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comprehensively evaluating the bloodstream kinetics and toxicity of NPL from different polymeric types on
human whole blood, considering the role played by the cell subtype and the NPLs physicochemical character-
istics in the effects observed after the exposures.

1. Introduction

Micro and nanoplastics (MNPLs) are tiny plastic particles ubiquitous
in the environment due to the widespread use of plastic materials and
their improper disposal. Environmental factors such as UV radiation,
mechanical action, and biological processes contribute to breaking
down plastic materials into smaller particles to MNPLs. They may also be
intentionally produced for various purposes or as byproducts of indus-
trial processes. Because of their ubiquitous presence, MNPLs represent
significant challenges in terms of environmental pollution and human
health risk (Rubio et al., 2020; Landrigan et al., 2023).

While microplastics (MPLs) have been the subject of intense
research, the study of nanoplastics (NPLs) is a relatively nascent field
demanding attention. NPLs, ranging from 1 to 1000 nm, offer unique
physicochemical properties that permit translocation through biological
barriers, reaching the bloodstream and permitting their distribution to
organs and tissues (Ramsperger et al., 2023). Indeed, NPLs of approxi-
mately 700 nm have been detected in human whole blood samples
representative of the general population, PET- and PS-MNPLs are the
most widely encountered (Leslie et al., 2022). Accordingly, the potential
interaction between NPLs and blood components requires further
research. Nanoparticles can translocate the endothelial barrier using an
active process through endothelial cells (trans-endothelial) or the gaps
between endothelial cells (inter-endothelial gaps). The size of these gaps
was up to 2000 nm, which is the size allowing translocation (Sindhwani
et al., 2020).

Blood consists of plasma and different cell types such as leukocytes
(WBCs), erythrocytes, and platelets, suspended in the plasma together
with other molecules, such as various complement proteins and immu-
noglobulins. NPLs, by entering the bloodstream, can directly or indi-
rectly interact with these cells or blood components, potentially
influencing their structure and function. White blood cells (WBC) are
classified as monocytes, polymorphonucleated cells (PMNs), and lym-
phocytes, playing an essential role in inflammation, host defense sys-
tems, and immunity. In blood, monocytes and PMNs, travel through the
body acting as scavengers to recognize, attack, and engulf foreign par-
ticles, and remove pathogens, and old or dead cells. Also, several types
of WBC can synthesize cytokines that are essential for cell-to-cell
signaling, and for the synchronization of the various parts of the im-
mune system (Altan-Bonnet and Mukherjee, 2019). Some studies have
reported genotoxic damage and oxidative stress in lymphocytes and
monocytes by NPL exposure (Ballesteros et al., 2020; Sarma et al.,
2022). Other studies have linked NPLs exposure to disruption of the
immune system in invertebrates (Brandts et al., 2018; Auguste et al.,
2020; Zhou et al., 2023), fishes (Greven et al., 2016; Brandts et al.,
2018), and mice, showing a significant immune activation after inhaling
polystyrene NPLs that lead to pulmonary toxicity (Wu et al., 2023a). In
line with this, in previous studies on the immunotoxicity of polystyrene
NPLs, alterations in the whole blood secretome were reported
(Ballesteros et al., 2020), and similar effects were observed after nano-
particle exposures, such as graphene-based nanomaterials (Ballesteros
et al., 2021). Erythrocytes are the main component of blood and for
some times have been considered inert and only responsible for the
transportation of gases and nutrients throughout the human body.
Nevertheless, clinical and epidemiological studies showed that they play
an important role in cardiovascular homeostasis by promoting the
coagulation cascade and thrombus formation in venous thrombosis
(Byrnes and Wolberg, 2017). Because of the increasing clinical interest
in MNPLs as potential drug carriers, some studies have tested some NPLs
in human blood cells showing that they can attach to the surface of

erythrocytes, altering their aggregation and adhesion (Tian et al., 2021).
Platelets are multifunctional enucleated cells involved in many pro-
cesses including hemostasis and thrombosis, clot retraction, vessel
constriction and repair, inflammation including promotion of athero-
sclerosis, host defense, and even tumor growth and metastasis (van der
Meijden and Heemskerk, 2019). Although different engineered nano-
particles have been shown to affect platelet function (Matus et al.,
2018), little is known about the effects of NPLs on platelet physiology
and functions. White blood cells (WBC) are classified as monocytes,
polymorphonucleated cells (PMNs), and lymphocytes, playing an
essential role in inflammation, host defense systems, and immunity. In
blood, monocytes and PMNs, travel through the body acting as scav-
engers to recognize, attack, and engulf foreign particles, and remove
pathogens, and old or dead cells. Also, several types of WBC can syn-
thesize cytokines that are essential for cell-to-cell signaling and for the
synchronization of the various parts of the immune system (Altan-
Bonnet and Mukherjee, 2019). Some studies have reported genotoxic
damage and oxidative stress in lymphocytes and monocytes by NPL
exposure (Ballesteros et al., 2020; Sarma et al., 2022). Other studies
have linked NPLs exposure to disruption of the immune system in in-
vertebrates (Brandts et al., 2018; Auguste et al., 2020; Zhou et al., 2023),
fishes (Greven et al., 2016; Brandts et al., 2018), and mice, showing a
significant immune activation after inhaling polystyrene NPLs that lead
to pulmonary toxicity (Wu et al., 2023a). In line with this, in previous
studies on the immunotoxicity of polystyrene NPLs, alterations in the
whole blood secretome were reported (Ballesteros et al., 2020), and
similar effects were observed after nanoparticle exposures, such as
graphene-based nanomaterials (Ballesteros et al., 2021).

While some knowledge about the hemocompatibility and inflam-
matory effects of specific NPL exists, this has been obtained mainly from
in vitro studies, which are far away from the complexity of whole human
blood. To fill in this gap, our study aims to characterize the effects of
NPLs, from different polymeric types, in human whole blood. We have
used an ex vivo model in which whole human peripheral blood from
healthy donors was exposed to different NPLs. To explore the influence
of the NPL physicochemical characteristics on the analyzed effects,
polystyrene nanoplastics (PS-NPLs) of around 50 nm with several sur-
face properties were chosen: pristine, carboxyl (-COOH) surface-
modification, and amino (—NHy) surface-modification, changes that
NPLs can acquire during their weathering processes in the environment.
To determine the influence of the polymer type, in addition to poly-
styrene (PS-NPLs), used as the standard model of NPLs, true-to-life ma-
terials obtained from the degradation of plastic goods were also
employed: polyethylene terephthalate (PET-NPLs, 176 nm average), and
the most popular bio-based polymer polylactic acid (PLA-NPLs, 130 nm
average), which provided us with a more realistic insight into what may
be happening in real exposure scenarios. Firstly, we quantified the
different internalization rates for each major type of WBC separately,
after exposure. As cell-based endpoints, we determined the induction of
intracellular reactive oxygen species (iROS) for each WBC type sepa-
rately, as well as platelet activation due to NPLs exposure. In addition,
we assayed NPLs” hemotoxicity measuring the hemolysis and changes in
clinical coagulation parameters. Finally, to study potential secretome
alterations, the expression levels of a wide panel of representative cy-
tokines were evaluated.

Overall, our ex vivo model proved to be useful for determining the
kinetic and effects of NPLs in a realistic context. The results could help to
better understand the role of NPL internalization levels in their potential
toxicity, depending on the tested cell type. They are also useful for
determining which cell types and biomarkers would be appropriate to
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use in human biomonitoring studies with NPL-exposed individuals, once
tools for developing such studies are available and optimized, and in
more in-depth and specific immune-toxicological studies.

2. Materials and methods
2.1. The selected NPLs

Different types of nanoplastics were used in this study. Commercially
available pristine polystyrene nanoplastics (PS-NPLs) were purchased
from various sources. At the same time, true-to-life nano polyethylene
terephthalate nanoplastics (PET-NPLs) were obtained from plastic water
bottle degradation (Villacorta et al., 2022), and nano polylactic acid
(PLA-NPLs) from pellet degradation (Alaraby et al., 2024), according to
the quoted references.

In brief, for PET-NPLs obtention, PET powder was acquired by
sanding water bottle pieces with a diamond rotary burr, sieved, and
dispersed by stirring in pre-heated trifluoroacetic acid. After centrifu-
gation, the supernatant was removed, and the pellet was resuspended in
sodium dodecyl sulfate and sonicated. The emulsion was allowed to
settle, and the supernatant was washed with Milli-Q water and pure
ethanol (to discard SDS) and left to dry. The obtained PET-NPL powder
was resuspended in Milli-Q water, sonicated, aliquoted in cryotubes, and
immediately frozen in liquid nitrogen. True-to-life PLA-NPLs were ob-
tained by preparing a pre-mini emulsion in which the aqueous phase
consisting of dissolved Pluronic and polyvinyl alcohol (as co-stabilizer)
in 120 mL of water (0.25 % wt and 2 % wt, respectively) was added to
the organic phase composed by 1 g of PLA dissolved in 30 g dichloro-
methane, and stirring magnetically for 60 min. Furthermore, ultra-
sonication under ice cooling was applied for 120 s at 80 % amplitude,
and the obtained mini-emulsion was transferred to a round bottom flask
to evaporate the organic solvent under pressure.

Six types of PS-NPLs were used: pristine nanopolystyrene (PS-NPLs,
Spherotech, ref. PP-008-10, with particles ranging from 50 to 100 nm),
fluorescent pristine nanopolystyrene (fPS-NPLs, Spherotech, ref. FP-
00552-2, with particles ranging from 40 to 90 nm), carboxylated-
surface nanopolystyrene (PS-COOH-NPLs, Polysciences, ref. 15913-10
with mean sized particles of 50 nm), fluorescent carboxylated-surface
nanopolystyrene (fPS-COOH-NPLs, Polysciences, ref. 16661-10 with
particles mean sized particles of 50 nm), aminated-surface nano-
polystyrene (PS-NH»-NPLs, Nanocs, ref. PS50-AM-1 with particles mean
sized particles of 50 nm), and fluorescent aminated-surface nano-
polystyrene (fPS-NH,-NPLs, Nanocs, ref. PS50-AMFC-1 with particles
mean sized particles of 50 nm). In addition, two types of true-to-life PET-
NPLs with a mean size of 176 nm were used: non-fluorescent (PET-NPLs)
and fluorescent PET (fPET-NPLs) labeled with the textile dye iDye Poly
Pink according to the procedure reported by Villacorta et al. (2024).
Furthermore, true-to-life PLA-NPLs and their fluorescent counterpart
(fPLA-NPLs) with a mean size of 130 nm (Alaraby et al., 2024) were also
used. Fluorescent particle staining stabilities were tested 8 months after
the labeling procedure without significant fluorescence loss, also, eluent
staining properties were tested on different in vitro cell models showing
no signal (THP-1 monocytes, Raji lymphoblast-like cells, A549 lung
epithelial cells, MH-S macrophages, and HUH-7 hepatic epithelial cells)
(Villacorta et al., 2024).

2.2. NPLs characterization

2.2.1. Scanning electron microscopy

To confirm the characteristics (including the predicted size) of the
used NPLs, further characterizations were carried out. The dry state size
was assessed by scanning electron microscopy (SEM). To proceed, a
single 10 pL drop at a concentration of 100 pg/mL was placed on
separated coverslips and left to dry overnight inside a lid-protected Petri
dish. NPLs were then inspected by SEM (Zeiss Merlin, Zeiss, Oberko-
chen, Germany). The acquired images were analyzed for particle size
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distribution by measuring the Martin diameter using the ImageJ soft-
ware 1.8.0_172. At least 200 random particles were counted and
analyzed for commercial NPLs (PS-, PS-COOH-, and PS-NH,-) while no
<1500 random single particles were subjected to study in the case of in-
house made polymers (PLA- and PET-NPLs). Data was then processed,
and charts were prepared using the GraphPad Prism 8.0 software
(GraphPad, San Diego, CA, USA).

2.2.2. Dynamic Light Scattering (DLS)

The hydrodynamic behavior as the indicative size of colloid struc-
tures in Milli-Q water suspensions of the different NPLs was determined
using a Zetasizer® Ultra device from Malvern Panalytical (Cambridge,
UK). Shortly, working solutions were independently prepared for each
particle suspension at a final concentration of 100 pg/mL. One milliliter
aliquot of each suspension was transferred to a DTS0012 cuvette and
data was acquired with a collection angle of 174.8°. For the Z-potential
determination, a slightly small volume of the same aliquot was trans-
ferred to a DTS1070 cuvette and analyzed using the same equipment.
For all determinations, three independent measurements were carried
out. Data was analyzed, and charts were prepared, using GraphPad
prism 8.0 (GraphPad, San Diego, CA).

2.3. Blood sample collection and ex vivo NPLs exposure

Peripheral blood samples from medium-aged healthy donors (a total
of 5 women and 3 men between 25 and 45 years old) were collected and
stabilized with heparin (1 %), except for the coagulation assays for
which citrate (1 %) was used as an anticoagulant. Informed written
consent was obtained from all participants, and the Ethics Committee of
the Autonomous University of Barcelona approved the protocol ac-
cording to the Declaration of Helsinki.

For each experiment, blood samples were divided into six 3 mL ali-
quots within the first hour after collection and exposed, except for the
negative control, to the different NPLs (PS, PS-NH,, PS-COOH, PET, and
PLA) at a final concentration of 100 pg/mL for 24 h at 37 °C and 80 rpm
constant agitation (as previously described in Ballesteros et al., 2021).
This concentration was chosen to ensure significant internalization rates
across all treatments and cell subtypes while maintaining a sub-toxic
concentration as described in previous studies (Martin-Pérez et al.,
2024). The non-fluorescent versions of the different NPLs were used in
all approaches except for internalization studies and for sorting cell
populations with internalized NPLs and their subsequent visualization
using confocal microscopy, as well as for their analysis of iROS content,
where fluorescent versions of the NPLs were used for cell sorting.

2.4. Whole blood fractionation

2.4.1. Plasma isolation for cytokine characterization, platelet activation,
and coagulation assays

Blood-exposed samples were centrifuged at 1500 g for 10 min to
separate the plasma from the cellular pellet. Plasma samples were
collected and immediately processed for the coagulation assays or stored
at —80 °C for later analysis (Ballesteros et al., 2021).

2.4.2. WRBCs isolation for internalization and ROS generation assays

To isolate the white blood cells (WBCs), erythrocytes were lysed with
erythrocyte lysis buffer (NH4Cl 0.15 M; HCO3 0.01 M; EDTA 0.1 mM; pH
7.1-7.4) for 10 min in agitation. After that, cells were centrifuged at 400
g for 5 min, the supernatant was discarded, and the cells were resus-
pended, washed with PBS, and centrifuged at 400 g for 5 min. This
procedure was repeated once more with centrifugations at 250 g for 10
min, to obtain WBC pellets (Ballesteros et al., 2021).

2.4.3. Erythrocyte suspension preparation for hemolysis assays
To measure the potential hemolytic effect of the NPLs, erythrocyte
suspensions were prepared by centrifuging the blood at 1500 g for 10
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min. After discarding the plasma, the hematocrit level was filled to the
original volume with PBS and washed three times with PBS. Dilutions
1:50 of the hematocrit were used for the hemolysis assay (Urban et al.,
2019).

2.5. SEM visualization of NPLs in whole blood

NPL-cell interactions were visualized by SEM (Zeiss Merlin, Zeiss,
Oberkochen, Germany). Briefly, exposed whole blood samples were
centrifuged at 1500 g for 10 min and 100 pL of sample was recovered
from the interface between plasma and cells, and placed in 12 mm @
cover slip poly-L-lysine coated for 5 min at 25 °C. Then, 200 pL 0.2 M
CaCl, was added on the top of the blood cells to activate the platelets and
left for 10 min. Samples were fixed by adding 4 % paraformaldehyde,
and 0.4 % glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.2, on
the top of the blood cells and left at least for 10 min. Then samples were
dehydrated and coated with 6 nm of platinum/palladium. Dried cov-
erslips were mounted on stubs containing carbon adhesives (Agar Sci-
entific, Ltd., UK). Finally, representative images were taken from a
random field of view. NPLs were artificially colored in blue with Pho-
toshop software to present better the diverse localizations of the
different blood cell subtypes.

2.6. Quantification of NPLs uptake in WBCs by flow cytometry

Control and exposed WBCs were resuspended in PBS and incubated
with BD Via-Probe™ (Biosciences ref. 555816) to discriminate dead/live
cells. For gating cells, each population of WBCs (lymphocytes, mono-
cytes, and PMNs) was carefully chosen by FSC-H and SSC-H and sepa-
rated according to their complexity and size. The intracellular
fluorescence was measured using a CytoFlex flow cytometer (Beckman
Coulter) and 20,000 cells were evaluated using the CytoFlex software. At
least three independent experiments were carried out for each NPLs
using whole blood from seven different donors (Ballesteros et al., 2021).

2.7. Visualization of NPLs uptake in WBCs by confocal imaging

A BD FACSJazz™ cell sorter (BD Biosciences) was used to select and
separate WBCs previously exposed for 24 h to 100 pg/mL of the fluo-
rescent NPLs (fPS, fPS-NH,, fPS-COOH, fPET, and fPLA). The drop fre-
quency was 39.05 kHz, the sheath pressure used was 27 psi, and the
piezo amplitude of 1.63. The acquisition speed was up to 4000 events
per second. The sorting mode was 1 drop pure, and the rate varied be-
tween 1000 and 1500 cells/s, depending on the sample. Before the
sorting, incubation with BD Via-Probe™ (Biosciences ref. 555816) was
carried out to avoid sorting dead cells. For gating cells, each population
of WBCs (lymphocytes, monocytes, and PMNs) was carefully chosen by
FSC-H and SSC-H. Then, single cells with intracellular fluorescence were
selected and deposited in 5 % BSA PBS for confocal imaging.

Confocal microscopy was used to confirm and visualize the cellular

%hemolysis = 100

(sample absorbance — negative control absorbance)

Science of the Total Environment 948 (2024) 174725

to analyze and process the obtained images.
2.8. Intracellular reactive oxygen species (iROS)

The induction of iROS such as cytosolic superoxide by NPL exposure
was quantified by using the dihydroethidium assay (DHE), as recently
published (Banaei et al., 2023). After WBCs isolation, cells were resus-
pended on 10 pM DHE diluted on PBS and incubated for 30 min at 37 °C.
Cells with internalized NPLs were sorted and analyzed by flow cytom-
etry (Beckman Coulter CytoFLEX). A total number of 20,000 events
(single cells) were scored and evaluated using the CytExpert software. A
minimum of three independent experiments with three different donors
were carried out.

2.9. Plasma cytokines detection

The Human XL Cytokine Array Kit (R&D Systems Bio-techne, Pro-
teome Profiler™) was used to determine changes in cytokine expression
induced by NPL exposure, following the manufacturer instructions.
Briefly, after blocking, the array was incubated with 350 pL of plasma
overnight at 4 °C on a rocking platform shaker. The array was washed 3
times with washing buffer to remove unbound proteins and incubated
with a cocktail of biotinylated detection antibodies for 1 h at room
temperature. Streptavidin-HRP and chemiluminescent detection re-
agents were then applied, and a signal was generated at each antibody
spot on the array membrane with an intensity corresponding to the
amount of bound protein. The membranes were visualized using an
enhanced chemiluminescence system (ECL, Cell Signaling Technolo-
gies), and the relative quantification of cytokine expression was deter-
mined using the ImageJ Protein Array tool. For cytokine array analysis,
technical duplicates were considered for each plasma sample. Relative
cytokine secretion for each NPL exposure was calculated as fold change
relative to the unexposed whole blood control. Two independent ex-
periments with two different donors were performed.

2.10. Hemolysis activity

The hemolysis activity induced by different NPLs was assayed using a
protocol adapted from Evans et al. (2013). Briefly, 1 mL of 1:50 dilution
in PBS of washed and packed erythrocytes was incubated for 24 h at
37 °C in mild agitation (80 rpm) with the different NPLs at 100 pg/mL.
10 % Triton X-100 and PBS, incubated with diluted erythrocyte sus-
pensions, served as positive and negative controls, respectively. The
mixtures were then centrifuged at 900 g for 10 min, and 100 pL of the
supernatants were transferred to a flat-bottomed 96-well plate to mea-
sure the absorbance at 450 nm with a plate reader (Sunrise, Tecan) using
the XFLUOR4 software.

The following formula was used to calculate the hemolysis percent-
age:

uptake of fluorescent NPLs by the different sub-populations of WBCs
obtained by sorting. To proceed, cells were incubated for 15 min with
1:500 Cellmask™ Deep Red plasma (ThermoFisher Scientific) and 1:500
Hoechst 33342 (ThermoFisher Scientific), to stain the cell membranes
and the nuclei, respectively. Confocal images were acquired sequentially
with a Leica TCS SP5 confocal microscope (Leica). Three different lasers
were used to visualize the nucleus (405 nm), the plasma membrane
(635 nm), and the fluorescent NPLs (585 nm). ImageJ software was used

(positive control absorbance — negative control absorbance)

Mean + SEM values were calculated from a minimum of 3 inde-
pendent experiments with blood from 3 different healthy donors.

2.11. Coagulation assays

The clinical laboratory Laboratorios Echevarne (Registered with
Health Dept) externally performed the blood coagulation tests.
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Activated partial thromboplastin time (aPTT), prothrombin time
(PT), thrombin time (TT), and fibrin (FIB), referred to as the four major
indexes in blood coagulation function assessment, were analyzed. The
relative levels of the parameters in the exposed blood versus the control
sample were obtained from two different donors in two independent
experiments and represented as mean + SEM.

2.12. Platelet activation

To study the platelet activation after NPLs exposure, plasma
thromboxane By was quantified with the Parameter™ Thromboxane By
Immunoassay (R&D Systems Bio-techne) following the manufacturer’s
protocol, and as reflected in the literature (Helgadottir et al., 2019).
Mean + SEM values were calculated from a minimum of 3 independent
experiments with blood from 3 different healthy donors.

2.13. Statistical analysis

Data analysis was performed using GraphPad Prism 9 software
(GraphPad Software Inc., CA, USA). To test the normal distribution of
our data, the Shapiro-Wilk test was used, followed by the one-way
ANOVA with Tukey’s multiple comparisons test as parametric tests, or
the Kruskal-Wallis tests as non-parametric. Statistical significance was
depicted as *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results and discussion
3.1. NPLs characterization

Due to their unique physicochemical properties, NPLs particles can
translocate through biological barriers, reach the bloodstream, and be
distributed to organs and tissues. Two relevant parameters of NPLs, such
as size and aggregation potential, are crucial to modulating their
interaction with biological barriers. Thus, size in a dry state was assessed
by SEM, and the behavior in suspension was assessed by DLS. All ob-
tained data is summarized in Table 1, and graphic representations are
available on supplementary material for DLS and SEM size distribution
(Fig. S1), as well as for the correlation curves (Fig. S2). The nanoparticle
size, as measured by the Martin diameter, results in a highly mono-
dispersed size distribution for all engineered pristine PS materials.
Similar behavior was observed on suspension, with the remarkable
exception of PS-NH,-NPLs which increased the light dispersion and
therefore the aggregation by 3.75 folds, even though the values remain
on the nanoscale range. For the in-house obtained polymers (PET- and
PLA-NPLs) the polydispersity indexes remain high, accentuating the
true-to-life nature of the samples and therefore acknowledging the
representativeness of the material more likely to be found in the envi-
ronment. Even though the average sizes for both NPLs are between 100
and 200 nm, the polydispersity of PET-NPLs is higher than PLA-NPLs,
but even considering this difference we were only able to detect 1.2 %
of the particles over 500 nm, of which only 0.53 % are agglomerates
over 1000 nm. On the other hand, 99.90 % of PLA-NPL sizes are below
500 nm. Overall, the particles that tend to show an aggregation on
suspension are the ones having Z-potential values comparatively closer
to 0. However, it should be remarked that none of the reported values
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fall within what is considered an instability zone. Thus, the interpreta-
tion of the observed aggregations may be due to the intrinsic poly-
dispersity nature of the true-to-life particles, to its shape irregularities, or
even surface functionalization, as happened in PS-NH,-NPLs, more than
to the Z-values alone. The size and aggregation potential of NPL fluo-
rescent versions were not significantly different from the non-
fluorescent parental ones (Table S1). For labeled NPLs, no significant
changes were noticeable except for a decrease in size for fPLA-NPLs,
coherent with a smaller Z-potential value which may indicate a less
aggregate state (Martin-Pérez et al., 2024). In addition, a non-
neglectable shift to positive values for PS-NH,-NPLs was observed that
does not seem to affect the hydrodynamic behavior of the suspensions.
Overall, the different behavior observed between commercially avail-
able PS-NPLs and the true-to-life PET- and PLA-NPLs point out the
importance of working with representative true-to-life NPLs in toxi-
cology studies.

3.2. NPLs visualization in whole-blood by SEM

Due to the novelty of the work and the lack of previous knowledge
about the behavior of NPLs in whole blood, the first step of our study was
to prove if NPLs could interact with the different blood cell subtypes in
the entire blood matrix. With this aim, SEM images of samples exposed
to the different NPLs were taken (Fig. 1). As seen in the pictures, all NPLs
were found physically interacting with the various blood subtypes.
Although the presence of MNPLs in blood has already been demon-
strated (Leslie et al., 2022), the precise localization of MNPLs has never
been determined, neither in the plasma nor attached to specific blood
cell subtypes. From this point of view, the images indicate that MNPLs
can physically interact with all blood cell subtypes at a similar rate. It
must be highlighted that no ex vivo studies looking for the interaction
between MNPLs and whole blood cells have been reported until now.
These results would suggest that the presence of MNPLs in human blood
could trigger their uptake by the different cell subtypes.

3.3. Uptake of NPLs in the different blood cell subtypes

To assess the potential uptake of NPLs by the different WBCs sepa-
rately (monocytes, PMNs, and lymphocytes), two different comple-
mentary methods have been used: flow cytometry, to quantify the
internalization capacities, and confocal microscopy, to visualize the
exact NPLs localization in sorted cells exposed to NPLs. The confocal
images of the gated cells, selecting only the fluorescent cells for each
population classified by FSC-H and SSC-H, revealed that the five types of
NPLs studied can be internalized by the three main populations of WBC.
They were mostly present in the cytoplasm and surrounded by cell
membranes —-most probably from endocytosis- in the case of PS-, PS-
COOH-, and PET-NPLs, as changes from green to yellow color suggest
(Fig. 2).

Flow cytometry was used to quantify the cellular uptake of the
different NPLs. The intracellular presence of labeled NPLs in the exposed
cells was taken as a measure of the percentage of cells containing NPLs
(Fig. 3). Cells were classified as fluorescent (NPLs uptake) and non-
fluorescent (no NPLs internalization). Results indicated both cell- and
NPL-dependent internalization rates.

Table 1
NPLs characterization by DLS and SEM. Hydrodynamic and dry state average sizes of the used NPLs. Data are represented as mean + SD (n = 3).
Hydrodynamic Dry state

Polymer Func Z-average PDI Z-pot Z-average PDI
PS - 94.00 + 0.86 0.03 —44.90 + 0.49 75.63 £ 0.57 0.02
PS NH, 213.00 + 28.30 0.42 —21.80 £ 1.11 56.58 + 0.69 0.03
PS COOH 60.10 + 0.30 0.04 —43.20 + 0.78 54.39 + 0.71 0.04
PET - 343.00 £+ 18.90 0.51 —26.00 + 0.84 176.24 + 6.52 2.05
PLA - 538.00 £ 21.50 0.59 —21.20 £ 1.51 130.06 + 1.51 0.19
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Fig. 1. Scanning electron microscope (SEM) images from NPLs-exposed and unexposed human whole blood samples. NPLs are artificially colored in blue to better
present the diverse localizations of the different blood cell subtypes. The left column is platelets; the middle column has different cell subtypes; the right column is
mainly erythrocytes.
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Fig. 2. Confocal imaging of the cellular internalization of the NPLs in the different sorted WBC populations (PMNs, monocytes, and lymphocytes) after exposures
(100 pg/mL) lasting for 24 h. Cells were stained for the nucleus with Hoechst (blue) and the cell membrane with Cellmask™ Deep Red (red). NPLs are indicated in

green or yellow (if covered with a cell membrane). Scale bar = 10 pm.
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Fig. 3. NPLs internalization by the different WBC subtypes, after exposures
(100 pg/mL) lasting for 24 h. The graph represents the percentage of
fluorescent-positive cells over the total cell population. Graphs show the mean
+ SEM. *** (p < 0.001), and ** (p < 0.01) in front of PS-NPLs exposed
WBC subtypes.

Monocytes were those showing the highest internalization rate,
which would agree with their role in the phagocytic system. The per-
centage of PMNs with internalized NPLs depended on the type of NPLs,
with a similar uptake rate as monocytes in the case of PS-NHjy-, PS-
COOH-, and PLA-NPLs, but lower for PS- and PET-NPLs. On the other
hand, lymphocytes were the population with the lowest uptake rate.
That variation in cell uptake among the three WBC subtypes was in line
with what was previously described using solely fluorescently labeled
pristine PS-NPLs ranging from 50 to 900 nm (Ballesteros et al., 2020).
Moreover, the internalization pattern was different depending on the
studied NPL. Taking pristine PS-NPLs as a reference, we observed that
NPL surface modifications were relevant for the cellular uptake capac-
ity, modulating the NPL internalization ability. PS-COOH-NPLs showed

the highest uptake capacity being significantly different from pristine
PS-NPLs in the three cell populations. On the other hand, PS-NH5-NPLs
internalized much less, approximately half compared to PS-COOH- and
were not significantly relevant when compared to pristine PS-NPLs.
These differences in internalization result for surface modifications
and the consequent changes in z-potential values (Martin-Pérez et al.,
2024). When the NPL used in the exposure were true-to-life (PET or PLA),
and compared with commercial pristine PS, the internalization ratio was
also different. PLA-NPLs showed a higher uptake capacity in the three
WBC populations, being significantly different for PMNs and monocytes.
On the other hand, PET-NPL uptake was only relevant and significantly
different from pristine PS-NPLs in monocytes. When the results of the
donors we separated according to their sex, no significant differences
were observed.

The cellular uptake of particles typically initiates with an interaction
with the cell membrane, followed by particle entry into cells through
passive penetration or active endocytosis processes, which include
pinocytosis and phagocytosis (Sousa de Almeida et al., 2021). Phago-
cytosis predominantly occurs in specialized cells like macrophages,
monocytes, eosinophils, neutrophils, and dendritic cells, facilitating the
engulfment and elimination of foreign bodies and cell debris (Liu et al.,
2021). Monocytes and PMNs exhibit a higher rate of nanoparticle
internalization, attributed to their phagocytic behavior, compared to
lymphocytes. Despite phagocytosis being traditionally linked to larger
particles, studies indicate its occurrence with nanoscale particles,
possibly after an opsonization process (Moreno-Mendieta et al., 2022).
In contrast to MPLs, NPLs can be internalized through various mecha-
nisms, including pinocytosis, phagocytosis, and receptor-mediated
endocytosis (Schroter and Ventura, 2022), potentially explaining their
uptake in lymphocytes, albeit limited. During exposure, circulating NPLs
interact not only with blood cells but also with biomolecules suspended
in blood, leading to the formation of a bio-corona on their surfaces. The
bio-corona composition is influenced by blood biomolecules and NPL
surface characteristics, such as hydrophobicity and surface charges,
which determine NPL behavior (Singh et al., 2021). Plastic polymers and
surface modifications of NPLs can affect bio-corona presence, impacting
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cellular adhesion and internalization (Gopinath et al., 2021). Phagocytic
cells demonstrate varying efficiency in internalizing particles of
different sizes and shapes. While rod-shaped particles exhibit reduced
phagocytosis, neutrophil association significantly increases with them
(Safari et al., 2020). In our study, spherical NPLs with diverse molecular
weight distributions were tested, leading to polydispersity in surface
potential and size, potentially affecting aggregation and behavior across
various cell populations.

3.4. Oxidative stress induction in WBC exposed to NPLs

To investigate the effect of NPLs exposure on oxidative stress status,
the intercellular reactive oxygen species (iROS) levels in the different
WBC cell subtypes were investigated. As a novelty, and according to the
different internalization rates, the analysis was specifically conducted
on cells that had internalized NPLs. This approach avoids masking ef-
fects that might be observed when considering the entire population
(cells with NPLs plus cells without NPLs). This could occur in the
lymphocyte population, where the percentage of internalization was
very small. This approach has been already demonstrated by Collin-
Faure and colleagues, where the higher the internalization of PS-NPLs
within a population of macrophages the more pronounced and signifi-
cant the effects (Collin-Faure et al., 2023).

Our results showed that pristine PS-, PET-, and PLA-NPLs exposure
significantly induced intracellular ROS in those WBC with internalized
NPLs. The obtained average fold changes were 6.41 (PS-), 6.12 (PET-),
and 2.35 (PLA-). Nevertheless, when the iROS analysis is performed in
the three WBC populations separately (PMNs, lymphocytes, and
monocytes) the highest percentage of iROS observed in the overall cell
analysis is attributed to lymphocytes (Fig. 4). This phenomenon is
mainly observed in blood samples exposed to PS- and PLA-NPLs; how-
ever, in the case of PET-NPLs, all three WBC populations exhibited a
significant production of iROS.

The involvement of ROS in the systemic toxicity of MNPLs has been
recently reviewed (Das, 2023). Although several studies have demon-
strated that MNPLs can target mitochondria, leading to the generation of
different types of reactive free radicals, there is a lack of proper models
to extrapolate these effects to human health. In this context, the use of ex
vivo approaches using whole human blood stands out. Effects of MNPLs
on human blood include plasma protein denaturation, hemolysis,
reduced immunity, thrombosis, blood coagulation, and vascular
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Fig. 4. Relative ROS production in the different white blood cell populations
that had internalized NPLs (relative to the unexposed samples), treated with
100 pg/mL of NPLs for 24 h detected by the DHE assay. Data are represented as
mean + SEM and analyzed by the one-way ANOVA. * (p < 0.05) in front of

unexposed cell samples. PMN: polymorphonucleated cells.
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endothelial damage, among others, which can lead to life-threatening
diseases (Rajendran and Chandrasekaran, 2023). All this highlights
the relevance of using human blood samples as a target model to
determine the effects of MNPL. This model was also successfully used to
demonstrate that different types of graphene-based nanomaterials with
biomedical applications alter the human blood secretome (Ballesteros
et al., 2021). Moreover, the growing interest in bioplastic for drug de-
livery (Mythri and Aishwarya, 2023) could increase the presence of
MNPLs contacting blood components and induce a wide range of effects,
including increased ROS levels. Under physiological conditions, ROS are
fundamental in cellular signal transduction responding to stress
(Fichman et al., 2023), and an excess of ROS is normally produced by
WBCs as a host defense response promoting the clearance of pathogens
and foreign particles. However, if ROS generation is chronically main-
tained, the cellular antioxidant system will be overwhelmed and
oxidative stress, cell injury, and potentially cell death will be induced
(Pizzino et al., 2017). Further investigations might be useful to decipher
the potential risk of chronic exposures to MNPLs.

Taken together, our results point out two important aspects. First,
only cells that have internalized NPLs should be considered in the
analysis, to avoid masking positive results in case the internalization
rate is not 100 %. Second, when working with heterogeneous cell pop-
ulations (as in the case of WBC) the endpoint analysis should be per-
formed considering each population separately to avoid deviations due
to the different behavior of each cell subtype.

3.5. Immune response

To determine the potential effect of NPLs on the immune response,
the blood cytokine secretome after NPLs exposure was analyzed. Thus, a
wide battery of 102 cytokines was analyzed in the plasma from exposed

Table 2

Cytokine enhanced release in plasma after NPLs 24 h-exposure. Mean
relative cytokine secretion for each NPL is shown as fold change relative
to the unexposed whole blood controls. Green color scale indicating the
fold change in plasma cytokine levels based on the NPL to which the
blood has been exposed. The darker the color, the greater the change
relative to the control not exposed to NPLs.

PS - PS-COOH

CXCL5 2.09

CCL2 1.46

CCL7 1.75

CXCL8 1.29

CXCL10 1.09

Leptin 2.04 1.87 2.23 0.59 0.73
CXCL-1 1.35 1.33 1.67
CCL20 1.58 1.64 1.86
CCL3/CCL4 1.04 1.65 1.57
CXCL9 1.05 1.30 1.37 1.46
IL-24 1.00 1.32 1.83 1.40
IL-1b 0.83 1.26 1.14 1.16
IL-6 0.98 1.32 1.34 1.03
TNF-a 0.85 2.18 1.48 1.74 0.95
PTX3 1.10 1.65 1.24 2.20 1.44
Dkk-1 1.29 1.32 1.48 2.09 1.18
CSF1 0.89 138 160 [N 138
GDF-15 1.15 1.17 1.43 2.07 1.07
BDNF 1.24 0.91 1.25 2.20 1.74
HGF 1.13 1.79 1.40 2.31 1.88
IL-16 1.12 1.40 1.20 2.29 1.46
VEGF 1.47 1.20 1.10 2.18 0.88
FLT3LG 1.20 1.32 1.52 2.06 1.27
IL-3 1.19 1.66 1.07 1.61 2.20
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blood and compared to control (unexposed) blood. Our results show
how only 24 h of exposure to the different NPLs highly affected the
release of cytokines. Importantly, all the differently expressed cytokines
had an enhanced expression, compared to the control sample, and were
described as pro-inflammatory cytokines, mostly associated with
chemotaxis functions (Hughes and Nibbs, 2018). The effect levels varied
between the tested NPLs, being more notably altered after PS-NH»- and
PLA-NPL exposures, and with the mildest affectation due to PS-NPLs.
Table 2 shows only those cytokines showing fold changes >2 for any of
the evaluated NPLs. Supplementary Table S2 shows all the data corre-
sponding to the overall panel. Interestingly, PS-NHj also induced more
harmful effects in human primary endothelial cells than pristine and PS-
COOH forms (Martin-Pérez et al., 2024).

As remarkable, all the NPLs induced the overexpression of the che-
mokine CXCL5. Elevated levels of CXCL5 are detected in blood in several
inflammatory and fibrotic diseases including atherosclerosis, pancrea-
titis, inflammatory bowel disease, sarcoidosis, idiopathic pulmonary
fibrosis, endometriosis, rheumatoid arthritis, and other inflammatory
autoimmune diseases. CXCL5 has also been associated with several types
of cancers (as gastric, colorectal, pancreatic, head and neck squamous
cell, and non-small cell lung cancer), whereby it has been related to
tumor cell proliferation, angiogenesis, epithelial-mesenchymal transi-
tion, and metastatic cell migration (Gencer et al., 2021). Thus, the
release of this chemokine, as a response to NPL exposure, might impli-
cate a relevant neutrophil chemoattraction and pro-angiogenic stimulus,
that interplay in the regulation of innate immunity, causing possible
deregulation in the normal ways of immune activation. The observed
cytokine induction panel was different depending on the type of NPLs
tested, being mostly affected after PS-NHz- and PLA-NPL exposure. PS-
NH,-NPLs activated the release of chemokines mainly secreted by
monocytes and associated with WBC chemotaxis (such as CXCL5, CCL2,
CCL7, CXCL8, CXCL10, CXCL1, CCL20, CCL3/CCL4, and CXCL9). On the
other hand, PLA-NPLs not only enhanced chemokines such as PS-NHj-
NPLs, but also other cytokines with functions in the regulation of sur-
vival, proliferation, and differentiation of WBCs (e.g., Dkk-1, CSF1, GDF-
15, BDNF, HGF, VEGF, and FLT3LG).

To our knowledge, this is the first study investigating the effects on
cytokine release of different NPLs in whole blood as a model. Although
the idea that exposure to MNPLs induces inflammation has been previ-
ously reviewed (Danopoulos et al., 2022; Yang et al., 2022), few authors
have studied MNPLs’ effects on cytokine secretion and only in individual
non-immune cell types. A study showed up-regulated mRNA expression
of IL-1b, IL-6, IL-8, and TNFa genes in A549 lung cells exposed to PS-NPL
alone, or combined with phthalate esters (Shi et al., 2021). Also, the
secretion of a panel of inflammatory cytokines was triggered after PS-
MNPLs exposure to the human intestinal organoid-derived epithelial
tissue model (Chen et al., 2023). Although different authors have shown
how MNPLs stimulate the release of pro-inflammatory cytokines using
different approaches (Panizzolo et al., 2023), most of these studies have
been carried out using PS-MNPLs only, and no information is available
about the response triggered by exposure to true-to-life materials that
better reflect the environmental situation. In addition, very little
research has been performed on the effects of NPLs on human blood as
an ex vivo model in which primary human cells can express their po-
tentiality (Ballesteros et al., 2020). Altogether, our results might help to
predict the modulatory effects of the immune system mediated by true-
to-life NPLs and potential inflammation-mediated toxicity which could
affect human health, especially under chronic exposure scenarios.

3.6. Hemolysis induced by NPLs

The sensitivity of erythrocytes to the presence of NPLs was deter-
mined by calculating their hemolytic effects. As shown in Fig. 5, both PS-
and PS-COOH-NPLs exhibited high levels of hemolysis. In contrast, low
levels of hemolysis were found when erythrocyte suspensions were
exposed to PS-NH2-NPLs (4 % lysis) or PET-NPLs (3 % lysis). No
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Fig. 5. Hemolytic activity of the different NPLs. The percentage of hemolysis
was calculated by subtracting the measured absorbance of the negative sample
from the exposed samples with NPLs Then, samples were normalized to the OD
of Triton X-100-treated erythrocyte samples and multiplied by 100. Data are
represented as mean + SEM and analyzed by the one-way ANOVA. *p < 0.05.

hemolytic signals were observed after PLA-NPL exposure. Previous
studies reported hemolytic activity depending on the size of the PS-NPLs
(Hwang et al., 2020) and the surface modifications present in NPLs (Kim
et al., 2022), but both studies were carried out in isolated erythrocytes.
However, no previous data is available related to PLA or PET NPLs
effects.

Although some studies exist, mainly based on the hemolytic effect of
nanomaterials used in medicine (Yedgar et al., 2022), the mechanism by
which NPLs can induce hemolysis has not yet been defined. The level of
cell hemolysis might be dependent on the interaction between the NPLs
and the erythrocytes; thus, the contact of NPLs with the cells may
destabilize the membrane and cause defects leading to cell hemolysis. In
in vivo studies, the hemolytic effects observed in mice exposed to PS-
MPLs were associated with changes in the typical erythrocyte struc-
ture, resulting in numerous aberrant shapes (Abdel-Zaher et al., 2023).
Accordingly, the size of the MNPLs and their surface functionalization
would determine the nature of their interaction with the cell membrane
and their potentially harmful effects, as described in the previous
sections.

3.7. Coagulation and platelet functionality

Erythrocyte membrane breaks could accelerate coagulation re-
actions (Kim et al., 2022), and it is known that plasma protein in-
teractions with artificial surfaces could trigger the coagulation process,
resulting in thrombus production and the formation of a fibrin clot (Xu
et al.,, 2014). In this context, the effects of NPLs on the coagulation
process were evaluated by determining the major clinically used clotting
tests, including prothrombin time (INR, International Normalized Ratio)
(PT), activated partial thromboplastin time (aPTT), prothrombin time
(in seconds) (TT), and fibrin concentration (FIB). Although no signifi-
cant differences between NPLs exposed and control blood samples were
observed in any of the performed tests, aPPT values in the PS-COOH-
NPLs exposed blood were elevated above the normal range, related to
the other samples, but without reaching statistical significance
(Table 3). This parameter is related to contact surface-initiation of
coagulation (traditionally called intrinsic coagulation pathway) by the
activation of FXIIa. Different negatively charged artificial material sur-
faces can stimulate FXIIa autoactivation, as several pathogenic and
physiological agents can do (Simak and De Paoli, 2017). Thus, the
negative charges provided by COOH-surface modifications seem to be
able to initiate the contact pathway of coagulation, leading to a
thrombotic state.
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Table 3

Effects of NPLs on coagulation. Data represented as mean + SEM. PT: prothrombin time (INR:

time; TT: prothrombin time (in seconds); FIB: fibrin concentration.
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International Normalized Ratio); aPTT: activated partial thromboplastin

Control PS PS-NH, PS-COOH PET Normal range
PT (INR) 1.35 + 0.05 1.32 + 0.04 1.31 + 0.06 1.46 + 0.08 1.34 + 0.03 (0.90-1.20)
aPPT (s) 34.4 £ 0.6 35.2+ 0.8 347 £1.5 39.7 £ 2.1 36.0 £ 0.3 (24.0-35.0)
TT (5) 16.95 + 0.25 17.10 + 0.50 16.90 + 0.10 17.40 + 0.10 16.70 + 0.20 <21.0
FIB (mg/dL) 300.5 + 11.5 308.0 + 14.0 304.5 + 10.5 305.5 + 8.5 312.5 + 8.5 (200-400)
modulating PDI parameters and cell internalization, both as total

- 159 internalized particles and time-related uptake. As a resulting outcome,
£ the evaluated hazardous effects are modulated by surface functionali-
?én zations (Martin-Pérez et al., 2024).
-
mN 109 4. Conclusions
) T
% This article provides the first report on the toxic effects of various
é 5 types of NPLs on the human bloodstream. Once NPLs cross the biological
< barriers (gut and lung epithelium) the first target is blood. Therefore, it
g is of relevance to elucidate the potential interactions between blood
< components and NPLs, to understand the health risks posed by envi-
= - T ronmental NPLs.

CTRL PS- NH2 PS- COOH PET PLA Utilizing an ex vivo model such as the extraction of peripheral human

Fig. 6. Presence of thromboxane B, in plasma after exposing whole blood
samples to 100 pg/mL of NPLs for 24 h. Data are represented as mean + SEM.
CTRL: unexposed control sample.

Because of the important role of platelets in primary hemostasis, the
effect of NPLs on human platelet activation was also analyzed by the
quantification of the thromboxane By (TXB,) present in plasma. Upon
activation, platelets release markers and antigens such as thromboxane
Ay (TXAy); however, TXA; has an extremely short half-life (around 35 s),
and the production of TXA; can be monitored by the presence of TXBy
which is produced by the non-enzymatic hydration of TXA,, and it is
stable (Patrono and Rocca, 2019). Our results showed that NPLs had no
significant effect on TXB, production. Thus, platelets were not activated
after NPLs exposure in whole blood (Fig. 6).

Although no studies have been found linking MNPL exposure and
thromboxane By release, its released by platelets, as a marker of platelet
activation, was evaluated by exposing platelets to silver nanoparticles
(AgNPs) with and without poly-ethyl glycol (PEG) functionalization
(Hajtuch et al., 2019). The observed results indicated that under all the
conditions evaluated, AgNPs significantly reduced the released levels of
thromboxane B,. The potential effects of MNPLs on platelets and
thrombosis induction have been determined using human blood exposed
to PS-MPLs observing thrombus formation effects in mass and structure
(Chen et al., 2022). Interestingly, using an on-chip model confirmed
such effects, PS-MPL exposure leading to decreased binding strength of
fibrin to platelets. In vivo studies conducted with zebrafish showed the
PS-MPLs exposure activated platelets to aggregate in damaged regions
enhancing the coagulation function of platelets, and facilitating fibrin
clots formation (Gao et al., 2021). This role of MNPLs in thrombus for-
mation has been demonstrated in human thrombi where microplastics
were detected using Raman spectrometry (Wu et al., 2023b). These
findings would confirm the results showing that surface modifications of
PS-MNPLs can affect in vitro whole blood clotting dynamics. Thus, by
comparing carboxylated, aminated, and non-functionalized PS-MNPLs
authors showed that, by using thrombo-elastography, carboxylated
forms consistently activated the clotting cascade, increasing fibrin
polymerization rates, and enhancing clot strength. Aminated forms exert
similar but reduced effects, and those induced by the non-functionalized
form showed minimal effects (Christodoulides et al., 2023). All the
above-reported studies would indicate that the prolonged presence of
MNPLs in blood could affect bloodstream functionality. As previously
commented, surface modifications can affect z-potential values,
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blood from healthy donors, we have been able to show the different rates
of internalization of three different surface-functionalized PS
(commercially available), and two true-to-life NPLs (PLA and PET) in the
three major WBC subtypes: lymphocytes, PMNs, and monocytes.

Through this study, focusing on the different types of commercial PS-
NPLs, we observed that PS-NPL surface modifications were relevant for
their cellular uptake capacity. Carboxylated surfaces enhanced the
NPLs’ ability to internalize in the three WBC subtypes studied when
compared to pristine PS-NPLs, which only internalized in monocytes, or
to aminated PS-NPLs that are capable of internalizing at a higher rate
than pristine PS, but only in PMNs and monocytes. When true-to-life (PET
or PLA) NPLs were used, the observed internalization ratio was different.
PLA-NPLs showed a higher uptake capacity in the three WBC pop-
ulations, being significantly different for PMNs and monocytes. On the
other hand, PET-NPL uptake was only relevant and significantly
different from pristine PS-NPLs in monocytes. When the results of the
different donors were separated, based on their sex, no significant dif-
ferences were obtained.

Regarding the induced effects, pristine PS-NPLs significantly
increased the production of iROS in lymphocytes, as well as generating
high levels of hemolysis; on the contrary, PS-NH»-NPLs do not provoke
the generation of iROS nor cause hemolysis but induced the secretion of
many proinflammatory cytokines, especially those related to WBC
chemotaxis. PS-COOH-NPLs did not induce the generation of iROS and
the secretion of proinflammatory cytokines was modest; nonetheless, its
exposure resulted in significant hemolysis induction. PET-NPLs gener-
ated significant levels of iROS in all three cellular subtypes of WBCs.
while PLA-NPLs cause a significant generation of iROS in lymphocytes,
inducing the secretion of many proinflammatory cytokines related to
leukocyte chemotaxis and their proliferation, survival, and differentia-
tion. Fig. 7 shows a quick overview of all the obtained results.

A particular point of interest in our study is the use of only NPLs-
containing cells to determine potential effects. This avoids false-
negative results derived from measuring the response in a mix of sub-
populations with a variable proportion of cells that internalized NPLs.
The use of an array of cytokines, instead of using a cytokine-candidate
approach, is another aspect to point out. Thus, using a panel of 102
cytokines avoids any type of experimental bias. Interestingly, differ-
ences were observed after exposures, with higher effects after PLA- and
PS-NH,-NPL exposure. A total of 24 cytokines were overexpressed with a
fold >2, CCL20 and CCL3/4 being the most highly expressed and CXCL5
the only expressed under all exposed NPLs.
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Fig. 7. Summing up the relevant results obtained in the present study.

On the other side, blood-related functional assays including hemo-
lysis, coagulation, and platelet functionality were also included, which is
not a generalized topic included in this type of study. Accordingly, we
have demonstrated hemolysis induction after PS- and PS-NCOOH-NPL
exposure. Finally, although no significant effects on coagulation and
platelet functionality were observed, we hypothesize that the negative
charges provided by COOH surface modifications could initiate the
contact pathway of coagulation, leading to a thrombotic state.

Regarding the study’s weakness, we are aware that only one con-
centration (100 pg/mL) and one exposure time (24 h) were assayed.
Nevertheless, the complexity of the experimental design limited the
exposure conditions to assess the effects of multiple types of polymeric
nanoplastics. However, the obtained results are extremely relevant,
since our methodological/technical efforts and novel approaches have
helped to reveal the distinct ability of NPLs to interact in a complex
tissue matrix as is whole blood, where in addition to the different cell
subtypes, a complex mixture of proteins and other biomolecules exist.
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