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ABSTRACT 
 

Background: Bioactive glasses 58S, are silicate-based materials containing calcium and phosphate, which 
dissolved in body fluid and bond to the bone tissue. This type of bioactive glass is highly biocompatible and has a 
wide range of clinical applications. Methods: The 58S glass powders were synthesized via sol-gel methods, using 
tetraethyl orthosilicate, triethyl phosphate, and calcium nitrate, as precursors. Upon the analyses of phase and 
chemical structures of bioactive glass in different gelation times (12, 48, and 100 h), the appropriate heat 
treatment (at 525, 575, and 625 °C) was performed to eliminate nitrate compounds and stabilize the glass powder 
samples. The in vitro assay in SBF solution revealed the bioactivity of the synthesized 58S glass through the 
morphological (SEM), chemical structure (FTIR), release of calcium, phosphorous and silicon elements, pH 
variations, and weight loss measurements. The behavior of MSCs in the presence of bioactive glass powders was 
studied by MTT cytotoxicity, cell staining, ALP activity and biomineralization tests, as well as by the evaluation of 
ALP, osteocalcin, osteonectin, collagen I, and RUNX2 gene expression. Results: The results confirmed a  
gelation time of 100 h and a calcination temperature of 575 °C at optimal conditions for the synthesis of nitrate-
free bioactive glass powders. Conclusion: The glass spherical nanoparticles in the range of 20-30 nm  
possess the improved bioactivity and osteogenic properties as demanded for bone tissue engineering.  
DOI: 10.52547/ibj.25.3.180 
 

Keywords: Bioactive glass 58S, Gene expression, Mesenchymal stem cells 
 

Corresponding Author: Aliasghar Behnamghader   
Department of Nanotechnology and Advanced Materials, Materials and Energy Research Center, Karaj, Iran; Tel.: (+98-26) 36280035;  
Tel.: (+98-263) 62018888; E-mail: a-behnamghader@merc.ac.ir 

 

INTRODUCTION 

 
 considerable part of the health problems arises 

from bone defects, resulting in the 

development of orthopedic market with a value 

of $4.3 billion in 2015, which will expectedly approach 

$46.5 billion by 2024
[1-3]

. To resolve such difficulties, 

orthopedic surgeons and investigators have introduced 

various approaches, each with some benefits and 

drawbacks
[4]

. Bone graft is a reliable therapeutic 

technique utilized in their entire forms, namely 

autographs, allografts, xenografts, and synthetic grafts, 

for repairing and replacing bone defects. Autografts, 

identified as a golden standard for repairing bone 

defects, have exhibited outstanding biological features, 

but these grafts have limitations owing to the morbid 

state of the donor and inadequate supply. 

Allografts/xenografts are sufficiently accessible but 

have restricted applications due to the threat of 

contaminations and loss of osteogenic ability. 

Recently, synthetic grafts fabricated by bioactive 

materials have received considerable interest for their 
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applications in bone tissue repair and regeneration. 

This matter is attributable to the potential properties of 

the grafts, including superb bioactivity, osteo-

conductivity, resorbability, and the capability of 

fostering the growth of bone cells
[5-10]

. 

Following the initial introduction by Hench
[11]

, 

bioactive glasses were appealing substances for bone 

graft uses because of their multipurpose features, such 

as the improved revascularization capacity, osteoblast 

adhesion, enzyme activity, and differentiation of MSCs 

and osteoprogenitor cells
[12-15]

. Additionally, bioactive 

glasses are able to create a robust chemical bond with 

hard and soft tissues with no intervening fibrous layer, 

which results in an intimate link between bone and 

glass. According to reports from in vivo investigations, 

bioactive glass compositions generate no local or 

systemic toxicity, no inflammation, and no  

foreign body response during implantation. Such 

features render bioactive glass-based materials a 

fascinating candidate for biomedical application 

purposes
[12,13,16]

. 

After the early detection of bioactive glass 

composition, identified as 45S5 Bioglass
®
 (45% SiO2, 

24.5% CaO, 24.5% Na2O, and 6% P2O5 [wt.%]),  

a large body of related investigations have led  

to the development of diverse bioactive glass 

formulations
[12,13]

. Based on ternary system SiO2–

CaO–P2O5, Glasses comprise a major group of 

materials with extensive biomedical applications, 

which display fascinating biological attributes, 

including bioactivity, biodegradability, and bone-

bonding capacity, rendering them potential options for 

hard tissue engineering
[17-19]

. 

For the production/synthesis of bioactive glasses, 

melting and sol–gel techniques are two common 

procedures with wide applications. Melting is a simple 

and suitable method for traditional massive glass 

production at elevated temperatures (>1350 °C). In 

comparison to melting, the sol–gel method is a 

chemical procedure that is advantageous in terms of a 

rather low reaction temperature, which enables to 

synthesize glasses with greater purity, homogeneity, 

and nanoscale structure
[12,20]

. Moreover, simplified 

glass compositions, including ternary glass 

composition (SiO2–CaO–P2O5), are obtainable through 

sol–gel path as it excludes adding sodium oxide used 

for lowering melting temperature
[20,21]

. 

The present research investigated the synthesis of 

bioactive glass nanoparticles with the composition of 

SiO2−CaO−P2O5 through sol–gel technique. So far, 

many publications have been released to discuss the 

bioactive glass preparation n using sol-gel method. 

Nanosized 58S bioactive glass particles were 

synthesized by a three-dimensional ordered 

macroporous carbon template with a pore size of 400 

nm
[21]

. The obtained 58S bioactive glass particles 

possessed a diameter of 300 nm with narrow size 

distribution and uniform spherical morphology. The 

58S particles are able to induce carbonated 

hydroxyapatite formation, revealing their outstanding 

bioactivity. Bui et al.
[22]

 prepared amorphous 58S 

bioglass with specific surface area (99.1 m
2
/g) by sol–

gel process. The ammonia was used to facilitate the 

condensation reactions within an acidic solution 

prepared by tetraethyl orthosilicate, triethyl phosphate, 

and calcium nitrate tetrahydrate. In vitro experiments 

have confirmed the formation of a dense and visible 

bioactive hydroxyapatite layer on the surface of  

glass particles after two days, showing the  

improved bioactivity of the synthesized glass. Luz  

et al.
[23]

 synthesized SiO2–CaO–P2O5 bioactive glass 

nanoparticles via an optimized sol–gel method  

and evaluated the pH of preparation and the effect of 

heat treatment temperature. Round shaped particles 

with sizes below 50 nm were produced at pH 11.5. 

From the obtained data, it was concluded that  

the thermal treatment at 700 °C improved the 

bioactivity of the glass particles, being more  

effective when the nanoparticles were prepared at pH 

11.5
[23]

.  

To the best of our knowledge, there is no report, at 

least a few published works, on the combined effect of 

gelation-calcination on the microstructure and in vitro 

behavior of 58S bioactive glass particles. Herein, for 

the first time, the effect of gelation and calcination 

temperature on the microstructure and chemical 

composition of the glasses were assessed by XRD, 

FESEM, EDS, and FTIR. In vitro examinations in SBF 

were performed on the bioactive glasses. Additionally, 

the biological features of the generated bioactive glass 

powders were studied by MTT assay, cell staining, 

ALP activity, and biomineralization tests. As another 

innovative aspect of the present research, we 

investigated the expression of bone-specific gene 

expression, i.e. ALP, osteocalcin, osteonectin, collagen 

I, and RUNX2 by hMSCs in the vicinity of the 

synthesized 58S bioactive glass particles, which was 

not considered in previous studies
[24-26]

. 

 

 

MATERIALS AND METHODS 

 

Materials 
The starting chemicals, including TEOS 

(Si(OC2H5)4), TEO ((C2H5O)3P), calcium nitrate 

tetrahydrate (Ca(NO3)2.4H2O), ethyl alcohol 

(C2H5OH), and nitric acid (HNO3) materials were 

procured from Merck, Germany. 
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Synthesis of bioactive glass nanoparticles 

Synthesis of SiO2–CaO–P2O5 (58-38-4% mol) 

bioactive glasses was carried out using TEOS, TEP, 

and calcium nitrate tetrahydrate precursors as silicon, 

phosphorus, and calcium resources, respectively. This 

process was performed at different gelation times of 

12, 48, and 100 h and calcination temperature of 525, 

575, and 625 °C. In a typical synthesis process, 200 ml 

of ethanol-deionized water (50:50) was first acidified 

to pH 2 using nitric acid (0.1 M). The solution was 

stirred in a 30 °C water bath at 300 rpm for 10 minutes, 

after which TEOS was added to the solution. TEP 

precursor and calcium nitrate powder were sequentially 

added following admixing for 35 and 40 minutes, 

respectively. The solution was then blended to obtain a 

transparent solution, followed by incubation at certain 

time/temperature to be converted into the gel. The 

prepared wet gel was dried at 150 °C for 48 h,  

then calcined at 525 °C temperatures for 2 h and  

finally pulverized by a planetary ball mill at 300 rpm 

for 3 h. 

 
Characterization of bioactive glass nanoparticles 

To achieve the optimal stabilization temperature, we 

analyzed the dried gels by concurrent 

thermogravimetry and differential thermal analysis 

(STA Instruments, BÄHR 503, Germany) at ambient 

temperature (1000 °C) under atmospheric condition 

with heating rates of 5 and 20 °C/min. Siemens‒D500 

X-ray diffractometer equipped with a CuKα (λ = 1.542 

Å) rotating anode, working at 40 kV and 30 Ma, was 

employed for the phase analysis of bioactive glass 

powders. The XRD patterns were collected over an 

angular range of 20°-70°, with a step-size of 0.02° and 

a scan speed of 2°/min. The functional group of the 

manufactured bioactive glass nanoparticles was 

examined on a Bruker-Vector 33 Fourier transfer 

infrared spectrophotometer over a wavenumber range 

of 400–4000 cm
-1

. The microstructure and morphology 

of the bioactive glass nanoparticles were analyzed by 

FESEM using the Tescan Mira 3 LMU electron 

microscope with an accelerating voltage of 15 kV. The 

elemental of the bioactive glass nanoparticles was 

investigated with EDS acquired on a Quantax 200 

instrument, Germany. 
 

In vitro bioactivity study  

In vitro bioactivity was assessed by 10 mg of glass 

powders in 10 ml of SBF in sterile polyethylene 

containers at 37 °C for seven days. The solution was 

refreshed every two days. After soaking for seven days, 

the samples were filtered, rinsed repeatedly by 

deionized water, and finally dried at room temperature. 

The surface of the samples was examined by means of 

SEM-EDS (AIS2300C, Seron Technologies, Korea) 

and FTIR (Spectrum 400, PerkinElmer, USA). 

 

MTT cytotoxicity assay 
hMSCs obtained from Nanobiotechnology Research 

Center, Baqiyatallah University of Medical Sciences 

(Tehran, Iran) were used to evaluate the biological 

behavior of the synthesized glass powders. The toxic 

property of the produced bioactive glass nanoparticles 

was evaluated by colorimetric MTT tetrazolium 
reduction assay. The cells were grown in 75-ml flasks 

by 12 ml of culture medium with high glucose 

concentration (DMEM-h, Gibco, Germany), together 

with 5% of fetal bovine serum (Gibco) and 1 wt%. of 
antibiotic (penicillin-streptomycin, Gibco). Afterwards, 

the flasks were incubated at 37 °C, 90% relative 

humidity, and 5% CO2. The culture medium was 

refreshed every two days to achieve a cell density of 

90%. The cells were then passaged, detached from the 
bottom of the flask by 0.2% of Trypsin-EDTA (Gibco) 

and counted using a Neubauer Chamber. The hMSCs 

were seeded in a 96-well microplate (cell density of 1 

× 10
4
 cells per well). The glass powders were 

disinfected by rinsing in 70 wt.% ethanol, irradiation 

by UV exposure for 20 min and autoclavation at 120 

°C for 30 min. Thereafter, the samples were placed in 

the cell culture at the concentrations of 1.0, 2.0, 5.0, 

and 10.0 mg.mL
-1

. In a range of three time points, the 
supernatant was harvested, and cells were rinsed with 

PBS. Subsequently, 200 μl of the culture medium 

holding 20 μl of MTT solution (Sigma Aldrich) was 

added to each well, followed by incubation of the 
samples at 37 °C, 98% relative humidity, and 5% CO2 

for 4 h. The supernatant was discarded, and the 

Formosan crystals were dissolved by the addition of 

100 μl of dimethyl sulfoxide (Sigma Aldrich, USA). In 

the end, the optical absorbance of the resultant blue-
violet solution (directly related to the number of 

metabolically active cells) was determined by an 

ELISA microplate reader (Sunrise, Tecan, Austria) at λ 

= 570 nm. Comparisons were made using a control 
sample (in the absence of FA nanoparticles).  

 
Cell viability 

The cell viability was assessed by acridine orange 

staining test on the glass powders. To this end, the dual 
fluorescent staining solution (1 μl) comprising of 

acridine orange (100 μg/ml; Sigma Aldrich) was added 

to the cell culture well, followed by washing with PBS. 

Next, the well was observed using a fluorescent 

microscope (Leica 090-135002, Germany).  

 
ALP activity 

ALP activity assay was performed at the intervals of 
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7 and 14 days. At the completion of each interval, 200 

μl of Radioimmunoprecipitation assay buffer was 

added to the cell culture wells. The culture plates were 

then vortexed four times, each for 20 minutes. Then, 

the released Proteins were separated from the cells and 

nanomaterials were by centrifuging (21,382 ×g) at 4°C 

for 15 minutes. 50 μl of the supernatant was transferred 

to a tube, and then 150 μl of ALP solution with a 

solution ratio of (R1/R2) 4: 1 was added to the samples 

based on Paadko kit (Tehran, Iran). Lastly, ALP 

activity was determined using an ELISA microplate 

reader (Sunrise) at the wavelength of 450 nm. 

 

Alizarin red staining 

Alizarin Red staining test was carried out to examine 

the ability of nanomaterials in promoting the bone 

differentiation during 14 days. Afterwards, the cells 

were washed with PBS and fixed by 4% solution of 

formaldehyde (Merck, Germany) for 20 minutes. Next, 

the cells were rewashed with PBS and stained with 1% 

solution of Alizarin Red (Merck, Germany) for 5 

minutes. Extra dye was removed by repeated washing 

using distilled water. Finally, the stained bone cells 

were visualized by a light microscope. As a negative 

control, the MSCs without a differentiation medium 

was stained in parallel. 

 

Calcium deposition 
The calcium deposition test was carried out by a 

procedure the same as ALP test, except that each 

sample was first washed with PBS, and then 200 μl of 

6% HCL was added. Subsequently, the samples were 

relocated into vials, vortexed and stirred at ambient 

temperature for 40 minutes. The quantities of calcium 

precipitates were then determined by a calcium content 

kit (Sigma Aldrich). Finally, the optical absorbance 

was read by an ELISA reader apparatus at the 

wavelength of 570 nm. 

 

Gene expression 

Following 7 and 14 days, the differentiated cells 

were tested for bone-specific gene expression (ALP, 

osteocalcin, osteonectin, collagen I, and RUNX2). 

Cellular RNA of differentiated MSCs was extracted 

using a commercial RNA extraction kit (Thermo 

Scientific, USA). To remove the DNA, the extracted 

RNA samples were treated by DNase 1. Then the 

purity and concentration of the extracted RNA were 

estimated with a NanoDrop spectrophotometer. 

Thereafter, 5 μl of RNA was entered to cDNA 

synthesis reaction using a commercial cDNA synthesis 

kit and random hexamer primers (Thermo Scientific). 

For reverse transcription polymerase chain reaction, 1 

μl of cDNA, 10 μl of low Rox Master mix real time 

(Ampliqon Denmark), and 1 μl of forward and reverse 

primers (ALP, osteocalcin, osteonectin, collagen I, and 

RUNX2) with a concentration of 10 pmol/μl were 

added to each reaction tube, along with adding  

double distilled water to a final volume of 20 μl. It  

is noteworthy that the expression of target genes  

was normalized against hypoxanthine-guanine 

phosophoribosyltransferase. The reverse transcription 

polymerase chain reaction thermal cycles (ABI 7500, 

USA) were as follows: an initial denaturation at 95 °C 

for 15 min, followed by 40 cycles of 95 °C for 20 

seconds, 60 °C (annealing) for 30 seconds, and 72 °C 

(extension) for 30 seconds. 
 

Statistical analysis 

The experiments were conducted in triplicate, and 

the results were expressed as means ± SD. Mean values 

were regarded to be significantly different at p < 0.05. 

 

 

RESULTS AND DISCUSSION 
 

Characterization of the glass powder 
To study the thermal behavior of dried gel at greater 

heating rates, the samples were analyzed by STA at 

heating rates of 5 and 20 °C/min. As depicted in Figure 

1, the thermal behaviors of the dried gel are completely 

the same at the two heating rates. The Figure displays a  

 

 
 

Fig. 1. The STA curve of the dried gel at the heating rates of  

(A) 5 °C/min and (B) 20 °C/min. 
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Fig. 2. XRD patterns of the glass powder after heat treatment at (A) 525, (B) 575, and (C) 625 °C. 

 

 

total weight drop of 45-50% after heating. Eliminating 

physically adsorbed water and alcohol molecules and 

triggering nitrate degradation reaction were observed 

up to 490 °C. In the temperature ranges 490 to 570 °C, 

free or attached nitrate compounds were released, and 

silanol groups were densificated. Two distinctive peaks 

at ~570 and 605 °C belonged to the termination of 

nitrate degradation and development of the first stable 

crystalline phases, respectively. The evaporation rates 

of the evaporative phases prior to the elimination of the 

nitrate compounds are almost 20-25%, followed by 

nearly 30-35%. An exothermic reaction peak in the 

differential thermal analysis curve situated at 620-650 

°C characterizes the crystallization reaction of the 

glass
[22,23]

. The STA curves led to the conclusion that 

most of volatile substances eliminated to 600 °C. The 

weight loss occurred over ~600 °C was insignificant, 

confirming the elimination of organic remnants
[22,24]

. 

The diffraction pattern of the glass powder following 

thermal treatment at 525, 575, and 625 °C is shown in 

Figure 2. Treatment of the glass at 525 °C reveals a 

dominant amorphous phase, while still containing 

nitrate impurities. The peaks at 2θ = ~43, 45, and 47 

demonstrate the existence of nitrate phase attributable 

to JCPDS No. 00-038-944, 00-001-1215, and 00-345-

1215, respectively
[25,26]

. Once the calcination 

temperature rises from 525 to 575 °C, the aforesaid 

nitrate phases undergo slow decomposition, and the 

resultant sample presents a high content of amorphous 

phase. New crystalline phases, including dicalcium 

silicate (JCPDS No. 00-024-0234) and calcium silicate 

(JCPDS 00-033-0303), appear and the glass-ceramic 

compound is produced with increasing the calcination 

temperature to 625 °C
[22,25]

. 

The FTIR spectra of the glass powder, when treating 

thermally at 525, 575, and 625 °C, are shown in Figure 

3. Concerning the sample calcined at 525 °C, the bands 

observed at ~476 and ~568 belong to the symmetric 

bending of Si—O and symmetric stretching of P—O 

bond in the glass tetrahedron network, respectively. 

The peak at 894 cm
-1

 is attributable to the stretching 

vibration of Si—OH. The minor peaks situated at 

~1049 and 1100 cm
-1 

result from the P—O bond 

stretching vibrations, which are covered by the broad 

band in the range of 900-1250 cm
-1

,
 

caused by 

stretching vibrations of Si—O—Si in silicate network. 

The wide peak at 1300-1600 cm
-1

 matches both N—O 

and C—O stretching vibrations in the remaining nitrate 

and adsorbed carbonate groups. The heat treatment 

from 525 to 625 °C led to the elimination of nitrate 

groups, reflecting the declined intensity of the 

aforesaid peak. The wide peak positioned at ~3450 cm
-

1
 is ascribed to the stretching vibrations of O—H group 

in adsorbed water molecules and silanol  

(Si—OH) groups
[27,28]

. The FTIR spectra of the glass 

powders calcined at 575 and 625 °C display the 

unresolved bands, representative of amorphous phase.  

 

 
 

Fig. 3. FTIR spectra of the glass powder obtained at different 

calcination temperature and gelation times. 
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Fig. 4. FESEM micrographs of the glass powder after heat treatment at (A) 575 and (B) 625 °C. 

 

 

The bands placed at ~476, 517, and 919 cm
-1 

are 

related to the symmetric bending of Si—O, symmetric 

stretching of P—O bond, and stretching of cross-linked 

Si—O—Si in the glass tetrahedron network, 

respectively. The wide peak at ~3450 cm
-1

, along with 

a sharp one at 3644 cm
-1

,
 
results from the stretching 

vibrations of O—H group in adsorbed water molecules 

and silanol (Si—OH) groups
[27-29]

. 

Figure 4 depicts the FESEM micrographs of the glass 

powder at 575 and 625 °C treatments. The micrographs 

show the aggregates comprising of spherical 

nanoparticles in the range of 20-30 nm. Samples 

calcined at 575 °C generated deformed structures, 

displaying non-crystalline compounds with removed 

extra nitrates. Nanoscale structures are simply 

observable, covering the whole sample. The exit paths 

of denser water within the nanoscale structures are 

clearly observed in the Figure. Apparently, the glass 

powders, particularly those calcined at 625 °C, 

experience deformation to polygonal aggregates 

consisting of nanoscale structures, which suggests the 

development of a crystalline order. 

The glasses produced by different gelation times (12, 

48, and 100 h) were subjected to calcination at 575 °C 

and analysis by XRD, FTIR, and FESEM, to examine 

the impact of gelation time on nitrate phases. 

Theoretically, controlling the gelation time to avoid 

facile mass transfer within the colloid strands may 

create essential physical barriers against penetration. 

This control behavior will enable to govern the 

germination and, in particular, the development of 

nitrate structures or other materials of calcium 

phosphate phases in the course of synthesizing the 

glass. FTIR spectra of the glass powders at gelation 

times (12, 48, and 100 h), followed by calcination at 

575 °C, depicted in Figure 3 reveals that once the 

gelation time increases from 12 to 100 h, two issues 

arise. First, the absorption bands belonging to the 

existence of calcium nitrate, namely 1300–1400 cm
-1

 

and 1500–1600 cm
-1

 corresponding to bending and 

stretching vibrations of N—O bond, respectively, 

undergo gradual disappearance, which confirms the 

degradation of nitrate phase. Second, the peak at 

~3560-3660 cm
-1 

resulting from the stretching 

vibrations of O—H group silanol (Si—OH) groups 

slowly vanishes, which verifies the cross-linking of 

silanol groups, resulting in the creation of Si—O—Si 

network
[30,31]

.  

Figure 5 exhibits the FESEM micrographs of glass 

powders fabricated at gelation times of 48 and 100 h, 

followed by calcination at 575 °C. Through 

comparison of the micrographs, it can be detected that: 

(i) all samples represent glass aggregates consisting of 

spherical nanoparticles, (ii) the nanometric structure 

has enlarged in the glass produced at a gelation time  

of  100  h  compared to that of 48 h,  and (iii)  the glass
 

 

 

 
    

Fig. 5. FESEM micrographs of glass powders obtained at gelation times of (A) 48 and (B) 100 h. 
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constructed at a gelation time of 100 h yields further 

outflow paths of water molecules within nanoscale 

structure than the sample produced at a gelatin time of 

48 h. This finding implies that the gelation time of 100 

h has positive effects on the physical barricade to the 

germination and growth of amorphous glass phase.  

 

In vitro studies 

The synthesis of bioactive glass yielded an optimized 

sample at the gelation time of 100 h and a calcination 

temperature of 575 °C, which was examined in vitro. 

Figure 6A depicts the FTIR spectra of glass powders 

after sopping in SBF for seven days. The representative 

apatite bands situated at 575 cm
-1

 and 604 cm
-1

 indexed 

to the asymmetric vibrations of P—O band are clear 

proofs for the creation of bioactive apatite layer on the 

surface of glass particles. In addition, an absorption 

band noticed at 1440 cm
-1

 belonging to the stretching 

vibrations of carbonate ( ) groups, which displays 

the creation of carbonated apatite upon soaking in SBF. 

These observations suggest the proper bioactive 

activity of the manufactured glass powders
[30-33]

. 

Development of a shoulder at ~965 cm
-1

 attributable to 

P—O group proposes that the dissociation of non-

bridge oxygen bonds, due to releasing Ca
2+

 ions into 

SBF after seven days, is associated with the creation of 

silanol groups in the intersection of glass with SBF, 

leading to the subsequent establishment of P—O 

bonds
[32]

. Figure 6B displays SEM micrographs 

prepared from the surface of bioactive glass powders 

after submersion in SBF for seven days. It is clear from 

the micrographs that a flake-shaped layer or 

cauliflower-like clusters is/are formed on the surface of 

the sintered powders after sopping in SBF for seven 

days, which mainly characterizes the bioactive apatite 

as established by FTIR analysis
[32,34]

. Figure 6C 

represents the EDS patterns recorded on the surface of 

glass powders after submersion in SBF for seven days. 

The patterns display the main peaks belonging to 

calcium and phosphorous with a calcium/phosphorous 

atomic ratio of 1.75, demonstrating that an apatite layer 

has been formed on the surface of the nanoparticles. 

Figure 7A portrays the weight loss trend of glass 

powders after submersion in SBF for seven days, 

indicating that the sample degrades rapidly in the 

initial days of submersion in SBF, with gradual 

approach to a somewhat constant limit. The elevated 

weight loss at the early days of submersion results 

from the rapid ion exchange at the interface of glass 

and SBF solution and, subsequently, the formation of 

Si–OH group on the surface of glass particles. After a 

protective layer of apatite forms on the surface, the 

weight loss process halts reaching a rather constant 

value
[33,35]

,  which  is  in accordance with pH variations 
 

 

 

 
 

                       
 

Fig. 6. FTIR spectra (A), SEM micrograph (B), and EDS pattern (C) of bioactive glass powders after immersion in SBF for seven 

days. O, oxygen; P, phosphate; Si, silicon; Ca, calcium  
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(Fig. 7B). The Figure reveals a rise of pH parallel to 

the submersion time, due to releasing alkaline Ca
2+

 

ions into the surrounding medium through exchanging 

with hydronium (H3O
+
) ions in the solution. Ion 

exchange decreases afterwards, and then pH stabilizes 

once bioactive apatite layers are formed on the surface 

of glass
[31]

. Figure 7C, 7D, and 7E displays the 

releasing trend of calcium, phosphorous, and silicon 

ions during the submersion of glass powder in SBF 

solution. As shown in the Figure, the concentrations of 

Ca
2+

 and silicon ions discharged into SBF solution rise 

continually with time at initial early days of sopping, 

followed by reaching a stable level. Two major 

parameters that control the concentrations of ions, 

particularly Ca
2+

 in the solution, are releasing ion from 

the bioactive glass and forming a bioactive apatite 

layer on the glass surface. When a bioactive apatite 

layer is absent in the initial days of sopping, the 

concentrations of ions undergo rises along with a rise 

in pH. The level of ion discharge into the surrounding 

medium drops once an apatite layer forms as a 

barricade against glass disintegration. A declining 

trend is visible regarding phosphorous, which is 

attributed to the phosphorus uptake by the glass surface 

during the apatite layer creation
[31,32]

. The release 

profile of Si
4+

 ion reveals a trend similar to Ca
2+

. 

However, the quantity of the released Ca
2+ 

is more than
 

Si
4+ 

during the immersion time, owing to the high 

mobility of calcium ions within glass network.
 
The 

cation exchange actually raises the concentration of 

hydroxyl in the solution, leading to the disintegration 

of the silica glass network. The release of soluble silica 

into the solution in the form of Si(OH)4 results from 

the breakdown of Si–O–Si bonds and the creation of 

Si–OH (silanols) groups at the glass-solution interface. 

The concentration of Si
4+ 

ion in the solution 

approaches a stable level when an apatite layer is 

formed on the glass surface with ceasing the 

disintegration of the glass
[31]

. 

Figure 8 represents the optical density of hMSCs 

subjected to different concentrations of bioactive glass 

powders (1.0, 2.0, 5.0, and 10.0 mg.mL
-1

) studied by 

MTT assay within seven days. According to the 

observations, when bioactive glass powders are present 

up  to  a  concentration  of  2.0  mg.mL
-1

,  a  significant 

increase in the power of differentiation occurs  

in hMSCs compared to the control sample. A rise in 

the glass concentration, on the other hand, led to  

the decreased viability of cells in comparison to  

the control. The ionic products obtained from  

the  disintegration  of  bioactive  glass  could  supply   

a  sufficient  stimulant for the cell growth and viability.  
 
 

 
Fig. 7. Weight loss (A) change in solution pH (B) and release trend of calcium (C), silicon (D), and phosphorous (E) during the 

immersion of glass powders in SBF. 
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Fig. 8. The optical density of hMSCs seeded on the bioactive glass (BG) powders with various concentrations. CN, control 
 

 

 

Obviously,  exceeding  the  ion  concentration   from  a 

specific safe limit may result in cellular toxicity, as it  

is visible at glass concentrations of 5.0 and 10.0 

mg.mL
-1[36,37]

. 

A major factor in tissue engineering is the  

capacity of biomaterials to stimulate the differentiation 

of osteoblasts demonstrated by the elevated 

concentrations of ALP enzyme released by osteoblast 

cells
[38]

. Accordingly, ALP activity is known to be a 

marker for premature differentiation of osteoblast cells. 

The ALP activity of the bioactive glass powders within 

14 days (Fig. 9A) reflected a significant difference  

(p < 0.05) between MSCs seeded with the control and 

without glass powders. As shown in the Figure, the 

ALP activity of MSCs represents continuous elevation 

when exposed to the bioactive glass powders, 

indicating the multiplication and differentiation of 

MSCs. Calcium biomineralization is known as a 

biomarker for the mature differentiation of osteoblasts 

and mineralization
[38]

. The results of calcium deposits 

measured within 14 days of osteogenic differentiation 

(Fig. 9B) demonstrate a significant increase in the 

biomineralization ability of MSCs (p < 0.05) once 

exposed to the bioactive glass powders. A rising trend 

of biomineralization is also observed in the Figure. 

Figure 10A  and  10C  present the fluorescent images 

of hMSCs grown on the bioactive glass powders (with 

a concentration of 2.0 mg.mL
-1

) after staining by 

acridine  orange  during   seven  days.  The viable  cells  
   

 

 

      
 

 

 
Fig. 9. ALP activity (A) and quantified biomineralization 

ability of MSCs (B) in the presence of bioactive glass (BG) 

powders within 14 days. CN, control 
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Fig. 10. Light microscope micrographs of acridine orange (A) and Alizarin red-stained (B) hMSCs seeded on the bioactive glass 

powders, control without bioactive powders (C and D).  

 

 

are   seen  in  green,  and  dead  ones  in  red  under  the 

fluorescent light. According to the images, cell death 

did  not  occur,  and  the  nucleus  and cytoplasm of the 

cells were completely green. It is clear from the images 

that bioactive glass powders not only do not induce the 

cell death but also significantly improve the 

multiplication of cells (Fig. 10A) in comparison to the 

control (Fig. 10C). This behavior is attributable to the 

optimal ion discharge from glass powders, stimulating 

the cell multiplication and differentiation with no  

toxic consequences
[36]

. To investigate the hMSC 

differentiation, Alizarin red staining test was used as a 

qualitative tool for more confirmation of the 

biomineralization of MSCs. Reaction of calcium cation 

with alizarin dye occurred during the staining, forming 

chelation complexes, which can be observed as red 

spots under a light microscope
[38]

. The micrographs of 

the stained MSCs with (Fig. 10B) and without (Fig. 

10D) bioactive glass powders reflect elevated volume 

of calcium deposits as a result of exposing the cells  

to glass powders, as verified by quantified 

biomineralization observations. 

MSCs undergo differentiation into osteoblast lineage 

during the osteogenesis process via multiple 

maturation phases in arranged time arrays and 

ultimately into an osteoblast phenotype with full 

activation. A number of transcription factors and 

osteogenic-related genes contribute to the osteogenesis, 

including ALP, collagen I, osteocalcin, osteonectin, 

and RUNX2
[38]

. Figure 11 depicts the gene expression 

pattern of five different genes, namely ALP, 

osteocalcin, osteonectin, collagen I, and RUNX2 within 

14 days of cell differentiation. Qualitative analysis of 

osteoblast gene expression indicated the stimulatory 

effect of glass particles in osteogenic differentiation 

and expression of the target genes. Osteogenesis occurs 

in three stages of osteoblast differentiation, matrix 

formation, and matrix mineralization. 

ALP is the marker of the mature osteoblastic 

phenotype and extracellular matrix maturation. RUNX2 

acts as a master gene in osteogenic differentiation and 

regulates the expression of downstream transcription 

factors and osteogenic markers. As stated by Komori et 

al.
[39]

, ALP gene expression occurs at the early and 

middle of the above stages and RUNX2 expression 

varies during the three steps. They found that RUNX2 

is a main regulator of osteoblast differentiation and has 

a high expression level during the early differentiation 

stage, but it is not sufficient alone
[40]

. According to our 

results, ALP gene expression in glass-treated sample 

increased    markedly after 7 and 14 days of culture 

compared with the control sample. RUNX2 had a rising 

trend at seven days post culture, i.e. at the early stages 

of   the   gene expression, but the uptrend decreased 

afterward until the 14
th
 day.  
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Fig. 11. Relative gene expression levels of ALP (A), osteocalcin (B), osteonectin (C), collagen I (D), and RUNX2 (e) within 14 days. 

CN, control 

 

 

Sundaramurthi et al.
[41]

 have reported that the 

osteocalcin  and osteonectin genes play important roles 

in the mineralization and early formation of calcium 

crystals. Osteocalcin is a non-collagen protein 

expressed by mature osteoblasts. This compound 

consists of three carboxyglutamic acid residues
[39-42]

. 

Osteonectin is a glycoprotein that initiates the 

mineralization and promotes crystal formation. It has a 

high binding affinity for tissue calcium and 

collagen
[42]

. The osteocalcin and osteonectin 

expression levels of the bioactive glass were 

significantly different (more than twofold) from the 

control at 7 and 14 days of differentiation; osteonectin 

expression level was almost unaltered throughout the 

test period.     

Collagen I is the dominant collagen type in bone and  

the framework of structural protein of matrices  

for inorganic deposition. The Collagen I encoding gene 

also showed more expression at 7 and 14 days of 

osteoblast differentiation compared with the control 

sample. The data reveal that the treatment of MSCs 

with bioactive glass powders leads to significant rises 

in the expression of all genes. The particle size, 

composition, surface chemistry, dissolution rate, and 

released ions are main parameters influencing the cell 

growth, differentiation, and gene expression. The 

bioactive glass powders (SiO2 and P2O5) act as 

network-making factors for cell hosting and adhesion. 

Moreover, silanol groups (Si—OH), created by the 

exchange of Ca
2+

 with H3O
+
, can positively affect the 

growth and adhesion of MSCs. Besides, Si
4+

 and Ca
2+

 

discharged from the bioactive glass into the cell culture 

medium have been reported to have a significant 

contribution to cell multiplication and differentiation, 
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which in turn stimulate the high levels of gene 

expression
[43,44]

. 

Synthesis of bioactive glass powders in the ternary 

system of SiO2−CaO−P2O5 (58:38:4%mol.) was 

performed by sol–gel technique. The impacts of 

gelation and calcination temperature on the 

microstructure and chemical composition of the glasses 

were examined using XRD, FESEM, EDS, and FTIR. 

According to our findings, the gelation time has an 

effect on the physical barricade to germination and 

growth of amorphous glass phase. Additionally, nitrate 

impurities can be completely removed upon rising the 

calcination temperature. In vitro tests in SBF were 

conducted on as-synthesized bioactive glasses. The 

observations of SEM micrographs, MTT cytotoxicity, 

cell staining, ALP activity, biomineralization, and gene 

expression tests demonstrated favorable bioactivity, 

biocompatibility, and osteogenic capacities of the 

synthesized bioactive glass powders.  

Overall, this study showed that a gelation time of 100 

h and a calcination temperature of 575 °C are optimal 

conditions for the synthesis of highly pure nitrate-free 

bioactive glass nanopowders with improved bioactivity 

and osteogenic properties as demanded for biomedical 

engineering. 

 

 

ACKNOWLEDGEMENTS 

 

The authors appreciatively acknowledge the financial 

support provided by the Materials and Energy 

Research Center (MERC) under the grant No. 

781394056. 

 

CONFLICT OF INTEREST. None declared. 

 

 

REFERENCES 

 
1. Karimi M, Kalantarzadeh R, Saba G, Hafshejani TM, 

Shansi M, Jahangir V, Jodaei A, Sadeghinik A. Apacite 

nanocomposites: A novel bioactive, biocompatible and 

osteogenic product originated from atmospheric carbon 

dioxide processed spontaneously in Calcoline. Chemical 

engineering journal 2018; 353: 679-688. 

2. T. J. Blokhuis. Management of traumatic bone defects: 

Metaphyseal versus diaphyseal defects. Injury 2017; 48 

Suppl 1: S91-S93. 

3. X. Zhang, B. Xu, F. Gao, P. Zheng, and W. Liu. Repair 

of volumetric bone defects with a high strength BMP-

loaded-mineralized hydrogel tubular scaffold. Jouranl of 

materials chemistry B 2017; 5: 5588-5596. 

4. Perry CR. Bone repair techniques, bone graft, and bone 

graft substitutes. Clinical orthopaedics and related 

research 1999; 360: 71-86. 

5. S. Xu, J. Liu, L. Zhang, F. Yang, P. Tang, and D. Wu, 

Effects of HAp and TCP in constructing tissue 

engineering scaffolds for bone repair. Journal of 

materials chemistry B 2017; 5 (30): 6110-6118. 

6. Calori GM, Mazza E, Colombo M, Ripamonti C.  

The use of bone-graft substitutes in large bone  

defects: any specific needs? Injury 2011; 42 Suppl 2: 

S56-S63. 

7. Hartigan BJ, Cohen MS. Use of bone graft substitutes 

and bioactive materials in treatment of distal radius 

fractures. Hand clinics 2005; 21(3): 449-454. 

8. Zimmermann G, Moghaddam A. Allograft bone matrix 

versus synthetic bone graft substitutes. Injury 2011; 42 

Suppl 2: S16-S21. 

9. Giannoudis PV, Dinopoulos H, Tsiridis E. Bone 

substitutes: an update. Injury 2005; 36 Suppl 3: S20-

S27. 

10.  Betz RR. Limitations of autograft and allograft: new 

synthetic solutions. Orthopedics 2002; 25(5): S561-

S570. 

11. Hench LL, Splinter RJ, Allen WC, Greenlee TK. 

Bonding mechanisms at the interface of ceramic 

prosthetic materials. Jouranl of biomedical materials 

research 1971; 5(6): doi: 10.1002/jbm.820050611. 

12. Jones JR. Review of bioactive glass: from Hench to 

hybrids. Acta biomaterials 2013; 9(1): 4457-4486. 

13. Hench L. The story of Bioglass. Journal of matrials 

science: materiasl in medicine 2006; 17(11): 967-978. 

14. Gerhardt LC, Boccaccini AR. Bioactive glass and glass-

ceramic scaffolds for bone tissue engineering. Materials 

(Basel) 2010; 3(7): 3867-3910. 

15. Jones JR, Brauer DS, Hupa L, and Greenspan DC. 

Bioglass and bioactive glasses and their impact on 

healthcare. International journal of applied glassscience 

2016; 7(4): 423-434. 

16. El-Rashidy AA, Roether JA, Harhaus L, Kneser U, 

Boccaccini AR. Regenerating bone with bioactive glass 

scaffolds: A review of in vivo studies in bone defect 

models. Acta biomaterialia 2017; 62: 1-28. 

17. Nicolini V, Caselli M, Ferrari E, Menabue L, Lusvardi 

G, Saladini M, Malavasi G. SiO2-CaO-P2O5 bioactive 

glasses: a promising curcuminoids delivery system. 

Materials (Basel) 2016; 9(4): 290. 

18. Dziadek M, Zagrajczuk B, Jelen P, Olejniczak Z, 

Cholewa-Kowalska K. Structural variations of bioactive 

glasses obtained by different synthesis routes. Ceramics 

international 2016; 42(13): 14700-14709. 

19. Baino F, Fiorilli S, Vitale-Brovarone C. Bioactive glass-

based materials with hierarchical porosity for medical 

applications: review of recent advances. Acta 

biomaterials 2016; 42: 18-32. 

20. Ji L, Qiao W, Huang K, Zhang Y, Wu H, Miao S, Liu 

H, Dong Y, Zhu A, Qiu D. Synthesis of nanosized 58S 

bioactive glass particles by a three-dimensional ordered 

macroporous carbon template. Materials Science and 

Engineering C 2017; 75: 590-595. 

21. Owens GJ, Singh RK, Foroutan F, Alqaysi M, Han CM, 

Mahapatra C, Kim HW, Knowles JC Sol–gel based 

materials for biomedical applications. Progress in 

materials science 2016; 77: 1-79. 

22. Bui XV, Dang H. Bioactive glass 58S prepared using an 

 [
 D

O
I:

 1
0.

52
54

7/
ib

j.2
5.

3.
18

0 
] 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
88

52
.2

02
1.

25
.3

.3
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ib

j.p
as

te
ur

.a
c.

ir
 o

n 
20

25
-1

0-
25

 ]
 

                            12 / 13

http://dx.doi.org/10.52547/ibj.25.3.180
https://dor.isc.ac/dor/20.1001.1.1028852.2021.25.3.3.1
https://ibj.pasteur.ac.ir/article-1-3056-en.html


Sol-Gel Synthesis, in vitro Behavior and hMSCs Promotion Glass 58S       Rastegar Ramsheh et al. 

 

 
192 Iran. Biomed. J. 25 (3): 180-192 

 

innovation sol-gel process. Processing and application 

of ceramics 2019; 13(1): 98-103. 

23. Luz GM, Mano JF. Preparation and characterization of 

bioactive glass nanoparticles prepared by sol–gel for 

biomedical applications. Nanotechnology 2011; 22(49): 

494014. 

24. Kiran P, Ramakrishna V, Trebbin M, Udayashankar 

NK, Shashikala HD. Effective role of CaO/P2O5 ratio on 

SiO2-CaO-P2O5 glass system. Journal of advanced 

research 2017; 8(3): 279-288. 

25. Moghanian A, Firoozi S, Tahriri M. Synthesis and in 

vitro studies of sol-gel derived lithium substituted 58S 

bioactive glass. Ceramics international 2017; 43(15): 

12835-12843. 

26. Jmal N, Bouaziz J. Synthesis, characterization and 

bioactivity of a calcium-phosphate glass-ceramics 

obtained by the sol-gel processing method. Materials 

science and engineering C 2017; 71: 279-288. 

27. Karimi M, Hesaraki S, Alizadeh M, Kazemzadeh A. 

Effect of synthetic amorphous calcium phosphate 

nanoparticles on the physicochemical and biological 

properties of resin-modified glass ionomer cements. 

Materials science and engineering C 2019; 98: 227-240. 

28. Sopcak T, Medvecky L, Girman V, Durisin J. 

Mechanism of precipitation and phase composition of 

CaO–SiO2–P2O5 systems synthesized by sol–gel 

method. Journal of non-crystalline solids 2015; 415: 16-

23. 

29. Catauro M, Dell’Era A, and Ciprioti SV. Synthesis, 

structural, spectroscopic and thermoanalytical study of 

sol–gel derived SiO2–CaO–P2O5 gel and ceramic 

materials. Thermochimica acta 2016; 625: 20-27. 

30. Karimi M, Jodaei A, Sadeghinik A, Rastegar Ramsheh 

M, Mohammadi Hafshejani M, Shamsi M , Orand F, 

Lotfi F. Deep eutectic choline chloride-calcium chloride 

as all-in-one system for sustainable and one-step 

synthesis of bioactive fluorapatite nanoparticles. Journal 

of fluorine  chemistry 2017; 204: 76-83. 

31. Santhiya D, Kumari Alajangi D, Anjum F, Mrugavel S, 

and Ganguli M. Bio-inspired synthesis of microporous 

bioactive glass-ceramic using CT-DNA as a template. 

Journal of materials chemistry B 2013; 1(45): 6329-

6338. 

32. Vallet-Regí M,  eAM Romero, Ragel CV, LeGeros RZ. 

XRD, SEM-EDS, and FTIR studies of in vitro growth of 

an apatite-like layer on sol-gel glasses. Journal of 

biomedical materials research 1999; 44(4): 416-421. 

33. Saravanapavan P, Jones JR, Pryce RS, Hench LL. 

Bioactivity of gel–glass powders in the CaO-SiO2 

system: A comparison with ternary (CaO-P2P5-SiO2) 

and quaternary glasses (SiO2-CaO-P2O5-Na2O). Journal 

of biomedical materials research part A 2003; 66(1): 

110-119. 

34. Huang K, Cai S, Xu G, Ren M, Wang X, Zhang R, Niu 

S, Zhao H. Sol–gel derived mesoporous 58S bioactive 

glass coatings on AZ31 magnesium alloy and in vitro 

degradation behavior. Surface and coatings technology 

2014; 240: 137-144. 

35. Sepulveda P, Jones JR, Hench LL. In vitro dissolution 

of melt-derived 45S5 and sol-gel derived 58S bioactive 

glasses. Journal of biomedical materials research 2002; 

61(2): 301-311. 

36. Shamsi M, Karimi M, Ghollasi M, Shahrousvand M, 

Kamali M, Salimi A. In vitro proliferation and 

differentiation of human bone marrow mesenchymal 

stem cells into osteoblasts on nanocomposite scaffolds 

based on bioactive glass (64SiO2-31CaO-5P2O5)-poly-l-

lactic acid nanofibers fabricated by electrospinning 

method. Materials science and engineering: C 2017; 78: 

114-123. 

37. Leonardi E, Ciapetti G, Baldini N, Novajra G, Verné E, 

Baino F, Vitale-Brovarone C. Response of human bone 

marrow stromal cells to a resorbable P2O5–SiO2–CaO–

MgO–Na2O–K2O phosphate glass ceramic for tissue 

engineering applications. Acta biomaterials 2010; 6(2): 

598-606. 

38. Shih YRV, Hwang YS, Phadke A, Kang H, Hwang NS, 

Caro EJ, Nguyen S, Siu M, Theodorakis EA, Gianneschi 

NC, Vecchio KS, Chien S, Lee OK, Varghese S. 

Calcium phosphate-bearing matrices induce osteogenic 

differentiation of stem cells through adenosine 

signaling. Proceedings of the national academy of 

sciences ogf the United States of America 2014; 111(3): 

990-995. 

39. Komori T. Regulation of bone development and 

maintenance by Runx2. Frontiers in bioscience 2008; 

13(13): 898, 2008. 

40. Phan PV, Grzanna M, Chu J, Polotsky A, El-Ghannam 

A, Heerden DV, Hungerford DS, Frondoza CG. The 

effect of silica-containing calcium-phosphate particles 

on human osteoblasts in vitro. Journal of biomedical 

materials research part A. 2003; 67(3): 1001-1008. 

41. Sundaramurthi D, Jaidev LR, Ramana LN, Sethuraman 

S, Krishnan UM. Osteogenic differentiation of stem 

cells on mesoporous silica nanofibers. RSC advances 

2015; 5(85): 69205-69214. 

42. Shin H, Zygourakis K, Farach-Carson MC, Yaszemski 

MJ, Mikos AG. Modulation of differentiation and 

mineralization of marrow stromal cells cultured on 

biomimetic hydrogels modified with Arg-Gly-Asp 

containing peptides. Journal of biomedical materials 

research part A 2004; 69(3): 535-543. 

43. Gong W, Dong Y, Wang S, Gao X, Chen X, “A novel 

nano-sized bioactive glass stimulates osteogenesis via 

the MAPK pathway. RSC advances 2017; 7(23): 13760-

13767. 

44. Jell G, Stevens MM. Gene activation by bioactive 

glasses. Journal of materials science: materials in 

medicine 2006; 17(11): 997-1002. 

 

 
 

 

 

 [
 D

O
I:

 1
0.

52
54

7/
ib

j.2
5.

3.
18

0 
] 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
88

52
.2

02
1.

25
.3

.3
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ib

j.p
as

te
ur

.a
c.

ir
 o

n 
20

25
-1

0-
25

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            13 / 13

http://dx.doi.org/10.52547/ibj.25.3.180
https://dor.isc.ac/dor/20.1001.1.1028852.2021.25.3.3.1
https://ibj.pasteur.ac.ir/article-1-3056-en.html
http://www.tcpdf.org

