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Abstract

The increasing production and accumulation of plastic waste, coupled with insufficient recy-
cling practices, contribute to the growing presence of plastic in the environment. Nanoplas-
tic particles are of particular concern, as they pose greater (health and environmental) risks
and exhibit wider dispersion compared to macroplastics. The blood-brain barrier may be
exposed to nanoplastics present in the blood, which could affect its functionality or even
pass through and damage the central nervous system. This study examined the effects
of polystyrene (PS) nanoparticles with different chemical surface modifications (pristine,
carboxylated, aminated) and sizes (50 nm and 100 nm) on cells of the neurovascular unit
(NVU): human brain endothelial cells, astrocytes, and pericytes. Results indicated that
only high concentrations of nanoparticles (100 ng/mL and 300 pg/mL) applied for 48 h
decreased cell viability and barrier integrity significantly. Specifically, 50 nm carboxylated
PS particles reduced barrier integrity and altered tight junction gene expression substan-
tially. Fluorescent labelling of the investigated particles enabled to confirm their uptake
by all tested cell types of the NVU, but also highlighted that the labelling changes the
particles” properties. Furthermore, cell culture medium-dependent particle agglomeration
and increase of size were inversely correlated with cellular internalisation, which has to be
considered for future risk assessments.

Keywords: polystyrene; nanoplastics; nanoparticles; h\(CMEC /D3 cells; human-induced
pluripotent stem cells; hiPSCs; blood-brain barrier

1. Introduction

Plastic has become ubiquitous in the human environment and due to widespread
and steadily increasing use, long degradation half-life in nature, and lagging behind of
collection and recycling processes, it can be predicted that the exposure of basically every
organism in earths’ biosphere towards plastic particles will continue to increase for the up-
coming decades—even if production of plastics would be confined in the near future—with
unforeseeable consequences. Notably, polystyrene (PS) constitutes a substantial proportion,
comprising 7% of global plastic, approximately 0.67 billion metric tons [1]. Degradation
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of macroplastics in nature occurs via physical, chemical and biological processes, which
ultimately break down plastic to nano-sized fragments, nanoplastics (NPs), of 1-1000 nm
size [2]. Nanoparticles are prone to cellular uptake and, hence, may generally bear higher
risks for human and animal health. Furthermore, whereas macroplastic can be collected
manually or removed by e.g., mechanical means from nature, it is virtually impossible to
engage protective measures against nanoparticles. However, the effects of nanoplastics on
the cellular and molecular levels remain widely unclear, i.a., because of a lack of sensitive
and specific detection methods, and challenges in standardising study designs, as reference
materials representing the vast diversity of polymer types, additives and physical fragment
shapes are not available [3]. Compared to reported plastic concentrations in human blood
(1.6 pg/mL) [4], recent studies have demonstrated cytotoxicity of 25-100 nm PS-NPs only
at much higher concentrations (30-300 pg/mL) in the human intestinal cell line, Caco-2 [5],
in hepatocellular carcinoma cells, HepG2 [6], and in lung epithelial cells, A549 cells [7], and
reported dose-dependent toxicity, impacts on gene expression and cell viability [5-7].

NP characteristics, particularly size and surface chemistry, influence the toxic potential.
Smaller particles typically exhibit stronger effects, although data on human brain toxicity
remains limited [8]. On the other hand, agglomeration could reduce their toxic potential,
with smaller particles showing higher agglomeration propensity [9]. Additionally, surface
chemistry plays an important role in cellular uptake and impact on cellular functions [10].

The blood-brain barrier (BBB) is the interface between blood and brain tissue. Its
primary function is to keep the homeostasis in the brain parenchyma by functioning as a
physical, transport and metabolic barrier [11]. Specific transcellular transport mechanisms
regulate the passage of molecules, while tight junctions between brain endothelial cells
(BECs) restrict the paracellular permeation of ions, pathogens, particles and substances [12].
Besides BECs, astrocytes, pericytes, neurons and microglia form a complex and dynamic
structure, the so-called neurovascular unit (NVU). The basement membrane surrounds the
BECs and embeds the pericytes, while astrocytic end-feet are basolaterally in contact with
the capillaries [13].

To model the human BBB in vitro, numerous approaches have been developed, from
cell lines such as the mostly used BBB line hCMEC/D3 [14], to cutting-edge techniques
utilising human-induced pluripotent stem cell (hiPSC)-derived brain capillary endothelial-
like cells (BCELCs), which are capable of forming physiologically relevant, very tight
barriers. In this study, both BBB models were applied.

The abundance of plastic in the environment and its entry into organisms, including
humans, is well-documented, but its effects on BBB integrity and function remain incom-
pletely characterised. While the presence of plastic particles in human blood samples has
been reported [4], and studies in a mouse model have shown that orally administered PS-
NPs have been detected in the brain within 2 h after gavage [15], it is crucial to differentiate
between particle presence and functional BBB modulation. Recent literature highlighted
that factors such as particle size, surface chemistry, exposure dose, and the presence of
a biomolecular corona significantly influence the interaction of MNPs with the BBB [16].
Importantly, many studies utilised fluorescently labelled particles or retrospective tissue
analysed prone to contamination, dye leaching, and aggregation artefacts, calling for rigor-
ous experimental controls and caution in interpreting particle presence as BBB translocation.
This study addressed the potential toxicity of PS-NP on NVU cells, utilising human cerebral
microvascular endothelial cells, human primary astrocytes and pericytes. The toxicity of
PS-NPs with different chemical surface properties (pristine, carboxylated and aminated)
and sizes (50 nm and 100 nm) on NVU cell lines was tested after 48 h of treatment. Cell
viability assays identified carboxylated (negatively charged) 50 nm PS-NPs as the most

https://doi.org/10.3390 /microplastics5010035


https://doi.org/10.3390/microplastics5010035

Microplastics 2026, 5, 35

30f22

toxic across the three assessed NVU cell types, whereas larger and differently modified
particles affected cell viability only modestly at the highest concentrations applied.

Additionally, fluorescently labelled NPs were used to visualise cellular uptake in
brain endothelial cells, astrocytes and pericytes after 48 h and revealed cell-type-dependent
differences in NP uptake.

The effects of PS-NPs on BBB functionality were assessed by evaluating barrier in-
tegrity using two ThinCert® models, one based on hCMEC/D3 cells and the other one on
hiPSC-BCELCs. Surprisingly, cells responded to NP treatments by up- or downregulation
of transendothelial electrical resistance (TEER), depending on treatment duration (24, 48 h)
and particle properties. Finally, potential changes in gene expression induced by NP expo-
sure were analysed by high-throughput qPCR, revealing a number of differently expressed
transcripts depending on the cell model and the applied NP types.

2. Materials and Methods
2.1. Nanoparticles

Six types of PS-NPs were used: Polybead® Microspheres 0.1 ytm (#00876; Polysciences,
Inc., Washington, PA, USA), Polybead® Carboxylate Microspheres 0.1 um (#16688; Poly-
sciences), Polybead® Amino Microspheres 0.1 um (#16586; Polysciences), Polybead® Mi-
crospheres 0.05 um (#08691; Polysciences), Polybead® Carboxylate Microspheres 0.05 ym
(#15913; Polysciences), and DiagPoly amine polystyrene particles 0.05 um (#DFO-L027; CD
Bioparticles, Shirley, NY, USA). The particles were stored at 4 °C.

2.1.1. Particle Measurements

Aliquots of particles in 1.5 mL HPLC glass vials closed with parafilm and secured on
a styrofoam holder underwent a ten-minute treatment in an ultrasound bath at 35 kHz
without heat. Subsequently, to discern particle characteristics within distinct cell culture
media, NPs were diluted to 100 ng/mL in deionised water and cell media, incubated for
48 h at 37 °C, 5% CO,, 95% air atmosphere, and 95% humidity. After incubation, samples
were further diluted in deionised water immediately before measurement to achieve an
optimal particle concentration of 50-200 particles per frame, which was maintained for
all NTA measurements, including cell culture experiments, to ensure tracking accuracy
and reproducibility. This dilution step was performed solely for analytic purposes and did
not affect the original incubation concentrations. Measurements were conducted using a
Nanoparticle Tracking Analyser (NTA; PMX-420-12F-R5, ZetaView® Quatt; Particle Metrix
GmbH, Inning am Ammersee, Germany). Size measurements of 50 nm and 100 nm particles
were conducted at 25 °C with a 520 nm laser wavelength, shutter set to 100, and a frame
rate of 15. Sensitivity was set to 75 for 50 nm particles and 60 for 100 nm particles. For zeta
potential, 100 nm NPs were assessed at 25 °C with a 488 nm laser, 60 sensitivity, shutter at
100, and frame rate of 15, while 50 nm particles were measured with a sensitivity of 75.

For NP-cell interaction experiments, labelled fluorescent particles were measured with
a 640 nm laser and 660 nm filter cut-off at 25 °C using the following parameters: sensitivity
set to 100, shutter at 32, and frame rate of 15. When adaptations were necessary due to a
high fluorescent background, the shutter was raised to 100.

2.1.2. Ultrasonic Pre-Treatment and Sterilisation of Nanoparticles for Cell Interaction Studies

Prior to cell experiments, NP aliquots (with an additional 10%) underwent ultrasonic
pre-treatment as described in Section 2.1.1. They were then transferred to sterile spectro-
scopic glass cuvettes placed under a laminar flow hood with 15 W UV lamps (distance
specified in Figure S1) for a 30 min sterilisation.
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2.1.3. Labelling of Nanopolystyrene with Atto665 Carboxylated Dye

For the uptake study, NP aliquots were sonicated for 10 min (see Section 2.1.1), then
diluted to 1 mg/mL in deionised water and incubated with 6 pg/mL Atto665 carboxylated
dye (#AD 665-21; Atto-TEC GmbH, Siegen, Germany) at RT on a shaker at 100 rpm for
2 h. The dispersions were then transferred to D-Tubes™ Dialyzer Maxi, MWCO 3.5 kDa
(#71508-3; Millipore, Sigma-Aldrich®, St. Louis, MO, USA), placed in a styrofoam holder
within a 5 L beaker containing 2 L of deionised water. The dialysis ran for 5 days with daily
water change.

2.2. Cell Culture

All cells were cultured in tissue culture plates and flasks at 37 °C, 5% CO,, 95% air
atmosphere, and 95% humidity. RhCMEC/D3 cells (#5CC066, Merck Millipore, Darmstadt,
Germany) were maintained in EBM-2 (#CC3156; Lonza, Basel, Switzerland) supplemented
with 5% FBS (#F9665; Sigma-Aldrich), 100 U/mL Penicillin, 100 ng/mL Streptomycin
(1% P/S; #P4333; Merck, Darmstadt, Germany), 10 mM HEPES (#H0887; Sigma-Aldrich),
5 ng/mL ascorbic acid (#A4544; Sigma; stock solution: 1 mg/mL ascorbic acid in EBM-2
medium), and 1 ng/mL human-basic fibroblast growth factor (hbFGF; #F0291; Sigma-
Aldrich; stock solution: 200 ng/mL hbFGF in DPBS containing 0.1% BSA). Cells were
plated on 0.5% gelatine-coated tissue flask (30 min at RT; #G7041; Sigma-Aldrich) and split
weekly at a 1:3 ratio.

Human primary astrocytes (#5C-1800-5, Provita AG, Berlin, Germany) and pericytes
(#5C-1200, Provita AG) were grown in astrocyte or pericyte medium (#5C-1801, #5C-1201;
Provita AG) supplemented with 2% FBS (#0010; ScienCell, Carlsbad, CA, USA), 1% P/S,
and 1% astrocyte or pericyte growth supplements (#1852, #1252; ScienCell). Cultures were
maintained in cell culture flasks coated with 0.15% poly-L-lysine (1 h at 37 °C; #0413;
ScienCell), split weekly, and seeded at 6.9 x 103 cells/cm?.

The SBAD0201 cell line had been generated by IMI StemBANCC, and was kindly
provided by Dr Zameel Cader, University of Oxford, and followed a neuro-endothelial
co-differentiation protocol adapted from previous publications [17,18]. Human-induced
pluripotent stem cells (hiPSC) were cultured on Matrigel-coated 6-well plates (#354230;
Corning, Corning, NY, USA; #140675; Nunc™, Thermo Fisher Scientific, Waltham, MA,
USA), passaged, and seeded at 7.5 x 10° cells/cm?. After expansion in mTeSR-1 medium
(#85850; Stemcell Technologies, Vancouver, BC, Canada), cells were treated for 6 days with
unconditioned medium for neuro-endothelial co-differentiation. Cells were then cultured in
human endothelial SFM (#11111-044; Gibco™, Sigma-Aldrich) with additives. ThinCert®
inserts (0.336 cm? /ingert area, 0.4 um pore size; #662160; Greiner Bio-One, Kremsmiinster,
Austria) were coated with collagen IV (0.4 mg/mL; #C5533; Sigma-Aldrich; the lyophilised
powder was dissolved in 0.005% acetic acid at 4 °C overnight to 1 mg/mL collagen IV
stock solution) and fibronectin (0.1 mg/mL; #F1141; Sigma) in 24-well plates (#662160;
Greiner Bio-One) and incubated overnight at 37 °C, 5% CO,, 95% air atmosphere, and 95%
humidity. Next, on day 8, inserts were washed twice with sterile filtered distilled H,O,
and cells were detached and reseeded at 10° cells/cm?. To reduce NP agglomeration, the
medium was changed to VascuLife® (#LM-0002; CellSystems, Troisdorf, Germany) with 1%
Platelet-poor plasma-derived serum (PDS; BT-214-10; Bioquote Ltd., York, UK) on day 9.
Cells were differentiated for particle experiments by day 10.

SH-SY5Y neuroblastoma cells were cultured in DMEM /F12 (1:1) (#21331-020; Gibco™,
Sigma-Aldrich) with 10% FBS, 1% P/S, 2 mM L-Glutamine (1% L-Glut; #25030-081; Gibco™,
Sigma-Aldrich). Cells were subcultivated at a 1:6-1:8 ratio before reaching confluence.
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2.3. Cell Viability Measured with MTT

hCMEC/D3 cells were seeded at 4 x 10* cells/cm? in 0.5% gelatine-coated 96-well
plates (#655180, Greiner Bio-One), while human primary astrocytes and pericytes were
seeded at 6.9 x 10° cells/cm? on poly-L-lysine-coated plates (#0413; ScienCell). Media
were changed on days 2 and 5 after seeding. On day 5, hCMEC/D3 cells received medium
with 0.25% FBS, while astrocytes and pericytes continued with full maintenance medium.
On day 6, UV-sterilised NPs in basal media (hCMEC/D3: from EBM-2 to VascuLife®,
astrocytes/pericytes: respective media) were applied at 1, 3, 10, 30, 100, and 300 pug/mL,
with medium (basal VascuLife®) and vehicle controls (basal VascuLife® with deionised
water). Cells were incubated for 48 h at 37 °C, 5% CO,, 95% air atmosphere, and 95%
humidity. An MTT assay (0.25 mg/mL of MTT in DPBS; #M2128, Sigma, #14190-094, Gibco)
was used for cell viability assessment, with a 2 h incubation, followed by a wash with
200 pL ice-cold DPBS/well and lysis with 100 pL. DMSO (#A994.2; Carl Roth, Karlsruhe,
Germany). After 10 min incubation at 37 °C, 5% CO,, 95% air atmosphere, and 95%
humidity, absorbance was measured at 570 nm on a plate reader (Multimode Plate Reader
EnSpire 2300, Perkin Elmer, Waltham, MA, USA).

Prior to differentiation (day 0), SH-SY5Y cells were seeded at 10* cells/cm? in 0.5%
gelatine-coated 96-well plates. Differentiation occurred in two phases: on day 1, growth
medium was replaced by “differentiation medium 17 (DMEM/F12 (1:1) basal medium with
15% FBS, 1% P /S, 1% L-Glut and 10 uM retinoic acid (RA; #722262, StemCell Technologies)),
which was changed on day 4 again. In the second phase, on day 6, medium was changed
to “differentiation medium 2” (DMEM/F12 (1:1) supplemented with 1% P/S, 1% L-Glut
and 50 ng/mL brain-derived neurotrophic factor (BDNF; #450-02, PeproTech, Rocky Hill,
NJ, US). On day 8, a second medium change with differentiation medium 2 was done.
On day 10, differentiated cells underwent the above-described protocol: NP treatment in
basal medium for 48 h, followed by MTT assay. Differentiation efficiency was confirmed in
preliminary experiments by increased MAP2 expression. All NP exposures were evaluated
relative to internal vehicle controls to ensure consistency across experiments.

2.4. Uptake Study of Fluorescently Labelled Nanoplastic

Cells were cultured on precoated 12 mm glass coverslips (gelatine for h\CMEC/D3;
poly-L-lysine for astrocytes and pericytes; #550.012-C; Lab Comercial, Barcelona, Spain)
at seeding densities of 4 x 10* cells/cm? for hCMEC/D3 and 6.9 x 10% cells/cm? for
astrocytes and pericytes. Media changes followed the protocol in Section 2.3. On day 6, UV-
treated fluorescently labelled NPs were applied to cells at 10 pg/mL, with a 48 h incubation
at 37 °C, 5% CO,, 95% air atmosphere, and 95% humidity, followed by fluorescent staining.

2.5. Fluorescent Staining

Cells were fixed with 4% paraformaldehyde (#158127, Sigma-Aldrich) in DPBS for
15 min, blocked with 0.5% fish gelatine (#G7041, Sigma) in DPBS (immunofluorescent, IF
block), and stored overnight at 4 °C. They were then permeabilised with 0.5% Triton X-100
(#18787, Sigma-Aldrich) in DPBS for 5 min, incubated in IF block for 15 min, and stained
with Coralite® Plus 488-Phalloidin (1:2000, #PF00001; ProteinTech Group, Sankt Leon-Rot,
Germany) in IF block for 1 h, protected from light. After three DPBS washes, 1 ug/mL DAPI
(#6843.1, Carl Roth) in ultrapure water (Milli-Q®, MQ) was applied, followed by a final
MQ water wash. Samples were mounted using quick-hardening EverBrite™ Mounting
Medium (#23003, Biotium, Inc., Fremont, CA, USA). Images were acquired with a Zeiss
LSM?700 confocal microscope (Carl Zeiss AG, Jena, Germany; plan-apochromat 63 x /1.40
oil objective, diode lasers 405, 555, 639; laser power: 1%, 2%, 1%, detector gain: 520, 550,
550) and processed with Fiji (Image J 1.54p, Java 21.0.7, NIH, USA).
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2.6. Transendothelial Electrical Resistance Measurements

hCMEC /D3 cells were seeded at 4 x 10* cells/cm? on collagen IV-(0.04 mg/mL) and
fibronectin (0.1 mg/mL)-coated ThinCert® inserts (0.336 cm? /insert area, 0.4 um pore size)
in 24-well plates, incubated at 37 °C for 4 h, and washed three times with PBS. Media
changes followed Section 2.3. On day 6, the medium was refreshed with basal VascuLife®,
and transendothelial electrical resistance (TEER) measurements were conducted after a
40 min incubation at RT, followed by sterilised NP application in basal VascuLife® (single
types at several concentrations or multiple types at 100 pg/mL). Each setup included
vehicle controls and blanks (medium only without cells). TEER was measured immediately
post-NP application and again at 24 and 48 h.

The hiPSC-BCELCs followed a similar protocol: after differentiation on inserts
(Section 2.2), cells were conditioned in VascuLife®, and initial TEER was measured. NP
dispersions were applied, including an additional control with VascuLife® and 1% PDS.
TEER measurements were taken immediately, at 24 and then at 48 h post-treatment.

For TEER analysis, average blank values without cells were subtracted from each data
point, then multiplied by the insert membrane area. For TEER blank inserts during each
experiment, the according experimental medium was used, since preliminary experiments
assessing whether added NPs influence the TEER value did not result in significant differ-
ences. Biological replicates were averaged, and standard deviations were calculated. TEER
values were expressed as a percentage relative to the vehicle control average.

2.7. High-Throughput Quantitative Real-Time PCR

For RNA isolation, the AllPrep DNA/RNA /Protein Mini kit (#80004; Qiagen, Venlo,
The Netherlands) was used according to the manufacturer’s instructions. Cells were har-
vested in RLT buffer with 1% freshly added 3-mercaptoethanol (#60-24-2; Sigma-Aldrich),
and lysates from three to four inserts per treatment were pooled and frozen at —80 °C.
As previously described in detail [19], RNA was purified, and its concentration and qual-
ity were assessed using the Nanodrop™ ND 2000 spectrophotometer (Thermo Scientific;
PEQLAB Biotechnologie GmbH, Erlangen, Germany). Samples were stored at —80 °C
until use.

For cDNA synthesis, 250 ng of RNA was converted to 20 pL cDNA using the High-
Capacity Reverse Transcriptase Kit (#4368814; Applied Biosystems™, Thermo Scientific).
To concentrate targets, pre-amplification was conducted with primers at tenfold concentra-
tion along with Qiagen Mastermix and HotStar Plus Taq Polymerase (#203603; Qiagen),
as previously described [20-22]. High-throughput qPCR was performed on a Biomark™
System (Fluidigm®) with pre-amplified cDNA in 96 sample x 96 target chips, targeting
housekeeping genes and BBB-related genes (Table S1). Threshold cycle (Ct) values were
normalised to the housekeeping gene PPIA, and relative quantification was done with
the 272t method. Differential gene expression, illustrated as a log2-fold change heatmap
of treated versus control samples, was visualised with hierarchical clustering in Qlucore
Omics Explorer 3.8 (Qlucore, New York, NY, USA).

2.8. Statistics

Statistical analyses were performed with GraphPad Prism 8 (Dotmatics, Boston, MA,
USA). All figures display mean values with standard deviations (SD).

For cell viability, statistical significance was determined by one-way ANOVA on ranks
(Kruskal-Wallis) with a 95% confidence interval. TEER data were analysed with a mixed-
effects model (compound symmetry covariance, fitted using residual maximum likelihood;
REML), followed by Tukey’s multiple comparisons. Gene expression data, following a

2—ACt

lognormal distribution, used log-transformed values for comparisons. To compare
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multiple genes between two test groups, means were compared by the non-parametric
ranking test, Kruskal-Wallis’s test, followed by Dunn’s multiple comparison post hoc test.

3. Results
3.1. Hydrodynamic Diameter of Nanopolystyrene Increases in Cell Culture Media

To characterise the surface charge (zeta potential) and hydrodynamic size of six PS-
NPs in deionised water, NTA measurements were conducted. All particles exhibited a
negative charge, with zeta potentials between —28.51 and —53.94 mV, and were in the
expected size range (with technical deviations) as provided by the manufacturer (Table 1).
Table 1. Characterisation of median hydrodynamic particle size (along with the span of particles’
diameter) and surface charge (zeta potential) of unstained nanopolystyrene particles (100 pg/mL)
dispersed in deionised water by NTA. Each value is shown as mean + SD, n = 3. P, pristine; C,
carboxylated; A, aminated.

Nanopolystyrene = Median Size (nm) Span (nm) Zeta Potential (mV)
PSP 100 nm 124.83 £+ 2.12 92.87 4+ 45.53 —44.74 4+ 16.50
PS C 100 nm 109.43 £+ 2.42 54.00 4+ 28.44 —53.94 4+ 17.58
PS A 100 nm 117.87 £+ 4.38 62.87 £+ 38.49 —44.90 £+ 2.80

PS P 50 nm 81.90 £+ 7.36 53.07 £ 3.11 —32.56 + 15.92
PS C 50 nm 64.43 £ 2.11 49.20 £ 7.54 —48.62 £+ 20.30
PS A 50 nm 65.47 £ 6.99 57.67 + 15.63 —28.51 £ 27.71

Since PS-NPs may change chemical and/or physical properties when incubated in
biological media for a prolonged time, their dispersion in the following cell culture media
was tested: endothelial growth media EBM-2 and VascuLife® (VL); astrocyte and pericyte
media (AM and PM); and MQ water served as control. Results (Tables S2-54) showed that
the hydrodynamic diametre of unstained PS 100 nm particles had increased approximately
30% in EBM-2 after 48 h incubation, while no increase was observed in MQ, VascuLife®,
AM and PM medium. Hence, for further experiments with endothelial cells, VascuLife®
medium was used instead of EBM-2 during the NP incubations. To optimise fluorescent
labelling of PS-NPs with Atto665, three dye concentrations (2, 6, and 20 pug/mL) were
tested on 100 nm pristine particles at a concentration of 1 mg/uL. Relative fluorescence
measurements, after removal of free dye, showed increased fluorescence up to 6 ug/mL;
therefore, 6 ug/mL was selected as the staining concentration for all subsequent experi-
ments (Figure S2). Free-dye controls included in our fluorescence staining study showed
negligible fluorescence, confirming that the Atto665 dye specifically stains nanoparticles.
Fluorescently stained PS 100 nm particles exhibited increased diameters after 48 h in all
media as compared to MQ. Furthermore, upon dispersal in media, higher hydrodynamic
diameters were observed in all 50 nm PS-NP samples, regardless of surface chemistry and
incubation time.

3.2. Surface Chemistry and Particle Size Differently Affect Cell Viability of NVU Cells

The impact of PS-NPs on cell viability in BECs (hCMEC/D3), human primary astro-
cytes, and pericytes was evaluated after exposure to pristine, carboxylated, or aminated
particles with different sizes (50 nm, 100 nm). The particles were applied at concentrations
from 1 to 300 pg/mL for 48 h. 100 nm pristine and carboxylated PS-NPs had no measurable
effect on cell viability, only 100 nm aminated NPs led to a 12% decrease in viability at high
concentrations (Figure 1a,c,e), whereas 50 nm PS-NPs significantly reduced hCMEC/D3
cell viability by 7% (pristine), 100% (carboxylated), and 38% (aminated) at the applied
concentration of 300 ug/mL (Figure 1b,d,f).
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Figure 1. Effects of polystyrene (PS) nanoparticles on hCMEC /D3 cell viability after 48 h of incubation.
(a,c,e) Viability after treatment with 100 nm PS nanoparticles; (b,d,f) viability after treatment with
50 nm PS nanoparticles, determined by MTT assay. Outliers were removed using Grubb’s test. Results
are presented as percentage relative to the vehicle control; values represent mean + SD, N = 10-18
(3-6 replicates per condition per experiment), n = 3. Data were analysed via one-way ANOVA on
ranks (Kruskal-Wallis) with 95% confidence interval, followed by Dunn’s multiple comparisons test
(*p <0.05,** p <0.01, *** p < 0.001, **** p < 0.0001). P, pristine; C, carboxylated; A, aminated.

In human primary astrocytes, cell viability (or metabolic activity of cells) increased by
up to 32% after exposure to 100 nm PS at 100 ng/mL for 48 h (Figure 2a). A similar effect
was observed for 50 nm particles: both pristine and aminated PS significantly increased
cell viability at 100 pug/mL (Figure 2d—f), whereas 300 pug/mL pristine 50 nm PS led
to a reduction by 48%, and 50 nm carboxylated particles decreased viability to 34% at
100 pg/mL (Figure 2b—d). The highest applied concentration of 100 nm aminated PS led to
a 16% viability decrease, while 50 nm aminated particles had no effect (Figure 2e,f).
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Figure 2. Effects of polystyrene (PS) nanoparticles on human primary astrocyte cell viability after
48 h of incubation. (a,c,e) Viability after treatment with 100 nm PS nanoparticles; (b,d,f) viability after
treatment with 50 nm PS nanoparticles, determined by MTT assay. Outliers were removed using
Grubb’s test. Results are presented as percentage relative to the vehicle control; values represent
mean + SD, N = 10-18 (3-6 replicates per condition per experiment), n = 3. Data were analysed via
one-way ANOVA on ranks (Kruskal-Wallis) with 95% confidence interval, followed by Dunn’s multi-
ple comparisons test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). P, pristine; C, carboxylated;
A, aminated.

Cell viability of human primary pericytes was reduced by 100 nm pristine and car-
boxylated PS at 300 pg/mL by 9% and 18%, respectively; aminated particles caused a
similar decrease by 16-18% (Figure 3a—c). Consistent with previous results, 50 nm particles
demonstrated higher toxicity: pristine PS reduced viability by up to 24%, carboxylated
caused near-total cell death at 300 ug/mL, and aminated PS led to a 32% reduction at the
same concentration (Figure 3d—f).
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Figure 3. Effects of polystyrene (PS) nanoparticles on human primary pericyte cell viability after 48 h
of incubation. (a,c,e) Viability after treatment with 100 nm PS nanoparticles; (b,d,f) viability after
treatment with 50 nm PS nanoparticles, determined by MTT assay. Outliers were removed using
Grubb’s test. Results are presented as percentage relative to the vehicle control; values represent
mean + SD, N = 9-18 (3-6 replicates per condition per experiment), n = 3. Data were analysed via one-
way ANOVA on ranks (Kruskal-Wallis) with 95% confidence interval, followed by Dunn’s multiple
comparisons test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). P, pristine; C, carboxylated;
A, aminated.

3.3. Uptake of Stained Nanopolystyrene Particles Is Cell Model-Dependent

In order to visualise and compare the uptake of particles by hCMEC/D3, astrocytes
and pericytes, 100 nm pristine, 50 nm carboxylated and 100 nm aminated NPs were selected.
For fluorescent detection, the particles were stained with Atto665 and characterised by
NTA. In comparison to the unstained particles, stained NPs exhibited larger hydrodynamic
diametres and increased agglomeration in cell culture media (Tables 52-54).
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For microscopic analysis, hCMEC/D3 cells, human primary astrocytes and pericytes
were cultured on glass cover slips and exposed to the labelled NPs for 48 h before fixation
and counterstaining of DNA and actin cytoskeleton. Confocal images revealed that next to
small uptaken particles, especially the 50 nm carboxylated and 100 nm pristine particles
seemed to have settled as large agglomerates mostly on the cells’ surface, while 100 nm
aminated particles showed less localisation in clusters and, hence, might have been more
easily internalised (Figure 4c, white arrows).

(

QO
N

100 nm pristine

—~~
(*))
N

50 nm carboxylated

—~~
(2]
~—"

100 nm aminated

Figure 4. Confocal fluorescence images showing uptake of selected PS nanoparticles (PS-NPs) by
hCMEC/D3 cells after 48 h: (a) 100 nm pristine PS-NPs; (b) 50 nm carboxylated PS-NPs; (c) 100 nm
aminated PS-NPs. Each panel (a—c) contains three images: a top view showing all channels merged
(left), and top and bottom z-stacks representing apical and basal views (right). Green: phalloidin
staining for actin filaments (cytoskeleton); pink: nanopolystyrene; blue: DAPI staining for cell nuclei.
Scale bar: 10 um.

Similar observations were made in astrocytes and pericytes (Figures S3a—c and S4a—c).
Formation of larger aggregates of particles may have been influenced by the respective cell
media and the chemical modification introduced by the fluorescent label. Due to the pro-
nounced agglomeration observed in several media conditions, it was not methodologically
feasible to distinguish single from agglomerated particles and, consequently, to quantify
the proportion between them. Interestingly, only in pericytes treated with 100 nm aminated
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NPs, cells containing micronuclei were detected, which could be indicative of direct or
indirect DNA damage caused by the particles (Figure S4c, white arrows).

3.4. Nanoplastic Size and NP Staining Affect the Blood—Brain Barrier Integrity In Vitro

Two different in vitro ThinCert® BBB models were exposed to the three selected PS-
NPs. The first model was based on human cell line hCMEC/D3 exhibiting moderate
barrier tightness, whereas the second was based on hiPSC-BCELCs with significantly
higher TEER values reflecting more in vivo-similar conditions with regard to paracellular
barrier tightness.

Unstained PS particles had minimal impact on TEER of hCMEC /D3 cells, except for
carboxylated 50 nm, which caused a 34% TEER decrease after 48 h (Figure 5a), correspond-
ing to the previously observed effects on cell viability. Among stained particles, animated
PS-NPs significantly reduced TEER by 22% from initial values (Figure 5c), while stained
pristine and carboxylated PS initially raised TEER, which stabilised by 24 h. Altogether,
unstained 50 nm carboxylated and stained 100 nm aminated PS exerted substantial (positive
and negative) effects on hCMEC /D3 cell barrier integrity.

In hiPSC-BCELC layers, unstained PS particles showed similar effects. PS carboxylated
50 nm significantly reduced TEER by 38% relative to the control and by 46% compared
to initial TEER values (Figure 5b). Stained PS-aminated particles decreased TEER by 34%
(control) and 43% (initial values) after 48 h (Figure 5d). Consistent with hCMEC /D3 results,
unstained 50 nm carboxylated and stained 100 nm aminated PS had the strongest impact
on hiPSC-BCELC barrier integrity.

3.5. Endothelial Cells Responded to Carboxylated NP Treatment on mRNA Expression Level

To determine if mRNA expression of genes relevant for BBB functionality was affected
by 48 h PS-NP exposure, hCMEC /D3 cells and hiPSC-BCELCs were lysed directly after
TEER measurements.

In hCMEC/D3 cells, unstained and stained 50 nm carboxylated PS treatment led to
downregulations of gene transcripts important for barrier function and integrity (Figure 6a),
such as claudins: claudin-1 (unstained: 0.29-fold, stained: 0.32-fold), claudin-5 (0.29-fold,
0.42-fold), claudin-7 (0.37-fold, 0.34-fold), and claudin-9 (0.35-fold, 0.3-fold). Furthermore,
transcripts essential for cell-cell junction formation, occludin (0.35-fold, 0.55-fold), ZO-1
(0.5-fold, 0.51-fold), and VE-Cadherin (unstained: 0.39-fold) were affected, aligning with
the observed TEER reductions (Figure 5a). Only a few changes were found in samples
treated with unstained 100 nm pristine and aminated PS NPs, including claudin-5 (pristine:
0.67-fold) and VE-Cadherin (pristine: 0.77-fold) (Table S5).
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Figure 5. Effects of 48 h treatment with 100 pg/mL of selected PS nanoparticles (PS-
NPs) on blood-brain barrier integrity. (a,b) Unstained PS-NPs; (c,d) stained PS-NPs. (a,c)
hCMEC/D3 cells; (b,d) hiPSC-derived brain capillary endothelial-like cells (hiPSC-BCELC), as-
sessed by TEER measurements. Results are presented as percentage relative to the control
with vehicle. The outliers were eliminated by performing Grubb’s tests. Value of each col-
umn is shown as mean + SD, N=6-13, n = 3. Absolute starting (‘Before’) TEER values
(mean + SD) for ‘Control + vehicle’” groups were: for hCMEC/D3 (stained and unstained) =
14.71 + 4.96 O x m?2, for hiPSC-BCELC (unstained) = 6336.56 + 949.95 () x cm?, and for hiPSC-
BCELC (stained) = 1975.70 & 686.18 Q) x cm?. Data were established via mixed-effects model
(REML—residual maximum likelihood) with confidence interval of 95% due to the unbalanced
data set. The model fitting was followed by Tukey’s multiple comparisons tests (* p < 0.05, ** p < 0.01,
***p <0.001 and # p < 0.05, ## p < 0.01, ##H# p < 0.001). P, pristine; C, carboxylated; A, aminated.
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Figure 6. Heatmap and hierarchical clustering of mRNA expression in endothelial cells treated
with selected PS nanoparticles (PS-NPs). (a) hCMEC/D3 cells; (b) hiPSC-derived brain capillary
endothelial-like cells (hiPSC-BCELCs) treated with unstained and stained (ST) versions of three
PS-NPs. Threshold cycle (Ct) values were normalised to the endogenous housekeeping genes (PPIA)
relative to the vehicle control in VascuLife® (VL + H20). The colour code legend is formatted in log
scale. Using the colour scale “viridis,” the X-fold expression of the mean values of three independent
experiments is shown, with 2 (yellow) denoting a high expression and —2 (purple) denoting a low
expression value. Data are presented as mean + SD, N = 2-3, n = 2-3. P, pristine; C, carboxylated;
A, aminated.
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Concordantly, also in hiPSC-BCELCs, only 50 nm carboxylated PS particles caused
downregulation in genes linked to BBB integrity, including tight and adherens junction pro-
teins claudin-11 (unstained: 0.48-fold) and VE-Cadherin (unstained: 0.39-fold) (Table S6).
Other PS-NPs did not cause significant changes in the expression of the assessed genes.
Across both BBB models, hierarchical clustering confirmed that unstained 50 nm carboxy-
lated PS had the most substantial impact on mRNA expression, reflecting its toxicity and
effect on barrier integrity (Figure 6a,b).

4. Discussion

Micro- and nanoplastics are increasingly abundant in the environment [23]. They may
enter the human body, penetrate biological membranes, and persist over time [24]. Due to
their smaller size, nanoplastics pose a greater toxicity risk than microplastics [8,25]. The
evidence of plastics, primarily PET and PS, in human blood has raised concerns about their
ability to cross the BBB and potential adverse effects on NVU cells, and, consequently, cause
further damage to neuronal cells [4]. This study investigated the impact of 50 and 100 nm
sized PS-NPs with three chemical surface properties (pristine, carboxylation, amination) on
human NVU cells: BECs, astrocytes and pericytes. Cell viability, fluorescently labelled PS-
NP uptake, BBB integrity, and gene expression were analysed following PS-NP exposure.

NP characterisation involved measuring zeta potential and hydrodynamic diameter.
While zeta potential served as a surface charge indicator, variations in functional group
ratios across batches could make it challenging to standardise surface charge, and dispersing
cell culture media further affected particle charge. Although aminated particles are expected
to carry a positive charge, factors such as residual negatively charged sulfate ester groups
from manufacturing (Polysciences Inc., Warrington, PA, USA; Technical Data Sheet 1002),
adsorption of anionic biomolecules in cell culture media, and pH-dependent deprotonation
can lead to observed negative or less positive zeta potentials under experimental conditions.
Significant deviations in zeta potential from values from the literature were observed, likely
due to differences in media composition, NP concentration, labelling, production, and
measurement techniques [26,27].

Hydrodynamic diameter estimation is vital, as particle size correlates with nanotoxi-
city [8,25]. Importantly, EBM-2 medium promoted NP agglomeration; hence, an alterna-
tive endothelial medium, inducing less agglomeration, VascuLife®, was used throughout
this study. Banerjee et al. reported significant size increases for PS 50 nm pristine (non-
functionalised), 50 nm carboxylated and 100 nm aminated particles by 74-fold, 33-fold,
and 37-fold after 24 h at 37 °C [27], confirming their agglomeration tendencies in the com-
monly used cell culture medium RPMI. One possible explanation could be the tendency
of nanoparticles to agglomerate [9], further influenced by medium composition and the
formation of protein coronas that can alter colloidal stability, surface charge, and ultimately
NP-cell interactions. The adsorption of biomolecules onto NP surfaces can stabilise or
destabilise dispersions depending on the corona composition, thereby influencing agglom-
eration behaviour and potentially modulating cellular responses and binding of protein-NP
complexes through changes in particle structural integrity, identity and recognition [28,29].

PS-NPs were reported to impact cell viability by binding strongly to lipids, disrupting
membrane integrity, and increasing paracellular permeability [30]. To comprehensively
assess the effects of size and surface charge, PS pristine, carboxylated, and aminated NPs
(100 nm and 50 nm) on cell viability of hCMEC/D3 cells, human primary astrocytes, and
pericytes were tested via MTT assay. In hCMEC/D3, all three types of 50 nm PS-NPs,
as well as PS 100 nm aminated and carboxylated NPs, reduced viability at the highest
concentrations (100-300 pg/mL) applied in VascuLife®. In a related study using EBM-2
medium, PS 42 nm decreased hCMEC /D3 viability by 70% at 200 ug/mL after 24 h [31].
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As expected, smaller particles revealed stronger effects on cell viability; however, contrary
to the existing literature, carboxylated PS showed higher toxicity than aminated PS [26,32].

PS-NPs have the potential to interact with other biological barriers through direct
contact with epithelial or endothelial cells or via distribution in the bloodstream. Consistent
with our BBB cell viability findings, Wei et al. observed significant viability loss in human
umbilical vein endothelial cells (HUVECs) exposed to 30 nm carboxylated and aminated
PS-NPs at 50 pg/mL after 6 h, and 500 ng/mL after 3 h [33]. Similarly, size-dependent
cytotoxicity in A549 alveolar epithelial cells was reported, where smaller PS-NPs rapidly
accumulated and affected viability at 25-30 pg/mL, while larger particles decreased viabil-
ity only at concentrations above 160-300 pg/mL after 24 h [7]. Dose-dependent viability
reductions were found in lung epithelial cells (BEAS-2B, HPAEpiC) exposed to 40 nm
pristine PS at 1040 pg/ cm? (32-128 ng/mL) for 24 h [34].

In the current study, NVU cells exhibited similar sensitivity corresponding to the
size and surface chemistry of the applied NPs. In astrocytes, carboxylated PS had the
strongest impact on viability, followed by pristine PS 50 nm and aminated PS 100 nm
at 100 and 300 ng/mL. All PS types reduced pericyte viability, with minor reductions
for 100 nm particles (9-18%), and more substantial impacts for 50 nm particles (24—-67%).
Notably, carboxylated 50 nm PS proved to be lethal at 300 pg/mL. These results aligned
with a study on NVU cells, which tested amine-modified 200 nm polystyrene beads on
primary human brain endothelial cells, astrocytes and pericytes up to a concentration
of 200 ng/mL [35]. Data revealed no significant effects on brain endothelial cells after
24 or 72 h, but showed a decrease in cell viability by about 20 to 25% for the highest
concentration treating astrocytes and pericytes. In another study, SH-SY5Y neuroblastoma
cells were treated with pristine 50 nm PS, resulting in a significant viability reduction at
50 and 500 pg/mL after 48 h [36]. The vulnerability of SH-SY5Y cells to carboxylated
50 nm PS was confirmed in this work as well (Figure S5). While the most pronounced
effects on NVU cells were observed at higher concentrations (>100 pg/mL), the applied
concentration range also included environmentally relevant doses (1-3 ug/mL), which did
not induce detectable toxicity. Nevertheless, as real-world exposures are likely to happen
chronically at low levels, potential cumulative and adaptive cellular responses warrant
further investigation to better contextualise these findings.

In contrast, some models did not reveal cytotoxic effects of NPs. Minimal effects (<3%)
were reported in a lung epithelial cell model (MucilAir™) exposed to pristine PS 50 and
100 nm particles at 1 mg/mL after 24 and 48 h [37]. Similarly, carboxylated 50 nm PS-NPs
had no impact on cell viability in intestinal (Caco-2/HT29) and placental (BeWo b30 cell
line) barrier models up to 100 pg/mL after 24 h [38]. These divergent results highlight
model-specific and methodological variability in cytotoxic responses to NPs.

Microscopic evaluation of fluorescently labelled PS particles supported previous
findings, showing that surface chemistry, particle size, and medium composition may
also influence, amongst other properties, nanoparticle agglomeration. While fluorescent
labelling was used to track NP uptake, it may alter NP surface properties and colloidal
stability, potentially influencing cellular interactions. The particles for the labelling were
chosen based on relevance: pristine PS was used as a standard due to its extensive prior
testing, the 50 nm carboxylated PS was included due to its notably harmful effects observed
on all tested cell lines, and the 100 nm aminated PS was selected to cover the missing surface
chemistry type. Comparing, in this study, the effects of the selected labelled particles on
cell viability of hCMEC/D3 cells (Figure S6) with the corresponding non-labelled particles
(Figure 1) revealed altered impacts of the stained particles. For example, the harmful effect
of PSC 50 nm particles was reduced after the labelling. Similarly, a decrease in barrier
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integrity determined by TEER was not detected with the labelled PSC 50 nm particles
anymore (Figure 5).

In hCMEC/D3 cells (in VascuLife® medium), pristine 100 nm and carboxylated 50 nm
particles appeared to settle as large clusters on top of the cell layer, while aminated 100 nm
particles might have stayed dispersed. In pericytes, aminated 100 nm PS particles seemed
to form smaller agglomerates, which might as well correspond to higher uptake levels.
Interestingly, in these samples, more micronuclei were observed, indicating that DNA
damage had occurred. Whether this was a direct or indirect effect of the applied NPs
remained to be determined.

In recent years, the potential penetration of PS-NPs across the BBB has been a topic of
ongoing discussion. Few studies have suggested that fluorescently dyed PS-NPs can breach
the BBB under certain conditions. Evidence of BBB penetration in mice in vivo, detecting
orally administered fluorescent PS micro- and nanoparticles (MNPs) in brain samples
within two hours using fluorescence microscopy was reported [15]. As a counterstain for
cell-specific (endothelial) markers on the brain sections was not included in this report, the
permeation of the applied NPs across the BBB remained unproven. Another recent study
reported the effects of long-term treatment (3 or 6 weeks) of rats with orally administered
LDPE-MPs, which led to compromised BBB integrity, oxidative stress and declined BDNF
levels in the brain [39]. However, a bona fide confirmation of particle permeation across the
BBB was not provided. In an in vitro approach, hCMEC/D3 cells were apically exposed to
42 nm fluorescently labelled PS-NPs (25, 50 and 100 pg/mL) for 24 and 72 h and fluores-
cence was detected on the basolateral side of the insert model [31], representing an indirect
confirmation of permeation, but leaving the possibility that the observed fluorescence
originated from fluorescent dye leached from the particles. However, in our experimental
setup, the fluorescence of the free dye control was negligible.

In order to address this limitation, in the presented study, particle concentrations in
the donor and receiver compartments were measured immediately after the experiment
using NTA. Overall, single, fluorescent permeated PS-NPs were undetectable immedi-
ately after the experiments (Figure S7a). However, after storage at —20 °C for several
months, fluorescent particles were detected, but with significantly increased size (Figure S7,
Table S7). This finding suggested not only the potential aggregation of NPs over time,
but also underscored the importance of immediate particle analysis to accurately assess
the permeability of fluorescently labelled NPs across biological barriers. Moreover, the
development of newly fluorescent particles during storage could lead to overestimations
and false positive interpretations of experimental results. However, due to the technical
detection limits of NTA, we cannot exclude PS-NP permeation below 1% under our applied
experimental setup. In this regard, optimised conditions (pore size bigger than 0.4 um,
addition of 1% BSA as a stabilising agent) to study the permeation of small extracellular
vesicles across insert models could be considered for future studies on NP [40]. Altogether,
the observations underscore that Atto665 labelling can induce particle aggregation and arti-
facts, highlighting the necessity to quantify dye loading, include free-dye controls, assess
fluorescence loss of labelled particles, and perform immediate post-experiment analysis to
avoid misinterpretation of NP permeability and uptake.

The BBB’s integrity was evaluated by TEER measurements in cell monolayers treated
with NPs for 48 h. At a concentration of 100 ug/mL unstained NPs, PS pristine and
aminated 100 nm had no substantial effect on TEER, while 50 nm carboxylated PS NPs
decreased the barrier integrity over 48 h significantly, aligning with previous cell viability
results. Concordantly, dose-dependent TEER reductions were reported upon exposure to
42 nm crimson-dyed PS-NPs at 50 ug/mL and 100 pug/mL for 24 and 48 h [31]. Similar
results were obtained in a hiPSCs-BCELC model, where unstained 50 nm carboxylated PS
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and, to a lesser extent, stained aminated NPs, significantly reduced TEER after 48 h incuba-
tion. The permeation of paracellular tracer molecules such as lucifer yellow, fluorescein or
FITC-labelled dextrans of different molecular weights is commonly used to complement
TEER data to describe the tightness of the BBB models. Usage of both methods provides
information on different levels. TEER describes the permeability of smaller ions, whereas
the permeation of paracellular tracers is dependent on the occurrence of pores between the
cells big enough to allow the permeation of the marker molecules. In the current study,
fluorescent paracellular tracers were not applied because of their possible interference with
the fluorescent NPs and consequent complicated data interpretation.

The study incorporated a Vasculife® + 1% PDS control for hiPSC-BCELC to adhere
to standard operating procedures requiring serum during growth and treatment [17,18].
Interestingly, this serum-containing control increased TEER up to 110% after 24 h, followed
by a decline after 48 h (Figure S8). In order to avoid interfering serum effects in this study,
media were formulated serum-free.

Reported effects of NPs on biological barrier integrity are controversial. No change
in transepithelial electrical resistance (TER) in epithelial cell layers after 24 and 48 h of
PS-NP exposure at 1 mg/mL was found as compared to vehicle control [37]. Barrier
integrity of in vitro gastrointestinal and placental barrier models remained unaffected by
exposure to 10 and 100 pg/mL PS carboxylated 50 nm within 24 h [38] and, similarly,
no TER reduction was observed in co-cultured intestinal cells (Caco-2, HT29 and Raji-B)
exposed to PS pristine 50 nm at 1-100 pg/mL for 24 h [41]. On the other hand, a significant
concentration-dependent TER reduction (by about 10%) was reported in lung models with
PS pristine 40 nm at 7.5, 15, and 30 ng/ cm? [34].

Molecular analysis of BBB cells exposed to carboxylated NPs revealed biologically
relevant effects, including reduced cell viability and barrier integrity, along with down-
regulation of genes encoding junctional proteins like claudins, occludin, and VE-cadherin
in hCMEC /D3 cells, some of which were also affected in the hiPSC-BCELC model. Al-
though the observed differences did not reach statistical significance, minor changes in
transcription levels may still be sufficient to exert biological effects. Prior studies have
largely focused on transcriptional changes in inflammatory markers following PS-NP
exposure. For example, upregulation of pro-inflammatory genes (e.g., IL-6, IL-8, NF-«B,
and TNF«x) was observed after exposure to 25 and 70 nm PS-NPs for 24 h [7]. Similarly, a
decreased barrier integrity was found in lung epithelial cells, evidenced by reduced ZO-1
protein expression and pathway activation in ECM-receptor interaction, focal adhesion,
and cytokine pathways using 40 nm PS-NPs [34]. Protein expression studies also supported
these findings. After treatment with 30 nm carboxylated and aminated PS-NPs for 6 h,
reduced VE-cadherin in endothelial HUVEC cells was observed [33]. Additionally, protein
levels of ZO-2, occludin, and claudin-11 were reduced in a mouse blood—testis barrier
model exposed to 20 nm PS-NPs, though no mRNA changes were observed in the same
timeframe [42].

The concentration of plastic in human blood was reported to be up to 1.6 ug/mL [4],
and, presumably, this would represent the current, maximal exposure of the NVU to-
wards NPs. In this study, plastic concentrations between 1 and 300 pg/mL were tested.
Detrimental effects became only evident at the highest applied concentrations, which
have (at the current level of environmental exposure) no physiological relevance. Never-
theless, even low concentrations may pose risks upon chronic or repeated exposure, as
cumulative interactions with NVU cells over time could lead to subtle but biologically
meaningful effects that are not captured in short-term experiments. PS was selected as a
model nanoplastic because it is widely used in systematic in vitro studies and is available as
a well-characterised reference material, allowing reproducible assessment of size, surface
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chemistry, and potential dose-dependent effects [43]. The most abundant plastic types re-
ported in blood were polyethylene terephthalate (PET), polystyrene (PS), polyethylene (PE)
and polymethyl methacrylate (PMMA) [4], suggesting that future studies should include
also further polymers for a more comprehensive hazard assessment, since the data obtained
in this study cannot fully capture the potential variability in biological responses among
different polymer types, limiting the generalizability of conclusions regarding nanoplastic
risks to the BBB. Additionally, even very low concentrations of NPs in the blood may have
adverse effects on (human) health due to permanent exposure, and—if NPs permeate
across biological barriers, even at very low levels—may also accumulate in tissues with
yet unknown consequences. Taken together, these findings highlight the need for chronic
low-dose studies, incorporation of additional polymer types, and the development of more
physiologically relevant in vitro and in vivo BBB models to better assess potential long-term
risks of environmentally relevant NP exposure.

5. Conclusions

This study compared the influence of different chemical surface modifications (pris-
tine, aminated, carboxylated), particle sizes (50, 100 nm), and fluorescent labelling of
polystyrene NPs systematically in several cell types of the NVU (brain endothelial cells,
astrocytes, pericytes) on the molecular and functional level (cell viability, cellular uptake,
barrier integrity).

It was demonstrated that smaller PS particles elicit more pronounced effects on cell
viability across cell types compared to larger particles. To fully characterise particle at-
tributes and their biological impact, it is essential to assess cellular responses alongside
particle physicochemical properties. Our findings identified 50 nm carboxylated PS as the
most toxic across cell lines, followed by Atto665-stained aminated 100 nm PS particles.
The significant alterations caused by fluorescent labelling highlight that labelled particles
should be considered a distinct particle type.

Media composition influenced particle agglomeration and internalisation. Indications
of pericyte cell death with aminated 100 nm particles warrant further validation through
viability assays. Molecular activity data for unstained 50 nm carboxylated PS mirrored
changes in barrier integrity and tight junction gene expression.

Currently, assessing nanoplastic risks to humans remains challenging due to limited
exposure data, a lack of clear definitions, standardised analytical methods, including SOPs
to prevent particle contaminations, reference materials, and the complexity of nanoplastics’
diverse sizes and chemistries. Classical risk assessments, designed for dissolved chemicals,
may need re-evaluation to account for particulate nanomaterials [3,44,45] complex.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 / microplastics5010035/s1, Supplementary Figures (51-S8) and
Tables (51-S7). Figure S1: sterilisation area for nanoparticles in a laminar flow cabinet with UV lamps.
Figure S2: staining optimisation for 1 mg/mL nanoplastic solutions. Figure S3: confocal fluorescence
images showing uptake of selected PS nanoparticles (PS-NPs) by human primary astrocytes after
48 h. Figure S4: confocal fluorescence images showing uptake of selected PS nanoparticles (PS-
NPs) by human primary pericytes after 48 h. Figure S5: effects of polystyrene (PS) nanoparticles
C (carboxylated) 50 nm on viability of differentiated SH-SY5Y cells determined by MTT test after
24 h. Figure S6: effects of stained selected polystyrene (PS) nanoparticles on viability of hCMEC/D3
cells determined by MTT test after 48 h. Figure S7: analysis of fluorescence particle development
during storage of receiver media samples from hCMEC /D3 cell permeability experiments. Figure S8:
effects of medium component—serum equivalent, 1% PDS in Vasculife on the blood-brain barrier
integrity of hiPSC-BCELCs determined by TEER measurements. Table S1: list of high-throughput
qPCR barrier chip and inflammatory markers. Table S2: characterisation of hydrodynamic particle
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size of PS pristine particles (100 ug/mL). Table S3: characterisation of hydrodynamic particle size of
PS carboxylated particles (100 pug/mL). Table S4: characterisation of hydrodynamic particle size of
PS aminated particles (100 pg/mL). Table S5: gene expression of housekeeping and target markers
from hCMEC/D3 cells treated with the unstained and stained (ST) versions of the selected three
different nanopolystyrenes using high-throughput qPCR barrier chip. Table S6: gene expression
of housekeeping and target markers from hiPSC-BCELCs treated with the unstained and stained
(ST) versions of the selected three different nanopolystyrenes using high-throughput qPCR barrier
chip. Table S7: summary of fluorescent PS-NP size distribution in transport study samples after
extended storage.
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Abbreviations

The following abbreviations are used in this manuscript:

A Aminated

AM Astrocyte medium

BBB Blood-brain barrier

BCELCs Brain capillary endothelial-like cells
BDNF Brain-derived neurotrophic factor
BECs Brain endothelial cells

BSA Bovine serum albumin

C Carboxylated

FBS Fetal bovine serum

hBFGF  Human basic fibroblast growth factor
hiPSC Human-induced pluripotent stem cell
HPLC High-performance liquid chromatography
IF Immunofluorescence

MQ Mili-Q

MWCO  Molecular weight cut-off

NP Nanoplastic

NTA Nanoparticle tracking analyser
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NVU Neurovascular unit

P Pristine

PDS Platelet-poor plasma-derived serum
PE Polyethylene

PET Polyethylene terephthalate

PM Pericyte medium

PP Polypropylene

PS Polystyrene

P/S Penicillin/streptomycin

RA Retinoic acid

ST Stained

TEER Transendothelial electrical resistance
TER Transepithelial electrical resistance
uv Ultraviolet
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