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ARTICLE INFO ABSTRACT

Keywords: Nanoplastics (NPs) are an emerging environmental concern, particularly due to their potential interactions with
Polystyrene nanoplastics the nervous system. We evaluated the neurotoxic effects of four types of polystyrene nanoplastics (PS-NPs):
SH-SY5Y

unmodified (plain) 50 nm and 100 nm particles, and 100 nm particles functionalized with carboxyl (C-NPs) or
amine (A-NPs) groups. Human SH-SY5Y neuroblastoma cells were exposed to 1-500 pg/mL for 24 or 48 h.
Dynamic light scattering revealed aggregation of plain 50 nm NPs in water, while presence of >1 % fetal bovine
serum improved colloidal stability across all particle types. Zeta potentials in water were approximately —45 mV
for plain and C-NPs and —30 mV for A-NPs. In complete medium, all values shifted toward —20 to —13 mV,
consistent with protein corona formation. Integrating colloidal stability, surface chemistry, and organelle-level
analyses, we established a unified mechanistic framework for PS-NP neurotoxicity. Toxicity endpoints
included cell viability, ROS/RNS generation, particle internalization, and morphological and ultrastructural
analysis. Plain PS-NPs showed negligible cytotoxicity, whereas C-NPs and especially A-NPs significantly reduced
cell viability. A-NPs caused a 21-41 % reduction at 100-500 pg/mL after 24 h, and 29-66 % at 200-500 pg/mL
after 48 h (p = 0.0007 vs. C-NPs). ROS/RNS levels were highest with plain 100 nm and A-NPs at >200 pg/mL,
increasing over time. Transmission electron microscopy revealed size- and surface chemistry-dependent damage,
including endoplasmic reticulum dilation, Golgi fragmentation, and mitochondrial abnormalities. Internalization
followed the trend A-NPs > C-NPs > plain PS-NPs, mirroring organelle damage, apoptosis, autophagy, and
lysosomal disruption. These findings identify surface chemistry, more than particle size, as the primary driver of
PS-NP neurotoxicity, highlighting its importance for risk prioritization and regulatory frameworks addressing NP
hazards.
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1. Introduction

Plastics have revolutionized modern life, becoming indispensable in
agriculture, healthcare, packaging, construction, and technology (Patil
et al., 2022; Pironti et al., 2021). However, they persist for centuries,
fragmenting into microplastics (MPs, <5 mm) and nanoplastics (NPs,
<1 pm) (Shi et al., 2022). These particles arise from primary sources (e.
g., microbeads in personal care products) or secondary degradation,
exhibiting variability in size, shape, and polymer composition (Guo
et al., 2022; Kadac-Czapska et al., 2024). The polymeric composition of
NPs dictates their environmental behavior and health effects. Poly-
styrene (PS), widely used in single-use products, food containers, insu-
lation, and packaging, is of concern due to its tendency to fragment into
nanoscale particles (Hu et al., 2022; Hwang et al., 2020).

The toxicological impact of MPs/NPs is aggravated by chemical ad-
ditives (plasticizers, stabilizers) and their capacity to adsorb pollutants
such as PAHs, pesticides, and pharmaceuticals (He et al., 2022; Verla
et al., 2019). Adsorption depends on particle size, surface area, polarity,
and aging (Fu et al., 2021). Larger or high-surface area particles retain
more contaminants (Enders et al., 2015; Zhang et al., 2019), whereas
aging may reduce capacity (Fu et al., 2021). Non-polar polymers (PE,
PP, PS) show higher affinity for pollutants than polar polymers (PVC,
PC), enhancing their role as vectors of toxic compounds (Liu et al.,
2019).

Human exposure to NPs occurs mainly via ingestion, with inhalation
and dermal routes as additional pathways (Jin et al., 2021; Kadac-C-
zapska et al., 2024; Liu et al., 2021). NPs have been detected in seafood,
fruits, vegetables, and beverages (Jin et al., 2021; Liu et al., 2021; Vitali
et al., 2023; Ziani et al., 2023; Zolotova et al., 2022), contributing to
estimated intakes of 0.1-5 g weekly (Kadac-Czapska et al., 2024). Once
absorbed, NPs translocate via the bloodstream and accumulate in organs
including liver, kidneys, spleen, lungs, placenta, and brain (Feng et al.,
2023). Neurotoxicity is particularly concerning, as NPs cross the
blood-brain barrier (BBB) and accumulate in brain tissues (Bai et al.,
2024; Y. Ma et al., 2024; Priist et al., 2020; Shan et al., 2022). A recent
study confirmed their presence in the human brain (Nihart et al., 2025).
NP neurotoxicity depends on particle size, surface properties, and
functionalization, which influence uptake and biomolecular interactions
(Abbasi et al., 2023; Conesa & Iniguez, 2020). Smaller PS-NPs (e.g., 50
nm) can be internalized by endothelial cells, inducing oxidative stress,
inflammation, and BBB disruption (Shan et al., 2022). Functionalized
NPs (e.g., -COOH, -NHy) interact distinctly with biological systems,
potentially exacerbating neurotoxic effects via altered signaling and
membrane disruption (Y. Ma et al., 2024; Shi et al., 2022). Yet, the
neurotoxicity of functionalized NPs remains underexplored.

Another key factor is the protein corona, formed when biomolecules
adsorb to NP surfaces in biological fluids (Kopac, 2021). Its composition
depends on NP size, shape, charge, and functionalization, altering up-
take, distribution, and toxicity (Akhter et al., 2021). In vitro, fetal
bovine serum (FBS) is widely used to mimic physiological conditions,
but concentrations markedly affect NP stability and aggregation (Anders
et al., 2015). Thus, understanding serum effects is essential for accurate
neurotoxicity assessment.

This study addresses these gaps by: (1) assessing PS-NP stability in
media with varying FBS concentrations; (2) investigating uptake and
morphological alterations in SH-SY5Y neuronal cells; and (3) evaluating
the role of surface functionalization in PS-NP-induced neurotoxicity.
Collectively, these investigations advance understanding of PS-NP
neurotoxicity and its potential health impacts.

2. Material and methods
2.1. Nanoplastics and reagents

PS-NPs were purchased from Polysciences Europe GmbH (Hirsch-
berg, Germany). Plain PS-NPs were supplied in two sizes: 50 nm (P-NPs
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50) and 100 nm (P-NPs 100). Functionalized PS-NPs—carboxylate-
modified (C-NPs 100) and amino-modified (A-NPs 100)—were 100 nm
in diameter. All were provided as 2.5 % (w/v) aqueous suspensions, with
particle concentrations of 3.64 x 10'*/mL (50 nm) and 4.55 x 10'3/mL
(100 nm). The coefficient of variation (CV) was 15 % for all NP types,
except A-NPs 100 (25 %).

Dimethyl sulfoxide (DMSO, >99.9 %) and MTT (>98 %) were ob-
tained from Duchefa Biochemie B.V. (Haarlem, Netherlands). DCFDA,
Triton X-100, Hoechst 33342, and propidium iodide (PI) were from
Sigma Aldrich (St. Louis, MO, USA). Paraformaldehyde 4 % was pur-
chased from Alfa Aesar (Kandel, Germany). Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin
(Pen/Strep), Trypsin-EDTA (0.25 %/0.02 %), and Hanks’ Balanced Salt
Solution (HBSS) were from BIOWEST (Nuaillé, France).

For TEM, glutaraldehyde (#16316), formaldehyde (#15713),
osmium tetroxide (#19190), Embed-812 resin (#14120), uranyl acetate
substitute (#22409), lead citrate (#22410), and copper grids were ob-
tained from Electron Microscopy Sciences (Hatfield, England). The RMC
Ultramicrotome was from PowerTome (USA), and the JEOL JEM 1400
TEM from JEOL (Tokyo, Japan).

2.2. Polystyrene nanoplastics’ characterization

Dynamic Light Scattering (DLS) was used to characterize PS-NPs size
and evaluate the influence of FBS content on stability over time. Com-
mercial NPs suspensions were sonicated for 10 min, and 1 mg/mL so-
lutions prepared in culture medium with varying FBS concentrations (0
%, 1 %, 5 % or 10 %, v/v). Samples in ultrapure water and culture
medium without FBS were immediately analyzed to assess the initial
particle size distribution. Stability was evaluated by incubating samples
at 37 °C with 5 % COg, and 100 % relative humidity, with measurements
at 24 and 48 h. Key parameters measured included the size (diameter
obtained from an intensity distribution or number distribution), poly-
dispersity index (PDI, indicating size variability), and zeta potential
(correlated with surface charge). A PDI below 0.3 suggests uniform size
distribution, while higher values indicate greater variability or aggre-
gation. Increases in PDI and size (intensity distribution) were inter-
preted as aggregation (Tallec et al.,, 2019). Measurements were
conducted in triplicate using a Malvern Instruments device, each repli-
cate comprising 13 runs of 10 s each. The Anton Paar Litesizer® 500
(Anton Paar GmbH, Graz, Austria) was used to evaluate zeta potential.
To avoid multiple scattering from high particle concentration, NP sus-
pensions were sonicated for 1 min and diluted (1:400) with purified
water (v:v) or DMEM (0 %, 1 %, 5 %, or 10 % of FBS), achieving the
desired scattering intensity (i.e. count rate of 250-500, minimal atten-
uation and transmittance >80 %). Experiments were conducted at 25 +
1 °C in disposable polystyrene cuvettes (KartellLabware, Noviglio, Italy
for size) or Univette (Anton Paar GmbH, Graz, Austria used for zeta
potential). The zeta potential was determined from electrophoretic
mobility using the Helmholtz-von Smoluchowski approximation.

2.3. Cell culture

The human neuroblastoma SH-SY5Y cell line was obtained from the
Deutsche Sammlung von Mikroorganismn und Zellkulturen (DSMZ, ACC
209, LOT 17) and maintained at passage numbers below 15 to preserve
their neuronal profile. SH-SY5Y cells were cultured in high-glucose
DMEM, supplemented with 10 % FBS and 100 U/ml Pen/Strep, and
maintained at 37 °Cin a 5 % CO, incubator. For maintenance, cells were
split once a week at ~80 % confluence.

2.4. Cell viability assay
The impact of PS-NPs on SH-SY5Y cell viability was assessed using

the MTT assay. Cells were seeded in 48-well plates at a density of 3 x 10°
cells/mL and allowed to adhere for 24 h. Cells were then exposed to
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plain or functionalized PS-NPs at concentrations ranging from 1 to 500
pg/mL, selected based on commonly tested levels in in vitro cytotoxicity
studies (Huang et al., 2023; Tang et al., 2022; Lin et al., 2022; Xu et al.,
2019; Liu et al., 2022; Ma et al., 2024). Exposure periods of 24 and 48 h
were chosen to capture both acute and time-dependent cellular re-
sponses, consistent with prior NP neurotoxicity studies (Ban et al., 2021;
Huang et al., 2023; Lin et al., 2022; Domenech et al., 2021; Yang et al.,
2023), allowing sufficient NP—cell interaction while avoiding nutrient
depletion or stress from prolonged culture. Following exposure, the
medium was removed and replaced with 250 puL of MTT solution (0.5
mg/mL). Plates were incubated at 37 °C with 5 % CO» in the dark for 2 h.
The supernatant was then discarded, and the resulting purple formazan
crystals were dissolved in 200 pL of DMSO. Absorbance was measured at
545 and 630 nm using a microplate reader (Stat Fax 3200, Awareness
Technology, USA). All measurements were performed in duplicate in at
least three independent experiments. Cell viability data were normal-
ized to the untreated control (0 % effect) and to 1 % Triton
X-100-treated cells (100 % effect), which served as the maximum
cytotoxicity reference for normalization. The Triton-treated condition
was used as a fixed benchmark and is not represented in the plotted
concentration-response curves.

2.5. Hoechst/propidium iodide fluorescent staining

To gain deeper insight into the mechanisms of NP-induced cell death,
dual fluorescent staining with Hoechst/PI was performed. Apoptotic
cells were identified based on chromatin morphology, as described
previously (Valente et al., 2012). Hoechst 33342, a cell-permeable nu-
clear dye, emits blue fluorescence upon binding to DNA, whereas PI, a
membrane-impermeable dye, emits red fluorescence in cells with
compromised membrane integrity.

SH-SY5Y cells were seeded in 24-well plates at a density of 65 x 10*
cells/mL. After 24 h of adhesion, cells were exposed to plain or surface-
functionalized PS-NPs (50 or 200 pg/mL) in medium with 1 % FBS for 24
or 48 h. Following exposure, cells were washed with 1 mL HBSS (+/+)
containing calcium and magnesium, then incubated with 300 pL PI (10
pM) for 10 min at 37 °C, protected from light. After aspiration and
washing, cells were fixed with 300 pL 4 % paraformaldehyde for 15 min,
washed again, and incubated with 300 pL Hoechst 33342 (5 pg/mL) for
5 min. After a final wash, 300 uL HBSS were added per well for imaging.

Cells were examined with a Nikon Eclipse TS100 inverted fluores-
cence microscope using UV-2A (Hoechst; excitation ~350 nm, emission
~460 nm) and G-2A (PI; excitation ~535-590 nm, emission ~615 nm)
filter sets. Images were acquired with NIS-Elements software (v5.41.00).
Quantitative image analysis was performed using CellProfiler software
(version 4.2.8), with at least 2500 cells analyzed per condition to
determine the proportion of apoptotic cells.

2.6. Measurement of intracellular reactive oxygen and nitrogen species

Intracellular ROS/RNS generation was evaluated using the DCFH-DA
fluorescence assay. SH-SY5Y cells were seeded in 48-well plates and,
after overnight adhesion, pre-incubated with 200 pL 0.1 mM DCFDA at
37 °C, protected from light, for 30 min. The probe was then removed,
and cells were exposed to plain or functionalized PS-NPs (1-500 pg/mL).
Fluorescence was measured at 485 nm excitation/530 nm emission on a
Synergy LX Multi-Mode Reader (Bio-Tek, Winooski, VT, USA) after 0.5,
1, 2, 3, 24, and 48 h exposure. Results were normalized to negative
controls (cells in culture medium) and expressed as fold increase. All
experiments were performed in duplicate in at least three independent
replicates.

2.7. Transmission electron microscopy analysis

For ultrastructural analysis, SH-SY5Y cells were seeded in 6-well
plates at 30 x 10* cells/mL and allowed to adhere for 24 h before
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exposure to 50 or 200 pg/mL of each NP type for 24 h. Cells were fixed in
2.5 % glutaraldehyde and 2 % formaldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) for 1 h at room temperature, then post-fixed in 1 %
osmium tetroxide. Samples were centrifuged (2000 rpm, 5 min), pellets
embedded in Histogel™, washed, stained with 1 % uranyl acetate (30
min), dehydrated through graded ethanol (50-100 %) and propylene
oxide, and infiltrated with Embed-812 epoxy resin before polymeriza-
tion for 48 h at 60 °C. Ultra-thin sections (50 nm) were cut using an RMC
Ultramicrotome with Diatome diamond knives, mounted on copper
grids, and stained with uranyl acetate substitute and lead citrate (5 min
each). Sections were examined with a JEOL JEM 1400 TEM operating at
80 kV, and images captured using a PHURONA camera. TEM analysis
was performed at the Histology and Electron Microscopy Service
(HEMS), i3S, University of Porto, Portugal.

2.8. Statistical analysis

Results are presented as mean =+ standard error of the mean (SEM).
Data normality was tested with Shapiro-Wilk. Analyses were conducted
separately for each assay. For viability and ROS assays, two-way ANOVA
assessed NP type and concentration, followed by Tukey’s (pairwise) or
Dunnett’s (vs. control) post-hoc tests. Nonlinear regression and all cal-
culations were performed with GraphPad Prism 8 (v8.4.3, Mac). Sta-
tistical significance was set at p < 0.05. Although n-values varied
slightly among treatments, independent replicates yielded consistent
outcomes, confirming the reliability and reproducibility of the data.

3. Results and discussion
3.1. Physicochemical properties of tested PS-NPs

All four PS-NPs—P-NPs 50, P-NPs 100, C-NPs 100, and A-NPs
100—were characterized to validate and expand manufacturer specifi-
cations. Complementary TEM imaging (see Fig. S1) was performed to
confirm nanoparticle morphology under dry-state conditions, which,
together with DLS data, provides a comprehensive view of both the
structural and colloidal behavior of the PS-NPs. DLS was performed in
ultrapure water and culture medium without FBS (0 %) at time zero (t =
0 h), with results shown in Fig. S2 and statistical analysis in Table S1
(Supplementary Data).

Hydrodynamic sizes by intensity distribution were generally
consistent with manufacturer specifications, with one exception. P-NPs
50 exhibited larger sizes (93 + 2.0 nm in water; 80 + 1.1 nm in 0 % FBS)
than their nominal 50 nm, suggesting aggregation. This was confirmed
by comparing intensity with number distribution measurements (54 +
2.3 nm in water; 58 + 1.6 nm in 0 % FBS). In DLS, scattered light in-
tensity scales with particle diameter to the sixth power, so larger par-
ticles or aggregates disproportionately influence signals (Bhattacharjee,
2016). In contrast, number distribution gives equal weight to each
particle (Souza et al., 2016). Although number distributions for 100 nm
PS-NPs (plain and functionalized) yielded mean diameters slightly
below 100 nm, this reflects the intrinsic weighting differences in DLS
calculations. Number distributions minimize the influence of rare larger
particles that dominate intensity-based measurements, often resulting in
apparent smaller mean sizes despite actual diameters consistent with
manufacturer specifications (Brar & Verma, 2011; Bhattacharjee, 2016;
Souza et al., 2016). A substantial discrepancy between intensity and
number distributions for P-NPs 50 indicates aggregation, as aggregated
systems show larger differences than monodisperse ones (Brar & Verma,
2011). For 100 nm NPs, hydrodynamic sizes matched expected values.
A-NPs 100 exhibited slightly larger diameters (120 + 2.4 nm) than
P-NPs 100 (111 + 1.4 nm) and C-NPs 100 (107 + 3.6 nm) in 0 % FBS,
attributed to hydration shells around amine groups forming hydrogen
bonds with water, increasing hydrodynamic size.

All suspensions presented PDI values below 0.2, indicating relatively
monodisperse populations (Danaei et al., 2018). However, P-NPs 50
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showed the highest PDIs in both media, supporting aggregation.

Fig. S3 shows zeta potential values for the four NP types dispersed in
water and in DMEM with varying FBS (0 %, 1 %, 5 %, 10 %); statistics
are in Table S2.

Consistent with Y. Ma et al. (2024), plain and functionalized PS-NPs
exhibited negative zeta potentials explained by oxidation introducing
negatively charged groups (Xu et al., 2024), hydroxyl ion adsorption on
polystyrene (Peula-Garcia et al., 2010), and residual sulfate/sulfonate
groups from polymerization initiators (Mortensen et al., 2025). The
unexpected negative potential of amine-functionalized NPs may reflect
incomplete surface coverage, leaving exposed negatively charged
regions.

P-NPs and C-NPs showed similar values (ca. —45 mV) in water, while
A-NPs showed less negative values (ca. —30 mV). This reflects carboxyl
groups being fully deprotonated to COO™ at neutral pH, reinforcing
negative charge, while amine groups are partially protonated to NH3,
counteracting polystyrene’s charge. The pKa and protonation states of
surface groups strongly influence zeta potential (Zhang et al., 2022).

In DMEM, PS-NPs showed less divergent zeta potentials (—20 to —13
mV). This narrowing reflects protein corona formation: serum proteins
adsorb onto NP surfaces, masking native chemistry and creating a new
interface. Albumin and other abundant proteins, negatively charged at

P-NPs 50

1000

Size (nm)

0 2448 0 2448 0 2448 0 24 48
Time (h)
C-NPs 100
2000 -
1800 -
3
£ 1600 L
@ 1000 -
N
7}
500 —
0
0 2448 0 2448 0 2448 0 24 48
Time (h)
=3 0% FBS =3 1% FBS
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physiological pH, dominate surface charge (Monopoli et al., 2012).

Additionally, DMEM salts compress the electrical double layer,
reducing potential magnitude regardless of surface functionality (Jiang
et al., 2009). High ionic strength screens charges, reducing repulsion
and yielding more similar values across NP types (Bhattacharjee, 2016).
Medium components (amino acids, vitamins, etc.) further compete for
surface sites, altering charge distribution (Allouni et al., 2009).

3.2. Serum-dependent colloidal behavior of PS-NPs

The dispersion and stability of PS-NPs in vitro are critical de-
terminants of toxicity (Fleischer & Payne, 2014). We assessed their 48 h
stability in media containing FBS (0 %, 1 %, 5 %, 10 %), reflecting
conditions commonly used in cell studies (Ban et al., 2021; Domenech
et al., 2021; Lin et al., 2022; Wang et al., 2022; Xu et al., 2019). Since
NPs form protein coronas that alter physicochemical and biological
properties (Fleischer & Payne, 2014), understanding this process is
essential for interpreting aggregation, uptake, and toxicity (Rahman
et al., 2013; Sun et al., 2019).

Hydrodynamic sizes (by intensity) were measured for each condition
and time point (Fig. 1), with size and PDI values in Tables S3 and S4
(Supplementary Data).

P-NPs 100
1000
E
e
~ 500
N
7}
0 2448 0 2448 0 2448 0 24 48
Time (h)
A-NPs 100
6000 —
5000 —
4000
T 3000 l
5 -
o 1000 +
N
7}
500 —
0 2448 0 2448 0 2448 0 24 48
Time (h)
=3 5%FBS =3 10% FBS

Fig. 1. Effect of FBS concentration and incubation time on PS-NPs stability. Size and dispersity metrics (size distribution by intensity, and PDI) were measured for P-
NPs 50, P-NPs 100, C-NPs 100, and A-NPs 100 dispersed in DMEM with varying FBS concentrations (0 %, 1 %, 5 %, 10 %) over 48h. Data are presented as mean +

standard error of the mean (SEM) (n = 3).
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PS-NPs were unstable in serum-free medium, showing progressive
aggregation due to electrolytes compressing the electrical double layer,
reducing repulsion, and allowing van der Waals forces to dominate
(Monopoli et al, 2012). Without proteins, particles lacked
corona-derived stabilization: (i) steric hindrance, (ii) charge modifica-
tion by negatively charged albumin, and (iii) increased hydrophilicity
(Monopoli et al., 2012).

Addition of 1 % FBS markedly improved stability by forming suffi-
cient corona, providing optimal steric and electrostatic stabilization
(Yeo et al., 2015). At higher FBS (5 %, 10 %), multilayer adsorption and
protein-protein interactions likely reduced stability compared to 1 %.
Thus, 1 % FBS was selected for subsequent assays, balancing stability
with minimal interference. Cells were maintained under 10 % FBS
during growth and pre-exposure conditions to ensure optimal viability,
and the reduction to 1 % FBS was applied only during the exposure
period to maintain physiological relevance while preserving assay
sensitivity.

3.3. Cytotoxic hierarchy reflects size and, above all, surface functionality

Although the NP concentrations used in this study exceed current
environmental estimates (Maity et al., 2022; Materic et al., 2022; Okoffo
and Thomas, 2024; Siissmann et al., 2026; Yang et al., 2021) and
recently reported human exposure levels (Brits et al., 2024; Ji et al.,
2025; Leslie et al., 2022), these ranges are widely applied in vitro to
elucidate concentration-dependent mechanisms and to support hazard
characterization under controlled conditions (Huang et al., 2023; Tang
et al., 2022; Lin et al., 2022; Xu et al., 2019; Liu et al., 2022; L. Ma et al.,
2024). Figs. 2 and 3 present the cytotoxic effects of the four PS-NP types
on SH-SY5Y cells after 24 and 48 h exposures.

Plain NPs (P-NPs 50, 100) exhibited minimal cytotoxicity. P-NPs 50
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at 10 pg/mL modestly but significantly increased viability at 24 h
(Fig. 2A and B), suggesting a hormetic response, which disappeared by
48 h (Fig. 3A and B). Higher P-NPs 50 concentrations and all P-NPs 100
concentrations had no effect. A significant difference between P-NPs 50
and 100 was observed at 24 h (p < 0.0001; Fig. 2C) but not at 48 h (p >
0.05; Fig. 3C).

In contrast, functionalized NPs induced marked, concentration- and
time-dependent cytotoxicity (p < 0.0001; Fig. 2A-B, 3A-B). C-NPs 100
reduced viability by up to 40 % (24 h) and 58 % (48 h). A-NPs 100 were
more toxic, reducing viability by 41 % and 66 % at the same time points.
At 48 h, A-NPs were significantly more toxic than C-NPs (p = 0.0007;
Fig. 3C), though no difference was observed at 24 h. Both functionalized
NPs were consistently more cytotoxic than plain NPs at all times (p <
0.0001; Figs. 2C and 3C).

These results highlight surface functionalization as a key modulator
of cytotoxicity. The hormetic-like increase at low P-NPs 50 concentra-
tions aligns with prior neuronal (Huang et al., 2023; Tang et al., 2022)
and non-neuronal reports (Lin et al., 2022; Xu et al., 2019), suggesting
protective responses under mild stress, though not sustained. Our find-
ings agree with Y. Ma et al. (2024) for P-NPs 100 in SH-SY5Y cells but
contrast with studies reporting higher toxicity of plain PS-NPs (Huang
et al., 2023; Shi et al., 2022), likely due to formulation differences such
as surfactants (Petersen et al., 2022).

The pronounced toxicity of A-NPs 100 matches findings in mouse
C17.2 cells (Shi et al., 2022; Yang et al., 2023) and correlates with
efficient internalization, driven by their positive charge promoting
electrostatic interactions with negatively charged membrane phos-
phates (Banerjee et al., 2021; Li & Malmstadt, 2013). C-NPs 100 also
showed notable uptake but less than A-NPs. P-NPs 50 unexpectedly
showed lower uptake, despite smaller size usually favoring entry (Huang
et al,, 2023; Tang et al., 2022). Our stability data revealed their
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Fig. 2. Cytotoxic effects of plain and functionalized PS-NPs in SH-SY5Y cells after 24-h exposure. (A) Cell viability assessed by MTT assay after exposure to 1-500 pg/
mL of plain PS-NPs (P-NPs 50 and P-NPs 100) and functionalized PS-NPs (C-NPs 100 and A-NPs 100). Data are presented as mean =+ standard error of the mean (SEM)
(n = 4, except n = 6 for P-NPs 50). (B) Heatmap depicting statistical significance of differences between treated and control (medium 1 % FBS, no NPs) groups. (C)
Heatmap comparing viability across PS-NP types. *p < 0.05 (yellow), **p < 0.01, ***p < 0.001 and ****p < 0.0001 (dark blue); grey represents non-significance (p
> 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Cytotoxic effects of plain and functionalized PS-NPs in SH-SY5Y cells after 48-h exposure. (A) Cell viability assessed by MTT assay following exposure to
1-500 pg/mL of plain PS-NPs (P-NPs 50 and P-NPs 100) and functionalized PS-NPs (C-NPs 100 and A-NPs 100). Data are presented as mean =+ standard error of the
mean (SEM) (n = 3 for plain NPs; n = 5 for C-NPs 100 and n = 6 for A-NPs 100). (B) Heatmap depicting statistical significance of differences between NP-treated
groups and control (medium 1 % FBS, no NPs). (C) Heatmap comparing viability across PS-NP types. *p < 0.05 (yellow), **p < 0.01, ***p < 0.001 and ****p <
0.0001 (dark blue); grey represents non-significance (p > 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

aggregation into larger clusters, likely limiting entry.

Fluorescence microscopy confirmed apoptosis as the predominant
cell death pathway. SH-SY5Y cells, either untreated or exposed to NPs,
were stained with Hoechst 33342 and PI. Representative images after
48 h and the corresponding quantification of apoptotic cells are pre-
sented in Fig. S4 (Supplementary Data). Apoptotic nuclei were identified
by bright Hoechst fluorescence, indicative of chromatin condensation
and nuclear fragmentation, whereas PI stained necrotic or late-apoptotic
cells with compromised membrane integrity (Kari et al., 2022). Control
cells exhibited intact, uniformly stained nuclei, while NP-treated cells
showed increased numbers of PI-positive nuclei and apoptotic conden-
sation, most pronounced for amine- and carboxyl-modified NPs
(Fig. S4). These observations are consistent with MTT assay results,
supporting the higher cytotoxicity of functionalized PS-NPs.

3.4. Differential redox responses to distinct PS-NP types

To evaluate oxidative stress, intracellular ROS and RNS were
measured at multiple time points (0.5-48 h); only 24- and 48-h results
with significant effects are shown in Fig. 4. ROS/RNS patterns varied by
NP type and concentration, with broadly similar trends across time
points but clearer differences after longer exposure, particularly for
amine-functionalized NPs.

At 24 h, P-NPs 50 and C-NPs 100 showed no significant ROS/RNS
changes, indicating no redox disruption. P-NPs 100 displayed a biphasic
response: a slight decrease at 1-100 pg/mL, followed by concentration-
dependent increases at 300-500 pg/mL, significant at 500 pg/mL. A-NPs
100 also increased ROS/RNS, but only at 500 pg/mL.

By 48 h, these trends persisted: P-NPs 50 and C-NPs 100 remained
inactive, P-NPs 100 maintained the biphasic pattern, and A-NPs 100

triggered stronger increases at 400-500 pg/mL.

Oxidative stress is often implicated in NP-induced neuronal toxicity
(Liu et al., 2022; Tang et al., 2022). Our findings partly support this, as
P-NPs 100 significantly increased ROS/RNS at high concentrations,
consistent with Liu et al. (2022) in mouse hippocampal HT22 cells. In
contrast, P-NPs 50 had negligible effects, likely due to low uptake and
reduced interaction with ROS/RNS-producing pathways. A slight
non-significant decrease at low concentrations also mirrored the
hormesis effect seen in viability assays.

Oxidative stress induction was further modulated by surface func-
tionalization. A-NPs, but not C-NPs, significantly elevated ROS/RNS at
high concentrations. Notably, both C-NPs 100 and A-NPs 100 caused
cytotoxicity without ROS/RNS increases at 100-200 pg/mL, suggesting
oxidative stress is not the sole toxicity mechanism. This contrasts with
Yang et al. (2023), who found only A-NPs induced both cytotoxicity and
ROS in mouse C17.2 neuronal progenitors. In our study, both func-
tionalized NPs induced cytotoxicity, indicating toxicity may strongly
depend on cell type.

3.5. Cellular uptake and organelle-level toxicity

TEM was used to assess PS-NP internalization and ultrastructural
alterations in SH-SY5Y cells following 24 h exposure to P-NPs (50, 100
nm), A-NPs 100, and C-NPs 100 (50 and 200 pg/mL). Representative
images are shown in Fig. 5, and a semi-quantitative summary of the
observed morphological changes is presented in Table 1. All PS-NPs
were internalized via endocytosis, localizing mainly within endosome-
like vesicular structures. Uptake was strongly influenced by surface
functionalization: A-NPs 100 showed the highest intracellular counts,
followed by C-NPs 100, while plain NPs showed the lowest uptake.
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Fig. 4. Generation of ROS and RNS in SH-SY5Y cells exposed to plain and functionalized PS-NPs. SH-SY5Y cells were treated with increasing concentrations (1-500
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These findings align with earlier evidence that charged surfaces enhance
cell-membrane interactions (Banerjee et al., 2021; Li & Malmstadt,
2013).

Ultrastructural analysis showed preserved morphology in controls,
including mitochondria with intact cristae, rough ER (RER), and normal
vacuoles. NP-treated cells displayed organelle-specific alterations vary-
ing by particle type and concentration. RER dilatation was common
except with A-NPs 100, suggesting disruption of protein synthesis/ho-
meostasis (Guo et al., 2024), consistent with prior links between NPs and
ER stress (Halimu et al., 2022; Jeon et al., 2023).

Mitochondria were particularly affected. P-NPs 50 reduced mito-
chondrial numbers without visible damage, whereas P-NPs 100 reduced

counts and caused structural injury. C-NPs 100 preserved overall
numbers but increased abnormal mitochondria, implying impaired
quality control. A-NPs 100 induced mitochondrial biogenesis but also
more abnormal forms, indicating a compensatory yet insufficient
response. Such dysfunction may impair ATP production, elevate ROS,
activate apoptosis, and disrupt signaling (Brillo et al., 2021). Consis-
tently, Hoechst/PI staining confirmed apoptosis as the primary death
pathway, with stronger responses in A- and C-NP-treated cells. Func-
tionalized NP cytotoxicity was time- and concentration-dependent and
consistent with in vivo evidence of A-NPs 100-induced apoptosis via the
p53/Bax/Bcl-2 pathway (Bai et al., 2024; Y. Ma et al., 2024; Shan et al.,
2022). Similarly, PS-NPs (40-60 nm) penetrate membranes, accumulate
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Fig. 5. Representative TEM images of neuronal SH-SY5Y cells exposed to plain and functionalized PS-NPs. (A) Control (untreated cells), (B) P-NPs 50 (50 pg/ml), (C)
P-NPs 50 (200 pg/ml), (D) P-NPs 100 (50 pg/ml), (E) P-NPs 100 (200 pg/ml), (F) A-NPs 100 (50 pg/ml), (G) A-NPs 100 (200 pg/ml), (H) C-NPs 100 (50 pg/ml), (I) C-
NPs 100 (200 pg/ml), (J) representative vesicles containing NPs (blue stars). Images were acquired using a JEOL JEM 1400 transmission electron microscope. G -
golgi apparatus, L - lipid droplets, M - mitochondria, N - nucleus, RER - rough endoplasmic reticulum, dRER - dilated rough endoplasmic reticulum, SER - smooth
endoplasmic reticulum, V - vacuole, SV - small vesicles, MVB - multivesicular bodies, NP - nanoplastics.

in mitochondria, and trigger apoptosis in human cerebral organoids
(Kari et al., 2022). Our findings differ from Huang et al. (2023), who
observed severe mitochondrial damage with P-NPs 50, likely due to
exposure differences. Importantly, no prior studies have examined
functionalized NP effects on neuronal mitochondrial integrity, under-
scoring a key knowledge gap.

Golgi apparatus disruption—fragmentation, swelling, dilation—was
evident in all NP-treated cells, most prominently with functionalized
NPs. Such alterations may impair protein trafficking/secretion (Mohan
et al., 2023) and contribute to stress, potentially triggering autophagy
and lysosomal responses. Multivesicular bodies and autophagic vacuoles

were frequent, strongest in A-NPs 100-treated cells, followed by C-NPs
100 and P-NPs 100. P-NPs 50 did not elicit autophagy, contrasting with
Tang et al. (2022), who reported upregulation under higher exposures.
Autophagy likely acts protectively by degrading damaged organelles or
aggregates, particularly with functionalized NPs, but prolonged activa-
tion may worsen stress and promote cell death (Li et al., 2024). This dual
role aligns with prior reports of PS-NPs enhancing lysosomal trans-
location or impairing autophagic flux despite activation (Han et al.,
2024; Kobayashi et al., 2010; Liu et al., 2024; Song et al., 2015).
Lysosomal dysfunction, indicated by vacuolar alterations and
electron-dense vesicles, was most evident in P-NPs 100- and C-NPs 100-
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Semi-quantitative transmission electron microscopy (TEM) analysis of SH-SY5Y cells exposed to different types of PS-NPs with distinct surface functionalizations
(plain, carboxylated, and aminated) at 50 and 200 pg/mL for 24 h. The table summarizes the presence of NPs, number of lipid droplets, total and abnormal number
of mitochondria, and qualitative alterations in subcellular organelles (Golgi apparatus, rough endoplasmic reticulum, vacuoles, small vesicles, and multivesicular
bodies/autophagy vacuoles). The color scale indicates the relative level of structural alterations: blue = low, green = moderate, red = high. “Dil.” indicates

organelle dilation.

Rough Multivesicular
Area Presence of N° of lipid NP° of total N° of abnormal Golgi S
dopl . v 1 mal fx1 A W) phagy
(38086,00 um?) NPs droplets mitochondria mitochondria apparatus
reticulum vacuoles
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P-NPs 50
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Note: dil, dilated; . Low expression level; . Moderate expression level; . High expression level

treated cells, with similar changes in A-NPs 100 and P-NPs 50 at higher
doses. These alterations, together with electron-dense vacuoles, lyso-
somes, and multivesicular bodies, suggest PS-NPs impair lysosomal
function. Such patterns, consistent with prior findings in Caco-2
(Domenech et al., 2021) and astrocytoma cells (Wang et al., 2013),
indicate lysosomal NP accumulation may cause irreversible storage,
damage, and enhanced cytotoxicity (Salvati et al., 2011).

3.6. Integrative mechanism of PS-NP neurotoxicity

This study provides an integrative view of PS-NP neurotoxicity by
linking physicochemical properties, serum-dependent colloidal
behavior, and organelle-level responses in human neuronal cells. The
results demonstrate that surface functionalization dictates neuronal
stress via electrostatic uptake, ER-mitochondrial crosstalk, and auto-
phagy-lysosome disruption, advancing mechanistic understanding
beyond traditional cytotoxicity and oxidative stress endpoints.

Upon dispersion in low-serum medium, all PS-NPs form a stabilizing
protein corona that preserves surface features critical for membrane
recognition. The higher cytotoxicity of amine-functionalized PS-NPs
stems from electrostatic attraction between partially protonated amine
groups and the anionic neuronal membrane, enhancing uptake and
lysosomal accumulation. Internalized particles activate three main
stress axes: ER dilation triggers an unfolded-protein response; mito-
chondrial dysfunction impairs ATP homeostasis and increases oxidative
stress; and Golgi fragmentation disrupts vesicular trafficking. In A-NPs
100, these pathways act simultaneously with a strong oxidative-
nitrosative burst, whereas C-NPs 100 follow the same sequence but
with lower uptake and limited redox imbalance. Plain particles induce
only minor effects, constrained by reduced internalization and extra-
cellular aggregation. Overall, these findings support a model in which
surface chemistry modulates both the intensity and pathway of neuronal
injury, aligning with recent in vivo evidence (Y. Ma et al., 2024; Bai et al.,
2024). The proposed integrative mechanism of PS-NP neurotoxicity is
summarized in Fig. 6.

Despite the robustness of our findings, this study has limitations.
Functionalized PS-NPs of 50 nm were not commercially available, which
precluded a fully orthogonal assessment of size versus surface chemistry.
Nevertheless, the overall trends observed between plain and function-
alized PS-NPs (100 nm) remain consistent with surface chemistry being
a dominant factor of neurotoxic responses. Future studies could address
this gap by applying controlled post-synthesis functionalization meth-
ods—such as covalent grafting, plasma modification, or carbodiimide-
mediated coupling—to generate smaller functionalized NPs and
enable more systematic mechanistic comparisons. The exclusive use of
PS as the model polymer also limits generalizability, as different poly-
mer matrices may influence NP behavior and hazard potential.
Furthermore, the proposed mechanisms of ER stress, mitochondrial
dysfunction, and autophagy-lysosome impairment are inferred from
consistent ultrastructural hallmarks observed by TEM, including ER
dilation, mitochondrial swelling, and accumulation of autophagic vac-
uoles. While these morphological patterns strongly suggest activation of
stress pathways, they should be regarded as hypothesis-generating until
confirmed by molecular endpoints (e.g., CHOP for ER stress, LC3B-1I/
p62 for autophagy, Bax/Bcl-2 for apoptosis). Future studies incorpo-
rating such molecular assays will be essential to validate and expand
these mechanistic insights. Long-term studies remain necessary to
clarify neurotoxic risks associated with increasing environmental NP
exposure.

4. Conclusions

This study provides a comprehensive evaluation of PS-NP neuro-
toxicity in SH-SY5Y cells and highlights the critical role of FBS con-
centration in nanoparticle stability, aggregation, surface charge, and
biological interactions. Our findings emphasize the need to standardize
FBS conditions to ensure reproducibility in in vitro toxicity assessments.
We further show that surface-functionalized PS-NPs, particularly amine-
modified forms, induce stronger, time-dependent cytotoxicity than non-
functionalized particles, driven by enhanced uptake and mechanisms
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Fig. 6. Putative mechanisms of PS-NPs-induced toxicity in neuronal SH-SY5Y cells. Created in https://BioRender.com.

involving oxidative stress, membrane disruption, mitochondrial
dysfunction, and impaired autophagy-lysosome activity. From an
environmental perspective, these results underscore the urgency of
establishing standardized protocols for nanoplastic toxicity testing, as
small variations in experimental design may obscure or overstate po-
tential risks. Given the widespread occurrence of plastic-derived nano-
particles and their potential to affect the nervous system, long-term,
mechanistically informed studies are essential to strengthen human
health risk assessment. Incorporating such mechanistic insights into
regulatory frameworks will be critical for managing the emerging threat
of nanoplastic pollution.
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