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Abstract

The Omnipresence of micro and nano plastics is associated with several risks to ecology and toxicity to humans. Nanoplastics 
are directly released into the environment or secondarily derived from plastic disintegration in atmospheric as well as aquatic 
environments. Nanoplastics are widely detected in environmental samples and the food chain, leading to the plastisphere - a 
human-made ecosystem consisting of organisms that can live on plastic waste. The potentially biotoxicity effects have recently 
been explored through the food chain. We explore biotoxicity due to plastisphere and its potential impact on human health via 
potential sources of nanoplastics and exposure routes to illustrate hazard identification of nanoplastics, cell internalization, 
and effects on intracellular target organelles. We review strategic approaches to mitigate or minimize the levels of micro- and 
nanoplastics in our surroundings to ensure environmental safety and improve human health and quality of life. In addition, 
challenges on the study of nanoplastics and future research areas are presented.
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Introduction

Plastics have become indispensable in modern society, 
with applications ranging from packaging and textiles to 
medicine and electronics. However, their extensive use and 
improper disposal have led to widespread environmental 
contamination, giving rise to microplastics (MPs) and 
nanoplastics (NPs)—minute plastic fragments measuring 
less than 5 mm and 1 µm, respectively. These particles 
originate from the degradation of larger plastic debris from 
primary plastics sources, manufactured for specific industrial 
or household applications, viz., facial cleansers, toothpaste, 
cosmetics, and drug carriers, to name a few. Secondary 
microplastics are derived from larger plastics that are broken 
down into smaller fragments by complex environmental 
conditions such as wave action, ultraviolet radiation, and 
physical wear and tear. From several available polymers, 
polystyrene (PS), polyethylene (PE), and polypropylene 
(PP) are the most commonly found microplastics in the 
environment. Due to their small size, light weight, and 
persistence, MPs and NPs have infiltrated virtually every 
ecosystem, including marine and freshwater environments, 
soil, air, and even food and drinking water [1-4]

Global plastic production has experienced a dramatic 
increase over the past decades, rising from approximately 2 
million metric tons in 1950 to over 450 million metric tons 

in recent years. This surge has resulted in a corresponding 
escalation in plastic waste generation, which reached 353 
million metric tons in 2019. The management of this waste 
varies significantly, with approximately 50% of global plastic 
waste being directed to landfills, around 19% undergoing 
incineration processes, and only about 9% being successfully 
recycled or upcycled. The remaining ~22% is generally 
mismanaged, often ending up in uncontrolled dumpsites, 
being openly burned, or leaking into terrestrial and aquatic 
environments [4,5].

One of the most intriguing yet concerning aspects of these 
particles is their ability to serve as substrates for microbial 
colonization in aquatic environments, forming what is 
known as the plastisphere. This dynamic microbial ecosystem 
consists of bacteria, fungi, and other microorganisms that 
can alter the chemical properties of plastics, influencing 
their degradation and potential ecotoxicity. Certain microbes 
within the plastisphere may also harbor pathogenic traits or 
facilitate the bioaccumulation of harmful contaminants such 
as heavy metals, persistent organic pollutants (POPs), and 
endocrine-disrupting chemicals (EDCs). These MNPs tend 
to accumulate toward the water surface, as shown in Figure 
1(l), and are more likely to contaminate the municipal water 
intake and are introduced in the food supply chain, shown 
conceptually in Figure 1(r) [1].

Figure 1(l): Accumulation of MNPs at the Water-Air Boundary. [1] (r): Potential Pathways for MNPs to Contaminate the Food-
Supply Chain.

The implications of micro- and nanoplastic (MNPs) 
exposure on biological systems are profound and have been 
the subject of several recent studies suggesting that ingestion, 
inhalation, and dermal absorption of these particles can 
lead to oxidative stress, inflammation, cytotoxicity, and even 
genotoxic effects in organisms. In marine life, MPs and NPs 
have been linked to developmental and reproductive toxicity, 
while in humans, their presence has been detected in blood, 

lung tissues, and even the placenta, raising concerns about 
long-term health effects. Chronic exposure could potentially 
contribute to metabolic disorders, immune system disorder, 
and increased susceptibility to neurodegenerative diseases 
and cancer.

The authors posit that plastic pollution is yet another 
grand challenge of the 21st century. The contamination data 
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mentioned above underscores the urgent need for improved 
waste management strategies and the development of 
sustainable alternatives to mitigate the environmental impact 
of plastic pollution. The subject needs further attention by 
the scientific community to be listed as one of the substacks 
of 17 sustainable development goals (SDG) established by 
the United Nations as part of the 2030 agenda for sustainable 
development or introduced as the 18th SDG to create a more 
sustainable, equitable, and prosperous world by 2030. Hence, 
this chapter focuses on the urgent aspects, viz., an overview 
of biotoxicity due to micro and nanoplastics in the aquatic 
environment and mitigation strategies required to curb plastic 
pollution and reduce human and environmental exposure. 
The review first presents MNPs exposure pathways and toxic 
potential due to bioaccumulation within the human body, 
followed by exploring cutting-edge approaches, including 
advancements in wastewater treatment, biodegradable 
alternatives, microplastic filtration technologies, and policy-
driven interventions aimed at limiting plastic production 
and waste. By addressing the challenges posed by micro- and 
nanoplastics, we can pave the way for a more sustainable 
future while safeguarding ecosystem integrity and human 
health.

Plastisphere, Exposure Pathways of MNPs, 
and Bioaccumulation

Plastisphere Dynamics

The Plastisphere refers to a complex and dynamic 
microbial community that colonizes plastic surfaces in 
aquatic and terrestrial environments. This unique biofilm, 
comprising bacteria, fungi, and algae, can influence the 

fate and transport of micro- and nanoplastics (MNPs) 
while facilitating the adsorption and transformation of 
environmental pollutants. The Plastisphere also serves 
as a vector for pathogenic microorganisms and invasive 
species, raising concerns about ecosystem and human 
health risks. Originating from various primary sources 
(engineered plastics) and secondary sources (fragmentation 
of larger plastics), the MNPs enter the environment through 
various pathways, such as: (a). Atmospheric Transport and 
Deposition, e.g., Airborne MNPs settle onto terrestrial and 
aquatic ecosystems. One of the major contributors of MNPs 
is from tires and brakes in vehicles worldwide, as they 
become airborne through mechanical abrasion and thermal 
degradation during vehicle operation. These particles—
ranging from micrometers down to the nanoscale—are 
suspended in the atmosphere via turbulent airflow around 
moving vehicles and resuspension from road surfaces. 
Their aerodynamic properties, including low density and 
small size, enable prolonged atmospheric residence; (b). 
Aquatic Systems, e.g., Wastewater discharge, surface runoff, 
and direct plastic waste leading to MNP contamination in 
freshwater and marine environments. Primary sources of 
MNPs in aquatic environments are personal care products 
(PCPs), single-use plastic bottles, synthetic textiles, nurdels, 
packaging, and fishing gear left due to negligence; (c). 
Food Chain Contamination, e.g., MNPs infiltrate trophic 
levels through bioaccumulation in marine and terrestrial 
organisms; and Dermal and Inhalation Exposure, e.g., 
Humans and wildlife may inhale airborne MNPs or absorb 
them through dermal contact with contaminated water and 
surfaces. Figure 2, shows size dependence of MNPs, exposure 
routes, and toxicokinetic pathways.

Figure 2: Size Dependence, Exposure Routes, and Toxicokinetic Pathways of MNPs [1].

Exposure Routes and Size Dependence

The potential impact of MPs on human health is a 
growing concern, although ongoing studies are still in their 

early stages. The size of MNPs plays an important role in 
determining their exposure routes, transport mechanisms, 
and biological interactions in both aquatic environments 
and organisms. These tiny plastic particles, less than 5 mm 
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in size, can enter the human body through a variety of routes, 
including inhalation, ingestion (through the food chain), and 
dermal pathways. As many authors noted, after entering 
the body, MPs can affect various organs and systems. The 
smaller the particle size, the duration of exposure enhances 
internalization of these particles into the human body 
[6]. These include the digestive, respiratory, circulatory, 
reproductive, and immune systems, liver, and kidneys, as 

shown in Figure 3․ Depending upon size, these particles 
can enter through various entry routes, such as 250 µm 
and above entering via dermal exposure, while smaller size 
particles enter via inhalation routes, as shown in Figure 2 [1], 
and particles of size of ~100 µm or below can enter veins, 
and around 20 µm can enter organs. Smaller sizes of <100 
nm can translocate to the blood-brain barrier and have been 
observed in the placenta [7].

Figure 3: The Impact of MPs on the Human Body.

Bioaccumulation: Mechanisms and Impacts

Bioaccumulation of MNPs occurs when organisms ingest 
and retain MNPs over time, leading to potential trophic 
transfer through the food web. The relationship between 
MNPs and marine organisms, particularly eukaryotic 
microbes, is quite complex and reciprocal by nature. 
MNPs can disrupt marine food webs, affect prey-predator 
dynamics, and alter the structure and function of microbial 
communities [8]. The risks associated with MNPs in aquatic 
ecosystems can be direct, viz. MNPs are ingested by organisms 
and accumulate in their tissues, or indirect, viz. MNPs release 
toxic micropollutants into the environment [9]. There are 
intricate pathways through which MNPs infiltrate marine 
environments, creating adverse impacts on biodiversity 
and food webs with possible risks to human health through 

the food chain. MNPs exert significant impacts on living 
organisms through both physical and chemical mechanisms. 
Physically, marine animals can become entangled in larger 
plastic debris or ingest smaller particles, leading to blockages 
in their digestive systems, reduced feeding efficiency, and 
physical harm [10,11]. This ingestion of plastic can cause 
various health issues and even death in marine organisms 
[12].

Chemically, MPs can leach and adsorb harmful substances 
from the surrounding environment. These include persistent 
organic pollutants (POPs) such as polychlorinated biphenyls 
(PCBs), polycyclic aromatic hydrocarbons (PAHs), and heavy 
metals, which are known for their carcinogenic, teratogenic, 
and mutagenic properties [13]. When ingested, these toxic 
chemicals can bioaccumulate in the tissues of marine 
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organisms, potentially affecting their health and reproductive 
success [14,15]. MPs from the aquatic environment can 
enter the human body through the food chain, representing 
a potential pathway for human exposure. As MPs pollute 
water bodies, they are ingested by aquatic organisms at the 
base of the food chain, such as plankton and small fish. As 
larger predators consume these contaminated organisms, 
MPs accumulate and bio-magnify, leading to increased 
concentrations in species higher up the food chain, including 
fish commonly consumed by humans [16].

Studies have shown the presence of MNPs in various 
seafood, such as shellfish, crustaceans, and fish, highlighting 
the potential for human exposure through the consumption 
of contaminated seafood [17]. In addition, MNPs have 
been found in drinking water, salt, and other foodstuffs, 
further expanding human exposure pathways. In general, 
the presence of MNPs in the aquatic environment and their 
accumulation in the food chain raises concerns about possible 
effects on human health. Continuous studies are needed to 
better understand the exposure pathways, bioavailability, 
and potential health effects associated with MP ingestion. 
MNPs can be absorbed into tissues via translocation across 
biological membranes, facilitated by their small size and 
physicochemical properties. Once internalized, they can 
accumulate in key organs such as the liver, intestines, and 
brain, affecting physiological functions.

As MNPs are ingested, most of them pass through the 
digestive tract and are excreted from the body. In vitro studies 
have examined the translocation of nanoparticles, showing 
that 50 nm nanoparticles exhibit a higher translocation rate 
(up to 7.8%) compared to 100 nm nanoparticles (0.8%) [18]. 
In the intestines, MNPs can cause damage, inflammatory 
diseases, disruption of microbiota, and absorption of toxic 
substances. In vivo and in vitro studies have shown that after 
exposure, bioavailable particles that enter the bloodstream 
can move to secondary organs, where they can accumulate to 
levels that may lead to adverse consequences at the cellular 
level [19]. Studies show that chronic liver diseases may 
occur due to the accumulation of MNPs in the liver. In vitro 
studies of the effects of polystyrene (PS-MP) on HepG2 cells 
demonstrate that they lead to a decrease in the expression 
of the genes for glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), which is involved in glycolysis, as well as CAT and 
SOD2, thereby reducing the potential of antioxidant enzymes 
in detoxifying ROS [20,21]. The results demonstrated that 
PS-MPs, even at small quantities, cause hepatotoxicity and 
lipotoxicity through enhanced apoptotic with decreased cell 
viability, and by modifying molecular markers, viz., increased 
AST, ALT, and LDH activity in supernatants, reduced GST, 
GSH, and SOD activity in liver organoids, and increased 
MDA levels, indicating oxidative stress. PS-MPs induced 
lipid accumulation decreased ATP production, increased 

ROS production, and the release of inflammatory markers 
IL-6 and COL1A1. PS-MPs also increase the expression of 
HNF4A and CYP2E1 in the liver, raising the risk of steatosis 
and liver fibrosis [22-24], and may cause damage to nuclear 
and mitochondrial DNA, triggering activation of the STING 
pathway, which leads to liver fibrosis [25].

MNPs have shown an increased macrophage activation 
in the gut compared to MPs. [26] Studies have shown that 
NPs cause lysosomal damage, triggering the reprogramming 
of macrophages to produce IL-1. Notably, IL-1 signaling 
from the gut impacted brain immunity, leading to microglial 
activation and Th17 differentiation, which was associated 
with cognitive impairment in mice [26]. Mice exposed to NPs 
via nasal inhalation exhibited altered behavior and neurotoxic 
effects, as evidenced by decreased acetylcholinesterase 
(AChE) activity. It underscores the complex relationship 
between the gut and the brain, as well as the need to address 
MNP pollution globally. MNPs induce dysfunction in nerve 
cells, leading to either an increase or decrease in levels 
of appropriate biomarkers. In laboratory studies, it was 
shown that neurons exhibit reduced energy metabolism, 
mitochondrial function, and proteostasis.

MNPs migrate through the bloodstream to the 
cardiovascular system [25,26]. Translocation of MNPs 
to the heart can lead to impaired circulation and heart 
function – such as reduced heart rate, disruptive heart 
rate variability, inflammation, and direct or indirect 
oxidative damage, leading to apoptosis and pyroptosis of 
cardiomyocytes, including heart fibrosis through activation 
of the Wnt/β-catenin pathway, by increasing levels of 
creatine kinase-MB and cardiac troponin [27,28]. MNPs 
can also induce microvascular toxicity through hemolysis, 
thrombosis, blood clotting, and endothelial cell damage 
[29,30]. By crossing the blood-brain barrier (BBB), MNPs 
accumulate in the nervous system, altering the secretion of 
neuroinflammatory cytokines and chemokines, as well as the 
levels of neurotransmitters [31]. This can lead to excessive 
accumulation of acetylcholine, causing neurological 
disorders [30,31]. When exposed to MPs, immune cells cause 
strong modulation at the transcriptional level of enzymes for 
cytokine release [32] showing high toxicity and autophagic 
cell death through the Akt/mTOR and AMPK pathways 
[33]. However, depending on the exposure time, size, and 
concentration of MNPs, they may lead to a stronger immune 
response through the increased expression of TLR4, AP-
1, and IRF5 [34] in innate immunity. Components found in 
MPs, such as bisphenol A and phthalates, are considered 
EDC compounds that can potentially interfere with normal 
endocrine function and affect hormonal balance as agonists 
or antagonists, causing neuroendocrine effects at critical 
stages of development. In a related study, in an in-vivo 
study, a single dose of BPA (10 µg/kg) led to a rapid increase 
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in plasma insulin levels and consequently, a decrease in 
blood glucose, which may increase the risk of developing 
type 2 diabetes, lower testosterone levels, cause testicular 
inflammation, and disrupt the blood-testis barrier [35].

Biotoxicity on MNPS: Toxicokinetics and 
Toxicology

•	 Toxicokinetics: Numerous studies on MNPs toxicology 
focus on toxicokinetics—absorption, distribution, and 
excretion—as well as the biochemical and molecular 
mechanisms underlying their toxicity. These studies 
examine how MNPs’ physicochemical properties, such 
as size, shape, and core material, influence toxicity and 
interact with other compounds. Humans experience 
chronic exposure to low concentrations of MNPs through 
ingestion, inhalation, and dermal contact, with the 
highest risk associated with consuming seafood and other 
environmental sources [36-38]. Intracellular uptake 
of MNPs occurs through size-dependent mechanisms. 
MNPs smaller than 700 nm enter cells via receptor-
mediated endocytosis [39], whereas larger particles are 
internalized through phagocytosis [40]. More recent 
studies have further elucidated these pathways: particles 
of ~50 nm is absorbed through clathrin- and caveolin-
mediated means and using micropinocytosis, while 
~500 nm MNPs enter primarily via macropinocytosis. 
MNPs of ~5 µm or larger, in particular, exhibit limited 
uptake due to their size and weak Brownian motion [41].

The toxicokinetics of MNPs are influenced by their entry 
pathway into the body. Due to their minute size, MNPs can 
penetrate the skin, lungs, and gastrointestinal tract [42-
44]. The presence of MNPs has been observed in the human 
colon, placental tissues, blood, and lungs [45,46]. Research 
indicates that smaller MNPs exhibit higher absorption rates 
[47]. Furthermore, in aquatic studies, fish tend to absorb 
PET fibers ~ 700 µm within two hours [48], and young 
mummichogs and red sea bream can absorb PE particles 
~ 850 µm [49]. Beyond direct exposure, trophic transfer 
represents an indirect route of MNP uptake [50,51]. MNPs 
can infiltrate the lymphatic system (<150 µm), portal vein 
(110 µm), and internal organs (20 µm). Once internalized, 
submicron-sized MNPs can cross biological barriers, including 
the blood-brain barrier (BBB) and placental barrier (with 
~7% permeability), potentially inducing toxicity [52,53]. 
MNPs that breach the BBB can trigger neuro-inflammation, 
disrupt cytokine and chemokine secretion, and impair 
neurotransmitter function, raising concerns about central 
nervous system (CNS) dysfunction. Neurotoxicity is often 
assessed through acetylcholinesterase activity [37].

MNP accumulation has been observed in various organs. 
Studies have suggested that the high presence of polystyrene 

MPs (PS-MPs) in aquatic environments can damage liver 
and pancreatic tissues, causing significant increase is ROS 
levels.PS-MPs activate Toll-like receptor 2 (TLR2) signaling 
pathway and decrease the activity of antioxidant enzymes, 
such as catalase (CAT), glutathione peroxidase (GSH-Px), 
juvenile Larimichthys crocea [54], Brachionus koreanus 
(monogonont rotifer) [55], with superoxide dismutase 
(SOD), and total antioxidant capacity (T-AOC), whereas 
excessive accumulation of ROS leads to oxidative stress [56]. 
In C57BL/6 mice, orally administered MNPs (0.5-5 µm) 
accumulate in the liver, spleen, kidneys, heart, and lungs, 
based on their size [57]. MNPs measuring ~35.5 µm have 
been identified in hepatocytes following dietary exposure, 
while ~293 nm particles have been found to cross the 
BBB and accumulate in the brain within a matter of hours 
[52]. Once inside biological systems, MNPs interact with 
macromolecules such as proteins and lipids, forming soft and 
hard coronas. These interactions alter MNP physicochemical 
properties, potentially increasing toxicity and enhancing 
cellular uptake [58,59]. MNP removal depends on the particle 
size. Human stool samples revealed MNPs ranging from 1 µm 
to 5 mm. In Wistar rats, 94% of MNPs (sizes ~108 µm, 1160 
µm, and <0.1 µm) were excreted in feces within seven days, 
with half-lives of 19.9, 23.7, and 36.9 hours, respectively 
[60]. In fish, 95% of MNPs were excreted in ~ 25 hours 
[49]. Knowing their pervasiveness, MNPs pose significant 
health risks through direct absorption, bioaccumulation, and 
neurotoxicity, meriting further research on their long-term 
impacts and mitigation strategies.

•	 Toxicology: The potential mechanisms of MNPs 
toxicity include physical interactions with cells, 
chemical toxicity due to their composition, and their 
role as carriers of environmental pollutants [38,61-63]. 
Studies suggest MNPs induce toxicity across biological 
systems, affecting macromolecules (viz., DNA damage, 
altered gene expression, and protein transcription), 
cellular organelles (viz., cytotoxicity, oxidative stress, 
apoptosis, and metabolic disruption), tissues (viz., 
osteolysis, inflammation, and fibrosis), and organs 
(viz., carcinogenesis, altered metabolism, and energy 
redistribution) [34,46,64-67]. MNP exposure is also 
linked to reduced fertility and population decline 
in animals and humans. Nonetheless, research on 
mammalian toxicity remains limited, often relying on 
cell-based models.

It should be noted that MNP internalization is size-
dependent, such that particles <5 nm can bypass biological 
barriers, while larger ones interact with cell surface 
receptors and are internalized via endocytosis. Experimental 
models show MNPs generate ROS, such as superoxide 
anions, hydroxyl radicals, and hydrogen peroxide. MNPs act 
as electron donors, generating superoxide radicals [68,69]. 
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Interaction with metals like iron and copper triggers the 
Fenton and Haber-Weiss reactions, leading to further ROS 
production [70]. Extracellular ROS formation is influenced 
by MNP weathering, driven by photo-oxidation and UV 
radiation, since weathered plastics exhibit increased 
crosslinking reactions, generating polymeric peroxyl and 
alkyl radicals that further elevate intracellular ROS [71-73]. 
Reactive nitrogen species (RNS) formation in MNP-exposed 
cells is not well understood but may be linked to nitrogen-
containing plastics, such as polyamide. Photoaging of these 
materials induces NO-containing radicals, potentially 
promoting RNS generation Zhu et al. [29]. In vitro studies 
show that various cell types—including immune, kidney, 
lung, and colon cells—generate ROS in response to MNP 
exposure, with smaller particles and higher concentrations 
intensifying oxidative stress (Das, 2023). ROS disrupt cellular 
membranes, impair organelles, damage genetic material, and 
initiate apoptosis, increasing risks for neurodegenerative 
and cardiovascular diseases [74-76].

A couple of studies examined the direct effects of MNPs 
in lung epithelial cells. In a bronchial epithelial cell line, 
exposure to PS-MPs led to a decrease in the expression of 
the α1-antitrypsin protein, which is a well-established risk 
factor for the -(COPD) [77]. In lung, liver, stomach, and bone 
marrow stem cells, oxidative stress alters metabolism and 
proliferation [20,25,78]. Mitochondrial dysfunction is a 
crucial factor, with MNPs inducing membrane depolarization 
and modifying mega-channels like mitochondrial 
permeability transition pores (MPTP) and voltage-
dependent anion channels (VDAC). ROS-driven modifications 
of adenine nucleotide translocator (ANT) and interactions 
with pro-apoptotic proteins generally promote Cytochrome 
c (cyt c) release, activating the caspase-3 apoptosis 
pathway [79,80]. Mitochondrial ROS further increase lipid 
peroxidation products like malondialdehyde (MDA) and 
4-hydroxy-2-nonenal, damaging mitochondrial DNA and 
critical enzymes. Elevated mitochondrial DNA oxidation is 
linked to Alzheimer’s disease, with ROS enhancing amyloid 
production and worsening neuronal dysfunction [81]. MNP-
induced oxidative stress disrupts electron transport chain 
subunits, reducing ATP production and leading to cellular 
energy collapse [82].

MNPs also provoke immune responses. Exposure 
increases pro-inflammatory cytokines and histamine levels in 
human cell lines [83-86]. In vivo studies show MNP-exposed 
rodents exhibit heightened cytokine levels, immunoglobulin 
A (IgA), and neutrophil counts [34,87]. Polystyrene particles 
(202–535 nm) upregulate IL-8 in human lung cells, while 
nanoparticles (20–44 nm) enhance IL-6 and IL-8 expression, 
contributing to inflammation in cancer [88,89]. Polyethylene 
particles from prosthetic implants induce liver inflammation 
and bone resorption, increasing IL-6, IL-1β, and TNF 

secretion in murine macrophages [90]. Microplastics have 
been detected in human lungs and respiratory secretions, 
correlating with smoking and tracheal procedures [45,91]. 
Inhaled MNPs impair alveolar structures, disrupt airway 
barriers, and induce lung epithelial cell apoptosis, enhancing 
pro-inflammatory cytokine release. MNPs also worsen 
allergen-induced airway inflammation, upregulating 
MALT1 in asthmatic mice and further aggravating allergic 
responses [92,93]. Reproductive toxicity studies reveal 
MNP-induced reductions in sperm count and motility and 
morphological alterations in rodents, as well as changes in 
ovarian structures in ICR mice [89-92]. MNPs accumulate in 
lysosomes, leading to pH disruptions, membrane damage, 
and activation of transcription factors like EB, enhancing 
autophagy and potential cell death [94-96]. Corona-coated 
MNPs degrade within lysosomes, exacerbating cellular 
damage [97]. While substantial evidence links MNPs to 
organ dysfunction, further clinical and animal studies are 
required to establish definitive health risks. Notably, inhaled 
MNPs may translocate to other organs via the bloodstream, 
emphasizing the need to consider cross-exposure routes in 
toxicity assessments.

•	 Mitigation Strategies: Technical and Waste 
Management: In industrial enterprises, developing 
a closed-loop system to regulate environmental MNP 
pollution is crucial. Since the early 2000s, research 
on MNP pollution has gained significant attention, 
particularly regarding its impact on oceans and seas. 
This growing concern necessitates urgent action to 
identify effective solution pathways. A comprehensive 
understanding of not only the sources and transport 
mechanisms of MPs in aquatic environments but also 
viable mitigation strategies are essential [98]. While 
developed countries typically manage landfill waste by 
covering it with soil or synthetic materials or enclosing 
it with fences to prevent wind-driven plastic dispersion, 
waste disposal in developing and transitional economies 
often lacks proper management. In many cases, waste is 
directly dumped into the environment without adequate 
containment measures [98]. 

Addressing this issue requires a systematic and sustainable 
approach, as illustrated in Figure 4. The figure categorizes 
solutions into two main domains: technical and waste 
management. The technical domain encompasses four 
primary MP removal methods: physical, chemical, biological, 
and combined approaches, each with specific techniques 
tailored to different pollution contexts. On the management 
side, one category focuses on policy recommendations, while 
the other emphasizes intergovernmental coordination to 
develop a robust policy framework. A holistic integration 
of these approaches is essential for effective MNP pollution 
control and environmental sustainability.
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Figure 4: Categorization of Techniques for MNPs Mitigation.

•	 MNPS Mitigation Using Technological Platforms: 
Emerging strategies for mitigating MNP waste incorporate 
advanced technologies aimed at enhancing detection, 
filtration, and degradation. High-efficiency membrane 
filtration techniques, such as nanofiltration and reverse 
osmosis, effectively remove MNPs from wastewater 
effluents. Additionally, electrocoagulation and magnetic 
separation leverage charge-based interactions and 
magnetically responsive materials to isolate MNPs 
from aquatic environments, demonstrating promising 
scalability. Nanophotocatalysis has gained attention as a 
cutting-edge method for degrading MNPs into non-toxic, 
eco-friendly byproducts using light-activated catalysts. 
Upcycling has also emerged as an innovative solution, 
converting microplastic waste into high-value products 
rather than merely recycling it. Unlike conventional 
recycling, which often degrades material quality, 
upcycling repurposes microplastic-containing waste 
into durable materials, thereby extending its lifecycle 
and reducing environmental impact. Furthermore, 
bioengineered enzymatic degradation systems utilize 
specialized enzymes, such as PETase and MHETase, 
to catalyze the breakdown of synthetic polymers into 
biodegradable components. Chemical remediation 
approaches, including advanced oxidation processes 

(AOPs), employ highly reactive species—such as ozone, 
hydroxyl radicals, and photocatalytic nanoparticles—
to degrade MNPs at the molecular level. Plasma-based 
degradation techniques, particularly non-thermal 
plasma reactors, present another promising solution 
by fragmenting plastic pollutants through ionized 
gas interactions. These innovative strategies not only 
enhance MNP removal but also prioritize environmental 
safety and energy efficiency. This section provides an 
overview of scalable mitigation techniques, specifically 
focusing on filtration, photocatalytic degradation, and 
bioengineered enzymatic systems for large-scale MNP 
reduction.

Physical methods are widely employed for the 
extraction and removal of microplastics (MPs) from 
various environmental matrices. Among these, filtration is 
one of the most effective and commonly used techniques. 
Filtration involves passing water through different types of 
filters, including membrane filters, mesh filters, activated 
carbon filters, sand filters, ultrafiltration, and nanofiltration 
membranes. This method is generally considered cost-
effective and efficient but has limitations. Fine and 
nanoscale MPs (NPs) may evade capture by certain filters, 
necessitating additional filtration systems, which increases 
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operational costs. Furthermore, prolonged use of filters 
leads to clogging, requiring periodic replacement to maintain 
efficiency. Filtration is most effective when integrated with 
complementary MP removal techniques [99]. Additionally, 
in many developing and transitional economies, financial 
constraints hinder the large-scale implementation of MP 
filtration systems. Another widely used physical method is 
sedimentation, which relies on the natural settling of MPs to 
the bottom of water bodies or, in controlled environments, 
to the bottom of laboratory containers. To enhance 
sedimentation efficiency, coagulants and flocculants are 
often introduced. Coagulants such as aluminum sulfate 
(alum), ferric chloride, and polyaluminum chloride promote 
the aggregation of fine, insoluble particles, forming larger 
clusters [100]. Flocculants, typically high-molecular-
weight polymers, further facilitate particle aggregation, 
increasing their size and weight to accelerate settling or 
subsequent filtration [101]. Electrocoagulation is another 
effective method, achieving removal efficiencies exceeding 
80% as per some studies. This process involves passing 
an electric current through water, inducing coagulation 
of suspended MPs, which can then be separated. However, 
electrocoagulation has limitations, including high energy 
consumption and the generation of sludge, which requires 
proper disposal [102]. Membrane filtration technologies 
represent a highly advanced and efficient physical method for 
MP removal. Ultrafiltration and nanofiltration membranes are 
particularly effective in wastewater treatment applications 
[103]. Electrocoagulation-electroflotation processes have 
demonstrated nearly 100% removal efficiency, as has 
membrane filtration in some cases. Given that wastewater 
treatment plants are a major source of MPs entering 
aquatic environments, effective filtration at this stage can 
significantly reduce MP contamination in natural water 
bodies [104]. Despite their high removal efficiency, membrane 
technologies present challenges such as membrane fouling, 
energy-intensive operation, and high initial and maintenance 
costs. Regular membrane replacement and operational 
expenditures can pose financial barriers, particularly in 
resource-limited regions. Notwithstanding, the advantages 
of these methods—including high removal efficiency, 
versatility, and continuous operation—render them crucial 
components of comprehensive MP mitigation strategies.

Biological removal is an eco-friendly approach that 
utilizes microorganisms and other living organisms to 
degrade or assimilate microplastics (MPs) from aquatic 
environments. Various biological agents, including bacteria, 
algae, fungi, enzymes, zooplankton, marine clams, corals, 
and marine microorganisms such as archaea and eukaryotes, 
have demonstrated MP degradation capabilities [105]. A key 
advantage of this method is its sustainability, as it does not 
rely on chemical treatments, minimizing secondary pollution. 
Additionally, certain microorganisms can completely 

metabolize MPs, converting them into non-toxic byproducts 
such as biomass, water, and carbon dioxide [106]. Biological 
degradation is also cost-effective compared to physical and 
chemical methods, as it requires minimal infrastructure 
and energy inputs for operation and maintenance. However, 
the effectiveness of this method varies based on MP type, 
size, and environmental conditions. Certain MPs, such as 
polyethylene and polypropylene, degrade at a significantly 
slower rate, requiring optimal conditions to enhance 
microbial activity [107]. Additionally, continuous monitoring 
and research are necessary to understand the complex 
interactions between microorganisms, MPs, and surrounding 
environmental factors to improve biodegradation efficiency. 
Another promising technique for MP removal is adsorption, 
which involves the attachment of MPs to materials with a 
high affinity for plastic particles, such as activated carbon 
and specialized resins. Adsorption can be classified into 
physical adsorption—which relies on intermolecular forces 
and typically occurs at low temperatures—and chemical 
adsorption, which involves covalent, ionic, or hydrogen 
bonding [108]. This method offers high removal efficiency 
and versatility, as it can be applied to various water sources 
and can simultaneously capture other pollutants, including 
trace elements and organic compounds. Additionally, certain 
adsorbents can be regenerated and reused, reducing both 
operational costs and environmental waste [109]. However, 
adsorption has limitations, such as the saturation of adsorbent 
materials over time, necessitating periodic replacement and 
increasing financial costs. Since different adsorbents exhibit 
varying affinities for different MP types, combining multiple 
adsorbents can enhance overall efficiency. The proper 
disposal or regeneration of used adsorbents is essential to 
prevent secondary pollution.

Both biological removal and adsorption methods offer 
promising and sustainable solutions for microplastic (MP) 
mitigation, with ongoing advancements enhancing their 
efficiency and scalability for large-scale water treatment 
applications. A key area of research is the use of microbial 
consortia, which consist of multiple microbial species—
either in endosymbiotic or ectosymbiotic relationships—
working synergistically to degrade MPs more effectively 
than individual strains. The biodegradation potential of the 
consortia method lies in their ability to transform plastic 
waste into biodegradable byproducts through coordinated 
metabolic activities. While individual microorganisms 
such as Pseudomonas fluorescens, Penicillium verrucosum, 
and Aspergillus flavus have demonstrated MP degradation 
capabilities, microbial consortia often achieve superior 
efficiency, as shown in Figure 5. This is due to their 
complementary metabolic functions: for instance, certain 
bacteria initiate MP oxidation, making polymer surfaces 
more susceptible to degradation, while fungi further break 
down the resulting fragments into simpler compounds. These 
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cooperative interactions enable microbial consortia to adapt 
to diverse environmental conditions and enhance plastic 
degradation beyond the capabilities of single strains. Despite 
its potential, the field of metabolic engineering for microbial 
consortia remains in its early stages. Recent advances in 
synthetic biology offer promising avenues for optimizing 
microbial interactions, improving degradation rates, and 
expanding the range of degradable plastic polymers. 
However, challenges remain, particularly in engineering 
stable and controllable consortia, optimizing intercellular 
communication, and ensuring the long-term viability of 
engineered microbial systems in natural environments. 
Addressing these challenges will be critical to unlocking 
the full potential of microbial consortia for large-scale MP 
bioremediation.

Nanophotocatalysis is an advanced oxidation process 
that utilizes nanostructured photocatalysts to degrade 
microplastics (MPs) and nanoplastics (NPs) into non-toxic 
byproducts such as carbon dioxide and water. This method 
relies on semiconductor materials, such as titanium dioxide 

(TiO₂), zinc oxide (ZnO), and graphitic carbon nitride 
(g-C₃N₄), which, when exposed to ultraviolet (UV), visible, 
or solar light, generate reactive oxygen species (ROS), 
including hydroxyl radicals (•OH) and superoxide anions 
(O₂⁻•). These ROS initiate oxidative degradation, breaking 
down polymer chains and facilitating the mineralization of 
plastic pollutants, as shown in Figure 6. Nanophotocatalysis 
offers several advantages, including high efficiency, 
environmental compatibility, and the potential for solar-
driven operation, reducing the need for external energy 
inputs. However, challenges remain, such as catalyst stability, 
selectivity, and scalability for large-scale applications. 
To enhance photocatalytic efficiency, researchers are 
exploring modifications such as doping with noble metals, 
heterojunction formation, and surface functionalization 
to extend light absorption into the visible spectrum and 
improve charge carrier separation. Additionally, integrating 
nanophotocatalysis with other remediation techniques, 
such as adsorption or membrane filtration, could provide 
a more comprehensive solution for mitigating MP and NP 
contamination in aquatic environments.

Figure 5: FT-IR Chromatogram of LDPE Films: (A) Control LDPE, (B) LDPE Film, Cultivated on MSM 2 with Microbial Consortia 
[110].

Figure 6: Photocatalytic Dissociation of MNPS in Biodegradable Products.
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Advanced oxidation processes (AOPs) are among 
the most effective methods for degrading microplastics 
(MPs) in aquatic environments by utilizing highly reactive 
oxidizing agents or irradiation to break down polymeric 
structures at the molecular level [111,112]. Common AOP 
techniques include hydrogen peroxide oxidation, ozonation, 
photocatalysis, and electrochemical oxidation, each offering 
unique advantages based on water quality parameters, MP 
composition, and particle size. A key advantage of AOPs is 
their high degradation efficiency, making them effective for 
eliminating both primary and secondary MPs from various 
water sources, including freshwater bodies and wastewater 
effluents. Additionally, AOPs facilitate the breakdown of 
persistent organic pollutants (POPs) and hazardous chemicals 
associated with MPs, contributing to broader environmental 
decontamination. Unlike conventional chemical treatments, 
certain AOPs minimize the need for external chemical 
additives, reducing secondary pollution [113]. Furthermore, 
when combined with physical removal techniques such as 
filtration and sedimentation, AOPs enhance MP removal 
efficiency, making them suitable for large-scale applications. 
Among the various AOP methods, photocatalysis has gained 
significant attention due to its efficiency and environmental 
compatibility. This process employs a semiconductor 
photocatalyst, typically titanium dioxide (TiO₂), which, upon 
exposure to ultraviolet (UV) light, generates reactive oxygen 
species (ROS) such as hydroxyl radicals (•OH) and superoxide 
anions (O₂⁻•). These ROS actively degrade MPs into smaller, 
non-toxic byproducts. Laboratory studies confirm the 
effectiveness of photocatalysis, with ongoing research focused 
on enhancing its efficiency through doping, heterojunction 
formation, and extending photocatalytic activity into the 
visible-light spectrum. Electrochemical oxidation is another 
promising AOP technique that leverages an applied electric 
current to induce oxidation-reduction reactions, breaking 
down MPs into biodegradable fragments. Although still in the 
early stages of development, electrochemical methods show 
strong potential for MP removal, especially when integrated 
with advanced sensor technologies for real-time MP detection 
[114]. 

Ozonation, which employs ozone gas (O₃) as a powerful 
oxidizing agent, is also widely studied for MP degradation. 
Ozone reacts with MPs upon dissolution in water, triggering 
oxidative cleavage of polymer chains and facilitating MP 
fragmentation and mineralization. The effectiveness of 
ozonation is influenced by factors such as ozone dosage, 
contact time, and water chemistry [115,116]. Despite 
their high efficacy, AOPs face challenges related to energy 
consumption and operational costs, particularly in large-
scale applications. However, ongoing advancements in 
catalyst design, process optimization, and hybrid treatment 
systems are driving improvements in their efficiency, 
affordability, and environmental impact. With continued 

research and investment, AOPs have the potential to play a 
crucial role in mitigating MP pollution in aquatic ecosystems.

•	 Waste Management and Regulatory Framework: 
To combat the growing environmental and health 
concerns posed by microplastics, governments and 
international organizations have implemented a 
range of waste reduction policies aimed at minimizing 
their release and promoting sustainable alternatives. 
These policies encompass regulatory bans, extended 
producer responsibility (EPR) programs, technological 
innovations, and public awareness initiatives.

One of the most effective regulatory measures is the 
prohibition of intentionally added microplastics in consumer 
products, such as cosmetics, personal care items, and 
industrial abrasives. The European Union’s Microplastics 
Restriction Proposal and the Microbead-Free Waters Act in 
the United States exemplify stringent legislation targeting 
these sources. Additionally, restrictions on single-use 
plastics, including packaging and disposable items, play a 
crucial role in reducing microplastic fragmentation over 
time. Extended producer responsibility (EPR) frameworks 
mandate that manufacturers take accountability for the entire 
lifecycle of plastic products, encouraging the development of 
sustainable materials, improved recyclability, and reduced 
plastic waste. Policies promoting circular economy models 
further drive innovation in biodegradable plastics and eco-
friendly packaging alternatives.

Investment in wastewater treatment enhancements, 
such as advanced filtration systems and microplastic capture 
technologies, is another critical policy direction. Additionally, 
consumer education campaigns and incentives for plastic-free 
alternatives empower individuals to make environmentally 
responsible choices, reinforcing the broader goal of reducing 
microplastic pollution at its source. By integrating stringent 
regulatory frameworks with technological advancements 
and public engagement, policymakers can effectively mitigate 
microplastic pollution and promote a sustainable approach 
to plastic waste management.

Governments and international agencies are 
progressively formulating regulatory measures to address 
MNP pollution. The European Union’s Microplastics 
Restriction Proposal aims to limit the intentional addition 
of microplastics in consumer products, while directives 
such as the Urban Wastewater Treatment Directive enforce 
stricter wastewater treatment standards to reduce MNP 
discharge. Similarly, the United States has implemented 
the Microbead-Free Waters Act, prohibiting microplastic-
containing personal care products, while agencies like the 
Environmental Protection Agency (EPA) continue to develop 
guidelines for MNP monitoring and remediation.
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At a global scale, initiatives such as the United Nations 
Environment Programme (UNEP) Global Plastics Treaty seek 
to establish legally binding agreements for plastic waste 
reduction. Additionally, extended producer responsibility 
(EPR) policies mandate manufacturers to develop sustainable 
materials, improve recyclability, and manage post-consumer 
plastic waste. Incorporating blockchain-based traceability 
systems and artificial intelligence-driven monitoring 
networks further enhances regulatory enforcement and 
compliance tracking.

The integration of multi-stakeholder collaboration, 
public-private partnerships, and innovative policy 
instruments is crucial for addressing MNP pollution. The 
future of waste management lies in the development 
of biodegradable polymers, circular economy models, 
and enhanced recycling infrastructures. Moreover, the 
advancement of real-time MNP detection sensors, powered 
by nanotechnology and spectroscopy-based analytics, 
will significantly improve environmental monitoring and 
regulatory oversight. By leveraging a synergy of technological 
innovations and robust governance frameworks, the global 
community can effectively mitigate the environmental and 
health risks posed by micro- and nanoplastics, ensuring a 
more sustainable and pollution-free future.

Conclusions

Given the exponential rise of micro- and nanoplastics 
(MNPs) in the environment, understanding their implications 
for human health is imperative. This review has examined the 
biotoxicity of MNPs, which arises from their inherent chemical 
properties and their capacity to adsorb environmental 
contaminants, including persistent organic pollutants (POPs), 
heavy metals, and pharmaceuticals. Notably, MNP exposure 
induces oxidative stress and inflammation through reactive 
oxygen species (ROS) generation, leading to cellular damage 
and pro-inflammatory responses. Additionally, genotoxicity 
and cytotoxicity have been reported, with studies linking 
MNP exposure to DNA fragmentation, apoptosis, and impaired 
cellular function. Endocrine disruption is another critical 
concern, as leaching plastic additives such as bisphenols 
and phthalates can interfere with hormonal homeostasis. 
Furthermore, emerging research suggests potential 
neurotoxic and developmental effects, as demonstrated by 
neurobehavioral alterations and embryotoxicity in exposed 
organisms. Given their environmental persistence and 
bio-accumulative potential, MNPs represent a significant 
ecological and public health hazard. However, it remains 
challenging to definitively assess the genotoxic risks of 
nanoplastics derived from polyethylene (PE), polypropylene 
(PP), polyvinyl chloride (PVC), and polyethylene terephthalate 
(PET), as these materials have been inadequately studied in 
toxicological assessments.

Addressing the environmental burden of MNPs 
necessitates both source reduction and remediation 
strategies. Future directions include the development of 
bio-based plastics, enhanced polymer designs to minimize 
shedding, and upcycling initiatives to extend plastic life 
cycles. Regulatory interventions, including stringent bans 
and restrictions on high-risk plastic products, are essential 
for curbing MNP release. Additionally, public awareness 
campaigns can drive behavioral shifts toward sustainable 
plastic alternatives. Remediation technologies, such as 
nanofiltration, advanced membrane systems, and improved 
wastewater treatment infrastructure, can play a pivotal 
role in mitigating MNP contamination. Promising emerging 
approaches include surface skimming technologies, magnetic 
separation, and photocatalytic or enzyme-based degradation 
methods. Advanced oxidation processes utilizing ozone or 
hydrogen peroxide are also being explored for large-scale 
MNP degradation. However, a critical challenge remains 
ensuring that these solutions are not only scalable and cost-
effective but also environmentally safe, avoiding unintended 
ecological trade-offs.

Ultimately, the mitigation of MNP pollution requires 
an integrated approach that balances economic feasibility, 
regulatory frameworks, and scientific advancements. 
Collaborative efforts between policymakers, researchers, 
industries, and communities are essential in driving 
innovation, enforcing stricter environmental policies, and 
implementing sustainable solutions. By leveraging cutting-
edge technologies alongside robust regulatory measures, 
we can work toward minimizing the ecological and human 
health risks posed by micro- and nanoplastics in aquatic 
ecosystems.
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