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Abstract
In the present study, nano-hydroxyapatite (n-HA) powder was extracted from carp bone waste to fabricate porous 
n-HA substrates by a molding and sintering process. Subsequently, the substrates were loaded with different 
amounts of sodium fluoride (NaF) through immersion in NaF suspensions for 10, 7.5, and 5 min. The NaF-loaded 
n-HA substrates were then examined for their structural and physical properties, chemical bonds, loading and 
release profile, pH changes, cytotoxicity, and osteogenic effect on dental pulp stem cells (DPSCs) at the level 
of RNA and protein expression. The results showed that the n-HA substrates were porous (> 40% porosity) and 
had rough surfaces. The NaF could be successfully loaded on the substrates, which was 6.43, 4.50, and 1.47 mg, 
respectively for n-HA substrates with immersion times of 10, 7.5, and 5 min in the NaF suspensions. It was observed 
that the NaF release rate was rather fast during the first 24 h in all groups (39.06%, 36.43%, and 39.57% for 10, 7.5, 
and 5 min, respectively), and decreased dramatically after that, indicating a slow detachment of NaF. Furthermore, 
the pH of the medium related to all materials was changed during the first 4 days of immersion (from 7.38 to pH 
of about 7.85, 7.84, 7.63, and 7.66 for C0, C5, C7.5, and C10, respectively). The pH of media associated with the 
C7.5, and C10 increased up to 4 days and remained relatively constant until day 14 (pH = 7.6). The results of the 
cytotoxicity assay rejected any toxicity of the fabricated NaF-loaded n-HA substrates on DPSCs, and the cells could 
adhere to their surfaces with enlarged morphology. The results showed no effect on the osteogenic differentiation 
at the protein level. Nevertheless, this effect was observed at the gene level.
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Introduction
Dental implants along with bone grafts are now often 
utilized in the oral and maxillofacial area to support 
prostheses at the site. Autografts are among the most 
successful types of bone grafts, but they need simultane-
ous surgery at the harvest site and are limited to small 
size defects. Moreover, the complications occurred for 
the recipient of the grafts after surgery are an additional 
problem in this type of grafting [1]. Nowadays, tissue 
engineering (TE) and bone regeneration techniques have 
evolved and are promising for the healing of jaw anoma-
lies and the regeneration of masticatory teeth [2–6]. The 
bone substitutes offered by TE can be very effective, 
especially for critical size defects where the bone or tis-
sue is unable to fully regenerate.

For fifty years, research has been carried out into 
replacing missing tissues with biomaterials. The non-
functional or lost tissues are replaced with specific 
materials in order to restore the structural and func-
tional properties. Tissue engineering can be used to treat 
abnormalities in the mouth, replace missing skin or oral 
structures and change a patient’s smile. TE components, 
i.e. cells, biomaterials and physiologically active mol-
ecules, are also used to improve bone and tooth func-
tion and the long-term durability of implants [7, 8]. The 
aim of tissue regeneration using cell therapy, particularly 
stem cells, is to alter, regenerate or improve the biologi-
cal patterns of injured tissue [9]. Biomaterials are used to 
make scaffolds, which are three-dimensional (3D) sub-
strates and serve as templates for tissue regeneration by 
providing 3D biological and physicochemical environ-
ments to promote cell adhesion, growth, differentiation, 
and migration [10]. The scaffolds should ideally be able to 
transfer nutrients, oxygen, and excretory substances [11]. 
In addition, the scaffold materials should be non-toxic, 
and biocompatible with suitable mechanical strength, 
and the possibility of biodegradation and replacement 
with new tissue [12–14]. While it is possible to control 
physicochemical properties such as degradability rates 
in synthetic polymers, their degradation products (such 
as acidic polyester products) can have adverse biological 
effects [15, 16]. Ceramic materials are also used to make 
hard tissue scaffolds [17], one of which is hydroxyapatite 
(HA). About 70% of bones, 96% of enamel, 70% of dentin, 
and 45% of cementum are made up of HA nanocrystals 
[18, 19]. Hydroxyapatite is a biocompatible and bioac-
tive material with suitable mechanical properties [20]. 
Furthermore, HA nanoparticles (n-HA) are one of the 
most biocompatible and bioactive materials that play an 
important role in various biomedical applications (both 
medicine and dentistry) [21–25]. This is due to its excep-
tional properties, such as its high surface-to-volume ratio 
and resemblance to biological HA, which has a great 
influence on the interaction of cells and biomaterials. The 

n-HA can be employed in the form of powder, dense, or 
porous blocks. This material is mainly used to treat peri-
odontal defects, alveolar ridge augmentation, and man-
dibular injuries [23, 26]. Research has also shown that 
nano-hydroxyapatite has a high potential for tooth resto-
ration [21, 27].

Certain substances, including sodium fluoride (NaF), 
aid in the mineralization of hard tissues, because of 
the ossifying properties [28]. NaF is frequently used in 
dental treatments, and it is considered a main drug to 
strengthen bone formation in patients with osteoporosis. 
It has been shown that the insertion of NaF to the culture 
medium of dental pulp stem cells (DPSCs) stimulates the 
expression of bone- and tooth-specific genes including 
runt-related transcription factor 2 (Runx2), dentin sia-
lophosphoprotein (DSPP), osteocalcin (OSC), and bone 
morphogenetic protein 2 (BMP2) [9]. Furthermore, NaF 
has been also shown to stimulate the proliferation and 
differentiation of osteoblasts (MC3T3-E1) [29]. How-
ever, it should be pointed out that fluoride may have toxic 
effects on the body by affecting cellular metabolism and 
interfering with the function of some enzymes, while 
at the same time, it stimulates the activity of the other 
enzymes [30].

In this study, sodium fluoride is used as an effective 
auxiliary component to impregnate the porous n-HA 
substrates through a dip-coating approach. The hypothe-
sis is that the NaF-loaded nano-hydroxyapatite substrates 
have a continuous and slow NaF release in situ, leading 
to improved growth and differentiation of DPSCs with-
out cytotoxic effect. The positive effects of sodium fluo-
ride on dental pulp cells have already been demonstrated. 
However, due to the toxicity of sodium fluoride in high 
concentrations, sustained drug release of this substance 
is very important. Therefore, the aim of the present study 
was to load NaF on porous nano-hydroxyapatite sub-
strates, in which it acts as an inseparable component to 
achieve a sustained release, and to demonstrate its effects 
on the proliferation and osteogenic differentiation of 
DPSCs. With this method, we can approach to a ready-
to-use product that in practice merely requires to be 
implanted in the defect site, without any additional work 
to be done by the practitioners.

Methods and materials
HA powder preparation
After collecting the carp bones, they were boiled in water 
for about 90  min to remove the fats attached to them. 
Then, they were air-dried, completely. Subsequently, they 
were crushed and placed in an electric furnace to sinter 
at 700  °C for 5 h [18]. To confirm the formed phases in 
the powder, x-ray diffraction (XRD) analysis was done 
(Bruker, D8-advance). Afterward, to obtain uniform 
nanoparticles, HA powder was ball-milled with a Teflon 
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cup and tungsten balls for 2 h using a planetary ball mill 
machine (Amin Asia, Iran). The rotation speed was 
400 rpm with ball to powder ratio of 20:1. Scanning elec-
tron microscopy (SEM) images of the HA powder were 
provided to analyze the morphology and size of HA pow-
ders after ball mill using MIRA3, TESCAN.

NaF powder
Sodium fluoride powder was purchased from SIGMA-
ALDRICH, Germany with a molecular weight of 
41.99  g/mol and purity of > 99%. XRD analysis (Bruker, 
D8-advance) of the powder was done in the 2θ range of 
10–80°.

n-HA substrate preparation and loading of NaF
To prepare disc-shaped substrates, after mixing the pow-
der and the biner, a sintering process was employed [31–
33]. To do this, a 5% polyvinyl alcohol (PVA) solution 
was prepared as a binder. Then, n-HA powder was mixed 
with PVA, poured into a special 3D-printed plastic mold 
(mold cavity diameter was 7 mm), and compressed. After 
removing the samples from the mold, they were sintered 
in an electric furnace at 300 ° C for one hour, then the 
temperature was raised to 1100 ° C and remained for one 
hour. Figure 1a and b show the mold components and the 
procedure used to make n-HA substrates.

Fig. 1  (a) Mold components, (b) the procedure used to make n-HA substrates, and (c) NaF loading on n-HA substrates
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Disc-shaped substrates were divided into three groups 
for NaF loading based on the immersion time (5, 7.5, 
and 10 min). The NaF loading process was performed by 
placing the n-HA substrates in a 75 w/v% suspension of 
NaF in acetone on a stirrer. To prevent the evaporation 
of acetone, a lid was placed on the container having the 
suspension during processing. After the immersion time, 
the NaF loaded n-HA substrates were frozen at -20℃ and 
then lyophilized (Freeze-dried) for 24 h (Fig. 1c). The dif-
ference between the weights was calculated by weighing 
the fabricated components before and after NaF load-
ing to estimate the amount of loaded NaF on the n-HA 
substrates.

Characterizations and porosity of n-HA substrates
The XRD spectrum (Bruker, D8-advance) of the sin-
tered n-HA substrate was conducted in the 2θ range of 
10–80°. Furthermore, SEM (Philips XL30, Netherland) 
and FE-SEM (MIRA3, TESCAN) images were provided 
after the n-HA substrate sintering process. The pore size 
was measured using ImageJ software. Moreover, FE-
SEM images (FE-SEM, Sigma 300-HV, Zeiss, Germany) 
were also provided after loading of NaF on the surfaces 
of n-HA substrates. First, the materials were sputter-
coated by a conductive material and then the images 
were taken at the secondary electron mode. Additionally, 
elemental map analysis of the NaF-loaded n-HA sub-
strates was accomplished using energy-dispersive X-ray 
spectroscopy (EDS). Furthermore, the fabricated com-
ponents before and after NaF deposition were investi-
gated by Fourier transform infrared spectroscopy (FTIR). 
The transmission spectra were obtained at wavenum-
bers of 4000–400 cm− 1 at the resolution of 2 cm− 1 using 
(Bruker-Tensor 27 IR, USA).

To determine the amount of porosity, the volume and 
mass of each sample were measured to first calculate 
the density using Eq.  1 and then the porosity by Eq.  2 
[34–37].

	
D =

m

V
� (1)

	
P% = 100 ×

(
1− D

Dth

)
� (2)

Where, D, m and V signify the density (kg/m3), the 
mass (kg), and the volume (m3) of each n-HA substrate, 
respectively. Furthermore, P is the porosity, and Dth iden-
tifies the theoretical density of hydroxyapatite, which was 
considered to be 3200 Kg/m3.

Furthermore, the porosity was also measured by liquid 
displacement method, in which ethanol was used as the 
displacement liquid because it could readily infiltrate into 
the n-HA substrate pores without inducing swelling or 

shrinkage, and substrate dissolution. First, the substrates 
were immersed in ethanol with a certain initial volume 
(v1). After 5  min, the total volume (ethanol + substrate) 
was recorded (v2). The n-HA substrates were then taken 
out from the ethanol and the remaining ethanol volume 
was measured (v3). Finally, the porosity was calculated by 
Eq. 3 [38].

	
P% = 100 ×

(
v1 − v3
v2 − v3

)
� (3)

NaF release profile and pH changes
For evaluation of the loading efficiency and NaF release, 
the disc-shaped n-HA substrates loaded with NaF were 
individually put in containers filled with 15 mL of phos-
phate-buffered saline (PBS). At different time points, 
until 14 days, 200 µL of the PBS was taken from each 
container to measure the optical density (absorbance) at 
630  nm using a microplate reader (Synergy H1 Hybrid 
Multi-Mode Microplate Reader, BioTek, USA). After 
each sampling, an amount equal to the removed sample 
was replaced with PBS. A standard curve of NaF concen-
tration-optical density was obtained by measuring the 
absorbance of known NaF concentrations. This standard 
curve was used to convert the sample absorbance to con-
centration. The cumulative release (%) of NaF was then 
calculated and plotted as a function of time. Further-
more, throughout the soaking time, the pH changes of 
the solutions were recorded using a pH meter (Shimifan.
CO, Iran).

Sterilization and preparation of extract medium
For sterilization, the fabricated components were covered 
individually with aluminum foil and placed in glass ster-
ile Petri dishes, which were kept in an oven at 170 °C for 
30 min. They were then transferred under a laminar cell 
culture hood. To prepare the extract medium, after ster-
ilization, two samples from each group were immersed 
in a complete culture medium (2.0 ml/well) in a 24-well 
plate for 3 days. Afterward, the samples were discarded 
and the culture media were used for the cellular tests 
(based on ISO 10993-5-1999).

Cell culture
Dental pulp stem cells (DPSCs) were purchased from 
Royan Stem Cell Technology (Isfahan, Iran). Dulbecco’s 
Modified Eagle Medium (DMEM, Gibco, Grand Island, 
USA) that contained 10% fetal bovine serum (FBS, Gibco, 
Grand Island, USA), Penicillin (100IU), Streptomycin 
(100  µg/mL) were used as a cell culture medium. The 
cells were grown in the presence of 5% CO2 and 95% 
humidity at 37 °C.
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Cytotoxicity tests
The viability of the cells exposed to the extract medium 
was evaluated by a lactate dehydrogenase (LDH) cyto-
toxicity detection kit (Roche Applied Science, Ger-
many). DPSCs cells (5 × 103 cells per well) were seeded in 
a 96-well plate in a complete growth medium (DMEM/
F12 + 10% FBS) for 24  h to form a monolayer. The 
medium was then replaced by the extract media. After 3 
and 7 days of incubation, the plate was centrifuged, and 
the supernatants were transferred to another 96-well 
ELISA plate. After that, the LDH detection mixture was 
inserted into the plate wells (100 µL per well), which were 
then incubated at room temperature (30 min). The opti-
cal density was measured by a microplate ELISA reader 
at 490  nm (Synergy H1 Hybrid Multi-Mode Microplate 
Reader, BioTek, USA). The cell viability was calculated by 
Eqs. 4 and 5.

	
Cytotoxicity (%) =

experimental value − low control
high control − low control

× 100� (4)

	 V iability (%) = 100− Cytotoxicity � (5)

Where the low control was a mixture of the supernatants 
of cells cultured without extract medium and the LDH 
detection mixture. Furthermore, the high control was 
prepared by lysing the cells with triton X-100.

Alkaline phosphatase assay
DPSCs at a density of 2 × 103 cells per well in a 96-well 
plate were cultured in a complete culture medium 
for 24  h to form a cell monolayer. The medium was 
then replaced by extract media, and osteogenic fac-
tors including ascorbic acid (vitamin C, 50 µg/mL), and 
β-glycerophosphate (10mM) (Sigma-Aldrich, USA) were 
also added. ALP activity was measured using the Sen-
soLyte pNPP Alkaline Phosphatase Assay Kit (AnaSpec, 
USA) according to the protocol provided by the manu-
facturer. Briefly, 7 and 14 days after cell culture with 
extract media, cells were homogenized in 100 µL lysis 
buffer provided with the kit. The obtained lysate was 
centrifuged for 15 min at 10,000 g, 4º C. The supernatant 
was collected for ALP assay using p-nitrophenyl phos-
phate (p-NPP) as a phosphatase substrate (for 20 min at 

room temperature). The alkaline phosphatase standard 
was supplied with the kit. The absorbance was measured 
at 405  nm (Synergy H1 Hybrid Multi-Mode Microplate 
Reader, BioTek, USA).

Osteocalcin assay
DPSCs cells (5 × 103 cells per well) were seeded in a 
96-well plate and cultured in a complete growth medium 
for 24 h allowing cells to form a monolayer. The complete 
medium was then replaced by extract media. After 7 days 
of incubation, the osteocalcin level was assessed in the 
cell culture supernatant by a sandwich ELISA method 
using rat osteocalcin/bone gamma-carboxyglutamic 
acid-containing protein (OT/BGLAP) ELISA Kit (Zell-
Bio, Germany) according to the instruction provided by 
the manufacturer.

Gene expression analysis by RT-PCR (qRT-PCR)
The RT-PCR analysis was conducted based on previous 
studies [39–41]. Assessment of bone-specific and angio-
genic genes in the DPSCs cultured in the extract media 
after 3 days including Runx2, type I collagen (COLI), and 
vascular endothelial growth factor (VEGF) involved in 
bone differentiation was performed using real-time poly-
merase chain reaction (RT-PCR).

Total RNA from cells was isolated using TRIzol reagent 
(Invitrogen). The cDNA was synthesized according to the 
protocol of the Revert Aid™ First Strand cDNA Synthe-
sis Kit (Takara, Japan). The cDNA was synthesized and 
the expression levels of Runx2, COLI, and VEGF mRNA 
were measured and quantified using the Corbett Life Sci-
ence RT Detection System and the SYBR Green Master 
Mix Kit (Takara). B2M was the endogenous control used 
to normalize the mRNA expression levels. The primer 
sequences are shown in Table 1. This real-time quantita-
tive PCR (RT-qPCR) approach allows precise measure-
ment of gene expression, with B2M serving as a reliable 
internal reference for analysis. Our data were analyzed 
using the 2-ΔΔC method.

Cell adhesion test
For cell adhesion, DPSCs (2 × 103 cells per well) were 
directly seeded onto the surfaces of n-HA substrates 
with and without NaF and incubated at 37  °C, 5% CO2, 
and 95% humidity. After 3 days of incubation, the cells 
on the samples were fixed with paraformaldehyde (4%) at 
4℃ for 20 min, rinsed with PBS, dried, and gold-coated 
to observe under SEM (FE-SEM, Sigma 300-HV, Zeiss, 
Germany).

Statistical analysis
All data were analyzed using the analysis of variance 
(ANOVA) test using Minitab V17. The P-values < 0.05 
(confidence level 95%) were considered significant. 

Table 1  The sequence of primers used in RT- PCR
Sequence Name
B2m F: 5′-​C​G​T​G​A​T​C​T​T​T​C​T​G​G​T​G​C​T​T​G​T​C-3′

R: 5′-​G​G​A​A​G​T​T​G​G​G​C​T​T​C​C​C​A​T​T​C​T-3′
Col1a1 F: 5′-​A​A​G​A​G​C​G​G​A​G​A​G​T​A​C​T​G​G​A​T-3′

R: 5′-​C​T​T​G​G​G​G​T​T​T​G​G​G​C​T​G​A​T​G​T-3′
RUNX2 F:5′-​G​G​A​A​C​C​A​A​G​A​A​G​G​C​A​C​A​G​A​C-3′

R: 5′-​C​G​G​G​A​C​A​C​C​T​A​C​T​C​T​C​A​T​A​C​T-3′
VEGF-A F: 5′- ​T​C​G​G​A​G​A​G​C​A​A​C​G​T​C​A​C​T​A-3′

R: 5′- ​T​C​T​T​T​G​G​T​C​T​G​C​A​T​T​C​A​C​A​T​C-3′
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Post-hoc analysis was performed via Tukey’s multiple 
comparison test.

Results
Characteristics of HA and NaF powder
Figures 2a and 3 show the XRD pattern and SEM images 
of HA powder, respectively. The obtained XRD spectrum 
matched the hydroxyapatite reference card of 24–0033, 
and that reported in previous studies [42–44]. The HA 
main peaks appeared at 2θ around 31.8°, 32.2°, and 32.9°, 
which are associated with diffraction planes of (211), 
(112), and (300), respectively (Fig. 2a). Furthermore, the 
SEM images (Fig. 3) showed that HA powder size became 
at nano-scale level after 2 h of ball mill.

The XRD pattern of NaF powder is shown in Fig.  2b. 
The obtained XRD pattern matched the NaF reference 
card of 36-1455 and that of previously reported data [45, 
46]. The results indicated a very well-crystallized struc-
ture of NaF with diffraction at 2θ of about 33.65°, 38.95°, 
56.20°, 67.07°, and 70.41°, respectively, from Miller indi-
ces of (110), (101), (201), (102) and (211).

n-HA substrate morphology, phases, and porosity
Figure 4a shows the SEM images of a nano-hydroxyapa-
tite substrate after 1 h sintering at 1100℃. As it can be 
seen, the fabricated substrates were porous with rough 
surfaces after sintering, which can cause superior perfor-
mance in a biological environment and new bone growth 
in vivo [47, 48]. The pore size distribution was mainly in 
the range of 125–2375  nm and the mean pore size was 
1083 nm (Fig. 4b). Furthermore, the XRD peaks (Fig. 4c) 
that appeared for n-HA substrates sintered at 1100 °C in 
the electric furnace represented the same characteristic 
peaks as those of HA powder (raw material) and are in 
agreement with previous studies [49–54]. Therefore, no 
phase changes happened after sintering at 1100℃.

Figure  5 represents the FF-SEM images of nano-
hydroxyapatite substrates after immersion in NaF sus-
pension for 5  min, 7.5  min, and 10  min. As it can be 
observed, small particles were settled down on the sur-
faces of scaffolds, which were believed to be NaF. By 
increasing the time from 5 to 10  min, the amount of 
these small particles increased on the substrate surfaces. 

Fig. 3  FE-SEM images of HA powder after 2 h of ball mill, with different magnifications

 

Fig. 2  XRD patterns of; (a) HA, and (b) NaF powders
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Furthermore, the map analysis (Fig.  6) indicated the 
deposition of similar elements on the surfaces of all 
n-HA substrates. The presence of Ca and P are indica-
tive of substrate composition (hydroxyapatite), and the 
existence of Na and F identifies the deposition of these 
elements on the surfaces of n-HA substrates after immer-
sion in NaF suspension.

The n-HA substrates before and after NaF deposition 
were also investigated by FTIR (Fig. 7). It can be clearly 
realized that all the n-HA substrates with and without 
NaF have a highly similar absorption spectrum. The only 
effect of NaF on the FTIR spectrum of n-HA substrates 
was the slight shifts and the changes in intensity of some 
of the detected peaks (Table 2). Similarly, previous studies 
have reported that the addition of NaF to other materials 

often causes a shift in the FTIR peaks with no additional 
bonds [55–57]. In the n-HA FTIR pattern, the bands in 
632.61 cm− 1 and 3571.92 cm− 1 identify hydroxyl groups 
[58, 59]. The phosphate peaks were detected in the range 
of 1100 − 1000, and at 962, and 603 cm− 1 [60]. The blunt 
bond, usually observed around 3400 cm− 1, is water mol-
ecules [61], and the weak characteristics peaks at a range 
of 1400–1500  cm− 1 are related to carbonate bands [42, 
43, 62, 63]. The band that appeared at about 1640 cm− 1 is 
associated with hydrogen phosphate (HPO4

2), and those 
in the range of 3000 –2800  cm− 1 identify Alkane [58, 
64–66].

The density and porosity of the n-HA substrates were 
also obtained. Based on the weighting approach, the 
density and porosity were 1658.56 ± 316.00  kg/m3, and 

Fig. 4  (a) SEM and FE-SEM images of the n-HA substrates after sintering and before immersion in NaF suspension (The arrows show some of the pores.), 
(b) pore size distribution, and (c) XRD pattern of the fabricated n-HA substrates
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48.87 ± 9.37%, respectively. According to liquid displace-
ment method, the porosity was 42.73 ± 2.73%.

NaF deposition and release, and solution pH
The deposited amount of NaF on the surfaces of n-HA 
substrates is shown in Fig. 8a and b. As it was expected, 
more NaF was deposited by increase in immersion time; 
6.43  mg (64.30  mg/mm2), 4.50  mg (43.26  mg/mm2), 
and 1.47  mg (13.42  mg/mm2), respectively for 10  min, 
7.5  min, and 5  min of immersion in NaF suspension. 
The results of NaF release (Fig. 9a) indicated a relatively 
higher release of NaF for an immersion time of 5  min. 
While the lowest release was from the samples with 
7.5 min immersion. The NaF release was 39.06%, 36.43%, 
and 39.57% for 10, 7.5, and 5 min, respectively, after 1 day 
of immersion. Nevertheless, the release rate became rela-
tively slow after day 1. The NaF release rates were 60.95%, 
55.38%, and 69.72% for 10, 7.5, and 5 min, respectively, at 
day 14 (Fig. 9a).

The pH of the immersion medium was recorded at dif-
ferent time intervals for 14 days (Fig. 9b). The pH of the 
medium related to all n-HA substrates with and with-
out NaF was mainly changed during the first 4 days of 
immersion. At day 4, the pH of the media increased from 
7.38 to a pH of about 7.85, 7.84, 7.63, and 7.66 for C0, C5, 
C7.5, and C10, respectively. Moreover, it was observed 
that the substrates with higher time for NaF settlement 
(C7.5 and C10) showed lower pH increases. The pH of 
media associated with the C7.5, and C10 increased up 
to 4 days and remained relatively constant until day 14, 
probably as a result of equilibrium in ion exchange in the 
solution.

Cytotoxic effect
The release of LDH is a marker for cell death. We, there-
fore, assessed whether the treatment of cells with the sub-
strates having different doses of NaF (C5, C7.5, and C10) 
resulted in the LDH release. As shown in Fig.  10a, the 

Fig. 5  FE-SEM images of the n-HA substrates after (a) 5 min, (b) 7.5 min, and (c) 10 min immersion in NaF suspension
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results revealed that all fabricated components showed 
no cytotoxic effects on DPSCs (viability% > 100%). One-
way ANOVA indicated that the sample composition 
was not a significant factor (P = 0.075) meaning that the 
amount of NaF on the substrates did not influence the 
cell viability. Furthermore, Tukey pairwise comparisons 
showed that the cell viability was not significantly differ-
ent between the groups (Fig. 10a).

ALP activity
ALP analysis was conducted to assess the differentiation 
of DPSCs to osteoblasts exposed to the extract medium 
at two time intervals. Cell differentiation was assessed 
in terms of the ALP activity of the DPSCs after culturing 

with extract media for 7 and 14 days (Fig.  10b). The 
DPSCs differentiation (ALP concentration) of all groups 
was similar, and the ALP activity slightly decreased by 
the culture time from day 7 to day 14 (Fig.  10b). Two-
way ANOVA was employed for analysis and revealed that 
sample composition and time were significant factors (P 
= 0.002, and P = 0.000, respectively) in ALP activity. The 
Tukey pairwise comparisons also showed significant dif-
ferences between the substrate without NaF (C0) and 
those with 5 min and 10 min immersion in NaF suspen-
sion (C5, and C10) at day 7. However, there was no statis-
tical difference between the groups at day 14.

Fig. 6  EDS results of the n-HA substrates after (a) 5 min, (b) 7.5 min, and (c) 10 min immersion in NaF suspension
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Osteocalcin concentration
The osteocalcin levels (OSC) in the DPSCs culture 
medium, shown in Fig.  10c, were lower in the groups 
with different doses of NaF rather than in the substrate 
without NaF (C0), and even the control group (C, cells 
without treatment). One-way ANOVA showed that 
the sample composition was not a significant factor 
(P = 0.092) meaning that the amount of NaF on the sub-
strate did not influence the osteocalcin concentration. 
Tukey pairwise comparisons also showed that the osteo-
calcin level was not significantly different between the 
groups.

Adhesion of cells to the n-HA substrates
The capability of the substrates on the attachment of 
DPSCs after 3 days of culture was analyzed by SEM 
images (Fig. 11). As it can be seen, the adhered cell mor-
phology on different materials (n-HA substrates with 
and without NaF) was quite similar. The DPSCs were 
stretched and enlarged multifacetedly on their surfaces.

Gene expression
The RT-PCR was employed to assess the expression level 
of osteogenic and angiogenic genes including Runx2, 
COL I, and VEGF of all groups after 3 days (Fig. 12). The 
C10 and C5 groups displayed higher Runx2, and COL I 
gene expression, which are associated with early differ-
entiation toward bone cells, than other groups. Regard-
ing the VEGF expression, C10 showed the highest value. 
One-way ANOVA also showed that the sample com-
position was a significant factor in Runx2 (P = 0.000), 
COL I (P = 0.000), and VEGF (P = 0.001). Tukey pairwise 
comparisons also showed that the Runx2 level was sig-
nificantly higher in C10 and C5 than in other groups, 
and in C7.5 compared to C0 and C groups. This analysis 
for COL I revealed that the gene level was significantly 
higher in C5 than in all other groups, and in C10 com-
pared to C7.5, C0, and C groups. Moreover, the expres-
sion of VEGF was significantly higher in C10 rather than 
in all other groups.

Table 2  Absorbance bonds observed for different n-HA substrates with and without NaF
Wavenumber

C10 3571.92 1091.63 1024.13 964.34 634.54 603.68 568.96
C7.5 3569.99 1093.56 1043.42 964.34 632.61 603.68 568.96
C5 3571.92 1095.49 1051.13 970.13 632.61 605.61 572.82
C0 3571.92 1095.49 1039.56 962.41 632.61 603.68 568.96

Fig. 8  NaF deposition; (a) weight, and (b) weight/area

 

Fig. 7  FTIR spectra before (C0) and after NaF deposition (C5, C7.5, and 
C10)
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Discussion
Tissue engineering uses biomaterials, stem cells, and 
biologically active factors such as morphogens to offer 
a new way for the regeneration of bone and other min-
eralized tissues such as dentin [67, 68]. Biomaterials are 
used to fabricate scaffolds, which are often three-dimen-
sional constructs with interconnected pores that facili-
tate nutrient and waste transport, cell migration, and 
vascularization [69]. These constructs can be used alone 
or together with cells and biologically active factors to 
achieve favorable reparative performance. The scaffolds 
and other substitutes can be made up of different bioma-
terials depending on the tissue to be repaired. For hard 
tissue repair, calcium phosphates are a demanding group 
because their chemistry is similar to that of hard tissue 
[70]. Among these materials, HA is a popular biomaterial 
as it has excellent bioactivity, biocompatibility, adequate 
mechanical properties, osteoconductivity, angiogenic 
properties, and without any inflammatory reactions or 
antigenicity [20]. Nano-sized HA resembles the inorganic 
part of the extracellular matrix (ECM) of bone, which 
contains nano-sized calcium phosphate crystallites that 
are similar to HA [71], and it has been broadly used in 
dentistry in periodontology, and oral and maxillofacial 
surgery [72, 73]. NaF is also believed to have an ossifying 
effect. For these reasons, the biological n-HA from carp 
bone waste was used here to fabricate porous substrates. 

The fabricated substrates had porosity with rough sur-
faces (based on SEM images). The porosity was mainly 
created by the partial sintering of the hydroxyapatite 
particles. In partial sintering, high porosity, pore inter-
connectivity, and increased pore size can be achieved by 
reducing the applied pressure and/or temperature dur-
ing consolidation [74, 75]. However, the pore shape tends 
to be more irregular rather than to be rounded, as it was 
observed in our SEM images. The porosity of the n-HA 
substrates was > 40%, and the pore size distribution was 
mainly in the range of 125–2375 nm. It has been reported 
that a pore diameter of 100 μm and larger is more desir-
able for better cell attachment and vascularization [76]. 
The pore characteristics can be influenced by the fabri-
cation process. Therefore, to achieve a larger pore size, 
other techniques can be used, such as 3D printing with 
precise control over the internal pore geometry or par-
ticulate leaching and the use of space-holder materials 
[77–83]. For example, Yahay et al. [80] fabricated TiO2/
PCL composite scaffolds using a combination of differ-
ent techniques including sol-gel, porogen (NaCl) leach-
ing, and direct ink writing. The scaffolds had multiscale 
porosity (meso and macro pores) with different pore 
sizes. The porosity percentages and the compressive 
moduli were respectively in the range of 74.56-80.02% 
and 4.96–20.03 MPa based on the porogen content.

Fig. 10  (a) Viability of the cells by LDH assay after 72 h, (b) ALP concentration as an indicator for cell differentiation after 7 and 14 days, and (c) OSC con-
centration in different groups after 7 days. (*: P < 0.05)

 

Fig. 9  (a) NaF release profile, and (b) pH changes of PBS solution
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The porous n-HA substrates were subsequently 
impregnated with NaF by immersing them in NaF sus-
pension for different times (5, 7.5, and 10 min). To make 
the NaF suspension, acetone was used. NaF does not dis-
solve into acetone, and a suspension is provided. While, 
it is ionized to Na+ and F− in aqueous solutions. Here, 
it was intended to have NaF particles on the substrates 
which could be ionized later in the culture medium. Con-
sidering the in vivo study as a future work, the ionization 

can occur after implantation and in contact with body 
fluid. The NaF was successfully settled on the substrates 
based on SEM, EDS, and FTIR analyses. The type of 
adsorption of drugs or bioactive molecules to the sub-
strates can be physisorption (physically) or chemisorp-
tion (chemically) [84]. The NaF attached physically to 
the substrate-free surfaces through their soaking in NaF 
suspension. In this type of adsorption, the molecules 
bond to a surface with a rather weaker interaction in 

Fig. 11  FE-SEM images of the adhered cells on C0, C5, C7.5, and C10
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comparison with chemisorption. Physisorption is revers-
ible, therefore, after NaF deposition and drying, when 
the components were immersed in PBS, the NaF parti-
cles started deboning from their surfaces. Nevertheless, 
its release rate is relatively lower than the loading. This 
can be due to the presence of porosity in the structure 
and the trap of the NaF within the pores, which results 
in mechanical locking leading to a delay in NaF release 
[85]. The detachment of NaF from C5 (immersion time of 
5 min) was faster than the other groups. It is believed that 
in this group, the NaF could not penetrate into the sub-
strate pores deep inside the structure due to the limited 
soaking time in the suspension. Therefore, their NaF con-
tent could be readily release. Furthermore, a moderate 
pH rise of the immersion media was observed, which can 
be due to a weak basic nature of NaF (a basic salt result-
ing from a strong base (NaOH) and a weak acid (HF)). 
Indeed, the anion F−, is the anion of weak acid HF, hence, 
F− acts as a base. In the present study, it was observed 
that the substrates with higher time for NaF settlement 
(C7.5 and C10) showed lower pH increases; possibly due 
to the slightly lower amount of the F− ions released into 
the solution from these substrates.

Furthermore, in the present study, gene analysis was 
also conducted. During the osteogenic differentiation 
process, the expression level of several genes such as 
Runx2, COL I, DSPP, BMP2, ALP, Osterix, Osteopontin 
(OPN), sialoprotein (BSP), and OSC are elevated indicat-
ing the stem cells are differentiated toward osseous tissue. 
Some of these genes contribute to early osteogenic differ-
entiation such as BMP-2, Runx2, Osterix, ALP, and COL 
I, while others including OSC, OPN, and BSP involve in 
late osteogenic differentiation [86, 87]. It has been identi-
fied that the first markers for differentiation are ALP and 
COL I, and subsequently, BSP is detected (2–3 days later), 
followed by the expression of OSC and nodule mineral-
ization [88]. In the present study, we measured Runx2, 
COL I, and VEGF. Runx2 is a specific transcription fac-
tor for osteoblast differentiation, matrix formation, and 
mineralization during bone formation, which controls 
the expression of genes related to the main bone matrix 

proteins via a direct binding location existing in the pro-
moter of some osteoblast-specific genes including OSC, 
OPN, BSP, and collagen type I alpha 1 (Col1A1) [89]. 
COL I is well-known as the most abundant component 
of ECM and found in tendons, the endomysium of myofi-
brils, scar tissue, and the organic portion of bone, which 
plays a role in osteogenic differentiation [90]. COL I can 
bind to the members of the transforming growth factor 
(TGF) superfamily including TGF-β and BMPs (bone‐
inducing growth factors), and is effectual in the healing 
of bone through inflammatory cytokines and BMP gene 
expression in the early fracture healing stages [91]. VEGF 
is another important gene in the bone repair process. The 
differentiation and function of osteoblasts and osteo-
clasts are directly controlled by VEGF, and it, indeed, 
contributes to osteogenesis by stimulating angiogenesis 
[92]. Nevertheless, it would be interesting to consider the 
expression of other genes in future research, particularly 
those involved in late osteogenic differentiation.

The NaF was previously incorporated into the HA-
Al2O3 nano-composite and chitosan/HA-Al2O3 scaffolds 
for application in bone tissue engineering. The phases of 
the samples, microstructure, morphology, mechanical 
strength, and cytotoxicity were studied and it was shown 
that the addition of NaF into the scaffolds increased the 
mechanical strength and caused acceptable cell viability 
[93]. Zijah et al. [94] also evaluated and compared the 
effect of NaF, melanocyte-stimulating hormone (MSH), 
or simvastatin (SIM) on nanofibrous PCL-polyethylene 
glycol-PCL (PCL-PEG-PCL) scaffold on human DPSCs 
(hDPSCs). Nanofibrous scaffold-seeded with hDPSCs 
were treated with these materials and the cell viability, 
biocompatibility, cell attachment, proliferation, morphol-
ogy, osteo/odontogenic potential, and the tissue-specific 
gene expression were analyzed. Their results showed 
that all the treated scaffolds performed superiorly com-
pared to the control untreated group. However, SIM and 
MSH showed significantly better results than NaF. In 
another study, by Aghazadeh et al. [9], NaF was added 
to the cell culture medium and investigated for its syn-
ergistic effect with the electrospun poly(ε-caprolactone) 

Fig. 12  Evaluation of the relative expression of bone-specific and angiogenic genes in the different groups; (a) Runx2, (b) COL I, and (c) VEGF (*: P < 0.05, 
**: P < 0.01, ***: P < 0.001, and ****: P < 0.0001)
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(PCL)/polylactic acid (PLA) nanofiber scaffolds with 
and without HA. The authors evaluated the prolifera-
tion, osteoblast differentiation, and mineralization of 
DPSCs exposed to these scaffolds and enriched medium 
with NaF. They found excellent cell adhesion, prolifera-
tion, and mineralization as well as superior osteogenesis 
markers (Runx2, DSPP, OSC, and BMP2) in the groups 
with HA and with HA/NaF (in the culture media), where 
the latter exhibited synergistic effects on the growth and 
differentiation of DPSCs. Moreover, the effects of micro-
molar levels of NaF were evaluated on the proliferation 
and osteogenic differentiation of preosteoblasts MC3T3-
E1 cell line without using scaffolds [29]. The results of 
this study showed that NaF could significantly enhance 
the proliferation, ALP activity, and mineralization of the 
cells, and up-regulate the expression of mRNAs encod-
ing Runx2, Osterix, Osteopontin, and Osteocalcin in the 
NaF-treated group rather than the untreated controls. 
In the present study, similar results were obtained with 
regard to viability. We found acceptable cytocompatibil-
ity with DPSCs and superb cell attachment in all groups. 
The elevated Runx2, COL I, and VEGF gene expression 
was observed in the substrates with 10  min immer-
sion in NaF suspension (C10, 6.43  mg NaF loaded on 
each substrate). Furthermore, the substrates with 5 min 
immersion in NaF suspension (C5, 1.47 mg NaF loaded 
on each substrate) also showed similar results to those of 
the n-HA substrates with 10 min immersion in NaF sus-
pension, except for VEGF gene expression. However, the 
COL I level in the C10 was slightly lower than C5, while 
Runx2 and VEGF levels were higher in the C10 group. 
The n-HA substrates immersed for 7.5 min in NaF sus-
pension (C7.5, 4.50  mg NaF loaded on each substrate), 
caused lower expression of Runx2 and COL I than in C5 
and C10 groups, and even lower levels of COL I than C0 
group (only n-HA substrates without NaF). Nevertheless, 
in our study, the evaluation of osteogenic differentiation 
of DPSCs at the protein level showed no positive effects.

Conclusions
In this study, the structural, physical, biocompatibility, 
and osteogenic properties of porous sodium fluoride-
loaded nano-hydroxyapatite substrates were investigated. 
First, the nano-hydroxyapatite substrates were made by 
molding and sintering process. Then the substrates were 
impregnated with sodium fluoride by immersion in a 
NaF suspension at different times. The porous substrates 
were successfully fabricated with acceptable porosity % 
and NaF loading. The NaF was released sustainably and 
the pH changes occurred mostly during the first 4 days 
of immersion. The LDH assay showed no cytotoxicity 
of the fabricated materials. Furthermore, favorable cell 
adhesion was observed, in which DPSCs were stretched 
and enlarged multifacetedly on the surfaces. Moreover, 

increased Runx2, COL I, and VEGF gene expression was 
observed in the substrates upon immersion in NaF sus-
pension for 10 min (6.43 mg NaF on each substrate). In 
addition, the substrates with 5  min immersion in NaF 
suspension (1.47  mg NaF on each substrate) showed 
similar results to those with 10  min immersion in NaF 
suspension, except for VEGF gene expression. However, 
COL I level was slightly lower in the C10 than in the C5, 
while Runx2 and VEGF levels were higher in the C10 
group. Nonetheless, the evaluation of osteogenic differ-
entiation of DPSCs at the protein level did not show any 
positive effects in our study.
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