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ABSTRACT

Humans are increasingly exposed to nanoparticles (NPs, <100 nm) in daily life. This growing
exposure has raised concerns about potential risks to human cellular health. NPs are not only used
in consumer products but are also introduced into the environment through pollution. Currently,
there is a limited understanding of how the physicochemical properties of NPs affect toxicological
mechanisms in (adult) developmental processes. Mesenchymal stem cells of dental pulp are
capable of differentiating into various cell types, providing a valuable in vitro model to study how
NPs may affect stem cell function and development. This study focused on and compared the
effects of three widely encountered NPs of different sizes: silver (Ag, 20 nm), titanium dioxide
(TiO2, 21 nm), and polystyrene (PS, 50 nm and 1 pm) NPs, on cellular stress responses, with a
focus on ferroptosis. Results indicated particle-specific and size-dependent stress responses.
AgNPs induced the most pronounced ferroptotic response, marked by the differential expression
of ferroptosis-related genes and increased lipid peroxidation. PSNPs triggered more moderate
effects, with size-specific differences: the 1 um particles induced stronger ferroptosis-related gene
expression changes, while the 50 nm particles activated ER stress pathways. TiO:NPs did not
significantly induce ferroptosis but caused pronounced lipid droplet accumulation. Lipid droplet
accumulation was observed across all NP types, likely through different mechanisms. These
findings provide new insights into NP-induced cellular stress in stem cells, enhancing our
understanding of NP-induced toxicity and supporting the need to consider both particle size and
composition in the development of safer NPs.

INTRODUCTION

The field of nanotechnology has been
growing extensively during the last two
decades, with nanoparticles (NPs) being widely
used in consumer products such as sunscreen
and food packaging. Nanoparticles are defined
as particles with one or more dimensions in the
order of 100 nm or less. They possess unigue
properties compared to bulk materials, making
them highly advantageous for various industries
(1, 2). Although NPs are widely encountered,
in-depth information on the relationship
between the physicochemical characteristics of
different NPs and their effect on human cellular
health is lacking. Consequently, current risk
assessment methods are inadequate, particularly
regarding the effects on human developmental
processes.

NPs can cross biological membranes and
accumulate in various tissues, including those
involved in developmental processes, raising
concerns about their potential to interfere not
only during early development but also in
adulthood (3, 4). They have been shown to
affect adult developmental processes, like the
bone remodeling process, primarily through the
induction of oxidative stress (5). Stem cells play
a key role in these developmental processes, as
they are essential for the maintenance,
regeneration, and development of tissues
throughout life (6). Due to their ability to self-
renew and differentiate into multiple cell types,
stem cells are valuable models for studying
developmental toxicity. Among the most
commonly studied stem cells are mesenchymal



stem cells (MSCs), which are present in adult
tissues and can differentiate into multiple cell
lineages, including osteoblasts, which are
essential for bone formation and maintenance,
and chondrocytes, which play a key role in
cartilage development (7, 8, 9). Bone tissue is
highly dynamic, relying on osteoblasts derived
from MSCs for regeneration and structural
integrity, while chondrocytes play a key role in
forming and maintaining cartilage (10, 11).
Disruptions in these differentiation pathways
could impair tissue development and
maintenance, making it crucial to understand
how NPs influence these processes. Human
dental pulp stem cells (hDPSCs) are MSCs
present in the dental pulp of adult teeth and offer
a promising tool for investigating the effects of
NPs on developmental processes. These cells
can be easily isolated from the pulp tissue of
extracted third molars and have shown the
ability to differentiate into multiple cell
lineages, including chondrogenic, osteogenic,
and adipogenic lineages, making them highly
versatile for studying tissues undergoing active
differentiation and growth (12, 13). Disruption
of stem cell function can have implications for
adult tissue homeostasis. In vitro studies have
demonstrated that NPs can adversely affect
stem cells by reducing cell viability, inducing
apoptosis, and altering cell morphology (14, 15,
16, 17). These cellular disruptions may
contribute to broader physiological
consequences, such as neurodevelopmental
impairments, reproductive issues,
hepatotoxicity, cardiopulmonary malfunction,
and immunometabolism disorders (14).
Understanding these potential risks is essential
for evaluating the safety of NPs and ensuring
the protection of human health.

While numerous types of NPs are present
in everyday environments, this study focuses on
the following three types of NPs: silver (Ag),
titanium dioxide (TiO;), and polystyrene (PS)
NPs.

Silver NPs (AgNPs) are metal-based NPs
that are frequently used in medicine, the
chemical and food industries, and agriculture
because of their antibacterial properties (18,
19). These particles inhibit microbial growth by
inducing reactive oxygen species (ROS),
disrupting cell walls, and causing DNA damage
(4). Research has indicated that AgNPs can
release silver ions (Ag®), which contribute to
both their antibacterial effects and cytotoxicity
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(14). In addition, AgNPs and silver ions can
interact with proteins and amino acids,
disrupting cellular processes by affecting
protein structure and function. As a result,
exposure to AgNPs primarily leads to oxidative
stress, DNA damage, and the induction of
apoptosis (18).

TiO2NPs are used for many applications,
such as paints and cosmetic formulations. They
are often added to sunscreens because they
function as effective UV light filters (20). Until
a few years ago, TiO, was used as a food
additive in various food products, as identified
by code E171 (Europe). However, the European
Food Safety Authority (EFSA) decided in 2021
that it was no longer considered safe for
consumption (EFSA, 2021). While these NPs
are generally regarded as biologically inert and
safe (20), studies have shown that they can
disrupt cellular balance by triggering oxidative
stress, which may lead to damage to cellular
components, genotoxicity, and inflammation.
Therefore, careful consideration of the
physicochemical properties and concentrations
of NPs is crucial to ensure human health safety
(21, 22).

Lastly, this study includes PSNPs, which
are a growing concern due to the extensive
growth of global plastic production and the
potential risks associated with human exposure.
It is estimated that 8 million tons of plastic are
released into the sea every year (23). In the
environment, larger plastic items such as
bottles, cartons, and straws degrade into
microplastics (< 5 mm) and nanoplastics (<100
nm) through UV exposure and physical forces.
This weathering process leads to particles with
irregular and heterogeneous shapes (24, 25, 26).
Previous research has indicated that these
environmentally derived nanoplastics can enter
aquatic organisms and build up through various
levels of the food chain (23). However, human
exposure to PSNPs is not limited to
environmental sources. Nanoplastics can also
be intentionally produced and added to
consumer products such as cosmetics,
packaging materials, and medical applications.
These engineered particles are typically
spherical and more uniform in size and shape,
similar to the PSNPs used in this study. PS, an
aromatic synthetic polymer formed through the
polymerization of styrene monomers, is one of
the most frequently wused polymers to
manufacture plastics. While PS is primarily
composed of carbon and hydrogen atoms and



considered relatively inert (23, 27), studies have
shown that PSNPs can enter the human body
through air, food, water, and skin, after which
they can accumulate in organs (23). These
particles have been linked to toxic effects in the
digestive, circulatory, nervous, and respiratory
systems (23). At the cellular level, PSNPs have
been reported to induce oxidative stress,
mitochondrial dysfunction, and lysosomal
damage, indicating their potential to interfere
with cellular processes (28).

The cellular uptake and toxic effects of
NPs are largely determined by their physical
and chemical properties. Cells mostly take up
NPs through endocytosis, and this process is
highly dependent on the properties of the
particles (22). For example, particle size is a
crucial physicochemical characteristic that
influences how NPs interact with biological
systems. The size of NPs determines how they
are distributed in the human body and how they
are transported and eliminated. Smaller
particles with larger surface areas to volume
ratios generally tend to have greater interaction
with biological tissues, leading to enhanced
uptake (2, 14, 22). Furthermore, particle shape
has also been determined to influence cellular
uptake. NPs can be found in a variety of shapes,
such as fibers, rings, tubes, oval structures, and
spheres (2). Previous studies found that
spherical NPs are more easily and more quickly
taken up by human cells compared to rod- or
fiber-shaped particles (2, 29). Additionally, the
zeta potential, determined by the surface
charge, plays a crucial role in maintaining the
stability of NPs in dispersion (30, 31). Particles
with a high zeta potential, whether positive or
negative, are typically more stable and less
likely to aggregate, whereas particles with low
zeta potentials tend to coagulate or flocculate
(31, 32). Moreover, positively charged NPs tend
to exhibit greater toxicity than negatively
charged ones. This is mainly due to their
stronger electrostatic attraction to negatively
charged phospholipids and membrane proteins,
which enhances cellular uptake of the NPs (31).

As discussed before, nanotoxicity depends
on the type of NPs and their physicochemical
properties. However, how these properties
influence developmental toxicity remains
under-researched (33). ROS are thought to be
major factors in the toxicity of NPs, leading to
oxidative stress and inflammation (3, 34, 35).
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As natural byproducts of oxygen-based cellular
processes, ROS are involved in various cellular
activities, such as regulating cell survival,
signaling, differentiation, and inflammatory
responses (36, 37). They include free radicals,
such as superoxide (O,™) and hydroxyl radical
(OH"), and nonradicals, like hydrogen peroxide
(H20,), singlet oxygen (*O,), and hypochlorous
acid (HOCI) (33, 38). While superoxide is
short-lived and quickly converted to hydrogen
peroxide by the enzyme superoxide dismutase
(SOD), hydrogen peroxide is more stable and
plays a significant role in oxidative stress
management and signaling. Maintaining
appropriate ROS levels is therefore crucial, and
SOD enzymes are essential in preserving this
cellular balance. An excessive accumulation of
ROS can result in oxidative stress. This occurs
when there is an imbalance between ROS
production and the capacity of the biological
system to neutralize these reactive molecules,
triggering the activation of the cell’s enzymatic
and nonenzymatic antioxidant defense systems
(39). At extreme levels of oxidative stress, ROS
overwhelm the cell’s defense mechanisms,
causing mitochondrial membrane damage and
dysfunction in the electron transport chain. This
results in catastrophic cellular outcomes,
including lipid peroxidation, protein oxidation,
DNA damage, and eventually cell death via
apoptosis or necrosis (40). Studies have
revealed that NP toxicity is often linked to ROS
generation and oxidative stress, as the
physicochemical characteristics like particle
size, surface charge, and NP type can catalyze
the production of ROS (41, 42, 43).

Mitochondria, often described as the
powerhouse of the cell, are responsible for
maintaining  cellular  energy  balance.
Interestingly, they have been found to play a
critical role in NP-induced toxicity (44). Their
dynamic structure is governed by two critical
processes, fission and fusion, which regulate
mitochondrial morphology and functionality
(45). Maintaining a balance between fission and
fusion is crucial for preserving a healthy
mitochondrial network. Mitochondrial fusion is
essential in supporting the maintenance of a
healthy mitochondrial network and ensuring
optimal mitochondrial function by enabling the
transfer of gene  products  between
mitochondria. The mitochondrial ~ fusion
machinery relies on mitofusins 1 and 2 (Mfnl
and Mfn2), anchored in the mitochondrial outer



membrane. It also involves the GTPase optic
atrophy 1 (OPALl), which is located in the
mitochondrial inner membrane (46, 47).
Mitochondrial fission, on the other hand, plays
a key role in mitochondrial division and
maintaining quality control. This process is
crucial for the segregation of damaged
mitochondria to mediate autophagy, apoptosis,
and cell death. It is mainly mediated by fission
proteins, fission 1 protein (Fisl), and
mitochondrial fission factor (Mff). They assist
in recruiting dynamin-related protein 1 (Drp1l),
a GTPase that facilitates the constriction and
separation of mitochondria into smaller units
(48). The structural dynamics and activity of
mitochondria are key factors in the energy
metabolism of the cell (49). Previous studies
have shown that NPs can cause morphological
changes in mitochondria, potentially disrupting
fusion and fission dynamics (50, 51, 52, 53).

Mitochondria are constantly
communicating with other organelles, including
the endoplasmic reticulum (ER) (54). The ER is
crucial for protein synthesis, transport, and
folding (55). Normally, a balance exists
between the amount of proteins entering the ER
and its ability to fold them correctly. However,
genetic and environmental factors can disrupt
this balance, resulting in an accumulation of
misfolded proteins, a condition known as ER
stress. Once this accumulation surpasses a
critical level, the unfolded protein response
(UPR), an adaptive signaling pathway, is
triggered to restore balance and ER function
(56, 57, 58). This signaling pathway is activated
by three ER sensors: inositol-requiring enzyme
1 (IRE1l), double-stranded RNA-activated
protein kinase R (PKR)-like ER kinase (PERK),
and activating transcription factor 6 (ATF6).
They activate the UPR, aiming to reduce the
amount of misfolded proteins. Previous
research has indicated that NPs can induce ER
stress (56). For instance, studies have shown
that NPs can accumulate in the ER and cause
morphological changes. One notable example is
TiO,NPs, which have been shown to induce
dose-dependent swelling of the ER and elevated
expression of ER stress markers in mouse lungs,
suggesting a potential mechanism for NP-
induced pulmonary inflammation (59). When
the stress induced by NPs persists, it can lead to
prolonged UPR activation, eventually resulting
in apoptosis. This prolonged UPR activation
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can significantly impair the differentiation
capacity of stem cells (56, 60).

Furthermore, NPs have been found to
induce ferroptosis, an iron-driven non-apoptotic
cell death, characterized by intracellular iron
accumulation, excessive ROS formation, and
lipid peroxidation (61, 62, 63, 64, 65).
Ferroptosis is mitigated by two major protective
mechanisms: glutathione peroxidase 4 (GPX4)
and cystine/glutamate antiporter system Xc-
(66). Among these, GPX4, a key member of the
glutathione peroxidase family, plays a critical
role in preventing ferroptotic cell death. GPX4
uses reduced glutathione (GSH) as an electron
donor to convert toxic lipid hydroperoxides
(lipid-OOH) into non-toxic lipid alcohols (lipid-
OH) (63, 67). On the other hand, the
cystine/glutamate antiporter system Xc— plays a
pivotal role by importing extracellular cystine,
which is converted into GSH. This maintains
the intracellular redox balance and provides the
substrate needed for GPX4 activity (63, 67).

Previous studies have shown that NPs can
also cause lysosomal damage and disrupt
autophagy (68). Lysosomes, single-membrane
vesicular organelles with an acidic lumen (pH
4.5-5.5), play a crucial role in maintaining
cellular homeostasis, development, and aging.
They facilitate the degradation of biomolecules
such as proteins, nucleic acids, and
polysaccharides, which they acquire through
endocytosis and autophagy. Inside the
lysosome, over 60 acidic hydrolases facilitate
this degradation process. The resulting
breakdown products, such as amino acids,
monosaccharides, and free fatty acids, are vital
for cellular energy metabolism and growth.
Additionally,  lysosomes  contribute  to
intracellular signaling, nutrient transport, and
ion balance by interacting with other organelles
(67). Upon cellular uptake, NPs have been
found to disrupt lysosome function, with the
extent of damage depending on their
physicochemical characteristics, such as size
and morphology (67).

Autophagy is a cellular degradation
process that is crucial for maintaining
homeostasis. It involves the formation of
double-membrane autophagosomes that fuse
with lysosomes to degrade cellular components
(69). A specific form of autophagy,
ferritinophagy, is particularly relevant in the



context of NP toxicity. In ferritinophagy,
ferritin, the main iron storage protein, is broken
down, releasing iron into the cytoplasm. This
free iron can participate in the Fenton reaction,
generating ROS and contributing to ferroptosis.
Recent evidence suggests that ferritinophagy-
mediated iron release may play a key role in the
induction of ferroptosis (69, 70). NP-induced
autophagy has been recognized both as a
contributing factor to nanotoxicity and as a
protective  response against NP-induced
damage. However, the role of autophagy in NP-
induced ferroptosis remains largely unexplored.
While metallic NPs primarily induce
mitochondrial stress, existing literature and
preliminary laboratory findings suggest that
plastic-based NPs, such as PSNPs, exert
toxicity mainly through lysosomal stress (71,
72). Further research is needed to explore the
contribution of this mechanism to NP-induced
toxicity.

This study aims to bridge the gap in
understanding how the physicochemical
properties of different NPs influence cellular
toxicity. Previous studies often focused on the
toxic effects induced by NPs, while the
physicochemical  properties were  often
overlooked. By characterizing and comparing
AgNPs, TiO:NPs, and PSNPs and investigating
their effects on hDPSCs, this research provides
valuable insights into their cellular interactions,
oxidative stress responses, mitochondrial
dynamics, lysosomal stress, and potential links
to ferroptosis. The findings contribute to a
deeper understanding of NP-induced cellular
toxicity in stem cells, an important in vitro
model for studying developmental toxicity,
aiding in risk assessment and the development
of safer nanomaterials for human exposure.

EXPERIMENTAL PROCEDURES

Cell culture — hDPSCs were provided by
the Biomedical Research Institute (BIOMED,
Hasselt University, Belgium) and cultured in
culture flasks containing minimum essential
medium alpha culture medium (a-MEM, VWR,
Oud-Heverlee, Belgium), supplemented with
10% heat-inactivated fetal bovine serum (FBS,
Sigma-Aldrich, Darmstadt, Germany), 1%
penicillin/streptomycin  (Pen/Strep,  Gibco,
Fisher Scientific, Brussels, Belgium), and 1%
L-glutamine (VWR, Oud-Heverlee, Belgium).
Cells were maintained at 37 °C in an incubator
with a 5% CO, atmosphere, with the medium
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refreshed every other day. Cells were passaged
at 70-90% confluence. Therefore, they were
washed twice with phosphate-buffered saline
(PBS, without Ca?* or Mg?, VWR, Oud-
Heverlee, Belgium). Subsequently, 0.05%
trypsin-EDTA  (Gibco, Fisher  Scientific,
Brussels, Belgium) was incubated for 5 minutes
at 37 °C and 5% CO,. The enzymatic activity of
trypsin-EDTA was stopped by adding at least
three volumes of complete cell medium relative
to the volume of trypsin used. Cells were
pelleted by centrifuging at 300 g for 5 minutes
and resuspended in complete medium.

Materials — Three types of commercially
available NPs were purchased. Spherical
polyvinylpyrrolidone (PVP)-AgNPs of 20 nm
(US Research Nanomaterials Inc., Houston,
Texas, USA) and spherical TiO,NPs of 21 nm
(Sigma-Aldrich, Darmstadt, Germany) were
obtained. Additionally, red fluorescent (RF) and
non-fluorescent (NF) PSNPs, functionalized
with carboxylic surface groups (-COOH), were
purchased with two particle diameters: 50 nm (
PS50NF and PS50RF) and 1 pm (PSO1NF and
PSO1RF)  (Magsphere Inc.,  Pasadena,
California, USA). NP stocks (1 mg/mL) were
prepared in autoclaved and filtered Milli-Q
water.

Physicochemical  characterization  of
nanoparticles — NP morphology and size were
determined using Scanning Transmission
Electron Microscopy (STEM). First, particle
suspensions were prepared in water. Then,
pioloform-coated mesh copper grids were
treated with Alcian blue for 10 minutes to
render a positive surface charge, followed by
five washes with water. To prepare STEM
samples, the treated grids were placed onto a
droplet of the particle suspension for 10
minutes. Following incubation, the grid was
carefully lifted from the droplet and gently dried
with filter paper. STEM-EDX imaging was
performed using the Talos F200S G2
transmission electron microscope, equipped
with an HAADF detector and Super-X EDS
detector. Analyses were performed for at least
300 particles using Imagel (1.54g; Java
1.8.0_345) software to determine the particle
minimum Feret diameter and aspect ratio.

Gene expression analysis — To measure
changes in gene expression of selected genes, a
quantitative polymerase chain reaction (QPCR)



was performed. DPSCs were seeded at 4 x 10
cells/12-well and grown to 50% confluence.
After exposure to 10 pg/mL AgNPs and
TiO2NPs, and 10 and 100 pg/mL PS50NF and
PSOL1NF for 16, 24, and 48 hours in a-MEM, the
cells were washed twice with Dulbecco’s
phosphate-buffered saline (DPBS, +Ca*,
+Mg?®*, VWR, Oud-Heverlee, Belgium). Then,
the cells were lysed in plates with cold lysis
buffer and stored at -80 °C for further
processing. Total RNA was extracted from the
cells using a phenol/chloroform extraction.
RNA concentration and purity were measured
using a nanodrop ND-1000 spectrophotometer
(Isogen Life Science, Utrecht, Netherlands).
After TurboDNase (Turbo DNA-free Kkit,
Invitrogen,  Fisher  Scientific,  Brussels,
Belgium) treatment to remove genomic DNA,
RNA was reverse transcribed using the Goscript
reverse transcription  system  (Promega,
Madison, Wisconsin, USA). All gPCR
reactions were performed using the
QuantStudio 3 ¢gPCR machine (Applied
Biosystems, Thermo Fisher Scientific, Brussels,
Belgium). Each reaction contained cDNA and
master mix containing Fast SYBR Green OCR
Master mix (Applied Biosystems, Thermo
Fisher Scientific, Brussels, Belgium), and
forward and reverse primers (Supplementary
Table 1). The reaction was performed using
gPCR cycling conditions: initial denaturation at
95 °C for 20s, followed by 40 cycles of
denaturation at 95 °C for 1s and
annealing/extension at 60 °C for 20s. The
primer sequences for the studied genes were
based on existing literature. Fold change was
calculated from Ct-values and normalized for
four reference genes. Relative quantification of
gene expression was performed following the
standard 2-**“* method.

Lipid droplets staining - An Oil Red O
staining (ORO, Sigma-Aldrich, Darmstadt,
Germany) was performed to visualize
intracellular lipid droplets. Cells were seeded on
glass coverslips at 2 x 10* cells/24-well and
cultured for 2 days. After exposure to 1 and 10
pg/mL AgNPs and 10 and 100 pg/mL TiO;NPs
and PS50RF for 8, 24, and 48 hours, cells were
washed three times with warm DPBS and then
fixed in 4% paraformaldehyde (Sigma Aldrich,
Darmstadt, Germany), followed by another
three washes with DPBS. A stock solution of
Oil Red O was prepared by dissolving 0.5 g of
Oil Red O powder in 100 mL of isopropanol
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(VWR, Oud-Heverlee, Belgium). For the
working solution, 6 mL of the stock solution
was mixed with 4 mL of distilled water. Next,
cells were stained with 200 pL of freshly
prepared and filtered ORO solution for 10
minutes at room temperature (RT), washed
three times with PBS, and nuclei were
counterstained with DAPI for 15 minutes. After
three final washes in PBS, coverslips were
mounted with Prolong Gold Antifade mounting
medium (Invitrogen, Thermo Fisher Scientific,
Brussels, Belgium) and imaged using confocal
laser scanning microscopy (CLSM, LSM 900,
Zeiss, Zaventem, Belgium) at emission
wavelengths of 465 and 636 nm at 40x
magnification to visualize the nucleus and the
lipid droplets, respectively. Finally, a
quantitative analysis was conducted to assess
the lipid droplet count, as well as the lipid
droplet area per cell. Approximately 35 cells
were analyzed per condition, with two technical
replicates for each condition.

Malondialdehyde (MDA) staining - An
immunofluorescent stain was used to visualize
MDA, a byproduct of lipid peroxidation, which
is one of the hallmarks of ferroptosis. Briefly,
DPSCs were seeded at 1 x 10* cells/24-well and
cultured for 2 days. Cells were then exposed to
10 pg/mL AgNPs and 10 and 100 pg/mL of the
TiO.NPs for 48 hours. As a positive control for
lipid peroxidation, cells were treated with 250
UM hydrogen peroxide (H2O2, Thermo Fisher
Scientific, Brussels, Belgium) for 30 minutes
before fixation. After exposure, cells were
washed three times with warm DPBS and fixed
in 4% paraformaldehyde for 15 minutes at RT.
Following three washes with DPBS, cells were
permeabilized using 0.1% Triton X-100
(Sigma-Aldrich, Darmstadt, Germany) for 15
min at RT, then washed again three times with
PBS. To block nonspecific binding of the
antibody, cells were incubated with 2% Bovine
Serum Albumin (BSA, Sigma Aldrich,
Darmstadt, Germany) in PBS for 60 minutes at
RT. They were then incubated with the primary
MDA antibody (11E3, Invitrogen, Thermo
Fisher Scientific, Brussels, Belgium), diluted
1/100 in 0.1% BSA, for three hours at RT. After
incubation, the primary antibody was removed
by washing three times with PBS. A 1/200
dilution of the secondary Alexa Fluor 488 goat
anti-mouse  (Invitrogen, Thermo  Fisher
Scientific, Brussels, Belgium) was made in
0.1% BSA and incubated for 45 minutes at RT.
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The cells were again washed three times with
PBS and incubated with DAPI for 15 minutes at
RT at a dilution of 1/1000 to counterstain the
nuclei. Finally, the cells were washed three
times with PBS, mounted with Prolong Gold
Antifade mounting medium, and imaged using
CLSM at emission wavelengths of 465 and 517
nm at 40x magnification to visualize the nucleus
and MDA, respectively. Finally, a quantitative
analysis was conducted by measuring
fluorescence intensity with ImageJ (1.54g; Java
1.8.0_345). Approximately 25 cells were
analyzed per condition, with two technical
replicates for each condition.

TEM images for qualitative analysis - A
gualitative TEM analysis was performed to
compare possible alterations in cellular
ultrastructures between conditions. Cells were
seeded at 1.5 x 10* cells/24-well. The next day,
they were exposed to 100 pg/ml of the PSOLNF
particles and 10 pg/ml of the AgNPs and
TiO2NPs. After a 48-hour exposure period, the
cells were washed thrice with warm DPBS,
fixed in 2% glutaraldehyde (Sigma Aldrich,
Darmstadt, Germany) buffered with 0.05 M
sodium cacodylate, and embedded in epoxy
resin. Then, 70 nm ultra-thin sections of cell
samples were prepared. The cellular
ultrastructures were observed and photographed
with the TEM (JEM-1400 Flash (JEOL, Tokyo,
Japan)), equipped with a 20 MP XAROSA
CMOS camera (EMSIS, Minster, Germany),
operating at 80 kV.

Statistical analysis — R software, version
2024.12.0, was used to perform statistical
analysis. The normality and homoscedasticity
of the data were verified using the Shapiro-Wilk
test and Levene test, respectively. If the data
were normally distributed, a one-way ANOVA
was performed to evaluate differences across
different conditions, followed by a post-hoc
Dunnett’s test to identify specific group
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differences. In case normality was violated, the
non-parametric  test, Kruskal-Wallis, was
performed, followed by a post-hoc Dunn test. A
p-value < 0.05 was considered to be statistically
significant.

RESULTS

NP characterization — Image analysis of
the STEM images provided size and shape
information on the NPs (Table 1 & Figure 1).
The minimum Feret diameter for the PVP-
AgNPs was measured at 22.915 £+ 12.201 nm,
with an aspect ratio of 1.375 + 0.3019,
indicating a spherical shape. Similarly, the
TiO2NPs showed a minimum Feret diameter of
19.210 + 7.225 nm and an aspect ratio of 1.221
+ 0.180, also indicating  sphericity.
Furthermore, the PS50NF particles exhibited a
minimum Feret diameter of 33.889 + 11.881 nm
and an aspect ratio of 1.026 + 0.025, also
indicating a spherical shape. The PSO1NF
particles showed a minimum Feret diameter of
956.044 + 123.501 nm with an aspect ratio of
1.0830 £ 0.541, again indicating sphericity. The
red-fluorescent counterparts of these particles
exhibited similar characteristics. PS50RF
particles showed a minimum Feret diameter of
29.282 + 8.830 nm and an aspect ratio of 1.035
+ 0.038, while PSO1RF particles measured
951.710 *+ 100.724 nm with an aspect ratio of
1.073 £ 0.063. These aspect ratios are again
close to 1, confirming a spherical shape.

Table 1 — Physical characteristics of NPs based on STEM

Manufacturer | STEM STEM
NP Particle size | Min Feret diameter | Aspect ratio
(nm) (nm)
PVP-Ag 20 22.915 +12.201 1.375 £ 0.3019
TiO, 21 19.210 + 7.225 1.221 +0.180
PS50NF 50 33.889 +11.881 1.026 + 0.025
PS50RF 50 29.282 + 8.830 1.035 + 0.038
PSOINF 1pum 956.044 + 123.501 1.0830 + 0.541
PSO1RF 1um 951.710 + 100.724 1.073 £ 0.063
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Figure 1 — Size distribution of NPs. ImageJ software was used to determine particle minimum Feret
diameter. (A) AgNPs, (B) TiO2NPs, (C) PS50NF, (D) PS50RF, (E) PSOLNF, (F) PSO1RF. Bars represent
the frequency (n) on the y-axis. Images of (G) AgNPs, 250kx, (H) TiO2NPs, 360kx, (1) PS50NF, 62kXx,

(J) PS50RF, 62kx, (K) PSOINF, 5600, (L) PSO1RF, 5600x were acquired by STEM.

Effects of NPs on gene expression in
cellular processes in DPSCs — Gene expression
levels of selected genes were measured after 16
and 48 hours of exposure to gain insights into
the cellular response of DPSCs to the studied
NPs. While several statistically significant
differences were observed between exposed
conditions and the control, it is important to
note that these often reflect relatively modest
changes in expression levels and should be

interpreted with caution regarding their
biological relevance. Based on these initial
findings, genes were selected to study the gene
expression levels after 24 hours of exposure.
The results are visualized in heatmaps (Figure
2), where gene expression levels relative to the
control are color-coded and statistical
significance is indicated (* for p < 0.05,
considered significant, ° for p < 0.1, considered
a trend).
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Figure 2 — Heatmap of the gene expression level fold changes after (A) 16, (B) 48, and (C) 24 hours of
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Gene expression is shown as fold change relative to control and color-coded by expression level. The
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are grouped by cellular process, as indicated by square brackets above the heatmap. These categories
include ER stress, ferroptosis, mitochondrial dynamics, and autophagy.
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After 16 hours of exposure, AgNP exposure
caused significant upregulation of PTGS2,
HMOX1, XBP1s, and CHOP. TiO;NPs also
induced a significant increase in PTGS2
expression. For the highest concentration of the
1 pm-sized PSNPs, CHOP and HMOX1 were
significantly upregulated, with GPX4 and
ATG14 showing trends toward increased
expression. Most autophagy- and mitochondrial
dynamics-related genes remained unaffected at
this early time point.

Senior internship- 2" master BMW

Prolonged exposure of 48 hours led to a more
diverse transcriptional profile with several
genes  showing  significant  up-  or
downregulation depending on the NP type. In
AgNP-exposed cells, PTGS2, SLC7Al1,
TFRC, HMOX1, and XBP1s were significantly
upregulated, while GPX4, ATF4, NBR1, FIS,
and P53 were significantly downregulated.
TiO.NPs again caused significant upregulation
of PTGS2, although changes in other genes
were limited. Exposure to the lowest

concentration of the 50 nm-sized PSNPs led to
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Figure 3 — Oil Red O staining after exposure to 1 pg/mL AgNPs, 10 pg/mL AgNPs, TiO2NPs, and
PS50RF and 100 pg/mL TiO.NPs and PS50RF for 8, 24, and 48 hours. (A-C) Average lipid droplet
count per cell following NP exposure for (A) 8, (B) 24, and (C) 48 hours. Bars represent mean + standard
error of lipid droplet number per cell. (D-F) Average lipid droplet area per cell following NP exposure
for (D) 8, (E) 24, and (F) 48 hours. Bars represent mean * standard error of lipid droplet area per cell.
Statistical significance is indicated by symbols: ° p < 0.1, * p < 0.05.
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a mild upregulation of XBP1lu and PDIAA4,
whereas the highest concentration induced
significant upregulation of CHOP, PDIAA4,
XBP1s, XBP1u, and ULK1.

For the highest concentration of the 1 pm-sized
PSNPs, significant upregulation of PTGS2,
TRFC, HMOX1, CHOP, and ATG14 was
observed. In contrast, the lowest concentration
of the 1 um-sized PSNPs showed only trends
toward upregulation for PDIA4 and ULKI.
Gene expression changes at 24 hours after NP
exposure  showed intermediate  patterns
compared to the 16-hour and 48-hour time
points. AgNPs induced a significant
upregulation of HMOX1, along with trends
toward increased expression of XBP1s and
PTGS2. No statistically significant gene
expression changes were detected in response to
TiO2NPs or PSNPs at this time point.

Effects of NPs on lipid droplet count and
area — To investigate lipid droplet formation
over time following NP exposure, an ORO
staining was performed. The number and total
area of lipid droplets per cell were quantified
after 8, 24, and 48 hours of NP exposure.

After 8 hours of exposure (Figure 3A), a
significant increase in the number of lipid
droplets per cell was observed in cells exposed
to AgNPs at both 1pg/mL (0.76+0.16,
p=0.0095), and 10ug/mL (0.99+0.19,
p=0.00097), as well as PSNPs (50nm) at
100 pg/mL (0.86+0.17, p=0.0082), compared
to the control group (0.25+0.078). Other
conditions showed no significant effect. These
effects were not seen at the 24-hour timepoint,
where no statistically significant differences in
lipid droplet count were found across any
conditions (Figure 3B). However, after 48 hours
(Figure 3C), exposure to TiO-NPs at 100 pg/mL
resulted in a significantly increased lipid droplet
number (1.73+0.18, p=0.00013). PSNPs
(50 nm) at 100 pg/mL showed a borderline
significant increase (1.50+0.22, p=0.053)
compared to the control (0.86 +0.14). No other
treatments resulted in significant alterations at
this stage.

A similar pattern was observed for lipid droplet
area. Significant increases were observed at 8
hours (Figure 3D) in cells exposed to AgNPs at
lug/mL (0.10£0.019, p=0.00381), and
10 pg/mL  (0.12£0.019, p=0.00039), and
PSNPs at  100pg/mL  (0.096+£0.015,
p=0.00333), compared to the control
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(0.029 £0.009). No significant differences were
found for other conditions at this time point.
Furthermore, no significant differences were
observed across conditions after 24 hours of NP
exposure (Figure 3E). After 48 hours (Figure
3F), a significant increase in lipid droplet area
was observed for TiO:NPs at 100 pg/mL
(0.14+£0.011, p=0.00047) and for PSNPs at
100 pg/mL (0.13+0.015, p=0.03), compared
to the control (0.082 +0.011). Other conditions
did not show significant differences.

Lipid peroxidation levels after NP
exposure — MDA fluorescence intensity was
expressed relative to the negative control (set at
1) and showed differences in levels of lipid
peroxidation between the experimental groups
(Figure 4). Exposure to AgNPs (10 pg/mL)
resulted in a marked increase in MDA staining,
with an average relative intensity of
1.38+0.071, which was significantly higher
than the negative control (p=0.00066). A
similar pattern was observed in the positive
control group, which showed the highest overall
relative intensity of 1.46+0.12, also
significantly elevated compared to the negative
control (p=0.00603), thereby confirming the
effectiveness of the staining. Interestingly, cells
exposed to TiO.NPs at 10 ug/mL exhibited a
reduction in relative MDA intensity
(0.85+0.033) that was significantly lower than

20

H

Relative intensity/Cell

05

0.0

NEGCTRL AgNP10 TIO210 TIO2100 POSCTRL

Figure 4 — Quantification of MDA levels
after exposure to 10 pg/mL AgNPs and
TiO2NPs, and 100 pg/mL TiO2NPs for 48
hours. Bars represent mean MDA
fluorescence intensity * standard error
relative to the negative control. Statistical
significance is indicated by symbols: ° p <
0.1, * p<0.05.
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AgNPs

TiO2NPs

PSNPs

Figure 5 — Qualitative TEM analysis of cellular ultrastructures after exposure to 10 pg/ml of AgNPs and
TiO2NPs, and 100 pg/ml of PSOLNF for 48 hours. LD: lipid droplet, ER: endoplasmic reticulum, Mt:
mitochondria, CTRL: negative control. (A) TEM image: AgNPs, 2500x (B,C) TEM image: AgNPs,
10000x (D) TEM image: TiO2NPs, 2500x (E,F) TEM image: TiO.NPs, 10000x (G) TEM image: PSNPs,
2500x (H,l) TEM image: PSNPs, 10000x (J) TEM image CTRL, 2500x (K,L) TEM image: CTRL,
10000x.

the negative control (p = 0.048). Exposure to the observed  within  individual  vesicles.

higher dose of TiO:NPs led to a slightly
decreased relative intensity of 0.90 +0.038, but
this difference was not statistically significant.

Qualitative TEM analysis - TEM images
showed well-preserved cellular and organelle
structures across all conditions, indicating that
no major cytotoxic damage was visible at the
ultrastructural level. In PSO1INF-exposed cells
(Figure 5G-1), the ER appeared dilated.
Furthermore, PSNPs were most commonly

Mitochondria and lysosomes seemed to
maintain a normal appearance. Also, an
increased number of lipid droplets could be
observed compared to control cells (Figure 5 J-
K).

Cells exposed to AgNPs (Figure 5A-C)
similarly showed NPs enclosed within
intracellular vesicles, with particles often
forming agglomerates. In parallel with the ORO
results, an elevated number of lipid droplets
could be observed. No notable morphological



»> | UHASSELT

abnormalities  were  detected in  the
mitochondria, ER, or lysosomes.

In contrast, TiO-NP-exposed cells exhibited
more pronounced ultrastructural changes
(Figure 5D-F). Mitochondria seemed to appear
elongated and display increased branching,
while the ER showed a dilated appearance. NPs
were generally observed in vesicles, often
forming agglomerates. Despite these changes,
no clear increase in lipid droplets was observed
compared to the control cells, and lysosomal
structures appeared largely unaltered.

DISCUSSION

The increasing presence of NPs in our daily
environment is raising concerns about their
interference with essential developmental
processes, not only during early development,
but also during adulthood. This study provides
insights into the effects of three different NPs
on cellular stress responses in hDPSCs, with an
emphasis on possible ferroptosis and lipid
droplet dynamics. The findings of this study
demonstrate that AgNPs showed the strongest
tendency toward inducing ferroptosis, marked
by the differential expression of ferroptosis-
related genes and increased lipid peroxidation.
Additionally, lipid droplet accumulation was
observed. Secondly, PSNPs also triggered the
differential expression of ferroptosis-related
genes, together with an increased lipid droplet
accumulation, particularly  at higher
concentrations and longer exposure times.
Thirdly, TiO;NPS did not strongly activate
ferroptotic pathways, but caused significant
lipid droplet accumulation at 48 hours of
exposure. However, these findings do not
exclude the potential involvement of ferroptosis
in the toxicity of TiO2NPs, warranting further
investigation.

The most pronounced ferroptotic response was
observed in the AgNP-treated cells. Gene
expression analysis revealed a time-dependent
pattern. After 16 hours of exposure, only
PTGS2 and HMOX1, markers of ferroptosis,
were significantly upregulated in response to
AgNP exposure. Interestingly, at 24 hours of
exposure, a more defined ferroptotic profile
began to emerge, marked by significantly
increased expression of PTGS2 and HMOX1.
This pattern intensified after 48 hours of
exposure, where AgNPs induced the differential
gene expression for a broader set of ferroptosis-
related genes, including PTGS2, HMOX1,
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SLC7A11, and TFRC, alongside
downregulation of GPX4. Notably, PTGS2 and
HMOX1 showed a particularly strong

upregulation, with fold changes of 5.5 and 7.4,
respectively. The downregulation of GPX4 is
important as this is a key regulator of ferroptosis
that converts toxic lipid hydroperoxides (lipid-
OOH) into non-toxic lipid alcohols (61, 73).
Supporting these gene expression results, the
MDA staining results confirmed that AgNPs
significantly increased lipid peroxidation levels.
MDA, a byproduct of lipid peroxidation and a
commonly used biomarker of ferroptosis,
accumulates when oxidants such as free radicals
attack the polyunsaturated fatty acids (PUFAS)
in lipid membranes, leading to oxidative
membrane damage (74). The observed GPX4
downregulation and elevated MDA levels align
with studies by Zheng et al (2023) and Zhai et
al. (2024), which also reported GPX4
downregulation and enhanced lipid
peroxidation (61, 73). Additionally, Zhai et al.
(2024) observed that AgNP-treated neuron cells
induced shrunken mitochondria with fewer
cristae, which is typical for ferroptosis (73).
This is not in line with the mitochondrial
morphology observed in our study, where the
AgNP-treated cells showed no notable different
morphology compared to the non-exposed cells.
However, it is important to note that this may be
due to the qualitative nature and limited sample
size of our TEM analysis. Therefore, future
studies could apply both stereological and
morphometric methods to quantitatively assess
ultrastructural alterations. While morphometry
involves direct two-dimensional measurements,
stereology allows for three-dimensional
measurements, based on the analysis of two-
dimensional cut sections (75, 76). Additionally,
Zheng et al. (2023) highlighted that smaller
AgNPs were more effective in inducing
ferroptosis, suggesting a size-dependent effect
(61). Although our study only included one
AgNP size, these findings highlight the need for
future research to explore potential size-
dependent effects.

Furthermore, the results of the ORO staining
revealed an early and significant accumulation
of lipid droplets in response to AgNPs at both
concentrations. These NPs significantly
increased both the number of lipid droplets and
the total lipid droplet area per cell. This
observation supports our hypothesis that lipid
droplets serve as a protective mechanism
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against lipid peroxidation. This hypothesis was
also confirmed by Bailey et al. (2015). They
found that lipid droplets in glial cells protect
Drosophila neural stem cells from lipid
peroxidation by sequestering PUFAs away from
membranes (77). On the other hand, when lipid
droplets are broken down too abruptly, PUFAs
can be released in large quantities, increasing
the risk of oxidative stress and subsequent lipid
peroxidation (78). Additionally, it has been
shown that lipid droplet accumulation is
induced during the early phase of ferroptosis but
declines at later stages. In the context of this
study, early lipid droplet formation may reflect
an early protective response to counteract NP-
induced oxidative stress (78). This could also
explain our results, where we observed that
lipid droplet numbers and area peaked after 8
hours of exposure and became less prominent
after longer AgNP exposure.

In addition to the ferroptosis-related gene
expression changes, AgNP exposure also
affected genes associated with ER stress. After
16 hours of exposure, XBP1s and CHOP, two
important genes involved in the UPR, were
significantly upregulated. XBP1s remained
upregulated after 24 and 48 hours of AgNP
exposure. XBP1ls is the spliced and
transcriptionally active form of XBP1,
generated via activation of IRE1, one of the
three major ER stress sensors. Once spliced,
XBP1s translocates to the nucleus, where it
regulates the UPR to restore ER homeostasis
(79). ATF4, another important transcription
factor in ER stress signaling, was significantly
downregulated after 48 hours of exposure. This
was not expected, given that ATF4 is typically
upregulated during ER stress. However, the
observed fold change was only 0.55, indicating
that this result, while statistically significant,
reflects only a subtle biological effect.

TiO2NPs presented a more ambiguous toxicity
profile. Among the ferroptosis-related genes,
only PTGS2, a gene that is typically
upregulated during ferroptosis and responsible
for activating inflammatory responses, was
significantly upregulated after 16 hours and 48
hours of exposure (80). While only PTGS2 was
significantly upregulated, MDA staining at the
lowest concentration led to a significant
decrease in MDA levels, indicating reduced
lipid peroxidation compared to the control. This
contrasts with previous findings by Huang et al.
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(2025), who reported that TiO>NPs (30 nm)
could increase MDA levels in a concentration-
dependent way after 24 hours of exposure in
human umbilical vein endothelial cells
(HUVECs). Additionally, they found a reduced
protein expression of GPX4 (81). A possible
explanation for these discrepancies is that MDA
analysis in our study was limited to the 48-hour
time point, possibly missing earlier cellular
responses. Additionally, the small sample size
may have limited the detection of subtle effects.
In the qualitative TEM analysis, the TiO;NP-
exposed cells did show ultrastructural changes
as mitochondria appeared elongated and the ER
showed a dilated appearance. However, given
the qualitative nature of this analysis, these
observations should be interpreted with caution.
Interestingly, despite the absence of a defined
ferroptotic gene expression profile and reduced
MDA levels, TiO;NPs induced the most
pronounced lipid droplet accumulation at 48
hours of exposure, reflected by increased lipid
droplet number and total lipid droplet area. This
unexpected finding may point toward
alternative mechanisms, such as ER stress or
general oxidative imbalance. TiO;NPs have
previously been shown to cause ER swelling
and activate the unfolded protein response (59).
As discussed earlier, lipid droplet formation is a
protective mechanism against lipid
peroxidation during ferroptosis. However,
studies have shown that lipid droplets also
protect against ER stress by sequestering

misfolded proteins, rebalancing ER lipid
homeostasis, and regulating other stress
responses, such as autophagy (82).

Furthermore, in a review of Manzoor et al.
(2024), the authors highlight that TiO.NP-
induced toxicity remains under-researched (21).
Some studies find no indications of toxicity,
while others point out their ability to induce
oxidative stress, genotoxicity, and
immunotoxicity. An  important  factor
contributing to these differences in TiO.NP
toxicity may be particle size. In the study of
Xiong et al. (2013), they found an inverse
relationship  between particle size and
phototoxicity (83). Cells exposed to 10 nm
TiO2NPs showed significantly higher mortality
and generated more mitochondrial superoxide
after UV photoactivation compared to those
treated with larger particles (20 and 100 nm)
(83). This can be explained by the fact that
smaller particles have a higher surface area to
volume ratio, and they tend to have a greater
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interaction with biological tissues. These
findings  highlight  the influence  of
physicochemical properties on biological

effects. Despite the similar sizes of AgNPs and
TiO2NPs in our study, their different core
compositions likely account for their different
toxicity profiles. This is mainly because AgNPs
can release silver ions, making them highly
reactive, whereas TiO2NPs are often described
as biologically inert (18, 20).

PSNPs elicited a more subtle ferroptotic
response. Although MDA staining was not
performed for PSNPs in this study, the highest
concentration of the 1 pm particles showed
some gene expression changes in ferroptosis-
related genes. After 16 hours of exposure, the 1
pm PSNPs induced a significant upregulation of
HMOX1. After 48 hours of exposure, the
ferroptotic response became more pronounced.
The highest concentration of the 1 pum-sized
PSNPs showed a significant upregulation of
PTGS2, TFRC, and HMOX1, together with a
significant upregulation of the ER stress-related
gene CHOP. For the 50 nm-sized PSNPs, no
changes were observed in the gene expression
of ferroptosis-related genes. However, ER
stress-related genes did show some notable
gene expression changes. A significant
upregulation of XBP1u, XBP1s, PDIA4, and
CHOP was observed. These results align partly
with a study by Wu et al. (2024), where two
sizes of PS-MNPs (10 pum and 20 nm) were
investigated. They observed that only PSNPs of
20 nm induced toxicity in B2B cells by
activating ER stress pathways. On the other
hand, they did find increased levels of MDA
after exposure to the 20 nm-sized PSNPs.
Additionally, they reported that after exposure
to PSNPs, GPX4 levels decreased in a dose-
dependent manner. Lastly, they found
morphological changes indicating ferroptosis,
including swelling of mitochondria and
decreased mitochondrial cristae (84). While
they describe mitochondrial swelling as
indicative of ferroptosis, most studies contradict
this and  associate  ferroptosis  with
mitochondrial membrane shrinkage (85). Our
findings indicated only a subtle tendency
toward ferroptosis induction at the particle sizes
tested. This may be attributed to the larger
particle sizes used in our study compared to the
smaller 20 nm PSNPs used in the study of Wu
et al. (2024) (84). However, in the lipid droplet
experiment, exposure to PSNPs (50 nm, 100
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pg/mL) did cause a significant increase in both
lipid droplet number and total droplet area per
cell after 8 hours of exposure. This effect
persisted after 48 hours of exposure, with the
total lipid droplet area remaining statistically
significantly elevated compared to the control.
As discussed earlier, this could be an indication
of ER stress.

Ferroptosis is characterized by intracellular iron
accumulation. To obtain a more complete
understanding of ferroptosis, a Ferro Orange
staining protocol was optimized in this study to
detect intracellular ferrous iron (Fe**). Although
this staining was not applied within the current
experimental timeframe, it is included in the
supplementary information and is ready to be
used in future experiments. Zhai et al. (2024)
also used this Ferro orange staining and
emphasized the critical role of intracellular iron
accumulation in ferroptosis (73). Therefore, the
optimized protocol developed in this study will
represent a valuable addition in future
experiments, as excessive iron accumulation is
a hallmark of ferroptosis.

In this study, we also included autophagy-
related and mitochondrial dynamics-related
genes. However, limited attention has been
given to these results as there were only some
minor changes in the gene expression after
AgNP exposure. Nonetheless, as emerging
evidence suggests lysosomal damage and
autophagy dysfunction as critical mechanisms
of NP-induced toxicity, future studies should
also focus on these processes when considering
NP toxicity (71). To investigate such
mechanisms, Lysotracker, a cell-permeable
fluorescent dye that selectively accumulates in
acidic  cellular compartments, such as
lysosomes, can be used to visualize and
quantify lysosomal content in live cells (86). As
lysosomes are involved in autophagy,
Lysotracker staining may offer insights into
NP-induced disruptions of lysosomal function
and downstream autophagic processes (71).
Similarly, to investigate the effects of NPs on
mitochondrial dynamics, fluorescent probes
such as Mitotracker Red CMXRos and
Mitotracker Green could be used to
guantitatively assess the mitochondrial network
morphology and function. Mitotracker Red
CMXRos is a fluorescent probe that selectively
accumulates in active mitochondria based on
membrane potential. In contrast, Mitotracker
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Green can accumulate in inactive mitochondria
by binding to mitochondrial proteins. While this
study used a qualitative TEM analysis to
provide an initial impression of ultrastructural
changes, the combined use of both dyes would
allow researchers to obtain insights into
mitochondrial morphology and the proportion
of functionally active mitochondria. Future
studies could integrate these methods to
improve our understanding of NP-induced
mitochondrial alterations (87, 88, 89).

A major strength of this study is the inclusion of
multiple time points in both the gene expression
analysis and the lipid droplet analysis, which
enabled the assessment of cellular stress
responses in a time-wise manner. This approach
allows for the detection of both early and
delayed cellular stress responses. Future studies
should continue including multiple time points
as this will be critical for identifying the
temporal sequence of events, and ultimately, for
constructing an adverse outcome pathway
(AOP). This is a conceptual framework that
describes causal linkages between a molecular
initiating event, a sequence of intermediate key
events, and the adverse outcome. AOPs play an
important role in toxicological risk assessment
because they provide a mechanistic basis for
predicting toxicological outcomes. Moreover,
they contribute to the development of
alternative testing strategies by reducing the
reliance on animal testing (90). Secondly, the
use of hDPSCs presents another advantage.
These MSCs are easily accessible, involving
minimal ethical concerns. Furthermore, the
comparative design, involving three widely
encountered NPs, allowed for an evaluation of
how NP type influences cellular responses. By
focusing on ferroptosis, a recently discovered
and still underexplored form of cell death, this
study provides novel insights and adds
relevance to the field of nanotoxicology.
Finally, the development of an optimized Ferro
Orange staining protocol further enhances the
future applicability of this research.

Nonetheless, some limitations should also be
acknowledged. First, the qualitative nature of
the TEM analysis, based on a limited number of
cells, restricts the strength of conclusions
regarding organelle morphology. Second, for
AgNPs and TiO;NPs, only one particle size per
NP type was investigated, limiting conclusions
about size-dependent effects within the same
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material. Third, MDA levels were not measured
following PSNP exposure due to time
constraints, making it difficult to draw firm
conclusions on lipid peroxidation, a hallmark of
ferroptosis, for this NP type. Lastly, the sample
sizes for the MDA and ORO stainings were
limited. To strengthen the reliability of these
findings, future studies should include larger
sample sizes and repeated experiments.
Together, this research highlights the complex
interplay between NP characteristics like NP
type and size, exposure time, and cellular stress
responses.

CONCLUSION
This study investigated the effects of AgNPs,

TiO;NPs, and PSNPs on cellular stress
responses in  hDPSCs across multiple
concentrations and time points. Results

indicated particle-specific and size-dependent
stress responses. In summary, AgNPs showed
the strongest tendency toward inducing
ferroptosis, marked by the differential
expression of ferroptosis-related genes and
increased lipid peroxidation. PSNPs triggered
more moderate effects, with size-specific
differences: the 1 um particles induced stronger
ferroptosis-related gene expression changes,
while the 50 nm particles rather activated ER
stress pathways. TiO2NPs did not significantly
induce ferroptosis but caused pronounced lipid
droplet accumulation. Lipid droplet
accumulation was observed across all NP types,
likely through different mechanisms. These
findings provide new insights into NP-induced
cellular stress in stem cells, enhancing our
understanding of NP-induced toxicity and
supporting the need to consider both particle
size and composition in the development of
safer NPs.
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SUPPLEMENTARY INFORMATION

Supplementary Table 1 — Information on selected genes and primers

(paﬁiﬁ\?vzty) Forward primer (5°-3%) Reverse primer (5°-3%)
Ferroptosis
TFRC GCTGGAGACTTTGGATCGGTTGG TATACAACAGTGGGCTGGCAGAAAC
PTGS2 TTGCTGGCAGGGTTGCTGGTGGTA | CATCTGCCTGCTCTGGTCAATCGAA
SLC7A11 CTCCAGGTTATTCTATGTTGCGTCT | CAAAGGGTGCAAAACAATAACAGC
GPX4 GCC TTCCCG TGT AACCAGTT TTC ATC CAC TTC CAC AGC GG
HMOX1 CTGCTCAACATCCAGCTCTTTG CTCCACGGGGGCAGAATCTT
ER stress
XBP1s CTGAGTCCGAATCAGGTGCAG ATCCATGGGGAGATGTTCTGG
XBP1u CAGCACTCAGACTACGTGCA ATCCATGGGGAGATGTTCTGG
CHOP AGAACCAGGAAACGGAAACAGA TCTCCTTCATGCGCTGCTTT
ATF4 ATG ACC GAA ATG AGC TTC CTG GCT GGA GAACCCATGAGGT
PDIA4 TTGTTGGCGTAGATTTGGCT TGCTCAGTGGCAGCTCTCAC
Mitochondrial
dynamics
MFF AAC CCC TGG CAC TGA AAA CA TGA GGG GTT GTA GGAGGT CT
FIS AGA TGG ACT CGT GGG CAT GG ACA GGG AAA GGA CAG CGA GG
P53 GAT TTG ATG CTG TCC CCG GA CTG GCATTC TGG GAG CTT CA
MFN1 CCT TTT ACC TCA GCC TCC CA CAG ACC CAA GGA TCC ACACT
Autophagy
ATG14 CAATCGAGGAAGTAAAGACGG TCGTCCTGAGAGGTAAGTTG
ATG7 TGAGTTGACCCAGAAGAAGCT CCCAGCAGAGTCACCATTGT
NBR1 GGTATCCATCAACAGTCAAGG CGTTTTGCTCCTACAACTGG
ULK1 ACAAGAAGAACCTCGCCAAG TTCCTTCAGGATTTTGATTTCC
WDR45 CCTTATTCGCCTCTTTGACAC GCAAAGATATGGACAGTACCC
Reference gene
GAPDH TGT TCG TCA TGG GTG TGA AC ATG GCA TGG ACT GTG GTC AT
HPRT1 CCTGGCGTCGTGATTAGTGA CGAGCAAGACGTTCAGTCCT
TBP CAC GAACCACGG CACTGATT TTT TCT TGC TGC CAG TCT GGAC
RPLPO CGTCCTCGTGGAAGTGACAT TAGTTGGACTTCCAGGTCGC
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Supplementary experimental procedure 1- Optimization of Ferro Orange staining
Ferroptosis, an iron-driven non-apoptotic cell death, is characterized by intracellular iron accumulation. To
measure intracellular ferrous iron (Fe?*) levels, Ferro Orange (FO), a fluorescent probe that specifically
binds to Fe?*, was utilized. The optimization process aimed to refine the protocol for Ferro Orange staining
and improve image quality through systematic adjustments.

Initial Protocol Design

The optimization process began by culturing cells in 8-well IBIDI chamber slides at a seeding density of 2
X 10* cells per well, followed by a 48-hour growing period. One of the goals was to compare two different
media, DPBS and phenol-free Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Fisher Scientific,
Brussels, Belgium), to evaluate their influence on background fluorescence and signal quality. For each
medium, a positive control (100 uM Fe(NH4)2(SOa4)2, Honeywell Fluka, Charlotte, North Carolina, USA)
and a negative control were included. After washing the cells once with the respective medium, the positive
control was incubated for 30 minutes at 37°C with the iron solution. Then, cells were washed three times
with their respective medium and stained with 1 uM FO (Cell Signaling Technology, Danvers,
Massachusetts, USA). The cells were incubated with the probe for 30 minutes at 37°C. Confocal laser
microscopy was performed at an emission wavelength of 574 nm. At 10x magnification, the fluorescence
signal was acceptable. On the other hand, at 20x magnification, increased background noise was observed
(Supplementary Figure 1), particularly in DMEM-treated wells. In contrast, DPBS-treated wells showed a
clearer signal, suggesting that DPBS is more suitable for FO staining.

Supplementary Figure 1 — Confocal laser microscopy images of FO, addition of 100uM
Fe(NH4)2(SO4)2, was used as a positive control. (A) Positive control in DPBS imaged at 10x
magnification, (B) Positive control in DPBS imaged at 20x magnification.

Extended Incubation Time

To confirm that DPBS vyielded less background noise and to assess whether a longer incubation time could
enhance the signal intensity, the experiment was repeated with an extended incubation time of 1 hour with
FO. Again, DPBS-treated cells consistently exhibited lower background noise compared to those treated
with DMEM (Supplementary Figure 2). Based on this observation, further experiments were carried out
using DPBS to ensure clearer imaging with minimal interference.
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Supplementary Figure 2 — Confocal laser microscopy images of FO, addition of 100uM
Fe(NH4)2(SO4), was used as a positive control. (A) Positive control in DPBS imaged at 10x
magnification, (B) Positive control in DMEM imaged at 10x magnification.

Optimization of Ferro Orange Concentration and Cell Permeabilization

Next, to improve the fluorescence signal, the concentration of Ferro Orange was increased to 3 puM.
Additionally, digitonin, a cell-permeabilizing agent, was introduced to increase the probe's access to
intracellular iron. Before adding Ferro Orange, the cells were washed with warm DPBS and incubated with
digitonin (10 uM and 20uM in DPBS) for 10 minutes at RT. Following this step, the cells were washed
again, and the Ferro Orange staining procedure was continued as previously described. However, these
concentrations caused extensive cell death.

Optimization of Digitonin Concentration

To determine a concentration that permits sufficient membrane permeabilization while maintaining
viability, a range of digitonin concentrations (10 uM, 5 uM, 3 uM, and 1 uM) was tested. Trypan blue
staining was used to assess membrane permeability. At 10 and 5 uM, cells detached rapidly, whereas 3 uM
allowed cells to remain adherent for up to 30 minutes. 1 UM showed the most favorable scenario, with
minimal cell detachment even after 1 hour. Additionally, after 45 minutes, an increased trypan blue
penetration was observed, confirming the effectiveness of trypan blue as a cell permeabilizer. This
concentration was selected for further optimization steps.

Optimization of Positive Control Concentration

Although several improvements had been made to the staining protocol, including the use of DPBS to
reduce background fluorescence, an extended incubation time to increase signal intensity, and the
optimization of digitonin concentration to enhance cell permeability, the difference in signal intensity
between the positive and negative controls remained minimal when using 1uM of digitonin and 100 uM
Fe(NH4)2(SO4)2. To address this, higher concentrations of the positive control were tested: 200 uM, 500
UM, and 1 mM. Increasing the iron concentration significantly enhanced the fluorescence signal: negative
control (47.62 +1.18 a.u.), 200 uM (69.86+1.95 a.u), 500 uM (73.17+2.16 a.u.), and 1 mM (55.82+3.11
a.u.). Notably, 500 uM Fe(NH4)2(SO4). yielded the strongest and most consistent signal with clear
differentiation between controls (Supplementary Figure 3). At 1 mM Fe(NHa)2(SOa4)2, a drop in signal
guality was observed, possibly due to cellular toxicity at this high iron load.
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Supplementary Figure 3 — Confocal laser microscopy images of FO, addition of 500uM
Fe(NH4)2(SO4), was used as a positive control. (A) negative control in DPBS with 1 uM of digitonin
imaged at 10x magnification, (B) Positive control in DPBS with 1 uM of digitonin imaged at 10x
magnification.

Final optimized protocol

Through iterative optimization, the protocol was refined to enhance both cell viability and the quality of
Ferro Orange staining. Key changes included the use of DPBS to minimize background signal, the
identification of an optimal digitonin concentration (1 uM) to balance cell permeabilization and survival,
and the adjustment of positive control concentrations to achieve a more distinct signal. In the final optimized
protocol, DPSCs were seeded in an 8-well IBIDI chamber slide at a density of 2 x 10* cells/well and cultured
for 48 hours. After washing the cells once with warm DPBS, 1 uM digitonin was added to permeabilize the
cell membranes. For the positive control, cells were treated with 1 uM digitonin in combination with 500
M. Both negative and positive controls were incubated for 30 minutes at 37 °C. Then, cells were washed
three times with DPBS, 1 uM of FO was added, and cells were incubated for 30 minutes at 37°C. Finally,
the cells were imaged using confocal laser microscopy at an emission wavelength of 574 nm.
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