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Abstract

Plastics are synthetic polymers that have become an essential part of everyday life due to their low cost,
durability, and flexibility. However, plastics in the environment break down into microplastics (MPs, <5 mm)
and nanoplastics (NPs, <0.1 um), and are potential threats to ecosystems and general health. Micro- and
nanoplastics (MNPSs) are ubiquitous in air, water, and soil and can be ingested through consumption or inhaled
through respiration. Once inside, MNPs can then enter cells via various pathways, such as endocytosis and
diffusion. The interactions of MNPs with the cells depend on their size, shape, and surface properties. MNPs
can cause oxidative stress, inflammation, organelle damage, membrane disruption, and cell death. Studies
indicate that MNP exposure can cause reproductive toxicity, metabolic dysfunction, cognitive decline, and
increased risk of cancer and chronic diseases. Harmful plastic additives such as phthalates, BPA, and PBDEs,
and adsorbed pollutants, such as heavy metals and PAHSs, further amplify the toxic effects. The synergistic
impact of MNPs with these substances aggravates cellular damage. Given the global rise in plastic production
and persistence of MNPs in the environment, urgent action is needed to protect ecology and human health.
This paper advocates stricter regulations on plastic waste management, health-focused research, the
development of bioremediation technologies, and the broader adoption of sustainable waste management
practices. Understanding the pathways, toxicity, and long-term impacts of MNPs is necessary for developing
effective public health policies and reducing future risks.
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Introduction

Plastic polymers are made of repeating chemical units. Most plastics are manufactured using fossil
fuels, such as petroleum and natural gas, through the polymerization process. Plastics are lightweight, long-
lasting, and can be molded into different shapes. Such characteristics have made them suitable for widespread
use in packaging, clothing, electronics, medical devices, and construction materials. While plastics have many
uses, they do not biodegrade, leading to long-term pollution problems, particularly when they are degraded
into smaller fragments such as MPs and NPs (Wright et al., 2013; Song et al., 2017; Da Costa, 2018; Gigault
et al., 2018). These particles, collectively referred to as MNPs, are now widespread in the environment (Lima
et al., 2015; Zhao et al., 2014; Anderson et al., 2016; Browne et al., 2011). Studies indicate that MNPs have
deleterious effects on ecosystems and human health.
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Since 1950, global plastic production has increased by an average of 8.4% each year (Geyer et al.,
2017), with a brief slowdown to 2.2% during the first year of the COVID-19 pandemic. Production soon
surpassed pre-pandemic levels, driven by increased demand for sterile single-use packaging (OECD, 2022;
PlasticsEurope, 2022; Houssini et al., 2025; Peng et al., 2021).

By August 2021, the pandemic had generated an estimated 8.4 + 1.4 million tons of plastic waste
worldwide, with about 25.9 £ 3.8 thousand tons entering the ocean. In the River Thames, microplastic levels
during late-2020 lockdowns were 77% higher than usual, with 82% of particles identified as fibers likely
originating from masks and other PPE (Peng et al., 2021; Devereux et al., 2023).

Over time, sunlight (UV rays) and environmental friction break down plastics into MNPs. Because
these particles are extremely small and cannot be filtered out of drinking water or removed from food sources,
they pose a persistent threat to the ecosystems and human health.

MNPs are widespread in the environment and have been detected in human organs, tissues, and even
cells (Yee et al., 2021). Studies indicate that MNPs can enter the body through the skin, lungs, or digestive
tract. Healthy skin blocks most particles, but damaged skin lets smaller ones in. Inhaled MNPs from pollution,
tires, or textiles can damage lung cells, cause inflammation, and lead to fibrosis, with smaller particles causing
greater risks. Consumed MNPs from food or drinks can pass the gut barrier, build up in organs, disturb gut
bacteria, and cause oxidative stress. They may also cross the brain and placenta barriers, impact the kidneys,
ovaries, and immune cells, and raise the risk of chronic diseases (Grote et al., 2023).

This paper explores the interactions of MNPs with human cells and their impact on human health.
Understanding the extent of MNP contamination and its toxicity mechanisms is vital for evaluating the risks
associated with chronic exposure and directing future research, public health policies, and pollution control
strategies.

Uptake and Interaction of MNPs with the Cell Membrane

MNPs can be brought into a cell via different mechanisms, such as phagocytosis (in which the cell
engulfs large particles, pinocytosis (the cell uptakes extracellular fluids by forming vesicles), clathrin-
mediated endocytosis (integrating into a cell by forming vesicles from the cell membrane), and caveolae-
mediated endocytosis (utilizing the caveolae to transport substances) (Yee et al., 2021).

The interactions of MNPs with cells depend on the size, shape, and surface characteristics of the
particles. In marine crustaceans (such as Paracyclopina nana), smaller particles (<0.5 um) were found to be
more bioavailable than the larger ones (>6 um) (Jeong et al., 2015), prompting stronger biological responses.
Conversely, in zebrafish (Danio rerio), larger particles were found to cause more oxidative stress and affect
metabolism (Lu et al., 2016).

MPs can enter cells through diffusion, facilitated diffusion, endocytosis, or breakdown of phospholipid
molecules in the cell membrane (Liu et al., 2021; Monnery et al., 2017). MPs attached to the cell membrane
stretch and weaken the membrane and disrupt normal cell functions (Fleury and Baulin, 2021). MPs also
trigger cell apoptosis (cell death) and oxidative damage through excessive reactive oxygen species (ROS)
production. This degrades the phospholipid of the cell membrane, a process known as lipid peroxidation (Jia
et al., 2023; Kadac-Czapska et al., 2024).

MPs also reduce lysosomal function, alter cellular pH, and disrupt the cell recycling (autophagy)
process (Deng et al., 2022; Kadac-Czapska et al., 2024). Lysosomal damage can damage other cellular
organelles. For example, some mussel species (Mytilus galloprovincialis and M. edulis) exposed to MPs
showed swollen lysosomes, mitochondrial damage, and increased cell death (Avio et al., 2015; Canesi et al.,
2016; Wang et al., 2013).
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Inflammatory Responses at the Cellular and Tissue Levels

Disruption of Cellular Signaling Pathways (Figure 1)

MNPs may interrupt the functions of various cell signaling pathways, such as the Nrf2, PI3K/Akt,
MAPK, JNK, p53, p38, ERK1/2, and TGF-B pathways (Das, 2023). Such dysregulations of signaling
pathways could be due to inflammation caused by enhanced production of some pro-inflammatory cytokines,
such as TNF-a, IL-1pB, and IL-6 (Mattioda et al., 2023; Wu et al., 2023). Chronic inflammation can speed up
the cell aging process (Goa et al., 2022) and further disrupt these pathways (Li et al., 2023).

Studies link MNP exposure to autoimmune disorders. In experimental rheumatoid arthritis (RA)
models, polystyrene MPs aggravated inflammation of the synovial membrane (Chang and Tang, 2023).
Studies also indicate that Nps may push macrophages toward a pro-inflammatory M1 state, a pathway linked
to RA and systemic lupus erythematosus (SLE) (Jiang et al., 2024). Clinically, the American Medical
Association warns that early-life exposure to microplastics may disrupt immune development and increase
susceptibility to immune-mediated disorders (AMA, 2024).

MNPs have also been found to affect reproductive health in females. Exposure to MNPs activates the
NLRP3/caspase-1 pathways, leading to the release of interleukin-18 and chronic inflammation (Kadac-
Czapska et al., 2024). In males, MNPs can reduce sperm quality by affecting the NRF2-HO-1-NFKB pathway
(Wei et al., 2022). Studies with mice indicate that MNPs trigger the autophagy pathway (PINKZ1/Parkin) in
spermatocytes (Liu et al., 2022). In fish, MNPs significantly impact hormone production and cytochrome
P450 pathways in the testis (Wang et al., 2019).

In lung cells, polystyrene microplastics were found to stress the endoplasmic reticulum, leading to cell
death (Jeon et al., 2023). In endothelial cells, MNPs suppress the vascular endothelial growth factor (VEGF)
signaling process, which suppresses cell growth (Lee et al., 2023). In cardiomyocytes, MNPs may damage
mitochondria. This triggers the cGAS-STING pathway, promoting increased cell inflammation and aging
(Wang et al., 2024).
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Figure 1: The figure shows the disruption of various biological pathways and their health consequences.

Inflammatory and Immune Response to MPs and NPs.

MNPs are xenobiotic materials. Studies indicate that they can interact with and activate immune cells.
Besides triggering excessive production of pro-inflammatory cytokines (Dong et al., 2020; Prietl et al., 2014;
Weber et al., 2021), lysosomal damage, membrane destabilization, and oxidative stress can also occur in cells
(Dong et al., 2020; Chen et al., 2021). Studies with animals show that rats had inflammatory responses in their
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intestinal tissue (Wang et al., 2023), and fish experienced inflammation in their liver and intestines (Buwono
etal., 2022).

Studies suggest a possible link between MPs and various diseases. For example, when lipids are
damaged by excessive ROS production, they produce reactive aldehydes that can bind to proteins and DNA,
upsetting their functions (Gentile et al., 2017). This can cause serious disease conditions, such as
atherosclerosis, neuronal damage (Lawrence and Zoncu, 2019), cancer (Nam, 2011; Murata, 2012), lung
disease (Boukhenouna et al., 2018; Dong et al., 2020), immune damage (Kadac-Czapska et al., 2024), and
cognitive deterioration (Holtzman, 2019; Musi et al., 2018; Zhang et al., 2019). Furthermore, MNPs can
increase inflammatory markers in cells (Hu, 2020; Pulvirenti et al., 2022), blocking the cell cycle and
enhancing the cellular aging process (Mahmud et al., 2024). These potential risks to human cells highlight the
necessity for continued research and address the problems associated with MNPs exposure.

Toxic Effects of Plastic Additives and Absorbed Pollutants

Plastic Additives and Their Cellular Effects (Figure 2)

Additives, such as DEHP (diethylhexyl phthalate) and DINP (diisononyl phthalate), are often included
with plastics to improve their properties and performance (Marturano et al., 2017). Some additives are EDCs
(endocrine-disrupting compounds), which can cause serious reproductive and developmental issues. In men,
EDC exposure has been linked to decreased fertility and increased risk of prostate and testicular cancers
(Lahimer et al., 2023). In females, it may increase the risk of early menopause, irregular menstrual cycles,
reduced egg quality, and disrupted ovarian function (Laws et al., 2021).

Phthalates

Phthalates are a group of chemicals predominantly used to enhance the flexibility and durability of
plastics. DEHP and DINP are commonly used plasticizers in cosmetics, medical devices, and household
products (Marturano et al., 2017). These chemicals do not tightly adhere to the plastic polymers and can easily
leach into the environment (Liu et al., 2024). Studies have shown that DEHP can cause neurotoxicity,
immunotoxicity, metabolic disruption, and endocrine damage in dolphins and Chinese hamsters (Chang et al.,
2017; Radke et al., 2020; Weaver et al., 2020).

Phthalates are harmful to the respiratory system, contributing to allergies, rhinitis, asthma, and lung
toxicity (Zou et al., 2020; Yu and Wang, 2024). Children exposed to DEHP-contaminated HVAC filter dust
exhibited asthma symptoms (Bi et al., 2018). Infants exposed to DEHP through PVC respiratory tubing were
found to produce respiratory distress syndrome (Roth et al., 1988).

BPA (Bisphenol A)

Bisphenol A (BPA) is mostly used in food packaging, polycarbonate plastics, and dental objects. BPA
can disrupt the male reproductive system and metabolic processes (Cimmino et al., 2022). Studies link BPA
to miscarriages (Lathi et al., 2014), fetal chromosomal abnormalities (Yamada et al., 2002; Allard and
Colaiacovo, 2010), and reduced FSH (follicle-stimulating hormone) production (Lahimer et al., 2023). Studies
also indicate that BPA can cross the blood-brain barrier, leading to neurodegenerative and neuro-
developmental disorders (Wang et al., 2019). They have also been implicated in epigenetic changes, impacting
gene expression and long-standing health (Lombo et al., 2015; Junge et al., 2018).

PBDEs (Polybrominated Diphenyl Ethers)

PBDEs are flame-retardant compounds used in electronics, textiles, and foam products. Studies have
shown that PBDEs can damage thyroid function (Renzelli et al., 2023). Higher levels of PBDE in plasma were
found to be linked with decreased TSH (thyroid-stimulating hormone) production in men (Hagmar et al.,
2001). Studies also linked PBDEs with low birth weight, birth length, and head circumference in newborns
(Chen et al., 2015).
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Toxicity of Contaminants Associated with MNPs (Figure 2)

MPs accumulate toxic metals from the environment (Weis and Alava, 2023). Studies tested the binding
affinity of different types of MPs, such as PVC, nylon, polystyrene, low-density polyethylene, high-density
polyethylene, polycarbonate, polyester, and polyurethane, with heavy metals including cadmium, copper, lead,
and zinc (Munier and Bendell, 2018; Kazmiruk et al., 2024). Among these, low-density polyethylene showed
the strongest bonding affinity to heavy metals.

MPs may contain harmful chemical substances, such as DDT (dichlorodiphenyl-trichloroethane), and
PAHSs (polycyclic aromatic hydrocarbons), which have been shown to cause several health problems, such as
cancer, congenital abnormalities, and genetic mutations (Jiang et al., 2014). PAHs can also suppress the
immune system and damage the nervous system (Yu et al., 2022). Previous studies have indicated that MPs
and environmental toxins together can be more harmful than each present alone (Sun et al., 2021). For example,
marine mussels (Mytilus spp.) exposed to both MPs and the PAH caused more tissue damage and increased
oxidative stress than those exposed to either pollutant alone (Paul-Pont et al., 2016). Similarly, NPs combined
with phenanthrene caused more toxicity to crustaceans, such as Daphnia magna, than either substance by
itself (Ma et al., 2016). In another study, clams (Scrobicularia plana) exposed to MPs alone showed little to
no harm but showed substantial tissue damage when benzo[a]pyrene (BaP), a cancer-causing PAH, was
attached to MPs (O’Donovan et al., 2018).
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Figure 2: The figure illustrates the toxic effects of various plastic additives and absorbed pollutants on human
health.

Strategies for Exposure Prevention

Recent studies have focused on the harmful impacts of MNPs on both the environment and living
organisms. To reduce this damage, coordinated actions from governments, NGOs, and individuals are crucial
to contain plastic pollution and mitigate the damaging effects of MNPs. Key strategies for mitigation may
include:

Developing or supporting laws that reduce plastic waste production.

Developing public health-focused research methods.

Promoting bioremediation techniques that boost the plastic-degrading activity of soil microbes
Following the "Reduce, Reuse, Recycle" principle and ensuring proper waste disposal
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e Using advanced plastic breakdown methods, such as photocatalysis and electro-Fenton reactions (an
advanced oxidation process used to degrade organic pollutants) instead of landfilling. This will help
limit microplastic formation.

Discussion

The abundance of evidence linking MNPs to significant health risks is concerning. MNPs can penetrate
cells via multiple pathways. Since 2022, biomonitoring studies have detected microplastics in human whole
blood (~80% of donors), deep lung tissue, cardiovascular tissues, and even the olfactory bulb, supporting the
possibility of systemic effects of MNP particles (Leslie et al., 2022; Jenner et al., 2022; Amato-Lourenco et
al., 2024).

Upon entering the cells, MNPs cause damage through oxidative stress, inflammation, lysosomal
dysfunction, and interference with signaling pathways. These effects may lead to organ-specific pathologies
and systemic disorders, including reproductive toxicity, endocrine disruption, neurodegeneration, immune
dysfunction, and even cancer (Yang et al., 2023; Jahedi et al., 2025). However, there are limitations to our
current understanding of MNP toxicity. Much of the available data comes from animal studies or lab
experiments, which may not fully represent how MNPs affect the human body. This makes it difficult to
directly apply the findings to real-world health risks.

Another challenge is the wide variation in MNP size, shape, surface properties, and how they interact
with biological systems and the environment. These differences make it difficult to compare results across
studies. While smaller particles often cause stronger biological effects, some studies demonstrate that larger
particles can also cause significant damage, such as oxidative stress (Jahedi et al., 2025).

The occurrence of chemical additives, such as phthalates, BPA, and PBDEs, and the ability of MNPs
to absorb environmental pollutants, adds more complexity. The combined toxic effects of MNPs, the chemical
additives, and the environmental pollutants are still not well understood and need more research. Additionally,
there is a lack of long-term epidemiological data to assess the chronic effects of MNP exposure in humans.
As global plastic production gradually increases and is expected to continue in the coming decades (Houssini
et al., 2025), coordinated and aggressive research using standardized methodologies may be required to assess
real-world exposure and associated risks.

Regardless of how plastics are currently manufactured, they take anywhere from 100 to 1000 years to
decompose. Thus, the potential use of plastics that break down quickly and do not generate MNPs would be
of enormous advantage. Recently, a group developed an algae-based polymer that appears to be completely
biodegradable without producing microplastics (Allemann et al., 2024; Sexton, 2025). Hopefully, this and
other plant-based polymers may replace those currently polluting our environment.

Conclusions

MNPs are widespread environmental pollutants that have deleterious effects at both cellular and
molecular levels. These particles can enter the cells, disrupt cell function, and contribute to various organ and
system dysfunctions. Additionally, various plastic additives and the pollutants carried by MNPs cause various
cellular toxicities. Therefore, MNPs are of growing public health concern. To address this issue, a broad and
coordinated effort is needed. This includes more human-based research, better testing methods, tighter
controls on harmful plastic chemicals, and stronger waste management systems. Public health policies should
also focus on protecting vulnerable groups like children and pregnant women, who may be more sensitive to
MNP exposure.
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