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Abstract: Reactive oxygen species (ROS) regulate various functions of cells, including cell death,
viability, and differentiation, and nanoparticles influence ROS depending on their size and shape.
Selenium is known to regulate various physiological functions, such as cell differentiations and
anti-inflammatory functions, and plays an important role in the regulation of ROS as an antioxidant.
This study aims to investigate the effect of selenium nanoparticles (SeNPs) on the differentiation of
osteogenic MC3T3-E1 cells. After fabrication of SeNPs with a size of 25.3 ± 2.6 nm, and confirmation
of its oxidase-like activity, SeNPs were added to MC3T3-E1 cells with or without H2O2: 5~20 µg/mL
SeNPs recovered cells damaged by 200 µM H2O2 via the intracellular ROS downregulating role
of SeNPs, revealed by the ROS staining assay. The increase in osteogenic maturation with SeNPs
was gradually investigated by expression of osteogenic genes at 3 and 7 days, Alkaline phosphatase
activity staining at 14 days, and Alizarin red S staining at 28 days. Therefore, the role of SeNPs in
regulating ROS and their therapeutic effects on the differentiation of MC3T3-E1 cells were determined,
leading to possible applications for bone treatment.

Keywords: selenium; nanoparticles; osteogenic differentiation; MC3T3-E1; reactive oxygen species

1. Introduction

Bone remodeling is mediated by osteoblasts and osteoclasts, and osteoblasts are the
main cells in bone formation and are responsible for the synthesis, secretion, and miner-
alization of the bone matrix, which accounts for 4–6% of cell content, forming bone [1,2].
If the balance between osteoblasts and osteoclasts is abnormal, bone diseases such as
osteoporosis and inflammatory bone erosion occur, threatening human health [3]. During
bone regeneration, reactive oxygen species (ROS) are inevitably produced [4].
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ROS is generated under the normal cellular conditions as well as a wide range of
environmental stresses. Briefly, the most common types of ROS include hydroxyl radical,
superoxide anion radical, and hydrogen peroxide (H2O2). Among the ROS, the H2O2 have
been reported as a major source of ROS generation within the cells due to their unique
features. H2O2 are nonradical molecules which have no charge, and are relatively stable
and long-lived, unlike other ROS [5–7]. ROS regulate several cellular processes, such as
proliferation, migration, and differentiation, at the physiological level [8]. However, an
increase in ROS may cause cytotoxicity and is associated with conditions such as cancer,
neurodegeneration, aging, and calcification of blood vessels [9–12]. Recent studies have
shown that ROS can promote osteoporosis progression by inducing osteoblast death [13].
ROS are produced during bone regeneration, but in vitro tests using osteoblasts have
confirmed the increase in differentiation and induction of apoptosis by ROS [14–17]. Several
studies have shown an association between oxidative stress, osteogenic differentiation,
and bone formation. Oxidative stress is known to damage skeletal formation and reduce
osteogenic differentiation of murine osteoblast (MC3T3-E1) and bone marrow-derived
stromal (M2-10B4) cell lines [17,18].

Many recent studies have focused on the growth of bone controlled by nanoma-
terials and the complex interactions between nanomaterials and bone cells in vivo and
in vitro [19–22]. Nanomaterials, with physical properties such as size and shape, interact
with cells and tissues, making them an ideal medium to accelerate tissue regeneration
and improve cell proliferation [23–25]. Moreover, these various types of nanomaterials
are widely used in fields such as diagnostics, drug delivery, and tissue engineering [26,27].
Previous studies have shown that nanoparticles play a role in promoting the differenti-
ation of osteoblasts [28–31], and there are reports that gold nanoparticles promote the
differentiation and proliferation of MC3T3-E1 cells [32]. ROS formation can be induced
according to the size and shape of nanoparticles [33,34]. Since ROS not only have various
functions in vivo but are key mediators of cell signaling, including cell death, viability,
and differentiation, many studies have reported on the interaction between ROS and
nanoparticles [35].

Selenium is one of the important trace elements in the human body that regulates
various physiological functions, such as antioxidant behavior, anti-inflammatory effects,
and immunity functions [36–38]. Selenium plays a role in relieving oxidative stress in
fibroblasts subjected to heat shock [39], inhibits the cell cycle, and induces cytotoxicity and
apoptosis in carcinogenic cell lines of the colon, breast, lung, or prostate [40–44]. Antibac-
terial activity was confirmed after 24 and 72 h on a coated substrate [45,46]. In addition,
it is known that selenium plays an important role in the regulation of ROS by regulating
the generation of ROS [47–49]. It has been reported that selenium has potential anticancer
activity by inducing mitochondrial dysfunction and cell death [36,50]. It is also known that
selenium treatment improves osteoblast differentiation of bone marrow mesenchymal stem
cell (BMSC) and to protect MSCs against inhibition of osteoblast differentiation caused
by H2O2 by inhibiting oxidative stress and Extracellular signal-regulated Kinase (ERK)
activation [51,52]. However, the role of selenium in H2O2-induced cell-death of osteogenic
cell lines is still unclear. In this study, we explored whether SeNPs protect MC3T3-E1 cells
from H2O2-induced apoptosis through antioxidant activity and investigated their effect on
cell differentiation.

2. Materials and Methods
2.1. Materials

Sodium selenite (Na2SeO3; Sigma-Aldrich, St. Louis, MO, USA), L-ascorbic acid
(C6H8O6, Sigma-Aldrich, St. Louis, MO, USA), D-(+)-glucose (C6H12O6, Sigma, St. Louis,
MO, USA), sodium hydroxide beads (NaOH, Daejung, Korea), and 1N-hydrochloric acid
(HCl, Daejung, Korea) were obtained. All chemicals were of reagent grade.
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2.2. Synthesis of Selenium Nanoparticles

Selenium nanoparticles (SeNPs) were selectively synthesized by the reduction of
an aqueous solution of sodium selenite with ascorbic acid. In a typical SeNP synthesis
procedure, 100 mM sodium selenite aqueous solution was mixed with 100 mM ascorbic
acid, and the solution pH was adjusted to 7.1 using NaOH or HCl under rigorous magnetic
stirring conditions. The resulting solution color changed to red and was centrifuged at
15,000 rpm for 30 min and washed with distilled water. The final solution was lyophilized
to collect the SeNPs.

2.3. Characterization of SeNPs

The morphology and size, crystalline phase, chemical functional groups, surface
charge, and optical properties of SeNPs were characterized by transmission electron mi-
croscopy (TEM; JEOL-7100), X-ray diffraction (XRD; Rigaku, Tokyo, Japan), Fourier trans-
form infrared spectroscopy (FTIR; 640-IR, Varian, VIC, Australia), zeta potential (Zetasizer
Nano; Malvern Instrument, Malvern, UK), and Ultraviolet-visible analysis (UV-vis, Varian
Cary 100, Agilent Technologies, Paolo Alto, CA, USA), respectively.

2.4. Peroxidase Activity of SeNPs

The oxidase-like activity of the SeNPs was determined as previously reported [53].
Briefly, we first performed the catalytic oxidation of the peroxidase substrate 3,3′,5,5′-
tetramethylbenzidine (TMB) in the presence of hydrogen peroxide (H2O2). For the exper-
iment, varying concentrations of SeNPs (10, 20, 40, and 80 µg/mL) were dispersed in a
mixture containing 350 µL of acetate buffer (0.2 M), 300 µL of TMB (0.2 M), and finally
100 µL of H2O2 (30%, 2 M). After uniform mixing, the mixture was incubated in the dark
for approximately 30 min. Later, the supernatant was collected by centrifugation, and UV-
visible absorption was performed in the range of 400–800 nm to confirm the oxidase-like
activity of the SeNPs.

2.5. Cell Culture

MC3T3-E1 (ATCC, Manassas, VA, USA) cells were cultured at 37 ◦C in a 5% CO2
atmosphere in α-modified minimal essential medium without ascorbic acid (α-MEM,
Welgene, Dalseogu, Daegu, Korea). Unless otherwise specified, the medium contained
10% heat-inactivated fetal bovine serum (FBS, Corning, Woodland, CA, USA), 100 U/mL
penicillin, and 100 µg/mL streptomycin (Gibco, Grand Island, NY, USA). Cell medium
was changed every two days. When MC3T3-E1 cells reached 80% confluence, they were
detached by treatment with 0.25% trypsin Ethylenediaminetetra acetic acid (EDTA, Gibco,
NY, USA) and plated for experiments. Cells used in all experiments were between 8 and
10 passages. For osteogenic differentiation, cells were seeded at a density of 6 × 104 in
24-well plates. After 24 h of plating, cells were treated with osteogenic differentiation
media consisting of α-MEM (α-MEM, HyClone, Logan, UT, USA) containing 10% FBS,
10 mM β-glycerophosphate (Sigma-Aldrich, St Louis, MO, USA), 10 nM dexamethasone
(Sigma-Aldrich, USA), and 50 µg/mL L-ascorbic acid (Sigma-Aldrich, USA) [20].

2.6. Cell Viability

Cell viability was measured using a cell counting kit-8 (CCK-8, Dojindo, Kumamoto,
Japan) assay. Briefly, MC3T3-E1 cells were seeded in a 96-well plate (Costar, Corning
Incorporated, USA) at 1 × 104 cells per well, and after 24 h, cells were treated with SeNPs
(10–320 µg/mL). After 30 min of treatment with SeNPs, high oxidative stress conditions
were enabled by treatment with aqueous solution of H2O2 in different concentrations (0,
100, 200, and 300 µM) for 24 h. Then, medium containing 10% CCK-8 solution was replaced
in each well of the plate, followed by incubation for 2 h at 37 ◦C. After that, the absorbance
of each well at 450 nm was recorded using a microplate reader (Thermo Fisher VarioskanTM

LUX, Waltham, MA, USA). Cell viability (%) was quantified by the average absorbance
of the selenium treatment group/average absorbance of the control group × 100%. Cell
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survival was also examined by live/dead staining (0.5 µM calcein AM and 2 µM ethidium
homodimer-1 solutions, Thermo Fisher, USA), and images were taken using an optical
microscope (IX71, Olympus, Tokyo, Japan).

2.7. ROS Staining

High oxidative stress conditions were enabled by pretreatment with H2O2 for 4 h.
ROS levels were measured using the Image-iT LIVE Green Reactive Oxygen Species
Detection Kit (Invitrogen, Carlsbad, CA, USA). The cells were gently washed with Hanks’
Balanced Salt solution (HBSS)/Ca/Mg twice and labeled with 25 µM of 6-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) which is general oxidative stress
indicator to cover the adherent cells for 30 min at 37 ◦C. The labeled cells were gently
washed three times and observed using a microscope.

2.8. Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)

MC3T3-E1 cells were cultured with or without SeNPs and H2O2 for 7 days. Total
RNA was isolated using an RNA preparation kit (Geneall, Songpa-gu, Seoul, Korea)
according to the manufacturer’s instructions, and the RNA concentration was measured
using a Nanodrop (Thermo Fisher, USA). First-strand cDNA was developed using an
RNA reverse transcription (RT) kit (Bioneer, Daeduk-gu, Daejeon, Korea) according to
the manufacturer’s instructions. PCR was performed using target gene expression levels
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels. The delta
cycle threshold (Ct) method was used to calculate relative levels of expression. Primer
sequence is as follows: Alkaline phosphatase activity(ALP) forward 5′-ACA CCT TGA
CTG TGG TTA CT-3′, reverse 5′-CCT TGT AGC CAG GCC CGT TA-3′, Osterix forward
5′-CCC TTC TCA AGC ACC AAT GG-3′, reverse 5′-AGG GTG GGT AGT CAT TTG CA-3′,
GAPDH forward 5′-GAG CAT CTC CCT CAC AAT TT-3′, reverse 5′-GGG TGC AGC GAA
CTT TAT-3′.

2.9. Alkaline Phosphatase Activity (ALP)

MC3T3-E1 cells were seeded in 24-well plates at a density of 6 × 104 cells/well, and
after 24 h, cells were treated with SeNPs (5–20 µg/mL). After 30 min of treatment with
SeNPs, H2O2 was treated to maintain high oxidative stress conditions and osteogenic
differentiation medium was treated for 14 days. ALP staining was conducted by using a
staining kit (Sigma-Aldrich, USA). The cells were washed with phosphate buffer solution
(PBS, Tech and Innovation, Chuncheon, Korea) twice and fixed with 4% paraformaldehyde
(PFA) for 30 min at room temperature. The fixed cells were washed with PBS three times
and stained with ALP solution dissolved in distilled water for 1 h at 37 ◦C. Stained cells
were washed with PBS three times and observed using an optical microscope. After
staining, quantification was performed using ImageJ software (Bethesda, MD, USA).

2.10. Alizarin Red S Staining (ARS)

Alizarin red S (ARS, Sigma-Aldrich, USA) staining was performed to determine
MC3T3-E1 mineralization. MC3T3-E1 cells were seeded in 24-well plates at a density
of 6 × 104 cells/well in osteogenic differentiation medium for 28 days. The cells were
washed twice with PBS and then fixed with 4% PFA for 30 min. The fixed cells were
also washed 3 times with PBS and subsequently stained with 40 mM ARS solution for
10 min. The remaining solution was washed out 5 times with distilled water and observed
using a microscope. The stained calcium deposits were dissolved in 10% (w/v) cetylpyri-
dinium chloride (CPC, Sigma-Aldrich, MO, USA) solution on a rocking shaker. After 1 h,
the eluted solutions were transferred to 96-well plates and measured at 562 nm using a
microplate reader.
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2.11. Statistical Analysis

Statistical significance between groups was evaluated by one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparisons tests or two-way ANOVA followed
by Dunnett’s multiple comparisons tests. GraphPad Prism 8 software (San Diego, CA,
USA) was used.

3. Results and Discussion
3.1. Characterization of SeNPs

The morphology and shape of the sol-gel synthesized SeNPs are shown in the trans-
mission electron microscopy (TEM) image in Figure 1a. The SeNPs were spherical in shape
with a size of 25.3 ± 2.6 nm, and the particle size distribution was analyzed by ImageJ
software. Figure 1b shows the particle size distribution histogram from 18 to 32 nm. The
XRD pattern of SeNPs is shown in Figure 1c and exhibits two broad peaks at 2θ = 20–30◦

and 45–55◦, demonstrating the crystalline and amorphous nature of the particles [54]. The
FTIR spectra of the SeNPs showed four main peaks, as shown in Figure 1d. The sharp
and intense peak at 2919.5 cm−1 corresponds to the –CH group, the peak at 1592.53 cm−1

corresponds to the –COO group, and the peaks at 1112.05 and 557.68 cm−1 correspond
to the –CO and Se-O groups, respectively [55,56]. Furthermore, the surface charge of the
SeNPs was estimated to be −13.9 mVas, as shown in Figure 1e, which is mainly due to
the presence of –COO, –CO, and –OH groups on the surface, as verified by FTIR analysis.
Higher zeta potentials, either negative or positive, provide stable particle colloidal sus-
pensions. The optical properties of the SeNPs were analyzed by UV-visible spectroscopy.
The absorption spectra of the SeNPs are depicted in Figure 1f. The SeNPs exhibit a broad
absorption peak at 321.4 nm [57].
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Figure 1. Characterization of selenium nanoparticles (SeNPs): (a) Transmission electron microscopy (TEM) image of
SeNPs, (b) particle size distribution, (c) X-ray diffraction (XRD) pattern, (d) Fourier transform infrared (FTIR) spectrum, (e)
ξ-potential, and (f) UV-visible spectrum of SeNPs in distilled water.
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3.2. Oxidase-Like Activity

The oxidase-like activity of the SeNPs was performed using the TMB assay. Figure 2a
shows the optical image of the TMB and SeNPs with concentration from 10 to 80 µg/mL
in TMB and produces typical light blue color after 30 min of reaction. The changing of
color of SeNPs in TMB to blue in the presence of H2O2 is the confirmation of oxidase-like
activity of SeNPs. After confirmation of oxidase-like activity of SeNPs, we performed the
UV-visible absorption for the quantification, and the maximum absorption peak of the
oxidized TMB products was observed at 652 nm. The UV-visible absorption spectrum of
the TMB solutions before (Reference) and after reaction (0 µg/mL) and SeNPs in TMB
solutions after reaction of 30 min is shown in Figure 2a. The oxidized products with TMB
solution in the presence of SeNPs shows higher absorption peak intensity at 652 nm, which
was quantified. The quantitative analysis of the absorption values of the TMB and SeNPs
in TMB solution are shown in Figure 2b. The intensity of the absorption peak at 652 nm
increases with increasing the SeNPs concentrations, which confirmed the oxidation of
TMB and intrinsic oxidase-like activity of the prepared SeNPs. Moreover, it is common
to increase the oxidase activity with increasing the concentration of the nanoparticles, as
reported in other reports [58]. It has also been reported that the smaller the nanoparticles’
size, the higher the oxidase activity because the smaller size would expose more active sites
due to the high surface-to-volume ratio [59]. Overall, our results suggest that 40 µg/mL
concentration of SeNPs is the optimal concentration to achieve effective oxidase activity.
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UV-visible absorption spectra of TMB (before reaction as Reference) and after oxidation for 30 min
with and without SeNPs.
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3.3. Effect of Selenium Nanoparticles on Cell Viability in MC3T3-E1-Induced ROS Conditions

Thirty-two milligrams of SeNPs were quantified and dissolved in PBS. After that, the
selenium stock was diluted to the highest concentration of 320 µg/mL and used to treat
MC3T3-E1 cells, followed by serial dilution by 1/2. As a result of treatment with SeNPs,
MC3T3-E1 cell viability was shown at a concentration of 40 µg/mL or less, confirmed
by Live/Dead staining (Figure 3a) and CCK-8 assay (Figure 3b), respectively. In the
case of treatment of MC3T3-E1 cells with hydrogen peroxide, Live/Dead staining images
showed that cells survived in H2O2 concentrations of 400 µM or less (Figure 3c). As a
result of treatment with SeNPs and H2O2 together, cell viability increased compared to
the untreated group when selenium was applied, and the SeNP-treated group showed
an approximately 17.24–39.58% increase in cell viability compared to the SeNP-untreated
group, when 300 µM H2O2 was treated (Figure 3d). This confirmed the cell viability at a
relatively higher selenium concentration compared to previous studies that treated MC3T3-
E1 cells with selenium at 0–800 ng/mL [60]. The highest concentration of 20 µg/mL SeNPs
and 200 µM H2O2 was used for further experiments, and we analyzed the effect of SeNPs
on ROS in H2O2.
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Figure 3. Cell viability and proliferation were determined by live (green) and dead (red) and CCK-8 assays. After cell
seeding for 24 h, MC3T3-E1 cells were analyzed using CCK-8 solution and stained using live and dead staining to evaluate
cell viability. (a) Live and dead staining following treatment with various SeNP concentrations. (b) The relative cell viability
of MC3T3-E1 cells cultured in different concentrations of SeNPs. (c) Live and dead staining following treatment with
various SeNP concentrations and H2O2. (d) Cell viability of MC3T3-E1 cells treated with various concentrations of SeNPs
and H2O2. The statistical significance of (b) was calculated using one-way analysis of variance (ANOVA), and (d) was
calculated using two-way ANOVA followed by a two-sided Dunnett’s multiple comparison test compared to control
(CTL) (scale bar = 350 µm). * Represents p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, # is compared with SeNPs and
H2O2-untreated groups. # Represents p < 0.05, #### p < 0.0001; n = 4.
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3.4. ROS Staining

Because ROS generation is mostly governed by mitochondria, loss of the mitochondrial
membrane triggers ROS generation, and increased ROS production leads to further mito-
chondrial disruption. We thus examined whether SeNP treatment affected ROS production.
To measure ROS production, we used 5-(and-6)-carboxy-29,79-dichlorodihydrofluorescein
diacetate (carboxy H2DCFDA) after SeNP and 400 µM H2O2 treatment. As shown in
Figure 4a, control cells showed a large number of cells stained with fluorescence. In con-
trast, the cells treated with 5 µg/mL SeNPs showed weak fluorescence, indicating that
5 µg/mL SeNPs efficiently controlled ROS. Furthermore, it has been suggested that ROS
may affect several cellular activities. Additionally, Figure 4b shows the results obtained by
analyzing the intensity and positive area of the staining value using ImageJ. As a result of
the intensity analysis of fluorescently stained cells, the SeNP-treated group showed lower
intensity than the untreated group, and the highest decrease was observed at 5 µg/mL
SeNPs. This result suggests that selenium nanoparticles can be involved in various activi-
ties of cells by regulating ROS, in addition to previous studies showing that SeNPs act as
antioxidants [61,62].
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3.5. Effect of Selenium Nanoparticles on the Expression of Osteogenic Genes Determined
by qRT-PCR

qRT-PCR was used to investigate the expression levels of osterix, one of the major
osteoblast transcription factors in bone formation [63], and ALP, one of the most reliable
markers for osteogenic differentiation produced by osteogenic cells [64–66], to determine
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the effect of SeNPs on the expression levels of MC3T3-E1 cells. Figure 5a shows that
treatment with SeNPs for 3 days resulted in an increase in the expression of the osteogenic
genes analyzed. For osterix, the value of the negative control group was 1.00 ± 0.05, the
positive control was 1.19 ± 0.06, SeNPs at 5 µg/mL was 1.47 ± 0.03, SeNPs at 10 µg/mL
was 1.47 ± 0.13, and SeNPs at 20 µg/mL was 1.51 ± 0.03. In the case of ALP, the value of
the negative control group was 1.00 ± 0.01, the positive control was 2.41 ± 0.04, SeNPs at
5 µg/mL was 3.40 ± 0.09, SeNPs at 10 µg/mL was 3.48 ± 0.04, and SeNPs at 20 µg/mL
was 3.33 ± 0.07. Figure 5b shows the results after treatment with SeNPs for 7 days. In the
case of osterix, the value of the negative control group was 1.00 ± 0.14, the positive control
was 1.32 ± 0.02, SeNPs at 5 µg/mL was 1.60 ± 0.13, SeNPs at 10 µg/mL was 1.45 ± 0.04,
and SeNPs at 20 µg/mL was 1.05 ± 0.01. According to the ALP expression results, the
value of the negative control group was 1.00 ± 0.01, the positive control was 2.19 ± 0.66,
SeNPs at 5 µg/mL was 2.86 ± 0.08, SeNPs at 10 µg/mL was 2.75 ± 0.05, and SeNPs at
20 µg/mL was 2.55 ± 0.15.
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Figure 5. The effect of SeNPs on the expression of osteogenic genes through qRT-PCR. The relative expression levels of
target genes normalized to GAPDH were calculated using the delta cycle threshold (Ct) method. The figure shows the
relative expression of multiple genes relative to gene expression in the negative control treatment cells. (a) Results of
qRT-PCR analysis of osteogenic markers on the third day after treatment with osteogenic differentiation media. In the group
treated with selenium, the activities of osterix and ALP were higher than those in the group not treated with selenium. (b)
Results of qRT-PCR analysis on the seventh day after treatment with osteogenic differentiation media. The selenium-treated
group showed higher osterix and ALP activity than the selenium-treated group, and the highest gene expression was
confirmed at 5 µg/mL. Statistical significance was calculated using one-way ANOVA followed by a two-sided Dunnett
post hoc test compared to CTL (N.C: Negative control, P.C: Positive control). * Represents p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001; n = 3.
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3.6. Effect of Selenium Nanoparticles on Cell Differentiation

To assess whether SeNPs were effective for the differentiation of MC3T3-E1 cells,
ALP activity was measured at 14 days. Figure 6a shows the ALP staining data of MC3T3-
E1 cells treated with SeNPs for 14 days. ALP staining was performed for 14 days after
cells were treated with osteogenic differentiation media. The results of ALP staining in
5–10 µg/mL SeNP-treated cells were higher than those in positive control cells. In addition,
even at 50 µM H2O2, the staining was higher in the 5–10 µg/mL SeNP-treated group than
in the SeNP-untreated group. Figure 6b showed quantification of ALP staining. Both
H2O2-treated and untreated groups showed high ALP activity at SeNP concentrations of
5–10 µg/mL. Based on these results, it was confirmed that SeNPs express early osteogenic
markers such as ALP in the H2O2 environment. As a result of ALP staining, higher ALP
activity was confirmed in H2O2 untreated group. Therefore, the mineralization of MC3T3-
E1 cells were investigated through ARS staining in the H2O2-untreated group. Another
osteoblast differentiation marker, ARS staining, was used to evaluate the level of differen-
tiation. The effects of SeNPs on the development of calcium deposits in MC3T3-E1 cells
were analyzed by ARS staining. Figure 6c shows that SeNPs promoted the mineralization
function of MC3T3-E1 cells. Cells treated with osteogenic differentiation media (ODM)
and 5–10 µg/mL SeNPs showed higher staining than the group treated only with ODM,
and the group treated with 50 µM H2O2 showed lower staining than the selenium-treated
group. Figure 6d shows a graph quantified by adding CPC solution to the stained well
after ARS staining. In the 5–10 µg/mL SeNP-treated group showed higher mineralization
than the SeNPs untreated group. Through these results, it was confirmed that SeNPs at a
concentration of 5–10 µg/mL promote the differentiation of MC3T3-E1 cells. In addition
to previous studies reporting improved cell adhesion and osteoblast function [36], SeNPs
protect against ROS-induced damage and are related to cell growth and differentiation
regulation [67–69], confirming that they also affect the differentiation of cells.
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Figure 6. Effect of SeNPs on ALP activity and mineralization in MC3T3-E1 cells. (a) Results of ALP staining of cells on day
14 after treatment with different concentrations of SeNPs. Higher ALP activity was shown in the 5–10 µg/mL SeNP-treated
group than in the SeNP nontreated group. (b) ALP quantitative graph. Both H2O2-treated and untreated groups showed
high ALP activity at SeNP concentrations of 5–10 µg/mL. (c) The formation of calcium deposits is indicated by ARS
staining. After treatment with different concentrations of SeNPs, cells were stained with ARS 28 days after treatment with
osteogenic differentiation medium. Higher calcium deposition was observed in the group treated with 5 µg/mL selenium
and 10 µg/mL selenium without H2O2. (d) Results of quantification of ARS staining using CPC extraction. Statistical
significance was calculated using one-way ANOVA followed by a two-sided Dunnett post hoc test compared to CTL.
* Represents p < 0.05, *** p < 0.001, **** p < 0.0001.
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4. Conclusions

The purpose of this study was to investigate the ROS regulation ability and efficiency
of SeNPs in MC3T3-E1 cells for ROS produced during the cell differentiation (Figure 7).
In this study, as a result of analyzing the cell viability after treatment of MC3T3-E1 cells
with SeNP and H2O2 together, cell viability was confirmed at a SeNP concentration of
20 µg/mL or less and H2O2 concentration of 200 µM or less. In addition, it was confirmed
that SeNP can control ROS and protect cells by treating H2O2. As a result of qRT-PCR to
investigate the expression level of the osteogenic differentiation marker, it was confirmed
that gene expression increased in the SeNP (5–10 µg/mL) treatment group compared
to the control group 3 and 7 days after treatment with the osteogenic differentiation
medium. We analyzed the effect of SeNP on the differentiation of MC3T3-E1 cells at
high free radical concentrations. As a result of ALP staining 14 days after the osteogenic
differentiation medium treatment, it was confirmed that ALP activity was higher in the
5–10 µg/mL SeNP-treated group and the untreated group. As a result of ALP activity
analysis, higher ALP activity was confirmed in the H2O2 untreated group than in the treated
group, and the degree of calcification of MC3T3-E1 cells according to SeNP treatment
proceeded only in the H2O2 untreated group. ARS staining was performed 28 days after
treatment with bone differentiation medium. In the H2O2 untreated group, the SeNP-
treated group showed higher staining at a concentration of 5–10 µg/mL compared to
the untreated group. Based on these results, the treatment of SeNPs seems to have an
effect on early differentiation but not on late differentiation. These results suggest that
SeNPs may affect the differentiation of MC3T3-E1 cells. In addition, previous studies have
shown that SeNP protects LPS-treated MC3T3-E1 cells from death through regulation of
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway and
improves cell adhesion and osteoblast function. However, in this paper, we confirmed the
potential as a bone therapy through studies on whether SeNP, which has not been studied
previously, modulates ROS and affects the differentiation of MC3T3-E1 cells.
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Synergistic Effect of Chitosan and Selenium Nanoparticles on Biodegradation and Antibacterial Properties of Collagenous
Scaffolds Designed for Infected Burn Wounds. Nanomaterials 2020, 10, 1971. [CrossRef] [PubMed]

39. Yuan, B.; Webster, T.J.; Roy, A.K. Cytoprotective effects of cerium and selenium nanoparticles on heat-shocked human dermal
fibroblasts: An in vitro evaluation. Int. J. Nanomed. 2016, 11, 1427–1433. [CrossRef]

40. Badr, D.M.; Hafez, H.F.; Agha, A.M.; Shouman, S.A. The Combination of alpha-Tocopheryl Succinate and Sodium Selenite on
Breast Cancer: A Merit or a Demerit? Oxid. Med. Cell. Longev. 2016, 2016, 4741694. [CrossRef]

41. Berggren, M.; Sittadjody, S.; Song, Z.; Samira, J.L.; Burd, R.; Meuillet, E.J. Sodium selenite increases the activity of the tumor
suppressor protein, PTEN, in DU-145 prostate cancer cells. Nutr. Cancer 2009, 61, 322–331. [CrossRef] [PubMed]

42. Kieliszek, M.; Lipinski, B.; Blazejak, S. Application of Sodium Selenite in the Prevention and Treatment of Cancers. Cells 2017, 6,
39. [CrossRef] [PubMed]

43. Schroterova, L.; Kralova, V.; Voracova, A.; Haskova, P.; Rudolf, E.; Cervinka, M. Antiproliferative effects of selenium compounds
in colon cancer cells: Comparison of different cytotoxicity assays. Toxicol. In Vitro 2009, 23, 1406–1411. [CrossRef]

44. Pang, K.L.; Chin, K.Y. Emerging Anticancer Potentials of Selenium on Osteosarcoma. Int. J. Mol. Sci. 2019, 20, 5318. [CrossRef]
45. Tran, P.A.; Webster, T.J. Antimicrobial selenium nanoparticle coatings on polymeric medical devices. Nanotechnology 2013, 24,

155101. [CrossRef] [PubMed]
46. Wang, Q.; Webster, T.J. Nanostructured selenium for preventing biofilm formation on polycarbonate medical devices. J. Biomed.

Mater. Res. Part A 2012, 100, 3205–3210. [CrossRef]
47. Arteel, G.E.; Sies, H. The biochemistry of selenium and the glutathione system. Environ. Toxicol. Pharmacol. 2001, 10,

153–158. [CrossRef]
48. Cardoso, B.R.; Roberts, B.R.; Bush, A.I.; Hare, D.J. Selenium, selenoproteins and neurodegenerative diseases. Metallomics 2015, 7,

1213–1228. [CrossRef]

http://doi.org/10.1177/2041731420967591
http://doi.org/10.1016/j.ejphar.2008.03.024
http://doi.org/10.1177/2041731419877528
http://www.ncbi.nlm.nih.gov/pubmed/31555432
http://doi.org/10.1016/j.jep.2019.112045
http://www.ncbi.nlm.nih.gov/pubmed/31260757
http://doi.org/10.1016/j.phymed.2019.153107
http://www.ncbi.nlm.nih.gov/pubmed/31790903
http://doi.org/10.1038/nbt1003-1137
http://www.ncbi.nlm.nih.gov/pubmed/14520392
http://doi.org/10.1038/nbt1003-1144
http://www.ncbi.nlm.nih.gov/pubmed/14520393
http://doi.org/10.1016/j.nano.2011.11.003
http://doi.org/10.1021/nn5009879
http://doi.org/10.1016/j.biomaterials.2012.08.010
http://doi.org/10.1016/j.nano.2015.01.013
http://doi.org/10.1166/jnn.2014.8717
http://www.ncbi.nlm.nih.gov/pubmed/24757953
http://doi.org/10.1016/j.jare.2017.10.008
http://doi.org/10.1007/s11095-019-2686-4
http://www.ncbi.nlm.nih.gov/pubmed/31520196
http://doi.org/10.1186/s11671-020-03344-7
http://www.ncbi.nlm.nih.gov/pubmed/32436107
http://doi.org/10.1177/0885328220933781
http://doi.org/10.3390/nano8100837
http://doi.org/10.3390/nano10101971
http://www.ncbi.nlm.nih.gov/pubmed/33027935
http://doi.org/10.2147/IJN.S104082
http://doi.org/10.1155/2016/4741694
http://doi.org/10.1080/01635580802521338
http://www.ncbi.nlm.nih.gov/pubmed/19373605
http://doi.org/10.3390/cells6040039
http://www.ncbi.nlm.nih.gov/pubmed/29064404
http://doi.org/10.1016/j.tiv.2009.07.013
http://doi.org/10.3390/ijms20215318
http://doi.org/10.1088/0957-4484/24/15/155101
http://www.ncbi.nlm.nih.gov/pubmed/23519147
http://doi.org/10.1002/jbm.a.34262
http://doi.org/10.1016/S1382-6689(01)00078-3
http://doi.org/10.1039/C5MT00075K


Nanomaterials 2021, 11, 557 14 of 14

49. Stolzoff, M.; Webster, T.J. Reducing bone cancer cell functions using selenium nanocomposites. J. Biomed. Mater. Res. Part A 2016,
104, 476–482. [CrossRef] [PubMed]

50. Rayman, M.P. The importance of selenium to human health. Lancet 2000, 356, 233–241. [CrossRef]
51. Li, C.; Wang, Q.; Gu, X.; Kang, Y.; Zhang, Y.; Hu, Y.; Li, T.; Jin, H.; Deng, G.; Wang, Q. Porous Se@SiO2 nanocomposite promotes

migration and osteogenic differentiation of rat bone marrow mesenchymal stem cell to accelerate bone fracture healing in a rat
model. Int. J. Nanomed. 2019, 14, 3845–3860. [CrossRef]

52. Liu, H.; Bian, W.; Liu, S.; Huang, K. Selenium protects bone marrow stromal cells against hydrogen peroxide-induced inhibition
of osteoblastic differentiation by suppressing oxidative stress and ERK signaling pathway. Biol. Trace Elem. Res. 2012, 150,
441–450. [CrossRef]

53. Guo, L.; Huang, K.; Liu, H. Biocompatibility selenium nanoparticles with an intrinsic oxidase-like activity. J. Nanopart. Res. 2016,
18, 74. [CrossRef]

54. Xia, Y.; Tang, G.; Guo, M.; Xu, T.; Chen, H.; Lin, Z.; Li, Y.; Chen, Y.; Zhu, B.; Liu, H.; et al. Silencing KLK12 expression via
RGDfC-decorated selenium nanoparticles for the treatment of colorectal cancer in vitro and in vivo. Mater. Sci. Eng. C Mater. Biol.
Appl. 2020, 110, 110594. [CrossRef] [PubMed]

55. Tugarova, A.V.; Mamchenkova, P.V.; Dyatlova, Y.A.; Kamnev, A.A. FTIR and Raman spectroscopic studies of selenium nanopar-
ticles synthesised by the bacterium Azospirillum thiophilum. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 192,
458–463. [CrossRef]

56. Gunti, L.; Dass, R.S.; Kalagatur, N.K. Phytofabrication of Selenium Nanoparticles From Emblica officinalis Fruit Extract and
Exploring Its Biopotential Applications: Antioxidant, Antimicrobial, and Biocompatibility. Front. Microbiol. 2019, 10, 931.
[CrossRef] [PubMed]

57. Wadhwani, S.; Gorain, M.; Banerjee, P.; Shedbalkar, U.; Singh, R.; Kundu, G.; Chopade, B. Green synthesis of selenium
nanoparticles using Acinetobacter sp. SW30: Optimization, characterization and its anticancer activity in breast cancer cells. Int. J.
Nanomed. 2017, 12, 6841–6855. [CrossRef]

58. Cao, H.; Xiao, J.; Liu, H. Enhanced oxidase-like activity of selenium nanoparticles stabilized by chitosan and application in a
facile colorimetric assay for mercury (II). Biochem. Eng. J. 2019, 152, 107384. [CrossRef]

59. Wu, X.; Zhao, G.; He, Y.; Wang, W.; Yang, C.S.; Zhang, J. Pharmacological mechanisms of the anticancer action of sodium selenite
against peritoneal cancer in mice. Pharmacol. Res. 2019, 147, 104360. [CrossRef]

60. Huang, Y.; Jia, Z.; Xu, Y.; Qin, M.; Feng, S. Selenium protects against LPS-induced MC3T3-E1 cells apoptosis through modulation
of microRNA-155 and PI3K/Akt signaling pathways. Genet. Mol. Biol. 2020, 43. [CrossRef]

61. Torres, S.; Campos, V.; León, C.; Rodríguez-Llamazares, S.; Rojas, S.; Gonzalez, M.; Smith, C.; Mondaca, M. Biosynthesis of
selenium nanoparticles by Pantoea agglomerans and their antioxidant activity. J. Nanopart. Res. 2012, 14, 1236. [CrossRef]

62. Bai, Y.; Qin, B.; Zhou, Y.; Wang, Y.; Wang, Z.; Zheng, W. Preparation and antioxidant capacity of element selenium nanoparticles
sol-gel compounds. J. Nanosci. Nanotechnol. 2011, 11, 5012–5017. [CrossRef] [PubMed]

63. Tang, W.; Li, Y.; Osimiri, L.; Zhang, C. Osteoblast-specific transcription factor Osterix (Osx) is an upstream regulator of Satb2
during bone formation. J. Biol. Chem. 2011, 286, 32995–33002. [CrossRef] [PubMed]

64. Reible, B.; Schmidmaier, G.; Moghaddam, A.; Westhauser, F. Insulin-like growth factor-1 as a possible alternative to bone
morphogenetic protein-7 to induce osteogenic differentiation of human mesenchymal stem cells in vitro. Int. J. Mol. Sci. 2018, 19,
1674. [CrossRef] [PubMed]

65. Reible, B.; Schmidmaier, G.; Prokscha, M.; Moghaddam, A.; Westhauser, F. Continuous stimulation with differentiation factors
is necessary to enhance osteogenic differentiation of human mesenchymal stem cells in-vitro. Growth Factors 2017, 35, 179–188.
[CrossRef] [PubMed]

66. Westhauser, F.; Karadjian, M.; Essers, C.; Senger, A.-S.; Hagmann, S.; Schmidmaier, G.; Moghaddam, A. Osteogenic differentiation
of mesenchymal stem cells is enhanced in a 45S5-supplemented β-TCP composite scaffold: An in-vitro comparison of Vitoss and
Vitoss BA. PLoS ONE 2019, 14, e0212799. [CrossRef]

67. Erkhembayar, S.; Mollbrink, A.; Eriksson, L.C. The effect of sodium selenite on liver growth and thioredoxin reductase expression
in regenerative and neoplastic liver cell proliferation. Biochem. Pharmacol. 2012, 83, 687–693. [CrossRef] [PubMed]

68. Kim, J.; Lee, K.Y.; Lee, C.M. Selenium Nanoparticles Formed by Modulation of Carrageenan Enhance Osteogenic Differentiation
of Mesenchymal Stem Cells. J. Nanosci. Nanotechnol. 2016, 16, 2482–2487. [CrossRef] [PubMed]

69. Zhang, Y.; Wang, J.; Zhang, L. Creation of highly stable selenium nanoparticles capped with hyperbranched polysaccharide in
water. Langmuir 2010, 26, 17617–17623. [CrossRef]

http://doi.org/10.1002/jbm.a.35583
http://www.ncbi.nlm.nih.gov/pubmed/26454004
http://doi.org/10.1016/S0140-6736(00)02490-9
http://doi.org/10.2147/IJN.S202741
http://doi.org/10.1007/s12011-012-9488-4
http://doi.org/10.1007/s11051-016-3357-6
http://doi.org/10.1016/j.msec.2019.110594
http://www.ncbi.nlm.nih.gov/pubmed/32204058
http://doi.org/10.1016/j.saa.2017.11.050
http://doi.org/10.3389/fmicb.2019.00931
http://www.ncbi.nlm.nih.gov/pubmed/31114564
http://doi.org/10.2147/IJN.S139212
http://doi.org/10.1016/j.bej.2019.107384
http://doi.org/10.1016/j.phrs.2019.104360
http://doi.org/10.1590/1678-4685-gmb-2019-0153
http://doi.org/10.1007/s11051-012-1236-3
http://doi.org/10.1166/jnn.2011.4130
http://www.ncbi.nlm.nih.gov/pubmed/21770136
http://doi.org/10.1074/jbc.M111.244236
http://www.ncbi.nlm.nih.gov/pubmed/21828043
http://doi.org/10.3390/ijms19061674
http://www.ncbi.nlm.nih.gov/pubmed/29874864
http://doi.org/10.1080/08977194.2017.1401618
http://www.ncbi.nlm.nih.gov/pubmed/29228886
http://doi.org/10.1371/journal.pone.0212799
http://doi.org/10.1016/j.bcp.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22177986
http://doi.org/10.1166/jnn.2016.10764
http://www.ncbi.nlm.nih.gov/pubmed/27455658
http://doi.org/10.1021/la1033959

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Selenium Nanoparticles 
	Characterization of SeNPs 
	Peroxidase Activity of SeNPs 
	Cell Culture 
	Cell Viability 
	ROS Staining 
	Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 
	Alkaline Phosphatase Activity (ALP) 
	Alizarin Red S Staining (ARS) 
	Statistical Analysis 

	Results and Discussion 
	Characterization of SeNPs 
	Oxidase-Like Activity 
	Effect of Selenium Nanoparticles on Cell Viability in MC3T3-E1-Induced ROS Conditions 
	ROS Staining 
	Effect of Selenium Nanoparticles on the Expression of Osteogenic Genes Determined by qRT-PCR 
	Effect of Selenium Nanoparticles on Cell Differentiation 

	Conclusions 
	References

