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Abstract
The combined bioceramic of selenium (Se) and hydroxyapatite (HA) has been considered as a moderate bone scaffold bioma-
terial. In the present work, Se was doped into the HA structure using the mechano-chemical alloying (MCA) method for the
improvement of osteogenic properties of HA. HA extracted from fish bone and Se-doped hydroxyapatite (Se-HA) were analyzed
using X-ray diffraction spectra (XRD), scanning electron microscope (SEM), energy dispersion X-ray spectrometer (EDX), and
Fourier transform infrared spectroscopy (FT-IR). In-vitro cell responses on the Se-HA bioceramic scaffold were investigated
using human adipose-derived mesenchymal stem cells (hAD-MSCs). The effect of Se on cell proliferation was studied by MTT
assay, and cell adhesion responses were analyzed by optical microscopy and SEM. Furthermore, the effect of Se on osteogenic
properties of HA was studied by alkaline phosphatase (ALP) activity, alizarin red S (ARS) staining, and Western blot tests. The
MTT results showed that the Se dopant synergistically increases the proliferation of hAD-MSCs. Moreover, good cell-adhesive
and osteoblast-shaped behaviors were observed on the Se-HA scaffold. The results of osteogenic differentiation demonstrated
synergistically enhanced ALP activity and calcification on the Se dopant compared to HA. Also, the results of Western blot test
presented that the differentiation of hAD-MSCs toward being a bone tissue was increased by up to 50% while selenium doping.
Additional MTT analysis using Human Bone Osteosarcoma cell line (KHOS-240S) revealed the antiproliferative activity of the
Se-HA scaffold against bone cancerous cells. Therefore, it has been concluded that Se-HA bioceramic can be employed as a
scaffold with simultaneous anticancer and bone regenerative properties.
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Introduction

Hydroxyapatite (HA) bioceramic, with the chemical formula
of Ca10(PO4)6(OH)2, has gained special importance in the
biomedical engineering owing to its biocompatibility and bio-
activity. Furthermore, chemical and structural similarities to

the bone, as well as osteoconductive properties, have led to the
use of HA as a bone scaffold in tissue engineering and regen-
erative medicine [1–3]. For more improvements of the bio-
medical properties of HA, several dopants such as magnesium
[4], strontium [5], silicon [6], potassium [7], and lithium [8]
have been applied. Some dopants like zinc [9], silver [10], and
copper [11] enhanced the osteogenesis as well as antibacterial
properties. Selenium (Se) is a widely used mineral in bone
regeneration applications. It could exert antibacterial activity
in HA due to its ability to produce hydrogen peroxide (H2O2)
and superoxide (O2

• –) [12, 13]. It is also known to induce
anticancer effects by modulating apoptotic gene expression
[13, 14].

To dope elements into the HA structure, several differ-
ent methods including hydrothermal treatment [15], co-
precipitation [16], microwave [17], and sol-gel [18] have
been applied. The Mechano-chemical alloying method is
an interesting technique to be used for alloying of HA due
to its simplicity, cheapness, and vast area of applications
[19, 20].
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Following the previous studies related to antibacterial and
anticancer properties of Se in HA structure, in the present
work, the effect of Se on the osteogenesis properties of HA
was investigated using human adipose-derived mesenchymal
stem cells (hAD-MSCs). In this regard, Se-doped hydroxyap-
atite (Se-HA) was prepared using the mechano-chemical
alloying process. Then, in vitro cell behavior analysis was
performed using MTT assay, optical microscopy, scanning
electron microscopy (SEM), alkaline phosphatase (ALP) ac-
tivity, alizarin red S (ARS) staining, and Western blot tests to
consider synergistic effect of Se-HA scaffold.

Materials and Methods

Materials

Human adipose-derived mesenchymal stem cells were re-
ceived from the Iranian Biological Resource Center (Tehran,
Iran). Selenium dioxide (SeO2) powder, Trypan blue solution,
and MTT salt were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All cell culture components were obtained from
Gibco (Life Technologies Ltd., UK). Other chemicals were
acquired from Merck (Kenilworth, NJ, USA).

Preparation of Hydroxyapatite

HA powder was prepared using natural source of fish bone.
The bone structure of white fish was put into the boiling water
for 1 h following by heat treatment at 700 °C in air atmosphere
for 2 h. To make suitable powder from the obtained HA, ball
mill technique was employed. Polyethylene cups and zirconia
balls (W% ball/powder = 10 to 1) were used in a ball mill with
the speed of 200 rpm for 2 h.

Preparation of Selenium-Doped Hydroxyapatite

For doping Se into the HA matrix, SeO2 powder with the
molar ratio of 1:1 was combined with HA powder and put
into planetary ball mill PM 400-RETSCH for the mechanical
alloying procedure. Furthermore, a HA sample was treated the
same for comparing with the Se-doped HA. The ball milling
procedure was done at 300 rpm speed for 20 h with the ball to
powder ratio of 1:10. This procedure was done using
Tungsten carbide cups and balls. HA and Se-HA samples
were heat-treated at 800 °C for 2 h in the air.

Characterization

X-ray Diffraction Spectra (XRD)

The phase analysis of samples was done using XRD (Advance
D8, Bruker, Germany) with the incident radiation of CuKα (λ

= 1.5406 Å). The scattering angle (2θ) range was selected
between 20 and 60°, and the scan rate was 4°/min.

Scanning Electron Microscopy with Energy Dispersive X-ray
Analysis (SEM-EDX)

The morphology and particle size of powders were studied
using SEM-EDX (Philips, CM 20, Netherland). Before the
specimens are attached to the SEM sample stub, they were
coated by a thin conductive layer of Au. The beam voltage
of 20 kV was applied for photographing.

For further investigation, the analytical technique of EDX
was used to explore the chemical composition of the samples.

Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR spectrometer (4600 unicam, JASCO, Tokyo, Japan) was
benefitted to identify functional groups that exist in the sam-
ples. The wavenumber range of 400 to 4000 cm−1 was select-
ed to measure mid-infrared light absorption. The samples
were mixed with KBr (spectroscopic grade) as an IR-
transparent carrier.

Cell Culture

Initially, disk-shaped samples with a diameter of 1 cm and
thickness of 2 mmwere produced using the compression tech-
nique. After sterilizing with autoclave in 200 °C, the samples
were finalized for the cell culture media. Three culture media
including control media and media accompanied by disk-like
HA and Se-HA samples were prepared. The initial cell density
of 2.5 × 105 cells/wall was seeded in a culture plate containing
Dulbecco’s modified eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-strep-
tomycin. At last, the culture media were incubated at 37 °C in
a humidified atmosphere of 5% CO2. Every 2 days, the media
were replaced with a fresh one.

MTT Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide) assay (Jigma Inc., St. Louis, Mo) was done to eval-
uate the proliferation of hAD-MSCs and Human Bone
Osteosarcoma cell line (KHOS-240S) in culture media. First,
5 mg/ml MTT solution was prepared through solving in
phosphate-buffered saline (PBS). Then, 100 μl MTT solution
was added to 900 μl of DMEM/F12 medium to thin.
Following, 1 ml thinned solution of MTT was poured into
the each sample of 24-well plates. After 2 h, the supernatants
were removed, and 1 ml of the stabilized solution including
10% Triton x-100, 0.1 M HCl, and isopropanol was added to
dissolve purple-colored formazan crystals and shivered for 10
min. Finally, 200 μl of the produced solution was examined
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by microplate (Elx808, BioTek, USA) at a wavelength of 570
nm.

Cell Adhesion Analysis by Optical Microscopy and SEM

Optical microscopy (BioTek-1X832-Desk, USA) was
employed to observe cell developments in culture media after

7 days. To see cell behavior on the surface of disk-like HA and
Se-HA samples, the surface of samples was analyzed by SEM
after 3 days. For this purpose, cell-cultured samples were
washed with PBS, fixed by 4% formaldehyde solution at 4
°C, and finally rinsed with DI water.

Osteogenic Differentiation Analyses

For the evaluation of osteogenesis behavior of hAD-MSCs in
HA and Se-HA culture media, suspensions containing HA
and Se-HA powders were prepared in ethanol with a concen-
tration of 10 gr/l. The well plate was coated using a doping
procedure. After coating the bottom of the well plate, the
samples were dried for 2 h at 120 °C in the oven. The osteo-
genic differentiation analyses were accomplished 7 days after
cell culture.

Alkaline Phosphatase Activity

ALP is the most commonly used recognized marker of osteo-
genic differentiation. To assess the bone-forming activity of
Se-HA scaffold, the ALP test was done after 3, 5, and 7 days
according to the standard protocol of DGKC [21]. Briefly, the
cells were washed using PBS, lysed by lysis buffer, incubated
for 30 min at 37 °C, and kept overnight at 4 °C. Following, the

Fig. 1 XRD patterns of HA and Se-HA scaffolds

Fig. 2 SEM micrographs of HA
and Se-HA scaffolds
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resulting cells were collected into a tube and centrifuged for
10 min at 12,000 rpm. Then, the supernatant and p-
nitrophenyl phosphate solution in a ratio of 1 to 20 were
mixed in a 96-well plate and incubated in dark for 1 h at 25
°C. The ALP activity was measured using the fluorescence
microscope system (Cytation 5, BioTek, USA) at a wave-
length of 405 nm.

Alizarin Red S (ARS) Staining

ARS staining is used to identify calcium in the scaffold of
tissue. The reaction is not strictly specific for calcium since

manganese, magnesium, strontium, barium, and iron could
interfere, but the quantities of these elements usually are not
high enough to interfere with the ARS staining. ARS solution
was prepared with dissolving 2 g ARS in 100 ml distilled
water with adjusting pH to 4.1–4.3 with 10% ammonium
hydroxide. The samples were deparaffinized using distilled
water and then stained with the ARS solution for 2 min to
produce nice red-orange staining of calcium. Finally, the
stained samples were dehydrated in acetone and acetone-
xylene (1:1) solution, respectively.

Western Blot Analysis

Western blotting is an important analytical technique used in
molecular biology to detect specific proteins. To carry out this
analysis, the cells were first washed twice with cold PBS so-
lution and then lysed using lysis buffer containing Tris-HCL
(500 μL, PH = 8), EDTA (0.003 g), NaCl (0.08 g), sodium
deoxycholate (0.025 g), SDS (0.01 g), Triton (NP40 (1%)),
and protease inhibitor cocktail. After centrifugation at
12000 rpm for 10 min, the protein solution was collected,
and the protein concentration was measured by the Bradford
protein assay protocol. The materials used in the Bradford
method were Coomassie Blue G250 (5 mg), ethanol 95% (2
ml), phosphoric acid (5 mg), and distilled water up to 50 ml.

To have denaturation of protein, the amounts of total pro-
tein (20–50 μg) were boiled at 100 °C for 10 min. Molecular
weight marker and equal amounts of protein were loaded into
the wells of SDS-PAGE gel. The gel was run at 120 V for 45
min. The protein from the SDS-PAGE gel was transferred to
the PVDF membranes using transferring buffer containing
Tris (2.42 g), glycin (11.25 g), methanol (200 ml), and dis-
tilled water (100 ml). Then, the membrane was blocked for
45 min at room temperature with 5% skim milk which was
diluted in the TBS–T solution containing Tris-HCL (20 ml),
sodium chloride (8 g), Tween20 0.1 v/v (1 ml), and distilled
water (100 ml). Afterward, the membranes were incubated
with primary antibodies at 4 °C overnight and washed with
TBS–T solution twice for 10 min. The prepared membranes
were incubated withAnti-Rabbit antibody (1:1000) for 75min
at room temperature and washed with TBS–T solution for
15 min twice. The ECL advance reagent kit was used to detect
the bands. Images were acquired by the exposure system.

Results and Discussion

XRD Characterization

The crystallinity and particle size of the prepared materials
were analyzed by X-ray diffraction (XRD). Figure 1 displays
XRD patterns of HA and Se-HA powder samples. The dif-
fraction peaks showed hydroxyapatite with PDF Card no. JCPFig. 4 3D structures of HA and Se-HA scaffolds

Fig. 3 FTIR spectra of HA and Se-HA scaffolds
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DS 09-432. According to the peaks related to HA and Se-HA samples, the crystallography structure was not changed by the
doping of Se in HA structure. However, a small change was
observed in the intensity of peaks. The average size of crys-
tallites in HA and Se-HA samples were calculated using the
Scherrer equation (Eq. 1) [22] as follows:

D ¼ kλ=βcosθ ð1Þ
where, λ is the wavelength of X-ray (1.54 Angstrom), β is the
width of peak in the half of maximum intensity, θ is the Brag
angle in radian, and k is the Scherer constant (0.96). The sizes
of crystallites calculated through Eq. (1) were obtained to be
87 and 78 nm for HA and Se-HA powders, respectively. Khan
et al. [13] reported that the intensity of XRD peaks and the size
of crystallites are decreased by doping Se in the HA matrix.
The change in network constants of HA was due to the sub-
stitution of phosphor atoms by Se as well as the formation of
strains in the matrix [23]. With increasing strain, crystal de-
fects in the matrix are increased, leading to a decrease in crys-
tallites size and peaks intensity [13, 23].

Fig. 5 a MTT test for hAD-
MSCs in HA and Se-HA culture
media on days 3, 5, and 7. b
Optical microscopy images of
culture media intersections with
HA and Se-HA scaffolds on day 7

Fig. 6 MTT test for Human Bone Osteosarcoma cell line (KHOS-240S)
in HA and Se-HA culture media after 24 and 48 h
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SEM/EDX Characterization

A combined SEM/EDX instrument was applied as a tool to
characterize the morphology, particle size, and elemental
composition of samples. Figure 2 illustrates the SEM micro-
graphs of HA and Se-HA samples accompanied by EDX ele-
mental analysis. According to the SEM analysis, the size of
particles was somehow under 200 nm, and the morphology
was in a multi-walled sphere-like shape. It is noticeable that
the morphology of HA particles was not changed by doping of
Se. Furthermore, EDX results of the Se-HA sample demon-
strated Se in addition to Ca, P, and O elements.

FT-IR Characterization

The identification of functional groups was accomplished by
FT-IR analysis. Figure 3 exhibits the FTIR spectrum of HA
and Se-HA samples. As represented in the spectra, bonds of
phosphates, carbonates, and hydroxyl groups are recognizable
in HA and Se-HA samples. Compared to the HA spectrum,
the intensity of phosphate peak in Se-HA bioceramic was

reduced. This observation was probably due to the substitu-
tion of phosphor atoms by selenium.

Figure 4 depicts the 3D structure of HA and Se-HA. As
shown, the SeO4

−3 group is exchanged by PO4
−3.

Accordingly, in the FTIR spectrum of Se-HA, the absorption
peak formed at 800 cm−1 may be related to the SeO4

−3 group.

In Vitro Cell Analysis

Assessment of Cell Viability

Cell viability measurement based on metabolic activity is an
important assessment for cell-based applications. In the pres-
ent study, cell proliferation phenomena were investigated on
the Se dopant using hAD-MSCs and Human Bone
Osteosarcoma cell line (KHOS-240S). Figure 5a shows the
results of MTT test on hAD-MSCs after 3, 5, and 7 days of
culture. As seen, the presence of Se in the HA structure had an
additive effect on the proliferation of MSC cells. Moreover,
there was almost the amount of 30% rise in cell expansion in
the Se-HA samples after 7 days compared to the HA. It seems
that Se exerts a synergistic proliferative effect on the cells

Fig. 7 SEM micrographs of the
cross section of hAD-MSCs with
HA (a, b) and Se-HA (c, d) scaf-
folds on day 3
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through enhanced Ca2+ ions on the Se-HA scaffold. The pres-
ence of selenite ions in the HA structure increases the absorp-
tion of Ca2+ ions on the surface due to a lower isoelectric point
(IEP) of selenite which is 5.5. It is noticeable that the IEP of
HA is 6.5 without any dopant [24]. The intensity of Ca2+ ions
affects cell growth on the surface of bioceramic via the im-
provement of cell-substrate interactions [25].

Additionally, the anticancer activity of engineered Se-HA scaf-
fold was examined using a Human Bone Osteosarcoma cell line
(KHOS-240S). In comparison with the control group, cell prolif-
eration was predominantly suppressed on the Se dopant, whereas
it was promoted on the HA after 48 h of incubation (Fig. 6). This
finding is consistent with previous studies, reflecting the anti-bone
cancer property of Se-HA bioceramic [13, 14].

According to the results of the present study, the Se dopant
has a selective cytotoxic effect on the hAD-MSCs and Human
Bone Osteosarcoma cell line (KHOS-240S). This dual activity
makes Se-HA scaffold a potential candidate for use in osteosar-
coma defects.

Assessment of Cell Adhesion Behavior

Figure 5b displays the optical microscopy images of culture
media intersection with HA and Se-HA samples after 7 days.
As it is clear, the intersection of culture media with Se-HA had
a more accumulative cell in comparison with the other one.
Furthermore, the MSCs appear to be differentiated into oste-
oblast cells according to the morphology of cells contacted
with the Se-HA sample.

The following figure shows SEMmicrographs of the cross
section of hAD-MSCs with HA (Fig. 7a, b) and Se-HA (Fig.
7c, d) scaffolds after 3 days. Obviously, the accumulation of
cells on the Se-HA sample was more than HA. Increased cell
adhesion on the surface of bone scaffold leads to more cell
proliferation, confirming the results of MTT method. The in-
teraction between cells and the surface of a bioceramic de-
pends on the chemistry of surface [26]. The selenite-induced
adsorption of Ca2+ ions on the Se-HA can promote cell adhe-
sion by improving the function of cell-adhesive molecules

Fig. 8 a Alkaline phosphatase
activity of hAD-MSCs in HA and
Se-HA culture media on days 3,
5, and 7. b Alizarin red S staining
of cells on the HA and Se-HA
scaffolds on day 7
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located on the cell surfaces [25]. So therefore, cells display
more cell affinity for Se dopant.

Assessment of ALP Activity

In the process of MSCs differentiation into osteoblast, various
gens including osteopontin, osteocalcine, osteonektin, remix
2, collagen type 1, and alkaline phosphatase play roles [27,
28]. Usually, ALP regards as the most important regulatory
gene-promoting osteogenesis [27, 28]. Figure 8a depicts the
curve related to the ALP activity of cells on the HA and Se-
HA scaffolds in comparison with the scaffold-free group.
Clearly, there is a meaningful difference between the activities
of ALP on the surface of HA and Se-HA samples after incu-
bation for 3, 5, and 7 days. Furthermore, the ALP activity
showed an ascending trend over 7 days. As shown, the activity
of ALP was elevated (> 50%) with Se addition into HA which
was a reason for osteogenesis promotion. The results were in
line with the results obtained by DanMeng et al. According to
their findings, increasing concentration of Ca2+ ions on the

surface of scaffolds results in enhanced ALP activity in cells
[25].

Assessment of calcification

ARS staining was conducted to determine the amount of cal-
cium deposition in hAD-MSCs. Figure 8b presents the micro-
scopic images of MSCs after coloring with ARS in the cell
culture media including HA, Se-HA, and control samples.
ARS, as an organic compound, makes the inorganic matrix
of calcium change to red. If the surface is red after using ARS,
it means that the surface is full of calcium. Regarding the
images, the intensity of red color was raised by the doping
of Se in HAwhich was a reason for more existence of calcium
compounds on the surface.

Assessment of protein expression

Western blot is a technique used to identify and quantify the
expression of target proteins. Figure 9a shows the results of
Western blot tests for osteocalcin (OCN) and Beta-actin pro-
teins. Figure 9b reveals the quantity of OCN protein. As illus-
trated, the amount of OCN protein in Se-HA culture media
was 1.5 times greater than the amount of protein in HA culture
media. Osteocalcin modulates the osteogenic differentiation
of MSCs and presents as a late marker for bone formation.
Accordingly, the existence of Se in the structure of HA in-
creases the osteogenesis properties of bioceramic up to 50%.
Based on the findings of previous studies, it seems that Se
induces osteoblast cell differentiation by the regulation of re-
active oxygen species (ROS) status [29].

Conclusion

In the present investigation, the effect of Se dopant on osteo-
genesis properties of HA bioceramic was studied. The pres-
ence of Se in the microstructure of HA synergistically in-
creased the proliferation of hAD-MSCs (> 30%) after 7 days.
Additionally, excellent cell adhesion and osteoblast-shaped
behaviors were found on the Se dopant. The investigation of
osteogenesis by the ALP test showed increased ALP activity
(> 50%) on the Se-HA bioceramic. Likewise, the results of
ARS staining demonstrated the additive effect of Se on the
calcium deposition in hAD-MSCs. Moreover, the expression
of OCN protein in the Se-HA cell culture was upregulated 1.5-
fold over HA cell culture. Further investigation using Human
Bone Osteosarcoma cell line (KHOS-240S) revealed anti-
bone cancer property of the Se dopant, indicating its potential
usability as a bifunctional scaffold for simultaneous tumor
therapy and bone regeneration.

Fig. 9. aWestern blot tests for osteocalcin (OCN) andBeta-actin proteins
in hAD-MSCs. b Quantity evaluation of OCN protein on day 7
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