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Microplastic is well known and has been the subject of many review articles. In recent years, an
increasing number of reports have documented the presence of nanoplastics—plastic particles smaller
than 1 pum—in various environments, from the ocean to the human brain. In this article, | focus on
nanoparticles and what we do and do not understand about their effects on our health. After an
introduction to nanoplastics and their size relative to a single polymer chain, the degradation process
that produces nanoplastics, similar to microplastics, is briefly summarized. Due to their high surface
area, nanoplastics can behave differently in solution because they tend to aggregate. After reviewing the
presence of microplastics and nanoplastics in humans, insights from the established field of
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nanomedicine are used to explore how nanoplastics may enter the bloodstream and reach the brain.
This also includes the topic of protein corona formation, which influences the fate of nanoplastics in the
DOI: 10.1039/d5mh01544h body. Finally, a brief summary on the impact of plastic particles on health is provided, focusing on

reports comparing nano- and microplastics. This article concludes with how materials scientists and
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chemists can contribute to addressing the rising plastic pollution problem.

Everyone has heard of microplastics, but the term nanoplastic is only now entering the public consciousness. Recent articles have identified trigger points,
showing that we have large amounts of nanoplastics in our oceans—an amount that far exceeds microplastics. Furthermore, plastic has been found in the

brain, and closer inspection revealed it to be nanoplastic. We do not yet know how dangerous plastic truly is to our health, but initial reports, often using

engineered micro- or nanoplastic beads, suggest it could be harmful. This feature article explores the pathways from plastic waste to nanoplastics, concluding

with an examination of our current understanding of the differences between micro- and nanoplastics and their potential health implications. Although

research on nanoplastic and its health effects is still limited, the mature field of nanomedicine can help us understand how nanoplastics in the environment

may absorb small compounds like pollutants, form a biocorona with, for example, proteins, and transfer from the stomach, after ingestion with food and water,

to the brain.

Introduction

There is an abundance of microplastics in the ocean and in
soil, mainly based on the polymers shown in Fig. 1. Pictures of
coloured plastic pieces that are around the size of a grain of
sand circulate widely on the internet. A recent UNESCO report
paints a very dire picture of the state of our oceans. Around 8 to
10 million plastic ends up in the ocean and, alarmingly, it is
estimated that by 2050, more plastic will be found in the ocean
than fish." Numerous local studies worldwide focused on
quantifying the issue. The reality is that it is not as simple as
collecting and counting the plastic bottles floating on water.
Exposure to the elements results in the degradation of plastic
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into small pieces. Some of them are visible with the naked eye,
others require a light microscope. In 2004, Thompson and
co-workers were the first to report on the occurrence of
microplastics.” Since then, the problem is omnipresent with
man-made plastics being discovered in land, air, animals,
drinking water and more.” The term microplastic refers to a
vast and diverse group of particles formed from the breakdown
of plastics, classified by their size, which ranges from 1 pm to
5 mm. The variety of chemical structures is huge. The most
commonly produced plastics are summarised in Fig. 1, but
there are many more. Just behind the term of Nylon are hidden
several structural varieties that have all different properties.
Even if we pick up two microplastic pieces of nylon from two
different origins, they might vary in their molecular weight
and in other aspects. The reality is that the plastic we use is
a mixture of different ingredients. Polymers, which are the
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underpinning macromolecules, are processed in plastics by
blending them with other polymers and with additives. These
additives, which are small molecules, can serve different pur-
poses, including enhancing the longevity of the plastic, provid-
ing colour, enhancing flexibility or rendering them with other
properties.* These additives are not covalently attached to
the polymer and can leach out during degradation, causing
additional environmental damage.”

While there is a lot of focus on microplastic pollution, with
many active community groups collecting samples and asses-
sing the problems worldwide, recent reports have shown that
nanoplastics are just as abundant. A 2023 study, published in
Nature in 2025, highlighted that the main plastic pollution is
nanoplastics, not microplastics, with around 1.5-32.0 mg m >
of PET, PS and PVC being found in various ocean layers. The
authors estimated that the amount of nanoplastic found in the
temperate to subtropical North Atlantic is around 27 million
tonnes, which is exceeding or similar to the amount of large-
scale plastic found in all oceans.’ The authors concluded that
“nanoplastics comprise the dominant fraction of marine plas-
tic pollution”.’

Nanoplastics are defined by a size between 1-1000 nm, but I
would advise against searching for nanoplastics of 1 nm.
A monomer, a standard building block, typically measures
about 500 pm to 1 nm. In commercial applications, many
polymers consist of 500 to 1000 repeating units, but some
can be significantly larger, such as Ultra-high-molecular-
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weight polyethylene (UHMWPE), which can have up to
100 000 repeating units. The contour length of a PS with 1000
units is around 24 nm, but polymers do not exist as extended as
extended chains but as coils. An expression of ‘“‘size” can be the
random-flight end-to-end distance that increases in size with

\/Molecular weight M and equates for a polymer with 1000
repeating units to 15.4 nm.° This is only a mathematical model;
in reality, environmental factors play a role. However, it should
serve as an indication of how large a single polymer chain can
be. Once we enter the realm of nanoplastics, other physical
properties come into play. A plastic particle with a diameter of
1 mm has the same mass as 10'> nanoparticles, each with a
diameter of 100 nm, assuming they are made from the same
material. At the same time, we created a 10 000 times increase
in surface area, which means that now surface properties play
an important role.

If we were to engineer 100 nm nanoparticles in the lab using
any hydrophobic polymers such as PS, PP, PE, or others, we
would observe that these nanoparticles quickly aggregate to
form large visible particles in water as a means to minimise
surface energy.” However, alterations to the surface properties
through chemical reactions or adsorption of compounds found
in the environment, facilitated by various interactions such as
H-bonding, van der Waals forces or others, can create nano-
particles with colloidal stability.® Now, we have nanoparticles
dissolved in aqueous solution that are invisible to the naked eye
as long as the size remains below a critical scattering threshold.
These nanoplastic particles sit alongside other nanoparticles
found in nature.’ These naturally occurring nanoparticles can
be living, such as viruses, but also include non-biological ones
like nano-sized soot particles, calcium ion particles in drinking
water, or inorganic nanoparticles produced by bacteria.”'°
Naturally occurring nanoparticles as well as man-made nano-
plastic particles would behave very differently in a biological
system compared to microplastics, as they can invade living
organisms to an extent that microplastics cannot.’

In this focus article, the challenges related to nanoplastics
will be examined. While the formation of microplastics is
widely addressed, awareness of nanoplastics is only now begin-
ning to grow. Clarivate Web of Science lists 13766 articles
mentioning microplastics, whereas only 1409 documents focus
on nanoplastics while writing this article. Until 2020, there were
just a few reports on nanoplastics, but the field has since
expanded rapidly. An alarming report from 2025 showed the
presence of plastic in the brain. The particles found were not
microplastics, but the authors found particles below 200 nm in
size.'* The question is how nanoplastics are formed and how
they can pass through the relatively impermeable blood-brain
barrier (BBB). Researchers apply knowledge from nanomedi-
cine, a field that started in the 1990s, to better understand the
effects of nanoplastics on human health. However, several
challenges still need to be addressed. While the impact of
nanoplastics on our health is particularly interesting for med-
ical researchers, materials scientists also play a role in helping
detect nanoplastics or in developing polymer materials that are
less likely to contribute to future pollution.
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How do nanoplastics end up in the
environment?

Humans do not litter microplastics or nanoplastics; they litter
large plastic items. In some countries, more than 2 kg of plastic
is emitted into the ocean per person.'” This amounts to around
100 plastic bottles, assuming a weight of about 20 g per bottle.
We are all familiar with pictures of rivers that have floating
layers of plastic waste. At this point, the plastic waste can be
scooped up and processed safely. However, once nature exerts
its full force, plastics start breaking down. We have all seen the
degradation process looking at the plastic products around the
house: the ones kept inside the house can last many years, but a
plastic garden chair starts to yellow quickly, crumbles, and then
breaks,"? often without much prior warning that the end of
structural integrity has been reached. Degradation of plastics
can be accelerated by light (photodegradation and photo-
oxidation), heat (thermal degradation), chemicals (oxidation,
hydrolysis), microorganisms (biodegradation), mechanical
force (physical degradation) and even electrical fields (Fig. 2).
Several review articles describe plastic degradation in detail;
only the main aspects are highlighted here."*™"’

Degradation by light and oxidation

Plastics in the environment are subject to light exposure that
can trigger the degradation or ageing of polymers,'® either in
the presence or absence of oxygen.'®?° UV irradiation at
approximately 300 nm can directly break C-C and C-H bonds.
However, the presence of chromophores, like carbonyl groups
in the polymer, can accelerate this process. Certain com-
pounds, such as metal compounds, pollutants, or oxygen, can
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Fig. 2 Pathways of plastic degradation. The inserted TEM shows the
nanoplastic pieces found in the brain by Nihart et al,'! reprinted from
Springer Nature Medicine https://creativecommons.org/licenses/by-nc-
nd/4.0/.
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have catalytic effects and serve as photosensitizers.”’ The
process catalyzed by oxygen is called photooxidation and can
be divided into two mechanisms: the formation of singlet
oxygen, which can lead to the formation of peroxides along
the polymer chain, or the formation of a radical on the polymer
that can react with oxygen, serving as an initiator for subsequent
propagation across different parts of the polymer chains.'® The
oxygen-centred radical that is formed in the process allows
polymer chain scission (Fig. 2). The rate of degradation is
dependent on the intensity of light, the type of polymer, exposure
time, and even the inclination angle.”>* UV-light can result in
the formation of microplastics, but also nanoplastics, albeit this
process is more pronounced when in combination with some
mechanical agitation. UV light alone can enable the degradation
into nanoparticles,” but simulated beach conditions using a
standardized UV aging experiment revealed that after the initial
formation of microplastics, nanoplastics less than 50 nm in size
start to emerge.26

Degradation by heat

Polymers are generally stable at moderate temperatures. They
can transition from glassy to rubbery states if the glass transi-
tion temperature is reached at higher temperatures, but they do
not visibly degrade until temperatures approach 200 °C or
higher.”” At this point, polymers degrade in a radical process
encompassing initiation, propagation, and termination similar
to that of UV degradation.”® However, decomposition can
already occur at lower temperatures, such as 30 °C, resulting
in the slow release of oligomeric compounds.® It is therefore
not surprising that microplastics are present when plastic is
heated, such as with plastic teabags in hot water.*® The Nylon
and PET components of the tea bag started breaking down after
only 5 min in hot water, releasing micron and nano-sized
particles that affected the swimming behaviour of Daphnia
magna, a planktonic crustacean.’® Similar results were
observed when hot solutions were filled into PP infant feeding
bottles,®" or when silicone-rubber baby teats are disinfected
with steam,®” both processes led to the formation of nanoplas-
tics. Plastic containers together with their content are often
placed in microwave ovens, which can locally generate very
high heat. PP containers were found to release 4.22 million
microplastic and 2.11 billion nanoplastic particles from only
one square centimetre of plastic area within 3 min of micro-
wave heating.>?

Degradation by mechanical abrasion

Light and heat can compromise the chemical structure through
chain scission. However, it is often the movement of plastic,
which includes abrasion from objects, sheer stress by tearing,
or tensile stress by stretching, that causes the breakage of
plastic into smaller pieces.*® Under mechanical stress, poly-
mers might initially respond with realignment of the polymer
chains, but with increasing force they can break, especially
along entanglements or knots.>® Most plastic is exposed to a
variety of such external forces during usage, depending on the
application. An example for mechanical force is washing

This journal is © The Royal Society of Chemistry 2026
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clothes. Each household produces microplastics simply by
washing clothes.*® A study showed that 124 to 308 mg micro-
fibres per kg of washed polyester were produced, resulting
in a set of recommendations on how to reduce microplastic
pollution, such as the use of cold water or the installation of
filters.>”*® There is little discussion about the formation of
nanoplastics, but when it comes to clothing, it is important to
note that many clothing items are treated with engineered
nanoparticles that might detach during mechanical stress. This
can be mistaken for the formation of nanofibers generated
during stress on the fabric. Other sources of microplastic in the
household, that are subject to mechanical stress, include
plastic chopping boards,* and a variety of food packaging, as
reviewed earlier.”® Microplastics have recently been found in
unexpected places, like used chewing gum, which is polyvinyl
acetate that breaks down through repeated mechanical stress.*!
A significant contributor to the microplastic pollution are tires,
including bike tires, with a study finding that a mountain bike
loses 3.62 g of plastic on a 100 km ride.** Even indoor climbing
venues are not safe, as the constant mechanical stress on
climbing shoes leads to the emission of large amounts of
microplastic nanoparticles.*?

While most studies have focused on microplastics, it is
possible that nanoplastics might also be present. A study that
accelerated the mechanical stress effect by blending poly-
styrene coffee cup lids immersed in water found that plastic
can break down into pieces ranging from 100 to 200 nm within
just 5 minutes. Microscopy analysis revealed the presence of a
range of different shapes, including spindle-like structures.**
This was also observed during simulations of water shear
forces, where nanoplastics of approximately 50 nm in size were
rapidly produced from microplastics.*®

Chemical reaction

Plastics can degrade by non-radical reactions.'® This includes
the reaction with ozone on double bonds, such as SEBS
plastics, which is widely used in the automotive industry, for
example.*® Hydrolysable polymers with esters or amides in the
backbone can theoretically be cleaved in an aqueous environ-
ment, but higher temperatures or pH values that are not
neutral are required to accelerate the reaction.’® At neutral
conditions in a marine environment, it takes around 4.5 years
for 50% of PET bonds to cleave when the ocean temperature is
35 °C, but 162 years if it is only 30 °C.*” Earlier studies only
focused on the formation of microplastics in the process of
degradation,*® but there is now an increased awareness that
nanoplastic will also be generated.*’

Biodegradation

While polymers exhibit stability in pure aqueous environments,
their degradation within biological systems is often accelerated
by the synergistic effects of mechanical forces, ultraviolet (UV)
radiation-induced photodegradation, enzymatic activity, and
microbial colonization. The weathering of polymeric materials
initially results in fragmentation into smaller particles, thereby
increasing the surface area available for subsequent chemical
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degradation reactions catalyzed by various environmental
factors.>® Many polyester polymers, such as PLA or PET, can
be readily hydrolysed with the help of lipases, esterases, and
others, but also polymers such as PVC and PP show signs of
degradation when exposed to microorganisms such as fungi.>!
There is growing interest in developing genetically modified
bacteria to help break down commodity polymers produced by
radical polymerization, which are regarded as more difficult to
degrade.”® Biodegradation can be unpredictable, and labels in
plastic items such as biodegradable or compostable do not
mean that the plastic bag is completely depleted, as this will
depend on subtle environmental differences. Placing in soil,
hot compost, sea water, or simply in open air will lead to widely
different degradation rates, to the point of showing little
biodegradation.'”->%>*

Biodegradation can also occur when plastics are ingested.
Microplastics are internalised via drinking water, seafood, salt,
honey, and many other food items.>® But not all plastic can be
broken down in the stomach. Large pieces of plastic often pass
through the gastrointestinal (GI) system, which includes the
stomach, colon, and intestines, unchanged. This is evidenced
by the many LEGO pieces swallowed by children that only
reappear after a few days, as shown by a study in which six
paediatricians each swallowed a piece of LEGO.”® Of course,
large amounts of plastic can block the stomach or physically
damage it and therefore result in the death of many smaller
animals.”” For smaller plastic pieces, the residence time in the
stomach is often not long enough, and despite the high acidity
in the stomach and the presence of bacteria and enzymes,
medium-sized plastic pieces do not provide enough surface
area to trigger substantial changes. However, there is evidence
that smaller plastic pieces with higher surface area might
indeed degrade in the intestines, subject to the nature of the
polymer used. Understandably, esters such as PLA or PET
might show quick signs of aging, but even polymers such as
PS that are considered hard to degrade start breaking down, as
they were observed to undergo oxidation on the surface when
exposed to conditions found in the stomach.>® While the low
pH value in the stomach can facilitate hydrolysis, gut bacteria
can assist in the degradation. Plastic-degrading bacteria were
recently found in human faeces that could oxidize the surface
of LDPE and PP and partly depolymerize the polymer chain.>

Degradation to nano-sized particles
and their analysis
Effect of the plastic particle size on degradation

The occurrence of degradation reactions will also depend on
the size of the plastic piece. Mechanical forces play more an
effect in larger plastic pieces, where shear forces significantly
contribute to the process and accelerate the breakdown into
microplastic and even nanoplastic.*>® With declining size, the
surface area is becoming more dominant compared to the bulk
of the material. It is therefore expected that reactions that
target the functionality of the surface and the underlying layer
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would speed up the degradation process. Hydrolytic reactions,
for example, are accelerated when the plastic particles become
smaller, as these reactions rely on direct access to functional
groups on the surface.’’ This, however, does not mean that
plastic pieces quickly dissolve into monomeric building blocks
once they are nano-sized. At this stage, the morphology of the
plastic particle will influence the process. Since most polymers
are semi-crystalline and chain scission mainly occurs in the
amorphous regions, crystalline areas tend to resist further
degradation.”® In this study, the authors emphasized that the
fact that commercial polymers are often semi-crystalline is an
important aspect of understanding the degradation of micro-
and nanoplastics.

Effect of the type of environment

Plastic degrades through a combination of mechanisms, resulting
in a wide variation in degradation rates depending on the location.
Factors like soil or water, hot sunny locations or dry cold climates,
mechanical stress or undisturbed conditions, all create unique
chemical reactions that can lead to plastic breakage to microplas-
tics and then nanoplastics.

Water. A noticeable difference between micro-and nanoplas-
tics can be observed in water.®” Nanoplastics have a strong
tendency to aggregate as attractive forces, which are exerted by
surface functionalities, might outweigh repulsive forces. They
can aggregate with themselves or with other particles found in
water, such as clay or natural organic matter (NOM). While
these forces are also found in other media such as soil or food,
the rate of aggregation, which is a function of viscosity among
other parameters, can be substantial.®* However, certain func-
tional groups, as well as low salinity or favourable coating by
natural matter, can ensure colloidal stability. This means that
nano-sized particles will remain in solution for an extended
time and Brownian motions control their movements. In con-
trast, aggregated nanoplastic or microplastics can settle in a
few seconds or become buoyant. Therefore, the size, in combi-
nation with the physical properties, can determine whether the
plastic pieces will be transported with the flow of the water or
sink into the sediment.’” This means that they will be located
in different environments, such as varying UV intensities,
which will further influence degradation.

Air. Microplastics and nanoplastics can form aerosol parti-
cles that are transported through the air for an extended period
of time.** Here, they are subject to mainly photodegradation
and oxidation and some form of wind abrasion.®® The resi-
dence time in the air, also expressed by the settling velocity,
depends on their size, shape, and density. While the residence
time increases with size decrease, shape also plays a role
although this effect is more complex. A theoretical model
predicting the residence time of plastic nanofibers in the air
identified the cross-sectional shape as the primary factor
influencing long-range fiber transport, with flat fibers showing
a 450% increase in residence time compared to cylindrical
fibers.®®

Agroecosystem. In soil, the plastic particles are in contact
with soil components, which may be natural, but can also be of
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synthetic origin (fertiliser or pesticides).®” As the relative sur-
face area increases when the plastic particles get smaller, this
dynamic interface will determine further degradation by the
various degradation pathways discussed above. Nanoplastics sit
alongside black carbon and natural carbonaceous nano-
particles, which, to our current knowledge, outnumber the
amount of nanoplastic. However, there is currently little known
about how both interact and contribute to plastic degradation.
These natural nanoparticles are internalised by plants when
they are smaller than 100 nm, and there is evidence that nano-
plastics will do the same.®””®® Once inside the plant, nano-
plastic may cause phytotoxic or genotoxic effects, but this field
is still in its infancy and the researchers need to rely on
knowledge obtained using engineered nanoparticles. It is safe
to say, the uptake into plants by endocytosis, ion transport
channels, aquaporins or other microbes such as bacteria and
other pathways will again affect the surface properties and
degradation.®’

Food. There is only a short path from air, plants, and water
for micro- and nanoplastics to enter animals and plants, thus
food.”® Micro-and nanoplastics have now been found in most
food items.”® In living systems, plastics can be subject to
biodegradation,”" but heating food and mixing it with other
ingredients can potentially accelerate degradation. Extensive
studies examined the formation of micro- and nanoplastics
during cooking and food preparation when plastic-based
kitchen utensils are used,”” but our understanding of the fate
of food-derived plastic particles during cooking remains
limited.

Degradation in the environment is complex and often based
on a feedback system. For example, the presence of microplas-
tics was found to affect earthworms, who responded by increas-
ing the number of burrows and thus may increase earth
porosity.”> These changes in soil structure will subsequently
influence plastic degradation. The literature is filled with
complex relationships between plastic particles and living
organisms, emphasizing the challenge of fully understanding
the effects of plastics.

Identifying nanoplastics

One of the issues, however, is the difficulty in detecting
nanoplastics. Current analytical techniques for analyzing plas-
tic pollution are more tailored towards identifying the type of
plastic than the particle size. Spectroscopic techniques such as
Raman, Fourier Transform Infrared (FTIR) spectroscopy, or
even nuclear magnetic resonance (NMR), paired with thermo-
analytical techniques such as gas chromatography-mass spec-
trometry (GC-MS) (often coupled with other techniques) or
differential scanning calorimetry (DSC), help to identify the
type of plastic and they are used to analyse micro- and nano-
plastics. However, the size and shape identification of nano-
plastics is more challenging.

Microscopy and light scattering techniques. Widely used
analytical techniques for determining the size and shape of
the particles include microscopic techniques such as light- and
fluorescent microscopy, with only scanning electron microscopy

This journal is © The Royal Society of Chemistry 2026
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(SEM) providing some insight into the presence of particles below
1 um.””® However, direct size analysis is more complex because
typical techniques, including light scattering, must be free of
other natural nano-sized particles like protein (aggregates) and
viruses, and the sample should also be relatively monodisperse.
Additionally, smaller particles produce lower scattering intensity,
making it difficult to analyze very diluted solutions. Nonetheless,
techniques such as dynamic light scattering (DLS) have been
successfully used to detect nanoplastics, but purification by
separation and enrichment of nanoplastics is necessary.”® Recent
developments in the field of nanoplastic analysis have enabled the
detection of nanoplastics in bottled water without the need for
enrichment. The developed hyperspectral stimulated Raman
scattering (SRS) imaging platform, which uses an additional
Stokes laser to maximize the Raman signal to allow detection of
nanoparticles of 100 nm, was able to identify high amounts of
nanoplastics at concentrations previously unknown.””

Combined techniques. These techniques present an advance-
ment as they facilitate analysis by enabling enrichment, separa-
tion, and identification in a single process. This includes the
combination of AC electro-osmotic flows that collect nanoplas-
tics on a hole-patterned electrode, followed by Raman identifi-
cation of the nanoplastics (dielectrophoretic tweezing).”®
Raman tweezers, which are optical tweezers combined with
Raman spectroscopy, are an alternative way to trap nanoplas-
tics while allowing chemical identification at the same time.”®
Generally, combined techniques are more useful for identifying
nano-sized objects in a diverse background. Transmission
electron microscopy (TEM) is the most common way to extract
size and shape from a nano-sized sample. However, when
mixed with tissues, cells, bacteria, or other soft materials,
polymers are not easily identifiable. Correlative Light and
Electron Microscopy (CLEM) combines the capabilities of
fluorescent microscopy with TEM to identify the location of
synthetic material and determine its size and shape.®® This
technique could be used to locate plastic particles in tissue
after staining them with Nile Red, a dye that is used to stain
plastic with different plastic particles, causing slightly different
Stokes shifts.*"

Advanced enrichment techniques based on nanotechnology.
There is now a range of new solutions that aim to identify
specifically nanoplastics in complex mixtures.”®®> Many of
these techniques are based on the idea of isolating nanoplastic
based on a sieve principle, using a membrane,*> a metal
organic framework (MOF)®* or an optical sieve.® The principle
is often used to enrich nanoplastics to facilitate further
analysis.”®

Examples include a membrane based on nanowires that can
capture nanoplastic, which are then detected with surface-
enhanced Raman spectroscopy (SERS).** The cavities in MOFs
can be used to extract nanoplastics from solutions as shown
with a chromium-based MOF.?* Researchers have developed an
optical sieve that can detect nanoplastic and their size using
Mie void resonances. According to the authors, this technique
could be combined with p-FTIR or pm-Raman spectroscopy to
elucidate the structure of the nanoplastic particles.®®
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The reader is referred to comprehensive review articles that
discuss and compare available techniques to detect micro-and
nanoplastics, including the advancements in microscopy,
spectroscopy, and Al-supported techniques.”>”®8¢

Despite the difficulty of identifying nanoplastic, they have
now been widely observed in nature. In 2017, researchers found
nanoplastics in the North Atlantic,®” but since then, nanoplas-
tics have been discovered everywhere, including in 2021 in
s0il,®® in 2022 in polar ice,*® in 2021 in the snow,’ and in tissue
in humans, as it will be discussed below. The recently pub-
lished study outlined the widespread occurrence of nanoplastic
in the ocean.’

Nanoparticles may not be
nanoparticles in their biological
environment

However, just because nano-sized plastic pieces were detected
under the microscope, it does not mean they exist as isolated
pieces in the environment.’" As discussed in the beginning, a
reduction in size will lead to a larger surface area. As a result,
the type of functional groups on the surface will influence
what happens to these nanoparticles. Hydrophobic groups or
hydrophilic and potentially charged groups will determine if
these nanoparticles are colloidally stable or if they aggregate.
In solution, this is described by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory. This theory combines attractive van-
der Waals forces and electrostatic repulsion, which is caused
by the double layer of ions, also discussed in terms of the
zetapotential of the nanoparticle. The total potential energy
describes the balance between both forces and thus determines
stability. While the colloidal stability of engineered nano-
particles is relatively well understood, the solution behaviour
of micro- and nanoplastics is complex. The surface of these
plastic particles will undergo a range of chemical changes
during the weathering process.’® Photooxidation usually leads
to an increase in oxygen-containing functional groups, such as
hydroxyl or carboxyl groups, that will help with solubility in
aqueous solutions. This often coincides with changes in surface
structure, such as increased roughness. This alone will already
influence whether the plastic particles aggregate. However, the
particles also strongly interact with other compounds present
in their environment. In nature, this can include the formation
of biofilm and the absorption of environmental contaminants
such as metal ions and organic compounds that change surface
properties.”> Depending on the chemistry of these coated
plastic pieces, they can either be stable in the aqueous system
or start aggregating randomly.”® The rate of aggregation will be
determined not only by the composition of the plastic surface
but also by the nature of the surroundings.”® The size here
plays an important role as nanoparticles aggregate faster than
micron-sized particles due to their high surface energy.”* Once
the plastic pieces are ingested, they might be subject to further
degradation as the low pH value of the stomach or the different
enzymes might alter the surface properties again. Particles that

Mater. Horiz., 2026, 13,1628-1648 | 1633


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01544h

Open Access Article. Published on 04 December 2025. Downloaded on 3/13/2026 5:59:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

N\

Mucus layer

s
t @ \ '
sl o
o [ ’
Paracellular L 4
Adsorption of transport =——&— g A .
@ —Tight junction
pOuUtantS Transcellular. o
(PFAS, metal transport 5 L 4
ions,..) ® P M-cell
) V¥
0
macrophage Dendritic 5
. Peyer’s
Protein cogted patch
nanoplastic \ Lymphatic
circulation
Blood
circulation

Fig. 3 Transport of micro- and nanoplastics from the stomach or intes-
tine to the blood ort lymphatic circulation (parts of this picture were
created with https://BioRender (https://BioRender)).

enter the bloodstream will most likely be covered by a protein
corona, which will determine the ultimate fate of the plastic
pieces (Fig. 3). The types of proteins on the surface and their
denaturation state will influence biodistribution, as well as
whether the plastic pieces remain stable in the bloodstream.”

How much plastic is in our body?

Humans are exposed to plastics in numerous ways.’® As men-
tioned above, a significant amount of plastic is ingested
through contaminated food or water, but plastic can also enter
the body when previously uncontaminated food or water comes
into contact with plastic containers that release plastic particles
upon heating or other degenerative forces. Depending on the
type and size of the plastic pieces, plastic is excreted through
the stool. In a study with healthy volunteers, around 20 micro-
plastic pieces between 50-500 pm in size per 10 g of stool were
detected.”” This amount of particles found in faeces can be
directly linked to the exposure to plastic food packaging.’® This
will mean that plastic will go back into the ecosystem.”® Other
options include the inhalation of plastic particles from the
air.'% Moreover, the skin is frequently in contact with plastic,
whether it is clothing or other plastic items, such as phones
or personal care products. Healthy skin usually serves as a
barrier,'®" although it was proposed that nanoplastics might
display some toxicological effects on the skin.'®

The main question on everyone’s mind is whether micro-
and nanoplastics are dangerous to humans. First of all, we need
to explore where plastic can be found in the body. This is not an
easy undertaking, as many organs can only be analysed after
the person is deceased. It is therefore not surprising that we
know the most about micro- and nanoplastic by analysing the
placenta (Table 1). In the first study, published in 2021, micro-
plastics were detected in 4 out of the 12 placenta samples, with
particles measuring approximately 10 pm in size, primarily
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composed of PP.'” Another study found microplastic pieces
larger than 50 um in the placenta,'® but also in the baby’s first
stool, the meconium, which is clear evidence that microplastic
is transferred from the mother to the baby. Microscopy techni-
ques, such as FT-IR or Raman, were typically the method
of choice for counting micron-sized microplastic particles.
Occasionally, fluorescence microscopy was also used after
visualising the microplastic with dyes such as Nile Red
(Table 1). While seeing these large plastic pieces in organs
can be confronting, a real game changer was the introduction
of pyrolysis-gas chromatography and mass spectrometry
(Py-GC-MS), which is capable of quantifying plastic in tissue,
independent of the particle size.'°> However, a very recent study
raised concerns about its suitability in complex media like
blood, indicating that the concentration values, particularly
for PVS and PE, are not reliable.'®® In a 2024 study by Garcia
et al., between 6.5 and 685 g of plastic was found in one gram
of placental tissue (mean 126.8 + 147.5 pg g~ *)."%” The amount
varied widely, with a specific measurement of 685 pg found in
the placenta of one mother, equating to more than 0.06 wt%.
Let’s compare microscopy samples with these results: micro-
plastic pieces vary widely in size and shape, but let’s assume
one piece with a prolate shape with a length of 10 pym and a
thickness of 2 pm, which equates to a volume of V =20.9 um®.
A piece like that would weigh approximately 2 x 10~° ug, which
is only a fraction of the 126.8 ng of polymer per g tissue found
in the study by Gacia et al. (Table 1). This calculation is only a
rough example, but it highlights that microscopy might reveal
less than 1% of the plastics present in the tissue. The invisible
part, nanoplastics, makes up more than 99%, and can only be
visualized by techniques that are suitable for nanoscopic ana-
lysis. Table 1 lists how microscopy studies uncovered a few
microplastic pieces in a gram of tissue in various organs, while
Py-GC-MS exposed large plastic quantities that can only be
assigned to nanoplastic pieces. We are only at the beginning of
understanding how much plastic in the form of nanoplastic has
accumulated in the body, but the initial studies provide an
insight that is concerning.

How does plastic get into organs?

The fate of these plastic particles in the lungs (after inhalation)
or the stomach (after ingestion) depends on the properties of
the particles. Size will play a major role, as will shape and
surface chemistry. Plastic that will find its way into the stomach
will be exposed to very acidic environments and a gastrointest-
inal epithelium that does not allow the transport of larger
molecules from the stomach to the blood. In general, the
gastrointestinal (GI) tract, encompassing the oesophagus,
stomach, and intestine, is relatively impermeable to many
compounds.’®® The transport across these barriers has been
the focus of attention in the field of nanomedicine. Researchers
have developed particles of different sizes, shapes, and proper-
ties and investigated how they can cross these impermeable
barriers. Nanoparticles can cross through the transcellular
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route through epithelial cells, paracellular pathways between
cells along the tight junctions, using the M-cells of the Peyer’s
patches or via receptor and transcytosis-mediated endocytosis
(Fig. 3). While many of these pathways are irrelevant for larger
micron-sized particles, the M cells in Peyer’s patches can
internalise microplastics of several micrometers. Similar to all
cell internalization pathways, the uptake by M cells depends on
the types of proteins that can be found on the surface.'*
It appears, though, that there is an upper size limit as plastic
particles that are larger than 150 um are predominantly
excreted."”® Translocation into the bloodstream increases as
the size of the plastic particle decreases because additional
transport pathways open up (Fig. 3). Particles in the low micron
size can now use phagocytosis or endocytosis to move into the
bloodstream, albeit the paracellular route can be ruled out
when the particles are still in the microrange.'*® Uptake is
further facilitated when these plastic pieces are below 1 pum.
A study on engineered nanoparticles of various sizes showed
that nanoparticles below 100 nm have significantly higher per-
meation across intestinal cells than spheres of 1000 nm."**
The authors also prepared disk- and rod-shaped nanoparticles
and observed significant uptake. Understanding the unique
behavior of anisotropic nanoparticles is important because
TEM analysis of plastics in organs revealed that most pieces
are non-spherical (Table 1 and TEM insert in Fig. 2).

The field of nanomedicine also provides us with plenty
of studies on the effect of size and surface properties on bio-
distribution.”® Particles with sizes between 50 and around
100 nm usually have a long circulation time in the bloodstream
as they are only slowly detected by the mononuclear phagocytic
system (MPS)."*®> A landmark paper also showed the signifi-
cantly extended circulation time when non-spherical, worm-
like nanoparticles were used.'*® The differences in circulation
time between spherical nanoparticles and other shapes are
crucial when dealing with nanoplastics. TEM analysis revealed
a myriad of shapes, which are the result of various erosion
processes, but the shapes are rarely spherical. Moreover,
the surface chemistry will play a role. In nanomedicine, blood
clearance is often evaded by coating nanoparticles with polymers
such as poly(ethylene glycol) PEG and zwitterionic structures
that can introduce stealth properties to the nanoparticles.'®”
The surface chemistry of nanoplastic is given by the degrada-
tion mechanism. While commodity plastics are hydrophobic,
introducing functional groups will not only enhance the colloidal
stability, but it will also influence the interaction with biological
entities such as proteins, as discussed earlier. A protein corona
that contains predominantly opsonin proteins will have a shorter
circulation time than one with dysopsonins.'?® After circulating in
the bloodstream for a few hours, or in some cases several days, the
nanoparticles begin accumulating in various organs, primarily in
the liver and spleen, unless they have been excreted by the
kidneys. It is therefore not surprising that large amounts of micro-
and nanoplastics have been found in these two organs (Table 1).
The final destination of nanoparticles is, however, hard to predict,
although attempts have been made to link the properties of
nanoparticles with in vivo outcomes.'* Even very small changes
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to the nanoparticle properties can result in different protein
coronas and biodistributions, which is explored in nanomedicine
to target a range of organs.'*

While the reader probably quietly accepts that plastic was
found in the liver, an organ whose role is to collect and excrete
unwanted products, discovering that plastic was found in the
brain is concerning."" Nanoparticles are widely developed as a
way to treat brain diseases such as brain cancer, neurodegen-
erative diseases, or Alzheimer’s disease. However, the primary
challenge that still exists is effectively delivering nanoparticles
across the BBB."*° That engineered plastic nanoparticles, which
are spherical in shape and made from commodity polymers,
can penetrate this layer was indeed shown in animal studies."*'
Key to brain entry was not only the size of the particle,"** as
only nanoplastics, but not microplastics, could cross the BBB,
but also the composition of the protein corona.'** Indeed, from
the nanomedicine field, we know that the smaller nanoplastic
pieces are, the more dangerous they will be in crossing the
BBB.'*’

Does more plastic exposure lead to
higher accumulation in the organs?

The studies listed in Table 1 only had a handful of participants
in each study, and it is difficult at this point to draw clear
conclusions. In general, there seems to be some correlation
between what we eat and drink and the amount of plastic found
in our bodies.’®'** However, the authors listed in Table 1 all
exercise caution about potential relationships, as the number
of samples is often limited. There seems to be, for example, a
moderate correlation between the amount of bottled water a
volunteer drank and the microplastic pieces in faeces."*> How-
ever, in this study, the authors only counted microplastics,
while the amount of nanoplastics may be huge but invisible. In
another study, this time involving infants, a PET content of
36 ng per gram of stool was measured using solid-phase
extraction (SPE). In contrast, only 2.6 pug was found in adults.
The excessive use of plastic products like bottles during infant
feeding could explain the difference.’****” In a study that tried
to compare the consumption of bottled water with the occur-
rence of microplastics in semen, no such correlation was
found."® A direct correlation between plastic consumption
and enhanced accumulation can, therefore, not confidently
be drawn at this stage, as there are probably too many factors
that play a role.

One would also expect plastic accumulation to increase with
age, but the absence of a direct correlation highlights the
complexity of accumulation and clearance. For example, the
concentration of microplastics in human testes was found to be
independent of age and more likely related to the process of
sperm production.’”® Similar observations were made when
linking the amount of plastic in the brain with age, where there
was a lack of correlation."' Yet, when comparing samples
collected eight years ago with recent samples, there was a
noticeable increase in the amount of plastic deposited in the
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organs, which is in line with the increase in plastic pollution in
the environment." It appears that plastic accumulation in the
organ plateaus as incoming plastic is also slowly cleared again,
as observed in a zebrafish study.'*® In contrast, when analysing
the presence of microfibres in lung tissue, the authors found a
clear increase with age.""

The concentration in various organs seems to be a function
of the unique physiology of each living being. An enhanced
concentration of microplastics was found in patients with liver
cirrhosis. It was proposed that the “leaky gut” in these patients
allows additional migration of microplastics into the liver.'*®
A huge amount of nanoplastic was measured in the brains
of dementia patients. It was highlighted that it is likely the
inability of these brains to purge nanoplastic, although it might
be tempting to link nanoplastics with dementia."* However, the
authors state clearly that this is not an indication that nano-
plastic will cause dementia, but they also warn that more needs
to be done to understand the effect on human health. At this
point we do not have enough knowledge to separate cause and
effect. Does the enhanced accumulation trigger a disease, or
does the disease lead to enhanced accumulation? An example
of the former might be the higher amount of microplastics
found in lung cancer,""® where it appears that plastic fibres in
ground-glass nodules (GGNs) in the lung might have contrib-
uted to the progression of the disease.

Is nanoplastic dangerous?

The complex relationship between the plastic accumulation of
microplastics in various organs and potential health effects has
been subject to a range of reviews,”®'>*1397143 therefore, only a
brief overview is given here.

Ultimately, the question will be whether micro- or nano-
plastic will make me sick? Unfortunately, we do not have
sufficient human data yet to answer this, but there are enough
in vitro and in vivo data using animal studies to show that we
should be concerned. There is a large body of work on the
toxicity of micro-and nanoplastics that proposes that plastic in
our body might cause adverse health effects. However, setting
up suitable studies is complex. In many cases, the researchers
used engineered microplastics, which are often spherical par-
ticles made from commodity polymers, with a well-defined
surface chemistry. Apart from micro- and nanoplastics being
irregular in shape, we also know that plastic composition from
various sources can vary substantially, as each plastic item
produced has a different mixture of additives. However, these
engineered nanoparticles allow us to gain some insight into
potential toxic effects.

The initial step in toxicity testing is to study micro- and
nanoplastics on cell lines similar to what researchers in the
nanomedicine sector would do. From there, we know that
nanoplastics can be readily taken up by a large variety of
different cells while microplastics struggle to gain entry.”
Macrophages, which play an important role in the immune
system, are known to phagocytose even micron-sized particles.®
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The more particles enter the cells, the more likely they are to cause
cell stress or even cell death; therefore, size-dependent effects
are observed in some reports.***'** Plastic particles often do not
directly display cytotoxicity, only at relatively high concentra-
tions.'*®'"” Again, this is often a function of size as nanoplastics
in the low nanometer range were found to be toxic already at low
concentrations, while larger particles require higher concentra-
tions to be cytotoxic towards various phagocytes.'*> Cytotoxicity is
often not directly observed but manifests as a range of more subtle
interferences with cells since nanoplastics can interfere with the
mitochondria,"*® inhibit membrane transporters,"*® trigger the
production of reactive oxygen species (ROS),"**'*® or cytokines'**
or lead to an increase in a range of other cell markers that might
indicate cell stress.*>**° The effects of micro- and nanoplastics on
cytotoxicity, immune response, oxidative stress, barrier properties,
and genotoxicity were compared in a meta-analysis, and the
authors found that the shape of the plastic particle is a much
stronger predictor of toxicity than its size or polymer type.'*
Nanoplastic pieces with rough edges and irregular shapes showed
noticeably more toxicity than spherical ones, which can be con-
cerning, considering that most naturally occurring nanoplastic
pieces are non-spherical.’®" It also highlights that engineered
spherical nanoparticles may not be the best models to test plastic
toxicity.

Organoids and spheroids have recently emerged as an alter-
native tool to study the effects of plastic particles."”*'*® Next to
toxicology information, organoids and spheroids can provide
information on the ability of plastic pieces to penetrate into
tissue.””” Cortical or cerebral, kidney, cardiac, lung or liver
organoids could reveal significant damage after exposure to
predominantly nanoplastic particles as small as 100 nm."*®
Organoids were able to uncover various toxic effects, but
according to the author of a recent review paper, organoids
need to become more complex and include features such as
vasculature and immune cells. Additionally, the authors recom-
mended that the experiments should better simulate long-term
exposure to nanoplastics.'>®

What is, however, on people’s minds is how nanoplastic
might affect their health or their ability to have healthy chil-
dren. As highlighted earlier, we don’t have enough data on
human studies, but in vivo work using animals can shed some
light on this.

Digestive system and urinary system

The first line of contact of micro and nano plastics is with the
digestive system and urinary system. Particles that are ingested
will potentially damage the stomach or intestine, and after
entering the bloodstream, will be transported to the kidneys,
liver, and bladder. It is evident that damages already occur in
the stomach and intestine, with the various effects being
summarized in review articles.’*®'*° Feeding mice with 5 pm
PS particles over 28 days led to oxidative damage, inflamma-
tion, and disturbances of the intestinal microbiota.'®® This led
further to an increase in undesirable gut bacteria and increased
levels of interleukin-1a in blood serum, a hallmark of inflam-
mation as observed after feeding mice with micron-sized PE.*®*
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Similar results were observed after feeding micron-sized PE to
zebrafish, including intestinal inflammation and increased
infection probability.’®> While a pro-inflammatory response
has been observed with nanoplastics in vitro,'®® there is only
a limited number of studies that look at the effects of nano-
plastics in animal models. A direct comparison of micro- and
nanoplastic on zebrafish showed that while all particles
affected the microbiome and the intestinal immune cells, only
nanoplastic led to genetic changes that led to increased ROS
production and mucus secretion.'®*

The observed disturbance of the microbiome will affect the
gut-liver axis and can potentially result in liver diseases such as
liver fibrosis and cirrhosis, as reviewed here.'®® Accumulation
of microplastics in the liver is widely observed, which is not
surprising considering that the liver and spleen filter the blood
to remove harmful substances. Once lodged there, microplas-
tics can cause oxidative stress, alter metabolism, increase cell
death, and inflammation.'®® Most studies used microplastics,
but there are a few studies using fish that show that nanoplas-
tics are just as dangerous.'®® Zebrafish that were exposed to
50 nm PS particles for 28 days showed not only signs of liver
damage, but the authors found evidence for the depolymeriza-
tion of PS in the liver by the cytochrome P450 enzymes, which
may lead to the formation of cytotoxic styrene and styrene
oxide."®” A review that directly compared studies on microplas-
tics and nanoplastics and their effect on the liver found that
microplastics are more likely to accumulate in the liver and
cause hepatotoxicity."”®® According to these initial reports, it
appears that microplastics could be more damaging than
nanoplastics to the liver.®

Nervous system

Microplastics can cause significant neurotoxicity in mammals
and fish,"*®'®® and an increasing number of studies now
include nanoplastics. Micro- and nanoplastices were directly
compared when mice were given drinking water containing PS
particles with diameters of 500 nm, 4, and 10 pm, respectively,
over 180 days. The smallest nanoparticles were able to cross the
BBB to a significant extent, but nevertheless, the authors found
no size effect on subsequently studied cognitive dysfunction,
only a concentration effect.'’® This does not mean that nano-
plastic is not potentially more dangerous, as shown in studies
on fish using 70 nm and 5 um PS particles. While both particles
led to significant toxic effects, nanoplastic reduced the activity
of acetylcholinesterase (AChE), an enzyme that controls nerve
transmission.’”* Several studies showed that nanoplastics,
when fed to mice and rats, result in significant behaviour
changes, cellular dysfunction, as reviewed in detail here.'”
For example, PS particles measuring 30-50 nm in size, and
administered orally to mice, were capable of reaching the brain,
where they induced cognitive impairment, most likely by
modulating gene expression in microglia.'”?

Blood, circulatory and lymphatic system

Once micro-and nanoplastics cross into the bloodstream, they
will immediately be exposed to the innate immune system,

1638 | Mater. Horiz., 2026, 13, 1628-1648

View Article Online

Focus
most likely to neutrophils.'”* Plastic particles have been widely
found in the blood of animals and humans.'”® Several studies
on fish exposed the changes in neutrophils and the subsequent
effect on the fish population, which includes reduced disease
resistance,"’* but also chromosomal harm to fish erythro-
cytes.'®® In mice, an increase in eosinophils and basophilic
leucocytes'’® and altered lipid metabolism, as evidenced by
elevated serum markers, were found.'”” While the effects of
plastic particles on blood cells and cardiovascular parameters
are evident as reviewed here,'”® there are few studies compar-
ing micro- and nanoplastics in vivo. One study that investigated
the effect of plastic particles of 500 nm and 5 um in size
reported an increase in body weight after plastic ingestion.
The mice fed with the 500 nm nanoplastic particles had
significantly higher glucose levels than the control group.'”®

Once in the blood, the particle can be shuttled to the lymph
nodes and various organs'’® with nano-sized plastic pieces
reaching the lymph nodes more rapidly than microplastics."””
Plastic was detected in humans in the aorta, coronary arteries,
and carotid arteries, and the concentration was correlated to
the disease history of the individual humans."*%'** The authors
suggested a potential connection between the presence of large
amounts of nanoplastics in carotid plaques and the occurrence of
stroke, myocardial infarction, and other deaths in patients.""’
Moreover, it is also believed that plastic particles might be linked
to atherosclerosis.'®® However, the authors measured the content
using Py-GC/MS and did not distinguish between micro- and
nanoplastic, which might have shed light on the effect of size
differences. Finally, the plastic pieces might reach the spleen,
where they can cause adverse effects.™>

Reproductive system

The effects of micro- and nanoplastics on the reproductive
system are widely studied and the subject of many review
articles,"®* "% and the main effects are summarise in Fig. 4.
In this field, there is a substantially greater volume of research
focusing on human subjects relative to studies examining
health effects on other organs. This disparity can be primarily
attributed to the relative ease of obtaining biological samples
such as placentas or semen, whereas obtaining other organs is
generally limited to specimens from diseased individuals or
those who have undergone partial organ resection. Conse-
quently, studies involving the uterus, cervix, or testis tend to
be scarce and often characterized by limited sample sizes. For
example, uterine fibroids, which are benign tumors of the
uterus, are usually removed together with the neighboring
myometrial tissue during surgery."** It was observed that there
was more microplastic in tissue that contained fibroids than
in healthy tissue. What was particularly interesting about this
study was the link between these findings and the lifestyle
choices of the tissue donors. It was discovered that a higher
consumption of takeaway meals and bottled water led to
increased plastic accumulation, highlighting that most plastic
found in the body is ingested directly through contaminated
food.™* Microplastics are also found in testis (on average 328.44 ng
per gram tissue)'”® and uterus (amount not determined).'®*
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Fig. 4 Visual representation highlighting the impacts of micro- and
nanoplastics (MNP) on the male and female reproductive system. Inspired
and adapted from Ye et al.**°

Analysis of tissue samples from cervical cancer patients showed
that when microplastics were found, metabolic changes in
cervical invasive cancer tissues were measured, but the research-
ers did not draw any conclusions about what this means for our
health.'®®> However, some concerning correlations have been
reported in recent years. For example, reduced foetal growth is
associated with an abundance of plastic in the placenta of
women,"® while plastic in the women'’s villous tissues is thought
to lead to an increased occurrence of miscarriages.'®”

As the number of studies on humans is limited, researchers
have used animal models to learn more about this topic. The
extent to which microplastics may influence fertility rates or
adversely affect offspring remains to be fully explored."®® In
mice, administration of plastic particles led to reduced fertility,
an abnormal sex ratio in their offspring,'®* increased embryo
resorption rate,"®® and embryonic growth retardation.'®
Several animal studies suggest that disruptions in the neuro-
endocrine system via the hypothalamic-pituitary-gonadal (HPG)
axis may affect the synthesis and secretion of sex hormones,
in addition to endometrial dysfunction, atrophy, fibrosis, and
other adverse effects, as reviewed here.'®® Comparison of
micro-and nanoplastics in zebrafish led to the conclusion that
nanoplastics might be able to reach areas such as the yolk sac,
which microplastics cannot reach,'®® but in general, the num-
ber of studies comparing the effects of different sizes of plastic
particles on reproductive health is limited.'*° A study that uses
PS beads in the size of 100 nm, 3 um, and 10 pm found a larger
accumulation of nanoplastic in the testis compared to the
microplastic particles, but not in the epididymis."®' Nanoplas-
tics are also more likely to cross the placental barrier to reach
the foetal brain in mice."”> Depending on the surface charge of
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the nanoparticles, damages to the foetal brain by ROS were
observed."®> Next to damages to the brain of the unborn mouse
during gestation, nanoplastic can also be more easily delivered
from the female to the offspring through breast milk.'** Both
particles, micron- and nano-sized, reduced fetal growth, but
this study on mice did not find significant differences between
50 nm and 5 pum particles."®* A study that followed the health of
mice from the gestational stage to puberty after their mothers
were fed plastic particles of 500 nm and 5 pm, respectively.'®>
The offspring showed metabolic changes although they were
never exposed to plastic directly, which could either mean that
the maternal metabolism was affected or that plastic particles
passed through the placenta. Interestingly, this effect was more
pronounced with microplastics.

Respiratory system

It is not unexpected that plastic particles should have a pro-
found impact on the respiratory system, considering that
inhalation is a common pathway of entry. As reviewed
elsewhere,'°"® the deposition of plastic particles on the lungs
can potentially cause respiratory diseases, as shown in animal
models. However, Vasse and Melgert also concluded that more
work is needed to understand the effect of actual environmen-
tal plastic pollution on human health.'*® However, it is reason-
able to expect that nanoplastics might cause more damage than
microplastics, as they are more likely to reach the respiratory
bronchioles, alveolar ducts, and alveoli, whereas larger parti-
cles tend to remain in the upper respiratory system.'®’

In summary, there is evidence indicating that plastic parti-
cles may have detrimental health effects. However, it remains
unclear at this point whether nanoplastics pose a greater or
lesser risk compared to larger plastic particles, as studies that
compare sizes directly are limited. Moreover, many studies
employ engineered spherical PS nanoparticles while actual
micro-and nanoplastic particles are often fibrous, rough with
many edges, or film-like in appearance. Furthermore, certain
studies employ exceedingly high concentrations of plastic
particles in animal experiments (several milligrams of plastic
per kilogram per day), which may not be representative of
typical human consumption. While it was proposed that we
eat the equivalent of one credit card per week (5 grams), Pletz
revisited these numbers and proposed that 4.1 pg per week is
a more likely number.'®® Even with a 5 g intake by a 70 kg adult,
the daily dose is 10 mg per kg, which is lower than the
concentrations used in some studies.

Is nanoplastic more dangerous than
microplastic?

If we reduce the size of a plastic particle from 5 pm to 50 nm, we
increase the surface area relative to the volume by a factor of
100. Therefore, the types of functional groups on the surface
will determine the fate of the plastic pieces. It is the degrada-
tion pathways, the degradation environment such as soil, air
or water, the season, the type of polymer, and even subtle
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differences in the constitution or stereochemistry of a polymer,
such as molecular weight, branching and tacticity, that will
influence the rate of degradation, but also the type of func-
tional groups that will dominate the surface.'®*°' This inter-
face will control if the nanoplastic pieces are stable in water or
if and how they interact with other compounds.**> Both pro-
cesses are interrelated. Surface functionalities such as charged
groups will ensure water-solubility, colloidal stability, but they
will also decide with what organic molecule or biomaterial they
interact. This corona of absorbed molecules will then decide
the stability in water, which is either long-term colloidal
stability or aggregation into larger micron-sized aggregates.
Nano-sized particles are more likely to circulate around the
blood stream for an extended period of time, they are more
likely to enter cells in the body or even cross the BBB. In
contrast, the surface of microplastics is relatively small. There
is less room to absorb any molecules, such as pollutants, and
they are likely to be cleared via the liver. Although more work
needs to done, nanoplastic is likely more dangerous.

Responsible plastic use

It is evident that there are many unknowns about the effects of
plastic particles on our health, but we need to err on the side of
caution and reconsider how we use plastics. Plastic is a unique
material that is irreplaceable in our daily lives for certain
applications, but in other areas, we need to consider how
to reduce plastic consumption, reuse items, or recycle them.
An informed population is a prerequisite for this step. For
example, it is not widely known that washing of clothes made
from synthetic fibres such as Nylon is a huge contributor to
microplastic pollution.*** A recent citizen science project in the
UK showed that households grossly underestimate how many
plastic items they dispose of (plastic blindness),>** but aware-
ness of it can help with behaviour change. The “One Planet
Network’, a global community of practitioners, policymakers
and experts, governments, businesses, civil societies, academia
and international organisations, has assembled strategies
that help with behavior change.?®® While there is a focus on
personal responsibility, the responsibility also lies with big
corporations and lawmakers.

Plastic pollution can be reduced by better remediation
techniques, such as the removal of plastic particles from storm
water, better waste water sludge management, the development
of a circular economy, better waste management and many
other approaches®?*2° More importantly, policies need to be
in place that aid the process. Tackling plastic pollution is a
major aim of the UN environmental program,”®” and law
makers around the world already act upon. Examples are the
“National Plastic Plan” in Australia,?°® the “Plastic strategy’’ by
the European Commission,>®® but also international agree-
ments are being developed that seek to tackle the plastic
problem (UNEA resolution (5/14)).>'° Policies include the phas-
ing out of single-use plastic, improving waste management,
reducing plastic leakage, and appropriately financing the
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circular economy, with some responsibility given to the private
sector.”™"

Until then, it is recommended to limit personal exposure to
plastics. This includes the protection from airborne plastic
particles, which is particularly crucial for workers in recycling
plants. This aspect is often overlooked: recycling plants, where
plastic is shredded, can be a source of micro- and nanoplastics
formation.?®* On a personal level, households can reduce the
amount of plastic particles in the air by using air purifiers
equipped with HEPA filters, which can help alleviate exposure,*'>
consider the use of plastic items in the kitchen and household,””
and other plastic items, such as water in cheap plastic bottles.*’

The role of chemists and materials
scientists

Understanding the health effects of micro- and nanoplastics
will need to be the subject of many studies for biomedical
researchers in the coming years, as we still do not understand
the magnitude of the problem. This problem can only be
tackled by combining the effects of interdisciplinary teams
comprising analytical chemists, environmental chemists, food,
soil, water scientists, toxicologists, and medical researchers.
Materials scientists can play a central role in the discussion
around plastic pollution as they can contribute to our under-
standing of the behaviour of plastic particles, but they can also
be instrumental in helping to reduce plastic waste. The follow-
ing outlines areas where polymer scientists can potentially
contribute to the discussion:

Making plastic more durable and repairable

This may be a strange demand, but it needs to be considered
that plastic materials have properties that cannot be found with
any other materials. Plastic materials are known to save lives
and can help reduce energy consumption, among other favour-
able properties. There are plastic items we want to be durable
and to last for a long time, yet many have been found to break
down during usage.>"* Some plastic pollution is the product of
abrasion, such as tires, or premature breakage. As a result,
plastic is released in the environment or contributes to land-
fills. To extend the lifetime of a plastic consumer item, it is
desirable to be able to repair it or reshape it into an alternative
product. The development of self-healing plastic>'* or dynamic
materials that can be upcycled®'>*'® Even broken plastic might
be a valuable raw material in such a case.

Creating better micro-and nanoplastic reference materials

Many animal studies have used spherical PS particles that are
commercially available as models to test the effects on health.
However, we know from the plastic pieces found in various
tissues that plastic particles are neither spherical nor made
from PS, as the dominant plastic material found in tissue was
often PE (Table 1). The impact of the shape on biodistribution
and cell uptake is significant. Additionally, PS cannot be
directly compared to PE because one is an amorphous polymer
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and the other is highly crystalline, which influences degrada-
tion. Micro- and nanoplastics have diverse shapes and a broad
size range,”’” making it challenging to predict their health
effects. While it is feasible to use actual micro-and nanoplastic
samples from nature, the issue would be that the size, compo-
sition and surface chemistry represent a very unique fingerprint
of the geographic area and time point that created these specific
plastic pieces. Materials scientists could potentially help to create
models using accelerated aging conditions while providing in-
depth structural characterization, such as size, shape, and surface
functionalities. A variety of approaches have been summarised
here,” but it is evident that some reliable techniques to generate
nano-sized materials are still missing. A notable challenge
involves generating nanoplastics with surface chemistries that
closely emulate the characteristics of natural nanoplastics. While
accelerated procedures are never on par with conditions found in
nature,”*® they can still serve as better models than the ones
currently used. Materials scientists can, moreover, think about
introducing labels in the process that facilitate subsequent biolo-
gical analysis. Introducing stable or radioisotopes is one option,
but it is not readily available to all labs. Alternatives could be
metal-doped nanoparticles.>'***° However, whatever functionality
is introduced, care should be taken not to significantly alter the
surface chemistry, as this may lead to the adsorption of different
proteins, thus different biodistributions.

Developing techniques to identify nanoplastics

As Ivleva emphasized,” the analysis of nanoplastics within envir-
onmental matrices remains a significant analytical challenge.
Conventional methods for microplastic detection, primarily based
on diffraction techniques, lack the requisite resolution to identify
nanoparticles at the nanometer scale. Moreover, visualizing low-
abundance nanoplastics against complex backgrounds containing
naturally occurring nanoparticles—including viruses, organic
matter, and inorganic particles—poses additional difficulties.
Preconcentration, enrichment, and fractionation procedures can
enhance detection sensitivity; however, the advancement and
integration of hyphenated analytical techniques, wherein two
complementary methods are combined, are arguably the most
promising strategies for the effective visualization and charac-
terization of nanoplastics amidst diverse environmental cons-
tituents. Because nanoplastics are usually found in low
concentrations in most environments, developing reliable analy-
tical techniques that prevent false positives poses extra challenges.
Once such samples are transferred to the lab for analysis, the
samples are introduced to an environment that is filled with
plastic products such as gloves, stoppers and syringes. There is
an increasing awareness that analysis of samples that contain
plastic nanoparticles requires additional care to avoid further
contamination®*" but also more thought needs to be devoted to
the development of control experiments that help verify detection
thresholds and the absence of false positives.”

Contributing to the discussion on standards

While materials scientists are not necessarily policymakers,
their involvement in the discussion on standardized protocols
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is crucial. This would include the discussion on the best way
of separating micro-and nanoplastics from the surrounding
media, such as natural inorganic nanoparticles and organic
matter, etc., and the establishment of protocols and procedures
that have limited false readings and can be universally applied.
The International Standardization Organisation has now estab-
lished the first internationally recognized microplastic testing
standards, ISO 24187, “Principles for the analysis of micro-
plastics present in the environment.” This is a first step
forward, but this standard focuses only on microplastics.
Therefore, informed discussion towards clear guidelines on
nanoplastics is needed.

Analysing the interaction between nanoplastic with pollutants

While current research primarily focuses on assessing the
toxicity of micro- and nanoplastics, predominantly utilizing
engineered polystyrene (PS) beads, the potential risks may be
more alarming. Traditionally, polymer scientists exploit the
ability of plastics to interact with small molecules, such as
additives, to enhance desired material properties. In natural
environments, this mechanism inadvertently occurs as plastic
particles either absorb pollutants into their bulk or adsorb
contaminants onto their surfaces, potentially facilitating the
transfer of harmful substances. Depending on the polymer and
the pollutant, accumulation is not limited to the surface but
these small molecules will penetrate deeper into the nanoplas-
tic material. This can lead to unexpected toxicity. While some
pollutants may not be toxic because they lack a pathway to enter
cells in the body, nanoplastics can now transport them directly
into cells, where they are released. It was discovered that a
mixture of microplastics and perfluoroalkyl substances (PFAS)
exhibits synergistic toxicity compared to PFAS and plastic
particles alone.*”” Similar effects were observed with heavy
metals.>*® This interaction depends not only on the compat-
ibility between the polymer and the compound but also on the
presence of functional groups, which typically result from the
degradation process. Additionally, amorphous polymers can
absorb significant amounts of low molecular weight com-
pounds if the Flory-Huggings interaction parameter y is favor-
able. In contrast, crystalline polymers generally have limited
space to accommodate potential pollutants. It is important to
remember that loading pollutants in bulk or on the surface will
alter the properties of nanoplastic particles, thus affecting
colloidal stability, protein adsorption, and ultimately determin-
ing the fate of these nanoplastics in the body. This relationship
between the size of the plastic particles, the degradation
mechanism that determines functionality of the surface, the
type of pollutants, and the resulting potentially toxic warheads
is complex, and further work is required to fully understand
how plastic will increase the toxicity of environmental
pollutants.

Developing strategies to remove plastic from complex media

There are several proposed strategies for detoxifying the body
from plastic, including the use of melatonin, probiotics, and
other compounds that appear to mitigate the effects of plastic
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in animals.>'* Very recently, extracorporeal apheresis, which is
the filtration of the blood, was tested as a way to remove
microplastics from the blood,?** although approaches like this
need to be followed up with more studies, including detailed
quantification and size analysis. Most of these studies are pre-
liminary and require more attention from medical scientists.

Materials scientists can, however, help to create better
techniques to remove micro-and nanoplastics from the
environment as part of a remediation process. Currently, a
range of techniques are already applied to remove micro-and
nanoplastics from wastewater, such as filtration, centrifugation,
and flocculation, but not all of them are suitable for nano-
plastics.>*® New ideas are currently being explored to remove
nanoplastics from the environment, such as the electrophoretic
removal of nanoplastics from industrial wastewater,”***?” the
photolytic decomposition of plastic,*** the use of bioreactors,***
or the adsorption of nanoplastics onto other materials.”*®> Most
of these techniques appear to be successful in removing nano-
plastics from water, but it is evident that other matrices, such as
soil, are more challenging. Isolating nanoplastics from complex
media, however, is an important step in enabling robust quanti-
tative analysis.

Developing an understanding that polyethylene is not
polyethylene

Just because two plastic items are made from polyethylene, it
does not mean they are the same; this statement applies to any
plastic items. There are differences in additive, molecular
weight, crystallinity, branching, and so on that result in differ-
ent behaviours in the environment, such as different degrees of
degradation.??® This can lead to a large amount of data as each
polymer has its unique degradation rate in a specific environ-
ment. Machine Learning could be applied more widely in the
future to help identify the link between the type of polymer and
its degradation.”®® The subtle differences between polymer
structure and outcome are not only evident when analysing
the behaviour of the nanoplastic in the environment. Very
recently, it was shown that even Py-GC-MS, a standard techni-
que to identify plastics, could not provide reliable results when
PS of different tacticities (syndiotactic, isotactic and atactic)
were measured.”*® This means that we need to adjust some
analytical techniques and rethink its robustness.

Participation in networks

This complex topic can only be understood through collabora-
tion among researchers from different fields. Chemists and
materials scientists contribute their expertise on analyzing
micro- and nanoplastics and designing reference materials,
but their role extends further. Large-scale comparison studies
across multiple labs help validate methods and ensure their
accuracy. These interlaboratory studies are already underway or
have been completed, such as a study involving 84 labs that
compared microplastic detection methods.>*" Other networks
explored better reporting options and open-access tools.>*?
A network can help establish key principles for managing
plastics, which can become government-supported standards
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such as the Australian Standard AS ISO 24187 “Principles for
the analysis of microplastics present in the environment”.>*?
This entails academics dedicating some of their time and
resources, but it is a crucial step toward addressing this issue.

Creating alternative polymers for single-use plastic

While the mantra should be to avoid single-use plastic at all
costs and for everyone to take on the responsibility to limit
daily plastic usage, there are still fields where plastic is neces-
sary. An example would be the need for sterile catheters, blister
packs for medicine, packaging that can enhance the shelf-life of
food, or personal protective equipment. Biodegradable plastics
could be an alternative as they are designed to degrade fully.
However, this approach has caveats. Comparison of biodegrad-
able microplastics with that of commodity polymers shows that
degradable materials pose similar challenges such as the
adsorption of contaminants, but they can also display negative
effects towards marine life*** or modulate the carbon and
nitrogen cycle in marine sediment.>*> A recent review warned
that we should not replace one problem with another, as there
is evidence that incompletely degraded plastics might affect the
ecosystem.>*® While polymer scientists have many innovative
ideas regarding the design of new degradable polymers, their
concepts need to be discussed with ecotoxicologists in a timely
manner.

Conclusions

There is no denying that excessive plastic consumption, espe-
cially single-use plastics, has created a significant environmen-
tal problem. Now, increasing evidence shows that tiny plastic
particles enter humans and are detected in blood and organs,
including the brain. The plastic particles found in the brain
measure 200 nm in size; therefore, we need to expand our
discussion from microplastics to nanoplastics. Nanoplastics
are produced in similar ways to microplastics. However, when
discussing nanoplastics, new aspects need to be considered,
such as the crystallinity of the polymer, which affects degrada-
tion. The results of degradation are often fiber-like pieces,
irregular with rugged edges. Sometimes, they resemble film
pieces, but they are rarely spherical particles. When transition-
ing from microplastic to nanoplastic, other effects come into
play, such as the large surface area. The type of functional
groups on the surface, usually resulting from the degradation
pathway, will influence colloidal stability and the adsorption of
biomolecules. This determines whether the nanoplastic parti-
cles are nano-sized entities or large micron-sized aggregates in
an aqueous environment. How these nanoplastic particles
reach the brain can be understood through the field of nano-
medicine. From there, it becomes clear that size, shape, and
surface functionality— which influence the protein corona
composition— are highly important parameters that shape
the behavior of nanoparticles. This also highlights that pub-
lished toxicity studies with round engineered nanoparticles
may not indicate actual toxicity effects, as we know that
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non-spherical structures can behave quite differently. Materials
scientists can help create better reference materials, but they
can also develop reference materials that can be easily detected
in tissue and complex biological solutions, as these small
nanoparticles are harder to identify than microplastics. While
we often discuss microplastics, it appears that we need to shine
a spotlight on nanoplastics. This complex problem can only be
tackled when materials scientists, analytical chemists, environ-
mental scientists, medical researchers, and researchers from
related fields work together.
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