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Humans are constantly exposed to microplastics and nanoplastics (MNPs). Although significant gaps remain
in our understanding of their adverse effects on human health, it is increasingly evident that MNPs can
penetrate physiological barriers and accumulate in various locations within the human body. Analytical
limitations in tracking and measuring nanoplastics in physiological media may persist for several years
before we can accurately detect these particles in the human body and establish a clear link between
exposure to them and associated hazards. In addition to the few studies that have emerged recently, our
knowledge of chemicals with properties similar to those of MNPs, as well as other types of nanomaterials,
suggests that MNPs may cross the blood-brain barrier (BBB) and potentially induce damage to the human
central nervous system. Here, we provide an overview of the limited number of studies available on this
Received 30th October 2024, topic and present a perspective on the potential pathways through which MNPs may penetrate the BBB.
Accepted 25th January 2025 We also discuss the main mechanisms by which MNPs could potentially impact the central nervous system
(CNS), with a focus on neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's disease
(PD), multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS). This information could contribute to
rsc.li/es-nano the development of tailored studies exploring the negative effects of MNPs on the CNS.

DOI: 10.1039/d4en01017e

Environmental significance

The pervasive presence of microplastics and nanoplastics (MNPs) in the environment poses an emerging threat to both ecosystems and human health.
While significant research has been conducted on MNP contamination in aquatic environments, their impact on the central nervous system (CNS) and
their role in exacerbating neurodegenerative diseases such as Alzheimer's and Parkinson's remains underexplored. This perspective highlights the potential
pathways through which MNPs may cross the blood-brain barrier (BBB), inducing oxidative stress and neuroinflammation, that can lead to
neurodegenerative disease. By addressing these previously overlooked environmental pollutants, this work aims to inspire targeted studies that can inform
better regulation of plastic waste, ultimately protecting human neurological health in an increasingly plastic-laden world. Understanding the mechanistic
links between environmental exposure and CNS disorders could lead to transformative policy changes and preventive measures to safeguard future
generations.

1. Introduction size smaller than 1 um.? Note that some definitions consider
nanoplastics to be particles smaller than 100 nm. This broad
definition itself may contribute to the challenges associated
with investigating and handling nanoplastics.” The most
common plastic debris in the environment is reported to be
polyethene, propylene, polystyrene, and polyvinyl chloride,>®
although that differs from location to location, which are
found mainly accumulating in aquatic ecosystems. In recent
decades, the exposure of humans and other organisms to
MNPs has increased significantly due to industrial
production, application, and mismanagement of plastic

The increase in plastic products has led to a global
environmental challenge with far-reaching consequences.
Plastic degradation (by physical, chemical, or biological
processes) in the environment releases a staggering amount
of micro- and nanoplastics (MNPs)." Microplastics are plastic
particles and fragments with a size smaller than 5 mm,>
while nanoplastics are generally defined as particles with a

“ Department of Chemical Sciences, University of Padova, Padua, Italy.

7
E-mail: fazel. monikh@unipd. it waste. . .
b Institute for Nanomaterials, Advanced Technologies, and Innovation, Technical Organlsms are exposed to  MNPs malnly through
University of Liberec, Bendlova 1409/7, 460 01, Liberec, Czech Republic inhalation® and ingestion® (Fig. 1). Air-borne exposure of

This journal is © The Royal Society of Chemistry 2025 Environ. Sci.: Nano, 2025, 12, 1809-1820 | 1809


http://crossmark.crossref.org/dialog/?doi=10.1039/d4en01017e&domain=pdf&date_stamp=2025-03-11
http://orcid.org/0000-0002-5061-0136
http://orcid.org/0000-0001-8917-9825
http://orcid.org/0000-0001-8928-705X
http://orcid.org/0000-0002-5089-2049
http://orcid.org/0000-0002-9152-3602
http://orcid.org/0000-0001-9500-5303
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4en01017e
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN012003

Open Access Article. Published on 29 Genver 2025. Downloaded on 2026-04-11 14:22:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

Drinking water:
tap water and bottled water
can contain 0-10*particles/L.'¢

Food sources:

Ingestion of particles, can be dependent on
dietary pattern in different regions and can
vary from 123-56210 particles/year!'s's,
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Inhalation:
Daily exposure can be 1583 MP/m.'
Human can inhale 3000 MP/day.'

Fig. 1 Exposure to MNPs through the common routes. According to the WHO and EFSA report, human can be exposed to different amounts of

MNPs in their daily life through various routes, particularly by ingestion and inhalation.

humans can occur in both indoor and outdoor environments,
although the concentration of MNPs and the flow are
different.’® The outdoor air typically has more flow and
circulation, resulting in a lower MNP concentration. In
contrast, indoor environments, where infants and children
spend more time, have a higher risk of exposure due to the
expected higher concentrations of MNP.*° Water-born
exposure is another significant pathway for MNs. Humans
can be exposed to MNPs by drinking tap water, consuming
beverages from single-use plastic bottles, or even by drinking
tea'®?! soft drinks'> or beer. Furthermore, several food
sources including seafood,® sugar,'* honey, and salt,'® are
reported to be sources for intake of MNPs. The increase in
exposure routes for MNPs is particularly concerning for
children, as their developing bodies are more vulnerable to
the potential health impacts of MNPs."

The effects of MNPs on humans are not well understood
due to limitations in human tissue sampling and analytical
techniques for in situ characterization of these particles.'® In
the human body, the nervous system is a complex network
containing a large number of neurons that regulate
physiological activities.?® Although studies on the effect of
exposure to MNPs on the nervous system are limited, MNPs
are potentially able to cross physiological barriers, e.g. the
blood-brain barrier (BBB).>" Translocation and accumulation
of MNPs in the brain are expected to cause various forms of
damage, mainly through induction of oxidative stress*
leading to an increase in vulnerability to neurodegenerative
disease. Although not yet reported, there appears to be a
potential link between increased exposure to MNPs and the
rising number of reports on neurodegenerative disorders.
This may be important as the data reported by the World
Health Organisation (WHO) indicated an increase of up to
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18% in the prevalence of neurodegenerative disorders which
are known as the seventh cause of death**** (Fig. 2).

From the available body of evidence on the toxicity of
MNPs, it is apparent that, like other nanomaterials, the
effects of MNPs are largely driven by their oxidative stress-
inducing properties. The increase in oxidative stress can
affect the structure and function of neural cells, potentially
contributing to the development of neurodegenerative
diseases®*® and the disruption of neurotransmitters.>” This
disruption is particularly concerning regarding acetylcholine
(ACh) and dopamine*® which are the leading causes of
neurodegenerative diseases such as Alzheimer's disease (AD)
and Parkinson's disease (PD).>° For example, Gou et al.*’
demonstrated that exposure to MNPs can increase the
aggregation of amyloid-f leading to Alzheimer's. Liang
et al.,’" reported that MNPs can increase PD by increasing
inflammation and neural cell dysfunction. Moreover, Cao
et al,*> demonstrated that MNPs can affect
neurodevelopment, behavioral abnormalities, and motor
neuron function by increasing oxidative stress.

Linking exposure to hazards from MNPs remains a
challenge at this stage of scientific progress.

After internalisation, the biological fate of MNPs in the
human body, and consequently, their effects are dictated by
the physicochemical characteristics of the particle such as
particle size, charge, shape, and chemical composition.**
However, to date, there has been no straightforward and
systematic investigation showing that the presence of MNPs
can drive the hazard in the brain, depending on their
characteristics.

This perspective aims to provide an overview of the
potential entry of MNPs into the brain and link the exposure
and the particle physicochemical properties to

This journal is © The Royal Society of Chemistry 2025
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The prevalence of neurological
disorders has been increased by 18%.%
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Over 1 in 3 people will be diagnosed
by neurological disorders.®
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2.8 million people are diagnosed with Multiple
Sclerosis (MS).%

The prevalence amyotrophic lateral sclerosis
(ALS) is estimated 4.42 per 100,000.%

Fig. 2 Schematic describing the incidence of neurodegenerative diseases in the population. According to WHO, the prevalence of neurological
disorders has risen within the past years. Among the diagnosed neurodegenerative disorders, Alzheimer's disease is known as the most prevalent

disease, Parkinson's disease, multiple sclerosis and amyotrophic lateral sclerosis are the other prevalent diseases, repectively.

neurodegenerative diseases such as AD, PD, and other
neurodegenerative diseases. Additionally, it offers insights
into the mechanisms of MNPs' effects on the aforementioned
diseases. Finally, the perspective highlights the research
needed to understand the connection between MNP exposure
and the development of these diseases. This perspective
excludes biodegradable polymeric materials such as polyvinyl
alcohol, polyethene glycol, polyvinylpyrrolidone, and
polyphenylene sulfide, and focuses primarily on the most
common polymer types (Table 1).

2. Mechanisms of MNP entry into the
brain

The mechanism through which MNPs enter the brain
primarily involves their penetration through the BBB*
(Fig. 3). More research is still needed to fully understand
these pathways for MNPs."”*® In general, internalization of

23,24

MNPs can occur via two main mechanisms: passive
penetration and active endocytosis,*® which includes both
pinocytosis and phagocytosis.”” Endocytosis can occur
through clathrin-mediated pathways (typically for small
nanoplastics) and caveolin-mediated pathways (usually for
larger particles).’® The mechanisms of MNP penetration are
influenced by their physicochemical properties, such as
particle size, shape, chemical composition, and surface
charge.’*?

To date, very few studies have investigated how the size of
MNPs influences their penetration through the BBB. This is
due to the complexity of conducting such experiments, which
require MNPs of different sizes that are detectable in the
complex matrices of biological media.’® Zhou et al.,** showed
that a higher number of smaller-size PS (100 nm) could enter
the brain of zebrafish embryos compared to their larger
counterparts (500 and 1000 nm), consequently, causing more
neurotoxicity. This study used fluorescent-labelled PS

Table 1 The linkage between MNPs' physicochemical properties and the observed central nervous system diseases

Particle
Polymer type size Mechanism of toxicity Neurodegenerative diseases Ref.
Polystyrene 30-50 nm Microglia activation, neural suppression, Memory loss, cognitive decline 34, 35
and decrease in neural development
25, 50 nm Dopaminergic neuron degeneration, PD 36
o-synuclein aggregation
30 nm Oxidative stress, TDP-43 aggregation ALS 37
25, 50 nm Decrease in myeline protein, decrease MS 38
myeline thickness, increase cell apoptosis
80, 100 nm Increase in amyloid-p aggregation AD 39, 40
Polyethylene <20-50 pm Oxidative stress, amyloid plaque aggregation Cognitive decline, AD 41, 42
Polypropylene 10-30 nm Oxidative stress, AChE activity reduction, Cognitive decline, memory deficit, 43, 44
o-synuclein aggregation AD, PD
Polyvinyl chloride (PVC) 100 nm Increase in a-synuclein aggregation PD 45
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Fig. 3 Consequence of MNP penetration through BBB. Particles with smaller size, can pass the BBB more likely through passive penetration. As
the particle size increases, particles are more likely to penetrate through active endocytosis. Particle charge can also affect their penetration
through tight junction impairment and damage to cells due to their ability have electrostatic interaction with BBB membrane along with

impairment in tight junctions.>-%

particles, utilizing fluorescence as a tracer to facilitate the
detection of their penetration into the brain. However, it is
worth mentioning that the use of fluorescent-labelled
particles to represent nanoplastics has fallen out of favour
due to the potential release of dyes from the particles,”®
which can lead to inaccurate results and conclusions
regarding particle uptake. Thus, strong evidence for the
penetration of MNPs through the BBB based on particle size
remains questionable. Yin et al®” used adverse effect
assessments to confirm that smaller nanoplastics can
penetrate the brain more readily than microplastics. Their
findings suggested that the smaller particles appeared to be
more toxic.

Nevertheless, medical and environmental studies have
already used different types of metallic nanomaterials to
demonstrate that particle size plays a crucial role in the
ability of nanomaterials to cross the BBB.”> For example,
the study by Liu et al.>® compared different particle sizes of
silica nanomaterials for their ability to pass through
cerebral endothelial cells in mice. The results indicated
that smaller particles (25 nm) were taken up by the brain
more efficiently than the 50 nm and 100 nm particles. It
has been suggested that large-size nanomaterials are more
likely to penetrate through active routes, including
pinocytosis  (micropinocytosis) and  phagocytosis.>*>°
Although the transferability of this knowledge to MNPs is
questionable due to differences in chemistry and particle
density, factors that significantly influence cellular
penetration, these studies provide a basic understanding
and a starting point for conducting similar experiments
with MNPs.

1812 | Environ. Sci.: Nano, 2025, 12, 1809-1820

The shape of MNPs can also influence their penetration
through the BBB into the brain as it can modulate their
binding to the cell. Da Silva-Candal et al.®® investigated the
toxicity of spherical and rod-shaped PS nanoplastics in mice.
They demonstrated that rod-shaped nanoplastics can have
greater binding capacity compared to the spherical shape PS
MNPs. This finding is further supported by Kolhar et al,*!
who compared nano-rods and nano-spheres and showed a
higher accumulation of rod-shaped particles. Much more
evidence on the influence of particle shape on their
penetration in BBB is available for other nanomaterials. For
example, Salatin et al.®* reported that rod-shaped gold (Au)
nanomaterials have higher affinity and efficacy for
endothelial cells, resulting in greater uptake. Sharp-shaped
Au nanomaterials instead, can penetrate the membrane more
easily compared to the other shapes, resulting in particle
localization. The study by Niaz et al.®® on Au nanomaterials
demonstrated that the sharp edges of particles enable them
to penetrate and cause damage to the membrane more easily
than other shapes, which is also reported for the nano-stars
and nano-spike-shaped particles.

An important factor that can influence the penetration of
MNPs through the BBB, and that also distinguishes different
nanomaterials from one another, is the chemical
composition of the particles. A recent study by Abdolahpur
Monikh et al.®* showed that nanoplastics composed of PS
and PVC can cross the BBB, albeit at low concentrations. The
study further highlighted that the presence of a biological
corona (proteins and metabolites) significantly modulates the
penetration efficiency of nanoplastics across the BBB.>" The
formation of the corona on the nanoplastics was dictated by

This journal is © The Royal Society of Chemistry 2025
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the chemical composition of the particles. It was also
reported that PS, PE, PP, and PVC were able to enter the CNS,
and PP and PE caused more inflammation.*® The study by
Abdolahpur Monikh et al®® demonstrated that different
chemical compositions can have different effects on the
behaviour of zebrafish embryos, even at the same particle
size. It is worth mentioning that, so far, PS MNPs have been
more extensively investigated than other plastic particles.
This creates a challenge in understanding how chemical
composition may contribute to the biological fate and toxicity
of the particles.®®

The particle surface charge is another key indicator of the
ability of MNPs to penetrate the BBB.>” Negatively charged
particles are unlikely to pass easily through the membrane
due to electrostatic interaction. Although Ikeda et al.®®
showed that ionic imbalance in the cell membrane can lead
to direct penetration of negative particles. The study by Chen
et al.”” demonstrated that 20 nm negatively charged silica
nanomaterials can penetrate the BBB in the zebrafish model.
However, the increase in the particle size led to a decrease in
penetration. On the other hand, Chirio et al.>* showed that
positively charged nanoplastics have a greater ability to
penetrate the BBB and localize in cells. Shan et al.>® reported
that negatively charged PS (50 nm) could penetrate through
BBB due to their ability to affect the tight junctions. It is also
confirmed by Grodzicki et al,°® that negatively charged PS
nanoplastics are more likely to accumulate in rodent brains
compared to positively charged PS nanoplastics with the
same particle size of 50 nm. Another mechanism through
which positively charged MNPs can penetrate the BBB is by
inducing damage to the cell membrane as a result of
impairment of the membrane structure.® The study by
Zhang et al’® demonstrated that positively charged PS
nanoplastics (20-100 nm size) can increase the permeability
of the BBB. Although there is some evidence that
nanoplastics can pass through the BBB and cause
neurodegeneration, there remains a lack of definitive data.”*

3. Consequence of MNPs passage
into the brain

The consequences of MNPs' presence in the brain are not yet
fully understood, as these non-biodegradable materials can
undergo biotransformation—such as biological corona
formation, polymer swelling, and surface functionalization®®
which alters their characteristics and potentially influences
their effects. Subsequently, MNPs might damage the
structure and function of the brain.”” Studies on brain cells
in mice revealed that exposure to MNPs can induce neuron
and astrocyte apoptosis while reducing cell viability.”
Moreover, a study on zebrafish embryos showed that MNPs
can penetrate and accumulate mainly in lipid-rich regions
such as the brain in a dose-dependent manner.”* It is
reported that MNP decrease the number of Purkinje cells and
mitochondria function in the brain, mainly through an
increase in oxidative stress.”>”’” This can irreducibly damage

This journal is © The Royal Society of Chemistry 2025
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neurons and accelerate neurodegenerative processes due to
loss and disruption in the balance of
neurotransmitters, especially acetylcholine and dopamine,
leading to neurodegenerative disease.”® The question to raise
is what consequences the presence of MNPs and the
associated brain damage might have on the nervous system
and what brain diseases could be linked to MNPs. Although
it may be challenging to answer or draw definitive
conclusions, in this perspective, we review the published
results to identify whether any patterns might emerge.

neuron

3.1. Alzheimer's disease

Alzheimer's disease is a progressive neurodegenerative
disease accompanied by memory loss, known as the most
common type of dementia.”> AD is characterized by the
accumulation of amyloid-beta (AB) plaques in the brain and
misfolded protein inside neurons®® MNPs have recently been
studied for their potential role in exacerbating
neurodegenerative conditions such as AD.** Exposure to
nanomaterials has been linked to AD by increasing oxidative
stress, inflammation, protein aggregation, and synaptic
dysfunction.*"**>*! It has been reported that MNPs accelerate
AB aggregation® by changing the secondary structure of the
protein®® mainly through oxidative stress, inflammation, and
alterations in cellular metabolism.** Gou et al*
demonstrated that exposure to PS nanoplastics size 70-150
nm could cause trigger the progression of AD, specifically by
inducing AP nucleation and aggregation, along with cell
membrane damage, increased ROS and Ca**. Sun et al*
evaluated the effect of 80 nm PS nanoplastics on mice brains
and found that exposure to PS could increase their
accumulation in the brain and lead to AP aggregation and
AD. The study by Paing et al.*” indicated that PS nanoplastics
(30-50 nm), can internalize into the microglial cells over
astrocytes in vitro and the mice brains, resulting in increased
inflammation and cognitive decline. Moreover, Bai et al. *°
confirmed that exposure to 100 nm-sized amino-modified PS
nanoplastics in mice can cause brain damage and show AD-
like characteristics.

Despite the emerging evidence, significant gaps remain in
understanding the specific molecular mechanisms through
which MNPs contribute to AD.’>*® Given the similarities
between MNPs and other nanomaterials, it is reasonable to
hypothesize that MNPs may follow pathological pathways
similar to those of other metallic nanomaterials which are
reported to destabilize protein secondary structures, leading
to protein misfolding and amyloid aggregation. One may
argue that most of the observed adverse effects associated
with metallic nanomaterials are linked to their dissolution
and the release of ions, whereas MNPs do not undergo such
dissolution. However, this may not be entirely accurate, as
there remains a significant gap in knowledge and analytical
methods to clearly distinguish between the effects of ionic
and particulate forms of metallic nanomaterials.
Furthermore, most protocols used to detect the effects of

Environ. Sci.: Nano, 2025, 12, 1809-1820 | 1813
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nanomaterials, in general, are based on those developed for
chemicals and metallic ions rather than particles. These
protocols are predominantly focused on oxidative stress
mechanisms, creating the impression that toxicological
studies are designed with an “I see what I expect to see”
approach, rather than aiming to identify new endpoints
specifically associated with the particulate form of
nanomaterials. Finally, exposure to MNPs has been linked to
increased protein denaturation, fibrillation, and amyloid
aggregation, all of which are key contributors to AD
progression.

3.2. Parkinson's disease

Parkinson's  disease (PD), is another progressive
neurodegenerative disorder. This is primarily characterized
by the loss of dopaminergic neurons in the “Substantia
nigra”, leading to motor impairment and cognitive loss.*
The pathological pathway of PD, includes the accumulation
of a-synuclein,** *>%%84 protein misfolding, and formation of
Lewy Dbodies neurons, contributing to the
degeneration of dopaminergic neurons.*> Similar to AD,
nanomaterials can contribute to PD by inducing increased
oxidative stress, neuroinflammation, and the aggregation of
a-synuclein protein.®® As indicated in the study of Huang
et al.¥’ the exposure of SH-SY5Y cells to 50-100 nm sized PS
nanoplastics, resulted in mitochondrial dysfunction and
dopaminergic neuron damage. Liang et al®® showed that
exposure of mice to PS and PE microplastics with a particle
size of 5 um caused dysfunction of mitochondrial energy,
leading to restriction of the energy reservoir, especially in
excitatory neurons, and PD-like disorder. Another way MNPs
can cause PD is by increasing dopaminergic neuron
degradation and a-synuclein protein aggregation.®* For
example, C. elegans was exposed to PS (25 nm) and showed
degradation of dopaminergic neurons and a-synuclein
protein aggregation.®

Despite some studies reporting the neurotoxicity of MNPs,
primarily due to oxidative stress, the underlying mechanisms
remain unclear. We believe that to better understand the
toxicity of MNPs, it is essential to develop new toxicology
guidelines, such as those by the OECD. These guidelines
should incorporate endpoints beyond those wused for
conventional chemicals, enabling not only the linkage of
exposure to hazard but also a deeper understanding of the
mechanisms by which MNPs induce PD and other
neurological disorders. It also remains to be investigated
whether alterations in gene expression and apoptosis
contribute to increased neural cell death, or if changes in
neurotransmission pathways play a more significant role in
the development of PD.

within

3.3. Other neurodegenerative diseases

Amyotrophic lateral sclerosis (ALS) is characterized by
progressive neuronal degeneration that causes motor
dysfunction and cognitive loss.* The mechanism recognized

1814 | Environ. Sci.. Nano, 2025, 12, 1809-1820
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so far for the development of ALS following exposure to
MNPs is an increase in oxidative stress, which may activate
inflammatory responses.’® Exposure to MNP can increase the
possibility of ALS from the level of DNA and gene
expression”® and increased oxidative stress.”> Sun et al®’
exposed TDP-43 cells to PS (20 nm) and reported damage in
motor neurons. A similar result was shown by Chen et al.,”
where rodent exposure to PS with a particle size of 50 nm
could increase neural injury and cognitive decline that could
be linked to ALS.

Multiple sclerosis is an autoimmune and inflammatory
disease characterized by neural demyelination and sensory,
motor, and cognitive decline.”® Exposure to MNPs can
increase the risk of MS, in a similar way to other
neurodegenerative diseases.”” The results from de Oliveira
et al.”® demonstrated that patients diagnosed with MS, had
higher serum metallic nanomaterials in their blood serum,
suggesting that the increase in nanomaterials can increase
the risk of developing MS. Zhang et al.*® evaluated the effect
of exposure to PS (25 and 50 nm) in rats and the results
indicated that the exposure reduced myelin basic proteins,
myelin thickness, and myelin formation in the fetal brain
which are the leading cause for MS. Similarly, the study on
zebrafish conducted by Aliakbarzadeh et al.®” indicated that
exposure to PS with a particle size of 57.7 nm caused neural
cell damage in the brain and a decrease in the number of
myelinated axons.

Research on other types of nanomaterials has also
revealed similar neurotoxic effects that might be transferable
to MNPs. For example, studies involving silver nanomaterials
have shown that they can induce inflammation in neuronal
cells, contributing to neurodegeneration.’®*’ Similarly,
titanium dioxide nanomaterials have demonstrated the
ability to penetrate the BBB and trigger neuroinflammatory
responses, leading to neuronal damage.'**'°" These findings
from different nanomaterials studies suggest commonalities
in the mechanisms by which various particles can lead to
different neurodegenerative diseases. This reinforces the idea
that there are potential risks posed by MNPs, given their
similar ~ physicochemical  properties and  biological
interactions.

One important factor in inducing neurodegenerative
diseases as a result of exposure to MNPs, as well as other
nanomaterials is the duration of exposure. This factor must
be carefully reviewed and incorporated into the new
guidelines being developed for MNP toxicity testing. Table 2
summarizes the key findings from recent animal studies
investigating the effects of MNPs on neural tissues and
neurodegenerative diseases, highlighting that the duration of
exposure plays a critical role in the neurotoxic effects of
MNPs. Studies with longer exposure periods, such as those
by Bai et al®® (15 weeks), Liang et al’' (28 days), and
Aliakbarzadeh et al.®” (45 days), revealed more pronounced
neurotoxic outcomes, including brain damage, mitochondrial
dysfunction, and neurodegeneration. Shorter exposure
periods, such as the 7-day exposure in Sun et al*’ and the

This journal is © The Royal Society of Chemistry 2025
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Table 2 An overview of the MNPs toxicity in neural tissue and neurodegenerative diseases

MNP type and size Exposure duration and pathways

Mechanisms of toxicity Ref.

120 h (5 days) exposure to10 mg L™

PS nanoplastic

100 pg per animal weight, administered
through the jugular vein

PS nanoplastic
(100 nm, 500 nm, 1000 nm)
PS nanoplastics (200 nm)

PS nanoplastic (50 nm)
body weight (BW) PS nanoplastics

PS microplastics (5 um) 6 weeks exposure to 1, 10 and 100 mg L™

PS nanoplastics (80 nm) 7 days 50 mg per bodyweight intranasal

administration (INA), gastric feeding (GF)

and intratracheal instillation (ITT) exposure

to PS nanoplastics

15 weeks exposure to oral 40 mg kg™
body weight of PS nanoplastics

45 days of PS nanoplastics 0.1, 1, 10,
and 100 pg L™

Amino-modified PS
nanoplastics (100 nm)
PS nanoplastics (20-80 nm)

5-day exposure in Zhou et al.>® still demonstrated significant
neurotoxic effects, but with varying degrees of impact
depending on the particle size and administration route.
Overall, these findings suggest that extended exposure to
MNPs increases the likelihood and severity of
neurodegenerative effects, highlighting the importance of
considering exposure duration in the development of new
toxicology guidelines for MNPs.

Perspective and future directions

The threat MNPs pose to neurodegenerative diseases
highlights the deep interconnectedness between human
health and environmental well-being. The consequences of
persistent plastic pollution extend far beyond its visible
impacts on the environment; they may be quietly
undermining brain health, with long-lasting and devastating
repercussions. Most of the investigated effects of MNPs are
based on oxidative stress, which is attributed to two main
factors: 1) the research protocols commonly used to study the
adverse effects of MNPs are primarily centred around
oxidative stress, even though the aims and mechanisms of
the studies may differ; and 2) it is well-established that the
effects of MNPs, like other nanomaterials, are largely driven
by their oxidative stress-inducing properties. Exposure to
MNPs can affect the CNS both structurally and functionally,
which may serve as a predictor of neurodegenerative diseases
and neurodevelopmental disorders at all stages of life.
Available evidence confirms that MNPs impact development,
growth, and behaviour.

There are several mechanisms by which MNPs can
adversely affect neural health, mainly dependent on the dose
and duration of exposure. By crossing biological barriers and
accumulating in tissue, MNPs increase oxidative stress and
trigger immune response. This leads to higher levels of
inflammatory mediators and increased gene expression of

This journal is © The Royal Society of Chemistry 2025

28 days oral exposure to PS 0.25-250 mg kg™

The smaller sized PS nanoplastic could penetrate the BBBin 53
zebrafish larvae easier and cause more neurotoxicity

Rod-shaped nanoplastics demonstrated greater binding 60
capacity in the mice brain compared to spherical-shaped PS
nanoplastics

The exposure outcome was mitochondrial dysfunction, 31
energy restriction in excitatory neurons, and PD like

disorders in mice

The chiken exposure to PS microplastics impaired tight 76
junction proteins expression and reduced number of

Purkinje cells, resulting in neurotoxicity

Exposure increased particle accumulation in the mice brain 39
and led to AP aggregation, a cause for AD

Mice exposure caused brain damage and characteristics of 40
AD
The exposure caused neural cell damage and a decrease in 97

myelinated axons in zebrafish

inhibitory proteins, while the expression and function of
regulatory proteins decrease. These effects are associated
with increased lipid peroxidation resulting in DNA damage,
the accumulation of misfolded proteins, activation of
apoptosis pathways and neuroinflammation. Furthermore,
MNPs may reduce the expression of neurotransmitter-related
genes and decrease the activity of antioxidant enzymes, even
if the expression of proteins involved in oxidative stress
increases in different regions of the brain and neural cells.
This can lead to significant disruption in the expression of
proteins crucial for neural development, which can regulate
the structure and plasticity of the CNS. Considering the
function and potential effects on neurodegenerative disease
and neurodevelopmental disorders, MNPs can decrease
important genes involved in cognition, which is the leading
cause of cognitive decline.

The mechanisms by which MNPs induce oxidative stress
and inflammatory responses, and impair myelin formation
align closely with those observed for other nanomaterials like
Ag and TiO,. This convergence of evidence underscores the
urgent need for comprehensive investigations into the
neurotoxic effects of MNPs. Establishing causative links
between exposure and disease progression will be vital for
developing effective preventive strategies and interventions to
mitigate the health risks posed by MNPs in our increasingly
plastic-laden environment. More studies are needed to clarify
dose-response relationships, the long-term consequences of
chronic exposure, and the differential effects of various
plastic types and additives. Understanding precisely how
MNPs harm the brain will be crucial in developing effective
interventions.

While MNPs have been hypothesized to affect the
structure and function of the neurons, there is a lack of
extensive studies confirming this effect. Understanding
how MNPs may disrupt this complex brain network is
crucial, as it could have far-reaching health implications.

Environ. Sci.: Nano, 2025, 12, 1809-1820 | 1815


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4en01017e

Open Access Article. Published on 29 Genver 2025. Downloaded on 2026-04-11 14:22:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

Evidence for the uptake of spherical MNPs by cells
currently relies on indirect assumptions rather than
definitive visual or experimental proof. Developing
methods to directly track and visualize the uptake of
spherical MNPs is necessary to fully understand their
cellular interactions and potential toxicity. Research is
needed to determine if specific antioxidants can protect
against MNP-induced neurotoxicity and the optimal
antioxidant  strategies for mitigating these  risks.
Additionally, exploring how different plastic compositions
and particle shapes affect their ability to cross the BBB
will provide a more comprehensive understanding of the
potential health risks associated with MNPs.
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