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Hazard assessment of nanoplastics is driven by their 
surface-functionalization. Effects in human-derived primary 
endothelial cells 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Polystyrene nanoplastics with different 
surface functionalizations were used. 

• Primary human umbilical vein endo
thelial cells exposed at different times 
were used. 

• Cell internalization dynamics were 
evaluated using different methodolog
ical approaches. 

• Aminated shows a lower tendency to 
internalize than pristine and carboxyl
ated forms. 

• All forms triggered oxidative stress and 
genotoxicity responses.  
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A B S T R A C T   

During plastic waste degradation into micro/nanoplastics (MNPLs) their physicochemical characteristics 
including surface properties (charge, functionalization, biocorona, etc.) can change, potentially affecting their 
biological effects. This paper focuses on the surface functionalization of MNPLs to determine if it has a direct 
impact on the toxicokinetic and toxicodynamic interactions in human umbilical vein endothelial cells (HUVECs), 
at different exposure times. Pristine polystyrene nanoplastics (PS-NPLs), as well as their carboxylated (PS-C- 
NPLs) and aminated (PS-A-NPLs) forms, all around 50 nm, were used in a wide battery of toxicological assays. 
These assays encompassed evaluations on cell viability, cell internalization, induction of intracellular reactive 
oxygen species (iROS), and genotoxicity. The experiments were conducted at a concentration of 100 μg/mL, 
chosen to ensure a high internalization rate across all treatments while maintaining a sub-toxic concentration. 
Our results show that all PS-NPLs are internalized by HUVECs, but the internalization dynamic depends on the 
particle’s functionalization. PS-NPLs and PS-C-NPLs internalization modify the morphology of the cell increasing 
its inner complexity/granularity. Regarding cell toxicity, only PS-A-NPLs reduced cell viability. Intracellular ROS 
was induced by the three different PS-NPLs but at different time points. Genotoxic damage was induced by the 
three PS-NPLs at short exposures (2 h), but not for PS-C-NPLs at 24 h. Overall, this study suggests that the 
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toxicological effects of PSNPLs on HUVEC cells are surface-dependent, highlighting the relevance of using 
human-derived primary cells as a target.   

1. Introduction 

Plastic waste has become a serious environmental problem due to the 
exponential production of plastic over the past few decades. In the last 
60 years, plastic production has increased by >20-fold, resulting in an 
annual generation of approximately 400 million tons of plastic, with 
projections indicating a dramatic increase in the coming years (Bajt, 
2021). Due to their characteristics, including low-cost production, high 
durability, and versatility, plastics are used for multiple purposes, such 
as packaging, cosmetics, building, and medical applications, among 
others (Domenech and Marcos, 2021). Regrettably, >80 % of these 
plastics are not adequately recycled and are being released into the 
natural environment, where they can persist for centuries due to their 
slow degradation rate (Kik et al., 2020; Lampitt et al., 2023). Exposure to 
environmental factors such as ultraviolet radiation, wave action, and 
various physicochemical and biological processes triggers the aging and 
fragmentation of plastics into smaller particles known as microplastics 
and even finer nanoplastics (Yee et al., 2021; Shi et al., 2022). These 
micro/nanoplastics (MNPLs) are contaminating all environmental 
compartments, including the hydrosphere, atmosphere, and biosphere 
(Pradel et al., 2023). During the weathering process, MNPLs undergo 
alterations in their surface properties, acquiring various functional 
groups such as amino or carboxyl, which in turn influence their prop
erties, including net charge (Alimi et al., 2022). 

Studies have highlighted the pathways through which environ
mental MNPLs can infiltrate the human body, encompassing inhalation, 
ingestion, and skin contact (Rubio et al., 2020a). Once inside the human 
body, owing to their minute size, MNPLs possess the potential to breach 
biological membranes, gaining access to the bloodstream (Yee et al., 
2021). Notably, in the case of pulmonary exposure via inhalation, the 
lung’s exceptionally thin tissue barrier, measuring <1 μm, facilitates the 
penetration of nanoscale particles into the capillary bloodstream (Leh
ner et al., 2019). The translocation of nanoplastics across the gastroin
testinal tract through ingestion has been established in different model 
organisms, suggesting a comparable mechanism in human physiology. 
This phenomenon has been validated in vitro for polystyrene nano
particles using both simple intestine cell monocultures and more com
plex human intestinal models including two/three different cell types 
(Lehner et al., 2019). Concerning dermal exposure, potential entry 
routes have been delineated, encompassing hair follicles, sweat gland 
exits, and compromised areas of the skin (Schneider et al., 2009). Sub
stantiating the capacity of nanoplastics to traverse biological barriers 
and access the bloodstream, a groundbreaking biomonitoring study has 
revealed the presence of MNPLs (≥700 nm) in whole blood samples from 
22 healthy volunteers (Leslie et al., 2022). Intriguingly, among the most 
prevalent plastics environmentally identified polystyrene, alongside 
polyethylene terephthalate and polyethylene have been reported (Jeong 
et al., 2024). The lumen of the human blood vessel is covered by a thin 
layer of endothelial cells (ECs). These cells are of particular interest in 
nanotoxicological studies as they function as the first contact for MNPLs 
entering the bloodstream. Additionally, ECs play a pivotal role in 
numerous processes, including the regulation of blood vessel tone and 
monocyte recruitment. Dysregulation of these processes has been 
implicated in the development of cardiovascular diseases, including 
atherosclerosis (Xue et al., 2023). Consequently, the study of the effects 
of nanoplastics on endothelial cells is of major concern nowadays mainly 
after the results showing that nanoplastics can induce vascular endo
thelial injury and coagulation dysfunction in mice (Wang et al., 2023), 
and the proposal of MNPLs as a potential cardiovascular risk factor (Zhu 
et al., 2023). Among endothelial cells, primary isolated human umbilical 
vein endothelial cells (HUVECs) are the most widely utilized in research, 

due to the accessibility of human umbilical veins and their ready 
availability from commercial sources (Cao et al., 2017). 

Different studies have been conducted to investigate the effects of 
nanoplastics on HUVECs, commonly using nanopolystyrene particles as 
a model of nanoplastic. These studies have shown that PS-NPLs can 
induce cytotoxicity, intracellular reactive oxygen species (iROS) pro
duction, and autophagy, potentially affecting human health (Fu et al., 
2022; Lu et al., 2022). Nevertheless, none of these studies have aimed to 
elucidate the implications of distinct surface properties of nanoplastics 
in HUVECs, nor explored the genotoxic potential of these particles. Thus, 
our study aimed to elucidate the potential biological effects of three 
distinct commercially available functionalized PS nanoparticles (pris
tine, carboxylated, and aminated) with a size of about 50 nm on 
HUVECs, at a concentration of 100 μg/mL and after acute time-points 
exposures (20 min, 2, 12, and 24 h). The internalization of the nano
particles was evaluated with different analytical methods including flow 
cytometry, confocal microscopy, and transmission electronic micro
scopy. Specifically, changes in cellular morphology (size and inner 
complexity), cytotoxicity, intracellular ROS production, and genotox
icity were evaluated for the different functionalized PS nanoparticles. 
This study provides new insights into the potential effects of differently 
functionalized PS nanoplastics on primary human endothelial cells, of
fering valuable information for assessing the health risks associated with 
PS-NPLs on the cardiovascular system. 

2. Materials and methods 

2.1. Polystyrene nanoplastics characterization 

Three differently functionalized (pristine, carboxylated, and ami
nated) 50 nm commercialized polystyrene (PS) nanoplastics were pur
chased, both fluorescent-labeled (FL) and non-labeled (NL), from 
different companies. Namely, PS-Pristine 50 nm non-labeled (PS-P 50 
NL; PP-008-10; nominal size 0.05–0.1 μm) and PS-Pristine 50 nm 
fluorescent-labeled (PS-P 50 FL; FP-00552-2; nominal size 0.04–0.09 
μm; ex./em.: 460/480 nm) from Spherotech Inc. (Lake Forest, IL, USA); 
PS-Carboxylated 50 nm non-labeled (PS-C 50 NL; 15913-10; mean 
diameter 0.05 μm) and PS-Carboxylated 50 nm fluorescent-labeled (PS- 
C 50 FL; 16661-10; mean diameter 0.05 μm; ex./em.: 441/486 nm) from 
Polysciences Inc. (Warrington, PA, USA); PS-Aminated 50 nm non- 
labeled (PS-A 50 NL; 228PS50-AM-1; mean diameter 0.05 μm; ex./ 
em.: 498/517 nm) and PS-Aminated 50 nm fluorescent-labeled (PS-C 50 
FL; 228PS50-AMFC-1; mean diameter 0.05 μm) from Nanocs Inc. (New 
York City, NY, USA). All used polystyrene nanoplastics were supplied 
dispersed in water. 

For characterization purposes, polystyrene nanoplastic dispersions 
were diluted in Milli-Q water and/or Endothelial Cell Growth Medium 2 
(Promocell; Heidelberg, Germany). First, for dry state description by 
transmission electron microscopy (TEM), polystyrene particle working 
solutions were prepared on Milli-Q water at a concentration of 200 μg/ 
mL. A cooper grid with carbon coverture was clamped and immersed 
into the working solution, placed on a filter paper-covered Petri dish, 
and allowed to evaporate overnight. The particles on the grid were 
placed on a single axis holder and examined using a transmission elec
tron microscopy system operated at 120 kV JEOL JEM 1400 instrument 
(JEOL Ltd., Tokyo, Japan). Images were acquired using an Orius SC200D 
sensor from Gatan (Ametek, Inc. Berwyn, PA, USA) and analyzed for 
particle size distribution by measuring the Martin diameter using the 
ImageJ software 1.8.0_172. To investigate the potential influence of the 
culture medium on the colloidal structures in the suspension of the 
different PS nanoparticles, the behavior was studied using a Zetasizer® 
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Ultra device from Malvern Panalytical (Cambridge, UK). To such end, 
working solutions were prepared for each particle at a final concentra
tion of 100 μg/mL, this time not only on Milli-Q water but also on EGM-2 
culture medium. For sizing, 1 mL of each suspension was placed on a 
DTS0012 cuvette and measured with a collection angle of 174.8 whereas 
for Z-potential a slightly small volume was placed on a DTS1070 cuvette 
both cuvettes purchased on the same mentioned company. In both cases, 
three independent measurements were carried out. 

2.2. Cell line and culture conditions 

Human Umbilical Vein Endothelial Cells (HUVEC) were utilized as 
representative of the human endothelial barrier of the blood vessels. The 
cells were kindly provided by our collaborator Dr. Alejandro Portela 
(Universitat Internacional de Catalunya, Spain) and purchased from 
Promocell (Heidelberg, Germany) under the name of HUVEC single- 
donor C-12200. These endothelial cells are primary cells isolated from 
the endothelium of the umbilical cord vein and are frequently used for 
physiological and pharmacological investigations. Cells were cultured 
with Endothelial Cell Growth Medium 2 (EGM-2; C-22011) from Pro
mocell (Heidelberg, Germany) in manually thin-layer collagen-coated 
flasks until passage 6 was reached to perform the different experiments. 
Cells were cultured at 37 ◦C in a humidified atmosphere with 5 % CO2, 
and the medium was changed every two days. To prepare the collagen 
coating, rat collagen I (tail tendon) from Corning Inc. (New York City, 
NY, USA) was diluted to the desired concentration in 20 mM acetic acid 
to cover the flasks or plates at 5 μg/cm2. After 1 h of incubation, the 
collagen was rinsed twice with 1× PBS to remove the excess acid. 

2.3. Polystyrene nanoplastics treatments 

To assess the potential toxicological impact of the different poly
styrene nanoplastics, cells were subjected to nanoplastics diluted in 
EGM-2 medium at a concentration of 100 μg/mL for different exposure 
times. Typically, a brief exposure time of 2 h and an extended exposure 
time of 24 h were utilized. To maintain a consistent cell density between 
treatments with different exposure times, cells were examined at the 
exact moment by adjusting the application time of treatment. Predom
inantly, cells were seeded at a cell density of 26,300 cells/cm2 and 
allowed to grow for 48 h in thin-layer collagen-coated wells (5 μg/cm2). 
Subsequently, the medium was replaced with the desired treatment. 

2.4. Cell viability assay 

The viability of the HUVECs after exposure to the different non- 
labeled PS nanoplastics was determined using the Coulter method 
with a Beckman Coulter Z1-D cell counter from Beckman Coulter Inc. 
(Pasadena, CA, USA). Briefly, cells at passage 6 were seeded in 24 thin- 
layer collagen-coated well plates at a density of 26,300 cells/cm2. After 
incubation for 48 h, cells were exposed to 100 μg/mL of the different 
non-labeled PS nanoplastics (PS-P 50 NL, PS-C 50 NL, and PS-A 50 NL) 
for 20 min, 2, 12, and 24 h to assess cell toxicity. Non-treated cells were 
used as a negative control. Following exposure, the cells were washed 
twice with 1× PBS to remove the treatments and allow the trypsiniza
tion with 100 μL/well trypsin-EDTA 1 % for 5 min at 37 ◦C. Trypsin was 
then inactivated with 200 μL/well of 5 % FBS diluted in 1× PBS. The 
detached cells were diluted 1:100 in ISOTON diluent and counted with 
the Beckman Coulter Z1-D cell counter. The obtained percentage values 
represent an average of the number of cells counted on each treatment, 
relative to the average of the number of cells counted in the corre
sponding untreated control. The experiment was performed three times 
and technical duplicates were analyzed for each treatment. 

2.5. Cellular uptake (FACS, fluorescent activated cell sorter) and cell 
complexity (flow cytometry) 

The internalization of polystyrene nanoplastics by HUVECs was first 
assessed by FACS. To such end, the fluorescent-labeled versions of the 
nanoparticles (PS-P 50 FL, PS-C 50 FL, PS-A 50 FL) were utilized. Cells at 
passage 6 were seeded in 24 thin-layer collagen-coated well-plates at a 
density of 26,300 cells/cm2 and after 48 h of incubation were exposed to 
100 μg/mL of PS-P 50 FL, PS-C 50 FL, and PS-A 50 FL for 20 min, 2, 12, 
and 24 h. A negative control was also included. After exposure, cells 
were washed twice with 1× PBS to remove the treatments and allow the 
trypsinization of the cells with 100 μL/well trypsin-EDTA 1 % for 5 min 
at 37 ◦C. Trypsin was inactivated with 200 μL/well of 5 % FBS diluted in 
1× PBS. The Via-Probe™ Red Nucleic Acid Stain (BD Biosciences; 
Franklin Lake, NJ, USA) was added to a final concentration of 1:200 to 
stain live cells. The fluorescence of the cells was determined by the 
CytoFLEX FACS from Beckman Coulter (Pasadena, CA, USA). Nano
plastics internalization was analyzed with an excitation/emission 
spectra of 488/525 nm and Via-Probe™ with an excitation/emission of 
638/660 nm wavelength, respectively. From this approach, the absolute 
number of cells that internalized polystyrene was determined, as well as 
the increase in fluorescence intensity relative to the control. This means 
that two parameters were determined i) the percentage of cells that have 
internalized labeled PS-NPLs, and ii) the amount of internalized labeled 
PS-NPLs per cell. For the second parameter, the respective kinetics 
curves over time were generated following a lognormal Gaussian fit, and 
internalization velocities were determined for the entire time range 
(absolute velocity; 0–24 h) and segments corresponding to the 0–2 h and 
2–24 h intervals. The segmentation point was set at 2 h, considering that 
this is the time-point when almost all cells in the culture had internalized 
the different polystyrene nanoplastics. The absolute internalization ve

locity (ivabs), was determined as follows: ivabs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Δx/Δt)2
+ (Δy/Δt)2

√

. 
Similarly, internalization ratios were calculated between each segment 
velocity and the absolute internalization velocity. This analytical 
approach provided a nuanced understanding of the kinetics of poly
styrene nanoplastics internalization over the specified time intervals. 

Alternatively, forward and side scattering measurements from the 
flow cytometry were used to determine changes in the size and 
complexity of the cells, relative to the negative control. A total number 
of 10,000 cells were scored for all the treatments, and the data was 
analyzed using the Cytexpert software from Beckman Coulter (Pasa
dena, CA, USA). The experiment was carried out three times and tech
nical duplicates were analyzed in each condition. 

2.6. Cellular uptake assessment by confocal microscopy 

To corroborate the exact localization of the fluorescent-labeled 
polystyrene nanoplastics (PS-P 50 FL, PS-C 50 FL, and PS-A 50 FL), 
laser confocal microscopy was utilized. Cells at passage 6 were seeded 
onto individual thin-layer collagen-coated μ-Dish 35 mm from Ibidi 
GmbH (Gräfelfing, Germany) at a density of 26,300 cells/cm2. After 48 
h, cells were exposed to 100 μg/mL PS nanoplastics for 24 h, with a non- 
treated negative control included. The culture media was removed, cells 
were washed twice with PBS 1×, and fresh media containing Hoechst 
33342 (1:500) (ThermoFisher Scientific; Waltham, MA, USA) and Cell
mask™ Deep Red plasma (1:500) (ThermoFisher Scientific; Waltham, 
MA, USA) to stain the nuclei and cell membranes, respectively, was 
added. Several images of each sample were taken using a Leica TCS SP5 
(Leica Microsystems GmbH; Mannheim, Germany). PS nanoplastics 
were observed within the cells at an emission wavelength of 488 nm, 
whereas nuclei and cell membranes were visible at emission wave
lengths of 405 and 633 nm, respectively. For each sample, several fields 
were randomly selected, and the images were processed using the Fiji 
extension of ImageJ software and Imaris Microscopy Image Analysis 
Software v. 9.6 from Oxford Instruments (Abingdon, England). 
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2.7. Cellular uptake assessment by transmission electron microscopy 
(TEM) 

To complement the results obtained with flow cytometry and 
confocal microscopy, transmission electron microscopy (TEM) was also 
utilized. TEM allowed us to pinpoint the exact location of nanoplastics 
within the cells and identify the cellular structures that could potentially 
enclose them. To such end, HUVECs at passage 6 were cultured in 75 
cm2 thin-layer collagen-coated flasks at a density of 15.555 cells/cm2. 
After 48 h cells were exposed to 100 μg/mL of non-labeled PS nano
plastics for 24 h; negative control with non-treated cells was included. 
Following the exposure, cells were washed twice with 1× PBS to remove 
the treatments and allow the trypsinization of the cells with 5 mL/flask 
trypsin-EDTA 1 % for 5 min at 37 ◦C. Subsequently, trypsin was inac
tivated with 10 mL/flask 2 % FBS diluted in 1× PBS, and cells were 
centrifuged for 6 min at 150g in 15 mL falcons’ flasks. Pellets were 
resuspended in 2.5 % (v/v) glutaraldehyde (EM grade, Merck; Darm
stadt, Germany) and 2 % (w/v) paraformaldehyde (EMS; Hatfield, PA, 
USA) in 0.1 M cacodylate buffer (Sigma-Aldrich, Steinheim, Germany), 
pH 7.4. Cell suspensions were transferred to 1.5 mL Eppendorf tubes 
(Eppendorf; Hamburg, Germany) and pelleted by centrifugation for 6 
min at 150g. Samples were processed employing conventional tech
niques, as previously described (Annangi et al., 2015). Briefly, samples 
were post-fixed with osmium trioxide, dehydrated in acetone, embedded 
in Eponate 12™ resin (Ted Pella Inc.; Redding, CA, USA), and finally 
polymerized at 60 ◦C and cut with an ultramicrotome. Ultrathin sections 
were placed in copper grids, contrasted with uranyl acetate and Rey
nolds lead citrate solutions, and observed using a JEOL 1400 TEM (JEOL 
LTD; Tokyo, Japan) equipped with an ES1000W Erlangshen CCD camera 
(GATAN Inc.; Pleasanton, CA, USA). 

2.8. Production of intracellular reactive oxygen species (ROS) 

To assess intracellular ROS production, the dihydroethidium (DHE) 
method was performed. Cells at passage 6 were seeded in 24 thin-layer 
collagen-coated well plates at a density of 26,300 cells/cm2, and after 
48 h of incubation were exposed to 100 μg/mL of the different non- 
labeled PS nanoplastics for 20 min, 2, 12, and 24 h. A negative control 
(untreated cells) and a positive control (100 μM antimycin-A, treated for 
45 min at 37 ◦C) were also included. After exposure, cells were washed 
twice with 1× PBS to remove the treatments and allow the trypsiniza
tion with 100 μL/well trypsin-EDTA 1 % for 5 min at 37 ◦C. DHE was 
added to 5 % FBS diluted in 1× PBS (trypsin inactivator) and 200 μL 
were added per well at a final concentration of 10 μM DHE. Cells in the 
DHE solution were transferred to 1.5 mL Eppendorf tubes and incubated 
for 30 min at 37 ◦C, protected from the light. The Via-Probe™ Red 
Nucleic Acid Stain (BD Biosciences; Franklin Lake, NJ, USA) was added 
to a final concentration of 1:200 to stain live cells. The fluorescence of 
the cells was measured using CytoFLEX LX flow cytometry from Beck
man Coulter (Pasadena, CA, USA). The DHE signal was analyzed with an 
excitation/emission spectra of 561/585 nm and Via-Probe™ with an 
excitation/emission of 638/660 nm, respectively. A total of 10,000 cells 
were scored for all the treatments and the Cytexpert software from 
Beckman Coulter (Pasadena, CA, USA) was used to analyze the data. The 
experiment was conducted six times, with technical duplicates analyzed 
in each condition. 

2.9. Genotoxicity induction detected by the comet assay 

This study evaluated the levels of genotoxic damage, specifically 
DNA breaks, in HUVECs using the single-cell gel electrophoresis (SCGE) 
alkaline comet assay using GelBond® film (GBF) (Lonza Bioscience; 
Basel, Switzerland) as a support. For the experiment, cells at passage 6 
were seeded in thin-layer collagen-coated 12 well plates at a density of 
26,300 cells/cm2 and after 48 h of incubation were exposed to 100 μg/ 
mL of the different non-labeled PS nanoplastics for either 2 or 24 h. The 

experiment included a negative control (non-treated cells) and a positive 
control, with methyl methanesulphonate (200 μM for 30 min at 37 ◦C 
Sigma-Aldrich; St. Louis, MO, USA). After exposure, cells were washed 
twice with 1× PBS, detached with trypsin-EDTA 1 %, and trypsin- 
inactivated with 5 % FBS diluted in 1× PBS. Cells were centrifuged for 
6 min at 150g at 4 ◦C in a microcentrifuge and resuspended with cold 
PBS to a final concentration of 1 × 106 cells/mL. Cell suspensions were 
mixed 1:10 with 0.75 % low melting point agarose at 37 ◦C, and a drop 
of 7 μL from each sample was placed on GBFs in triplicates. GBFs were 
left overnight in lysis buffer at 4 ◦C, washed in electrophoresis buffer for 
5 min, and incubated in electrophoresis buffer for 35 min at 4 ◦C to allow 
DNA unwinding. After the incubation time, electrophoresis was per
formed at 20 V/300 mA at 4 ◦C for 20 min. GBFs were washed twice with 
cold PBS for 5 min and once with water for 1 min. Cells were fixed in 
absolute ethanol for 1 h and air-dried overnight at room temperature 
with proper light protection. Cells were stained with 1:10000 SYBER™ 
Gold (Invitrogen; Waltham, MA, USA) in TE buffer for 20 min at room 
temperature in continuous agitation. GBFs were washed in distilled H2O 
and air-dried for one day before being mounted and visualized using an 
Olympus BX50 epifluorescence microscope (Olympus; Tokyo, Japan) at 
20 X magnification. The DNA damage was analyzed with the Komet 5.5 
image software (Kinetic Imaging Ltd.; Liverpool, UK) as the percentage 
of DNA in the tail. One hundred randomly selected cells were analyzed 
per sample. Two different samples were studied for each condition in 
each one of the two replicate experiments performed. 

2.10. Statistical analysis 

The data presented resulted from the average of different indepen
dent experiments (biological replicates), with the number of experi
ments stated in each section. Each experiment included at least two 
technical replicates for accuracy purposes. The data analyses were 
performed using GraphPad Prism 9 software (GraphPad Software Inc., 
CA, USA). The Shapiro-Wilk test was used as a normality test and the 
one-way ANOVA with Tukey’s multiple comparison test for normal 
distributed data, or the Kruskal-Wallis test as a non-parametric test. 
Statistical significance was defined as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤
0.001. 

3. Results and discussion 

3.1. Polystyrene nanoplastics characterization 

The commercially obtained nanoplastics underwent further charac
terization through transmission electron microscopy (TEM) and dy
namic light scattering (DLS) to determine key attributes including size, 
morphology, aggregation state, and surface charge when dispersed in 
both Milli-Q water and EGM-2 medium. As depicted in Fig. 1, TEM 
analysis revealed that, in line with the manufacturer’s specifications, all 
particles were round-shaped with an approximate dry-state diameter of 
50 nm. These size measurements exhibited some variability among 
particles, ranging from a minimum of 46.33 ± 11.18 nm (PS-P 50 FL) to 
a maximum of 76.45 ± 13.37 nm (PS-C 50 NL). 

Upon investigating the hydrodynamic behavior of the nanoparticles 
in both Milli-Q water and EGM-2 medium, notable distinctions emerged. 
In general, Z-average sizes were larger in EGM-2 medium when 
compared to Milli-Q water. Furthermore, nanoparticles exhibited higher 
polydispersity indexes (PDI) in the EGM-2 medium, suggesting a ten
dency for particle aggregation when diluted in this culture medium 
containing various proteins. In terms of Z-potential, the obtained values 
exhibited fewer negative charges and showed fewer differences among 
the various functionalized nanoplastics when dispersed in media, 
compared to Milli-Q water. Similar differences in Z-potential and PDI 
values were obtained in a study comparing water and culture media 
dispersions with particles like we used (Paget et al., 2015). Such dif
ferences in Z-size average, polydispersity index, and Z-potential have 
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also been documented by several authors (Liu et al., 2020; Rampado 
et al., 2020; Vela et al., 2023) when nanoparticles interact with proteins 
and develop the denominated protein corona (PC). This PC surrounding 
the nanoparticles is known to reduce Z-potential values, thereby 
diminishing electrostatic repulsion, and promoting undesirable nano
particle aggregation (as reflected by the higher PDI values). 

A closer examination of the particles dispersed in media revealed 
that Z-average sizes did not exhibit significant differences among the 
different functionalizations, except for the fluorescently labeled 
carboxylated polystyrene version. This discrepancy can be attributed to 
its relatively high PDI value (0.75), indicating substantial nanoparticle 
aggregation/agglomeration in the media. Variations in nanoparticle 
aggregation/agglomeration result from surface properties which play a 
crucial role in determining the protein corona (Lundqvist et al., 2008). 
Although some differences in Z-potential could be expected between the 
different functionalizations, it is worth noting that these differences, 
which were noticeable in Milli-Q water, tended to diminish in the cul
ture medium. The aminated version of the nanoparticles displayed a 
slightly less negative Z-potential when compared to the carboxylated 
and pristine particles, aligning with previous observations (Paget et al., 
2015). Nevertheless, based on the physicochemical characteristics of the 
particle surface and the findings of other researchers, more substantial 
Z-potential differences were expected among the different surface- 
functionalized polystyrenes (Banerjee et al., 2021). Lastly, negligible 
disparities were observed between the non-labeled nanoparticles and 
their fluorescently labeled counterparts, except for PS-C 50 FL, as pre
viously mentioned. 

3.2. Toxicity of the evaluated PS-NPLs 

To compare the cytotoxic potential of the three differently func
tionalized polystyrene nanoparticles (pristine, carboxylated, and ami
nated), HUVECs were exposed to a concentration of 100 μg/mL in a time 
interval ranging from 20 min to 24 h. This concentration was chosen 
according to the lack of toxicity shown by PS-NPLs in previous studies 
using different cell lines (Annangi et al., 2023; Vela et al., 2023; Tava
kolpournegari et al., 2023). As illustrated in Fig. 2, all particle types 
induced a significant reduction in cell viability, even at the shortest 
exposure time of 20 min, showing a special sensitivity of HUVECs to PS- 
NPLs. However, if we apply the criteria outlined in ISO 10993-5:2009 
(E), which defines cytotoxicity as a reduction in cell viability 
exceeding 30 %, it can be concluded that only aminated polystyrene 
exhibited cytotoxicity towards HUVECs at 100 μg/mL, with a 37.95 % 
reduction in viability observed at the 12 h treatment. The most sub
stantial reductions in viability for pristine and carboxylated PS nano
particles reached 25.20 % at 24 h and 20.44 % at 12 h, respectively. 

The cytotoxic potential of aminated PS was previously reported in 
HUVECs (Fu et al., 2022). In their study, the authors described con
centration- and time-dependent cytotoxicity for aminated PS-treated 
cells after 12 and 24 h of exposure. In their research, cell survival 
rates fell below 30 % with a dose of 20 μg/mL, providing clear evidence 
of cytotoxic effects. The heightened cytotoxicity of aminated PS may 
stem from its increased positive charge, facilitating an enhanced inter
action with negatively charged membranes. This interaction could 
potentially lead to membrane disruption and subsequent cellular dam
age, as hypothesized by Ruenraroengsak et al. (2012) and Fu et al. 

Fig. 1. Polystyrene nanoplastics characterization. (A–C) shows TEM characterization in Milli-Q water for the different nanoparticles: (A) PS-Pristine, (B) PS- 
Carboxylated, (C) PS-Aminated. (A1–C1) TEM images for fluorescently labeled (FL) nanoparticles. (A2–C2) show the corresponding frequency histograms of the 
fluorescently labeled nanoparticle size distribution measured from the TEM images. (A3–C3) TEM images for the corresponding non-labeled (NL) counterparts of the 
different nanoparticles. (A4–C4) Frequency histograms of the non-labeled particle size distribution measured from TEM images. (D) TEM and DLS data for the 
different particles in Milli-Q water and EGM-2 media; sizes in d. nm and Z-potential in mV. 
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(2022). 
Differential cytotoxicity among pristine, carboxylated, and aminated 

PS was observed in other primary cells, including primary human 
alveolar type 2 epithelial cells and primary human alveolar macro
phages (Ruenraroengsak and Tetley, 2015). This would indicate a spe
cial sensitivity of primary cells in comparison with established cell lines. 

3.3. Assessing cell internalization of PSNPLs by different analytical 
methods 

To correctly understand the toxicological profile of any MNPLs, it is 
essential to know their ability to internalize in the used cell line. In this 
study, cellular internalization of the PS nanoparticles was determined by 
different analytical methods, including flow cytometry, confocal mi
croscopy, and transmission electron microscopy (TEM). This multi
modal approach was followed since the different methods can 
complement each other, overcoming the individual limitations of each 
technique and providing a more robust result. 

3.3.1. Cellular internalization by FACS 
To investigate the internalization dynamics of the different PS 

nanoparticles FACS analyses were performed after treating the cells with 
the fluorescent-labeled counterparts of the particles at different time 
points (20 min, 2, 12, and 24 h). As depicted in Fig. 3A, HUVEC cells 
exhibited a rapid internalization dynamic for all types of nanoplastics. 
Our findings indicate that for both surface-modified carboxylated and 
aminated polystyrene nanoparticles the rate of positive cells internal
izing nanoplastic was 95–100 % within just 20 min, while pristine 
nanoplastics required a slightly longer exposure time, with 40.94 % 
internalization at 20 min and 88.82 % at 2 h. Although some studies 
have reported data on the internalization of PS-C (Ho et al., 2018) and 
PS-A (Wei et al., 2022) in HUVECs, they used different methodological 
approaches, and no comparisons regarding the role of functionalization 
were established. Thus, our approach is a novelty in this type of cell. 
However, studies investigating the implications of surface functionali
zation on PS-NPLs internalization have been done on human hepato
cellular carcinoma (HepG2) cells (He et al., 2020; Banerjee et al., 2022) 
showing a higher internalization of functionalized 50 nm PS-NPLs 
regarding the pristine version. 

When analyzing the cell internalization kinetics (Fig. 3B), relying on 
absolute FITC fluorescence arbitrary values, we could infer that 
carboxylated PS exhibited the most substantial internalization by 
HUVECs after 24 h exposure (855.67 FITC folds related control). 
Following this, pristine PS was internalized to a lesser extent (96.69 
FITC folds vs control at 24 h), while aminated PS demonstrated the 
lowest degree of internalization (41.48 FITC folds vs control at 24 h). It is 
important to notice that the differences in fluorescence can be 
misleading because they may arise due to variations in the fluorophores 
employed by the different companies in the production of the labeled 
nanoparticles. Therefore, we used a multi-parameter approach to 
minimize such uncertainty, incorporating TEM imaging analysis and 
flow cytometry size/complexity comparisons, as further discussed in 
detail in this manuscript. These complementary analyses reinforced and 
aligned with the trends observed in the FACS data, providing a more 
comprehensive understanding of nanoparticle internalization. 

The internalization dynamics fitted to a lognormal Gaussian model in 
the three different treatment approaches (as can be observed in Sup
plementary Fig. S1). This modeling allowed us to establish differences in 
the internalization velocity of the different functionalized nanoplastics 
over time. At short-term treatments (0–2 h), aminated PS exhibited the 
fastest internalization velocity (5.13 folds vs its absolute iv), followed by 
carboxylated PS (3.43 folds when compared to its absolute iv) and, 
finally, the non-functionalized one (1.28 folds vs absolute iv). These 
trends, observed at short exposure times, seem to have an impact on the 
second part of the curve, regardless of the absolute quantity of inter
nalized plastics. We can observe that after 2 h for pristine PS, the 
decrease in the velocity reaches up to 0.97 of the mean velocity, while it 

Fig. 2. Relative cell viability of HUVECS after exposure to the different PS 
nanoplastics at 100 μg/mL for 20 min, 2, 12, and 24 h exposure times. Data is 
represented as the percentage of living cells relative to the untreated control ±
SEM. One-way ANOVA with Dunnett’s post-test (normal distributed data) and 
Kruskal-Wallis’s test (non-parametric test) were used for the statistical analysis. 
Statistical significance was indicated in the graph as **p < 0.01 and ***p 
< 0.001. 

Fig. 3. (A) Quantification by FACS of the percentage of cells that have internalized the different PS nanoplastics at 100 μg/mL for 20 min, 2, 12, and 24 h exposure 
times. (B) Internalization kinetics (measured as FITC folds relative to control) of different PS nanoplastics at 100 μg/mL for 20 min, 2, 12, and 24 h exposure times in 
HUVEC. Data is represented as mean ± SEM. One-way ANOVA with Dunnett’s post-test (normal distributed data) and Kruskal-Wallis’s test (non-parametric test) 
were used for the statistical analysis. Statistical significance was indicated in the graph as *p < 0.05, **p < 0.01 and ***p < 0.001. 
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reaches 0.78 for carboxylated, and 0.70 for aminated. The faster uptake 
of aminated PS compared to carboxylated PS that we described at short- 
time periods (0–2 h) was also noted in a study involving human alveolar 
cells (Roshanzadeh et al., 2020). That may be attributed to the presence 
of positive substitution groups (–NH2) on aminated particle surfaces, 
which can bind to the anionic headgroups of phospholipids or other 
negatively charged molecules on membrane proteins, facilitating the 
internalization, as larger electrostatic interactions tend to result in more 
effective cellular uptake (Roshanzadeh et al., 2020). Additionally, dif
ferences in internalization pathways could play a role, as particle charge 
is known to influence this process. For instance, anionic particles pri
marily undergo internalization through clathrin/caveolae-independent 
endocytosis, while cationic particles are often taken up via micro
pinocytosis (Foroozandeh and Aziz, 2018). However, studies aiming to 
elucidate the internalization pathways of nanoparticles in HUVECs have 
indicated that clathrin- and caveolae-based cellular uptake plays a sig
nificant role in the internalization of particles up to 180 nm in size (Ho 
et al., 2018). These findings underscore the complexity surrounding 
nanoparticle endocytosis mechanisms and emphasize the need for 
further research to clarify how nanoparticle surface functionalization 
affects the internalization pathways in HUVECs. It is important to note 
that our results, related to the absolute measurement of cellular uptake, 
agree with those reported in the literature. 

3.3.2. Cellular internalization by confocal microscopy 
By using confocal microscopy, we were able to visually ascertain the 

location of the nanoparticles inside the cells and distinguish if they were 
located within the cells or externally attached to the plasma membrane. 
The z-stacks images obtained via confocal microscopy (Fig. 4) demon
strate that after 24-h of treatment, the nanoparticles were distributed 
throughout the entire cytoplasm, rather than being affixed/adhered to 
the cell membrane. Additionally, some particles were observed close to 
the nucleus, suggesting potential interactions with this cellular 

compartment and/or its genetic material (Fig. 4A). In a general way, it is 
evident that after 24 h of exposure all treated cells have a big portion of 
the cytoplasm covered with the fluorescence emitted by nanoplastics 
(Fig. 4A–C), which is coherent with the previously described FACS data. 

3.3.3. Cellular internalization by TEM 
Transmission electron microscopy (TEM) was used to visualize and 

confirm the presence of unlabeled PS-NPLs nanoplastics in cell ultra
structure. The Fig. 5A–B illustrates the remarkable accumulation of 
nanoparticles in vesicles within HUVECs after 24 h exposure to the 
concentration of 100 μg/mL, both using pristine and carboxylated PS- 
NPLs. These findings are comparatively congruent with the distribu
tion of the fluorescence observed in Fig. 4, where the amount of signal 
was rather concentrated on focused spots distributed over the cell 
structure (Fig. 4A–C). Therefore, it is relevant to note the different dis
tribution of the functionalized nanoparticles inside the cells. First, and as 
depicted in Fig. 5A.1–2, pristine PS nanoparticles were found enclosed 
inside vesicles that can have up to 5 μm diameter, covering most of the 
cell cytoplasm. These vesicles exhibited well-defined membranes and an 
irregular pattern of electro-dense regions inside, which precluded the 
direct measurement or identification of individual nanoparticles. Addi
tionally, smaller vesicles of approximately 1 μm diameter were also 
observed (see Supplementary Information, Fig. S2). Interestingly, these 
smaller vesicles were filled with round-shaped structures measuring 
50–60 nm in diameter, consistent with the expected size of the used 
nanoplastics. Both types of vesicles, observed in the pristine treatments, 
were found in varying proportions among individual cells. Notably, the 
presence of these vesicles within the cytoplasm resulted in the reorga
nization of intracellular organelles and the nucleus, as described in 
Caco-2 cells (Cortés et al., 2019). Similar structures resembling the 
smaller vesicles (around 1 μm in diameter) were previously reported in 
HUVECs following treatment with 100 nm PS nanoplastics (Lu et al., 
2022), as well as in other cells, such as Caco-2, after exposure to 50 nm 

Fig. 4. Confocal images of polystyrene nanoplastics internalization by HUVECs exposed to 100 μg/mL for 24 h: (A) PS-Pristine, (B) PS-Carboxylated, (C) PS- 
Aminated, (D) Negative control. Different polystyrene nanoplastics (green), nuclei (blue), and cell membranes (red) were stained with Yellow-green core fluo
rophore, Hoechst 33342, and CellMask™, respectively. 
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PS (Domenech et al., 2021). In cells treated with carboxylated poly
styrene (Fig. 5B.1–2), vesicles exhibited similar characteristics, such as 
well-defined membranes, diameters of up to 5 μm, and an irregular 
electron-dense inner pattern, were also observed. The reorganization of 
the organelles and nucleus inside the cell was also present due to the size 
of the vesicles that covered a major part of the cytoplasm. Conversely, in 
the case of PS-aminated treatment, the number of vesicles was 
dramatically reduced, but in all cases, vesicles containing electron-dense 
dots measuring around 90 nm in diameter were found (Fig. 5C1–2). 
These vesicles were smaller than those beforehand described treatments, 
and the sizes were usually on the submicrometric scale, ranging pre
dominantly from 500 to 700 nm in diameter, displaying irregularity in 
shapes as a common characteristic. PS-NPLs were detected confined 
within these structures which look like those previously described as 
autophagosomes following treatment with 100 nm pristine PS-NPLs (Lu 
et al., 2022). Additionally, non-canonical multilamellar bodies were 
found with a higher prevalence in these aminated PS-treated cells 
(Fig. S3). The only mention in the literature, resembling the structures 
we observed is a recently described putative phosphate-sensing organ
elle in Drosophila melanogaster midgut cells (Xu et al., 2023). Impor
tantly, none of the structures described above were found in any of the 
negative controls (Fig. 5D1–2), after analyzing a substantial number of 
cells, indicating that the formation of these vesicles was caused by the 
treatments. 

Collectively, our findings, supported by flow cytometry data, 
confocal microscopy imaging, and TEM images, consistently demon
strate a rapid and substantial internalization of PS nanoparticles by 
HUVECs under our experimental conditions for both pristine and 
carboxylated treatments. The limited number of vesicles observed in 
TEM images after aminated PS treatment is in line with the flow 
cytometry and confocal data. For the last technique, we can easily see 
differential intensities with more concentrated photons in the case of PS 
and PS-C and widely dispersed for PS-A, which can correlate with the 
presence/absence of vesicles. This could be attributed to the fact that 
once the aminated nanoparticles were inside the cell, these dispersed 
individually throughout the cytoplasm instead of being encapsulated 

within vesicles. It is important to note that the low atomic number of 
polymers in that nanoplastic could cause them to weakly scatter elec
trons that may result in a poor TEM contrast to observe individual 
nanoparticles (Sawyer et al., 2008). Something similar could happen if 
each vesicle is loaded with a few particles. Another additional expla
nation could relate to the different internalization pathways, resulting in 
the formation of various vesicle/structure types within cells, which may 
vary in their TEM visibility due to their inherent properties. 

3.4. Size and inner complexity as assessed by flow cytometry 

Flow cytometry forward scattered light (FSC) provides basic 
morphological information, such as relative cell size. Additionally, light 
scattered at a 90◦ angle to the incident beam (SSC) arises from refracted 
and reflected light and serves as an indicator of the internal cell gran
ularity/complexity within the cell cytoplasm (Jaroszeski and Radcliff, 
1999). Based on this principle, known as Mie scattering, forward- and 
side-scattered light offered valuable data regarding alterations in cell 
size and inner complexity resulting from the applied treatments. 

In our study, statistically significant changes in cell size were found 
in treatments lasting for 12 and 24 h with both pristine and carboxylated 
PS-NPLs, displaying a time-dependent pattern (Fig. 6A). The increase in 
cell size was more pronounced at 24 h for carboxylated PS-NPLs (30 % 
increase relative to the negative control) compared to pristine forms (20 
% increase relative to the negative control). No significant alterations in 
cell size were observed after treatment with aminated PS at any of the 
evaluated time points. Concerning cell complexity, a parameter previ
ously utilized in our research group to detect cellular uptake of different 
nanomaterials (Vila et al., 2017; Villacorta et al., 2022), a pattern like 
for cell size was noted (Fig. 6B). This parameter exhibited its most 
substantial increase at 24 h of exposure with carboxylated PS-NPLs (56 
% increase compared to the negative control). Treatment with aminated 
nanoparticles also resulted in a slight, yet statistically significant, in
crease in cell complexity at 24 h (20 % increase compared to the 
negative control). Similar increases in cell complexity were described in 
HUVECs following 3 h treatments with 80 nm AuNPs, although no 

Fig. 5. TEM images of different PS nanoplastics at 100 μg/mL for 24 h exposure time in HUVECs. (A.1–A.2) Pristine PS treatment; vesicles up to 5 μm diameter can be 
found in the cytoplasm of the cells. Highlight the presence of different textures/patterns among the different vesicles. (B.1–B.2) In the cells treated with Carboxylated 
PS, 5 μm diameter vesicles can be observed with the presence of electrodense undefined structures inside. (C.1–C.2) Aminated PS treatment; 500–700 nm vesicles can 
be found filled with rounded shape structures of around 90 nm. (D.1–D.2) Shows the negative control with the absence of any vesicles that can suggest the presence of 
PS nanoplastics. Solid red squares indicate a zoom-in region; vesicles are pointed with red arrows and red dashed lines highlight its margins in all the pictures. 
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changes in cell size were determined between exposed and unexposed 
cells (Klingberg et al., 2015). In human alveolar A549 cells, modest 
increases in both size and complexity were observed when exposed to 
carboxylated and aminated PS-NPLs (20 and 200 nm) (Kihara et al., 
2021). 

The obtained results suggest that pristine and carboxylated nano
particles induce time-dependent changes in cell size and inner 
complexity, with carboxylated treatment exhibiting a more pronounced 
effect, which is coherent with the other approaches used on this study. 
Conversely, aminated PS treatment led to only slight increases in cell 
complexity at 24 h of treatment, which correlated with the limited 
number of vesicles observed in the TEM images. The absence or limited 
changes in cell size and complexity following PS-A treatment, in 
conjunction with the TEM and FACS results, highlight potential differ
ences in internalization and particle disposition within the cells for 
aminated nanoparticles compared to pristine and carboxylated. This 
underscores the role of nanoparticle surface properties in cellular uptake 
and the potential subsequent effects. Further research should be carried 
out to explore the impact of size increases induced by pristine and 
carboxylated PS nanoplastics in three-dimensional models like tissue 
engineering blood vessels (Son et al., 2021). 

3.5. Intracellular ROS production 

Once demonstrated the role of functionalization in the internaliza
tion ability of PS-NPLs, their potential effects on cell functionality 
should be known. Among the different hazards associated with nano
particle exposures, the induction of intracellular reactive oxygen species 
(iROS) stands out (Yu et al., 2020). Thus, iROS increases have been 
widely reported in different in vivo and in vitro studies after exposures to 
MNPLs. These investigations have been performed in different aquatic 
organisms, such as zebrafish (Sökmen et al., 2020) and Drosophila 
(Alaraby et al., 2023), and in cell lines including hematopoietic human 
cell lines (Rubio et al., 2020b; Vela et al., 2023), and notably, HUVECs. 
The studies of iROS imbalance in HUVECs are of major concern, as 
excessive ROS production in endothelial cells has been linked to cellular 
apoptosis and inflammatory mechanisms that play a pivotal role in 
atherosclerosis development, the leading cause of coronary heart disease 
(Li et al., 2017). Notably, a study performed in HUVECs described how 
ROS production triggered by amorphous SiO2 nanoparticles played a 
central role in the assembly of the NLRP3 inflammasome and upregu
lation of HMGB1, subsequently activating MyD88 and NF-κB signaling 
pathways, leading to cellular inflammation (Liu et al., 2021). 

In our study, we pursued to understand the influence of the time 
exposure, ranging from 20 min to 24 h in the levels of iROS. Investi
gating both short and long treatment times is crucial when studying 

iROS since the production and maintenance of these species within the 
cell is a dynamic process. Focusing solely on short periods may under
estimate iROS production, as it does not provide sufficient time for 
enhanced production by the treatment; however, studying only longer 
durations may underestimate its induction due to the elimination of 
iROS by cellular protective mechanisms. 

As depicted in Fig. 7, all three different treatments led to a significant 
increase in intracellular ROS production in all studied time points. While 
the differences between the time points were minimal, the smallest in
creases were consistently observed at the 12 h time point, with the most 
substantial increases occurring at 2 and 24 h time points, compared to 
negative controls. The heightened production of iROS in HUVECs 
following nanopolystyrene treatment was expected, as it was previously 
reported in studies such as after 30 nm carboxylated PS-NPLs exposure 
(Wei et al., 2022) and after 50 nm pristine and aminated PS-NPLs (Fu 
et al., 2022). 

Interestingly, among the different functionalization of PS-NPLs, the 
lowest increases in iROS were consistently associated with the pristine 
treatment (e.g., 21 % increase vs negative control at 24 h), while both 
carboxylated and aminated treatments exhibited very similar and higher 
values (e.g., 30 % increase vs negative control at 24 h). This surface- 
dependent effect revealed in our study diverged from those findings 

Fig. 6. Relative increment in cell size (A) and cell complexity (B) at exposure to different PS -NPLs at 100 μg/mL for 20 min, 2, 12, and 24 h, respectively. Data is 
represented as mean ± SEM. One-way ANOVA with Dunnett’s post-test (normal distributed data) and Kruskal-Wallis’s test (non-parametric test) were used for the 
statistical analysis. Statistical significance was indicated in the graph as *p < 0.05, **p < 0.01 and ***p < 0.001. 

Fig. 7. Relative iROS production in HUVEC treated with different PS nano
plastics at 100 μg/mL for 20 min, 2, 12, and 24 h, as detected with DHE assay. 
Data is represented as mean ± SEM. One-way ANOVA with Dunnett’s post-test 
was used for the statistical analysis. Statistical significance was indicated in the 
graph as *p < 0.05, **p < 0.01, and ***p < 0.001. 
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reporting similar results for both 50 nm pristine and aminated nano
particles (Fu et al., 2022). However, a major iROS production after 
aminated treatment, compared to pristine, was reported in human 
alveolar type II A549 cells (Halimu et al., 2022). 

The enhanced iROS production following the aminated treatment 
could be explained by its stronger ability to interact with mitochondria, 
one of the main producers of intracellular ROS (Tirichen et al., 2021). 
Indeed, a major dysregulation of mitochondrial dynamics, replication, 
and function-related gene expression was observed after aminated 
treatment when compared to pristine PS-NPLs (Fu et al., 2022). As for 
the carboxylated nanoparticle, its capacity to increase ROS production 
could be explained by its major internalization compared to the pristine 
particle, as indicated by the major observed increases in cell size and 
complexity previously described. 

3.6. Genotoxicity detection by the comet assay 

Confocal microscopy and TEM images revealed a close spatial rela
tionship between the nanoparticle vesicles and the nucleus of the cells, 
especially for the pristine and carboxylated PS-NPLs treatments. This 
interaction of the vesicles with the nucleus, which even reshaped the 
nuclear morphology, together with the increment of iROS, raised our 
concerns about the potential genotoxic effects of the evaluated PS-NPLs. 
In general, scarce studies have been undertaken to date to evaluate the 
genotoxic potential of such particles in human cells, with no prior 
studies recorded for HUVECs. Thus, considering the importance of 
genotoxicity as a surrogate biomarker of carcinogenesis (Shi et al., 
2022), the alkaline comet assay was conducted to examine the induction 
of genotoxic damage by the differently functionalized polystyrene 
nanoplastics. The comet assay detects mainly DNA strand breaks, and it 
has been described as a reliable tool for detecting the genotoxic potential 
of metal-oxide nanoparticles (García-Rodríguez et al., 2019). Our results 
show that all PS-NPLs induce significant increases in DNA damage, after 
short exposures lasting for 2 h when the percentage of DNA in the tail is 
used as a biomarker (Fig. 8A). At these exposure times, pristine poly
styrene induced the highest level of genotoxicity (57 % higher than the 
negative control), followed by aminated PS (39 % higher than the 
negative control). Carboxylated PS nanoparticles exhibited the lowest 
genotoxic effect, with a 24 % increase regarding the negative control. 

To better understand the effects measured by the comet assay, a set 
of representative figures of the different treatments is presented in 
Fig. S4. 

When exposures were extended to 24 h (Fig. 8B), the genotoxic 

effects appeared to diminish for both the pristine (28 % DNA in the tail vs 
control) and carboxylated forms (8 % DNA in the tail vs control), while 
remaining consistent for the aminated nanoparticle treatment. In this 
case, the aminated treatment reached the highest percentage of DNA in 
the tail when compared to the other treatments (39 % increase vs 
negative control). This general reduction in genotoxicity over time could 
be attributed to the concurrent repair of DNA lesions within the cells, as 
DNA repair mechanisms work to correct damage caused by genotoxic 
agents (Roursgaard et al., 2022). 

It is noteworthy to compare these results with other studies utilizing 
the comet assay, which have reported little to no genotoxic effects of 50 
nm PS nanoparticles in human cell lines, such as intestinal cells or white 
blood cells (Ballesteros et al., 2020; Domenech et al., 2020). Contrary, 
genotoxic effects for pristine, carboxylated, and aminated 80 nm PS- 
NPLs were reported in A549 cells at exposures lasting for 24 h but 
using the micronucleus assay instead of the comet assay (Shi et al., 
2022). In such a study, the highest genotoxic effects were observed with 
aminated nanoparticles, followed by carboxylated, and pristine nano
particles. The differences in genotoxicity reported in our study may be 
attributed to the differences in nanoparticle surface properties, although 
the cell type used can explain the differences with other studies. 
Nevertheless, our results are of high relevance since they have been 
obtained with human-derived primary cells, which are known to pro
vide more physiologically relevant results than other immortalized and 
cancerous cell lines (Richter et al., 2021). 

4. Conclusions 

The human umbilical vein endothelial cells (HUVEC) utilized in this 
study are a good cell model for determining the kinetic cell uptake of PS- 
NPLs. These cells, as representative of the human endothelial barrier of 
the blood vessels, are primary cells isolated from the endothelium of the 
umbilical cord vein, which highlights the value of the obtained results. 
This model has confirmed that the functionalization of the PS-NPLs 
surface modulates their ability to internalize, pristine showing the 
slowest internalization. Moreover, it must be emphasized that even 
considering the lesser overall internalization, the main biological effects 
were found when cells were treated with aminated substituted nano 
polystyrene. This can give a different mindset related to what could or 
may be considered an effective dose more than a concentration-related 
treatment. The slow uptake of aminated polymers is associated with the 
relative increment in size and complexity of the cells exposed to the 
aminated type. Interestingly, all together show us that a slow 

Fig. 8. Genotoxic damage detection in HUVEC by using the comet assay after exposures lasting for 2 h (A) and 24 h (B) to different PS-NPLs at 100 μg/mL. The 
concentration of 200 μM MMS was used as a positive control. Data is represented as mean ± SEM. The Kruskal-Wallis’s test was used for statistical analysis. Statistical 
significance was indicated in the graph as *p < 0.05, **p < 0.01, and ***p < 0.001. 
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internalization kinetics does not affect the ability of the aminated PS- 
NPLs to induce damage in the exposed cells, as determined by the 
ability to increase the intracellular ROS levels as well as their genotoxic 
potential, measured by the ability to induce DNA breaks. These effects of 
the surface characteristics should be considered when new true-to-life 
MNPLs, resulting from the degradation of plastic goods, are evaluated. 
Thus, determinations of the surface characteristics should be included in 
studies aiming to determine the hazardous effects of MNPLs. 

Given that endothelial cells (such as HUVECs) constitute the main 
component of the human endothelial barrier within blood vessels, 
further investigation is warranted to comprehend the effects of variously 
functionalized and sized polystyrene (PS) nanoparticles (and MNPLs in 
general) on the endothelial barrier integrity. Notably, a phenomenon 
known as nanoparticle-induced endothelial leakiness (NanoEL) has 
already been documented for gold nanoparticles ranging from 10 to 30 
nm (Setyawati et al., 2017), which must be explored using NPLs. 
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