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Human exposure to environmental microplastics and nanoplastics via
oralingestionis a topic of public health and food safety concern. In this
Review, the physicochemical properties of drug-delivery nanoparticles

were considered to evaluate the biological plausibility of environmental
nanoplastics overcoming biological-selective barriers. Physicochemical
characteristics probably have a key role in the interaction of nanoplastics
with the mucus layer and the intestinal mucosal epithelium. Substantial
gapsin experimental designs and analytical methodologies pose a major
challenge to fully understanding nanoplastic uptake and should be
prioritized for future research.

Human exposure to plastics through oralingestion is asignificant food
safety and public health concern'. The World Health Organization has
recently reviewed the current evidence onthe presence of microplastics
and nanoplastics in food, focusing on potential human health impli-
cations®. Similarly, the European Food Safety Authority Expert Panel
has raised concerns regarding their presence, particularly in seafood
products’. Comprehensive data on the occurrence of nanoplastics
and associated migrating substances—such as polyethylene glycol
(PEG)°—invarious foods have been provided by Vitalietal.’,including
seafood (on average 30 items per individual, where ‘items’ refers to
small pieces of plastic, without specifying the type of polymer or their
size;15items per gram), fruits and vegetables, salt (average 400 items
perkg), honey (average 600 items per kg), sugar, water (10,000 items
perlitre) and beverages (100 items per litre)”. Additionally, dairy prod-
ucts, alcoholic and non-alcoholic beverages have also demonstrated
contamination, with reported concentrations ranging from 300 pg g™
t06,930 pg g (refs. 8,9).

This food contaminationis directly attributable to human-driven
plastic pollution. Recent estimates suggest that each person produces
approximately 35 kg of plastic per year, contributing to a global total
of 275 million tonnes of plastic waste annually. Improper and some-
timesillegal plastic waste management leads to its dissemination into
environmental compartments and entry into the food chain'’. Food
representsadirect exposure route to microplastics and nanoplastics for
humans; however, regulatory guidelines for exposure risk assessment
and managementarestilllacking’. A recent review by Ramsperger et al.?
reported the presence of small plastic particles inthe humancolonand
faeces (onaverage 28 microplastics per gram, predominantly fibrous),

highlighting that these data were consistently obtained from post-
mortem human samples or during surgical procedures. The behaviour
andfate of nanoparticles within the human body have attracted growing
scientificinterest, particularly concerning how the intestine processes
these nanoparticles. This reveals the existing knowledge gaps, limited
evidence and ongoing contradictions regarding the fate of nanoplastics
inthe humanbody. This uncertainty is exacerbated by the lack of a uni-
versally accepted scientific definition of ‘nanoplastics’, which hampers
the comparability of studies and contributes to significant methodo-
logical variability. Gigault et al." defined nanoplastics as particles unin-
tentionally produced from the degradation and manufacture of plastic
objects, exhibiting colloidal behaviour and sizes ranging from 1nmto
1,000 nm. In 2019, Hartmann et al.”> emphasized the lack of a unified
definition and pragmatically proposed that ‘nanoplastics’ should refer
to particles sized between 1 nm and 100 nm. More recently, however,
Mitrano et al.” have pointed out that no consensus exists regarding the
upper size limit or the specific physicochemical properties. Therefore,
the term ‘nanoplastics’ remains scientifically controversial, as does their
biological fate and behaviour. By contrast, some evidence regarding
the pathways by which nanoparticles—although not specifically nano-
plastics—can crossintestinal biological barriers was already providedin
2010 by Powell etal.”, identifying endocytosis by enterocytes, microfold
(M) cells in Peyer’s patches and passive paracellular transport as the
main mechanisms'. Regarding nanoparticles, several studies have
focused on drug-delivery nanoparticles to investigate their post-oral
ingestion behaviour.

This Review aims to highlight the optimal characteristics of
drug-delivery nanoparticles that enable effective interaction with the
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Table 1| Sizes limitations related to the type of
endocytic pathway

Type of endocytosis Size limitations Ref.
Clathrin-dependent endocytosis 25-200nm
Caveolin-dependent endocytosis 50-300nm 40
Macropinocytosis 200-1,000nm

intestinal mucus layer and epithelium. This collection of informationis
intended to serve asabasis for adeeper understanding of nanoplastic-
related pathways. This Review seeks to apply the drug-delivery nano-
particle model to virginand environmental nanoplastics, while clearly
specifyingits applicability limits.

Protein corona

The use of nanoparticles for therapeutic purposes represents a valu-
able opportunity to optimize oral drug delivery®”. Bothinvitroandin
vivostudies are being conducted toimprove theirapplication (Table1).
Oral administration of nanoparticles faces several challenges, includ-
ing their resistance to the gastric environment'®, poor penetration
through the mucus layer (which has a thickness of 30-300 pm in
the stomach and 150-400 pm in the small intestine)”, and the intes-
tinal mucosa, which are selective biological barriers that limit their
absorption into the bloodstream™". It has been established that
the physicochemical properties of nanoparticles—specifically size,
hydrophilicity and surface charge—have a crucial role in overcom-
ing these barriers'®?°. Interaction with biomolecules in the gastric
environment leads to the formation of a protein corona, whichinflu-
ences the identity of the nanoparticles, their subsequent cellular
interactions and immune recognition” . The mechanisms under-
lying corona formation in the gastric environment remain unclear;
however, the composition of the protein corona (Fig. 1) isinfluenced
by the nanoparticles’ physicochemical properties and the patient’s
physiological conditions?.

In vitro studies on poly(lactic-co-glycolic acid) (PLGA) nanopar-
ticles (200-440 nm in diameter), widely used in drug delivery, have
demonstrated protein corona formation after exposure to simulated
biological fluids, with the identification of specific adsorbed pro-
teins?”*®, Current nanoparticle design strategies aim to minimize pro-
tein corona formation using hydrophilic polymer coatings—such as
PEG, polyvinylalcohol and polyacrylates—or by adding cross-linkers or
functional groupsto modulate proteinadsorption, enhanceinteraction
selectivity and reduce immune recognition* %, In vitro investiga-
tions (Table 1) have shown that the most effective nanoparticles for
drug delivery typically have sizes below 250 nm, appropriate surface
charges, hydrophilicity and surface functionalization that promote
mucus diffusion and cellular uptake, modulation of the protein corona
to limit opsonization and the ability to exploit multiple endocytic
mechanisms'>'>?°3°3? (Table 3). Positively charged nanoparticles,
functionalized with chitosan, promote electrostatic interactions
with the intestinal mucus, enhancing muco-adhesion and activating
endocytosis mediated by clathrin, caveolinand macropinocytosis. By
contrast, neutral or slightly negatively charged nanoparticles, typically
PEGylated, favour muco-penetration, reduce immune recognition and
increase systemic residence time'2%31333540,

Assuming effective mucus penetration, it is evident that nanopar-
ticlesize and shape are key determinants. Epithelial intracellular spaces
present junctions sized between 0.3 nm and 1 nm, which can widen
up to a maximum of 20 nm via specific receptors*®*. This indicates
that nanoparticleslarger than 20 nm cannot passively cross the intes-
tinal mucosa and must rely on receptor-mediated endocytic mecha-
nisms, which themselves have additional size limitations (Table 1).
Regarding shape, although in vitro drug-delivery studies primarily
use spherical nanoparticles™'****°* evidence suggests that compact
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Fig.1| The plastic nanoparticle corona. The surface of the nanoplastic is
covered by proteins, lipid components and other potential biomolecules, which
together determine its biological properties, interactions with cells, and fate in
the biological microenvironment.
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and elongated nanoparticles—such as rods or ellipsoids—may exhibit
superior intestinal mucus penetration due to reduced interaction
and higher mobility. Additionally, elongated, disc-shaped or elliptical
particles may demonstrate higher endocytosis ratesin vitrocompared
to spherical particles™*.

Crossing the intestinal mucus layer—the first selective barrier
whenadministered orally*>—the fate of nanoparticles is determined in
the complexinteraction context betweenintestinal enterocytes of the
intestinal epithelium and M cells (Fig. 2), whichis probably dependent
onthe surface characteristics of the nanoparticles themselves.

Endocytic pathways

The internalization of nanoparticles by intestinal enterocytes can
occur through various endocytic pathways. Clathrin-mediated
endocytosis directs nanoparticles to lysosomes, where they may
undergo degradation, whereas caveolin-mediated endocytosis and
macropinocytosis allow non-degradative translocation towards the
Golgi apparatus and endoplasmic reticulum*-*, Beyond classical cel-
lular routes, recent studies indicate that chylomicrons—lipoproteins
synthesized by enterocytes for lipid transport—may contribute to
the systemic distribution of nanoparticles modified with hydro-
phobicsurface coatings**™*¢. Conversely, uptake by phagocytic cells
may provide a pathway to bypass intracellular degradation, as these
cells are characterized by lower enzymatic activity compared to
enterocytes**>. M cells facilitate the translocation of nanoparti-
cles from the intestinal lumen to dendritic cells and macrophages
located in the lamina propria, enabling subsequent professional
phagocytosis****. These findings suggest that the design of drug-
delivery nanoparticles is carefully tailored to specific applications
and canbe engineered to either promote or avoid interactions with
immune cells*®*°, This concept may also be relevant to environmental
nanoplastics. Although the formation of a protein corona on envi-
ronmental nanoplastics remains uncharacterized, including the
composition, relative abundance of the associated proteins and their
capacity to traverse selective biological barriers, a plausible scenario
can be envisioned. If the surface properties of these nanoplastics
permit themto cross such barriers and reachimmune cells, the pro-
tein corona could mediate interactions with phagocytic immune
cells. Consequently, this mechanism may represent a potential path-
way for nanoplastic internalization®®. Additionally, the presence of
inflammatory bowel diseases appears to significantly increase the
transport and absorption of PEG-PLGA nanoparticles compared to
healthy conditions, probably because of inflammatory cytokines
that disrupt endocytic mechanisms, as well as lesions or breachesin
theintestinal barrier atinflamed sites. The physicochemical surface
properties of nanoparticles allow them to specifically target these
gastrointestinal inflammatory lesions'>**°!,
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Table 2 | Chemical-physical characteristics of nanoparticles for drug delivery compared to environmental and

virgin nanoplastics

Nanoparticles for drug delivery

Virgin nanoplastics

Environmental nanoplastics

Size Established during production with optimal Laboratory established, 10nm to 10 um, Wide range (1nm to 10 um), relevant
size<250nm most frequent range 20-500nm aggregation phenomena
Shape Spherical shape Mainly spherical shape Heterogeneous, resulting from the
environmental fragmentation of larger
plastic objects
Surface Mainly in PLGA, hydrophilic, biodegradable, Mainly polystyrene with chemical surface  Uncontrolled, with presence of

surface charge optimized by surface
functionalization

modifications by functionalization

organic/inorganic species

Interactions with the
mucus layer

Designed to cross the mucus layer

Assumption of absorption mechanisms

Poorly investigated mechanisms

Intestinal epithelium Capacity to exploit multiple endocytic

Assumption of absorption mechanisms

The role of intestinal macrophages

crossing mechanisms at the expense of intestinal in protein crown formation is
enterocytes hypothesized
Nanoplastic uptake endocytosis and macropinocytosis, confirmed using endocytic path-

The cellular uptake of nanoplastics is supported by various in vitro
and in vivo experimental studies (Table 2). Available experimental
evidence primarily involves virgin nanoplastics, which are synthesized
and sometimes surface-modified or functionalized for experimen-
tal purposes*>*> %, Both in vitro and in vivo experiments mainly use
polystyrene nanoplastics (size range: 10 nmto 10 pm, most frequently
20-500 nm). In vitro studies generally confirm the cellular uptake
of polystyrene nanoplastics; however, in most cases, the absorption
mechanisms remain hypothetical and are not validated using specific
endocytic pathway inhibitors. Conversely, someinvitrostudies directly
investigate the mechanisms underlying cellular internalization. For
example, Kharaghanietal.”” used inhibitors of clathrin-mediated endo-
cytosis and macropinocytosis to identify the endocytic mechanism
responsible for the uptake of spherical gold-core polystyrene nanoplas-
tics (25 nm) in epithelial cells within asmallintestine triculture model,
suggesting their involvement. Xu et al.” used endocytic pathway inhibi-
tors following exposure of polystyrene nanoplastics (100 nm, spherical)
to Caco-2 cells, suggesting internalization via clathrin-mediated endo-
cytosis. Ding et al.*? suggested that spherical polystyrene nanoplastics
(100 nm) are internalized in GES-1 cells via caveolin-mediated endo-
cytosis, with a higher uptake rate for amino-modified nanoplastics.
Liu et al.** proposed that spherical polystyrene nanoplastics (50 nm
and 500 nm) are internalized in RBL-2H3 cells via clathrin-mediated
endocytosis for 50-nm particles and viamacropinocytosis for 500-nm
particles, supported by confocal microscopy observations.

Across these studies, a common feature is the surface modifica-
tion of nanoplastics with functional groups during synthesis®>"°2%,
It is important to note that, although many studies did not directly
investigate uptake mechanisms, the authors nonetheless suggest
the occurrence of cellular internalization. Specifically, the potential
for nanoplastic uptake and accumulation in lysosomes’® and nuclei®®
has been proposed. By contrast, Paul et al.*’ reported the absence of
nanoplastics (inthis case, spherical polymethylmethacrylate of 25 nm)
both inside and outside the cell membrane after exposure. In vivo
studies have demonstrated the presence of nanoplastics in intestinal
sections, sometimes distributed within the villi and lamina propria®,
alongwithintracellular effects such as dysfunctional mitophagy, intes-
tinal barrier weakening’® and mitochondrial damage®’, confirmed via
confocal microscopy, fluorescence microscopy and transmission
electron microscopy.

However, invivo studies in mice do notinvestigate the underlying
cellular uptake mechanisms. An exception is the study by Das et al.*’
in Daphnia magna, which suggested the absorption of polystyrene
nanoplastics (54 nm, gold-core shell) functionalized with 4-mercapto-
benzoic acid to facilitate Raman detection. Experimental evidence
indicated uptake by intestinal epithelial cells via clathrin-mediated

way inhibitors. These mechanisms also appeared to enable nanoplastic
translocation fromthe intestine to other organs. Das et al.*” highlighted
that the polystyrene nanoplastics were synthesized using a cationic
initiator (2,2’-azobis[2-methylpropionamidine] dihydrochloride or
AIBA), which confers a positive surface charge, potentially enhancing
interactions with intestinal epithelial cells. Similarly, an ex vivo study
onDicentrarchuslabraxsuggested the translocation of spherical poly-
styrene nanoplastics (50 nm) across the intestinal epithelium’. In this
experimental design, nanoplastics were functionalized with amine
groups to facilitate analytical detection. Although such functionali-
zation was intended to enhance analytical sensitivity, it may also have
influenced nanoplastic behaviour. Moreover, analytical techniques
currently used present substantial variability and lack of standardiza-
tion, potentially leading to overestimated conclusions regarding the
translocation across biological barriers and subsequent accumulation.
Forexample, ithasbeenreported that when using virgin, often fluores-
cent nanoplastics, the fluorescence detected in zebrafish tissues may
result from fluorophore leaching rather than actual barrier penetration
and accumulation”.

An environmental study not based on laboratory exposure
reported the presence of microplastic particles (300 um-1mm, film
and fibrous forms) throughout the bodies of bivalves. Soft tissues
were digested using an aqueous potassium hydroxide solution (10% at
40 °Cfor24 h).Onceisolated, microplastics were analysed by Fourier-
transforminfra-red spectroscopy. Although the presence of microplas-
tics in bivalve bodies was confirmed’, no clear information emerged
regarding their fate and behaviour within the organism. Regarding
the potential role of chylomicrons in nanoplastic absorption, no spe-
cific experimental investigations are currently available. However,
nanoparticles designed to structurally mimic lipids that are typically
incorporated into chylomicrons were not found to beincorporated”.

Across the studies considered, it is evident that virgin nanoplas-
tics are predominantly used. These materials cannot fully represent
environmental nanoplastics. Commercial nanoplastics—mainly poly-
styrene—do notreflect environmental heterogeneity, as environmen-
tal nanoplastics undergo exposure to light, heat, salts, enzymes and
natural organic substances that alter their surface charge, hydropho-
bicity and, consequently, their biological behaviour’. Environmental
nanoplastics are considered hybrids of a polymeric core and adsorbed
organic molecules, ions and contaminants, all of which caninfluence
biological and cellular interactions. Furthermore, recent comparisons
of laboratory-based nanoplastic aging protocols highlight a lack of
standardization among aging methods, raising concerns about their
environmental representativeness. For example, the use of unrealistic
UV-C radiation, excessively high temperatures, insufficient biofilm
replication and incomplete protein corona formation may limit the
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Fig. 2| Microplastics and nanoplastics in the intestine. Microplastics and nanoplastics have at least three possible routes from the intestinal lumen to the
lamina propria: (1) endocytosis by enterocytes; (2) between tight junctions; and (3) through M cells. After this, they are probably phagocytosed by dendritic cells

and macrophages.

relevance of laboratory models™. Nanoplastics incubated in biologi-
cally active environments may acquire a specific coating associated
with the host’s digestive tract, influencing subsequent biological
interactions—a condition that is difficult to replicate in vitro®>7®".
The presence of an eco-corona, which may include lipid and protein
components, could influence cellular uptake by mimicking surface
functionalization®. In the context of nanoparticle-based drug delivery,
intestinalinflammatory conditions have been shown toincrease mucus
layer permeability. Similarly, plastic particleingestionin model organ-
isms such as Danio rerio has been associated withincreased intestinal
permeability’. Increased intestinal permeability is also suggested in
vitro due to the compromised integrity of the epithelial barrier’™”’,

Lessons from nanoparticle drug delivery
The nanoparticle absorption modelidentifies the physicochemical char-
acteristics that enable optimal translocation across biological-selective
barriers. Inour view, thismodel could be comparatively applied to virgin
and environmental nanoplastics to address some of the currentgapsin
oralexposurerisk assessment, based on the potential overlap—or diver-
gence—ofspecific properties between nanoplastics and drug-delivery
nanoparticles®. However, although the sharing of certain properties
may be plausible, the inherent heterogeneity of nanoplastics compared
to drug-delivery nanoparticles must be carefully considered®.

A critical comparison of the characteristics and properties of
drug-delivery nanoparticles, virgin nanoplastics and environmental
nanoplasticsis proposedin Table 2.

Thebody of knowledge developed for drug-delivery nanoparti-
cles highlights specific characteristics designed to enable functional
interactions with the mucus layer and the intestinal mucosa. Estab-
lishing behavioural analogies between drug-delivery nanoparticles
and virgin or environmental nanoplastics may prove complex, as
the surface properties and structures of environmental nanoplas-
tics are neither controlled nor controllable' %>, Nonetheless, in
our view, the proposed model could help identify which character-
istics of environmental nanoplastics and which uptake pathways
might facilitate their translocation across biological barriers and
subsequent absorption.

Firstly, the properties of virgin nanoplastics influence the forma-
tion of the protein corona differently compared to environmental
nanoplastics. Virgin nanoplastics, characterized by uniform shape,
specific coatings and functionalized surface features—thus being less
complex than real-world particles—tend to adsorb different proteins
and/or in different proportions compared to environmental nano-
plastics. This may affect their ability to cross biological-selective bar-
riers and undergo cellular uptake. Experimental studies using virgin
nanoplastics have occasionally reported the presence of ‘key receptor’
proteins that may facilitate interactions with the mucus layer and sub-
sequent uptake. By contrast, for environmental nanoplastics, due to
their complex adsorption chemistries across different and sequential
biologically active environments, the protein coronamay incorporate
adiverse set of proteins that could affect interactions with the mucus
layer and the translocation across the epithelial mucosa®* (Table 4).
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Table 3 | Endocytic pathways of nanoparticles

Type of nanoparticles Characteristics of nanoparticles Endocytic pathways Experimental design IBD Ref.

PLGA 397nm, ligands, cationic, Clathrin-dependent endocytosis + In vitro: Caco-2; in vivo No 31
hydrophilic, unspecified paracellular (mice)

PLGA 170-190 nm, negative, spherical Endocytosis: caveolin + active transport In vitro: Caco-2; in vivo No 32

(mice)

PLGA 50-200nm, protein ligands, Transcytosis In vitro: C2BBe1 Raji No 19
biodegradable, spherical

PLGA 110-150 nm, positive, with ligands, Endocytosis: clathrin, caveolin, In vitro: Caco-2 No 20
spherical macropinocytosis

PLGA 141nm, spherical, negative with Endocytosis: clathrin, caveolin, In vitro: Caco-2 No 30
ligands macropinocytosis

PLGA 100-200nm, spherical, hydrophilic  Endocytosis: clathrin, caveolin, In vitro: Caco-2/HT29-MTX  No 33
with ligands, spherical macropinocytosis

PLGA 120 nm, with chitosan, positive, Endocytosis In vitro: Caco-2 No 34
spherical, hydrophilic

PLGA 237nm, positive, with ligand, NA In vitro: cell line not No 85
hydrophilic, spherical specified

PLGA 140nm, negative, amphiphilic, NA NA No 36
spherical

PEG-PLGA 50-160nm, lipid, hydrophilic, Endocytosis: clathrin, caveolin In vitro: E12, Caco-2, No 37
spherical BxPC-3, HPSC

PEG-PLGA 1O nm, hydrophilic, spherical, Transcytosis/endocytosis In vitro: Caco-2, J774A Yes 15
biodegradable

PEG-PLGA 94-136nm, spherical, weakly Endocytosis In vitro: Caco-2, macrofagi  No 34,38
negative

PEG-PLGA 158nm, neutral, biodegradable, Enterocyte endocytosis; accumulation in In vivo (mice) Yes 39
spherical inflammatory lesions

PLGA+mPEG-PAE 132nm, negative, hydrophilic, Macropinocytosis + endocytosis: caveolin In vitro: Caco-2; in vivo No 32
spherical (mice)

mPEG-PAE 82-98nm, negative, hydrophilic, Macropinocytosis + endocytosis: caveolin In vitro: Caco-2; in vivo No 32

spherical

(mice)

HPSC, human pluripotent stem cell; IBD, inflammatory bowel disease; mPEG-PAE, methoxy-poly(ethylene glycol)-poly(amino ester); NA, not applicable.

The presence of small environmental plastic particles—at both
micro- and nano-scale—has been investigated in various living organ-
isms. Forinstance, Zhu et al.* reported the detection of microplasticsin
humantissues, particularly inthe smallintestine. Their method, which
involved alkaline digestion using potassium hydroxide (10% at 50 °C
for 72 h under agitation at 150 rpm) followed by Fourier-transform
infra-red spectroscopy, confirmed the presence of microplastics in
the smallintestine. However, no further investigation into subsequent
biological interactions was performed. More recently, Di Fiore et al.*
reviewed the presence of microplastics and nanoplastics in various
invertebrates, marine vertebrates and mammals. It was suggested
that microplastics detected within organisms may have been passing
through organs and tissues considered primary exposure points. This
supports the occurrence of micro- and nano-scale plastic particles in
organisms; what remains to be elucidated is whether these particles can
consistently reachinternal accumulation sites within deeper biological
tissues®. In this context, current limitations in analytical methodolo-
gies have a crucial role, especially regarding the lack of standardized
quality-control and quality assurance protocols that would ensure the
robustness of the findings®>5%%",

Studies included in this Review suggest the translocation across
biological-selective barriers and cellular uptake, primarily based on
microscopic techniques—such as confocal microscopy®®**%, fluores-
cence microscopy® and transmission electron microscopy®, some-
times combined with Raman spectroscopy’’ and flow cytometry®:.
Analytical limitations remain a major challenge in this research field,
especially for validating and confirming the robustness of experi-
mental results®. For example, fluorescence microscopy can detect
plastic particles down to 3 um, but its application for nanoplastic

detection remains controversial due to the small size of nanoplastics®.
This technique lacks the resolution needed for precise localization
of nanoplastics within tissues and, importantly, for distinguishing
them from free fluorescent dyes used for identification. Combining
fluorescence microscopy with other techniques may improve resolu-
tion, as proposed by Nguyen and Tufenkji*’, who developed a highly
stable nanoplastic labelling method for stimulated emission depletion
microscopy, achieving aresolution an order of magnitude higher than
that of conventional fluorescence microscopy. Confocal microscopy
also presents dimensional limitations. It has been reported that its
resolutionis insufficient for the precise and unequivocal localization
of particles smaller than 200 nm. Moreover, the challenge of differen-
tiating background signals further complicates the accurate identifi-
cation and distribution of nanoplastics in biological environments®.
Domenech et al.* reported that polystyrene nanoplastics—probably
exhibiting surface modifications due to their monodisperse behaviour
inwater—were detected within epithelial monolayer cellsin bicellular
and tricellular in vitro models, as observed by confocal fluorescence
microscopy®?. Even in this case, a deeper evaluation is required to
confirm the actual intracellular presence of nanoplastics, consider-
ing the concerns regarding the accuracy of the analytical techniques
used. Therefore, to unequivocally assess the translocation across
biological-selective barriers, it is essential to further investigate and
optimize analytical methodologies in terms of robustness, precision
and accuracy.

Current limitations and future perspectives
This Review aimed to provide amodel to assess the plausibility of orally
ingested nanoplastics overcoming biological-selective barriers, using
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Table 4 | Adsorption pathways of nanoplastics

Chemical-physical characteristics Type of Type of study Absorption pathways Ref.
nanoplastics
Gold-core polystyrene, 25nm, uniform Virgin In vitro, microfluidic ~ Absorption by epithelial cells of the IOC model via receptor-mediated 51
spherical, hydrophilic by photooxidation on-chip (IOC) model endocytosis tested through inhibitors of endocytic mechanisms
during synthesis
Polystyrene, 50, 100 and 500 nm, Virgin In vivo (mice) Observation of nanoplastics in intestinal sections; no investigation of the 52
spherical, negative charge, hydrophilic mechanism of overcoming intestinal barriers and uptake
by surface modification
Polystyrene, 50, 500 and 5,000 nm, Virgin In vivo (mice) Observation of nanoplastics in intestinal sections; co-exposure increases 53
spherical, positive charge, hydrophilic absorption for damage to the intestinal barrier; no investigation of the
mechanism of overcoming intestinal barriers and uptake
Polystyrene, 60 nm, spherical Virgin In vivo (mice, only Endocytosis by M cells in Peyer’s plates with absorption and 54
female) translocation from the intestinal lumen and mucus layer
In vitro, exposureto  Observation of nanoplastics in lysosomes of IEC-6 cells before
Polystyrene, 80 nm, spherical, negative Virgin IEC-6 cell line aggregation; no investigation of the absorption mechanism -
charge, aggregation tendency In vivo (mice, only Observation of an intracellular effect (dysfunctional mitophagy with
male) weakening of the intestinal barrier)
Polymethylmethacrylate, 25nm, No observation of nanoplastics inside and outside the cell membrane;
spherical, negative charged, hydrophilic observation of transport through the mucus layer model
Polylactic acid 250 nm, spherical, Cellular uptake (potential clathrin-mediated endocytosis) and transport
negative charge through the simulated monolayer by HT29-MTX and Caco-2 cell lines
Wilisto In vitro, exposure to (<10%) 1
Melamine formaldehyde resin, 366 nm, Caco-2 cellline Cellular uptake (potential endocytosis mediated by caveolin or
spherical, positive charge, hydrophilic macropinocytosis) and transport through the simulated monolayer by
HT29-MTX and Caco-2 cell lines (<10%)
Polylactic acid 2pum, spherical, negative Cellular uptake (potential macropinocytosis) and transport through the
charge simulated monolayer by HT29-MTX and Caco-2 cell lines (<10%)
Polymethylmethacrylate, 25nm, Poor uptake, observation of transport through the monolayer simulated
spherical, negative charge, hydrophilic by Caco-2 cell line (>10%)
Polylactic acid 250 nm, spherical, Cellular uptake (potential clathrin-mediated endocytosis) and transport
negative charge through the monolayer simulated by the Caco-2 cell line (<10%)
Virgi In vitro, exposure to 56
Melamine formaldehyde resin, 366 nm, irgin Caco-2 cell line Cellular uptake (potential endocytosis mediated by caveolin or
spherical, positive charge, hydrophilic macropinocytosis) and transport through the monolayer simulated by
the Caco-2 cell line (<10%)
Polylactic acid 2um, spherical, negative Cellular uptake (potential macropinocytosis) and transport through the
charge monolayer simulated by Caco-2 cell line (<10%)
Carboxylate-modified polystyrene, Virgin In vivo (mice) Observation of nanoplastics in intestinal sections; no investigation of the 57
40nm and 200nm, negative charged mechanism of overcoming intestinal barriers and uptake; hypothesized
clathrin-dependent endocytosis based on similar studies
Polystyrene, 25nm, spherical, negative Virgin In vivo (mice, only Mitochondrial damage observed in liver cells 58
charge male)
Polystyrene, 50 nm, no aggregation Virgin In vivo (mice) Observation of nanoplastics in the intestinal sections of the intestine; no 59
tendency investigation of the mechanism for overcoming intestinal barriers and
uptake
In vitro, exposureto  Clathrin-dependent endocytosis in the Caco-2 cell line, tested with
Caco-2cellline endocytic pathway inhibitors with rupture of the close junction between
Polystyrene, 100nm, spherical, carboxyl o Caco-2 cells; increased uptake for amino-e-carbolisyl-modified
and amino-modified, hydrophilic Virgin nanoplastics 60
In vivo (mice, only Observation of nanoplastics in the intestinal sections of the tender and
male) gross
In vitro Endocytosis mediated by caveolae on GES-1 cell line (mean rate of
Polystyrene, 100nm, spherical, carbon- o internalization) tested using the inhibitors of endocytic mechanisms
modified, negative charge Risl In vivo (mice, only NA
male)
In vitro Endocytosis mediated by caveolae on GES-1 cell line (high internalization
Polystyrene, 100nm, spherical, amino- o rate) tested using inhibitors of endocytic mechanisms
modified, positive charge Hlrgfin In vivo (mice, only NA 61
male)
In vitro Caveola-mediated endocytosis on GES-1 cell line (low internalization
rate) tested using inhibitors of endocytic mechanisms
Polystyrene, 100 nm, spherical, neutral Virgi
charged irgin In vivo (mice, only Observation of nanoplastics in the intestinal sections, stomach and liver;
male) no investigation of the mechanism for overcoming intestinal barriers and
uptake
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Table 4 (continued) | Adsorption pathways of nanoplastics

Chemical-physical characteristics Type of Type of study Absorption pathways Ref.
nanoplastics
Polystyrene, 20nm, 500 nm, slightly Virgin In vivo (mice) Observation of nanoplastics in the intestine, distributed in intestinal villi 62
negative charge, hydrophobic and lamina propria; penetration of the mucus layer and presence in the
epithelial cells of the intestinal epithelium
Polystyrene, 50 nm, spherical, negative Virgin In vitro, exposure Observation of nanoplastics in the mucus layer and cells; no 87
charge, hydrophobic, potentially to Caco-2/HT29 + investigation of uptake mechanism
functionalized Raji-B cell lines
Polystyrene, 50nm, spherical, negative,  Virgin In vitro, exposureto  Observation of nanoplastics in cells; no investigation of uptake 90
hydrophobic Caco-2 cell line mechanism
Polystyrene, 20nm, neutral charge, Virgin In vitro (splenocytes  No investigation of the uptake mechanism
spherical, hydrophobic extracted from
mice)
Polystyrene, 20 nm, positively charged, Virgin In vitro (splenocytes  No investigation of the uptake mechanism
hydrophilic, spherical extracted from mice 63
Polystyrene, 20 nm, negative charge, Virgin In vitro (splenocytes  No investigation of the uptake mechanism
spherical hydrophilic tendency extracted from mice
Polystyrene, 50 nm, negative charge, Virgin In vitro (splenocytes  Internalization observed with higher rate than 20-nm nanoplastics; no
spherical, hydrophobic extracted from mice investigation of the uptake mechanism
Polystyrene, 50-100nm, negative Virgin In vitro, exposureto  Observation of nanoplastics in cells, including nuclei in a concentration- 62
charge Caco-2 cell line dependent manner
Polystyrene, 50nm, 500 nm and Virgin In vitro, exposureto  Observation of lysosomal uptake for 50 nm and 500 nm; clathrin- 64
5,000 nm, negative and positive RBL-2H3 cell line dependent endocytosis for 50-nm nanoplastics, macropinocytosis for
charges, with surface modification with 500-nm nanoplastics tested using inhibitors of endocytic mechanisms
functional groups
Polystyrene, 10nm, 15nm, 25nm, 40nm,  Virgin In vitro exposureto  Observation of nanoplastics <25nm; for nanoplastics>25nm, less 65
50nm and 500 nm, spherical Hela cell line distribution and non-uniform assumed for passive diffusion
Amino-modified polystyrene, 100nm, Virgin In vitro, exposureto  Observation of high internalization capacity in lysosomes compared 66
spherical Caco-2 cell line to polystyrene and caboxyl-modified polystyrene nanoplastics; no
investigation of the absorption mechanism
Virgin In vitro exposure Observation of nanoplastics; no investigation of absorption mechanism
to the BeWo
Weathered cell line b30 Observation of nanoplastics; no investigation of absorption mechanism
Polystyrene, 50 nm-10 um, spherical 92
human placental
trophoblastic barrier
model
Polystyrene, 10 um, spherical Virgin In vitro exposure Internalization mechanism not specified
to RAW264.7
Polystyrene, 10 um, spherical Weathered RAW264.7 macrophages and Caco-2 cell lines; greater recognition by 93

macrophage and
Caco-2 cell lines

macrophages due to protein corona

evidence available from nanoparticles used in drug delivery. The pro-
posed model suggests that the physicochemical characteristics of nano-
particles influence their ability to cross selective barriers. Specifically,
small particle size (<250 nm), suitable surface charge and possible sur-
facefunctionalization appear to enhance this phenomenon. The frequent
use of virgin nanoplasticsin experimental designs—often fluorescently
labelled and/or surface-modified for analytical purposes—does not accu-
rately reflect the heterogeneity of environmental nanoplastics, nor does
itadequately describe their behaviour and fate within the humanintes-
tine. Thessituationis further complicated by the substantial limitations
of current analytical methodologies, which remain inadequate for the
precise and unequivocal localization of nanoplastics within biological tis-
sues, especially for particles smaller than 200 nm. Inafew experimental
scenarios, combined exposure throughboth water and food has shown
an additive accumulation of nanoplastics at the intestinal level, with
more pronounced inflammatory effects compared to single exposure
routes®. This suggests the need to evaluate the potential influence of the
food matrix on nanoplasticingestion and subsequent fate. Furthermore,
experimental designs should carefully consider the various biologically
active environments through which nanoplastics transit. Environmental
conditions affect the colloidal stability and aggregation phenomena
of nanoplastics, ultimately reducing endocytic uptake mechanisms®~.
Therefore, there is a clear need to optimize experimental designs—
considering mainly environmental nanoplastics’*** —and improve

analytical techniquesto fully elucidate the fate of environmental nano-
plasticsinthe humanbody. Thisis particularly urgent giventheincreas-
ing evidence of adverse health effects, including metabolic disorders,
neurotoxicity and potential carcinogenicity®.
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