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ABSTRACT

Nanoparticles (NPs) are widely implemented in
daily life applications (1-3). However, exposure
to NPs is of major concern for human health,
particularly with respect to developmental
processes. In this research, human dental pulp
stem cells were used as a proxy for mesenchymal
stem cells to investigate the effects of three
broadly used NPs, silver (Ag), titanium dioxide
(TiOy), and polystyrene (PS). NP
characterization was performed with dynamic
light scattering. Nanoparticle-specific effects on
the differentiation capacity of stem cells were
investigated by the observation of the amount of
calcium deposition with Alizarin red S combined
with cetylpyridinium chloride. Also,
mitochondrial parameters were studied since
these organelles play a central role in
osteogenesis. Here, mitochondrial morphology
and physiology changes due to NP exposure
were assessed by confocal microscopy and JC-10
assay.

Results indicated that AgNPs affect the
mitochondria and the differentiation capacity.
Mitochondria were less abundant, and their
morphology appeared swollen compared to the
other NP exposures. Further AgNP exposure
caused a decrease in osteogenesis, while
TiO2NPs induced differentiation. However, both
Ag and TiO;NPs resulted in cell death at higher
concentrations. Regarding PSNPs, exposure did
not negatively affect the cells. Though,
depending on the cell's age, results suggest that
older cell passages lose some ability to cope with
the possible nanoparticle-induced stress. NP
exposure affects the developmental processes,

potentially via alteration of the mitochondrial
functioning. Further research could use these
results of mitochondrial parameter changes to
investigate their use in biomarker development
and risk assessment strategies.

INTRODUCTION

The implementation of nanoparticles (NPs) in
everyday applications is increasing strongly and
varies from medical devices to food additives (1-3).
Furthermore, NPs end up in the environment due to
industrialization and domestication, resulting in
human exposure via several routes such as the
gastro-intestinal tract, transdermal, and the
respiratory system (4). However, exposure to NPs
is of major concern, particularly with respect to
developmental processes. Knowledge about the use
of NPs in the developmental processes is still
lacking, mainly because researchers focussed on
the effect of NPs on differentiated cells. Limited
studies focused on the exposure effects of NPs on
stem cells. Stem cells drive the development and
maintenance of early and of adult human life.
Mesenchymal stem cells (MSCs), for example, are
a heterogeneous population of stromal cells found
in the umbilical cord, bone marrow, and menses
blood (5, 6). They are characterized by two key
features they are self-renewing and can differentiate
into different cell lines, e.g. osteogenesis, the
formation of bone (7, 8). Since stem cells regulate
the development of tissues, it is important to
understand how these new pollutants could
influence these processes.

NPs have a size range between 1-100 nm (9).
The abundant use of NPs in various applications
results from their unique characteristics, especially
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their small size and consequently large surface-to-
volume ratio, resulting in a higher reactivity than
larger compounds (10). Other physicochemical
properties of NPs that affect their reactivity are,
e.g., surface composition, surface charge, shape,
and composition, and each of these properties could
influence the possible toxicity of the NPs (11).

Three types of abundantly used NPs are
titanium dioxide (TiO.), silver (Ag), and
polystyrene (PS) NPs. TiO.NPs are used in a
variety of products ranging from paints to personal
care products. They are added to sunscreens, for
example, because TiO,NPs can block ultraviolet
radiation (12). Further, TiO2NPs contain a white
color, which causes them to be used as a food
additive (E171) (2). Overall, TiO;NPs are
considered to be inert (13), indicating that the
interaction with biological material is minor.
However, several studies indicated that TiO> could
induce reactive oxygen species (ROS) and deplete
cellular antioxidants, causing adverse biological
effects such as lipid peroxidation and DNA damage
(14).

PS is one of the most used polymers in plastics,
specifically in food packaging (15). A part of these
packages could end up in the environment,
specifically the open waters. Through several
processes, the larger plastic fragments will be
degraded to NPs (16, 17). Aquatic organisms are
then directly and indirectly exposed to these NPs,
which results in the entry of PSNPs into the food
chain (18, 19). Through the biocompatible
characteristics of PSNPs, adverse effects on
biological systems are expected to be limited (20).
Although their inert properties, adverse health
effects are observed both in vivo and in vitro. For
example, PSNP exposure could cause an
accumulation in the organs, leading to ROS
formation and a disturbance in energy balance (21,
22).

Overall, AgNPs are incorporated in products
because of their antibacterial properties, for
example, in food packaging, textile, and medical
equipment (3). AgNPs are considered highly
reactive since they can release Ag* ions, which
interact with and damage cell structures (14). This
release could further lead to the formation and
accumulation of ROS inside the cell (23). Studies
on the toxicity of AgNPs showed that AgNP
exposure could cause genotoxic effects when
entering the mammalian cell. In vivo studies
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showed that AgNP exposure could damage
different organs such as the central nervous and
respiratory systems (14).

Literature showed that a common effect of NP
exposure is the production of ROS, small oxygen-
containing molecules which can interact with
biological systems (14, 21, 23, 24). This
accumulation of ROS, such as hydrogen peroxide
(H20), contains an additional electron, which
makes these molecules reactive toward various
chemical structures such as DNA (24). However,
the cell contains a defense mechanism, namely
antioxidant enzymes, to cope with stress and avoid
damage (25).

In healthy cells, ROS also has an important
signaling role in a variety of processes such as the
cell cycle and differentiation (24, 26, 27). Therefore
the induction of oxidative stress could disrupt the
osteogenesis capacity of the cell (24). More
specifically absence of ROS stimulates
osteogenesis, while the presence could inhibit it
(24). Different studies on the effects of NP
exposure on stem cells observed that exposure
resulted in ROS formation leading to a decrease in
osteogenesis (13, 23, 28). Researchers observed
that levels of intracellular ROS are decreased
together with an upregulation of protein subunits of
respiratory enzymes, the number of mitochondrial
DNA (mtDNA), oxygen consumption rate, and
antioxidant enzymes (29). Furthermore, they
noticed that higher levels of ROS stimulated the
differentiation toward adipogenesis (21, 24).

ROS could be induced by NP exposure,
although the mitochondria are the central organelle
in the cell that produces ROS, for example, as a by-
product of mitochondrial metabolism and cellular
respiration (24). Mitochondria have an essential
role in the differentiation capacity of stem cells. For
example, they provide the cell with energy during
differentiation (30, 31). During this process, an
increase in mitochondria biogenesis is observed,
followed by an elongation of the organelle, known
as fusion, as well as an increase in the number of
cristae (31, 32). In contrast, the fission of the
mitochondria is a characteristic for other
differentiation processes like chondrogenesis or
mitotic transition (32, 33).

Furthermore, the mitochondria can promote
osteogenesis in stem cells by the bioenergetic
process of oxidative phosphorylation. Glycolysis is
the main energy source of undifferentiated cells, but
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once the mitochondrial energy production is
changed to oxidative phosphorylation, it can
promote differentiation in hMSCs (29). To be
specific, during this process, the production of
acetyl-COA occurs, which can activate -catenin
by acetylation (30). This in turn, works as a
transcription factor and causes the transcription of
runt-related transcription factor 2 (RUNX2), the
master regulator of osteoblast differentiation (34,
35). Once RUNX2 is activated, the stem cell will be
classified as a preosteoblast, and the differentiation
towards a mature osteoblast start (34). After this
activation, the preosteoblast will undergo a three-
stage differentiation. Stage one is the proliferation
stage. In stage two, the differentiation starts, and
lastly, stage three, where mineral deposition of
mineralization, e.g., calcium deposition, starts (34).

NP exposure to stem cells could induce
oxidative stress that leads to ROS production (13,
14, 21-23, 28). However, different particles can
induce different effects (36). So it is needed to
understand how NP exposure can influence the
regulation of the developmental processes, such as
mitochondrial functioning, since the mitochondria
play a key role in the differentiation by providing
the cell with energy and regulating the
differentiation. Here | expect that alterations in the
mitochondrial functioning due to NP exposure
could alter the differentiation capacity of the MSCs.
In this research, the effects of three different NPs
on the differentiation capacity of MSCs will be
investigated. Human dental pulp stem cells
(hDPSCs) extracted from wisdom teeth will be used
as a proxy for MSCs to study the effects of NP
exposure on the osteogenesis capacity of stem cells.
Three commonly used types of NPs are used:
TiO.NPs, PVP-AgNPs, and COOH-PSNPs. |
hypothesize that TiO2, Ag, and PSNP exposure in
hDPSC will result in mitochondrial dysfunction
due to oxidative stress, leading to alterations in the
osteogenic capacity of hDPSC. The hypothesis of
this study will be investigated with three aims. First,
the characterization of the NPs, to better understand
the interaction of the NPs with the hDPSCs.
Second, the impact of NP exposure on the
osteogenesis capacity of the hDPSCs. Osteogenesis
will be induced with or without NPs, and the
osteogenesis capacity will be studied in a
guantitative and qualitative manner. Furthermore,
osteogenesis-related genes were selected, primers
were designed, and efficiency was tested for RT-
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gPCR. Lastly, the effect of NP exposure on
mitochondrial functioning was studied.
Morphological and physiological changes in the
mitochondria were investigated. These results are
linked to the characterizations of the three different
NPs to find a link between the characteristics of the
NPs and the alterations in mitochondrial
functioning and osteogenesis processes.

EXPERIMENTAL PROCEDURES

Cell culture — hDPSCs were provided by
BIOMED (Hasselt, Belgium). The cells were
cultured in a T25 cell culture flask (Greiner Bio-
One GmbH) containing complete cell medium,
which is 5 mL minimum essential medium (o-
MEM, Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Sigma Life
Science), and 1%  penicillin/streptomycin
(pen/strep, Gibco). The cells were kept at 37 °C in
a 5% CO; atmosphere incubator (Binder GmbH).
Medium was changed twice a week. At 70-80 %
confluence, cells were harvested for re-culturing or
seeding for experiments. Cells were washed twice
with Phosphate Buffer Saline (PBS, without
calcium chloride and magnesium chloride, Gibco,
Life Technologies) followed by addition of 0,05%
Trypsin-EDTA (Gibco, Life Technologies) for 5 —
8 min (37 °C, 5% CO;). The enzymatic effect of
Trypsin-EDTA was stopped by the addition of
complete cell medium and the cells were pelleted
by centrifugation (5 min, 300 g, 21 °C). After
counting the cells using Trypan-blue (Gibco, Life
Technologies) the pellet was resuspended in
complete medium (1 million cells/ml). Cells were
either seeded or frozen. Only cells between passage
6-10 were used during the different experiments

Characterization of nanoparticles — The
following NPs were commercially purchased: 21
nm spherical TiO.NPs (Degussa Evonik GmbH,
powder), spherical COOH-PSNPs (10% wi/v) of 63
nm (Magsphere) and PVP-AgNPs with a spherical
shape and a size of 20 nm (US Research
Nanomaterials Inc.). NP stocks were made in
autoclaved filtered MilliQ (filter pore 2 pm) and
sonicated in a water bath sonicator (Ultrasonic
Cleaner USC-TH, VWR) for 15-20 and 30 min at
37 kHz for Ag and TiO2NPs respectively. Before
each experiment new Ag and TiO2NPs stocks were
made. A PSNPs stock was made once, sonicated for
15 min in a water bath sonicator (37 kHz) and used
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during all experiments. Before use, the stock was
vortexed for 30 sec. The actual size of Ag and
TiO2NPs was verified in a previous study of our
research group using transmission electron
microscopy  (TEM). To  confirm the
characterizations of the manufacturer, the
hydrodynamic diameter and zeta potential of the
NPs were measured via dynamic light scattering
measurements (DLS) with the ZetaSizer Nano
(Malvern Panalytical). Before measurements NPs
were dispersed in either 1 mM NacCl-solution, or in
MilliQ and osteogenesis medium (complete cell
medium supplemented with 5 % StemXVivo
Human osteogenic Supplement (R&Dsystems)) in
a 10 pg/ml concentration, for zeta potential and
hydrodynamic size respectively. Measurements
were performed at room temperature.

Analyzing osteoblast differentiation with
Alizarin red S staining — At 50-70 % confluence
osteogenesis was induced by treating the cells with
osteogenesis medium. Osteogenesis medium was
refreshed twice a week. To verify osteogenesis,
Alizarin red S (ARS) assay was performed to
observe calcium formation, which is an indication
of osteoblast differentiation. In short; cells were
washed twice with dH20; and stained with 40 uM
filtered ARS (pH= 4.3) (Thermo Scientific) for 15
min at RT. Cells were washed four times with
dH,0; and visualized with an inverted microscope
(Nikon DS-Fi3). Calcium quantification was
performed by eluting the bound ARS in 10%
Cetylpyridinium chloride (CPC) (Sigma-Aldrich)
in 10 mM sodium phosphate for 15 min.
Absorbance was measured at 550 nm with the
spectrophotometer (FLUOstar Omega, BMG
LABTECH). The first time a wide range of
conditions was screened namely: control with
osteogenesis medium (C+), control with only cell
medium (C-), 1, 5, 10, 25, and 50 pg/ml for AgNPs,
10, 25, 50, 100, and 250 pg/ml for PSNPs and 10,
50, 100, 175, and 250 pg/ml for TiO2NPs. A second
experiment was performed for a validation of
selected conditions: C+, C-, 1 and 10 pg/ml for
AgNPs and 10 and 100 pg/ml for TiOzand PSNPs.
For both experiments, the following three time
points were selected: 3,7, and 14 days.

JC-10 assay for membrane potential
measurement in differentiating hDPSCs — JC-10
assay was performed in order to analyze the effects
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of NP exposure on the mitochondrial membrane
potential. Approximately 1.7 x 10® cells were sown
in a black 96-well plate. After three days of growth,
osteogenesis was induced for a duration of 3 or 7
days, by the addition of osteogenesis medium with
or without NPs. The following conditions were
applied C+, C-, 1 and 10 pg/ml AgNPs and 10 and
100 pg/ml TiO, and PSNPs. Carbonyl cyanide m-
chlorophenyl hydrazone (CCCP, 50 uM, 37 °C)
was used as a positive control and added 4 h before
the end of the exposure. All cells were washed
twice with Dulbecco’s Phosphate Buffered Saline
(with calcium and magnesium, DPBS, Gibco, Life
Technologies). Next, 5 uM JC-10 (Enzo Life
Sciences) diluted in DPBS was added and
incubated for 30 min (37 °C, 5% CQO,), followed by
three washing steps with DPBS. Fluorescence was
measured at 590 nm (orange spectrum) and 520 nm
(green spectrum) using a FLUOstar Omega
spectrophotometer (BMG LABTECH) at 590 nm
(orange spectrum) and 520 nm (green spectrum).
The ratio of orange/green fluorescence was
determined and compared to the C+ values.

MitoTracker™ Red CMXRos for visualizing
active mitochondria with confocal microscopy — To
study the effect on the morphology of the
mitochondria after NP exposure, cells were stained
with  MitoTracker™ Red CMXRos (Ex/Em
579/599, Life Technologies). 1 x 10* cells were
seeded in a 24-well plate on coverslips and grown
for 3 and 7 days after osteogenesis induction with
or without NP exposure. 1 and 10 pg/ml AgNPs,
and 10 and 100 pg/ml TiO; and PSNPs. Cells were
washed two times with DPBS and stained for 30
min with 250 nM MitoTracker CMXRos diluted in
DPBS (37 °C, 5% COy). Next, the cells were fixed
in 4% paraformaldehyde (PFA) diluted in DPBS
(15 min, RT), followed by two washes with DPBS
and addition of counterstaining of 1.33 uM Hoechst
33342 (Ex/Em 361497, Invitrogen by Thermo
Fisher Scientific) in DPBS (13 min, RT). Finally,
the cells were washed three times with DPBS and
mounted on glass slides with Slow fade (Invitrogen
by Thermo Fisher Scientific). Samples were
visualized with confocal microscopy (Zeiss —
LSM900 KMAT) and Zen blue 3 software. In each
sample, three different regions were imaged, using
a 40x water objective (LD C-Apochromat 40x/1.1
W) and lasers 561 nm and 405 nm for MitoTracker
Red CMXRos and Hoechst 33342 respectively,
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creating a 3 by 3 tile scan. Out of the high resolution
tile scan, representative cells are selected and used
for analysis. Images were analyzed using the
Skeletonized feature in Imagel, to visualize
mitochondrial structures as described by Valente A.
etal. (37)

Gene selection and primer design — An in
depth literature study was performed to gather
knowledge about the different genes, which interact
with the different processes of osteogenesis.
Primers were designed using Primer3 software with
the following parameters: a product size between
70-150 bp, primer size between 18-25 bp, primer
Tm between 57-63 °C, max Tm difference 1°C, %
GC between 20-80 % max self-complementarity 5
or below and max 3’ self-complementarity as low
as possible. A selection of possible primers was
verified with NCBI primer blast to control for a 100
% coverage, product length and products on target
template. The selected primers were manufactured
by Biolegio (table S1).

Sample collection and primer efficiency
testing — Real-Time quantitative PCR (RT-qPCR)
was used to test the efficiency of the designed
primers on mixed-samples, that were created of
final cDNA samples (as described in supplement).
A two-fold serial dilution ranging from 28 — 0,4375
ng/ul was prepared in RNase free H,O. RT-qPCR
was performed in a 384-well plate using the
QuantStudio™ 5 Real-Time PCR System (Thermo
Fisher Scientific) with the following settings: 20
sec at 95 °C, 40 cycles of 1 sec at 95 °C, and 20 sec
60 °C. SYBR® Green Master Mix was added to the
diluted cDNA samples and containing 5 pL Fast
Sybr Green (Applied Biosystems, ThermoFisher
Scientific), 0,3 pL for both 10 uM forward and
reversed primer, and 1,9 pL RNase free water.
Analysis was done with the QS5 analysis software
(Thermo Fisher Scientific).

Statistical analysis — R version 4.2.0 with
Rstudio desktop version 2022.02.2+485 was used
to perform statistical analysis with significance
level 5%. Outliers were detected with the Cook’s
distance test with cd > 1. With the Shapiro-Wilk test
and Barlett’s test were respectively the normal
distribution and homoscedasticity of the data
verified. Data was transformed (logarithm, square
root, inverse or exponential) if needed. When data
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meets the two assumptions a two-way ANOVA
with post-hoc Tuckey-Kramer was performed. In
the case of a violation of normality or
homoscedasticity, the non-parametric test, Kruskal-
Wallis with post-hoc Wilcoxon rank sum was
performed.

RESULTS

Characteristics of the different nanoparticles —
The hydrodynamic size of the three particles was
measured in MilliQ and osteogenesis medium. For
AgNPs the majority of the NPs had a hydrodynamic
size of 882.8 + 436.4 nm in osteogenesis medium
and 441.0 £ 14.15 nm in MilliQ. For TiO,NPs this
was 354.0 + 133.5 nm and 559.8 + 76.51, and for
PSNPs 111.4 + 60.56 nm and 70.46 + 22,87 nm
(table 1). Furthermore, the polydispersity index
(PdI) was studied. Depending on the solution, the
Pdl value changed. For AgNPs, the Pdl was 0.809
in MilliQ and 1.00 in osteogenesis medium. For
TiO,NPs the Pdl value were 0.586 and 0.612,
respectively and for PSNPs the Pdl values were
0.180 and 0.619 (table 1).

The zeta potential was measured two times for
Ag and TiO;NPs. For the AgNPs, the results
between different measurements differ. For the first
stock, the zeta potential was -24.00 £ 8.54 mV, and
for the second measurement, -7.97 £ 8.54 mV (table
2). In the case of TiO2NPs, the zeta potential was
similar for the two different measurements; this was
approximately -29 mV for both measurements
(table 2). The zeta potential for PSNPs was not
measured in NaCl.

Calcium nodules are stained with ARS staining
— The osteogenesis capacity of hDPSCs after NP
exposure was investigated with ARS staining. ARS
is a staining that binds to the calcium nodules
formed by the cell, which is an early indication of
osteogenesis. Visual inspection with ARS staining
after 3 and 7 days of osteogenesis induction showed
for C+ and C- red stained calcium nodules (fig 1.E,
1.F ), which were not visualized after 14 days.

After 3 days of osteogenesis induction, no
calcium nodules were observed for the three
different NPs. In the case of AgNPs, stained
nodules are visualized after 7 days of 1 and 10
pg/ml AgNP exposure. Clear red calcium nodules
were visualized only for the lowest concentration of
AgNPs after 14 days of exposure (fig 1.1). The
TiO2NPs exposed cell layer appeared red when
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Table 1 — Size of the three studied NPs: Particle size (in nm) according to the manufacturer and validated with transmission
electron microscopy (TEM). Hydrodynamic average size (Z-average) of the nanoparticles (NPs) measured in MilliQ (MQ) and in
osteogenesis medium. Intensity (in %) which refers to the majority of the cells in a certain size range. Polydispersity index (Pdl) show
the distribution of the particles in a certain solution. Data are expressed as mean + SD

Manufacturer TEM DLS (in MQ) DLS (in Osteogenesis medium)
NP Particle size (nm) Particle size (nm) Z-average (nm) Pdl Hydrodynamic Intensity (%) Pdl
size (nm)
PVP-Ag 20 33+ 14 441.0 +£14.15 0.809 882.8+436.4 523 1.000
Tio2 21 24+ 8 559.8 + 76.51 0.586 354.0+133.5 84.3 0.612
COOH-PS 63 / 70.46 £22,87 0.180 111.4 +60.56 74.7 0.619

inspected with the naked eye. However, after
visualization with the microscope, no individual
stained nodules could be observed for the different
NP concentrations or exposure durations (fig 1.H).
In the case of PSNP exposure, after 7 days of
exposure, stained calcium nodules were present for
both 10 and 100 pg/ml PSNPs. More prominent
stained calcium nodules could be visualized after
14 days of 100 pg/ml PSNPs (fig 1.G). These were
not visible for the other NP concentrations or
exposure durations.

To quantify the formation of calcium, the ARS
staining was eluted using CPC. After 3 days of
osteogenesis induction with AgNPs, an increase in
osteogenesis was observed, followed by a decrease
in osteogenesis (seen after exposure to 10 pg/ml
AgNPs and higher). A significant (p = 0.0427)
increase in calcium formation was observed after
exposure to 1 pg/ml AgNPs for 3 days compared to
the C+. Furthermore, a significant decrease (p =
0.0121) in calcium formation was observed after 3
days of 50 pug/ml AgNP exposure compared to the
C+ (fig 1A). After 7 days of osteogenesis induction,
a decrease in calcium formation was observed for
the three higher AgNP concentrations. Which was
significant only for 25 and 50 pg/ml (p = 0.0061
and p = 0.0179 respectively) compared to C+. The
same effect was observed after 14 days of
osteogenesis induction; 25 pg/ml resulted in
significantly less calcium formation compared to
C+ (p = 0.0106). Exposure duration influenced the
calcium formation too, 3 days of 1 and 25 pg/ml
AgNP exposure resulted in more calcium nodules
compared to 7 days (p = 0.0404 and 0.0286) (fig
1A). Further, 14 days of 50 pug/ml AgNP exposure
showed significantly less differentiation compared
to 3 days 50 pg/ml AgNP exposure (p = 0.0294) (fig
1A).

TiO2NP exposure resulted in a non-significant
upwards trend of calcium deposition, with
increasing NP concentration for all conditions.
After 3 days, only 100 pg/ml TiO2NP exposure
resulted in a significant increase (p = 0.02051) in
osteogenesis compared with the C+. A decrease in
calcium formation was seen after 50 pg/ml TiO.NP
exposure compared with the C+ and other exposure
conditions after 3 days. However, after 7 and 14
days of exposure, calcium levels were increased for
several of the exposure concentrations. 50, 175, and
250 pg/ml (p = 0.01212, 0.00606, and 0.00606) of
exposure resulted in a significantly increased
absorbance after 7 days, while after 14 days 100,
175, and 250 pg/ml (p = 0.04009, 0.00606, and
0.00606) showed a significant increase in
absorbance compared to the C+ (fig 1B). While the
lower concentrations of TiO,NPs resulted in less
calcium formation compared to C+ (fig 1B). When
comparing the different time points, it could be
concluded that 7 and 14 days had higher calcium
levels than 3 days of exposure (fig 1B).

Significant less calcium formation was
observed after 3 days of 5 and 250 pg/ml (p =
0.0427 and 0.0121, respectively) PSNP exposure
compared to the C+. After 10 and 100 pg/ml PSNP
exposure, an increasing trend was observed; after
50 pg/ml PSNP exposure, a decrease in
osteogenesis was observed. After 7 days of PSNP
exposure, only the two highest concentrations
showed a significant increase in osteogenesis
compared to the C+ (p = 0.0061 and 0.0179). After
14 days of osteogenesis induction, exposure to 100
png/ml PSNPs showed a significant increase (p =
0.0106) (fig 1C). Significant increase in calcium
nodules was visible between 3 and 7 days of PSNP
exposure. After 3 days of 5 and 100 pg/ml, PSNP
exposure had significantly more calcium formation
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Table 2 — Zeta potential of the three studied nanoparticles
measured in NaCl and expressed as mV + SD.

PSNP exposure for 14 days for #10 compared to #7
(p=0.029) (fig 1.D).

Nanoparticles (in NaCl) Zeta Potential (mV)
Stock 1 -24.00=8.5
PVP-Ag
Stock 2 -797+3.73
Stock 1 -29.20+5.03
TiO:
Stock 2 -29.2+4.18
COOH-PS / /

(p = 0.0404 and 0.0286) compared to 7 days of
exposure. For a concentration of 250 pg/ml PSNPs
significantly more calcium formation was observed
after 14 days compared to 3 days (p = 0.0294) (fig
1C).

The effect of cell passage on the differentiation
capacity — The formation of calcium nodules during
osteogenesis was examined in two independent
experiments performed on two different cell
passages (#). Two selected concentrations were
tested per NP. A comparison of the overall effects
for each of the different cell passages showed that
longer osteogenesis induction resulted in more
calcium formation for #7, while the increase over
time was not present for cells of #10. In general, this
was visualized for C+ and all NP exposures (fig
1.D). Furthermore, it was observed that for #10, a
less dense layer of cells was present in the wells
compared to the younger passage (#7).

The quantitative data corroborated the
gualitative data since less calcium formation was
observed for #10 compared to #7 (fig 1.D).
Exposure to 10 pg/ml AgNPs for 3 and 7 days,
resulted in significant more calcium formation for
#10 compared to #7 (p = 0.029 and 0.029
respectively) (fig 1.D). For TiO2NPs, a significant
increase in calcium formation is observed for #10
compared to #7 after 3 days of 10 pug/ml (p = 0.029)
and 100 pg/ml (p = 0.029) TiO2NP exposure. In the
case of PSNPs, a different effect was visible. After
3 days of PSNP exposure, significantly more
calcium formation was observed by #10 compared
to #7 for both concentrations (p = 0.029 and 0.029).
While by 7 and 14 days, the opposite was observed.
After an exposure of 10 pg/ml PSNPs, a significant
decrease in calcium formation was noticed for #10
compared to #7 after 7 and 14 days of exposure (p=
0.029 and 0.029, respectively). A decrease in
calcium formation was observed after 100 pg/ml

Mitochondrial membrane potential changes
after nanoparticle exposure during differentiation
— Mitochondrial membrane  depolarization
indicates possible damage to the mitochondria. This
was studied with the fluorescent dye JC-10 at two
time points: 3 and 7 days after osteogenesis
induction with or without NP exposure. Results
after 3 days of NP exposure, showed no significant
differences for the different NP conditions with the
C+ (fig 2). However, a decreasing trend of the
590/520 ratio was observed for all NP conditions,
CCCP, and C+, compared to C- (fig 2). Between the
two concentrations per NP, no significant increase
or decrease is observed after 3 days of NP exposure
(fig 2). Nevertheless, with increasing AgNP
concentration, membrane depolarization occurred,
while the opposite was observed between the two
PSNP exposure (fig 2). However, these differences
were not significant.

After 7 days of NP exposure, a significant
increase in 590/520 ratio was detected in C- (p =
0.0087) and 10 pg/ml AgNP exposure (p = 0.026),
and a significant decrease in 100 pg/ml PSNP
exposure (p = 0.026) compared to C+ (indicated
with #). Furthermore, after 7 days of osteogenesis
induction with AgNPs, an significant increase in
membrane polarization was observed after 10
pg/ml compared to 1 pg/ml AgNPs (p = 0.026). A
significant depolarization occurred after 100 pg/ml
TiO2NP exposure compared to 10 pg/ml TiO2NPs
(p = 0.0152). After exposure to 100 pg/ml PSNPs a
stronger depolarization of the mitochondrial
membrane occurred compared to 10 pg/ml PSNPs
(p = 0.026) (fig 2).

No significant differences were observed
between 3 and 7 days of osteogenesis induction
with or without NPs. In general, after 7 days, a
higher 590/520 ratio was observed than after 3
days; this was most visible by 10 pg/ml of AgNP
exposure (fig 2).

Mitochondrial morphological changes after
nanoparticle exposure — MitoTracker Red is a
staining that visualizes the cell’s active
mitochondria, which accumulation depends on
their mitochondrial membrane potential. Samples
of the cells were prepared after 3 days and 7 days
of NP exposure. Mitochondrial morphology of C+
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Figure 1 — Calcium formatlon during osteogenesis: The formation of calcmm was observed to study the effect of NP
exposure on the osteogenesis capacity of hDPSCs. A. Effect of AgNPs on calcium formation B. Effect of TiO.NPs on calcium
formation C. Effect of PSNPs on calcium formation. D. Effect of passage number on the calcium formation, where passage
number is indicated as (#). Visualization of stained calcium nodules is visualized by the following figures: E. C+ 3 days of
osteogenesis induction F. C- 3 days of osteogenesis induction G. 100 pg/ml PSNP exposure after 14 days H. 100ug/ml
TiO2NP after 14 exposure days I. 1 pug/ml AgNP exposure after 14 days. Images are made with inverted microscopy (Nikon
DS-Fi3). Results are expressed as mean values + SD, n = between 4 or 8. Significant results are indicated with * < 0.05, **
<0.01 and *** < 0.001

showed for both 3 and 7 days tubular shape and a
diameter of approximately 1 pum throughout the
cell. The mitochondrial network was denser after 7
days of osteogenesis induction compared to 3 days
(fig 3.D, S1.D, and S2.D). After 3 days of
osteogenesis induction, swollen mitochondria were
observed with a size of ~ 1.25 pm, which was not
the case after 7 days. (fig S2.D3, D4, white arrow).
PSNP exposure showed for both 10 and 100 pg/ml

PSNPs, equivalent mitochondrial morphology
compared to the C+ for both time points. However,
after 100 pg/ml PSNP exposure for 3 and 7 days,
some thickening (~ 0.8 um) of mitochondria was
visible (fig 3.A3, A4, and fig S2.A4, white arrow).
After 10 pg/ml exposure for 7 days, long tubular
mitochondria were observed together with swollen
structures (~ 1.5 pm) that showed less intense
fluorescent staining (fig S1.A3).
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Figure 2 - Indication of
mitochondrial membrane
damage with JC-10 assay: Effect
of NPs (Ag, TiO; and PSNPs)
exposure on the mitochondrial
— * membrane potential after 3 and 7
days of exposure. Values are the
ratio of 590/520, expressed in % +
W SD were C+ is set as 100 %, n = 6
from one independent experiment.,
Significant differences between
- — different  concentrations  are
indicated as * < 0.05, ** < 0.01 and
50+ **%% < 0.001. Significant
differences with the C+ after 7 days

] 3D Exposure

0 7D Exposure
150+

| &

100+ [

Absorbance 590/520 (in %)

are indicates with # < 0.05, ## <

0.01 and ### < 0.001

C+ C- cccp 1 pg/ml

10 pg/ml 10 pg/ml 100 pg/ml 10 pg/ml 100 pg/ml

Ag Tio2

Nanoparticle concentrations

Exposure to 10 pg/ml AgNPs for both 3 and 7
days, results in smaller and fragmented
mitochondria (yellow arrows) and short, swollen
mitochondria of ~1.4 um (blue arrows) compared
to C+ (fig 3.B, S2.B). Exposure of 1 pg/ml AgNPs
for 7 days showed less swollen mitochondria
compared to 100 pg/ml AgNP exposures.
Fragmentation of the mitochondria was still present
but less pronounced as compared to 100 pg/mi
AgNP exposure (fig S1.B3 and B4, blue arrow and
yellow arrow).

TiO2NP exposure resulted in a more extensive
mitochondrial network with longer tubular
morphology with a diameter of ~ 0.7 pm, and
longer branches, this for both 10 and 100 pg/ml
TiO2NP exposure after 7 days, which was more
noticeable for the 100 pg/ml TiO2NP exposure (fig
3C, S1.C, and S2.C). After 10 pg/ml TiO2NP
exposure, tubular mitochondria were observed, but
the morphology and density did not differ much
from the C+ (fig S1).

Primer design for osteogenesis gene
expression — Based on the literature study,
osteogenesis-related genes were selected that
contributed to the processes of osteogenesis and
mitochondrial processes. These genes were:
RUNX2, Osteocalcin (OCN), Alkaline
Phosphatase (ALP), Osteopontin (OPN), Collagen

PS

type I alpha (COL1AL1), Osterix (Sp7), B-catenin,
WNT Family Member3A and 5A (WNT3A and
WNT5A). Further, mitochondrial genes that are
linked to osteogenesis are selected. These were
(MFF), OPA1 Mitochondrial Dynamin Like
GTPase (OPAL), and Mitochondrial fission protein
1 (FIS1). Oxidative stress genes were also selected
to study the possible upregulation of the antioxidant
genes due to the induction of oxidative stress due to
NP exposure. The following genes were chosen:
Glutathione peroxidase 4 (GPX4), Glutathione
peroxidase 1 (GPX1), Glutathione-disulfide
reductase (GSR), Catalase (CAT), Superoxide
dismutase 1 (SOD1).

Primers that fulfill the different parameters in
Primer3 were verified in NCBI primer blast to
control for 100 % coverage with the target gene and
right product length.

Testing primer efficiency of the designed
primers — Primers were tested a first time on mixed
samples (1 and 10 pg/ml AgNPs, 10 and 100 pg/ml
TiO2 and PSNPs, C+ and C-, for different exposure
durations), and efficiency was calculated (table S1).
Based on the calculation of the efficiency and
melting curve, two osteogenesis genes were
selected, COL1ALl (efficiency 104,91 %) and (-
catenin  (efficiency 91,37 %), and one
mitochondrial related primer MFF (efficiency
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104,19 %). GPX1 (efficiency 94,48 %), GSR
(efficiency 91,57 %) and SOD1 (efficiency 91,83
%) were selected for the oxidative stress genes
(table S1). A small selection of the primers
(RUNX2, ALP, OCN, COL1A1) was re-tested on
mixed samples from different control conditions.
Only results were obtained with COL1A1 (with an
efficiency of 75.86 %). For the other genes, the
primers did not bind (data not shown).

DISCUSSION

Possible formation of protein corona in
osteogenic medium — Depending on their
characteristics, NPs are selected for specific
applications. Characteristics of the NPs were
investigated by measurement of the hydrodynamic
size and zeta potential. The hydrodynamic size of
the NPs was measured in a 10 pg/ml concentration
in osteogenesis medium and in MilliQ and indicates
how the particles behave and interact in a fluid (38,
39). The zeta potential of the particles is an
indication of their stability and surface charge.
Particles with an (absolute) value of + 30 mV or
higher are considered stable particles, which means
that the chance of interaction between NPs is
unlikely (40). On the contrary, a zeta potential
between + 0 — 10 mV indicates highly unstable
particles (40).

Depending on the medium, the hydrodynamic
size of the NPs differs. TiO.NPs have a
hydrodynamic size of approximately 354 nm and
559 nm in osteogenesis medium and MilliQ,
respectively (table 1). These values are higher than
the manufacturer’s stated size of 21 nm and the 24
nm measured with the TEM (table 1). This suggests
that proteins in the osteogenesis medium are bound
to the NP surface, resulting in protein corona and
increasing the size of the NPs. However, the larger
hydrodynamic size in MilliQ indicates interaction
between the NPs. However, TiO,NPs have a zeta
potential of approximately — 29 mV, measured in
two independently prepared NP stocks in 1 mM
NaCl (table 2). This value indicates that these NPs
are stable, and interaction between the NPs is
unlikely. The Pdl value is an indication of the
heterogeneity of a sample in a solution and indirect
if particle interaction could occur. Values of > 0.7
are assigned to samples with a broad range of NPs
distribution (higher heterogenicity) (41). Pdl values
of TiO2NPs are both < 0.7 for the measurements in
osteogenesis medium and MilliQ (table 1). The
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larger hydrodynamic size of TiO2NPs is due to the
formation of protein corona in de case of
osteogenesis. Although the value of < 0.7 of Pdl,
the higher values of hydrodynamic size in MilliQ
indicate that there is still an interaction between the
TiO2NPs.

For PSNPs, the hydrodynamic size in MilliQ
is close to the size described by the manufacturer
(table 1). Here, the PdlI is 0.180, which indicates
homogeneity and a minor chance of aggregate
formation of the PSNPs. In osteogenesis medium,
the size of PSNPs is substantially larger, namely
114.4 nm, which is almost double the size stated by
the manufacturer (63 nm). For this measurement,
the Pdl was 0.619, which is < 0.7, implying the
homogeneity of the PSNPs in the solution (table 1).
However, the larger hydrodynamic size indicates
the formation of protein corona.

The hydrodynamic size of the AgNPs is
approximately 441.0 and 882.8 nm (table 1). These
values are larger than the 20 nm stated by the
manufacturer and 33 + 14 nm observed with the
TEM (table 1). Two independent measurements of
the zeta potential of AgNPs gave two different
values for the zeta potential, -7.97 £ 3.73 mV and -
24.00 £ 8.50. The large difference between the two
measurements could be due to the variation
between the AgNPs stocks. Furthermore, the value
of -7.97 £ 3.73 mV indicates instability of AgNPs,
and interaction between the AgNPs (table 2). The
Pdl of AgNPs was for both mediums > 0.7, which
indicates of heterogeneity and the chance of
aggregate formation (table 1). Further, the large
value of the hydrodynamic size of AgNPs could be
linked to the formation of protein corona in the
osteogenesis medium.

TiO:NPs caused cell death, while AgNPs
reduced differentiation and PS did not influence on
the osteogenesis capacity — Humans are directly
and indirectly exposed to different types of NPs in
different ways. NP exposure could lead to oxidative
stress and ROS production (13, 14, 21-23, 28),
which also could influence the developmental
processes in stem cells. In the light of
differentiation, the effect of three different NPs on
the osteogenesis capacity was investigated. ARS
staining can bind to the calcium nodules formed by
differentiating cells during stage 3 of osteoblast
formation (34). ARS assay combined with CPC

10



»> |UHASSELT

enables us to quantify the ARS that was complexed
with calcium via spectrophotometry.

Data of osteogenesis induction for C+ showed
a downtrend in calcium formation through time.
However, it was expected that more calcium
formation was formed after 14 days of osteogenesis
induction. This is because following the
manufacturer’s instructions of the StemXVivo
supplement; osteoblasts should be formed after 14
days of osteogenesis induction. The reason for the
delay in osteoblast formation could be that hDPSCs
need a longer period of incubation.

Overall, TiO;NPs are considered an inert
materials (13). Nevertheless, hDPSCs exposed to
TiO:NPs showed an increasing trend of
osteogenesis with increasing concentrations of NPs
for all three exposure durations (fig 1). However, a
significant increase in calcium formation was
observed for the highly TiO;NP concentrations
compared to the C+ (fig 1B). These results indicate
that exposure to TiO.NPs can induce the
differentiation capacity of stem cells. However, a
study by Ren Y. et al., studied the effect of ~ 80 nm
spherical TiO.NPs on MC3T3-E1 cells (mouse
proteoblast). The results of this study showed a
negative correlation with osteogenesis. More
specifically, apoptosis and obstruction of bone
formation were observed (42). The same was
observed in a study performed by Hou, Y. et al. who
studied the effect of three different TiO2NPs (no
uniform shape and sizes 14 nm, 108 nm, and 196
nm) on the differentiation capacity of MSCs. They
show a significant decrease in alkaline phosphatase
(an early indication of osteogenesis) with the time
of duration and increasing particle size (43).

Several considerations should be made when
relating the qualitative results regarding TiO2NPs,
i.e., images acquired of the ARS stained cells, to the
guantitative measurements. No cells were visible at
the higher concentrations (100, 175, and 250 pg/ml)
of TiOzNPs, but only TiO;NPs after 7 days of
osteogenesis induction (figl.H). Nevertheless, ared
color was clearly visible after ARS staining, and
high absorbance could be measured. The measured
absorbance is most likely derived from the
TiO2NPs themselves since ARS can be used to
fluorescently stain TiO;NPs (44, 45). Binding of
ARS to TiO2NPs takes place on the hydroxyl group
of ARS, which is the same binding place for Ca?".
(46). These findings indicate that TiO:NPs, in
certain concentration ranges, are lethal to the
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differentiated hDPSCs. A similar result was
observed by Ren Y. et al. (42). In my case, cell
death could occur due to nutrient deficiency of the
hDPSCs since strong deposition of the TiO;NPs
occurred after exposure. After refreshment of the
osteogenesis medium, the majority of the TiO,NPs
were not removed, which resulted in a strong
accumulation of the TiO,NPs on the cell layer, and
blocked the movement of nutrients to the
differentiated hDPSCs. The exact interplay
between TiO,NPs and the observed cell death
should be investigated further, e.g., with gene
expression. However, in a previous study
performed in our research group, the interference
between NPs and the absorbance of eluted ARS
with CPC. Correction against these results still
showed an increase in calcium formation for the
different TiO2NP exposures (data not shown).

Silver is toxic to humans since it can cause
ROS due to the release of silver ions (14), which
could cause damage to different structures in the
cell. Our data showed that osteogenesis was
negatively affected by AgNP exposure. This was
true for all time points. A decreasing trend is
present; however, only the higher concentrations
(25 and 50 pg/ml) caused significant reductions in
calcium formation compared to C+. However, after
3 days of 1 pg/ml AgNP exposure, significantly
more calcium formation was observed. Also, after
14 days of exposure to 1 pg/ml AgNPs, calcium
nodules were observed after ARS staining, which
was not visible for other AgNP conditions (fig 1.1).
Through the toxic characteristics of AgNPs, a
decrease or no calcium formation after AgNP
exposure was expected, instead of a significant
increase of calcium formation compared to C+ (fig
1A). These findings suggest that in lower
concentrations, AgNPs could induce osteogenesis
somehow. However, another study observed the
same effect. Zhang R. et al. studied MSCs with
spherical AgNPs with an average size of 10 nm.
This NP exposure promoted osteogenesis, probably
through the activation of autophagy (47). Further,
another study observed that AgNPs (size range
between 5 — 15 nm) could induce osteogenesis in
MSCs and improve bone fracture healing in vitro
(48). Although these studies found proof of
stimulation of osteogenesis, He W. et al. noticed
that AgNP exposure to MSCs resulted in oxidative
stress in the inhibition of osteogenesis (23).
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However, data were not normalized against the
number of cells in each well, which could influence
the interpretation of the results. Especially after 7
days of 25 and 50 pg/ml AgNP exposure, no living
cells were visible. Here, it is suggested to normalize
data in further research, for example, by performing
a Bradford assay.

PS is a polymer used in plastics, which is used
for food packaging (15). PSNPs could end up in our
food in a different way. It is expected that these NPs
do not cause adverse effects on biological systems
since it is a biocompatible material (20). After
induction of osteogenesis with exposure to PSNPs,
significant stimulation (100 pug/ml for 7 and 14 days
and 250 ug/ml after 3 days) and reduction (5 pg/ml
after 3 days and 250 pg/ml after 7 days) of calcium
formation was observed (fig 1C). Qualitative data
showed that only after 14 days of osteogenesis
induction with PSNPs, large calcium nodules were
observed (fig 1.G), which was even more abundant
than in C+. This indicates that PSNP exposure
stimulates osteogenesis since the C+ samples did
not show this amount of calcium nodules.

Younger cells could better cope with NPs
stress than the older ones — The cell passage
number of a cell culture, is the record of times the
cell culture has been sub cultured, e.g., harvesting
and re-seeding. In this study, hDPSCs are used to
investigate the effect of NP exposure on the
osteogenesis capacity of stem cells. However,
infinite use of these cells is not accepted in research.
In general, these cells are used till #10. Researchers
observed that top viability was research at #9 (49).
Longer use of the cells beyond #15 could result in
lower cell viability compared to the younger ones,
activation of apoptosis, and a non-significant
decrease in cell proliferation (50).

ARS assay was performed twice, once with #7
and the second time with #10. In the first trial with
#7, it was noticed that even after NP exposure, the
wells were still covered with a layer of cells (in the
case of AgNP exposure, the cell layer was less
dense but still present). However, when performing
the experiment a second time with #10, a large
amount of cell loss was observed after 7 days for all
NP exposures. Wells were not fully covered
anymore for all NPs conditions, and in some
conditions, even no cells were present (10 pg/ml
AgNPs).
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In non-differentiated cells of #10, swollen
structures were present together with crystal-like
structures (fig S3). Here, we suggest that these
swollen structures are differentiated cells, since
these stained red after ARS staining. This indicates
why more calcium nodules were observed in the
second trial compared to the first. These results
suggest that younger cell passages could cope better
with stress and recover from it by maintaining the
proliferation capacity, which is stage one of
osteogenesis (34). Older cell passages might have a
strongly reduced proliferation capacity, which
results in the lack of densely covered wells.

NP  exposure reduces  mitochondrial
membrane potential — Mitochondrial membrane
depolarization indicates if potential damage
occurred to the mitochondria. As seen in figure 4,
mitochondria play an important role during
osteogenesis. The effect of NP exposure on the
mitochondrial membrane potential was
investigated after 3 and 7 days of osteogenesis by
performing JC-10 staining. After 3 days of NP
exposure, no significant effects were observed.
However, a non-significant depolarization was
observed for all NP concentrations with respect to
C+; this was most visible after 10 pg/ml AgNP
exposure. Significant differences were observed
after 7 days of NP exposure between the lowest and
highest concentration for each NP type (fig 2).
After 7 days of exposure to 10 pg/ml AgNPs
significant polarization was observed compared to
1 pg/ml AgNPs, and compared to C+. The effects
of TiO, and PSNPs were more in line with what was
expected, results comparable to the C+. For both
TiO, and PSNP exposure, it was observed that
higher NP concentrations resulted in a lower
590/520 ratio after 7 days of exposure compared to
C+. This indicated significantly more damage than
the lower NP exposure after 7 days (fig 2).

Furthermore, after 7 days of osteogenesis
induction, a significant depolarization was
observed between C+ and CCCP compared to the
C-. After 3 days, a non-significant depolarization
was observed when comparing C+ and CCCP with
C- (fig 2). Since this assay was optimized in a non-
osteogenic setting, it explains why the effect of
CCCP was not visible toward C+. Optimization in
an osteogenic setting or performing another ROS
assay to validate this data is suggested. During
osteogenesis, the mitochondria provide the cell
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with energy via oxidative phosphorylation (29). Mitochondrial morphological changes due to
However, oxidative phosphorylation is also one of NP exposure — Mitochondria provides the cell with
the main processes where ROS is produced (51-53),  energy during osteogenesis, by the process of
which could explain more depolarization in C+  oxidative phosphorylation (29), which is linked
compared to C-. with the fusion and the elongation of the organelle

(31, 32). After 3 and 7 days of osteogenesis

Figure 3 - Mitochondrial
visualization with Mitotracker Red
CMXRos after 7 days of NP
exposure. Image A.1 - D.1 shows the
overview picture. Image A.2 - D.2 are
skeletonized images of A.l1 — D.1.
Images A.3-D.3and A4 -D.4 3 are
enlargement of the selected regions
indicated with an green or blue border.
A. Mitochondrial network of hDPSCs
after 100 pg/ml PSNP exposure. White
arrow indicate mitochondria
thickening, which could suggest
mitochondrial biogenesis. B. hDPSCs
mitochondria after 10 pg/ml AgNP
exposure. Degradation of
mitochondria complex was observed
=l by the punctate morphology and
smaller fragments. Blue arrow indicate
swollen punctuate mitochondria, and
yellow  arrow indicate  short
mitochondria fragments. C.
Visualization of mitochondria after
g cxposure of 100 pg/ml TiO2NPs to
hDPSCs. More dense mitochondria
network is observed. D. hDPSCs
mitochondria after 7 days of
osteogenesis induction. Scale bars are
present in the lower right corner of
st cach figure. Images are taken with
confocal microscopy with 40x water
objective and laser 561 nm for
MitoTracker Red CMXRos.
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induction, mitochondria with a tubular-like
morphology with a diameter of ~ 1 um are observed
(fig 3.D, S1.D, and S2.D). After 3 days of
osteogenesis induction, swollen mitochondrial
structures could be observed, which were most of
the time present at the end of a mitochondrial
elongation (fig S2.D3 and D4, white arrow). Since
size and mass increase with mitochondrial
biogenesis (54), this suggests that these structures
(~ 1,25 pm) are newly formed mitochondria (fig
S2.D3 and D4, white arrow).

TiO2NP exposure resulted in tubular-like
mitochondria that were more elongated, more
branched, and denser network compared to C+ after
100 pg/ml TiO.NP exposure after 3 days and 10
and 100 pg/ml after 7 days of TiO.NP exposure (fig
3.C, fig S1.C, and S2.C). This implies that fusion
processes and mitochondrial biogenesis are more
pronounced after TiO,NP exposure compared to
C+. Zhoa H. et al. investigated the effect of TiO,NP
(Z-average of 270.73 £ 5.19 nm) exposure on the
mitochondria and observed that after exposure,
mitochondria appeared to punctate, which was
linked to ROS production and mitochondrial
imbalance (55). However, this study was not
performed on differentiating cells. This could
suggest that, in our case, in an osteogenesis setting,
TiO2NP exposure could improve the activation of
the fusion process.

Cells exposure to PSNPs  showed
mitochondrial morphologies similarities to C+.
Both after 10 and 100 pm/ml of PSNP exposure for
3 and 7 days, mitochondria were present as long
tubular-like structures similar to the C+ samples
(fig 3.A, S1.A, and S2.A). These results indicate
that PSNPs had almost no effect on mitochondrial
functioning. However, after 7 days of 10 pg/ml
PSNP exposure, round swollen structures with a
diameter of ~1.5 um, which is larger than the
normal average diameter of 1 um (fig S2.A4), were
present. These structures are different from the
punctuate morphology that was observed after
AgNP exposure, and fluorescence intensity is also
weaker compared to that of the swollen
mitochondria after AgNP exposure (fig S1.A).
Here, mitochondria biogenesis could be visible
through their abundant presence around the nucleus
(fig S1.A) (56, 57).

In a normal situation, elongated mitochondria
are observed, such as in C+, since this is the normal
morphology of mitochondria in MSCs (29).
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However, after AgNP exposure, small punctate
mitochondria, together with the fragmentation of
the mitochondrial network, are observed (fig 4.C,
S1.C, and S2.C, blue and yellow arrow). This was
observed for all three tested conditions of AgNP
exposure, but these observations were more
pronounced after 10 pg/ml AgNP exposure for 3
and 7 days (fig 3.C and S2.C). The same effect was
observed by Li J. et al., who investigated the effect
of AgNP exposure on the HepG2 cell line. Fission
processes were observed where a punctuated
morphology and shorter fragments of mitochondria
were noticed after AgNP exposure (58). Long and
branched mitochondria are characterized by fusion,
which happens during differentiation. While fission
is linked with proliferation, this suggests that during
AgNP exposure, the cells and their organelles
undergo oxidative stress and damage. This could
lead to cell death, which was also observed during
the ARS assay. Since the normal morphology of
mitochondrial network in MSCs is an elongated
tubular morphology, this suggests that AgNP
exposure resulted in ROS production and oxidative
stress, which could result in degradation and
smaller fragments of the mitochondrial network.
However, further research is needed to confirm this
statement. ROS measurements like H,O, and
Amplex Red assay, live imaging of mitochondria,
which could show how mitochondrial morphology
changed through time after NP exposure, and gene
expression are recommended.

Osteogenesis- and mitochondria-related genes
underlying the regulation of osteogenesis — A
literature study was performed on selected genes
that play a role in the regulation of osteogenesis and
how this regulation could be influenced by NP
exposure (table S1). A summary of the literature
study is presented in fig 4. In a normal situation
(without NP exposure), the activation of the Wnt/p-
catenin pathway happens by the binding of Wnt
proteins (Wnt3a and Wntba) to Frizzled receptor
(59, 60). Activation of the pathway enables the
formation and accumulation of f-catenin in the
cytoplasm, which will be translocated to the
nucleus, where it will bind to the transcription
factor of RUNX2 (60, 61). RUNX2 is the master
regulator of osteogenesis. When this protein is
transcribed, the activation of osteogenesis occurs
(34, 35). Consequently, RUNX2 drives the
transcription of several osteogenesis genes. At first,
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SP7 will become expressed, which causes the
transcription of the bone mineralization genes
COL1A1, ALP, OPN, and OCN (62, 63).
Mitochondria provide the cell with energy through
oxidative phosphorylation, which can be activated
by Wnt3a (29, 64). During this process of oxidative
phosphorylation, Acetyl-CoA is formed, binding
this molecule to p-catenin, which causes the
activation of B-catenin and prevents this molecule
from degrading (30). The upregulation of
mitochondrial fusion genes (OPALl, MNF1, and
MNF2) is observed during osteogenesis (65). The
expression of these genes is linked to mitochondrial
biogenesis, mitochondria elongation and oxidative
phosphorylation (66, 67). Further, the expression of
OPAL1 results in elongation, and an increase in
cristae in the inner mitochondrial membrane (66,
67). Overall, these processes of mitochondrial
fusion could support energy production to fulfill the
energy need for the mitochondrial biogenesis
during osteogenesis, for example.

However, exposure to different NPs can
influence the regulation. AgNPs (indicated as dark
blue NPs) can release Ag*-ions. These molecules
are reactive toward biological structures such as the
mitochondria (58, 68). This interaction could cause
the formation of ROS (58, 69). It is known that the
presence of ROS could inhibit osteogenesis and
promote adipogenesis(20, 23). The presence of
ROS further inhibits the fusion processes and
activates the fission processes of the mitochondria,
since higher levels of cell stress are linked to fission
(70). Here it is expected that AgNP exposure
inhibits the expression of osteogenesis-related
genes. Through the inert properties of TiO2NPs, the
formation of adverse effects, such as ROS, is minor.
This is why it is expected that exposure to TiO2NPs
(light blue NPs will not negatively affect
osteogenesis (13) (fig 5). However, different
studies showed an upregulation of the osteogenesis
genes after TiO.NP exposure (71, 72). However,
other studies observed that TiO;NP exposure
resulted in a decrease in osteogenesis-related genes
(73). Our data showed a significant increase in
calcium formation after TiO,NP exposure (fig 1B).
Mitochondrial morphology showed mitochondrial
fusion processes, where elongation of the
mitochondria was even more pronounced than in
C+ (fig 3, S1, S2). This suggests that TiO;NP
exposure induces osteogenesis by an interaction
between mitochondrial- and osteogenesis-related
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genes. Because the biocompatible characteristics of
the PSNPs (orange NPs), it is not expected that
exposure to PSNPs will show a negative effect on
osteogenesis capacity and on mitochondrial
parameters (20). Ren L. et al. observed an
upregulation of mitochondrial fusion genes and a
downregulation of fission genes after PSNP
exposure (74). Here, we expect that PSNP exposure
results in an upregulation of both osteogeneses- and
mitochondrial-related genes, which will result in an
increase in osteogenesis.

Designed primers did not fulfill efficiency
criteria for gene expression on exposed hDPSCs in
the osteogenesis context — Based on the literature,
osteogenesis genes were selected, and primers were
designed using Primer3. Primers were tested on
mixed samples of differentiated hDPSCs exposed
to NPs, and efficiency was determined. Primers
were designed with 100 % coverage and to target
the target gene. However, many of the primers did
not bind or were not specific enough (table S1).
Several factors could cause this outcome.

A higher input concentration might be needed,
although the usual input concentration (5-20 ng/ul)
was well within the range of the tested dilution
series (28 — 0,4375 ng/pl). Amplification of the
tested genes was not detectable, possibly through
low gene expression levels after the selected time
points.

Another problem could be the Tm; this should
be between 57 — 63 °C, although, after
manufacturing the primers, the Tm changed from
the expected Tm as indicated on Primer3. Designed
primers had a Tm between 50 — 58 °C, which is, in
most cases, below the minimum Tm of 57 °C. Also,
the maximum differences in Tm between the
reversed and forward primer should be 1 °C.
However, this was mainly more than the maximum
that was set. The effect on the gene expression of a
too low Tm results that primers could bind with
sequences other than the target sequence. Which
results in a non-specific PCR-amplification and not
enough yield (75). In this case, redesigning the
primers could be a solution.

Primers were designed with a set of
parameters. One parameter that was not considered
was to design them to span two exons, which should
result in more specific binding and prevent
amplification of (g)DNA contamination. In this
case, the cDNA was treated with gDNA wipeout;
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Figure 4 — Summary of the different players during osteogenesis: Binding of WNT Family Member3A and 5A (WNT3A
and WNT5A) to the Frizzled receptor results in activating of the Wnt/B-catenin pathway, which results in the formation and
accumulation of B-catenin in the cytoplasm. B-catenin will be translocated to the nucleus, where it will bind to the transcription factor
Runt-related transcription factor 2 (RUNX2), resulting in transcription of RUNX2. RUNX2 will cause the transcription of Osterix
(SP7/0sx), followed by the other osteogenesis-related genes, namely: Collagen type | alpha (COL1A1), Alkaline Phosphatase (ALP),
Osteopontin (OPN), and Osteocalcin (OCN). Furthermore, the interaction of the mitochondria plays an important role. The presence
of WNT3A can increase oxidative phosphorylation, which is the main mechanism of energy production during osteogenesis. During
oxidative phosphorylation, Acetyl-CoA is formed, which causes the activation of B-catenin. Further, the upregulation of different
fusion genes, Mitofusion 1 and 2 (MNF1 and MNF2), and OPA1 Mitochondrial Dynamin Like GTPase (OPA1), Mitochondrial fission
protein 1 and 2 (FIS1 and FIS2), is linked with the osteogenesis processes and a decrease in fission related genes (Mitochondrial
Fission Factor (MFF) Mitochondrial fission protein 1 (FIS1)). The influence of nanoparticle (NP) exposure can have different results.
Silver NPs (AgNPs) can release Ag*-ions, which can interact with the mitochondria, resulting in ROS formation. This ROS could lead
to oxidative stress, damage to the mitochondria, and inhibition of the expression of fusion and osteogenesis-related genes. Exposure
to titanium dioxide (TiO2) and polystyrene (PS)NPs results in upregulation of both the mitochondrial fusion and osteogenesis related
genes. Own observations are indicated with a full line, while findings out literature are indicated with a dashed line. Image created
with BioRender.
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the chance that the sample was still contaminated
with gDNA was minor.

However, another challenge in primer testing
could be our samples themselves. In this
experiment, different samples are used, all in
different stages of osteogenesis. After 3,7, and 14
days of osteogenesis induction, samples are
harvested for gene expression. Different gene
expression levels of the different genes are
expected over time by performing gene expression
at different stages of osteogenesis. Primers were
first tested on a mixed sample from the different
conditions, where only six primers were efficient.
However, amplification of the genes could have
taken place for some conditions but might have
been undetectable through a dilution effect when
measuring in a mixed sample of conditions.
Further, NP remnants in the cDNA samples could
be present, which could interfere with the gPCR
reaction and result in less amplification. This could
be observed in a lower cycle threshold (CT) value
and a lower amplification curve. Furthermore, the
mixed sample, which contained multiple conditions
of NPs concentrations, makes it challenging to
interpret the obtained results since different NPs
and conditions could cause different expression
levels. So testing of the primers should be
performed on individual samples to know how NPs
will interact with the gene expression and which
NPs will result in an up- or downregulation of the
specific genes through time. Further, RT-gPCR
products could be evaluated with gel
electrophoresis to study if the reaction was
successful.

Four primers (RUNX2, ALP, OCN, and
COL1AL) were tested a second time only on C+
samples of 7 and 14 days because it was expected
that at these time points, the selected genes came to
expression and to remove possible NP interference.
However, after this second trial, only COL1A1
came to expression. This indicates that the lack of
amplification after gPCR was due to variance in
samples and the designed primers, as mentioned
before.

CONCLUSION

This study investigated the effect of three
commonly used NPs (Ag, TiO,, and PSNPs) on the
mitochondrial functioning, which could affect the
differentiation capacity of hDPSCs. Cells were
exposed to different concentrations of Ag, TiO,

Senior internship- 2" master BMW

and PSNPs for 3, 7, and or 14 days. Exposure to
PSNPs showed that PSNPs did not affect the
calcium  formation  during  osteogenesis.
Mitochondrial membrane potential showed a non-
significant depolarization with higher PSNP
exposure after 7 days, which suggests that PSNPs
could induce ROS formation and affect
mitochondrial membrane potential. Furthermore,
similar mitochondrial morphology was observed
compared to C+.

First results of TiO,NP exposure resulted in a
significant increase in calcium formation, with
higher NP concentrations. However, it was
observed that longer exposure to higher TiO.NP
concentrations was linked with cell death. Imaging
of mitochondria showed a more dense
mitochondrial network, more branching, and more
elongated mitochondria compared to C+, which
could indicate that TiO,NPs promote mitochondria
fusion and biogenesis. At the same time,
mitochondrial membrane potential showed
depolarization after exposure to 100 pg/ml TiO.NP
for 7 days compared to 3 days.

A decrease in calcium formation and an
increase in cell death were observed after AgNP
exposure. However, stained calcium nodules were
observed after 14 days of 1 pg/ml AgNP exposure.
A decline in the 520/590 ratio was noticed after
AgNP exposure. Morphology of the mitochondria
was significantly affected by AgNP exposure.
However, after 10 pg/ml AgNP exposure for 7 days
a more pronounced polarization was present. The
exposure caused fragmentation of mitochondrial
network and punctuated morphology of individual
mitochondria. These results indicate that AgNP
exposure results in ROS formation and oxidative
stress, which could inhibit the different interplays
during osteogenesis.

Furthermore, it was noticed that cell passage
could influence osteogenesis. Older cell passages
showed fewer cells, but these were more
differentiated. While in the younger cell passage,
more cells were observed but less differentiation.
This could mean that older cells lose some of the
proliferation capacity due to NP exposure or shift
their energy production towards differentiation
only instead of both developmental processes.
These results implicate that this research’s
hypothesis is accepted; exposure to AgNP in
hDPSC will result in mitochondrial dysfunction,
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possibly due to oxidative stress, leading to
alterations in the osteogenic capacity of hDPSC.

Furthermore, exposure to TiO, and PSNPs,
could promote mitochondrial functioning and
osteogenesis. However, gene expression should be
conducted to get more clarity regarding the
different  osteogenesis, mitochondrial, and
oxidative stress factors, together with another
validation test of osteoblast formation and ROS
assays. More upstream studies could provide
crucial information about the effects of NP
exposure in the early stages of development.
Furthermore, interpretation of the results suggests
that mitochondrial parameters could be used for
biomarker development and risk assessment
strategies.
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SUPPLEMENT

Sample collection, RNA extraction and cDNA synthesis

To study the effects of NPs on gene expression of the selected genes, 1 x 10* cells were seeded in a 24
- well plate and were differentiated for 3, 7, and 14 days with or without a NP exposure. These conditions
were; C+, C-, 1 and 10 pg/ml AgNPs, and 10 and 100 pg/ml TiO, and PSNPs. Cells were collected
according to the splitting protocol and the collected pellets were snap-frozen in liquid nitrogen and stored
at -80 °C until extraction. The purity of the samples was checked using Nanodrop™ ND-1000
spectrophotometer (Thermo Fisher Scientific), where 260/280 ratio (~2.0) and 260/230 ration (~2.0 — 2.2)
was checked. Samples were processed with a TURBO DNA-free™ kit (Thermo Fisher Scientific) to
remove potential remaining genomic DNA (gDNA). Reverse transcriptase by using SuperScript™ 111 First-
Strand synthesis Supermix Kit (Invitrogen, Thermofisher Scientific) was used following manufacturer’s
instructions, to obtain complementary DNA (cDNA) with an output of ~ 1500 ng/pl cDNA. The final cDNA
samples are stored at -20 °C.
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Table S1: Forward and reversed sequences of the designed primers for osteogenesis, mitochondria and oxidative related genes and
references genes. That are manufactured by Biolegio. Efficiency was tested and, efficiency of primers that were indicated as useful are
indicated in (). Runt-related transcription factor 2 (RUNX2), Osteocalcin (OCN), Alkaline Phosphatase (ALP), Osteopontin (OPN),
Collagen type I alpha (COL1A1), Osterix (Sp7), B-catenin, WNT Family Member3A and 5A (WNT3A and WNT5A), Mitofusion 1
(MNF1) Mitochondrial Fission Factor (MFF), OPA1 Mitochondrial Dynamin Like GTPase (OPAL), Mitochondrial fission protein 1
(FIS1), heat shock protein 10 (HSP10), Tumor protein P53 (P53), Glutathione peroxidase 4 (GPX4), Glutathione peroxidase 1 (GPX1),
Glutathione-disulfide reductase (GSR), Catalase (CAT), Superoxide dismutase 1 (SOD1), TATA-Box Binding Protein (TBP),
Glucuronidase Beta (GUSB), Succinate dehydrogenase complex, subunit A, flavoprotein variant (SDHA), Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH), Ribosomal Protein S18 (RPS18), Delta-aminolevulinate synthase 1 (ALAS1), Ribosomal protein L9 (RPL9),
Actin Beta (ACTB), Beta2-microglobine (B2M), Ribosomal Protein Lateral Stalk Subunit PO (RPLPO), and Ubiquitin C (UBC).

Name gene Reversed primer Forwards primer Efficiency
RUNX2 TTCTCCAACCCACGAATGCA GGTGTGGTAGTGAGTGGTGG 1,20E+24 %
OCN GTGCAGCCTTTGTGTCCAAG GCCATTGATACAGGTAGCGC 276,39 %
ALP CGGAACTCCTGACCCTTGAC TCCGTCACGTTGTTCCTGTT 99,88 %
. OPN GCCGAGGTGATAGTGTGGTT AACGGGGATGGCCTTGTAT Undetermined
2::‘::36;&?;2 COL1A1 AAGACGAAGACATCCCACCAAC AGATCACGTCATCGCACAAC 104.91 %
SP7 GGCACAAAGAAGCCGTACTC CACTGGGCAGACAGTCAGAA Undetermined
B-catenin GGCTACTCAAGCTGATTTGATGG CCAGTGACTAACAGCCGCTT 91.37 %
WNT3a CTTTGCAGTGACACGCTCAT ACCATCCCACCAAACTCGAT Undetermined
WNT5a ATTCACAGGTTCTCAGCCCA TCACATCACAACACGGAGGA Undetermined
MFN1 CCTTTTACCTCAGCCTCCCA CAGACCCAAGGATCCACACT Undetermined
MFF AACCCCTGGCACTGAAAACA TGAGGGGTTGTAGGAGGTCT 104,19 %
Mitochondrial OPAl TCGGACCCAAGAACAGTGTG GGTTCTTCCGGACTGTGGTT 7,4E+08 %
related genes FIS1 AGGCCTTAAAGTACGTCCGC TGCCCACGAGTCCATCTTTC 99,99 %
HSP10 TGGTTGAAAGGAGTGCTGCT TAGAACCCGATCCAACAGCG 100 %
P53 GATTTGATGCTGTCCCCGGA CTGGCATTCTGGGAGCTTCA 241,76 %
GPX4 GCCTTCCCGTGTAACCAGTT TTCATCCACTTCCACAGCGG 76,94 %
Onidative GPX1 TCCGGGACTACACCCAGATG TCTTGGCGTTCTCCTGATGC 94.48 %
Stress gones GSR ATGATCAGCACCAACTGCACG TTAACCTCCTTGACCTGGGAGA 81,57 %
CAT AGCTTAGCGTTCATCCGTGT GCCACTAGCTTGCATTTG 38,19 %
SODI1 TGCAGGTCCTCACTTTAATCCTC AGTCTCCAACATGCCTCTCTTC 91.83 %
TBP CACGAACCACGGCACTGATT TTTTCTTGCTGCCAGTCTGGAC 73,52 %
GUSB AGCCAGTTCCTCATCAATGG GGTAGTGGCTGGTACGGAAA 70,05 %
GAPDH TGTTCGTCATGGGTGTGAAC ATGGCATGGACTGTGGTCAT 72.83 %
SDHA AGCAAGCTCTATGGAGACCT TAATCGTACTCATCAATCCG Undetermined
References RPSIS AGCTTGTTGTCCAGACCATT TGAGGAAAGCAGACATTGAC 411,75 %
sencs ALASI ACACATCTTCCCCATGGCAG TCCATAACTGCCCCACACAC 37,15 %
RPLY CTCTGAAGGGACGCACAGTT GTCAACCCGGAGCCTCTTTT 114,28 %
ACTB GAGCACAGAGCCTCGCCTTT TCATCATCCATGGTGAGCTGG 76,53 %
B2M GATGAGTATGCCTGCCGTGT CTGCTTACATGTCTCGATCCCA 103,25 %
RPLP0 CGTCCTCGTGGAAGTGACAT TAGTTGGACTTCCAGGTCGC 98,52 %
UBC CAGCCGGGATTTGGGTCG CACGAAGATCTGCATTGTCAAGT 94,00 %
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Figure S1 -
Mitochondrial visualization
with Mitotracker Red
CMXRos after 7 days of NP
exposure. Image Al - D.1
shows the overview picture.
Image A2 - D.2 are
skeletonized images of A.1 -
D.1. Images A3 -D.3and A4
— D.4 3 are enlargement of the
selected regions indicated with
an green or blue border. A.
Mitochondrial — network  of
hDPSCs after 10 pg/ml PSNP
exposure. B. hDPSCs
mitochondria after 10 pg/ml
AgNP exposure. Degradation
of mitochondria complex was
observed by the punctate
morphology and  smaller
fragments. Blue arrow indicate
swollen punctuate
mitochondria, and yellow
arrow indicate short
mitochondria fragments. C.
Visualization of mitochondria
after exposure of 10 pg/ml
TiO;NPs to hDPSCs. D.
hDPSCs mitochondria after 7
days of osteogenesis induction.
Scale bars are present in the
lower right corner of each
figure. Images are taken with
confocal microscopy with 40x
water objective and laser 561
nm for MitoTracker Red
CMXRos.
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Figure S2 -
Mitochondrial
visualization with
Mitotracker Red CMXRos
after 3 days of NP
exposure. Image A.1 - D.1
shows the overview picture.
Image A2 - D.2 are
skeletonized images of A.1 —
D.1. Images A.3 — D.3 and
A.4 — D.4 3 are enlargement
of the selected regions
indicated with an green or
blue border. A
Mitochondrial network of
hDPSCs after 100 pg/ml
PSNP  exposure.  White
arrow indicate mitochondria

g thickening. B. hDPSCs

mitochondria after 10 pg/ml
AgNP exposure.
Degradation of mitochondria
complex was observed by
the punctate morphology and
smaller fragments. Blue
arrow indicate  swollen
punctuate mitochondria, and
yellow arrow indicate short
mitochondria fragments. C.
Visualization of
mitochondria after exposure
of 100 pg/ml TiO2NPs to
hDPSCs. D. hDPSCs
mitochondria after 3 days of
osteogenesis induction,
white  arrows  indicate
mitochondria thickning.
Scale bars are present in the
lower right corner of each
figure. Images are taken with
confocal microscopy with
40x water objective and laser
561 nm and 405 nm for
MitoTracker Red CMXRos
and Hoechst 33342
respectively.
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Figure S3 - Formation of differentiated cells in 10: . Sos szIen structures that |nd|cat of
differentiated cells (encircled in black) after 3 days of osteogenesis induction. B. Shows stained calcium nodules with
ARS staining, after 14 days of osteogenesis induction. Images are taken with inverted microscopy (Nikon DS-Fi3).
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