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Abstract

Understanding how nanoplastics (NPLs) exposure affects vascular endothelium is essential for determining their potential
cardiovascular risk. To this end, four different NPLs of similar nominal sizes (about 200 nm), but different environmental
relevance, have been used. They are: (i) spherical and monodisperse pristine polystyrene (PS), (ii) biodegradable poly-
lactic acid (PLA), (iii) moderately irregular and polydisperse polytetrafluoroethylene (PTFE), and (iv) highly irregular
and polydisperse polyethylene terephthalate (PET) derived from post-consumer bottles. To determine their hazardous
risk, primary human umbilical vein endothelial cells (HUVECs) were used as a physiologically relevant model of the
vascular endothelium. Results show that all NPLs were internalized by HUVECs, although uptake efficiency and intracel-
lular distribution varied among polymers. None of the NPLs induced cytotoxicity or DNA damage at 25 pg/mL for 24 h.
However, PTFE- and PET-NPLs elicited functional alterations consistent with endothelial dysfunction. PET-NPLs trig-
gered IL-6 secretion and intracellular cholesterol accumulation, while both PTFE- and PET-NPLs significantly impaired
cell migration, reducing wound closure. These findings reveal a clear gradient of biological impact, with irregular NPLs
inducing stronger endothelial stress responses. By linking morphological realism to vascular inflammation, cholesterol
dysregulation, and impaired migration, this study underscores the relevance of environmentally realistic NPLs into human
health risk assessment frameworks.

Keywords Polystyrene - Polylactic acid - Polytetrafluoroethylene - Polyethylene terephthalate - Primary human
umbilical vein endothelial cells

Introduction

Plastics are synthetic organic polymers primarily derived
from petroleum or other hydrocarbon sources, with some
biodegradable variants produced from renewable resources
such as cellulose or cornstarch (Nayanathara Thathsarani
Pilapitiya and Ratnayake 2024). Their durability, light-
weight, cost-effectiveness, and excellent barrier properties
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have driven their widespread use across numerous sectors,
including the food industry (Ncube et al. 2021). In this con-
text, plastics are employed in applications ranging from
beverage bottles and packaging films to non-stick cookware
and biodegradable tableware. During use, these materials
can degrade through various physicochemical processes,
such as mechanical abrasion, thermal stress, or prolonged
contact with food and beverages, resulting in the environ-
ment release of microplastics (<1 mm) and nanoplastics
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(<1 pm), collectively referred to as micro- and nanoplastics
(MNPLs).

In the environment, MNPLs enter the food web (Hus-
sain et al. 2023), as documented for several polymer types,
including polystyrene (PS) from disposable food containers
and packaging, polylactic acid (PLA) from biodegradable
packaging and teabags (Banaei et al. 2023), polytetrafluo-
roethylene (PTFE) from non-stick cookware (Cole et al.
2024), and polyethylene terephthalate (PET) from water
bottles (Hussain et al. 2023). Once in the food chain, MNPLs
can enter the human body primarily through ingestion,
cross the intestinal barrier, and distribute to various tissues
via systemic circulation (Rajendran and Chandrasekaran
2023). This is particularly relevant for nanoplastics, whose
nanometric size allows for more efficient uptake and trans-
location across biological barriers, facilitating their biodis-
tribution (Jahedi and Jaafarzadeh Haghighi Fard 2025). The
ability of different MNPLs (such as those composed of PS,
PLA, PTFE, and PET) to traverse biological barriers, includ-
ing the intestinal barrier, has been demonstrated in several
experimental models, suggesting their potential to reach the
bloodstream (Alaraby et al. 2024; Landrigan et al. 2025).
Despite the technical challenges associated with detecting
MNPLs in complex biological matrices such as blood, Les-
lie et al. (2022) successfully identified PS- and PET-based
MNPLs in human blood samples, providing direct evidence
of systemic exposure. Once in circulation, MNPLs can
interact with endothelial cells (ECs), which form the inner
lining of blood vessels. ECs are key regulators of vascular
homeostasis, controlling permeability, inflammatory sig-
naling, and angiogenesis, and their dysfunction is strongly
associated with the development of cardiovascular diseases
(Xue et al. 2023). Several studies have reported associations
between the presence of MNPLs in humans and adverse car-
diovascular outcomes, suggesting a potential link between
MNPL exposure and cardiovascular disease risk (Zhang et
al. 2025; Prattichizzo et al. 2024). In this context, the inter-
action between MNPLs and endothelial cells may represent
a key event underlying the development of such adverse
cardiovascular effects.

In in vitro studies, human umbilical vein endothelial
cells (HUVECs) are widely used as a physiologically rel-
evant model, as they are primary human ECs derived from
the umbilical vein and closely reproduce the structural and
functional characteristics of the vascular endothelium (Cao
et al. 2017). Studies using HUVECs have shown that PS-
NPLs can induce a wide range of adverse effects, often mod-
ulated by particle charge and size. Reported impacts include
reduced cell viability, increased production of reactive oxy-
gen species (ROS), mitochondrial dysfunction, impaired
autophagy, and activation of inflammatory pathways (Fu et
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al. 2022; Lu et al. 2022; Ahamed and Javed Akhtar 2024;
Martin-Pérez et al. 2024).

Unfortunately, most research on the vascular effects of
NPLs has focused on commercially available PS-NPL,
mainly due to the limited availability of MNPL test materi-
als (Drzewinska and Belz 2024). These pristine PS-NPL,
are spherical, monodisperse, and chemically uniform,
which facilitate experimental reproducibility; nevertheless,
they fail to capture the diversity of morphologies, colloidal
behaviors and surface chemistries present in the environ-
mental MNPLs (Ma et al. 2024). Consequently, establishing
links between MNPL exposure, endothelial responses, and
downstream cardiovascular effects remains difficult without
studies employing test materials that more closely mimic
those found in real-life scenarios. To address this gap, the
present study compares the biological effects of four dif-
ferent NPLs test materials (PS-NPLs, PLA-NPLs, PTFE-
NPLs, and PET-NPLs) of approximately similar size (about
200 nm) to minimize size-related variability. Thus, PS-
NPLs and PLA-NPLs present regular and spherical shapes;
PTFE-NPLs exhibit moderate irregularity; and PET-NPLs
were produced in-house from post-consumer water bot-
tles, generating irregular, polydisperse particles that better
resemble environmentally weathered plastics (Villacorta et
al. 2022). With such four NPL types, internalization kinetics
and multiple biological effects (including cytotoxicity and
apoptosis, genotoxicity, inflammation, intracellular choles-
terol accumulation, and cell migration) was investigated and
comparatively assessed under standardized exposure condi-
tions in HUVECs. By combining both commercially avail-
able and environmentally realistic NPLs within a controlled
experimental framework, and using a low concentration,
this work provides new insights into how polymer chem-
istry, particle morphology, and colloidal behavior influence
endothelial cell responses, thereby contributing to a better
understanding of the potential cardiovascular risks associ-
ated with NPL exposure.

Materials and methods
Sources and labeling of the selected NPLs

NPLs of around 200 nm were obtained from different
sources. Polystyrene nanoplastics (PS-NPLs; PP-015-10,
nominal size 0.19 pm) were purchased as an aqueous sus-
pension from Spherotech Inc. (Lake Forest, IL, USA). Poly-
lactic acid nanoplastics (PLA-NPLs; PRO20-0103-80) were
produced by AIMPLAS (Valencia, Spain) in the frame of
the EU project PlasticHeal, following the protocol previ-
ously described (Alaraby et al. 2024). Polytetrafluoroeth-
ylene nanoplastics (PTFE-NPLs; 430935-5G, nominal size
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1 pm) in powder form were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and dispersed in Milli-Q water. Poly-
ethylene terephthalate nanoplastics (PET-NPLs) were pre-
pared in-house from commercial water bottles (Villacorta
et al. 2022). Briefly, PET fragments from commercial water
bottles were mechanically sanded using a diamond rotary
burr to avoid metal contamination. The resulting debris was
sieved (<0.20 mm) and chemically dispersed in trifluoro-
acetic acid (TFA) at 50 °C under continuous stirring. After
centrifugation, the pellet was resuspended in 0.5% sodium
dodecyl sulfate (SDS) and subjected to ultrasonication. Fol-
lowing 1 h of sedimentation to remove larger particles, the
upper fraction was collected, extensively washed (Milli-Q
water and ethanol) to eliminate SDS residues, and resus-
pended in Milli-Q water. Finally, the suspension was soni-
cated, aliquoted, snap-frozen in liquid nitrogen, and stored
at -80 °C. All NPLs were dispersed using the NanoGenotox
protocol (Jensen et al. 2009). For internalization assays,
NPLs were fluorescently labeled with iDye Poly Pink tex-
tile dye (Villacorta et al. 2024). Labeling was performed by
incubating 1 mL of each NPL suspension (5 mg/mL) with
0.01 g of dye at 70 °C for 2 h. The mixture was diluted
with 9 mL of Milli-Q water, and excess dye was removed
by repeated centrifugation (Amicon® Ultra-15 Ultra-
cel®-100 K, Merck KGaA, Darmstadt, Germany) at 3500
rcf for 15 min, performed at least ten times. The retained
fraction (80—-160 pL) was recovered, diluted to 1 mL with
Milli-Q water, aliquoted, and stored at 4 °C protected from
light until use.

NPLs characterization

For dry-state morphology, NPL suspensions in Milli-Q
water (200 pg/mL) were deposited onto carbon-coated
copper grids, air-dried overnight, and imaged with a JEOL
JEM-1400 transmission electron microscopy (TEM) oper-
ated at 120 kV (JEOL Ltd., Tokyo, Japan). Micrographs
were acquired using an Orius SC200D camera (Gatan,
Ametek Inc., Berwyn, PA, USA), and Martin diameters of
100 individual NPLs were measured in ImageJ v1.8.0 172
to determine size distributions. For colloidal characteriza-
tion, hydrodynamic size (dynamic light scattering, DLS)
and surface charge ({-potential, electrophoretic light scatter-
ing) were measured with a Zetasizer® Ultra (Malvern Pana-
lytical, Cambridge, UK). Suspensions (100 ug/mL) were
prepared in both Milli-Q water and Endothelial Cell Growth
Medium-2 (EGM-2; PromoCell, Heidelberg, Germany). All
measurements were conducted in triplicate.

Cell line and culture conditions

Primary HUVEC (single donor, C-12200; PromoCell, Hei-
delberg, Germany) were used as a model of the human
vascular endothelium. Cells were maintained in EGM-2
(C-22011; PromoCell, Heidelberg, Germany) in flasks
coated with rat tail collagen I (5 pg/cm?; Corning, NY, USA)
at 37 °C in a humidified 5% CO: atmosphere, with medium
replaced every other day. Collagen coating was prepared by
diluting collagen I in 20 mM acetic acid, incubating flasks
for 1 h, and rinsing twice with PBS. Experiments were per-
formed with cells up to passage 5.

NPLs exposure

Cells were exposed to NPL suspensions prepared in EGM-2
medium at 25 pg/mL for 24 h, unless stated otherwise.
Untreated cells cultured under the same conditions served
as negative controls. Typically, cells were seeded at 26,300
cells/cm? in collagen I-coated wells (5 pg/cm?), grown for
48 h, and then the medium was replaced with the treatment
for 24 h.

NPLs internalization

Internalization of the different NPLs by HUVECs was
assessed using flow cytometry, confocal microscopy, and
TEM, providing complementary quantitative, qualita-
tive, and ultrastructural information. Untreated cells were
included as negative controls.

Flow cytometry

Cells were exposed for 24 h to fluorescently labeled NPLs
at 12.5, 25, or 50 ng/mL. After exposure, cells were washed
twice with PBS, detached, and analyzed on a CytoFLEX
cytometer (Beckman Coulter, Pasadena, CA, USA) using
561 nm excitation and 585/42 BP emission. A total of
10,000 events were collected per condition and analyzed
with CytExpert software. Two parameters were quantified:
(i) the percentage of cells positive for internalization and
(i1) the mean fluorescence intensity per cell, reflecting the
amount of internalized NPLs at each concentration. Side
scatter (SSC) was also recorded to evaluate changes in cell
complexity. Experiments were performed in triplicate, with
technical duplicates for each condition.

Confocal microscopy
For intracellular localization, HUVECs were seeded on col-

lagen I—coated p-Dish 35 mm plates (Ibidi GmbH, Gréfelf-
ing, Germany), cultured for 48 h, and then exposed for 24 h
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to fluorescently labeled NPLs at 25 pg/mL. After exposure,
cells were washed twice with PBS and incubated with fresh
medium containing Hoechst 33,342 (1:500; nuclei) and
CellMask™ Deep Red (1:500; plasma membrane) (Thermo
Fisher Scientific). Imaging was performed on an LSM 980
Airyscan 2 equipped with a Plan-Apochromat 63% objective
(Carl Zeiss Microscopy GmbH, Jena, Germany). Excitation/
emission settings were 348/455 nm for nuclei, 659/676 nm
for plasma membrane, and 577/603 nm for iDye Poly Pink-
labeled NPLs. Several random fields were imaged per con-
dition. Image processing was performed using Fiji/ImageJ
(Schindelin et al. 2012).

Transmission electron microscopy (TEM)

For ultrastructural confirmation, HUVECs were seeded in
collagen I-coated T25 flasks, cultured for 48 h, and then
exposed for 24 h to 25 pg/mL of non-labeled NPLs. After
treatment, cells were washed with PBS, detached, and fixed
in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
cacodylate buffer (pH 7.4). Samples were post-fixed with
osmium tetroxide, dehydrated in graded acetone, embed-
ded in Eponate 12™ resin (Ted Pella Inc., Redding, CA,
USA), and polymerized at 60 °C. Ultrathin sections were
obtained with an ultramicrotome, mounted on copper grids,
contrasted with uranyl acetate and Reynolds lead citrate,
and examined with a JEOL 1400 TEM (JEOL Ltd., Tokyo,
Japan) equipped with an ES1000W Erlangshen CCD camera
(Gatan Inc., Pleasanton, CA, USA). Several random fields
were imaged. TEM processing steps followed conventional
protocols as described (Annangi et al. 2015).

Cell viability and apoptosis

Cell viability and apoptosis were assessed after NPLs treat-
ment using the Dead Cell Apoptosis Kit with Annexin V
Alexa Fluor 488 and Propidium Iodide (Thermo Fisher Sci-
entific, Waltham, MA, USA) according to the manufactur-
er’s instructions. To avoid loss of detached apoptotic or dead
cells, the culture supernatant was collected and combined
with the trypsinized fraction before staining. After labeling,
cells were analyzed by flow cytometry (CytoFLEX, Beck-
man Coulter, Pasadena, CA, USA) using 488 nm excita-
tion with fluorescence emission collected at 525/40 BP and
690/50 BP. Gating was applied to distinguish live, apop-
totic, and necrotic populations, and results were normal-
ized to 100%. Camptothecin (5 pM, 24 h) was included as a
positive control. Experiments were performed in triplicate,
with technical duplicates for each condition.
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DNA damage induction

DNA damage levels were assessed using the comet assay
with and without formamidopyrimidine DNA glycosylase
(FPG) (Collins et al. 2023). The assay without FPG quan-
tified DNA single-strand breaks (basal damage), whereas
the FPG-modified assay measured the total DNA damage,
including both single-strand breaks and oxidized DNA
bases. After corresponding treatments, cells were washed
with PBS, trypsinized, centrifuged (300 rcf, 8 min, 4 °C),
and resuspended in cold PBS at 1x10° cells/mL. A 1:10
dilution in 0.75% low-melting agarose (37 °C) was pre-
pared, and 7 uL aliquots were placed on Gelbond® films
(GBF, Lonza Bioscience, Basel, Switzerland). Cells were
lysed for 2 h at 4 °C (2.5 M NaCl, 0.1 M EDTA, 0.01 M
Tris, 0.2 M NaOH, 1% Triton X-100, 1% N-lauroylsarco-
sine, 10% DMSQO; pH 10), rinsed twice in enzyme buffer
(0.04 M HEPES, 0.1 M KCI, 0.5 mM EDTA, 0.2 mg/mL;
pH 8), and incubated for 50 min in the same buffer. A sec-
ond incubation with or without activated FPG was carried
out at 37 °C for 30 min. After washing in electrophoresis
buffer (0.3 M NaOH, 1 mM EDTA; pH 13.4), DNA was
allowed to unwind for 25 min before electrophoresis (20 V,
300 mA, 20 min). GBFs were rinsed in PBS, fixed in etha-
nol, and stained with SYBR Gold (1:2500 in TE buffer: 10
mM Tris Base, ] mM EDTA; pH 8). Comets were visual-
ized with an Olympus BX50 microscope (20x), and the per-
centage of DNA in the tail was quantified using Komet 5.5
software (Kinetic Imaging Ltd, Liverpool, UK). Two inde-
pendent biological experiments were conducted, each with
two technical replicates, and 100 cells were scored per rep-
licate. Methyl methanesulfonate (MMS, 200 uM, 40 min)
was used as a positive control for single-strand breaks, and
potassium bromate (KBrOs, 5 mM, 40 min) as a positive
control for total DNA damage in the FPG-modified assay.

IL-6 secretion levels

IL-6 levels in culture supernatants were measured after
24 h exposure to NPLs using the commercial IL-6 ELISA
kit (KHC0061, Invitrogen; Waltham, MA, USA) according
to the manufacturer’s instructions. Absorbance was read at
450 nm, and concentrations were calculated from standard
curves generated by a four-parameter logistic model. Three
independent experiments were performed, each with techni-
cal duplicates per condition.

Intracellular cholesterol levels
HUVECs were seeded in p-Plate 24 Well black plates (ibidi,

Grifelfing, Germany), and cholesterol levels were evaluated
by Filipin III staining after 24 h exposure to NPLs. Briefly,
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cells were fixed with a two-step protocol: pre-fixation
in a 1:1 mix of EGM-2 and 4% paraformaldehyde (PFA)
for 10 min at 37 °C, followed by 4% PFA for 10 min at
room temperature. After PBS washes, residual aldehydes
were quenched with 1.5 mg/mL glycine in PBS. Filipin III
(SAEO0087, Sigma-Aldrich, Steinheim, Germany) was pre-
pared in PBS supplemented with 10% FBS and applied at a
final concentration of 0.05 mg/mL for 2 h at room tempera-
ture in the dark. Images were acquired with a Zeiss LSM
980 Airyscan 2 confocal microscope (Carl Zeiss Micros-
copy GmbH, Jena, Germany) using a 20 objective (excita-
tion 353 nm, emission 465 nm). For image analysis, 100
independent cells (manual Regions of Interest) were quanti-
fied per technical replicate, resulting in a total of 600 cells
across three biological experiments with two technical rep-
licates each. Fluorescence was analyzed as the mean inten-
sity of each ROI.

Cell migration potential

Cell migration was assessed with a wound-healing assay
using Culture-Inserts 2 Well (Ibidi GmbH, Gréfelfing, Ger-
many). Inserts were placed in collagen-coated wells, and
21,000 cells were seeded in each compartment in EGM-2
medium containing 25 pg/mL of NPLs. After 24 h (37 °C,
5% COz), inserts were removed, wells washed, and fresh
medium with the same NPL concentration added. Images
were acquired at 0 h and every 2 h up to 8 h with a Zeiss Axio
Observer Al inverted microscope (10x objective; Carl Zeiss
Microscopy GmbH, Jena, Germany). Wound closure was
analyzed in ImageJ (v1.8.0_172) with the “Wound Healing
Size Tool” plug-in (Suarez-Arnedo et al. 2020). Two param-
eters were calculated: (i) front velocity, expressed in um/h,
as (Ay—A,)/(2-L-A¢), and (ii) percentage of wound closure,
as (Ay—A))/A(x100. Here A, and A, are wound areas at 0 h
and time ¢, L is wound length, and At the elapsed time. Four
independent experiments were performed, each with techni-
cal triplicates.

Statistical analysis

Data analysis was performed with GraphPad Prism 9
(GraphPad Software Inc., CA, USA). Normality was
assessed using the Kolmogorov-Smirnov test. For normally
distributed data, one-way ANOVA was followed by: Dun-
nett’s test (comparisons of each NPL vs. the negative con-
trol, excluding the positive control), Tukey’s test (pairwise
comparisons among NPLs, excluding both the negative and
positive control), and Dunnett’s test for the comparison of
the positive control vs. the negative control (including all
groups). For non-parametric data, the Kruskal-Wallis test
with Dunn’s post hoc test was applied following the same

criteria. Statistical significance was defined as *p<0.05,
**#p<0.01, and ***p<0.001. Results are expressed as
mean+ SEM.

Results and discussion
NPLs characterization

TEM confirmed that all NPL types displayed mean diam-
eters around 200 nm (Figs. 1A.2-D.2, E). This suggests
that the biological effects observed in subsequent assays
are likely influenced primarily by the intrinsic properties of
each polymer and to differences in morphology and colloidal
behavior, rather than by major size discrepancies between
individual NPLs. Controlling for particle size is important,
as it is a key factor affecting NPL-cell interactions and
biological responses (Lu et al. 2022). In terms of morphol-
ogy (Figs. 1A.1-D.1), PS-NPLs and PLA-NPLs presented
uniform, spherical shapes, whereas PTFE-NPLs appeared
spherical but slightly irregular. PET-NPLs displayed the
most heterogeneous and irregular morphologies, consistent
with Villacorta et al. (2022) observations. This gradation,
from idealized synthetic spheres to irregular, “real-life”
fragments, provides a model system spanning from con-
trolled laboratory particles to those more representative of
environmental NPLs (El Hadri et al. 2020). The same pat-
tern was reflected in size distributions, PS-NPLs showed the
narrowest range (164.9-200.7 nm; SD 7.1 nm), PLA-NPLs
and PTFE-NPLs were broader (171.6-353.2 nm and 118.3—
387.2 nm, respectively), and PET-NPLs displayed by far the
widest dispersion (56.9-587.8 nm; SD 124.2 nm).

DLS measurements further characterized the NPLs in
suspension (Fig. 1E). Hydrodynamic diameters in Milli-Q
water were consistently larger than TEM sizes, as expected
for hydrated particles (Wilson and Prud’homme 2021).
Polydispersity indexes (PDI) values increased in EGM-2
compared to Milli-Q water across all polymers, consistent
with biomolecule adsorption (protein corona formation)
and subsequent particle aggregation in biological media
(da Silva et al. 2019; Ferreira et al. 2022). PS-NPLs and
PLA-NPLs maintained low PDI values (<0.3), reflecting
higher colloidal stability, whereas PTFE-NPLs and particu-
larly PET-NPLs showed markedly higher values. The strong
aggregation tendency of PET-NPLs was evident in its large
hydrodynamic diameter (946.7 nm in EGM-2) and high PDI
(0.70 in EGM-2), underscoring its resemblance to environ-
mentally derived NPLs. {-potential values were negative in
Milli-Q water (-18.5 to —35.5 mV), reflecting stable dis-
persions, but shifted towards neutrality in EGM-2 (—1.6 to
—10.7 mV) for all NPLs. PLA-NPLs showed the strongest
shift, reaching near-neutral values (—1.55 mV) in EGM-2,
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Fig. 1 Characterization of NPLs. (A-D) TEM characterization in
Milli-Q water for A PS, B PLA, C PTFE, and D PET. (A.1-D.1) Rep-
resentative TEM images and (A.2-D.2) corresponding size distribution
histograms obtained from TEM measurements. (E) Summary of TEM

consistent with previous reports of PLA-NPLs charge neu-
tralization in culture media (da Silva et al. 2019). The other
polymers stabilized around —10 mV in EGM-2, consistent
with values reported for NPLs such as PS-NPLs dispersed
in cell culture media (Martin-Pérez et al. 2024). This general
reduction in surface charge is explained by protein adsorp-
tion on the NPL surface, which masks the original charge,
reduces electrostatic repulsion, and facilitates aggregation
in culture environments (da Silva et al. 2019); however,
although these medium-dependent shifts are consistent with
protein corona formation in biological media, we did not
directly visualize or profile the corona after cellular inter-
nalization in this study.

Overall, TEM and DLS analyses indicate that while PS-
NPLs and PLA-NPLs behave as relatively stable, uniform
model systems, PTFE-NPLs shows limited stability, and

@ Springer

particle diameters, hydrodynamic diameters (DLS), and {-potential
values of the NPLs in Milli-Q water and in EGM-2 medium. Sizes are
expressed in nm (diameter) and {-potential in mV (mean+SD)

PET-NPLs display strong aggregation and heterogeneity,
making it the closest proxy for environmentally derived
NPLs. Taken together, this panel provides a controlled gra-
dation of environmental relevance, from idealized spherical
reference particles (PS) to more heterogeneous and colloi-
dally unstable materials (PTFE), real-life PLA spherical
shaped resulting from the in-house degradation of PLA pel-
lets, and ultimately to real-life, polydisperse PET fragments
derived from PET water bottles.

NPLs internalization

The uptake of the different NPLs was assessed using flow
cytometry, confocal fluorescence microscopy, and TEM.
Flow cytometry was performed at 12.5, 25, and 50 pg/mL to
evaluate internalization across a concentration range. This
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approach identified polymer-dependent uptake patterns and
guided the selection of optimal concentration for subsequent
assays, ensuring substantial internalization while avoiding
cellular overload and maintaining relatively lower con-
centrations compared to our previous studies. Choosing a
concentration that preserves differential uptake among poly-
mers is particularly valuable, as it enables comparison of
their internalization patterns and how differences in uptake
correlate with subsequent biological responses. Finally, at
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Fig. 2 Internalization of NPLs. (A.1-A.2) Flow cytometry analysis of
NPL uptake at 12.5, 25, and 50 pg/mL for 24 h: (A.1) percentage of
NPL-positive cells and (A.2) mean fluorescence intensity of internal-
ized NPLs. (B.1-B.4) Representative confocal images showing NPL
uptake at 25 pg/mL for 24 h. NPLs are shown in green, nuclei in blue,
and cell membrane in red. Panels correspond to (B.1) PS- NPLs, (B.2)
PLA-NPLs, (B.3) PTFE-NPLs, and (B.4) PET-NPLs. (C.1-C.4) Rep-
resentative TEM images of HUVECs exposed to 25 pg/mL of NPLs
for 24 h. NPL-containing vesicles are highlighted with dotted lines.
PS (C.1) formed numerous vesicles of 700-800 nm in diameter con-

25 pg/mL, confocal microscopy was applied to corroborate
the intracellular distribution of NPLs, while TEM was used
to provide ultrastructural insight into their localization.

NPLs internalization by flow cytometry

Flow cytometry after 24 h of exposure revealed generally
high levels of NPL internalization across all polymers in
HUVECs (Fig. 2A). This robust uptake underscores the
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taining individual NPLs abundantly distributed throughout the cyto-
plasm. PLA (C.2) displayed less abundant vesicles of 800 nm con-
taining clearly visible nanoparticles (zoom-in at Sup. Fig. 2 A.1-A.2),
together with occasional larger vesicles up to 2 pm in diameter with
granular content (Sup. Fig. 2 A.3). PTFE-NPLs (C.3) accumulated in
numerous vesicles of 700-800 nm, each containing clearly individu-
alized nanoparticles. PET-NPLs (C.4) induced scarce but very large
vesicles, up to 4 pm in diameter, with diffuse and homogeneous elec-
trodense internal content lacking discernible NPLs. Negative controls
for confocal and TEM shown in Sup. Fig. 3
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suitability of HUVECs as a sensitive model for NPLs haz-
ard assessment studies, in agreement with previous reports
using nanomaterials (Cao et al. 2017). Compared to other
cell types commonly used in nanotoxicology, such as Raji-
B, THP-1, or TK6, which typically show<10% of positive
cells for 200 nm PS-NPLs even at 100 pg/mL (Tavakol-
pournegari et al. 2023), HUVECs demonstrated near-com-
plete internalization at considerably lower exposure levels
(12.5-50 pg/mL). This strong endocytic capacity has been
documented in HUVECs for other nanomaterials, including
silica nanoparticles, titanium dioxide, carbon nanotubes,
and PS-NPLs (Blechinger et al. 2013; Gholinejad et al.
2019; Zhao et al. 2019; Martin-Pérez et al. 2024). To our
knowledge, however, this is the first study to quantify the
uptake of PLA-NPLs, PTFE-NPLs, and PET-NPLs in this
endothelial cell model.

Despite the generally high internalization, uptake effi-
ciency differed between polymers. PS-NPLs and PLA-NPLs
showed nearly identical profiles, with approximately 100%
of positive cells across all tested concentrations. PTFE-
NPLs showed intermediate uptake at 12.5 pg/mL (60.7%)
but reached complete internalization at 25 and 50 pg/mL,
aligning with PS-NPLs and PLA-NPLs at these concentra-
tions. In contrast, PET-NPLs consistently exhibited the low-
est uptake, with only 27.8% of positive cells at 12.5 ug/mL,
48.1% at 25 pg/mL, and 75.8% at 50 pg/mL. Thus, while
PS-NPLs, PLA-NPLs, and PTFE-NPLs converge toward
near-complete internalization from 25 pg/mL onwards,
PET-NPLs remain clearly less internalized. The reduced
uptake of PET-NPLs is likely related to their colloidal insta-
bility. Dynamic light scattering of PET-NPLs suspensions in
EGM-2 revealed the highest polydispersity index (0.70) and
largest hydrodynamic size (946+217.80 nm), indicating
extensive aggregation. Since clathrin- and caveolin-medi-
ated endocytosis generally accommodate nanoparticles up
to 200 nm (Voigt et al. 2014; Sabourian et al. 2020), aggre-
gates approaching or exceeding 500 nm are more dependent
on macropinocytosis or phagocytosis, which are compara-
tively slower and less efficient internalization routes (Kuhn
et al. 2014). In addition, polymer-specific surface chemistry
and the resulting protein corona could modulate receptor
interactions and influence uptake efficiency (Sousa De et al.
2021; Cao et al. 2022).

Mean fluorescence intensity (MFI; folds relative to con-
trol, Fig. 2B) supported these internalization patterns by
reflecting intracellular accumulation. All polymer NPLs
showed a clear dose-dependent increase, yet PET-NPLs
consistently produced the lowest signal, with differences
versus other polymers widening at higher concentrations.
PTFE-NPLs exhibited lower MFI than PS-NPLs and PLA-
NPLs at 12.5 pg/mL, but equaled or exceeded their levels
at 25 and 50 ug/mL. The strong agreement between uptake
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percentages and MFI reinforces the conclusion that PET-
NPLs are the least efficiently internalized polymer, while
PS-NPLs, PLA-NPLs, and PTFE-NPLs are readily taken
up. Based on these results, 25 pg/mL was selected as the
working concentration for subsequent experiments. This
concentration ensures robust uptake across polymers with-
out causing cellular overload and remains within environ-
mentally relevant ranges.

NPLs internalization by confocal microscopy

Z-stack confocal imaging confirmed that the fluorescent sig-
nal corresponded to NPLs internalized within the cytoplasm
rather than adhered to the plasma membrane, in line with
previous reports using this approach (Morataya-Reyes et al.
2025a, b a). After 24 h of exposure at 25 pg/mL, most treat-
ments produced a broad cytoplasmic distribution of NPL-
associated fluorescence (Fig. 2B and supplementary Fig.
S3), consistent with the quantitative flow cytometry data. In
PS-NPLs-treated cells (Fig. 2B.1), fluorescence was homo-
geneously distributed throughout the cytoplasm of all cells,
consistent with the complete proportion of NPL-positive
HUVECs detected by flow cytometry. PLA-NPLs-treated
cells (Fig. 2B.2) also showed 100% positivity, although
with a less uniform and abundant cytoplasmic distribution.
PTFE-NPLs-treated cells (Fig. 2B.3) resembled PS-NPLs,
with fluorescence widely distributed across the cytoplasm
of all cells. By contrast, PET-NPLs-treated cells (Fig. 2B.4)
displayed a restricted uptake, with fluorescence confined
to discrete punctate regions in only about half of the cell
population, in line with the approximately 50% internal-
ization measured by flow cytometry. Taken together, these
fluorescence patterns demonstrate that both the magnitude
of uptake and the subcellular distribution of NPLs depend
strongly on the polymer type, emphasizing the importance
of these differences when assessing NPL-cell interactions
and their potential biological consequences.

NPLs internalization by TEM

TEM corroborated the confocal observations and provided
ultrastructural insights into the vesicular compartments con-
taining NPLs (Fig. 2C, and supplementary Fig. S3).

In PS-NPLs-treated cells (Fig. 2C.1), numerous 700—
800 nm vesicles containing individualized electron-dense
nanoparticles were widely dispersed throughout the cyto-
plasm, consistent with lysosomal or autophagosomal com-
partments previously reported for PS-NPLs in RBL-2H3
cells and HUVECs (Liu et al. 2021; Lu et al. 2022 a). The
presence of NPLs in these compartments agrees with recep-
tor-mediated endocytosis via clathrin or caveolin (Liu et al.
2021). The high vesicular abundance matched the increase
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in complexity detected by flow cytometry side-scattering
(SSC) (Supplementary Fig. S1). Compared to PS, PLA-
NPLs exposure (Fig. 2C.2) produced fewer vesicles of
similar size together with occasional larger vesicles (up to
2 um) with granular content, suggesting partial involvement
of macropinocytosis or phagocytosis-like uptake. Their less
negative (-potential (—1.55 mV vs.—10 mV for other poly-
mers) supports the formation of a distinct protein corona that
may alter receptor interactions and promote alternative entry
routes (Cao et al. 2017; Sousa De et al. 2021). PTFE-NPLs
(Fig. 2C.3) showed a pattern like PS, with 700-800 nm
vesicles containing clearly visible nanoparticles, yet their
number was lower than in PS-treated cells. This morphol-
ogy remains compatible with efficient clathrin- or caveolin-
mediated endocytosis but indicates a slightly reduced extent
of vesicular formation compared to PS. In contrast, PET-
NPLs were in much larger, but scarce, vesicles (up to 4 um
in diameter), consistent with macropinosomes or phago-
some-like structures formed through macropinocytosis or
phagocytosis-like uptake in non-professional phagocytes
such as HUVECs. This is in line with the hydrodynamic
size measured by DLS for PET-NPLs in EGM-2, around
900 nm, which revealed extensive aggregation and supports
uptake through these pathways. Since both macropinocyto-
sis and phagocytic pathways eventually converge into the
lysosomal route, the vesicles observed here may represent
phagolysosomes. Such a mechanism agrees with the mac-
ropinocytosis-mediated internalization described by Liu et
al. (2021) for 500 nm PS-NPLs and with the typical size
ranges reported for phagocytosis in the literature (Sousa
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Fig. 3 Cytotoxic and genotoxic effects of NPLs in HUVECs. A Apop-
tosis was assessed after 24 h exposure to NPLs (25 pg/mL) using
Annexin V/PI staining and flow cytometry. Bars represent the percent-
age of viable (green), apoptotic (blue), and necrotic (red) cells. Camp-
tothecin (5 pM, 24 h) was used as a positive control. B Total DNA
damage was evaluated by the FPG-modified comet assay, expressed
as the percentage of DNA in the tail. Data are expressed relative to

De et al. 2021). Although endocytic routes dominate, pas-
sive translocation across the plasma membrane cannot be
ruled out for any of the tested materials, as hydrophobic and
van der Waals interactions may allow limited diffusion of
small NPLs (Liu et al. 2021). The low electron density of
polymers, however, limits direct visualization of individual-
ized NPLs in the cytoplasm by TEM (Sawyer et al. 2008).
Overall, TEM confirms that polymer chemistry and colloi-
dal behavior govern both the efficiency and pathway of NPL
internalization in HUVECs.

Cytotoxicity and genotoxicity
Cytotoxicity and apoptosis

The Annexin V/PI assay demonstrated that none of the
NPL exposures compromised HUVEC viability at 25 pg/
mL after 24 h (Fig. 3A). In all NPL-treated groups, more
than 80% of cells remained viable, with necrotic fractions
consistently below 15% and apoptotic fractions below 5%,
values comparable to the negative control. These findings
indicate that, under the tested conditions, NPLs of different
polymer types do not trigger acute cytotoxicity or apopto-
sis in primary endothelial cells. In contrast, the apoptotic
inducer camptothecin (5 uM, 24 h) produced the expected
marked decrease in cell viability (<25%) together with a
pronounced increase in both necrotic (>58%) and apoptotic
(> 17%) populations, thereby validating the sensitivity of the
assay (Morris and Geller 1996). These results are consistent
with previous studies reporting a lack of acute cytotoxicity
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the negative control (CTL, set to 1). KBrOs (5 mM, 40 min) served as
positive control. Data are shown as mean+SEM from >2 independent
experiments. Statistical analysis was performed using the Kruskal—
Wallis test with Dunn’s multiple comparisons. Significant differences
were observed only between the positive controls and the negative
control; no significant differences were detected for NPLs vs. control
or among NPLs. *p<0.05, **p<0.01, ***p<0.001
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for PS-NPLs, PLA-NPLs, PTFE-NPLs, and PET-NPLs
when tested at environmentally relevant concentrations
across different cell types (Annangi et al. 2023; Banaei et al.
2023; Martin-Pérez et al. 2024; Abass et al. 2025).

The absence of cytotoxicity at the selected 25 pg/mL
for 24 h validates this exposure condition as an appropri-
ate experimental window to investigate more subtle envi-
ronmentally meaningful endpoints, including genotoxicity,
inflammatory signaling, metabolic disruption, and altera-
tions in endothelial functionality, without confounding
effects derived from cell death.

Genotoxicity

Although genotoxic effects of PS-NPLs have been reported
in several human cell models, including HUVECs, Raji-B,
and TK-6 cells (Rubio et al. 2020; Martin-Pérez et al. 2024),
systematic evaluations encompassing other NPL types
remain scarce. To date, no studies have examined the geno-
toxic potential of PLA-, PTFE-, or PET-NPLs in endothelial
cells, and only limited evidence exists in other human cell
systems. To address this gap, the comet assay was employed
to assess whether the tested NPLs induce DNA strand breaks
or oxidative DNA lesions. This assay has been widely vali-
dated as a reliable method for evaluating the genotoxicity of
NPLs (Garcia-Rodriguez et al. 2019).

In our study, application of the comet assay, both in its
standard alkaline version and in the FPG-modified form to
reveal oxidized bases, showed no increase in DNA damage
levels in HUVECs exposed to 25 pg/mL of the different
NPLs for 24 h (Fig. 3B and supplementary Fig. S4). Across
all polymer treatments, values were about 6-8% DNA in
tail, comparable to the negative control, with no signifi-
cant differences observed. In contrast, the positive controls,
potassium bromate (KBrOs) for the FPG assay and methyl
methanesulfonate (MMS) for the alkaline assay, produced
the expected marked increases, confirming the assay sensi-
tivity. Thus, under the tested conditions, 200 nm NPLs did
not induce detectable single strand breaks or oxidative DNA
lesions in primary endothelial cells. These results expand the
scarce evidence on NPL-induced genotoxicity in endothe-
lial cells and suggest that, under environmentally relevant
conditions, these NPLs do not inherently compromise DNA
integrity. Nonetheless, interpretation must remain cautious,
as genotoxic responses to NPLs appear highly dependent on
experimental context. For example, strand breaks have been
detected with smaller PS NPLs in HUVECs (Martin-Pérez
et al. 2024). PLA-NPLs-induced genotoxicity has been
observed only at higher doses and longer exposures (Gar-
cia-Rodriguez et al. 2024; Morataya-Reyes et al. 2025b),
while PTFE-NPLs effects were observed from 50 to 200 pg/
mL in Caco-2 and HT29-MTX cells (Abass et al. 2025). For
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PET-NPLs, findings remain contradictory, with no effects
reported in THP-1 cells up to 50 pg/mL for 3 h (Villacorta
et al. 2022) but clear dose-dependent damage in A549 cells
across starting from just 2 pg/mL (Alzaben et al. 2023).
Taking together, this variability highlights that polymer
chemistry, particle size, exposure dose, and cell type jointly
shape the genotoxic potential of NPLs, and that absence of
damage in one setting cannot be generalized across systems.

Inflammation - IL-6 ELISA

Regarding the inflammatory response in HUVECs, IL-6
secretion was quantified in cell culture supernatants after
24 h exposure to NPLs (25 pg/mL). Exposure to PET-NPLs
led to a significant increase in IL-6 secretion, reaching
1.93-fold relative to the control (p<0.001). This effect was
also significantly higher compared with all other polymer
types tested (p<0.01). In contrast, PS-NPLs, PLA-NPLs,
and PTFE-NPLs did not induce significant changes in IL-6
levels compared with the control, indicating that the pro-
inflammatory response was specific to real-life PET-NPLs
under the tested conditions.

The absence of IL-6 induction after exposure to PS-
NPLs, PLA-NPLs, and PTFE-NPLs is in line with several
previous studies. For PS-NPLs, Weber et al. (2022) reported
no increase in IL-6 when using monodisperse spherical
particles of 50-310 nm in monocytes and dendritic cells,
while Arribas Arranz et al. (2024) similarly observed no
IL-6 response in whole blood at 100 pg/mL. In the case of
PLA-NPLs, our results are consistent with da Silva et al.
(2019), who found no pro-inflammatory activation in mac-
rophages exposed to PLA-NPLs of comparable size across
a wide dose range (0.5-100 pg/mL). For PTFE-NPLs,
Abass et al. (2025) reported no induction of IL-8 secretion
in an intestinal barrier model after 24 h exposure, further
supporting the notion that PTFE-NPLs do not trigger acute
pro-inflammatory signaling, at least through major cytokine
and chemokine mediators. Together, these findings suggest
that spherical, monodisperse polymers such as PS-NPLs,
PLA-NPLs, and PTFE-NPLs generally exhibit limited pro-
inflammatory activity under acute exposure conditions.

The enhanced IL-6 secretion triggered by real-life PET-
NPLs is consistent with Weber et al. (2022) results, who
reported that real-life, irregular, and polydisperse NPLs,
including PS-NPLs and PVC-NPLs, induced IL-6 expres-
sion in monocytes and dendritic cells, whereas monodisperse
spherical NPLs did not show such effects. These results sug-
gest that particle morphology and colloidal behavior, rather
than polymer identity alone, may play important roles in
modulating inflammatory potential of NPLs.

The induction of IL-6 by PET-NPLs in HUVECs is
biologically relevant because IL-6 is a central mediator of
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Fig. 4 IL-6 secretion in HUVECs exposed to NPLs. IL-6 levels in
culture supernatants were quantified by ELISA after 24 h exposure
to NPLs (25 pg/mL). Bars represent fold change relative to the nega-
tive control (CTL, set to 1). Data are shown as mean+SEM from >3
independent experiments. Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s test (comparisons vs. control)
and Tukey’s test (pairwise comparisons among NPLs). ***p<(.001
vs. control; #p<0.01 PET vs. different NPLs

vascular inflammation and endothelial dysfunction (Kang
et al. 2020). In endothelial cells, IL-6 signaling promotes
inflammatory cell adhesion (Suzuki et al. 2010), disrupts
endothelial barrier integrity increasing permeability and
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Fig. 5 Cholesterol levels in HUVECs after NPLs exposure. A Cho-
lesterol levels were quantified by Filipin III staining after 24 h expo-
sure to NPLs (25 pg/mL). Bars represent fold change relative to the
negative control (CTL, set to 1). Data are shown as mean+ SEM from
>3 independent experiments. Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s test (comparisons vs. control)

favoring vascular leakage (Kang et al. 2020), and induces
a pro-thrombotic phenotype (Cimmino et al. 2022), collec-
tively contributing to endothelial dysfunction and athero-
sclerosis development (Zegeye et al. 2023) (Fig. 4).

Cholesterol detection

Filipin III staining was applied to visualize unesterified
cholesterol within the cytoplasm of HUVECs. Fluores-
cence microscopy images (Figs. 5B.1-B.5) revealed clear
differences across treatments, with PET-NPLs-treated cells
(Fig. 5B.5) displaying visibly stronger fluorescence than
control and the other polymers (Figs. 5B.1-B.4). Quantifi-
cation of Filipin III intensity in approximately 600 individ-
ual cells confirmed these observations (Fig. 5A). After 24 h
at 25 ug/mL, only PET-NPLs significantly increased intra-
cellular cholesterol, reaching 1.22-fold compared with the
negative control (p<0.01). PTFE-NPLs showed a modest
but non-significant increase of 1.09-fold, whereas PS-NPLs
and PLA-NPLs remained comparable to control. Pairwise
comparisons indicated that PET-NPLs differed significantly
only from PLA-NPLs (p<0.05).

PET-NPLs exposure also altered the spatial distribution
of cholesterol. While control, PS-NPLs, PLA-NPLs, and
PTFE-NPLs showed predominantly perinuclear fluores-
cence consistent with synthesis in the endoplasmic reticulum
(Lyu et al. 2017), PET-NPLs resulted in a more dispersed

and Tukey’s test (pairwise comparisons among NPLs). **p<0.01 vs.
control; *»<0.05 PET-NPLs vs. PLA-NPLs. (B) Representative con-
focal images of Filipin III staining (cyan) in HUVECs exposed to B.1
CTL, B.2 PS-NPLs, B.3 PLA-NPLs, B.4 PTFE-NPLs, and B.5 PET-
NPLs. Images were acquired with a 20x objective
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cytoplasmic signal with punctate structures compatible with
vesicular accumulation. Increased intracellular cholesterol
has previously been reported in HUVECs exposed to PS-
NPLs of smaller sizes up to 100 nm at higher concentra-
tions of 100 pg/mL (Martin-Pérez et al. 2025). However,
PS-NPLs did not induce significant changes in the present
study, which may reflect the lower exposure concentration
of 25 ng/mL or the larger particle size of 200 nm, since
greater size is generally associated with reduced cellular
reactivity (Ptuciennik et al. 2024).

To our knowledge, the effects of NPLs beyond PS-NPLs
on cholesterol metabolism have not yet been investigated.
This study therefore provides the first evaluation of PLA-
NPLs, PTFE-NPLs, and PET-NPLs on endothelial intra-
cellular cholesterol. Only real-life PET-NPLs induced
significant accumulation, likely due to physicochemi-
cal properties that favor the formation of unusually large
vesicles up to 4 pum. Their persistence in the cytoplasm
may impair vesicular trafficking pathways responsible for
cholesterol export and redistribution, a process previously
associated with elevated intracellular cholesterol levels (Lit-
vinov et al. 2018; Martello et al. 2020). Interestingly, the
cholesterol increase observed in PET-treated cells is also
consistent with the pro-inflammatory response described
above, as intermediates of cholesterol biosynthesis can pro-
mote IL-6 induction (Omoigui 2007).

Cholesterol accumulation is linked to endothelial dys-
function (Ziegler et al. 2024), whereas altered cholesterol
trafficking affects membrane fluidity and cellular migration
capacity (Lyu et al. 2017). In this context, we evaluated
migration as a key component of endothelial function.

Migration assay

The wound healing assay revealed polymer-specific effects
on endothelial migration (Fig. 6). Closing velocity measure-
ments (Fig. 6A) demonstrated that PS-NPLs and PLA-NPLs
did not significantly alter HUVEC migration at any time
point, whereas both PTFE-NPLs and PET-NPLs markedly
impaired closure kinetics. PET-NPLs consistently induced
the strongest inhibition, with migration velocity reduced by
approximately 25% relative to the control at 8 h. The reduc-
tion was already significant from 2 h onwards and persisted
throughout the assay. PTFE-NPLs produced a more moder-
ate effect, leading to about a 15% decrease in closing velocity
at 8 h, though this reduction was also significant and evident
from the 2 h time-point. Pairwise analyses confirmed that
PET-NPLs differed significantly from PS-NPLs and PLA-
NPLs from 4 h onwards, and from PTFE-NPLs at 6-8 h. In
addition, PTFE-NPLs differed significantly from PS-NPLs
and PLA-NPLs starting at 4 h, except for the comparison
with PLA-NPLs at 8 h, where no significant difference was
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detected (Supplementary Table S1). Representative phase-
contrast images at 8 h illustrate the impaired wound closure
in both PET-NPLs and PTFE-NPLs -treated cells compared
with the efficient closure observed in control, PS-NPLs,
and PLA-NPLs (Fig. 6B). These findings were reinforced
by the complementary metric of wound closing percent-
age (Supplementary Fig. S5). The consistency across both
readouts underscores the robustness of the observed impair-
ment. Our results with PTFE-NPLs and PET-NPLs are in
line with most of the existing research showing that MNPL
exposure reduces cell migration under a variety of condi-
tions. In vitro studies have consistently reported decreased
migration in both HUVECs and human trophoblasts after
exposure to PS-NPLs ranging from 30 to 500 nm (Lee et al.
2021; Hu et al. 2022; Lv et al. 2024; Wan et al. 2024). Com-
parable effects have also been demonstrated in vivo, where
exposure of the freshwater leech Hirudo verbana to poly-
propylene MNPLs (100 nm—5 um) delayed wound repair
(Bon et al. 2025).

The inhibitory effects of PTFE-NPLs and PET-NPLs
on migration may be linked to alterations in intracellular
cholesterol levels, since elevated cholesterol in HUVECs
has been associated with reduced migratory capacity (Lyu
et al. 2017). This interpretation is consistent with our
observations, with PET-NPLs inducing the highest intra-
cellular cholesterol accumulation together with the most
pronounced reduction in migration. Endothelial migration
is essential for vascular repair, angiogenesis, and barrier
integrity. Impairment of this process, as observed here for
PTFE-NPLs and particularly PET-NPLs, can compromise
angiogenesis and delay vascular repair, thereby aggravating
pathological conditions such as atherosclerosis (Zhang et al.
2020). Taken together, our findings indicate that migration
is a sensitive and functionally relevant endpoint for NPL
toxicity in endothelial cells, with real-life polymers exerting
the strongest inhibitory effects.

Conclusions

This study provides a systematic comparison of NPLs of
increasing environmental relevance, ranging from model
spherical PS to irregular, polydisperse PET derived from
post-consumer bottles, and their effects on primary human
endothelial cells. By standardizing particle size and expo-
sure conditions, we were able to assess how increasing
environmental significance, defined by particle morphol-
ogy, size heterogeneity, and colloidal behavior, influences
endothelial responses. All NPLs were efficiently internal-
ized by HUVECs, although their intracellular distribution
varied, suggesting the involvement of distinct uptake path-
ways depending on their physicochemical characteristics.
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Fig. 6 Effect of NPLs on HUVEC migration. A Closing velocity of
HUVECs exposed for 24 h to NPLs (25 pg/mL) during wound heal-
ing assay, expressed as fold change relative to the negative control
(CTL, set to 1). Data correspond to 2, 4, 6, and 8 h after scratch. Bars
represent mean+=SEM from >4 independent experiments. Statistical
analysis was performed by one-way ANOVA followed by Dunnett’s

None of the NPLs induced cytotoxicity or genotoxicity
after 24 h of exposure at 25 pg/mL. However, functional
assays revealed clear differences related to NPL properties.
Spherical and monodisperse PS- and PLA-NPLs produced
negligible alterations, whereas irregular, heterogeneous,
and polydisperse PTFE- and PET-NPLs triggered function-
ally relevant signs of endothelial stress. Specifically, PET-
NPLs promoted IL-6 secretion and intracellular cholesterol
accumulation, while both PTFE- and PET-NPLs signifi-
cantly reduced cell migration, compromising the wound-
healing capacity of endothelial monolayers. The observed
gradient of biological responses supports the notion that

test (vs. control) and Tukey’s test (among NPLs). *p<0.05, **p<0.01,
***p<0.001. Complete results of pairwise comparisons for each time
point are provided in Supplementary Table 1. B Representative phase-
contrast images of wound areas at 8 h after scratch: B.1 CTL, B.2 PS-
NPLs, B.3 PLA-NPLs, B.4 PTFE-NPLs, and B.5 PET-NPLs. Colored
lines delineate the wound edges used for quantification

particle shape, heterogeneity, and colloidal behavior are key
determinants of NPL bioactivity. Altogether, our findings
establish a potential link between real-life NPLs and early
vascular impairment through inflammation, cholesterol dys-
regulation, and migration inhibition. They also emphasize
the limitations of relying exclusively on idealized, mono-
disperse NPLs for hazard assessment. Incorporating envi-
ronmentally realistic NPLs into toxicological testing is
essential to predict genuine human health risks and to design
regulatory frameworks that capture the true complexity of
plastic pollution. To extend this work, future studies should
include NPLs with a broader diversity of shapes, such as
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fibers or fragments, and employ more advanced experimen-
tal systems, particularly endothelial barriers and microflu-
idic tissue-engineered vascular models to better reproduce
physiological conditions. Beyond these controlled in vitro
settings, addressing more complex atherosclerosis-related
outcomes that are outside the scope of short-term static
HUVEC monocultures (e.g., plaque formation and stenosis-
related processes), will ultimately require in vivo studies and
human biomonitoring approaches to capture systemic, long-
term and flow-dependent mechanisms. Such approaches
may refine our understanding of NPL-induced vascular dys-
function and its potential cardiovascular implications.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00204-0
26-04417-9.

Acknowledgements JMP, and MMR hold Ph.D. fellowships from
the Generalitat de Catalunya and UAB. AV was supported by a Ph.D.
fellowship from the National Agency for Research and Development
(ANID), CONICYT PFCHA / DOCTORADO BECAS CHILE /2020
-72210237. AGR (Academic record 2020 BP 00177), MA (Academic
record 2022 BP 00026), and IB (Academic record 2023-BP-00212)
were granted with a Beatriu de Pin6s Postdoctoral Program from the
Secretariat of Universities and Research of the Department of Business
and Knowledge of the Government of Catalunya. AH is supported by
the ICREA ACADEMIA Programme.

Author contribution RM, AH, and AGR planned the experiments.
JMP wrote the first manuscript. JMP, MMR, AV, CAS, IB, and MA
carried out the experimental part. JMP, and MMR analyzed the data,
carried out the statistical analysis, and prepared tables/figures. JFF
provide PLA samples. MMR, RM, and AH wrote the final manuscript.
All authors read and agree with the final version.

Funding Open Access Funding provided by Universitat Autonoma de
Barcelona. This study has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agree-
ment No 965196. This work was partially supported by the Spanish
Ministry of Science and Innovation (PID2020-116789RB-C43) and
the Generalitat de Catalunya (2021-SGR-00731).

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

@ Springer

References

Abass D, Alaraby M, Elkady EF, Morataya-Reyes M, Banaei G, Mar-
tin-Pérez J, Rubio L, Barguilla I, Marcos R, Hernandez A, Gar-
cia-Rodriguez A (2025) Polytetrafluoroethylene (PTFE, Teflon)
micro/nanoplastics induce oxidative stress, mitochondrial dam-
age, and genotoxicity in human intestinal cells. J] Hazard Mater
499:140255. https://doi.org/10.1016/j.jhazmat.2025.140255

Ahamed M, Javed Akhtar M (2024) Cytotoxic effect of polystyrene
nanoplastics in human umbilical vein endothelial cells (HUVECsS)
and normal rat kidney cells (NRK52E). J King Saud Univ Sci
36(11):103505. https://doi.org/10.1016/J.JKSUS.2024.103505

Alaraby M, Abass D, Farre M, Hernandez A, Marcos R (2024) Are
bioplastics safe? Hazardous effects of polylactic acid (PLA)
nanoplastics in Drosophila. Sci Total Environ 919:170592. http
s://doi.org/10.1016/J.SCITOTENV.2024.170592

Alzaben M, Burve R, Loeschner K, Moller P, Roursgaard M (2023)
Nanoplastics from ground polyethylene terephthalate food con-
tainers: genotoxicity in human lung epithelial A549 cells. Mut
Res/Gen Toxicol Environ Mutagen 892:503705. https://doi.org/1
0.1016/J.MRGENTO0X.2023.503705

Annangi B, Bach J, Vales G, Rubio L, Marcos R, Hernandez A (2015)
Long-term exposures to low doses of cobalt nanoparticles induce
cell transformation enhanced by oxidative damage. Nanotoxicol-
ogy 9(2):138-147. https://doi.org/10.3109/17435390.2014.9005
82

Annangi B, Villacorta A, Vela L, Tavakolpournegari A, Marcos R,
Hernandez A (2023) Effects of true-to-life PET nanoplastics using
primary human nasal epithelial cells. Environ Toxicol Pharmacol
100:104140. https://doi.org/10.1016/J.ETAP.2023.104140

Arribas Arranz J, Villacorta A, Rubio L, Garcia-Rodriguez A, Sanchez
G, Llorca M, Farre M, Ferrer JF, Marcos R, Hernandez A (2024)
Kinetics and toxicity of nanoplastics in ex vivo exposed human
whole blood as a model to understand their impact on human
health. Sci Total Environ 948:174725. https://doi.org/10.1016/J.
SCITOTENV.2024.174725

Banaei G, Garcia-Rodriguez A, Tavakolpournegari A, Martin-Pérez J,
Villacorta A, Marcos R, Hernandez A (2023) The release of poly-
lactic acid nanoplastics (PLA-NPLs) from commercial teabags.
Obtention, characterization, and hazard effects of real-life PLA-
NPLs. J Hazard Mater 458:131899. https://doi.org/10.1016/J.JH
AZMAT.2023.131899

Blechinger J, Bauer AT, Torrano AA, Gorzelanny C, Brauchle C,
Schneider SW (2013) Uptake kinetics and nanotoxicity of silica
nanoparticles are cell type dependent. Small 9(23):3970-3980. ht
tps://doi.org/10.1002/SMLL.201301004

Bon C, Maretti A, Pulze L, Paris N, Santoro O, Pragliola S, 1zzo L,
Baranzini N, Grimaldi A (2025) The exposure to polypropylene
micro- and nanoplastics impairs wound healing and tissue regen-
eration in the leech Hirudo verbana. Microplastics 4(3):56. https
://doi.org/10.3390/MICROPLASTICS4030056

CaoY, Gong Y, Liu L, Zhou Y, Fang X, Zhang C, Li Y, LiJ (2017) The
use of human umbilical vein endothelial cells (HUVECs) as an in
vitro model to assess the toxicity of nanoparticles to endothelium:
a review. J Appl Toxicol 37(12):1359-1369. https://doi.org/10.1
002/JAT.3470

Cao J, Yang Q, Jiang J, Dalu T, Kadushkin A, Singh J, Fakhrullin R,
Wang F, Cai X, Li R (2022) Coronas of micro/nano plastics: a key
determinant in their risk assessments. Part Fibre Toxicol 19(1):1—
25. https://doi.org/10.1186/S12989-022-00492-9

Cimmino G, Conte S, Morello M, Pellegrino G, Marra L, Morello A,
Nicoletti G, De Rosa G, Golino P, Cirillo P (2022) Vitamin D
inhibits IL-6 pro-atherothrombotic effects in human endothelial
cells: a potential mechanism for protection against COVID-19


https://doi.org/10.1016/j.jhazmat.2025.140255
https://doi.org/10.1016/J.JKSUS.2024.103505
https://doi.org/10.1016/J.SCITOTENV.2024.170592
https://doi.org/10.1016/J.SCITOTENV.2024.170592
https://doi.org/10.1016/J.MRGENTOX.2023.503705
https://doi.org/10.1016/J.MRGENTOX.2023.503705
https://doi.org/10.3109/17435390.2014.900582
https://doi.org/10.3109/17435390.2014.900582
https://doi.org/10.1016/J.ETAP.2023.104140
https://doi.org/10.1016/J.SCITOTENV.2024.174725
https://doi.org/10.1016/J.SCITOTENV.2024.174725
https://doi.org/10.1016/J.JHAZMAT.2023.131899
https://doi.org/10.1016/J.JHAZMAT.2023.131899
https://doi.org/10.1002/SMLL.201301004
https://doi.org/10.1002/SMLL.201301004
https://doi.org/10.3390/MICROPLASTICS4030056
https://doi.org/10.3390/MICROPLASTICS4030056
https://doi.org/10.1002/JAT.3470
https://doi.org/10.1002/JAT.3470
https://doi.org/10.1186/S12989-022-00492-9
https://doi.org/10.1007/s00204-026-04417-9
https://doi.org/10.1007/s00204-026-04417-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Archives of Toxicology (2026) 100:3377-3393

3391

infection? J Cardiovasc Dev Dis 9(1):27. https://doi.org/10.339
0/JCDD9010027

Cole M, Gomiero A, Jaén-Gil A, Haave M, Lusher A (2024) Micro-
plastic and PTFE contamination of food from cookware. Sci Total
Environ 929:172577. https://doi.org/10.1016/J.SCITOTENV.202
4.172577

Collins A, Mgller P, Gajski G, Vodenkova S, Abdulwahed A, Anderson
D, Bankoglu EE, Bonassi S, Boutet-Robinet E, Brunborg G et al
(2023) Measuring DNA modifications with the comet assay: a
compendium of protocols. Nat Protoc 18(3):929-989. https://doi.
org/10.1038/541596-022-00754-y

da Silva J, Jesus S, Bernardi N, Colagco M, Borges O (2019) Poly(D,
L-lactic acid) nanoparticle size reduction increases its immuno-
toxicity. Front Bioeng Biotechnol 7:137. https://doi.org/10.3389/
FBIOE.2019.00137

De Sousa M, Susnik E, Drasler B, Taladriz-Blanco P, Petri-Fink A,
Rothen-Rutishauser B (2021) Understanding nanoparticle endo-
cytosis to improve targeting strategies in nanomedicine. Chem
Soc Rev 50(9):5397-5434. https://doi.org/10.1039/d0cs01127d

Drzewinska K, Belz S (2024) Stakeholder survey on microplastics
materials needs. Publications Office of the European Union. https
://data.europa.eu/doi/10.2760/18013

El Hadri H, Gigault J, Maxit B, Grassl B, Reynaud S (2020) Nanoplas-
tic from mechanically degraded primary and secondary micro-
plastics for environmental assessments. Nanolmpact 17:100206.
https://doi.org/10.1016/j.impact.2019.100206

Ferreira LF, Picco AS, Galdino FE, Albuquerque LIC, Berret JF, Car-
doso MB (2022) Nanoparticle-protein interaction: demystifying
the correlation between protein corona and aggregation phenom-
ena. ACS Appl Mater Interfaces 14(25):28559-28569. https://doi
.org/10.1021/acsami.2C05362

FuY, Fan M, Xu L, Wang H, Hu Q, Jin Y (2022) Amino-functionalized
polystyrene nano-plastics induce mitochondria damage in human
umbilical vein endothelial cells. Toxics 10(5):215. https://doi.org
/10.3390/toxics 10050215

Garcia-Rodriguez A, Rubio L, Vila L, Xamena N, Velazquez A, Mar-
cos R, Hernandez A (2019) The comet assay as a tool to detect the
genotoxic potential of nanomaterials. Nanomaterials 9(10):1385.
https://doi.org/10.3390/nan0o9101385

Garcia-Rodriguez A, Gutiérrez J, Villacorta A, Arribas Arranz J,
Romero-Andrada I, Lacoma A, Marcos R, Hernandez A, Rubio L
(2024) Polylactic acid nanoplastics (PLA-NPLs) induce adverse
effects on an in vitro model of the human lung epithelium:
The Calu-3 air-liquid interface (ALI) barrier. J] Hazard Mater
475:134900.

Gholinejad Z, Khadem Ansari MH, Rasmi Y (2019) Titanium dioxide
nanoparticles induce endothelial cell apoptosis via cell membrane
oxidative damage and p38, PI3K/Akt, NF-kB signaling pathways
modulation. J Trace Elem Med Biol 54:27-35. https://doi.org/10.
1016/j.jtemb.2019.03.008

HuJ, Zhu 'Y, Zhang J, Xu'Y, Wu J, Zeng W, Lin Y, Liu X (2022) The
potential toxicity of polystyrene nanoplastics to human tropho-
blasts in vitro. Environ Pollut 311:119924. https://doi.org/10.101
6/j.envpol.2022.119924

Hussain KA, Romanova S, Okur I, Zhang D, Kuebler J, Huang X,
Wang B, Fernandez-Ballester L, Lu Y, Schubert M, Li Y (2023)
Assessing the release of microplastics and nanoplastics from
plastic containers and reusable food pouches: implications for
human health. Environ Sci Technol 57(26):9782-9792. https://do
i.org/10.1021/acs.est.3C01942

Jahedi F, Jaafarzadeh Haghighi Fard N (2025) Micro- and nanoplastic
toxicity in humans: Exposure pathways, cellular effects, and miti-
gation strategies. Toxicol Rep 14:102043. https://doi.org/10.1016
/j.toxrep.2025.102043

Jensen KA, Kembouche Y, Christiansen E, Jacobsen NR, Wallin H,
Guiot C, Spalla O, Witschger O (2009) WP4: Physicochemical

characterisation of manufactured nanomaterials (MNs) and expo-
sure media (EMs). Deliverable 3: Final protocol for producing
suitable MN exposure media. NRCWE. https://www.nanogenot
ox.eu

Kang S, Tanaka T, Inoue H, Ono C, Hashimoto S, Kioi Y, Matsumoto
H, Matsuura H, Matsubara T, Shimizu K, Ogura H, Matsuura Y,
Kishimoto T (2020) IL-6 trans-signaling induces plasminogen
activator inhibitor-1 from vascular endothelial cells in cytokine
release syndrome. Proc Nat Acad Sci USA 117(36):22351-22356.
https://doi.org/10.1073/pnas.2010229117

Kuhn DA, Vanhecke D, Michen B, Blank F, Gehr P, Petri-Fink A,
Rothen-Rutishauser B (2014) Different endocytotic uptake mech-
anisms for nanoparticles in epithelial cells and macrophages.
Beilstein J Nanotechnol 5(1):1625-1636. https://doi.org/10.376
2/bjnano.5.174

Landrigan PJ, Dunlop S, Treskova M, Raps H, Symeonides C,
Muncke J, Spring M, Stegeman J, Almroth BC, Chiles TC et al
(2025) The Lancet Countdown on health and plastics. Lancet
406(10507):1044-1062. https://doi.org/10.1016/S0140-6736(25
)01447-3

Lee HS, Amarakoon D, Wei CI, Choi KY, Smolensky D, Lee SH
(2021) Adverse effect of polystyrene microplastics (PS-MPs) on
tube formation and viability of human umbilical vein endothelial
cells. Food Chem Toxicol 154:112356. https://doi.org/10.1016/j.
fct.2021.112356

Leslie HA, van Velzen MJM, Brandsma SH, Vethaak AD, Garcia-
Vallejo JJ, Lamoree MH (2022) Discovery and quantification of
plastic particle pollution in human blood. Environ Int 163:107199.
https://doi.org/10.1016/j.envint.2022.107199

Litvinov DY, Savushkin EV, Dergunov AD (2018) Intracellular and
plasma membrane events in cholesterol transport and homeosta-
sis. J Lipids 2018:1-22. https://doi.org/10.1155/2018/3965054

Liu L, Xu K, Zhang B, Ye Y, Zhang Q, Jiang W (2021) Cellular inter-
nalization and release of polystyrene microplastics and nanoplas-
tics. Sci Total Environ 779:146523. https://doi.org/10.1016/].scit
otenv.2021.146523

LuYY, Li H, Ren H, Zhang X, Huang F, Zhang D, Huang Q, Zhang
X (2022) Size-dependent effects of polystyrene nanoplastics on
autophagy response in human umbilical vein endothelial cells. J
Hazard Mater 421:126770. https://doi.org/10.1016/j.jhazmat.202
1.126770

LvJ,He Q, Yan Z, Xie Y, Wu Y, Li A, Zhang Y, Li J, Huang Z (2024)
Inhibitory impact of prenatal exposure to nano-polystyrene parti-
cles on the MAP2K6/p38 MAPK axis inducing embryonic devel-
opmental abnormalities in mice. Toxics 12(5):370. https://doi.org
/10.3390/toxics12050370

LyuJ, Yang EJ, Head SA, Ai N, Zhang B, Wu C, Li RJ, Liu Y, Yang C,
Dang Y, Kwon HJ, Ge W, Liu JO, Shim JS (2017) Pharmacologi-
cal blockade of cholesterol trafficking by cepharanthine in endo-
thelial cells suppresses angiogenesis and tumor growth. Cancer
Lett 409:91-103. https://doi.org/10.1016/j.canlet.2017.09.009

Ma L, Wu Z, Lu Z, Yan L, Dong X, Dai Z, Sun R, Hong P, Zhou
C, Li C (2024) Differences in toxicity induced by the various
polymer types of nanoplastics on HepG2 cells. Sci Total Environ
918:170664. https://doi.org/10.1016/j.scitotenv.2024.170664

Martello A, Platt FM, Eden ER (2020) Staying in touch with the endo-
cytic network: the importance of contacts for cholesterol trans-
port. Traffic 21(5):354-363. https://doi.org/10.1111/TRA.12726

Martin-Pérez J, Villacorta A, Banaei G, Morataya-Reyes M, Tava-
kolpournegari A, Marcos R, Hernandez A, Garcia-Rodriguez A
(2024) Hazard assessment of nanoplastics is driven by their sur-
face-functionalization. Effects in human-derived primary endo-
thelial cells. Sci Total Environ 934:173236. https://doi.org/10.10
16/j.scitotenv.2024.173236

Martin-Pérez J, Villacorta A, Gutiérrez J, Egea R, Morataya-Reyes M,
Cassu-Casadevall M, Marcos R, Hernandez A, Garcia-Rodriguez

@ Springer


https://www.nanogenotox.eu
https://www.nanogenotox.eu
https://doi.org/10.1073/pnas.2010229117
https://doi.org/10.1073/pnas.2010229117
https://doi.org/10.3762/bjnano.5.174
https://doi.org/10.3762/bjnano.5.174
https://doi.org/10.1016/S0140-6736(25)01447-3
https://doi.org/10.1016/S0140-6736(25)01447-3
https://doi.org/10.1016/j.fct.2021.112356
https://doi.org/10.1016/j.fct.2021.112356
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1155/2018/3965054
https://doi.org/10.1016/j.scitotenv.2021.146523
https://doi.org/10.1016/j.scitotenv.2021.146523
https://doi.org/10.1016/j.jhazmat.2021.126770
https://doi.org/10.1016/j.jhazmat.2021.126770
https://doi.org/10.3390/toxics12050370
https://doi.org/10.3390/toxics12050370
https://doi.org/10.1016/j.canlet.2017.09.009
https://doi.org/10.1016/j.scitotenv.2024.170664
https://doi.org/10.1111/TRA.12726
https://doi.org/10.1016/j.scitotenv.2024.173236
https://doi.org/10.1016/j.scitotenv.2024.173236
https://doi.org/10.3390/JCDD9010027
https://doi.org/10.3390/JCDD9010027
https://doi.org/10.1016/J.SCITOTENV.2024.172577
https://doi.org/10.1016/J.SCITOTENV.2024.172577
https://doi.org/10.1038/s41596-022-00754-y
https://doi.org/10.1038/s41596-022-00754-y
https://doi.org/10.3389/FBIOE.2019.00137
https://doi.org/10.3389/FBIOE.2019.00137
https://doi.org/10.1039/d0cs01127d
https://data.europa.eu/doi/10.2760/18013
https://data.europa.eu/doi/10.2760/18013
https://doi.org/10.1016/j.impact.2019.100206
https://doi.org/10.1016/j.impact.2019.100206
https://doi.org/10.1021/acsami.2C05362
https://doi.org/10.1021/acsami.2C05362
https://doi.org/10.3390/toxics10050215
https://doi.org/10.3390/toxics10050215
https://doi.org/10.3390/nano9101385
https://doi.org/10.3390/nano9101385
https://doi.org/10.1016/j.jtemb.2019.03.008
https://doi.org/10.1016/j.jtemb.2019.03.008
https://doi.org/10.1016/j.envpol.2022.119924
https://doi.org/10.1016/j.envpol.2022.119924
https://doi.org/10.1021/acs.est.3C01942
https://doi.org/10.1021/acs.est.3C01942
https://doi.org/10.1016/j.toxrep.2025.102043
https://doi.org/10.1016/j.toxrep.2025.102043

3392

Archives of Toxicology (2026) 100:3377-3393

A (2025) Size-dependent effects of polystyrene nanoplastics on
human primary endothelial cell function. Span J Environ Muta-
gen Genomics 29(1):31. https://ojs.diffundit.com/index.php/sema
/issue/view/95/12 Conference abstract

Morataya-Reyes M, Villacorta A, Gutiérrez-Garcia J, Egea R, Martin-
Pérez J, Barguilla I, Marcos R, Hernandez A (2025a) The long-
term in vitro co-exposure of polyethylene terephthalate (PET)
nanoplastics and cigarette smoke condensate exacerbates the
induction of carcinogenic traits. J Hazard Mater 493:138359. http
s://doi.org/10.1016/j.jhazmat.2025.138359

Morataya-Reyes M, Villacorta A, Arranz JA, Martin-Pérez J, Ferrer
JF, Pastor S, Egea R, Barguilla I, Marcos R, Hernandez A (2025b)
Exploring the impact of nanoplastics on human hepatic cells:
dynamics of internalization and harmful effects in HuH-7 cells.
Environ Sci Nano https://doi.org/10.1039/d5en00434A.

Morris EJ, Geller HM (1996) Induction of neuronal apoptosis by
camptothecin, an inhibitor of DNA topoisomerase-I: evidence for
cell cycle-independent toxicity. J Cell Biol 134(3):757-770. https
://doi.org/10.1083/JCB.134.3.757

Nayanathara Thathsarani Pilapitiya PGC, Ratnayake AS (2024) The
world of plastic waste: a review. Clean Mater 11:100220. https://
doi.org/10.1016/j.clema.2024.100220

Ncube LK, Ude AU, Ogunmuyiwa EN, Zulkifli R, Beas IN (2021) An
overview of plastic waste generation and management in food
packaging industries. Recycling 6(1):1-25. https://doi.org/10.33
90/recycling6010012

Omoigui S (2007) The Interleukin-6 inflammation pathway from cho-
lesterol to aging - Role of statins, bisphosphonates and plant poly-
phenols in aging and age-related diseases. Immun Ageing 4:1. htt
ps://doi.org/10.1186/1742-4933-4-1

Phuciennik K, Siciniska P, Misztal W, Bukowska B (2024) Important
factors affecting induction of cell death, oxidative stress and
DNA damage by nano- and microplastic particles in vitro. Cells
13(9):768. https://doi.org/10.3390/cells 13090768

Prattichizzo F, Ceriello A, Pellegrini V, la Grotta R, Graciotti L,
Olivieri F, Paolisso P, D’Agostino B, lovino P, Balestrieri ML,
Rajagopalan S, Landrigan PJ, Marfella R, Paolisso G (2024)
Micro-nanoplastics and cardiovascular diseases: evidence and
perspectives. Eur Heart J 45(38):4099—-4110. https://doi.org/10.
1093/eurheartj/ehae552

Rajendran D, Chandrasekaran N (2023) Journey of micronanoplastics
with blood components. RSC Adv 13(45):31435-31459. https://d
o0i.org/10.1039/d3ra05620A

Rubio L, Barguilla I, Domenech J, Marcos R, Hernandez A (2020)
Biological effects, including oxidative stress and genotoxic dam-
age, of polystyrene nanoparticles in different human hematopoi-
etic cell lines. J Hazard Mater 398:122900. https://doi.org/10.101
6/j.jhazmat.2020.122900

Sabourian P, Yazdani G, Ashraf SS, Frounchi M, Mashayekhan S,
Kiani S, Kakkar A (2020) Effect of physico-chemical proper-
ties of nanoparticles on their intracellular uptake. Int J Mol Sci
21(21):8019. https://doi.org/10.3390/IJMS21218019

Sawyer LC, Grubb DT, Meyers GF (2008) Polymer microscopy, 3d
edn, pp 1-540. https://doi.org/10.1007/978-0-387-72628-1

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M,
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez
JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A
(2012) Fiji: An open-source platform for biological-image analy-
sis. Nat Methods 9(7):676—682. https://doi.org/10.1038/nmeth.2
019

Suarez-Arnedo A, Figueroa FT, Clavijo C, Arbeldez P, Cruz JC,
Mufioz-Camargo C (2020) An image J plugin for the high
throughput image analysis of in vitro scratch wound healing
assays. PLoS ONE 15(7):e0232565. https://doi.org/10.1371/jou
rnal.pone.0232565

@ Springer

Suzuki M, Hashizume M, Yoshida H, Mihara M (2010) Anti-inflam-
matory mechanism of tocilizumab, a humanized anti-IL-6R
antibody: effect on the expression of chemokine and adhesion
molecule. Rheumatol Int 30(3):309-315. https://doi.org/10.1007
/S00296-009-0953-0

Tavakolpournegari A, Annangi B, Villacorta A, Banaei G, Martin J,
Pastor S, Marcos R, Hernandez A (2023) Hazard assessment of
different-sized polystyrene nanoplastics in hematopoietic human
cell lines. Chemosphere 325:138360. https://doi.org/10.1016/j.ch
emosphere.2023.138360

Villacorta A, Rubio L, Alaraby M, Lopez-Mesas M, Fuentes-Cebrian
V, Moriones OH, Marcos R, Hernandez A (2022) A new source of
representative secondary PET nanoplastics. Obtention, character-
ization, and hazard evaluation. J Hazard Mater 439:129593. https
://doi.org/10.1016/j.jhazmat.2022.129593

Villacorta A, Cazorla-Ares C, Fuentes-Cebrian V, Valido IH, Vela L,
Carrillo-Navarrete F, Morataya-Reyes M, Mejia-Carmona K,
Pastor S, Velazquez A, Arribas Arranz J, Marcos R, Lopez-Mesas
M, Hernandez A (2024) Fluorescent labeling of micro/nanoplas-
tics for biological applications with a focus on true-to-life track-
ing. J Hazard Mater 476:135134. https://doi.org/10.1016/j.jhazm
at.2024.135134

Voigt J, Christensen J, Shastri VP (2014) Differential uptake of
nanoparticles by endothelial cells through polyelectrolytes with
affinity for caveolae. Proc Nat Acad Sci USA 111(8):2942-2947.
https://doi.org/10.1073/pnas. 1322356111

Wan S, Wang X, Chen W, Xu Z, Zhao J, Huang W, Wang M, Zhang H
(2024) Polystyrene nanoplastics activate autophagy and suppress
trophoblast cell migration/invasion and migrasome formation to
induce miscarriage. ACS Nano 18(4):3733-3751. https://doi.org/
10.1021/acsnano.3C11734

Weber A, Schwiebs A, Solhaug H, Stenvik J, Nilsen AM, Wagner M,
Relja B, Radeke HH (2022) Nanoplastics affect the inflamma-
tory cytokine release by primary human monocytes and dendritic
cells. Environ Int 163:107173. https://doi.org/10.1016/j.envint.2
022.107173

Wilson BK, Prud’homme RK (2021) Nanoparticle size distribution
quantification from transmission electron microscopy (TEM) of
ruthenium tetroxide stained polymeric nanoparticles. J Colloid
Interface Sci 604:208-220. https://doi.org/10.1016/].jcis.2021.0
4.081

Xue J, Zhang Z, Sun Y, Jin D, Guo L, Li X, Zhao D, Feng X, Qi W, Zhu
H (2023) Research progress and molecular mechanisms of endo-
thelial cells inflammation in vascular-related diseases. J Inflamm
Res 16:3593-3617. https://doi.org/10.2147/jir.S418166

Zegeye MM, Matic L, Lengquist M, Hayderi A, Grenegard M, Hedin
U, Sirsjo A, Ljungberg LU, Kumawat AK (2023) Interleukin-6
trans-signaling induced laminin switch contributes to reduced
trans-endothelial migration of granulocytic cells. Atherosclerosis
371:41-53. https://doi.org/10.1016/j.atherosclerosis.2023.03.010

Zhang S, Zhu X, Li G (2020) E2F1/SNHG7/miR-186-5p/MMP2 axis
modulates the proliferation and migration of vascular endothelial
cells in atherosclerosis. Life Sci 257:118013. https://doi.org/10.1
016/J.LFS.2020.118013

Zhang T, Liao Y, Ling J, Zhang J, Zhang D, Yin X, Yu P, Liu X (2025)
Tiny trouble: microplastics, nanoplastics, and their heartfelt
impact on cardiovascular health. Cardiovasc Res 121(7):992—
1010. https://doi.org/10.1093/CVR/CVAF068

Zhao X, Chang S, Long J, Li J, Li X, Cao Y (2019) The toxicity of
multi-walled carbon nanotubes (MWCNTs) to human endothelial
cells: The influence of diameters of MWCNTs. Food Chem Toxi-
col 126:169-177. https://doi.org/10.1016/J.FCT.2019.02.026

Ziegler DV, Czarnecka-Herok J, Vernier M, Scholtes C, Camprubi C,
Huna A, Massemin A, Griveau A, Machon C, Guitton J, Ricusset
J, Vigneron AM, Giguére V, Martin N, Bernard D (2024) Choles-
terol biosynthetic pathway induces cellular senescence through


https://doi.org/10.1007/S00296-009-0953-0
https://doi.org/10.1007/S00296-009-0953-0
https://doi.org/10.1016/j.chemosphere.2023.138360
https://doi.org/10.1016/j.chemosphere.2023.138360
https://doi.org/10.1016/j.jhazmat.2022.129593
https://doi.org/10.1016/j.jhazmat.2022.129593
https://doi.org/10.1016/j.jhazmat.2024.135134
https://doi.org/10.1016/j.jhazmat.2024.135134
https://doi.org/10.1073/pnas.1322356111
https://doi.org/10.1073/pnas.1322356111
https://doi.org/10.1021/acsnano.3C11734
https://doi.org/10.1021/acsnano.3C11734
https://doi.org/10.1016/j.envint.2022.107173
https://doi.org/10.1016/j.envint.2022.107173
https://doi.org/10.1016/j.jcis.2021.04.081
https://doi.org/10.1016/j.jcis.2021.04.081
https://doi.org/10.2147/jir.S418166
https://doi.org/10.1016/j.atherosclerosis.2023.03.010
https://doi.org/10.1016/J.LFS.2020.118013
https://doi.org/10.1016/J.LFS.2020.118013
https://doi.org/10.1093/CVR/CVAF068
https://doi.org/10.1016/J.FCT.2019.02.026
https://ojs.diffundit.com/index.php/sema/issue/view/95/12
https://ojs.diffundit.com/index.php/sema/issue/view/95/12
https://doi.org/10.1016/j.jhazmat.2025.138359
https://doi.org/10.1016/j.jhazmat.2025.138359
https://doi.org/10.1039/d5en00434A
https://doi.org/10.1083/JCB.134.3.757
https://doi.org/10.1083/JCB.134.3.757
https://doi.org/10.1016/j.clema.2024.100220
https://doi.org/10.1016/j.clema.2024.100220
https://doi.org/10.3390/recycling6010012
https://doi.org/10.3390/recycling6010012
https://doi.org/10.1186/1742-4933-4-1
https://doi.org/10.1186/1742-4933-4-1
https://doi.org/10.3390/cells13090768
https://doi.org/10.1093/eurheartj/ehae552
https://doi.org/10.1093/eurheartj/ehae552
https://doi.org/10.1039/d3ra05620A
https://doi.org/10.1039/d3ra05620A
https://doi.org/10.1016/j.jhazmat.2020.122900
https://doi.org/10.1016/j.jhazmat.2020.122900
https://doi.org/10.3390/IJMS21218019
https://doi.org/10.1007/978-0-387-72628-1
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1371/journal.pone.0232565
https://doi.org/10.1371/journal.pone.0232565

Archives of Toxicology (2026) 100:3377-3393 3393

ERRa. Npj Aging 10(1):5. https:/doi.org/10.1038/S41514-023-0
0128-Y

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/S41514-023-00128-Y
https://doi.org/10.1038/S41514-023-00128-Y

	﻿Real-life nanoplastics induce endothelial dysfunction in primary human endothelial cells
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sources and labeling of the selected NPLs
	﻿NPLs characterization
	﻿Cell line and culture conditions
	﻿NPLs exposure
	﻿NPLs internalization
	﻿Flow cytometry
	﻿Confocal microscopy
	﻿Transmission electron microscopy (TEM)
	﻿Cell viability and apoptosis
	﻿DNA damage induction
	﻿IL-6 secretion levels
	﻿Intracellular cholesterol levels
	﻿Cell migration potential
	﻿Statistical analysis

	﻿Results and discussion


