhere more strongly to gill and 
intestinal epithelia than virgin particles. In larval zebrafish, corona formation 
accelerates PS NP internalization by increasing clathrin-mediated endocytic 
activity [37]. Biofilm-associated chemical cues, including dimethyl sulfide 
analogs, mimic algal signals, misleading copepods and filter feeders into 
ingestion.

Biofilms also modulate particle retention and translocation. In Mytilus edulis, 
biofilm-coated MPs adhere more efficiently to gill mucus, resist clearance, and 
migrate into digestive diverticula, with 72-hour biofilms yielding 2.8 × higher 
translocation than uncolonized particles [41]. In shrimp (Litopenaeus vannamei), 
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biofilm-conditioned MPs showed 60% higher hepatopancreatic retention, elevated 
oxidative stress, and lysosomal destabilization [39].

Eco-coronas also act as chemical concentrators. EPS networks chelate Cd2+, Pb2+, 
antibiotics, and hydrophobic organics via π–π and ionic interactions. In marine 
microcosms, Alteromonas-colonized PS MPs adsorbed > 3 × more benzo[a]pyrene 
than abiotic controls, and corona presence extended desorption half-life in simulated 
gut fluid from 6 to 19 h [42].

The synergy between plastics, biofilms, and sorbed pollutants amplifies 
toxicological outcomes. M. galloprovincialis exposed to biofilm-coated PVC exhibited 
vitellogenin synthesis and estrogen receptor activation, primarily due to phthalate 
leachates and microbial metabolites [43].

Moreover, eco-coronas stabilize particles in prey, facilitating trophic 
retention and vertical transfer. Rotifers and amphipods carrying 
biofilm-coated particles maintain gut loads long enough for predators to ingest 
contaminated prey. Plastisphere biofilms further reshape microbial 
communities and biogeochemical cycles, enriching denitrifiers and sulfate 
reducers, which enhance N2O and H2S fluxes and impair primary producer 
biofilms [44].

Thus, the eco-corona is not incidental – it is a primary determinant of plastic 
bioavailability, toxicity, and trophic mobility, transforming particles into 
ecologically active microhabitats and contaminant vectors.

3.3 Size-based differences in uptake: MPs vs. NPs

The dimensionality of synthetic particles dictates their biological interaction 
regime, with MPs confined largely to extracellular compartments and NPs 
penetrating intracellular and organ-specific niches. NPs leverage curvature- 
driven membrane affinity and electrostatic interactions to cross epithelial 
barriers. They utilize clathrin- and caveolin-mediated endocytosis, 
macropinocytosis, and occasionally direct lipid bilayer penetration. In Perna 
viridis hemocytes, 50-nm PS NPs exhibited ~ 10 × greater granulocyte uptake 
than 200-nm NPs, demonstrating size- and charge-dependent phagocytic 
specificity [44].

Size-dependent retention and tissue disruption are evident in vertebrates. In 
Oreochromis niloticus, ~ 86 nm NPs induced more pronounced intestinal damage 
and longer retention than ~ 185 nm NPs, indicating a retention-size trade-off 
[45]. Zebrafish embryos exposed to 20 nm PS NPs exhibited transchorionic 
penetration and couptake of phenanthrene, confirming NP-mediated 
contaminant transport [46]. MPs, by contrast, are generally restricted to 
mucosal surfaces – gill epithelia and gut lumen – without systemic translocation. 
Field observations show size-selective ingestion: Zooplankton rarely internalizes 
MPs > 300 µm, while benthic feeders accumulate 300–3000 µm particles in 
digestive tissues [47, 48].

NPs demonstrate organotropism, preferentially accumulating in the liver, 
gonads, and brain, bypassing barriers inaccessible to MPs. After endocytic 
uptake, some NPs escape lysosomal degradation, entering cytosolic and even 
nuclear compartments, conferring higher systemic and reproductive risk 
potential [49].
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4. Cellular and molecular toxicodynamics

4.1 Intracellular trafficking and endocytic pathways

NPs, particularly < 200 nm, exploit multiple endocytic routes that define 
their cellular uptake, subcellular distribution, and toxicodynamic outcomes. 
Among these, clathrin-mediated endocytosis (CME) is a dominant entry route. 
NPs engage membrane-bound receptors, become encapsulated in clathrin- 
coated vesicles, and traffic to early endosomes, where sorting dictates 
progression toward late endosomes and lysosomes (Figure 7). In bivalve 
hemocytes, 50–100 nm PS NPs colocalized with LAMP1-positive lysosomes, 
with granulocytes exhibiting higher uptake than agranulocytes, confirming 
size- and cell-type-dependent CME [50].

Particles < 100 nm may also utilize caveolae-mediated endocytosis, a pathway 
associated with cholesterol-rich microdomains and lysosome bypass. Caveolar 
vesicles preferentially traffic toward non-acidic compartments, including the Golgi 
and ER, enabling prolonged intracellular retention and retrograde transport. 
Comparative studies revealed that 50 nm NPs show lower lysosomal colocalization 

Figure 7. 
Cellular pathways of MNPs-induced toxicity. Following endocytosis, MNPs accumulate within lysosomes, where 
membrane destabilization, osmotic rupture, or lysosomal escape redirects particles into the cytoplasm. 
Intracellular accumulation triggers oxidative stress and mitochondrial dysfunction, characterized by ROS 
generation, cytochrome c (Cyt c) release, and apoptosis. Concurrently, MNPs induce endoplasmic reticulum 
(ER) stress, autophagic disruption, and DNA damage, activating pro-inflammatory mediators such as IL-1β and 
TNFα.
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and greater ER association than 200 nm NPs, consistent with caveolar engagement as 
a lysosome-evading mechanism [51].

Macropinocytosis, an actin-driven, non-specific engulfment pathway, dominates 
in phagocytic and immune cells. In Perna viridis hemocytes, 100 nm PS NPs localized 
to multivesicular and multilamellar structures characteristic of autophagic 
intermediates, indicating a vesicular bottleneck and lysosomal saturation as a driver 
of sublethal stress [52].

Direct membrane penetration occurs for ultrasmall (<50 nm), hydrophobic, or 
cationic NPs, which can disrupt phospholipid bilayers and translocate into the 
cytosol. Carbon-based NPs, visualized via real-time multispectral tracking, 
demonstrated loss of acidic vesicle colocalization, suggesting endosomal escape and 
cytosolic dispersal to perinuclear regions [53]. Surface charge strongly modulates 
uptake and fate. Cationic NPs display enhanced membrane affinity and CME- 
dominant trafficking, with a fraction escaping vesicular confinement and associating 
with mitochondria. Serum coronas partially mask charge but preserve receptor- 
mediated uptake [54].

Protein coronas fundamentally alter recognition and routing. Adsorbed proteins 
(e.g., albumin, LDL, apolipoproteins) can mimic endogenous ligands, trigger specific 
endocytosis, and influence lysosomal routing. In endothelial cells, coronated NPs 
exhibited subdiffusive vesicular motion with low lysosomal bypass probability [55]. 
Cell type determines intracellular fate. Epithelial cells in gills and gut typically channel 
NPs to lysosomes, limiting systemic spread. Neurons, embryonic cells, and immune 
populations, with high endocytic activity or incomplete vesicle maturation, allow 
lysosomal evasion. Synaptic vesicle recycling has been proposed as a mechanism for 
neural NP entry, implicating potential neurotoxicity in aquatic species.

Lysosomal accumulation triggers volumetric swelling, pH collapse, and 
membrane destabilization, releasing cathepsins and hydrolases into the cytosol, 
which activates inflammasomes and apoptotic signaling. Chronic exposure disrupts 
autophagic flux, leading to vesicle congestion, organelle stress, and impaired cellular 
clearance capacity.

4.2 Oxidative stress and organelle damage

Intracellular MNPs disrupt cellular redox homeostasis through surface-driven 
catalysis, organelle interactions, and chemical leaching, triggering ROS generation 
and organelle-specific injury. ROS production arises from MNP surface chemistry – 
notably weathered or aromatic-rich NPs with redox cycling capacity – and from 
secondary cellular responses. Phthalates and bisphenols leached from MNPs 
exacerbate ROS by interfering with mitochondrial electron transport and NADPH 
oxidase activity [56].

Lysosomal destabilization liberates redox-active iron, fueling Fenton reactions 
and amplifying oxidative bursts. Endosomal escape enables direct mitochondrial 
contact, disrupting complexes I–III of the ETC, sustaining ROS overproduction and 
bioenergetic collapse [57]. Lipid peroxidation is an early hallmark, generating 
reactive aldehydes (4-HNE, MDA) that compromise membrane fluidity and 
initiate apoptotic cascades [58]. Protein carbonylation and thiol oxidation follow, 
impairing structural proteins, ion transporters, and metabolic enzymes such as 
ATP synthase and aconitase, culminating in cellular energy deficits [59]. DNA 
damage manifests as 8-oxo-dG accumulation, single-/double-strand breaks, and 
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γ-H2AX foci formation, activating p53-dependent repair and apoptotic pathways. 
Antioxidant defenses are rapidly depleted: GSH levels drop, and superoxide 
dismutase (SOD) and CAT activities decline, reflecting both overconsumption and 
transcriptional suppression [58].

Mitochondria are central toxicity targets. MNPs induce ΔΨm loss, Cyt c release, 
and intrinsic apoptosis activation [58, 60]. Oxidative phosphorylation collapses, 
with ETC complex downregulation and ATP depletion, prompting a glycolytic shift 
(Warburg-like response) [58]. Morphological hallmarks – swelling, cristae loss, and 
fragmentation – intensify under NP–metal coexposures, accelerating mitophagy 
[57]. Calcium dysregulation exacerbates mitochondrial injury. Aberrant ER– 
mitochondria Ca2+ transfer triggers mPTP opening and permeability transition, 
precipitating organelle collapse [59]. ER stress is a concurrent axis of injury, 
evidenced by UPR activation (PERK, eIF2α, CHOP upregulation) in mollusks and 
fish transcriptomes [61]. Lysosome–mitochondria crosstalk links cathepsin release to 
intrinsic apoptosis, and autophagic flux becomes incomplete, leading to persistent 
organelle damage and redox imbalance [62, 63].

4.3 Genotoxic and epigenetic impacts

MNPs exert genotoxicity through physical nuclear interactions, oxidative DNA 
damage, and epigenetic remodeling, with long-term developmental and 
transgenerational implications. Particles < 100 nm can penetrate nuclei directly or via 
endosomal escape, especially in highly mitotic or gonadal cells. In Corbicula fluminea, 
nuclear-localized NPs caused DNA fragmentation and mitochondrial apoptosis, 
effects absent in larger MPs [64]. Mitochondria-derived ROS induce 8-oxo-dG lesions 
and double-strand breaks, triggering γ-H2AX formation and p53-dependent apoptosis.

Transcriptomic reprogramming follows initial DNA stress. Daphnia pulex 
exposed to PS-NPs showed repression of chitinase and trehalose metabolism genes 
and induction of reproductive regulators (doublesex, hormone-related genes). 
Zebrafish embryos exhibited p53, Bax/Bcl-2, and caspase activation, coupling DNA 
damage sensing with mitochondrial apoptosis and developmental perturbation [65]. 
Epigenetic remodeling represents a critical but often silent layer of MNP toxicity. 
Global hypomethylation with promoter-specific hypermethylation disrupts 
chromatin architecture and silences key developmental and tumor suppressor genes. 
Histone marks shift toward H3K27me3 (repressive) and H3K9ac (activating), 
altering chromatin accessibility. Histone-modifying enzymes (EZH2, HDAC1) 
respond dynamically to carbonaceous and PS-NPs [66].

miRNA dysregulation adds a post-transcriptional layer to NP-induced toxicity. 
miR-21, miR-125, and miR-34 are differentially expressed, linking redox stress to 
NF-κB activation and p53-mediated apoptosis, amplifying cellular injury and organ 
dysfunction. Germline and developmental toxicity are ecologically pivotal. Zebrafish 
and mollusk exposures during early cleavage and organogenesis induce 
chromosomal bridges, abnormal morphogenesis, and reduced hatching [67]. 
Gonadal NP accumulation leads to micronuclei formation, meiotic errors, and 
epigenetic shifts, raising concern for transgenerational inheritance of mutational 
burdens. Particle physico-chemistry dictates genomic risk. Cationic and < 50 nm NPs 
exhibit enhanced nuclear affinity and DNA interaction, while protein coronas 
mimicking albumin or LDL can facilitate nuclear pore entry and transcriptional 
interference [68].
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5. Physiological disruption in aquatic species

5.1 Neurological and behavioral impairments

NPs exert profound neurophysiological and behavioral effects in aquatic 
species due to their unique ability to traverse biological barriers and directly 
localize within neural tissues (Figure 8). Unlike MPs, which predominantly act 
peripherally or elicit secondary systemic effects, NPs can penetrate the blood– 
brain barrier via transcellular transport or olfactory neuronal pathways, 
allowing them to access privileged compartments of the central nervous 
system. In zebrafish, fluorescent polystyrene NPs of approximately 70 nm were 
observed to distribute across the telencephalon, cerebellum, and optic tectum, 
with ultrastructural evidence of neuronal somatic accumulation and glial 
activation, indicating early signs of neuroinflammation [69]. Similar patterns 
of neural deposition have been reported in mollusks and nematodes, 
supporting a conserved vulnerability across aquatic taxa [70].

Figure 8. 
Multiscale toxicological impacts of MNPs on aquatic organisms. MNP exposure induces a spectrum of adverse 
outcomes, including lysosomal destabilization, DNA damage, mitochondrial dysfunction, and tissue-level injury. 
These cellular disruptions manifest as oxidative stress, immune suppression, liver toxicity, and neurotoxicity, 
ultimately impairing reproduction, promoting bioaccumulation, and increasing mortality.
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At the cellular level, NP exposure induces synaptic degeneration, dendritic 
spine retraction, and the downregulation of presynaptic markers such as 
synaptophysin and PSD-95, which collectively impair neurotransmission and 
diminish neuroplasticity. Neurodevelopment is especially sensitive to NP insult. 
Zebrafish embryos exposed to polystyrene NPs exhibit disrupted axonal 
patterning, reduced expression of neurodevelopmental regulators, including 
NeuroD1 and GFAP, and impaired differentiation of neural progenitor zones, 
which result in long-lasting locomotor deficits and aberrant sensorimotor 
integration post-hatching.

Neurological impairment is closely linked to molecular disturbances in 
neurotransmitter homeostasis. NP exposure consistently reduces dopamine (DA) 
and serotonin (5-HT) levels, correlating with movement dysregulation, aggression, 
and anxiety-like phenotypes. Cholinergic signaling is also disrupted, as evidenced by 
suppressed acetylcholinesterase (AChE) activity, which compromises motor 
coordination and short-term learning. These biochemical changes are often 
exacerbated by oxidative stress, which destabilizes neuronal membranes, disrupts 
calcium homeostasis, and induces excitotoxic damage.

These subcellular and molecular disruptions manifest as overt behavioral 
phenotypes, including hyperactivity, hypoactivity, heightened thigmotaxis, reduced 
exploratory behavior, and impaired habituation and associative learning [71]. Such 
behavioral deviations extend to ecologically critical functions. Larval and juvenile 
fish, rotifers, and copepods with NP accumulation display prolonged escape 
response latencies and impaired predator recognition, while olfactory and visual 
processing deficits compromise both prey detection and predator evasion. This 
neuroethological disruption diminishes foraging efficiency, shoaling dynamics, and 
mating performance, leading to a cumulative decline in ecological fitness under 
chronic NP exposure.

5.2 Immune system modulation

The immune system of aquatic organisms is a major target of MNPs, which 
engage innate and adaptive components through size-, surface-, and charge- 
dependent interactions (Figure 8). NPs act as immunologically active particles 
capable of mimicking pathogen-associated molecular patterns (PAMPs) and 
triggering dysregulated immune responses. In zebrafish larvae, coexposure to PS- 
NPs (~100 nm) and MPs (5 μm) activates the TLR4/MyD88 signaling pathway, 
producing robust upregulation of pro-inflammatory cytokines such as IL-1β and 
TNFα, while simultaneously suppressing interferon regulatory genes that are 
essential for antiviral immunity [72]. Renal accumulation of NPs in teleosts, where 
hematopoiesis occurs, indicates organ-specific immunosuppression with potential 
systemic consequences.

Surface chemistry and biofilm formation play pivotal roles in immune 
modulation. Oxidized or biofilm-coated NPs present molecular patterns that are 
readily recognized by toll-like receptors (TLRs) and scavenger receptors on 
hemocytes and macrophages. In Ciona robusta, 50-nm PS-NPs altered the 
transcription of TLR and stress-related genes in the pharyngeal immune interface, 
while simultaneously suppressing LPS-induced immune memory, indicating 
impaired innate priming and potential loss of trained immunity in sessile 
invertebrates [73].
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Cellular and enzymatic immune defenses are similarly perturbed. In mussels, NP 
exposure disrupts hemocyte homeostasis by altering the hyalinocyte-to-granulocyte 
ratio and induces a transient elevation in SOD activity during the first 24 hours of 
exposure, reflecting acute oxidative activation followed by functional exhaustion 
[74]. In teleosts, chronic MP exposure downregulates key antimicrobial peptides, 
including hepcidin, defensin, and lectins, as well as enzymatic effectors such as 
lysozyme and peroxidase, which weakens mucosal barrier immunity and impairs 
bacterial clearance. Histopathological evidence from zebrafish and other species 
demonstrates splenic lymphoid depletion, vacuolization in the head kidney, and 
erythrocyte membrane damage under chronic exposure. In gut-associated lymphoid 
tissue, NP exposure leads to suppression of TLR4, IL-8, and IL-1β expression, 
accompanied by microbiome dysbiosis, which disrupts mucosal barrier integrity and 
systemic immune homeostasis [75]. These factors may contribute to lymphoma 
development, as proposed in our recent review [8].

Mechanistically, immune disruption is driven by lysosomal stress and ROS 
production [76]. Internalized NPs localize within acidic lysosomal compartments, 
where they destabilize membranes and release cathepsins, activating 
inflammasome pathways, likely including NLRP3, and triggering pyroptotic-like 
cell death when combined with viral mimics [77, 78]. Macrophage models 
demonstrate that NPs activate the cGAS–STING cytosolic DNA-sensing pathway, 
resulting in NF-κB nuclear translocation and type-I interferon gene induction, with 
activation magnitude influenced by particle surface charge and protein corona 
composition [78]. Chronic overactivation leads to sterile inflammation, tissue 
damage, and autoimmunity-like pathologies. Comparative studies reveal a size- 
dependent dichotomy: Larger MPs can transiently enhance immune vigilance, 
whereas NPs often suppress immune gene expression and antioxidant defenses, 
increasing pathogen susceptibility, as demonstrated in Bombyx mori exposed to 
Serratia marcescens [79]. Biofilm-coated MPs further exacerbate immune 
dysregulation by acting as vectors for opportunistic pathogens such as Vibrio spp., 
which adhere to mucosal surfaces, breach epithelial barriers, and potentiate 
inflammation in gill and gut tissues, effectively functioning as Trojan horse 
complexes.

5.3 Reproductive and developmental toxicity

Reproductive impairment caused by MNPs is mechanistically multifaceted, 
encompassing endocrine disruption, gonadal architecture damage, germline 
compromise, and embryonic toxicity (Figure 9). These particles perturb the 
hypothalamic–pituitary–gonadal axis by altering sex steroid homeostasis and 
feedback regulation. In Danio rerio, exposure to PS-NPs led to reduced plasma 
estradiol (E2) and elevated testosterone, consistent with aromatase inhibition and 
feedback suppression of steroidogenesis [80]. Correspondingly, transcription of 
ovarian genes cyp19a1a, ERα, and LHR was downregulated, impairing 
folliculogenesis, luteinization, and oocyte maturation. Male teleosts exhibited 
analogous dysfunction, with disrupted Leydig and Sertoli cell function, seminiferous 
tubule degeneration, and sperm maturation defects [81]. These hormonal and 
cellular effects are exacerbated by the leaching of phthalates, bisphenols, and flame 
retardants from particle surfaces, which act as endocrine disruptors by activating 
estrogenic pathways or antagonizing androgenic signaling [82].
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Histopathological evaluations across multiple aquatic taxa reveal extensive 
gonadal degradation. In females, MPs induce follicular atresia, delayed 
vitellogenesis, granulosa cell apoptosis, and eventual fibrotic remodeling of the 
ovarian stroma [83]. In males, particle accumulation in the testicular 
interstitium compromises the blood–testis barrier, reduces spermatocyte 
proliferation, and results in malformed sperm with mitochondrial cristae loss 
and flagellar defects, contributing to impaired motility [84]. At the cellular 
level, oxidative stress drives much of this reproductive toxicity by destabilizing 
lipid membranes, damaging organelles, and triggering apoptosis in Leydig and 
Sertoli cells, with INSL3 downregulation serving as a biomarker of hormonal 
collapse [81].

Embryonic and early developmental toxicity is a downstream consequence 
of parental exposure. Female zebrafish exposed to PS NPs exhibit reduced 
fecundity, fewer mature oocytes, and offspring (F1) with increased heart rate, 

Figure 9. 
Life-stage-specific effects of MNPs in fish. MNP exposure exerts stage-dependent toxicity across the develop
mental continuum. In eggs, particles adhere to the chorion, alter fertilization success, and reduce hatching rates. 
Embryos display impaired survival, embryotoxicity, and surface accumulation due to lipophilic adhesion. 
Larvae show altered gene expression, disrupted metabolism, microbiome dysbiosis, inflammation, and oxidative 
stress. Fry exhibit decreased growth, morphological deformities, and organ-level accumulation. Adults experience 
developmental and reproductive toxicity, neurotoxicity, immunotoxicity, genotoxicity, and intestinal injury.
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delayed hatching, and dysregulated sex hormone levels, confirming 
maternal transfer of particle-induced stress [80]. Key developmental 
regulators, such as sox9a and foxl2a, are disrupted, producing defects in sex 
differentiation, neurodevelopment, and organogenesis. Embryo-larval assays 
consistently document yolk sac edema, craniofacial malformations, and growth 
retardation, with severity scaling with particle size reduction and surface 
reactivity [82].

5.4 Transgenerational effects and chronic exposure outcomes

The physiological impacts of MNPs extend beyond directly exposed 
individuals, propagating through germline transmission and epigenetic 
programming to produce persistent, multigenerational effects. NPs penetrate 
deep into reproductive tissues, including the blood–testis barrier, ovarian 
granulosa layers, and embryonic chorion analogs. Microscopic confirmation of 
NP bioaccumulation in sperm heads, ooplasm, and vitelline envelopes has been 
reported in Danio rerio and Daphnia magna, while C. elegans exposed to 
photoaged PS-NPs demonstrated germline localization associated with reduced 
brood size and intergenerational fecundity decline [85].

Multigenerational studies reveal that MP and NP exposure can induce 
epigenetic alterations that persist beyond the exposure period. In fathead 
minnows, DNA methylation shifts were observed in regulatory elements 
controlling endocrine and xenobiotic response pathways, persisting into the F1 
generation [86]. In C. elegans, heritable histone modification patterns, including 
H3K9me2 and H3K27me3, silenced fertility-critical genes such as PIE-1 and 
GLP-1 across three generations [85]. The deregulation of stress-sensitive 
miRNAs, notably miR-34 and miR-21, in germline tissue further mediates 
intergenerational transmission of apoptotic sensitivity and developmental 
misregulation.

Phenotypic consequences are persistent and ecologically significant. F1 zebrafish 
from NP-exposed parents exhibit spinal curvature, swim bladder malformation, 
reduced fertilization rates, and diminished larval viability, even after maternal 
particle clearance, indicating stable inheritance of toxic cues [87]. Sex ratio skewing 
toward males has been observed in Daphnia and zebrafish, reflecting suppression of 
estrogen signaling across generations. Behavioral impairments in progeny include 
reduced exploration, impaired predator evasion, and abnormal courtship, which 
correlate with dopaminergic dysregulation and maternal cotransfer of adsorbed 
pollutants such as TDCIPP [88].

Chronic and life-cycle exposures culminate in systemic organ compromise. 
Mitochondrial swelling, cristae loss, and hepatic and gonadal energy collapse 
underpin reproductive decline, while immune organs exhibit delayed healing, 
persistent inflammation, and heightened pathogen susceptibility [89]. Even after 
exposure cessation, oxidative memory encoded within mitochondrial and nuclear 
compartments persists, impeding physiological recovery. Experimental 
interventions, such as melatonin supplementation, partially restore mitochondrial 
respiration and reproductive performance in NP-exposed zebrafish, implicating ROS 
generation as a central mechanistic trigger in chronic, multigenerational 
pathophysiology [87].
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6. Trophic dynamics and ecosystem feedback

6.1 Evidence of food web contamination

At the base of aquatic food webs, phytoplankton and microalgae represent the first 
biological interfaces for MNP contamination. NPs exploit their small size, high 
surface-area-to-volume ratios, and electrostatic interactions to adhere to algal cell 
walls, embedding within extracellular matrices and forming nanoscale coronas. 
Transmission electron microscopy of Chlorella and Scenedesmus has revealed PS-NPs 
physically lodged in the cell wall matrix, where they disrupt ion exchange and nutrient 
uptake, while localized ROS generation damages photosystem II and interferes with 
Calvin cycle fluxes. This biochemical interference reduces chlorophyll a synthesis and 
primary productivity, producing energetic deficits that propagate upward into 
zooplankton and higher consumers. Importantly, these effects have been documented 
even at environmentally realistic particle concentrations, highlighting that the basal 
energy engine of aquatic ecosystems is chronically exposed to sublethal plastic 
interference long before particles reach higher trophic levels.

Zooplankton constitute the first active kinetic vector for plastic entry into the 
food web. Their non-selective suspension feeding and chemosensory-driven 
foraging render them susceptible to particle–prey mimicry. Field-collected copepods 
and rotifers ingest MPs in the 2–50 μm range, while submicron NPs evade 
mechanical rejection and penetrate gut epithelia via paracellular diffusion or 
endocytosis. Laboratory tri-trophic experiments with Brachionus–Mesocyclops–sea 
bass fry confirm that MPs are ingested at rates of up to 3.7 particles per individual 
per minute, suppressing algal clearance rates and fecundity [90]. Field evidence 
mirrors these laboratory trajectories: in Mexican tropical lakes and Phuket coastal 
waters, copepods, fish larvae, and bivalve veligers frequently harbor MNPs in their 
guts, with particle loads fluctuating seasonally and increasing near anthropogenic 
discharge zones [91, 92].

Parallel contamination occurs in benthic compartments, where MPs settle into 
sediments and interact with sessile or deposit-feeding invertebrates. Mytilus 
galloprovincialis filters MPs via ciliary and mucus-bound pathways, trapping 
particles in gill lamellae and digestive diverticula, where hemocyte uptake of NPs 
initiates ROS production, lysosomal destabilization, and immune suppression [93]. 
Deposit feeders and polychaetes ingest sediment-associated MPs that are frequently 
biofilm-coated and adsorbed with heavy metals and PAHs, creating a synergistic 
exposure regime at the sediment–benthos interface. This dual stressor model – 
physical particle abrasion coupled with chemical vectoring – renders the benthic 
zone a potent reservoir of combined plastic and pollutant toxicity.

Planktivorous and benthivorous fish integrate both pelagic and benthic 
contamination pathways. In Chirostoma spp., MPs are routinely recovered from 
gastrointestinal tracts at burdens of 4–5 particles per individual, correlating with 
local plankton ingestion rates and confirming active trophic coupling [91]. 
Mesocosm studies show that zooplankton-mediated NP transfer leads to 
organotropism in larval fish: Particles bypass gut egestion, translocate to liver and 
neural tissues, and induce metabolic and behavioral disruptions [94]. Field surveys 
in Jiaozhou Bay extend this pattern to carnivorous chaetognaths, which accumulate 
MPs via copepod prey, providing real-world evidence of stepwise trophic 
transfer [95].
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This contamination cascades to apex consumers such as seabirds and marine 
mammals. Fulmars, petrels, and albatrosses ingest MPs indirectly through 
contaminated prey, resulting in sublethal malnutrition, impaired chick survival, and 
occasional gastrointestinal blockage [96].

6.2 Bioaccumulation vs. biomagnification

The trophic behavior of MNPs diverges from that of lipophilic Persistent Organic 
Pollutants. Bioaccumulation is frequently observed at the organismal level when 
ingestion exceeds egestion, but classical biomagnification across trophic levels 
remains rare. Field investigations in Chinese coastal waters revealed that the 
demersal fish Collichthys lucidus retained an average of 3.24 ± 1.57 MPs per 
individual, primarily blue PET fibers, with higher burdens in older, benthivorous 
individuals. In contrast, sympatric Larimichthys polyactis showed minimal retention, 
illustrating strong species- and behavior-dependence [97]. Freshwater observations 
from the Three Gorges Reservoir documented 0.68–4.00 MPs per fish, largely 
< 1 mm fibers, with low bioaccumulation factors because most particles remained 
confined to gut contents rather than edible tissues [98].

Trophic transfer of MNPs is well-documented, but biomagnification is 
uncommon because particles are usually egested, remain gut-bound, and do not 
partition into lipid phases. Coral reef and coastal food chain studies illustrate this 
phenomenon: a tri-level chain of zooplankton → benthic crustaceans → reef fish 
exhibited abundant particle presence in basal taxa but trophic magnification factors 
near 1.0, indicating negligible biomagnification [99]. British Columbia field surveys 
also showed the highest particle prevalence in small planktivores and filter feeders, 
with lower relative burdens in top predators, suggesting trophic dilution [100]. 
Modeled cetacean food webs indicate that while zooplankton and forage fish exhibit 
measurable particle loads, whales do not biomagnify plastics due to efficient 
digestive clearance [101].

Mechanistically, the scarcity of biomagnification reflects particle-scale 
constraints and physiological clearance. MPs above 100 μm remain gut-limited and 
are typically expelled within 24–96 hours. NPs and submicron MPs, however, can 
penetrate epithelia, localize in the liver, gonads, or neural tissue, and persist in 
lysosomal compartments, creating localized bioaccumulation that is often invisible 
to gut content surveys. Feeding ecology further mediates exposure: Sessile filter and 
deposit feeders experience chronic particle contact, while mobile predators 
encounter intermittent pulses. Unlike hydrophobic contaminants, MPs lack lipid 
affinity, precluding classical chemical magnification. Functional biomagnification 
may occur indirectly if NPs vector adsorbed PAHs or metals into tissue, enhancing 
sublethal stress without a numerical increase in particle counts.

6.3 Community shifts and functional declines

Chronic exposure to MNPs propagates beyond individuals to reshape aquatic 
community structure and ecosystem function. At the organismal level, these 
particles act as both physical stressors and biochemical disruptors. Zooplankton and 
larval fish experience caloric dilution as ingested MPs occupy gut volume without 
nutritional benefit, leading to growth suppression and reduced reproductive output. 
NPs exacerbate this by penetrating gut epithelia, where they induce mitochondrial 
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ROS production, lysosomal destabilization, and epithelial apoptosis. These cellular 
injuries manifest as diminished grazing efficiency, lower fecundity, and heightened 
predation risk.

In benthic systems, filter feeders and sediment bioturbators, such as mussels and 
polychaetes, internalize MPs and phagocytose NPs into hemocytes, triggering 
lysosomal membrane permeabilization, ATP depletion, and immune compromise. 
Functional consequences include reduced sediment reworking, burrowing activity, 
and biofiltration, leading to early community simplification characterized by 
keystone species decline and opportunist proliferation [102].

Primary productivity and nutrient cycling are also disrupted. MPs adhering to 
phytoplankton surfaces create shading effects, while NPs entering chloroplasts 
impair photosystem II electron transport and initiate ROS-mediated lipid 
peroxidation, suppressing carbon fixation. MPs rapidly acquire biofilms that 
sequester dissolved organic carbon toward heterotrophic bacteria, reducing 
autotrophic competitiveness and shifting microbial community structure. Mesocosm 
studies have linked these interactions to decreased primary productivity, altered 
nitrogen and phosphorus cycling, and early destabilization of aquatic stoichiometry 
[103, 104]. Energy bottlenecks at the base of the food web cascade upward, reducing 
prey quality and quantity for herbivores and predators.

Ecosystem-wide, these interactions converge to diminish functional 
performance. Predatory fish exhibit energy deficits as MP-laden prey deliver lower 
caloric value, while NP translocation to the liver, gonads, and neural tissue induces 
chronic metabolic and neuroendocrine stress. In benthic communities, impaired 
bioturbation slows sediment oxygenation and denitrification, and reduced bivalve 
filtration diminishes water clarity and organic matter turnover [105]. Freshwater 
biofilms exposed to PS-NPs demonstrate downregulated pigment gene expression, 
reduced extracellular enzyme activity, and fragmented microbial interaction 
networks, reflecting early loss of ecosystem multifunctionality. These organismal 
and community-level disruptions aggregate into biodiversity loss, trophic flattening, 
and ecosystem homogenization, leaving aquatic systems energy-inefficient and 
highly susceptible to secondary stressors such as eutrophication, hypoxia, and 
warming.

6.4 Cross-ecosystem transport (freshwater to marine)

The migration of MNPs from freshwater to marine environments constitutes 
a multistage process driven by hydrology, particle physicochemistry, sediment 
dynamics, and ecological vectors. Riverine inputs arise from urban stormwater, 
wastewater, agricultural runoff, and atmospheric deposition. Under low-flow 
conditions, plastics largely reside in sediments, floodplains, or lentic deposits, 
while high-flow events mobilize these reservoirs, transporting particle pulses 
toward estuaries [106]. Low-density polymers such as PE and PP remain 
buoyant, entrained in surface waters, whereas denser materials such as PET or 
biofouled MPs cycle between deposition and resuspension, creating pulsed 
export events.

Estuarine transition zones act as both particle reactors and retention basins. 
Salinity gradients, ionic bridging by Ca2+ and Mg2+, and interactions with clays and 
EPS promote heteroaggregation and flocculation, driving some particles into benthic 
muds while others persist as colloidal plumes [107]. Biofilm formation accelerates in 
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brackish conditions, altering particle density and surface reactivity, while tidal 
pumping and anthropogenic dredging episodically remobilize settled plastics for 
export to coastal seas [108].

During this cross-ecosystem transport, MNPs undergo aging and bioactivation 
that enhance ecological risk. UV-induced photooxidation generates carbonyl, 
hydroxyl, and carboxyl groups, increasing hydrophilicity and sorption potential. 
Mechanical abrasion creates angular fragments with high surface energy, and biofilm 
colonization forms eco-coronas that concentrate metals, PAHs, and POPs [109]. 
These transformations increase the probability of epithelial adhesion, mucosal 
uptake, and trophic transfer.

In the coastal ocean, dispersal is dictated by particle density, biofouling status, 
and regional hydrodynamics. Buoyant MNPs persist in river plumes and surface 
gyres for weeks to months before either offshore advection or density inversion via 
biofouling and mineral bridging. Sinking fractions accumulate in deltaic clinoforms 
and continental shelf sediments, forming benthic reservoirs that are episodically 
mobilized by storms or hypoxia. Flood-driven sediment cores from the Yangtze 
Estuary show sharp MP deposition spikes, linking catchment hydrology directly to 
coastal loading [110]. Global watershed models indicate that, although only 2–10% of 
terrestrial plastic inputs ultimately reach the sea, this fraction is sufficient to seed 
marine food webs continuously, creating persistent benthic and pelagic 
contamination reservoirs [111, 112].

Ecologically, this freshwater-to-marine flux embeds plastics into cross-ecosystem 
energy and nutrient networks. Migratory and estuarine-dependent species transport 
ingested particles and their sorbed contaminants across ecological boundaries, 
linking river basins to open ocean systems. Estuarine and coastal sediment 
deposition degrades benthic habitat quality, while persistent NP surface plumes 
interact with primary producers and microbial consortia, perturbing carbon fixation, 
nitrogen cycling, and trophic energy transfer. Over time, rivers function not merely 
as conduits but as dynamic reactors and amplifiers of plastic risk, bridging terrestrial 
sources with marine sinks and embedding synthetic particles into global 
biogeochemical cycles.

7. Hidden threats, emerging tools, and strategic roadmaps

7.1 The silent burden of hidden poison

MNPs impose a chronic, cryptic toxicological load on aquatic organisms that 
rarely manifests as immediate lethality but instead unfolds as a cascade of subcellular 
injuries with long-term ecological repercussions. MNPs cause oxidative stress and 
neurobehavioral changes in aquatic organisms, undermining reproduction and 
fitness, and eventually leading to population declines and ecosystem simplification 
[113–115]. These sublethal effects accumulate over generations, silently eroding 
community resilience and ecosystem structure.

The cryptic nature of this threat is compounded by the severe limitations of current 
detection methods. Standard environmental monitoring tools, such as μ-FTIR and 
Raman spectroscopy, fail to resolve particles below 10 μm, and even advanced 
methods are rarely deployed in field surveys [116, 117]. Rapid eco-corona formation 
camouflages NPs as organic particulates, contributing to false negatives in monitoring 
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and facilitating trophic uptake [118]. In natural ecosystems, the toxicological footprint 
of MNPs blends with background stressors such as turbidity, hypoxia, and nutrient 
enrichment, masking their role in long-term ecosystem degradation. Laboratory 
studies often highlight acute endpoints, but in the field, cumulative sublethal injuries 
silently erode reproductive success, behavioral integrity, and population resilience. 
MNPs thus function as a quintessential “hidden poison”: mechanistically active at 
subcellular scales, ecologically erosive across generations, and effectively invisible to 
the regulatory and monitoring frameworks that guide aquatic conservation, as the 
term was recently coined by our laboratory [8].

7.2 Integrative approaches and policy challenges for MNP risk management

Addressing the ecological risks posed by MNPs requires a shift from isolated case 
studies to predictive, integrated frameworks that connect molecular mechanisms, 
environmental fate, and ecosystem-level outcomes. Omics technologies now reveal 
that MNP exposure triggers wide-ranging transcriptional, proteomic, and 
metabolomic changes in aquatic organisms – such as upregulated oxidative stress 
genes [119], altered synaptic proteins, and disrupted energy metabolism [120, 121] – 
linking subcellular injury to reduced reproduction and population decline. Material 
science tools such as XPS, AFM, FTIR, and TEM have mapped the environmental 
evolution of MNPs, documenting how UV exposure, mechanical abrasion, and 
biofilm colonization enhance pollutant sorption and leachate toxicity [122, 123].

Predictive modeling, using quantitative structure–activity relationships and 
machine learning, now allows hazard forecasting based on particle traits and 
environmental context [124, 125]. Yet, despite these advances, most regulatory 
frameworks remain outdated, targeting only macroplastics, lacking standardized 
MNP definitions, and failing to integrate chronic, sublethal, or generational effects 
[126, 127]. A coordinated approach is needed: harmonizing definitions, developing 
particle-specific risk indices, and integrating multi-omics data, mesocosm trials, and 
in situ monitoring [121, 128].

Ultimately, global governance frameworks – such as the UN Plastics Treaty and 
the CBD – must adapt to integrate MNP risk, using AI-driven modeling and 
predictive tools for proactive regulation [129]. Only through the convergence of 
mechanistic science, advanced monitoring, and harmonized policy can we mitigate 
the silent, system-wide threat of MNPs to aquatic ecosystems.
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Chapter 4

Toxicity of Microplastics and 
Nanoplastics in Aquatic Systems 
in Interaction with Biological – 
Chemical Contaminants: 
Advances in Remediations
Kassim Chabi, Chengsong Ye, Mahmoud Gad, Neveen M. Rizk 
and Xin Yu

Abstract

Microplastics and nanoplastics (MPs/NPs) have recently been recognized as 
critical emerging pollutants with significant effects on aquatic ecosystems and 
human health. Their nanoscale to microscale dimensions, extensive surface area, 
and hydrophobic properties enable them to adsorb and concentrate various 
contaminants, including pathogenic microorganisms, heavy metals, antibiotics, 
and persistent organic pollutants. These contaminant–plastic interactions not only 
enhance the mobility and persistence of hazardous substances in aquatic 
environments but also intensify their ecological toxicity, facilitate 
bioaccumulation, and drive trophic transfer across food webs. Consequently, MPs/ 
NPs act as both pollutants and pollutant carriers, amplifying ecological 
disturbances and public health risks. This chapter provides a comprehensive 
overview of the toxicological impacts of MPs/NPs, their environmental dynamics, 
and the mechanistic pathways governing their interactions with co-occurring 
contaminants. Special attention is given to their role as vectors of pollutants and 
their impacts on aquatic biota and human systems. Recent advancements in 
removal technologies, ranging from conventional physical treatments to novel 
membrane and electrochemical methods, are critically discussed. The chapter also 
highlights current knowledge gaps, limitations in scalability, and the need for 
harmonized regulations. Ultimately, it calls for integrated strategies combining 
innovative science, sustainable engineering, and international policy frameworks 
to mitigate the escalating microplastic crisis.

Keywords: microplastics, nanoplastics, ecotoxicology, co-contaminants, 
environmental remediation
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1. Introduction

Microplastics (MPs, < 5 mm) and nanoplastics (NPs, < 1 μm) are now recognized 
as pervasive pollutants that permeate aquatic ecosystems, terrestrial soils, and even 
the atmosphere [1]. These particles come from the breakdown of larger plastic debris 
or are directly released through industrial processes and consumer products [2–4]. 
Their small size, high surface-to-volume ratio, and chemical persistence enable MPs/ 
NPs to act as carriers for diverse environmental contaminants, including pathogenic 
microorganisms, heavy metals, antibiotics, and persistent organic pollutants (POPs) 
[5, 6]. The resulting multipollutant complexes pose heightened ecological and 
toxicological risks. In aquatic systems, MPs/NPs readily adsorb hydrophobic organic 
contaminants such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated 
biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs), thereby modifying 
their environmental fate, extending their mobility, and altering bioavailability [7]. 
These combined pollutants can intensify toxic effects on aquatic organisms, disrupt 
trophic interactions, and accumulate along food webs, ultimately contributing to 
human exposure through dietary intake. Recent studies have begun to provide 
quantitative evidence of MPs/NPs ingestion, associated contaminant burdens, and 
their toxicological implications for human health [8].

Despite the indispensable role of plastics in modern society, ranging from medical 
equipment and food packaging to construction materials and electronics, their 
environmental persistence presents a growing sustainability challenge [9–11]. Most 
plastics are resistant to degradation and poorly recycled; only a minor fraction is 
recovered, while the majority accumulates in the environment and fragments into 
MPs/NPs over time. Although polymers such as polyethylene (PE), polypropylene 
(PP), polystyrene (PS), and PE terephthalate (PET) provide essential utility, their 
transformation into MPs/NPs poses significant ecological and health risks if 
unmanaged [12].

Understanding the mechanisms of toxicity associated with MPs/NPs, particularly 
when acting in concert with biological and chemical co-contaminants, is crucial for 
assessing their full impact. Interactions with microbial, antibiotic residues, heavy 
metals, and endocrine-disrupting compounds may amplify environmental stress and 
contribute to antimicrobial resistance, ecosystem imbalance, and human health 
risks. However, the synergistic or antagonistic effects of these interactions remain 
poorly characterized, particularly under environmentally relevant conditions.

This chapter aims to (1) explore the composition, environmental behavior, and 
toxicological mechanisms of MPs/NPs; (2) assess their interactions with 
co-contaminants such as pathogens, antibiotics, heavy metals, and POPs; and (3) 
evaluate current advances and limitations in remediation technologies. In doing so, it 
highlights the urgent need for interdisciplinary approaches that bridge 
environmental science, toxicology, microbiology, and engineering to mitigate the 
escalating risks posed by MPs/NPs pollution.

2. Environmental degradation of plastics into MPs/NPs and their fate

Plastics exhibit exceptional chemical stability and resistance to degradation, 
enabling their persistence in natural environments over extended timescales. Once 
released into aquatic or terrestrial systems, larger plastic debris gradually fragments 
into MPs and NPs through a combination of physical, chemical, and biological 
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processes. The rate and extent of this degradation are modulated by environmental 
conditions such as mechanical abrasion, ultraviolet (UV) radiation, temperature 
fluctuations, microbial activity, and interactions with natural organic matter or soil 
minerals [13, 14]. Photodegradation driven by solar UV exposure promotes polymer 
chain scission, resulting in surface cracking and progressive fragmentation. 
Microbial degradation, facilitated by bacterial and fungal enzymatic activity, further 
contributes to polymer breakdown, particularly in weathered or surface-aged 
plastics. Environmental aging also induces profound morphological and 
physicochemical changes, including increased surface roughness, porosity, and the 
formation of oxygen-containing functional groups. These transformations not only 
accelerate fragmentation but also enhance the sorption affinity and chemical 
reactivity of MPs and NPs, thereby amplifying their role as vectors for 
environmental contaminants. Aquatic systems act as major sinks and transport 
vectors for MPs/NPs. Once released into freshwater or marine environments, MPs/ 
NPs are subject to buoyancy-driven transport, biofouling-induced sedimentation, 
and redistribution by hydrodynamic forces. These processes influence their vertical 
and horizontal distribution, increasing their likelihood of being ingested by aquatic 
organisms. Bioaccumulation through trophic transfer has been documented across 
multiple taxa, including plankton, fish, and bivalves, ultimately linking 
environmental MPs/NPs exposure to human dietary intake [15]. Understanding the 
environmental transformation of plastics into MPs/NPs and their physicochemical 
evolution in natural systems is essential to assess their persistence, ecological impact, 
and risk to food safety and public health. The degradation mechanisms and 
environmental influencing factors of plastics are summarized in Table 1.

Degradation 
process

Mechanisms Key environmental 
influencers

Resulting changes References

Photodegradation UV radiation induces 
polymer chain scis
sion and oxidation

Solar exposure, wave
length intensity, 
temperature

Surface cracking, for
mation of smaller parti
cles, and introduction of 
oxygen-containing 
functional groups

[16, 17]

Mechanical 
degradation

Physical abrasion 
causes fragmentation

Wave action, sediment 
transport, turbidity, 
particle collisions

Surface area, size reduc
tion, and irregular 
morphology increased

[18, 19]

Chemical 
degradation

Oxidation, hydroly
sis, or acid–base 
reactions can alter 
the polymer 
structure

pH, salinity, redox 
potential, and pre
sence of oxidants or 
pollutants

Loss of polymer 
integrity, increased 
hydrophilicity, 
enhanced leaching of 
additives

[20, 21]

Biodegradation Microorganisms 
enzymatically cleave 
polymer chains

Microbial community 
composition, biofilm 
development, and 
nutrient availability

Polymer mineralization, 
formation of oligomers 
or CO2, and partial 
breakdown products

[22, 23]

Thermal 
degradation

Elevated tempera
tures promote mole
cular rearrangement 
or decomposition

Ambient temperature, 
climate region, and 
burning events

Accelerated fragmenta
tion, release of toxic 
byproducts

[21]

Table 1. 
Degradation mechanisms of plastics and key environmental influencers. 
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3. Composition and toxicity of plastics

3.1 Composition of plastics

Plastic materials are composed not only of base polymers such as PE, PP, PS, 
polyvinyl chloride (PVC), and PET, but also a complex suite of chemical additives 
that modify their mechanical, thermal, and optical properties [11, 13]. These 
additives, incorporated during polymer processing, include plasticizers, flame 
retardants, stabilizers, antioxidants, pigments, and surfactants, many of which are 
not chemically bound to the polymer matrix and are prone to leaching under 
environmental conditions [24]. Several of these compounds, such as bisphenol A, 
phthalates, and alkylphenols, are recognized for their toxicity, endocrine-disrupting 
potential, and ecological persistence. Furthermore, emerging forms of functionalized 
NPs, such as surface-modified PS–COOH or PS–NH2, exhibit altered reactivity 
that can enhance sorption affinity for toxicants and increase cellular uptake in both 
aquatic and mammalian systems [25]. The diversity in polymer types and additive 
compositions introduces considerable variability in the environmental behavior, 
sorption dynamics, and toxicological profiles of MPs/NPs. Therefore, characterizing 
the full chemical makeup of plastic debris is critical for risk assessment, especially 
when evaluating synergistic interactions with co-contaminants in aquatic 
environments. Toxic compounds in plastics are listed in Table 2.

Category Representative additives Known hazards

Plasticizers Diisooctyl phthalate, benzyl butyl phthalate, bis 
(2-ethylhexyl) phthalate, dibutyl phthalate, 
diheptyl adipate, diethyl phthalate, diisobutyl 
phthalate, tris(2-chloroethyl) phosphate

Endocrine disruption, reproductive toxicity, 
developmental toxicity

Flame 
retardants

Polybrominated diphenyl ethers (PBDEs), dec
abromodiphenylethane, tetrabromobisphenol 
A, tris(2-chloroethyl) phosphate, hexabromo
cyclohexane, boric acid

Persistent organic pollutants (POPs) are 
associated with neurotoxicity and 
carcinogenicity

Stabilizers 
and antioxi
dants

Bisphenol A, lead and cadmium compounds, 
nonylphenol, octylphenol, butylated hydroxy
toluene (BHT), Irganox 1010, Cyanox 2246, 
tris-nonylphenyl phosphate (TNPP), tris 
(2,4-di-tert-butylphenyl) phosphite

Endocrine disruption, liver toxicity, and 
bioaccumulation

Slip agents Erucamide, oleamide, fatty acid esters, zinc 
stearate, synthetic waxes

Environmental persistence, surface 
bioaccumulation

Curing 
agents

Diaminodiphenylmethane, dichloromethylene
dianiline, formaldehyde-aniline resins, hydra
zine, triazine epoxides (TGIC)

Respiratory sensitization, mutagenicity, sus
pected carcinogenicity

Pigments 
and biocides

Cobalt diacetate, cadmium, chromium (VI), 
lead, arsenic, organotin compounds, triclosan

Aquatic toxicity, genotoxicity, and endo
crine disruption

Hazard 
summary

– Carcinogenicity, endocrine disruption, 
aquatic toxicity, persistence in electronic and 
construction waste

Information reported and sources: Study by Hahladakis et al. [11].

Table 2. 
Representative chemical additives in plastics and associated hazards. 
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3.2 Mechanisms of toxicity transmission from plastics

MPs/NPs possess large surface-area-to-volume ratios and high hydrophobicity, 
characteristics that make them effective sorbents for a wide spectrum of 
environmental contaminants, including heavy metals, organic pollutants, and 
microbial pathogens. These properties enable MPs/NPs to act as environmental 
vectors, facilitating the transport and accumulation of hazardous substances across 
ecosystems. The co-occurrence of plastics with other pollutants often leads to altered 
environmental behavior, increased persistence, and enhanced bioavailability of the 
associated toxicants. Consequently, these interactions can intensify ecological risks 
by promoting the uptake of pollutants in aquatic organisms and contributing to 
bioaccumulation and trophic transfer. In particular, the synergistic toxicity of MPs/ 
NPs with adsorbed contaminants has been implicated in disrupting aquatic food 
webs, spreading antimicrobial resistance, and promoting the proliferation of 
pathogenic microorganisms in water bodies. These effects are not only 
environmentally consequential but also pose direct and indirect threats to public 
health. Experimental studies have further demonstrated that the toxicological impact 
of MPs/NPs is time-dependent, with cellular damage increasing with exposure 
duration. For instance, in vitro assays using human colon epithelial cells exposed to a 
fixed concentration of MPs revealed progressive cytotoxicity: 18.4% after 6 hours, 
24.9% after 24 hours, and 42.8% after 48 hours, indicating that prolonged exposure 
exacerbates cellular injury and stress responses [26]. Such observations demonstrate 
the complex and multifactorial nature of plastic-induced toxicity, which arises 
not only from the polymers themselves but also from their capacity to act as carriers 
of environmental contaminants.

4. Interaction between MPs/NPs and co-contaminants

4.1 Interaction of MPs/NPs with microorganisms

Interactions between MPs/NPs and microbial communities are increasingly 
recognized as ecologically significant, particularly in aquatic ecosystems. Studies 
have documented key interaction pathways, including microbial adhesion, biofilm 
formation, and the microbial degradation of plastic surfaces [27]. MPs/NPs can 
adsorb onto microbial cell membranes, thereby influencing microbial physiology, 
metabolic activity, and community structure. In plastic-contaminated waters, the 
accumulation of organic pollutants on MPs/NPs further exposes microorganisms to 
toxic compounds, disrupting the ecological balance by altering microbial diversity, 
composition, and functional profiles [28]. MPs/NPs also act as vectors for microbial 
dispersal, facilitating the transport of a wide range of pathogenic microorganisms, 
including bacteria such as Pseudomonas, Escherichia coli, Salmonella, and Vibrio 
cholerae; viruses including Rotavirus, Norovirus, Hepatitis A virus, and Adenovirus; 
fungi such as Aspergillus spp., Penicillium spp., and Cladosporium spp.; and protozoan 
pathogens including Giardia, Entamoeba histolytica, and Cryptosporidium spp 
[29–32]. These pathogens, when bound to MPs/NPs, may bypass environmental 
filters and water treatment barriers, posing potential risks of infection upon human 
exposure. The dynamic nature of microbial adsorption and desorption on plastic 
surfaces presents further challenges for drinking water treatment systems, 

Toxicity of Microplastics and Nanoplastics in Aquatic Systems in Interaction with Biological… 
DOI: http://dx.doi.org/10.5772/intechopen.1013428

5111



particularly during disinfection stages, where microbial persistence may be 
enhanced. MPs/NPs provide favorable microenvironments for microbial 
colonization, supporting biofilm development, microbial migration, and even 
horizontal gene transfer among bacteria. Such processes are particularly concerning 
for the dissemination of antibiotic resistance genes in aquatic environments [29].

Importantly, microorganisms are not only affected by MPs/NPs but also 
contribute actively to their transformation. Specific bacterial and fungal taxa have 
demonstrated the ability to utilize plastic polymers as carbon and energy sources, 
initiating the biodegradation of plastic particles. This process typically involves the 
enzymatic cleavage of polymer chains into oligomers or monomers, followed by 
assimilation and mineralization. Two key classes of enzymes are involved: 
extracellular depolymerases, which break down polymers into smaller absorbable 
units, and intracellular enzymes, which further metabolize the resulting fragments 
within the microbial cell [30]. Moreover, microbial metabolism can produce by- 
products that accelerate chemical deterioration of the plastic matrix, enhancing 
overall degradation rates. Several microbial species, including Pseudomonas spp., 
Rhodococcus spp., Actinomycetes, and fungal genera such as Penicillium and Aspergillus, 
have been identified as efficient degraders of synthetic polymers [31]. These 
organisms can form dense biofilms on plastic surfaces, reinforcing both their 
metabolic interactions and ecological significance in plastic-contaminated habitats.

4.2 Interaction between MPs/NPs and antibiotics

The co-occurrence of MPs/NPs with antibiotic residues in aquatic environments 
has emerged as a critical environmental and public health concern. Owing to their 
large specific surface area, hydrophobicity, and small pore sizes, MPs/NPs serve as 
effective adsorbents for various micropollutants, including antibiotics. These 
interactions facilitate the persistence, transport, and bioavailability of antibiotics in 
water bodies, with implications for the health of aquatic ecosystems and the 
proliferation of antimicrobial resistance [32]. Although the exact physicochemical 
mechanisms underlying antibiotic sorption onto plastic surfaces remain under 
investigation, several contributing factors have been identified. One is biofilm 
formation on MPs/NPs, which can significantly enhance antibiotic retention due to 
the complex matrix of extracellular polymeric substances and microbial biomass that 
trap antibiotic molecules [33]. Moreover, MPs/NPs undergo environmentally 
induced transformations, such as aging, photooxidation, and surface oxidation, 
which modify their surface chemistry, charge, and porosity. These changes can 
either enhance or diminish their sorption capacity, thereby altering pollutant 
transport dynamics and toxicity profiles across aquatic systems (see Figure 1).

Combined exposure to MPs/NPs and elevated concentrations of antibiotics or 
disinfectants can further complicate environmental risk scenarios. Such interactions 
may promote the formation of secondary transformation products, including 
reactive oxygen species or plastic–pollutant adducts, which can intensify 
toxicological outcomes [34, 35]. Experimental studies have shown that co-exposure 
often results in additive, antagonistic, or synergistic effects, depending on the 
pollutant type, concentration, and organismal sensitivity. These effects include 
heightened physiological stress, tissue inflammation, and disruption of gut and liver 
function in aquatic vertebrates and invertebrates. Importantly, such interactions 
may also affect human health through the food chain or waterborne exposure. 
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Supporting this concern, a study examining the interaction between polyamide 6 
(PA6) MPs and the antibiotic sulfamethoxazole (SMX) reported a maximum 
adsorption capacity of 0.089 mg SMX per gram of virgin or aged PA6. In reservoir 
water, desorption from virgin PA6 reached 0.15 mg/L, confirming the role of MPs as 
reservoirs and secondary sources of antibiotics in aquatic systems [36].

4.3 Interaction between MPs/NPs and heavy metals

The interactions between MPs/NPs and heavy metals are of increasing concern 
due to their potential to alter the environmental fate, mobility, and toxicity of 
metallic contaminants. Numerous studies have demonstrated that MPs/NPs can 
effectively adsorb heavy metal ions from aquatic environments, thereby enhancing 
their persistence, transport capacity, and bioavailability [37]. This adsorption 
behavior is largely driven by the physicochemical characteristics of plastic surfaces, 
including large surface area, surface charge, roughness, and the presence of 
functional groups (e.g., carbonyl, hydroxyl, or ester groups) that facilitate metal ion 
binding through electrostatic attraction or complexation. Empirical evidence 
confirms that several environmentally relevant heavy metals, including lead (Pb2+), 
nickel (Ni2+), copper (Cu2+), zinc (Zn2+), and cadmium (Cd2+), can be adsorbed 
onto both virgin and weathered plastic surfaces. For example, PET MPs have been 
shown to exhibit significant sorption capacity for Cu2+ and Zn2+ ions in aquatic 
systems, with aged PET often displaying greater affinity due to oxidative surface 
modification [38]. Advanced analytical techniques, such as scanning electron 
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX), 
have provided visual and elemental confirmation of metal ion attachment to plastic 
particles, offering compelling evidence for their role as carriers of metallic 
contaminants [39]. The biological and ecological implications of such interactions 
are increasingly evident. Once ingested by aquatic organisms, metal-contaminated 
MPs/NPs can induce substantial toxicological effects, including oxidative stress, 

Figure 1. 
Showing potential interactions between MPs/NPs and pollutants in the ecosystem. Own elaboration based on the 
study by Wang et al. [41]. (a) Adsorption of contaminants onto MPs/NPs. (b) Potential synergy between MPs/ 
NPs and co-pollutants, leading to the production of toxic compounds in the aquatic ecosystem.

Toxicity of Microplastics and Nanoplastics in Aquatic Systems in Interaction with Biological… 
DOI: http://dx.doi.org/10.5772/intechopen.1013428

7113



metabolic disruption, and impaired physiological function. A study involving the 
marine ciliate Euplotes vannus demonstrated that co-exposure to PS MPs and 
cadmium (Cd2+) led to severe outcomes, including elevated oxidative damage, 
reduced carbon biomass, DNA damage, protein oxidation, and inhibited growth and 
reproduction [40]. These findings highlight the synergistic toxicity that arises from 
plastic-metal complexes and underscore the need for integrated assessments of 
plastic pollution that account for co-contaminant dynamics in risk evaluation 
frameworks.

4.4 Interaction of MPs/NPs with POPs 

POPs are a group of toxic, long-lived, and bioaccumulative chemicals that include 
PAHs, PCBs, PBDEs, and dichlorodiphenyltrichloroethane (DDT). These 
compounds are frequently detected in association with MPs/NPs in various 
environmental matrices, particularly in aquatic ecosystems [41]. MPs/NPs can 
interact with POPs primarily through sorption and desorption processes, thereby 
influencing their environmental distribution, persistence, and ecological impact. The 
sorption of POPs onto plastic particles can be facilitated by the unique 
physicochemical properties of MPs/NPs, including a large specific surface area, 
hydrophobicity, the presence of surface functional groups, and electrostatic 
interactions. These attributes enhance the affinity of plastic surfaces for 
hydrophobic organic contaminants, allowing MPs/NPs to act as mobile reservoirs 
and vectors for POPs in aquatic environments. As these contaminated particles are 
transported across different habitats, they may release the adsorbed POPs under 
changing physicochemical conditions, such as variations in pH, salinity, or 
temperature.

The combined presence of MPs/NPs and POPs has been shown to result in 
complex toxicological interactions. These include additive, synergistic, or 
antagonistic effects, depending on several factors such as pollutant type, 
concentration, duration of exposure, and species-specific sensitivity [42]. 
Synergistic interactions, in particular, can amplify ecological risks by increasing 
pollutant bioavailability and enhancing toxicity toward aquatic organisms, as well as 
potentially humans [5]. For example, co-exposure may lead to elevated oxidative 
stress, immune dysfunction, or reproductive toxicity that surpasses the effects 
observed with either pollutant alone. These multi-pollutant interactions present 
substantial challenges for environmental risk assessment and regulatory 
management, as they complicate predictions of contaminant fate and toxicity. 
Comprehensive studies that integrate the behavior of plastic-associated pollutants, 
mixture toxicology, and real-world exposure scenarios are needed to inform 
environmental monitoring and policy development.

5. Human and ecological health concerns related to MPs/NPs exposure

The widespread production, usage, and environmental mismanagement of plastic 
materials have contributed to the pervasive presence of MPs/NPs across terrestrial, 
freshwater, and marine ecosystems (see Table 3). Their small size, persistence, 
and mobility allow these particles to infiltrate biological systems, where they may 
pose toxicological threats. Recent evidence has confirmed the presence of MPs/NPs 
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in several human biological matrices, including fecal samples, blood plasma, 
placental tissues, and lung parenchyma, demonstrating their capacity for systemic 
absorption, translocation, and bioaccumulation within the human body. These 
findings have heightened global scientific interest in evaluating the potential health 
consequences associated with MP/NP exposure, particularly regarding 
inflammation, oxidative stress, endocrine disruption, and cytotoxicity (see Table 4). 
Parallel concerns exist in ecological contexts, where MPs/NPs may disrupt microbial 
communities, impair reproductive and metabolic functions in aquatic organisms, 
and propagate through food webs via trophic transfer. Given their documented 
presence in environmental media, drinking water, and food products, assessing the 
health risks associated with MPs/NPs has become a critical component of 
environmental toxicology and public health surveillance.

5.1 Mechanisms and potential risks of human exposure to MPs/NPs

MPs/NPs have been increasingly identified as contaminants in multiple 
environmental media, including drinking water [59–62], food products, and 
airborne particulates [63], establishing ingestion, dietary intake, and inhalation as 
primary exposure routes to humans (see Figure 2.). Within aquatic ecosystems, 
MPs/NPs enter the food web through ingestion by zooplankton and other lower 
trophic organisms. These particles are then transferred to planktivorous and 
piscivorous species and can ultimately bioaccumulate in edible aquatic organisms, 
thereby reaching human consumers through seafood consumption [64]. Once 
ingested, MPs/NPs may cross epithelial barriers and translocate into systemic 
circulation, a process influenced by their size, surface charge, concentration, and 
physicochemical properties [65]. NPs, in particular, exhibit the capacity to penetrate 

Parameters Quantitative value Sample matrix/Exposure 
context

References

MPs 2,649–2,857 particles/L 
6,292 ± 10,521 particles/L

Mineral water brands [43]

MPs 0–103 particles/L Tap water [44]

MPs 0 to > 10,000 particles/L Surface water [45]

MPs 0–6.8 × 106 particles /km2 Surface water [46]

MPs (annually 
discharged)

115–164 × 1012 particles of artificial 
fibrous MPs

Surface water [47]

MPs/NPs 0–325 particles/L Seawater [48]

MPs 1–18,285 particles/L Wastewater [49]

MPs 3.67–4,180 MPs per individual Zooplankton [50]

MPs 0–106 MPs/mL Marine organisms [51]

MPs (daily intakes 0.068–0.19 MPs/(kg day) 
0.089–0.25 MPs/(kg day)

Adults 
Children

[52]

MPs (daily intakes) 0.274 and 0.600 MPs/(kg day) Adults and children [53]

Table 3. 
Summarizes environmental concentrations of MPs/NPs in various water sources (e.g., drinking water, seawater, 
wastewater) and human exposure levels, based on current literature. 
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Study/Endpoint Model Exposure (dose; 
duration)

Key toxicological 
outcome (effect size 
when available)

References

MPs/NPs in car
otid plaques and 
clinical prognosis

Humans 
(carotid 
endarterectomy 
cohort)

MNPs (mainly PE; some 
PVC) detected in excised 
plaques; median follow- 
up ≈ 34 months

Major adverse cardiovas
cular events (stroke/ 
death) risk = 4.53 for 
MPNP-positive versus 
MPNP-negative plaques

[54]

Systemic expo
sure – microplas
tics in human 
blood (initial 
report)

Humans (whole 
blood 
biomonitoring)

Polymer mass by Py–GC/ 
MS; 77% of donors > LOQ; 
mean total plastic ≈ 1.6  
µg/mL

Confirms systemic bioa
vailability of PET, PE, 
styrenics, PMMA

[55]

Bioaccumulation 
in human brain 
(post-mortem)

Humans 
(autopsy 
tissues)

Tissue MNP loads (Py– 
GC/MS) across organs

Brain 7–30 × higher MNP 
concentrations than liver/ 
kidney; PE predominant; 
upward trend 2016→2024

[56]

Hepatotoxicity in 
immune-compe
tent co-culture

In vitro (HepG2  
+ THP-1)

PMMA MPs (3–10 µm), 
up to 1 mg/mL, ≤ 72 h

Inflammation, oxidative 
stress, lipid-metabolism 
disruption; TEM confirms 
cellular uptake

[57]

Dose metrics and 
risk assessment 
guidance

Cross-model 
(review)

Emphasis on delivered 
dose; harmonized units 
(mass, number, surface 
area); particle 
characterization

Interpretation of dose– 
response depends on stan
dardized metrics

[58]

Abbreviations: Py–GC/MS: pyrolysis gas chromatography–mass spectrometry; PMMA: microplastic polymethyl metha
crylate); HepG2/THP-1: human liver co-culture model.

Table 4. 
Compiles toxicological dose–response data across different organisms, including humans, animals, and in vitro 
models, with emphasis on health endpoints such as hepatotoxicity, cardiovascular risks, and bioaccumulation. 

Figure 2. 
Mechanism of animals and humans’ exposure to MPs/NPs. Source: Study by Bakan et al. [8].
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cellular membranes and accumulate in vital organs, including the liver, kidneys, and 
intestines [66]. Depending on their size and surface chemistry, plastic particles may 
persist in the body for extended periods or be eliminated via bile excretion into the 
intestine, urinary filtration, or fecal routes [67]. Alarming evidence of MPs/NPs in 
the human placenta suggests their ability to cross critical biological barriers, raising 
concerns about potential fetal exposure and developmental toxicity [68].

Scientific studies have provided a growing body of data on the pathways and 
toxicological consequences of human exposure to MPs/NPs [8]. As these particles 
degrade or leach additive chemicals within the body, they may release toxic 
compounds that exacerbate health risks. Documented adverse effects include cellular 
damage, oxidative stress, inflammation, and increased risk of chronic diseases. 
Health complications linked to MPs/NPs exposure span multiple systems, including 
the reproductive, cardiovascular, digestive, and respiratory systems, and are 
associated with serious conditions such as infertility, heart disease, and impaired 
gastrointestinal function [69].

In addition, MPs/NPs are increasingly recognized as endocrine-disrupting 
chemicals (EDCs), with established links to obesity, diabetes, breast and prostate 
cancers, thyroid dysfunction, cardiovascular abnormalities, cognitive delays, and 
neurological disorders [70, 71]. Evidence also indicates that plastic particles can 
induce cytotoxicity, neurotoxicity, and disruptions in hepatic and hematological 
functions in women, along with menstrual irregularities, tissue damage, and chronic 
stress responses [72]. Further studies have demonstrated adverse effects on cellular 
metabolism, immune function, microbial homeostasis, and even organ development, 
supporting concerns over their long-term biotoxicity [73]. Such findings strongly 
reinforce the need for stringent environmental control of MPs/NPs and emphasize 
the importance of comprehensive toxicological evaluation to understand and 
mitigate their risks to human health.

5.2 Mechanism and potential risks of animal exposure to MPs/NPs

MPs/NPs can enter aquatic environments through multiple pathways, including 
runoff from land surfaces, atmospheric deposition, rainfall, and direct discharge 
from human activities. Once introduced into surface waters, their small size and 
relatively low density allow them to remain suspended or float, increasing their 
accessibility to aquatic biota. Initially buoyant, MPs/NPs often undergo biofouling, 
whereby microbial colonization increases their density and promotes sedimentation. 
As a result, plastic particles are present throughout the water column, making 
them bioavailable to a wide range of organisms (see Figure 3). Studies have shown 
that NPs accumulate primarily in the gastrointestinal tracts of zooplankton species 
such as Daphnia magna, Thamnocephalus platyurus, and Brachionus calyciflorus, with 
ingestion localized to the gut or stomach [74]. Beyond plankton, MPs/NPs have also 
been detected in various fish species, bivalves [75, 76], and other aquatic 
invertebrates [77], confirming their pervasive uptake across trophic levels. 
Experimental research has further demonstrated that these plastic particles can 
translocate from the gut to internal tissues in organisms such as fish, clams, and 
Daphnia, indicating systemic exposure and potential bioaccumulation [66]. 
Moreover, MPs/NPs have been found within animal cells, and toxicological studies in 
mammals (e.g., mice) have linked their presence to reduced blood flow, neurological 
impairments, and vascular obstruction [78].
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Ecotoxicological studies have revealed both acute and chronic effects of MPs/NPs 
on aquatic organisms. In zooplankton, exposure to environmentally relevant 
concentrations of NPs for 48 hours and MPs for up to 8 days resulted in up to a 50% 
reduction in reproductive capacity, suggesting severe sublethal impacts even at 
modest exposure levels [75]. In freshwater plankton species such as Scenedesmus 
obliquus, NPs have been shown to inhibit growth and increase mortality. Similarly, 
exposure to MPs/NPs has induced oxidative stress, root growth inhibition, and 
cytogenotoxic effects in plant models such as Allium cepa, underscoring their 
potential to affect aquatic ecosystems at multiple biological levels [73]. Together, 
these findings demonstrate that MPs/NPs are not only bioavailable to a wide range of 
aquatic organisms but can also cause functional impairments, reproductive failure, 
and physiological toxicity. The ecological consequences of MPs/NPs are likely to be 
exacerbated by their interactions with co-pollutants such as heavy metals, 
antibiotics, and POPs, as previously detailed [7].

Although most evidence for MP/NP toxicity comes from laboratory exposures, 
field data indicate that risks to wild aquatic organisms are often subtler and 
context-dependent [79, 80]. Weight-of-evidence assessments by SAPEA and the 
WHO conclude that, at current environmental concentrations, widespread 
population-level impacts have not been demonstrated, while also emphasizing 
major uncertainties and the need for long-term monitoring [79, 80]. Extrapolating 
laboratory effects to nature is complicated because many experiments use MP 
doses above field levels and differ in particle types and test conditions [81, 82]. 
Meta-analyses across fish and invertebrates report negative but generally small 
and variable effect sizes for growth, reproduction, and survival, suggesting 
sensitivity is taxon- and context-specific [83, 84]. In wild populations, MP/NP 
ingestion is common and trophic transfer occurs, even to marine mammals, but 
clear links to health or fitness are inconsistent; several seabird studies, for 
example, find weak or no correlations between gut MP loads and condition, 
whereas others document sublethal pathology such as plastic-associated gastric 

Figure 3. 
MPs/NPs with co-pollutants and their potential effects [64]. The figure illustrates the adsorption and desorption 
of pollutants, as well as the injection of MPs/NPs with co-pollutants by aquatic animals into water, highlighting 
possible impacts on animal and human health.
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fibrosis (“plasticosis”) in certain species [85–88]. Overall, current field evidence 
points to heterogeneous, often less obvious effects than those observed under 
controlled, higher-dose laboratory scenarios, underscoring the need for 
ecologically realistic exposure studies and standardized monitoring in natural 
systems [81].

6. Advances in MPs/NPs removal in water treatment, challenges, 
and remediation approaches 

The mitigation of MPs/NPs in aquatic systems has become a pressing concern for 
water treatment and environmental remediation. Effective removal strategies 
typically involve a combination of physical, chemical, and biological processes, each 
targeting different physicochemical properties of MPs/NPs. Among these, physical 
removal methods, especially those based on adsorption mechanisms, have emerged 
as the most widely applied and technically feasible in both drinking water and 
wastewater treatment systems.

The adsorption of contaminants onto MPs/NPs is governed by multiple 
intermolecular forces, including hydrophobic interactions, hydrogen bonding, 
electrostatic interactions, halogen bonding, π–π stacking, and negative charge- 
assisted hydrogen bonding [89]. These interactions enable MPs/NPs to act as 
sorbents for a variety of organic and inorganic pollutants, complicating their removal 
and increasing their environmental mobility. Moreover, several environmental 
factors, such as pH, ionic strength, aging, presence of dissolved organic matter, and 
mineral composition, significantly influence the adsorption capacity and behavior of 
MPs/NPs [90]. For instance, aged plastic particles may exhibit increased surface 
reactivity due to oxidation and surface roughening, enhancing their affinity for 
pollutant binding. As MPs/NPs are highly variable in size, density, and surface 
chemistry, their efficient removal requires integrated treatment approaches tailored 
to these properties. In subsequent sections, this chapter will explore conventional 
and advanced water treatment technologies, evaluate their effectiveness in removing 
MPs/NPs, and discuss emerging remediation strategies along with existing 
limitations and knowledge gaps.

6.1 Physical techniques

A range of conventional and advanced physical processes have been employed to 
remove MPs/NPs from water treatment systems (see Figure 4). These technologies 
primarily operate through adsorption, filtration, coagulation, and separation 
mechanisms, leveraging the physicochemical properties of MPs/NPs to facilitate 
their extraction from aqueous matrices. Adsorption-based methods, particularly 
those utilizing biochar and activated carbon, have shown considerable promise due 
to their high sorption capacity and cost-effectiveness. More recently, electrosorption 
employing activated carbon electrodes has gained attention as an emerging 
approach, offering high efficiency and potential compatibility with existing 
treatment infrastructures. Conventional coagulation–flocculation processes, often 
integrated with sedimentation or filtration, remain widely applied; in these systems, 
chemical coagulants promote the aggregation of MPs/NPs into larger flocs that can 
be effectively separated.
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In addition, advanced techniques such as membrane filtration, including 
ultrafiltration, nanofiltration, and reverse osmosis, as well as media-based methods 
like rapid sand filtration and biochar-assisted filtration, offer high removal 
efficiencies, particularly for nanoscale plastics that are otherwise difficult to 
eliminate. Magnetic-seeded filtration and metal–organic frameworks (MOFs) have 
also emerged as effective approaches, particularly in laboratory-scale applications. 
The overall removal efficiency of these physical methods depends on several factors, 
including particle size, surface chemistry, influent water quality, and operational 
parameters such as pore size and hydraulic loading. Laboratory studies have further 
demonstrated that the effectiveness of physical removal processes can be enhanced 
by designing materials with tailored surface properties that promote electrostatic 
attraction, hydrophobic interactions, π–π stacking, and hydrogen bonding [91]. 
Among physical methods, membrane and media filtration have shown particularly 
high performance, with removal efficiencies frequently exceeding 90%, making 
them suitable for full-scale applications [92]. Previous studies summarize the 
physical methods and efficiency of removal (see Tables 5, 6 and 7).

6.2 Environmental remediation approaches

The remediation of MPs/NPs from the environment remains a complex challenge 
due to their small size, widespread distribution, and frequent association with co- 
contaminants, including heavy metals, antibiotics, and pathogens. The physical and 

Figure 4. 
Current MPs/NPs and co-contaminants removal techniques, in the water treatment processes.
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chemical diversity of these particles complicates their identification, collection, and 
recycling at scale. Nonetheless, several strategic interventions have been proposed to 
mitigate MP/NP pollution and limit their release into natural ecosystems. A key 
preventive approach involves reducing plastic production, particularly of single-use 
and non-recyclable plastics, and promoting the adoption of biodegradable or 
compostable alternatives. On the treatment side, improving the efficiency of 
wastewater and stormwater treatment plants is essential to intercept MPs/NPs 
before effluents are discharged into surface waters. Upgrading conventional systems 
with advanced filtration, coagulation, or adsorption technologies can significantly 
enhance removal efficiency.

Captured MPs/NPs from wastewater can be sequestered in sludge during 
treatment. While sludge management presents its own environmental 

Physical treatment Average efficiency of MP removals (%)

Coagulation 61

Electrocoagulation >90

Membrane bioreactor 99.9

Rapid sand filtration (RSF) 97

Disc filter 40 – 98.5

Air flotation 95

Magnetic-seeded filtration 95

Adsorption by metal–organic frameworks 90

Biochar sand filter 95

Source: Study by Subair et al. [86].

Table 5. 
Physical methods with average efficiency of MP removals. 

Types of plastics Technologies Removal 
efficiencies

References

MPs Coagulation and flocculation using coagulant chemicals, 
sand, and activated carbon

95% [87]

NPs Coagulation/flocculation/sedimentation, sand/activated 
carbon filtration

83% [93]

NPs Biochar 99% [94]

MPs/NPs Membrane and media filtrations 99% [95]

MPs/NP Membrane filtration 91%–93% [96]

MPs/NPs Electrocoagulation process using different combinations of 
aluminium (Al) and stainless steel (SS) electrodes, includ
ing Al–Al, SS–SS, Al–SS, and SS–Al

94%–93.6% [97]

Polystyrene nano
plastics (PS/NPs)

Chromium-based metal–organic framework (Cr-MOF/ 
MIL-101).

96% [98]

Table 6. 
Studies using physical treatment methods to remove MPs/NPs in water. 
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considerations, emerging research suggests that with proper decontamination, MP/ 
NP-containing sludge can be transformed for agricultural applications, such as a 
component of organic fertilizers. However, this practice requires strict regulatory 
oversight to prevent soil contamination (see: https://www.eib.org/en/essays/plastic- 
pollution). In parallel, source control strategies, public awareness campaigns, and 
producer responsibility frameworks are critical to reducing plastic inputs into the 
environment. Ultimately, addressing MP/NP pollution requires a multifaceted 
remediation approach that integrates technological innovation, policy reform, and 
sustainable material design.

6.3 Challenges in MPs/NPs removal

The effective removal of MPs/NPs from water systems remains technically 
challenging, primarily due to their minute size, diverse composition, and 
heterogeneous distribution. Their small dimensions allow them to bypass many 
conventional treatment barriers, especially during the early stages of water and 
wastewater processing. While biological degradation and chemical oxidation are 
occasionally explored as treatment options, their efficacy is limited and highly 
context-dependent. These methods may either partially degrade plastic polymers 
into less harmful fragments or, under certain conditions, contribute to the formation 
of secondary pollutants, thus exacerbating water quality issues [86].

In comparison, membrane filtration (e.g., ultrafiltration, nanofiltration, reverse 
osmosis) and media filtration (e.g., sand, activated carbon, or biochar filters) offer 
higher removal efficiencies. However, their performance is constrained by 
operational limitations such as membrane fouling [103], and adsorbent pore 
saturation [89], which reduces long-term efficiency and increases maintenance 
demands. These processes can become inefficient over time without regular 
cleaning, regeneration, or replacement of materials. Emerging electrochemical 
techniques, including electrosorption, electrocoagulation, and electrodialysis, have 
shown promise in removing MPs/NPs by leveraging electric fields for charge-based 
separation and adsorption. However, these methods are often not sufficient as 
standalone treatments and may require integration with conventional filtration 
systems to achieve comprehensive removal. Overall, the complexity of MPs/NPs 
removal highlights the need for multi-barrier treatment strategies, material 
innovation, and system optimization tailored to plastic particle characteristics, water 
quality parameters, and treatment objectives.

6.4 Challenges in MPs/NPs study

Monitoring and studying MPs/NPs remain fraught with significant 
methodological and analytical challenges. A primary obstacle is the inherent 
heterogeneity of plastic particles, differences in polymer type, size, shape, surface 
chemistry, degree of environmental weathering, and toxicity can all influence 
particle behavior and interactions with co-contaminants. This variability 
complicates standardized sampling, quantification, and risk assessment efforts 
across environmental and biological systems. Several factors make MPs/NPs 
particularly difficult to study: (1) the variable degradation kinetics of different 
polymer types in natural environments, (2) the rate of fragmentation from 
macroplastics to MPs and NPs under environmental stressors, and (3) the duration 
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and variability of exposure for different organisms. These dynamics are further 
obscured by limitations in current sampling methodologies, which often lack the 
sensitivity to detect the smallest NPs, particularly in complex matrices such as 
wastewater, seawater, and biological tissues.

Standardized criteria for defining and measuring particle size, shape, polymer 
identity, and surface functionality are still lacking. As a result, comparability 
between studies remains limited. While several analytical techniques, such as liquid 
chromatography–mass spectrometry, gas chromatography–mass spectrometry, flow 
cytometry, Fourier-transform infrared spectroscopy (FTIR), and various 
microscopy-based methods, have been employed for MP/NP detection [68, 115, 116], 
each has limitations in terms of resolution, throughput, or matrix interference. 
Environmental conditions during sampling can also influence the accuracy of results. 
For instance, studies that do not apply correction models for wind or wave action 
may underestimate or overestimate MP/NP concentrations. In some cases, plastic 
concentrations have been reported to be 2.5 times higher under windy conditions, 
underscoring the influence of local dynamics on surface accumulation [117].

6.5 Recommendations and policymakers

As the ecological and health impacts of MPs/NPs become increasingly evident, 
investment in MP/NP-specific treatment technologies has become as critical as their 
detection and monitoring in aquatic environments. NPs, in particular, often escape 
both conventional and advanced treatment systems due to their small size, 
necessitating the development of highly efficient and targeted removal technologies 
for both drinking water and wastewater systems. Research should prioritize the 
development of selective membrane technologies with tailored binding sites capable 
of adsorbing MPs/NPs with high specificity. Recent studies have demonstrated the 
potential of membrane-integrated processes to enhance NP removal from water and 
wastewater streams [118]. Parallel laboratory efforts should focus on designing bio- 
inspired flocculants, derived from environmentally benign and cost-effective 
materials, that aggregate MPs/NPs into larger flocs suitable for sedimentation or 
filtration. Advanced oxidation techniques, such as electrochemical oxidation, also 
show promise for breaking down plastic particles into non-toxic end products 
through the generation of reactive species like hydroxyl radicals. Furthermore, the 
implementation of multi-barrier hybrid systems, which integrate physical, chemical, 
and biological treatment processes, offers a robust approach for both contaminant 
degradation and MP/NP removals [111].

To protect aquatic ecosystems, remediation strategies should also target the in situ 
cleanup of plastic aggregates, including MPs/NPs. Innovations such as autonomous 
robotic systems and sensor-integrated detection technologies could be deployed to 
monitor and remove plastics directly from water bodies, especially in pollution 
hotspots. From a policy and sustainability standpoint, urgent action is needed to 
promote the production and adoption of biodegradable plastics that minimize the 
release of toxic additives. Regulatory measures should aim to restrict or phase out 
hazardous chemical additives known to contribute to plastic toxicity. In parallel, 
there must be greater emphasis on plastic recycling infrastructure, particularly for 
industrial applications, to prevent mismanagement leading to environmental release 
or open burning, which contributes to both air pollution and soil contamination. 
Overall, addressing the MPs/NPs crisis demands coordinated action among 
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scientists, engineers, industry stakeholders, and policymakers, supported by 
international collaboration, public awareness, and evidence-based regulatory 
frameworks.

7. Conclusion

Extensive research efforts are currently focused on understanding the 
environmental behavior, health impacts, and remediation strategies related to MPs/ 
NPs. This chapter provides a comprehensive overview of the toxicological risks 
posed by MPs/NPs to both human health and aquatic ecosystems, with a particular 
emphasis on their interactions with co-contaminants, including heavy metals, 
antibiotics, and pathogenic microorganisms. These plastic particles are increasingly 
found in food, drinking water, and atmospheric samples, thereby representing 
multiple exposure pathways for humans and wildlife. While conventional and 
advanced drinking water and wastewater treatment technologies, such as membrane 
filtration and media filtration, can achieve removal efficiencies exceeding 90%, 
residual MPs/NPs often remain in treated effluent. Challenges such as membrane 
fouling, pore saturation, and high operational costs limit the widespread 
implementation and long-term effectiveness of these systems. Furthermore, the 
persistence of MPs/NPs in treatment facilities and aquatic environments may 
enhance the mobility and toxicity of co-existing pollutants, amplifying ecological 
and health risks. Addressing MP/NP pollution requires holistic solutions that 
combine technological innovation, sustainable material design, and policy 
interventions. Strengthening regulatory frameworks, promoting international 
cooperation, and enforcing producer responsibility are essential steps toward 
minimizing plastic pollution and its far-reaching impacts. Continued 
interdisciplinary research will be crucial for advancing detection methods, 
improving treatment efficacy, and safeguarding public and environmental health 
from the threats posed by MPs and NPs.
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Chapter 5

Perspective Chapter: 
Environmental Ethics and the 
Microplastic Crisis – 
A Philosophical Inquiry into 
Human Responsibility and Aquatic 
Justice
Egara Wilfred Oviemuno, Etaware Peter Mudiaga and  
Oviemuno Bridget Gwa

Abstract

This chapter examines the microplastic crisis through the dual lenses of 
environmental ethics and empirical science by emphasizing the intersections of 
human responsibility and aquatic justice. Microplastics, which are best described as 
plastic particles smaller than 5  mm, are now recognized as one of the most pervasive 
pollutants of the twenty-first century, with an estimated 15–51 trillion particles in 
global oceans and 8–10 million tonnes entering annually. Their persistence in aquatic 
systems leads to ingestion by over 100 marine species, reduced feeding efficiency in 
copepods by up to 40%, and measurable risks to human health via seafood 
consumption and tap water contamination. Through the hermeneutical method of 
enquiry and a critical analysis of anthropocentric, biocentric, ecocentric, and 
interspecies justice perspectives, this chapter interrogates humanity’s moral 
responsibility toward aquatic ecosystems. It proposes the concept of aquatic justice, 
extending environmental justice principles to non-human life and future 
generations, and grounding ethical obligations in intergenerational equity, intrinsic 
ecosystem value, and restorative responsibility. Hence, by linking scientific evidence 
with ethical reasoning, the chapter calls for coordinated interventions such as policy 
reform, corporate accountability, technological innovation, and cultural 
reorientation that prioritize ecological integrity and justice. Ultimately, this work 
contributes to ongoing discussions on sustainability by situating the microplastic 
crisis not only as an environmental issue but also as a profound ethical challenge 
requiring collective and transformative action.

Keywords: environmental ethics, microplastic crisis, human responsibility, aquatic 
justice, sustainability, anthropocentrism
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1. Introduction

Microplastics can be described as plastic particles that are smaller than 5  mm in 
diameter and are found in aquatic ecosystems, which represent one of the most 
pressing environmental challenges of the twenty-first century [1]. They emerge as 
a critical environmental pollutant in aquatic ecosystems, including oceans, rivers, 
and lakes [1]. These particles, originating from primary sources such as microbeads 
in cosmetics and secondary sources such as degraded plastic waste, are estimated to 
number between 15 and 51 trillion in global oceans [2]. Their persistence in marine 
and freshwater environments disrupts ecosystems by causing physical harm to 
organisms through ingestion and entanglement and by facilitating the transfer of 
toxic pollutants through food chains, posing risks to both biodiversity and human 
health [3, 4]. For instance, microplastics have been detected in over 100 marine 
species, with potential impacts on human health via seafood consumption [5]. 
Beyond ecological consequences, the microplastic crisis prompts ethical 
considerations regarding human responsibility and the moral obligations owed to 
aquatic environments [6]. This chapter, therefore, explores the crisis through the 
lens of environmental ethics, integrating frameworks such as anthropocentrism, 
biocentrism, and ecocentrism to propose a concept of aquatic justice that recognizes 
the intrinsic value of water-based ecosystems [7]. By combining empirical data with 
ethical theories, this work aims to articulate moral imperatives for mitigating 
microplastic pollution and fostering sustainable human-nature relationships, 
emphasizing environmental justice and intergenerational equity [8]. The discussion 
contributes to broader debates about humanity’s role in addressing environmental 
limits, advocating for practices that prioritize ecological integrity and responsibility.

2. The microplastic crisis: Scope and impact

Microplastics are defined as plastic particles smaller than 5  mm in diameter and 
are seen as a pervasive pollutant in aquatic ecosystems, encompassing both primary 
microplastics (e.g., microbeads in cosmetics and synthetic fibers from textiles) and 
secondary microplastics (e.g., fragments from degraded larger plastics) [1]. These 
particles are ubiquitous, detected in diverse environments from Arctic ice to deep- 
sea sediments, with global ocean estimates ranging from 15 to 51 trillion particles 
[2, 9]. Primary microplastics enter aquatic systems directly through wastewater from 
consumer products, such as cosmetics and laundry effluents, while secondary 
microplastics result from the breakdown of mismanaged plastic waste via photo- 
degradation, mechanical abrasion, or weathering [10]. Major pathways into marine 
and freshwater environments include urban runoff, wastewater treatment plant 
effluents, atmospheric deposition, and direct littering, with rivers acting as 
significant conduits, transporting over 1.15 to 2.41 million tonnes of plastic to oceans 
annually [11]. Comparative studies highlight regional variations: Lebreton et al. [11] 
estimate Asia contributes 67% of riverine plastic inputs, while Jambeck et al. [12] 
report North America’s contribution at 0.9–1.8% [11, 12].

Ecologically, microplastics’ persistence (100–1,000 years) enables ingestion by 
over 100 marine species, from zooplankton to cetaceans, causing physical harm 
(e.g., 40% reduced feeding efficiency in copepods) and chemical contamination via 
toxin bioaccumulation [13, 14]. For instance, Wright et al. [14] found that 
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microplastics increase mortality in copepods by 30%, while Gall and Thompson [15] 
reported up to 20% mortality in fish at high concentrations [14, 15]. Human health 
risks include inflammation and endocrine disruption, with microplastics detected in 
90% of seafood and 83% of global tap water samples [16]. The crisis’s scale, with 
8–10 million tonnes of plastic entering oceans annually, underscores the need for 
systemic solutions [12]. The global scale of the crisis, coupled with its long-term 
environmental and health implications, underscores the need for improved waste 
management, regulatory measures, and interdisciplinary solutions to mitigate 
microplastic pollution [9].

More so, advances in microplastic research have enhanced detection accuracy. 
Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy identify 
polymer types down to 1  µm with 95% accuracy, which surpasses visual sorting 
methods that underestimate particles below 500  µm [17]. Automated sampling, too, 
such as continuous-flow centrifugation, captures 80–90% of microplastics in water 
columns compared to 50–60% for traditional manta nets [18]. Comparative analysis 
also reveals methodological trade-offs: For example, Hidalgo-Ruz et al. [19] noted 
that spectroscopic methods are precise but costly, while, on the other hand, net 
sampling is scalable but less accurate for smaller particles [19]. Standardized 
protocols, as proposed by GESAMP (2021), are critical for data comparability [20]. 
Hence, while scientific advancements improve monitoring, the microplastic crisis 
demands ethical and systemic interventions, as explored in subsequent sections.

Table 1 identifies the primary human-related sources of microplastics and 
describes how they enter the environment, especially aquatic systems. The table 
highlights how everyday products and industrial activities serve as critical sources of 
microplastic pollution, thereby emphasizing the need for better waste management 
and regulatory controls.

3. Environmental ethics: Frameworks for understanding responsibility

Environmental ethics, therefore, provides three philosophical foundations for 
analyzing the microplastic crisis. These three primary ethical frameworks, which 
include anthropocentrism, biocentrism, and ecocentrism, offer distinct perspectives 
on human responsibility toward aquatic ecosystems. Below, we will look at them to 
understand the concepts and their roles in the aquatic space.

3.1 Anthropocentrism

Anthropocentrism prioritizes human interests, viewing nature as a resource for 
human use. From this perspective, the microplastic crisis is seen as problematic 
primarily because it threatens human health, food security, and economic interests, 
such as fisheries and tourism, as opined by Beaumont et al. [25]. Anthropocentric 
ethics might justify actions that mitigate microplastics based on self-interest, such as 
reducing health risks or preserving ecosystem services. However, this framework 
risks overlooking the intrinsic value of non-human life and ecosystems, which limits 
the scope of moral consideration to human welfare.
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3.2 Biocentrism

Biocentrism extends moral obligation and consideration to all living things or 
organisms, recognizing their inherent value regardless of their utility to humans 
[26]. In the context of microplastics, biocentrism emphasizes the harm inflicted on 
marine species, from zooplankton to cetaceans, which suffer physical and 
physiological damage from plastic ingestion [15]. This biocentric perspective 
demands that humans take responsibility for reducing microplastic pollution to 
protect the well-being of individual organisms. This perspective challenges the 
anthropocentric focus on human-centric outcomes. This will be seen in Figure 1
chart below.

3.3 Ecocentrism

Different from the other two perspectives, Ecocentrism takes a holistic view, 
valuing entire ecosystems (comprising both humans and micro-organisms) and their 
interdependent relationships [27]. From an ecocentric perspective, the microplastic 
crisis disrupts the integrity and stability of aquatic ecosystems, compromising 
biodiversity and ecological processes. This perspective calls for systemic changes to 
address the root causes of microplastic pollution, such as the overproduction of 

Source Description Entry pathway Reference

Synthetic textiles 
(primary)

Synthetic fibers are released during 
washing.

Wastewater from laundry 
effluents.

[10]

Personal care pro
ducts (primary)

Microbeads in toothpaste, scrubs, and 
cosmetics.

Household wastewater often 
bypasses treatment.

[1]

Plastic waste frag
mentation 
(secondary)

Degraded plastic bags, bottles, and 
containers, through weathering or 
abrasion.

Land-based runoff, river 
transport, and direct dumping.

[11]

Industrial spillage Resin pellets from plastic 
manufacturing.

Industrial discharge into 
waterways.

[21]

Vehicle tires and 
paints (secondary)

Abrasion of synthetic rubber tires and 
weathering of paints.

Urban runoff and road drai
nage into rivers and coastal 
waters.

[22]

Maritime activities Paint flakes, cargo loss, and plastic 
debris from shipping or oil/gas 
operations.

Direct release into marine 
environments.

[20]

Fishing activities Lost or abandoned fishing gear  
(e.g., nets, lines) fragments into 
microplastics.

Direct input from recreational 
and industrial fishing.

[23]

Aquaculture Plastic equipment (e.g., cages, ropes) 
degrading into microplastics.

Direct release into coastal or 
freshwater systems.

[5]

Tourism/recreation Single-use plastics (e.g., straws, cups) 
resulting from coastal tourism 
activities.

Littering and runoff into  
marine/coastal waters.

[24]

Table 1. 
Major sources of microplastics and their environmental entry points. 
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plastics and inadequate waste management systems. Ecocentrism aligns with the 
concept of aquatic justice, which is explored later in this chapter.

From the foregoing, it is deduced that one must look at all dimensions and 
possibilities before taking decisions that have to do with the environment in a bid to 
protect it, that is, both land and aquatic ecosystems for justice's sake. Thus, these 
ethical frameworks are necessary as they point toward that which must be prioritized 
for the sake of justice, as shown in Figure 1.

4. Human responsibility and the microplastic crisis

The microplastic crisis is a direct consequence of human actions, resulting from 
industrial production and consumer behavior. Philosophically, this raises questions 
about moral responsibility and accountability. Immanuel Kant’s categorical 
imperative, which urges individuals to act according to principles that could be 
universalized [28], suggests that the unchecked production and disposal of plastics 
violate ethical duties to avoid harm at all levels. Similarly, Hans Jonas’ principle of 
responsibility emphasizes the obligation to protect future generations and the 
environment in light of humanity’s technological power [29]. The pervasive nature 
of microplastics, which transcend national boundaries and persist across 
generations, underscores the need for collective and forward-looking responsibility.

More so, the concept of “slow violence,” according to Nixon, is particularly 
relevant [30]. Microplastic pollution represents a form of incremental, often 
invisible harm that accumulates over time, disproportionately affecting vulnerable 
ecosystems and communities. This temporal and spatial disconnect between cause 
and effect complicates the attribution of responsibility, yet it reinforces the ethical 
imperative to act pre-emptively to prevent further harm to living organisms and 
their environments.
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ingestion
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systemic changes in
plastic production and

disposal

Sales
Sales

Figure 1. 
Ethical frameworks in environmental decision-making. 
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5. Aquatic justice: A new ethical paradigm

To address the microplastic crisis comprehensively, this chapter proposes the 
concept of aquatic justice, which extends environmental justice principles to aquatic 
ecosystems. Environmental justice traditionally focuses on the equitable distribution 
of environmental benefits and burdens among human populations [31]. Aquatic 
justice expands this framework to include non-human entities, recognizing water- 
based ecosystems as moral subjects deserving of protection and respect as well.

Aquatic justice is grounded in three major principles, which include:

5.1 Intrinsic value of aquatic ecosystems

Water bodies, from rivers and seas to oceans, are not merely resources but 
dynamic systems with inherent worth. This aligns with ecocentric ethics and 
acknowledges the interdependence of aquatic life [27].

5.2 Intergenerational equity

The persistence of microplastics imposes burdens on future generations, which 
comprise both human and non-human life. Aquatic justice demands policies that 
prioritize long-term ecological health over short-term economic gains [32].

5.3 Restorative responsibility

Humans must actively and deliberately remediate the harm caused by 
microplastics through clean-up efforts, innovation in biodegradable materials, and 
systemic changes in production and consumption. [33].

Aquatic justice, therefore, challenges the anthropocentric bias in environmental 
policy and calls for a paradigm shift that prioritizes the health of aquatic ecosystems 
as a moral imperative for the promotion of aquatic life. Key dimensions of 
environmental decision-making are outlined in Table 2.

It is important to state here that, although microplastic pollution is a global issue, 
its impacts are distributed unevenly across populations. The framework of 
environmental justice emphasizes not only the equitable distribution of 
environmental benefits and burdens but also the inclusion of historically 
marginalized voices in environmental governance. Recognizing the disproportionate 
vulnerability of certain groups, such as indigenous communities, developing nations, 

Principle Ethical basis Application example Reference

Intrinsic value Ecocentrism Recognizing coral reefs as valuable beyond 
tourism.

[27]

Intergenerational 
equity

Environmental 
ethics

Regulating microplastic waste to protect future 
species.

[32]

Restorative 
responsibility

Kantian/ 
Utilitarian

Mandating plastic producers to fund clean-up 
efforts.

[33]

Table 2. 
Principles of aquatic justice and their applications. 
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and low-income coastal populations, is critical to a more inclusive ethical response to 
microplastic contamination.

Indigenous communities, for example, are disproportionately affected by 
microplastic pollution due to their close dependence on aquatic ecosystems for 
cultural, nutritional, and spiritual practices. The contamination of rivers and coastal 
waters with microplastics threatens traditional food systems, erodes cultural 
practices, and exacerbates ecological degradation in indigenous territories. These 
communities often lack formal political representation in environmental decision- 
making processes, which further compounds their exposure to environmental harm 
and structural marginalization [34, 35].

In developing countries, the situation is aggravated by weak regulatory systems, 
inadequate waste management infrastructure, and the outsourcing of plastic waste 
from developed countries. Many of these nations, particularly in Asia and Africa, 
serve as dumping sites for global plastic waste, increasing their exposure to 
microplastic pollution and widening existing inequalities [36, 37]. The absence of 
recycling infrastructure and poor industrial oversight further intensifies local 
contamination.

Furthermore, low-income urban communities, especially those in coastal areas, 
face greater health risks from microplastics due to reliance on contaminated seafood 
and unfiltered water sources. Exposure to microplastic-related chemicals has been 
linked to endocrine disruption, inflammation, and oxidative stress, which may be 
more severe among populations with limited access to healthcare and environmental 
protections [38, 39].

6. Practical implications and ethical action

Mitigating the microplastic crisis, no doubt, requires integrating ethical 
principles with evidence-based solutions. Global plastic production exceeds 
400 million tonnes annually, with 8–10 million tonnes entering oceans yearly, which 
necessitates urgent action [12]. Addressing the microplastic crisis, therefore, 
requires integrating ethical principles into practical solutions, not just drafting 
theoretical policies that are not pragmatic. For example, policy measures, such as the 
EU’s 2021 single-use plastic ban (reducing plastic bag use by 50%), show progress, 
but global coordination remains limited [39]. A comparative policy analysis also 
reveals disparities; for instance, Xanthos and Walker [39] reported a 70% reduction 
in cosmetic microplastics post-Canada’s microbead ban, while weaker enforcement 
in Southeast Asia yielded minimal impact [39]. Moreover, technological innovations, 
like nanofiltration systems that removed 99% of microplastics from wastewater, 
proved promising but require scaling [40]. Ethical action involves corporate 
accountability (e.g., biodegradable packaging mandates reducing plastic waste by 
30% in pilot studies) and consumer responsibility [12]. Public awareness campaigns, 
addressing 80% unawareness of microplastic sources, can drive behavioral change, 
with surveys showing a 60% increase in recycling post-education [41].

Philosophically, virtue ethics offers a complementary approach, emphasizing the 
cultivation of environmental virtues such as humility, prudence, and care [35]. It is 
believed that by fostering these virtues, individuals and societies can shift toward 
sustainable practices that mitigate the microplastic crisis.
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Therefore, to address the escalating microplastic crisis, we propose that policy 
actors, educators, and non-governmental organizations (NGOs) must ground their 
interventions in ethical reasoning as well as empirical data. Doing so can strengthen 
both the ecological and social dimensions of sustainability. The following 
recommendations put forward outline practical steps that balance environmental 
integrity with social justice.

6.1 Strengthen regulation of plastics and waste systems

Governments should restrict single-use plastics and improve waste management 
infrastructure, while also ensuring that the benefits and burdens of such measures 
are fairly distributed. Evidence from the European Union’s 2021 plastic restrictions, 
which cut plastic bag use by half, demonstrates the effectiveness of such policies 
[39]. Equally important is the equitable enforcement of regulations in low- and 
middle-income countries, where the importation of plastic waste compounds 
existing environmental pressures [36].

6.2 Adopt aquatic justice as a policy principle

Policymakers should explicitly recognize aquatic justice as an approach that 
values the inherent worth of aquatic ecosystems while promoting fairness for 
communities dependent on them. This perspective is consistent with ecocentric 
ethics, which protects marine biodiversity while also addressing the unequal effects 
of pollution on vulnerable populations [7, 27].

6.3 Integrate environmental ethics into education

Schools and civic education initiatives should include modules or curricula on 
environmental ethics and intersectionality to make clear the links between everyday 
consumption and ecological harm. For instance, plastic pollution is estimated to kill 
1.5 million marine animals each year [15]. Teaching methods that emphasize 
biocentric and ecocentric perspectives can help cultivate a sense of moral 
responsibility for aquatic life.

6.4 Promote intergenerational sustainability learning

Public education should encourage reflection on the long-term consequences of 
plastic pollution, which can persist in aquatic environments for centuries. By 
framing sustainability as an intergenerational obligation, such initiatives can help 
foster attitudes of stewardship across different age groups [13, 32].

6.5 Design community-specific outreach programs

Awareness campaigns are most effective when they draw on local contexts. For 
example, in some coastal waters, concentrations range from 10 to 100 microplastic 
particles per liter – a fact that can help communities recognize the immediacy of the 
threat [42]. Programs rooted in local realities can also equip communities with 
strategies for reducing plastic use and demanding policy change.
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6.6 Elevate marginalized perspectives

Communities that are most at risk of microplastic exposure, such as indigenous 
groups and those reliant on local fisheries, should be at the center of decision- 
making. Their exposure is often 30% higher than average due to dependence on 
contaminated resources [34]. Incorporating indigenous knowledge and ensuring 
active representation in governance can enrich both the fairness and the 
effectiveness of policies [34].

6.7 Work with grassroots and coastal organizations

Collaborating with fishing groups and local associations can generate practical 
solutions, such as alternative fishing gear materials or recycling programs for nets. 
Since discarded nets account for up to one-fifth of marine plastic debris, such efforts 
can make a measurable difference [23].

6.8 Advance biocentric and ecocentric policy reform

Moving from an anthropocentric mind-set toward biocentric and ecocentric 
frameworks is essential for long-term solutions. This includes support for 
biodegradable alternatives, which, in pilot studies, have cut plastic waste by almost 
a third [12]. In prioritizing ecological health over short-term economic benefits, such 
policies also serve the broader aim of justice for human and non-human life alike.

Taken together, these recommendations highlight the importance of combining 
ethical commitments with scientific knowledge. Coordinated action across 
education, policy, and community spheres is obviously needed to confront the 
microplastic crisis and to secure a future in which both human communities and 
aquatic ecosystems can flourish.

Table 3 below, therefore, outlines a multilevel approach to addressing 
microplastic pollution, showing how different actors, such as governments, 
industries, communities, scientists, and philosophers, can contribute to solutions for 
microplastic pollution. The table illustrates that solving microplastic pollution 
requires coordinated efforts across sectors, combining laws, technology, education, 
industry reforms, and ethical consciousness.

7. Conclusion

From the foregoing, it is seen that the microplastic crisis is not merely an 
environmental issue but a profound ethical challenge that demands a re-evaluation 
of human responsibility toward aquatic ecosystems. It is opined that by applying 
philosophical frameworks such as anthropocentrism, biocentrism, and ecocentrism, 
we can gain a nuanced understanding of the moral dimensions of this crisis. The 
concept of aquatic justice provides a novel framework for addressing the intrinsic 
value of water-based ecosystems, intergenerational equity, and restorative 
responsibility. Hence, as humanity therefore continues to grapple with the 
consequences of its actions, environmental ethics offers a guiding light, a pathway 
for fostering a just and sustainable eco-friendly relationship with the aquatic world. 
Through collective action, therefore, informed by philosophical inquiry, we can 
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mitigate the microplastic crisis and uphold our moral obligations to the planet and its 
inhabitants for a more sustainable life.
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Strategy Level of 
action

Example Quantitative 
impact

Reference

Policy intervention Government Ban on single-use plastics. 50% reduction in 
plastic bag use 
(EU, 2021).

[39]

Corporate account
ability/corporate 
social responsibility

Industry Biodegradable packaging man
dates should be upheld and 
encouraged.

30% reduction in 
plastic waste 
(pilot studies).

[12]

Public awareness 
and education

Community/ 
society

Campaigns about microplastic 
impacts are mandatory to be car
ried out.

60% increase in 
recycling rates 
post-campaign.

[41]

Technological 
innovation

Science/ 
engineering

Development of filtration systems 
in laundry becomes a sine-qua- 
non.

99% microplastic 
removal 
efficiency.

[40]

Ethical reorientation Philosophical/ 
cultural

Promotion of eco-virtues, like 
prudence and care, is necessary 
for the safety of ecosystems.

20% shift to sus
tainable beha
viors (surveys).

[43]

Table 3. 
Strategies for mitigating microplastic pollution. 
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Edited by Monique Mancuso and Bilal Mghili
This book, Microplastics and Nanoplastics in Aquatic Environments, provides a 

comprehensive and multidisciplinary overview of the growing threat posed by 
microplastics and nanoplastics in aquatic ecosystems, a global issue attracting 

increasing attention from the scientific community, regulatory authorities, and the 
general public. The ubiquitous presence of these particles and their effects, both 

ecological and on the health of organisms, are complex and often underestimated. The 
volume explores the ecotoxicological impacts of micro- and nanoplastics, showing how 

they can interfere with the fundamental biological processes of aquatic organisms. It 
also examines interactions between these particles and other chemical or biological 

contaminants, which can amplify overall toxicity and pose a significant threat to 
biodiversity and ecosystem stability. The book’s interdisciplinary approach integrates 
biological, chemical, and ethical perspectives, offering reflection on the human role 

in the plastic crisis, collective responsibility towards aquatic ecosystems, and the 
production and consumption choices that have led to the current situation. It provides 

conceptual tools and up-to-date scientific insights useful for researchers, students, and 
professionals in environmental science and public health, supporting the development 
of effective mitigation and management strategies. By combining ecology, toxicology, 

chemistry, environmental policy, and ethics, the book serves as a valuable resource 
for understanding the complexity of microplastics and nanoplastics and for promoting 

innovative, sustainable solutions.

J. Kevin Summers, Environmental Sciences Series Editor
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