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Abstract—The major aim of this study was to evaluate the effect 
of CaO content on in vitro hydroxyapatite formation, MC3T3 cells 
cytotoxicity and proliferation as well as antibacterial efficiency of 
sol-gel derived SiO2–CaO–P2O5 ternary system. For this purpose, 
first two grades of bioactive glass (BG); BG-58s (mol%: 60%SiO2–
36%CaO–4%P2O5) and BG-68s (mol%: 70%SiO2–26%CaO–
4%P2O5)) were synthesized by sol-gel method. Second, the effect of 
CaO content in their composition on in vitro bioactivity was 
investigated by soaking the BG-58s and BG-68s powders in 
simulated body fluid (SBF) for time periods up to 14 days and 
followed by characterization inductively coupled plasma atomic 
emission spectrometry (ICP-AES), Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron 
microscopy (SEM) techniques. Additionally, live/dead staining, 3-
(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
and alkaline phosphatase (ALP) activity assays were conducted 
respectively, as qualitatively and quantitatively assess for cell 
viability, proliferation and differentiations of MC3T3 cells in 
presence of 58s and 68s BGs. Results showed that BG-58s with 
higher CaO content showed higher in vitro bioactivity with respect to 
BG-68s. Moreover, the dissolution rate was inversely proportional to 
oxygen density of the BG. Live/dead assay revealed that both 58s and 
68s increased the mean number live cells which were in good 
accordance with MTT assay. Furthermore, BG-58s showed more 
potential antibacterial activity against methicillin-resistant 
Staphylococcus aureus (MRSA) bacteria. Taken together, BG-58s 
with enhanced MC3T3 cells proliferation and ALP activity, 
acceptable bioactivity and significant high antibacterial effect against 
MRSA bacteria is suggested as a suitable candidate in order to further 
functionalizing for delivery of therapeutic ions and growth factors in 
bone tissue engineering.  

 
Keywords—Antibacterial, bioactive glass, hydroxyapatite, 

proliferation, sol-gel processes. 

I. INTRODUCTION 

G is one of the main subgroup of osteoproductive 
biomaterials that well-known for their properties in bone 

tissue engineering [1], [2]. BGs are capable of bonding 
directly to surrounding bone tissue after implantation in the 
body by both formation the hydroxyapatite (HA) on the 
surfaces and ion release which stimulate bone cell 
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proliferation [3], [4]. This bone bonding behavior of the BGs 
is known as bioactivity [5]. The first BG was synthesized in 
46.1 SiO2, 2.6 P2O5, 24.4 Na2O, 26.9 CaO (in mol%), system 
through melt quenching technique by Hench in 1969 [6].  

In melt quenching process, BGs were synthesized by the 
melting and mixing of oxides in compositions such as silica, 
calcium, phosphate, and sodium at high temperatures, which 
are typically from 1200 to 1500 °C depending on the BG 
composition. On the other hand, sol gel method was proposed 
in the last decade [7] which involves mixing the inorganic 
metal salts as a precursor [8]. 

BGs can be synthesized by sol-gel or traditional melt-
quenching routs. Additionally, several advantages of sol-gel 
over melt quenching technique have been reported such as 
lower processing temperature, more purity and homogeneity 
due to less evaporation of P2O5 [9]–[12]. On the other hand, 
studies have also demonstrated that sol-gel-derived BGs have 
significantly faster in vitro HA formation in compared to the 
melt- derived BGs [13], [14]. 

The following five steps were suggested for the in vitro or 
in vivo formation of hydroxycarbonate apatite (HCA) on BGs 
surfaces in SBF or in body fluid, respectively [15], [16]. 
1. Creation of silanol (Si–OH) on the BG surface by rapid 

cation exchange of Ca2+ with H+ from SBF. 
2. Breakage the Si–O–Si bonds and formation the Si–OH at 

the interfaces of BG–SBF 
3. Repolymerization of the silica-rich layer at BG surface by 

condensation of Si–OH groups.  
4. Formation the amorphous CaO–P2O5 on the silica-rich 

layer with the migration of Ca2+ and PO3
-4 groups from 

SBF. 
5. Crystallization of the CaO–P2O5 to HCA by incorporation 

of hydroxyls and carbonate from SBF. 
Previously many grades of BGs with different chemical 

composition such as BG-58s, BG-68s, BG-77s, and etc. have 
been suggested for various biomedical applications such as 
dental, orthopaedic, and drug delivery in tissue engineering 
field [17]–[24]. Moreover, in the clinical applications of BGs, 
one of the most critical issues is bacterial infection which can 
be fatal after BG implantation in tissue engineering surgery 
[25]. MRSA, one of the serious bacteria, is an important cause 
of hospital acquired infections that have recently become more 
prevalent in the community [26]. Moreover, the antibacterial 
activity of BGs against wide range of bacteria has been 
previously suggested [27]–[29]. Therefore, from this point of 
view, considering the BG as an antibacterial agent is a 
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promising method in implant-related surgery.  
In recent years several studies have been performed on the 

synthesis, characterization, biological and antibacterial 
investigation of the sol–gel derived BGs in the system of 
SiO2–CaO–P2O5 such as 58s and 68s BG [14], [30]–[35]. But, 
no comprehensive study has been conducted in order to 
investigate the effect of difference CaO content in 58s and 68s 
BGs on in vitro HA formation, biological and bacterial 
studies. Hence, the main aim of this study was to investigate 
the effect of CaO content on in vitro bioactivity, 
cytocompatibility and antibacterial efficiency of gel derived 
ternary BG. For this purpose, two BGs in SiO2–CaO–P2O5 
ternary system with different compositions (i.e. BG-58s 
(mol%: 60%SiO2–36%CaO–4%P2O5) and BG-68s (mol%: 
70%SiO2–26%CaO–4%P2O5)) with the fixed phosphorus 
content were synthesized by sol-gel method. Then, the effect 
of Ca content on in vitro HA formation was studied by ICP-
AES, FTIR, XRD and SEM. Moreover, staining techniques 
(i.e. L/D) and biological evaluations (i.e. MTT and ALP) were 
applied respectively as qualitatively and quantitatively assess 
for cell viability, differentiations and observation the 
morphology of the MC3T3's nuclei and actin fibers in 
presence of 58s and 68s BG. In addition, the bactericidal 
activities of synthesized BGs against MRSA bacteria were 
compared with the control by using colony-forming method. 
Eventually, according to the in vitro bioactivity, cell 
proliferation, ALP, antibacterial activity results, the most 
promising CaO content in the BG's with fixed 4 mol% P2O5 
composition was suggested. 

II. MATERIALS AND METHOD 

A. BG and SBF Synthesis 

Two 58s and 68s BG were synthesized through sol– gel 
method. The chemical compositions are given in Table I. 
Briefly, tetraethyl orthosilicate (TEOS: Si(OC2H5)) as a 
silicate precursor was mixed with water (hydrolysis) under 
acidic condition (0.1 M HNO3) and followed by consecutive 
addition of triethylphosphate (TEP: PO(OC2H5)3) and calcium 
nitrate (Ca(NO3)2,4H2O) to form a transparent and 
homogenous sol. Afterwards, the sols were aged at 37 °C for 3 
days, dried at 75 °C for 24 h and calcined at 700 °C for 3 h in 
a furnace to remove the organic substances and residual 
nitrate. Then, the obtained gel was milled in a planetary ball 
mill (Retsch, Germany) to reduce particle size below 50 μm, 
and then the powder was pressed to disc-shaped pellet (Ø10×3 
mm) by applying 9 MPa pressure under a hydraulic press. 

 
TABLE I 

ELEMENTAL COMPOSITIONS OF THE BG-58S AND BG-68S (IN MOL %) 

glass Label SiO2 CaO P2O5 

BG-58s (58s) 60 36 4 

BG-68s (68s) 70 26 4 

 
For the biological investigations, the SBF (the most similar 

solution to human blood plasma) was prepared based on the 
recipe proposed by Kokubo [11] by dissolving the reagent-
grade CaCl2 (calcium chloride), K2HPO4.3H2O 

(monopotassium phosphate), NaCl (sodium chloride), KCl 
(potassium chloride), MgCl2.6H2O (magnesium chloride 
hexahydrate), NaHCO3 (sodium bicarbonate), and Na2SO4 
(sodium sulfate) in distilled water and adjusting the pH with 
Tris-buffer (tris hydroxymethyl aminomethane) and HCl 
(hydrochloric acid). All the chemicals were obtained from 
Sigma-Aldrich Co. and used without further purification. 

Nominal ions concentrations of SBF in comparison with the 
human blood plasma are given in Table II.  

 
TABLE II 

COMPOSITION OF SBF SOLUTION AND HUMAN BLOOD PLASMA (MMOL L-1) 

Ion 
Plasma 

(mmol.L-1) 
SBF 

(mmol.L-1) 
Na+ 142.0 142.0 

K+ 5.0 5.0 

Mg+ 1.5 1.5 

Ca+2 2.5 2.5 

Cl- 103.0 147.8 

HCO3
- 27 4.2 

HPO4
-2 1.0 1.0 

SO4
-2 0.5 0.5 

B. Characterization of BGs 

1. Density Measurements and Calculation of Oxygen 
Density 

The liquid displacement method was used to measure the 
density of the BG (ρglass) by immersing the BG powders in de-
ionized water in a 25 ml pycnometer (Gay-Lussac, Germany) 
as previously described [36]. In addition, to evaluate the 
network connectivity in synthesized BGs and to compare their 
compactness, oxygen densities of 58s and 68s were calculated 
according to (1) [37]: 

 

ρO=MO× 2xSiO2
+xCaO+5xP2O5

 /  

[xSiO2
MSiO2

+ xCaOMCaO+ xP2O5
MP2O5

]×ρglass
-1           (1) 

 
where MO is the atomic mass of oxygen; i.e. MSiO2 , MCaO and 
MP2O5 are the molecular masses of SiO2, CaO and P2O5, 
respectively. Moreover, xSiO2, xCaO and xP2O5 are the molar 
fractions of SiO2, CaO, and P2O5, respectively. 

2. XRD, FTIR and SEM Analyses 

HA formation was also analyzed by XRD (INEL-Equinox-
3000, France) using Cu-Kα radiation (λ =1.5405 A°) within a 
2θ range of 15°–40° at a scanning speed of 1.2 °/min. 
Additionally, the chemical structure of the formed HA on 58s 
and 68s surfaces was characterized using a FTIR spectroscopy 
(Nicolet Avatar 660, USA) in the wavenumber range of 400–
4000 cm-1 with a resolution of 8 cm-1. 

SEM (Philips XL30, Netherland) was employed to observe 
the morphology of the formed HA on BGs surfaces over 
immersion time periods up to 14 days. 

3. ICP-AES 

The ion solubility investigation was done at 37 °C by 
soaking the tablets with a constant ratio of surface area (SA) to 
SBF volume (V) of 0.1 cm for 1, 3, 7 and 14 days. The 
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calcium, silicon, and phosphorus concentrations were 
analyzed by inductively coupled plasma spectroscopy (ICP). 
Additionally, Corning pH meter 340 was used to check the pH 
values after each immersion period. 

C. Biological Evaluation 

1. Cell Cytotoxicity 

In order to evaluate the toxic behavior of the BGs powder 
and % viability of MC3T3 cells, MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide] 
assay was performed. Firstly, MC3T3 cells were seeded at a 
density of 6×103 on BGs in regular DMEM medium and 
placed in the incubator. Then after 1, 3 and 7 days, the 
medium was replaced with 100 μL of 5 mg/mL MTT solution 
(Sigma Aldrich) and incubed for 72 h. Finally, the optical 
density (OD) values of the dissolved precipitated formazan 
crystals were measured at a wavelength of 570 nm using a 
multi-well microplate reader (EL 312e Biokinetics reader, 
Biotek Instruments). 

2. ALP Activity 

ALP is a useful differentiation marker for ostosteoblasts 
expression based on the Lawry et al method [38]. The ALP 
enzyme kit was used to measure ALP activity according to the 
manufacturer’s instruction (Biocat, Heidelberg, Germany). 
Briefly, MC3T3-E1 cells were seeded on BGs at a density of 
1×104 cells.cm-2 and cultured for 1, 3 and 7 days in the 
incubator. After each incubation time, the cell layer was rinsed 
carefully with phosphate buffered saline (PBS) and followed 
by addition of 1 ml Tris buffer and 1 ml of a p-nitrophenyl 
phosphate solution (pNPP, Sigma, 16 mmol.L-1). After 5 min 
incubation at 30 °C, the liberated p-nytrophenyl was 
measurement using a microplate reader at 410 nm [39].  

3. Live and Dead Cell Staining 

The live/dead (L/D) cell assay was used to assess 
biocompatibility of the synthesized BGs using Live/Dead cell 
viability kit (Sigma-Aldrich). Briefly, MC3T3-E1 cells were 
seeded at a density of 15,000 cells.cm-2 on 58s and 68s 
samples. After 1 and 7 days of culture, the BGs with attached 
cells were rinsed 3 times gently with phosphate buffered saline 
(PBS) and incubated for an additional 15 min in dark with 200 
μL of 2 μM calcein-acetoxymethyl ester (calcein-AM) and 4 
μM ethidium homodimer-1 (EthD-1) in a humidified 
atmosphere of 5% CO2- 95% air at 37 °C. Finally, the 
fluorescence microscope (Olympus, USA) with a Zeiss 
AxioCam digital camera was used to capture representative 
images of live (green fluorescent) and dead (red fluorescent) 
MC3T3 cells. 

4. Antibacterial Studies 

To compare the bactericidal activity of 58s and 68s samples 
with control (inert SiO2 with a poor antibacterial effect), at the 
first step, the MRSA bacteria were diluted approximately to 
0.5×108 to 2×108 mL-1 then 0.1 ml bacterial suspension added 
to the mixture of 0.9 ml LB medium and 10 mg of each BG 
and followed by 1 h culture at 37 °C. Afterwards, 100 μl of 
final suspensions were streaked onto LB-agar plates and 

incubated at 37 °C for 12 h in the dark [27] and eventually the 
final colony-forming units per milliliter (CFU/mL) were 
calculated as a bactericidal percentages as follows [27], [28]: 

  
Bactericidal fraction = 1- (number of survived bacteria/number of 

total bacteria). 

D. Statistical Analysis 

All of the biological experiments were run in at least three 
replicate sets. The data were presented as the means ± 
standard deviation. Furthermore, statistical analyses were done 
by using GraphPad Prism software package, version 3.0 
(GraphPad Prism, USA). A p-value less than 0.05 was 
considered statistically significant and **P < 0.01 and ***P < 
0.001 were considered as a high statistically significant. 

III. RESULTS AND DISCUSSION 

A. BG's Density and Oxygen Density (OD) 

Oxygen density is investigated as a measure for the 
compactness of the BG network [40]. 

The OD values for synthesized 58s and 68s are given in 
Table III. Results demonstrated that calculated oxygen density 
increased in the 68s with respect to 58s due to the more silica 
(SiO2) in BG composition as a network former. In the 
meanwhile, it should be noted that the difference in oxygen 
density values between 58s and 68s was statistically 
significant (*P < 0.05). 

 
TABLE III 

THE OXYGEN DENSITY OF THE BG-58S AND BG-68S 

BG 58s 68s 

OD 0.756±0.009 0.776±0.007 

B. Phase Analysis and Structural Groups 

As it seen in Fig. 1, the characteristic peaks of HA (JCPDS 
(No. 09-432)) were detected in the XRD patterns of 58s and 
68s after 7 days of immersion in SBF solution while, before 
immersion in the SBF, because of their amorphous structure, 
no characteristics peak in their XRD patterns were observed 
(not shown). 

The appearance of peaks at 2 theta equal to 25.8° and 31.8° 
assigned to (200) and (211) planes on 7th day of immersion in 
SBF, confirmed the formation of crystalline HA on the 
surfaces. By increasing the immersion time to 14 days, two 
mentioned peaks became more pronounced. Meanwhile, the 
maturity of the formed HA layer on 58s approved by detection 
of the two new peaks at 2 theta equal to 32.18° and 32.86° 
attributed to the crystallization of (112) and (300) atomic 
planes in apatite lattice respectively [41]. XRD results 
revealed that both 58s and 68s had in vitro bioactivity. 
However, 58s had relatively higher HA formation ability. In 
the other words, 58s had relatively higher in vitro bioactivity 
than 68s. 
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Fig. 1 The XRD patterns of BG-58s and BG-68s after 7 and 14 days 
soaking in SBF 

 

 

Fig. 2 The FTIR spectra of BG-58s and BG-68s, before (day 0) and 
after different soaking after 7 and 14 days 

 
The FTIR spectra of 58s and 68s before (day 0) and after 

soaking in SBF for 7 and 14 days are presented in Fig. 2. 
Before soaking in SBF, the stretching and bending vibrations 
of Si–O–Si were observed in FTIR spectra of both BGs. The 
detected peak near 470, 790, 1000–1100 and 1250 cm-1 were 
respectively corresponded to the bending vibration of Si–O–Si 
[42], the symmetric stretching of Si–O, the Si–O–Si 
symmetric stretching and Si–O–Si asymmetric stretching [43]. 
By increasing the immersion time to 7 days, phosphate 
absorption bands related to the asymmetric bending mode of 
PO4

3- group were detected at 603 and 570 cm-1 are 
characteristic band of phosphate in crystalline phases [7]. In 
addition, appearance the bands at 870 and 1455 cm-1 attributed 
to the C–O stretching in carbonate groups substituted for 
phosphate groups in apatite lattice [44], [45] and also, two 
appeared bands at 3500 and 1651 cm-1 were related to the 
stretching mode of the OH group [46]. Detection P–O and C–
O bands in FTIR spectra of 58s and 68s confirmed the 
formation of a calcium phosphate on their surfaces after 7 
days of immersion in SBF. The intensity of mentioned peaks 
increased from 7th to 14th day of immersion. While, 58s 

exhibited peaks with more intensity compared to the BG-68s. 
FTIR results were in good accordance with XRD results 

that approved the formation of HA on 58s and 68s surfaces 
after immersion in SBF for 7 days. 

C. Ion Chemistry of SBF Solution 

Figs. 3 (a)-(d) illustrates the changes in ionic concentration 
of Ca, Si and P in the SBF and the pH values with immersion 
time for 1, 3, 7, and 14 days. As it seen in Fig. 3 (a), the Ca 
concentrations in SBF solution for 58s sand 68s increased 
rapidly from 100 ppm to 300 and 265 ppm, respectively. This 
stage was occurred because of the cationic exchange and ionic 
release from the BGs surfaces into the SBF solution in the first 
stage of HA formation that previously described. On day 3rd of 
immersion, the mentioned Ca concentration values of 58s sand 
68s sharply decreased to about 130 and 158 ppm, respectively, 
probably due to the initiation of calcium phosphate 
compounds precipitation. By comparison the trends of Ca 
concentration change in 58s and 68s, it was revealed that more 
Ca released from 58s compared to 68s. Meanwhile, the 
sharper decreasing of Ca concentration values due to HA 
formation, confirmed higher in vitro bioactivity of 58s in 
comparison with 68s. 

Fig. 3 (b) demonstrated that Si had similar trend to Ca. As it 
obvious, Si release was decreased by increasing the SiO2 
content in the BG composition due to the higher oxygen 
density. Consequently, on first day of immersion, treated SBF 
solution with 58s showed higher Si content in compared with 
68s. On the other hand, by increasing the immersion time up 
to 14 days, Si concentrations decreased due to precipitation of 
Si in a form of SiO2 rich sub-layer on the surface of BGs. 

Fig. 3 (c) exhibited that P concentration continuously 
decreased during the immersion, which showed consumption 
of this ion for HA formation and can be used as an estimation 
for the rate of HA precipitation. It could be understood from 
Fig. 3 (c) that 68s had higher P concentration in the SBF 
compared to 58s due to a lower HA formation rate. 

The pH variation of SBF as a function of immersion time is 
shown in Fig. 3 (d). It can be seen that the pH values of SBF 
solution increased rapidly due to the ion exchange between 
Ca2+ and H+ ions from the BG and SBF, respectively. Fig. 4 
(d) showed that 58s had higher pH values in comparison with 
BG-68s because of its higher ionic exchange due to its lower 
network connectivity. 

Altogether, ICP-AES results were in reasonable agreement 
with oxygen density results that confirmed 58s with lower 
oxygen density had higher solubility than 68s. 

D. Surface Morphology 

In vitro bioactivity of the synthesize BGs was studied in 
SBF solution for different time period up to 14 days. Fig. 4 
shows the SEM morphology of 58s and 68s surfaces before 
and after immersion in SBF for 7 and 14 days. As it seen 
before immersion (Figs. 4 (a) and (d)), no spherical HA was 
observed on their surfaces.  
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Fig. 3 Variation of elemental concentration and pH in the SBF over soaking time for calcium (a), silicon (b), phosphorus (c), pH (d) 
 

 

Fig. 4 SEM morphology of the 58s and 68s surfaces before and after soaking in the SBF for 7 and 14 days. Scale bar represents 2 μm in all 
images 

 
After one day of immersion in SBF, small spherical 

aggregates of the HA were formed on the surface of the BGs 
(Figs. 4 (b) and (e)), while 58s showed relatively higher HA 
formation capability than 68s which was in good agreement 
with the intensities of the characteristic peaks of HA in their 
XRD patterns. With increasing the time of immersion to 14 
days, the amount of precipitated HA increased for both of the 
58s and 68s. Meanwhile, the surface of 58s was fully covered 
by small spherical aggregates of HA while, 68s surface was 
partially covered by a relatively less amount of small spherical 
particles. The relatively lower bioactivity of 68s may be 
attributed to a lower rate of nucleation as a result of lower 

supersaturation of the groups that are responsible for HA 
formation. This result was in reasonable agreement with Si 
and Ca ion release rate (ICP-AES result) that was discussed in 
the previous section (Figs. 3 (a) and (b)).  

E. In vitro Biological Evaluation 

1. Live/Dead Assay 

The fluorescent images of the live/dead MC3T3-Es cells 
after culturing for 1 and 7 days on the surface of 58s and 68s 
are present in Fig. 5. After 1 day of culture, 58s and 68s 
demonstrated nearly the same staining pattern with confluent 
green fluorescent live cells and a relatively sparse numbers of 
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red fluorescent dead cells. As it seen, with increasing the 
culture time to 7 days, the mean number of live cells increased 
compared to the 1st day of culture for both 58s and 68s. 
Meanwhile, live/dead assay was in good accordance with 

MTT results (Fig. 6). Taken together, the in vitro live/dead 
cell assay provided additional evidence that the 58s and 68s 
possess nearly similar and acceptable biocompatibility.  

 

 

Fig. 5 Two dimensional (2D) MC-3T3 cells cultured in presence of 
BG-58s andBG-68s. Representative live/dead fluorescence images of 

MC-3T3 cells cultured on BG-58s (a, c) and BG-68s (b, d) after 1 
and 7 days of culture respectively. Green fluorescent cells are alive 

and red Fluorescent cells indicate dead cells. Scale bar represents 100 
μm in all images 

2. Cell Proliferation  

Fig. 6 shows the proliferation of the MC3T3-E1 
osteoblastic cells cultured on 58s and 68s for 1, 3 and 7 days. 
On 1st day of culture, no significant difference was observed in 
formation of formazon between the control, 58s and 68s 
samples (*P>0.05). While, by increasing the culture time to 3 
days, both 58s and 68s showed statistically significant higher 
optical density (OD) values compared to the control (*P<0.05). 
Meanwhile, there was no statistically significant difference 
between BG-58s and BG-68s (*P>0.05). As seen in Fig. 6, 
after 7 days of culture, MC3T3-E1 cells on surface of both 58s 
and 68s were reached to their maximum proliferation on day 7 
without statistically significant difference between (*P>0.05). 
Meanwhile, Tavakolizadeh et al. previously reported the 
significant increase in the population and activity of viable 
unrestricted somatic stem cell (USSC) in presence of 58s [47]. 

Our MTT results revealed that not only 58s and 68s were 
biocompatible (have not toxicity) but also both of them 
exhibited a statistically significant increase in proliferation of 
MC3T3-E1 cells. In other words, presence of more CaO in 
composition of sol-gel derived SiO2–CaO–P2O5 ternary 
system (36 mol % in 58s vs. 26 mol % in 68s) had no 
significant positive effect on MC3T3-E1 cells proliferation. 

3. ALP Activity 

The ALP activity of MC3T3-E1s, cultured on BG-58s and 
BG-68s after 1, 3 and 7 days are presented in Fig. 7. As it is 
observed, ALP activities of MC3T3-E1 cells increased on both 

BG-58s and BG-68s with the increase of culture time from 1 
to 7 days. On first day of culture, the levels of ALP were not 
statistically significant different for 58s and 68s (*P>0.05). 
After 3 days of culture, the ALP activity of MC3T3-E1s in 
presence of 58s and 68s enhanced approximately 2 times 
compared to day 1. Meanwhile, on day 3rd, the maximum ALP 
activity level was attributed to the 58s with statistically 
significant difference (*P<0.05) in comparison with control 
while, there was no significant difference observed between 
BG-68s and control (*P>0.05). Finally, after 7 days of culture, 
both 58s and 68s showed significant enhancement for 
differentiation of MC3T3-E1s compared to the control 
(*P<0.05) with no difference between them (*P>0.05). 
According to the MTT and ALP activity results, 58s had 
relatively higher proliferation and osteoblastic activity of the 
MC3T3-E1s with respect to 68s.  

 

 

Fig. 6 The proliferation of the osteoblast-like cell line, MC3T3-E1, 
cultured on BG-58s and BG-68s for 1, 3 and 7 days. (*P < 0.05, **P 

< 0.01 and ***P < 0.001) 
 

 

Fig. 7 The ALP activity of the osteoblast-like cell line, MC3T3-E1, 
cultured on BG-58s and BG-68s for 1, 3 and 7 days. (*P < 0.05, **P 

< 0.01 and ***P < 0.001) 

4. Antibacterial Studies 

The bactericidal percentage of synthesized BG-58s and BG-
68s is shown in Fig. 8. As it is observed, both 58s and 68s 
showed a remarkable bactericidal effect against MRSA 
bacteria in compared with control (at fixed 0.01 g.mL-1 
concentration). The 68s sample showed statistically significant 
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increase in bactericidal efficiency against MRSA bacteria 
(**P<0.01), while 58s exhibited highly significant difference 
than control (***P<0.001).  

The exact mechanism of bactericidal effect of BGs has not 
discovered yet [48]. But, previous studies reported that the 
presence of calcium [48], phosphate [48] as well as the higher 
pH values [27] may be responsible for antibacterial property 
of BGs.  

Taken together, antibacterial studies revealed that BG-58s 
had more significant antibacterial effect against MRSA 
bacteria in comparison with 68s (*P<0.05) due to the higher 
concentration of Ca and P ions in the SBF solutions (ICP-AES 
data; Figs. 3 (a) and (c)) as well as the higher pH values (Fig. 
3 (d)).  

 

 

Fig. 8 The bactericidal percentages of 10 mg/ml of inert SiO2 (as a 
control), BG-58s and BG-68s 

IV. CONCLUSIONS 

The effects of CaO content in two series of synthesized sol-
gel derived BG in SiO2–CaO–P2O5 ternary system on in vitro 
bioactivity, MC3T3 cells cytotoxicity and proliferation as well 
as antibacterial efficiency have been investigated. It was found 
that dissolution rate decreased with increasing oxygen density 
of the BG from 58s to 68s. In addition, XRD and FTIR 
analysis demonstrated the in vitro bioactivity was retarded in 
presence of less CaO in BG-68s composition with respect to 
BG-58s. Moreover, ICP-OES data revealed that the higher 
amount of CaO and SiO2 in SiO2–CaO–P2O5 BG resulted in an 
increase and a decrease in the solubility of 58s and 68s, 
respectively and was attributed to their oxygen density. 
Therefore, the lower bioactivity of 68s compared with 58s was 
possibly justified by its lower supersaturation degree that 
could induce a lower rate of nucleation and growth of the HA 
on its surfaces.  

Both 58s and 68s had no cytotoxicity effect on MC3T3-
E1cells. In the meanwhile, live/dead assay qualitatively 
exhibited that on 1st day of culture, 58s and 68s had nearly the 
same staining pattern which confirmed their acceptable 
biocompatibility, and also after 7 days of culture, the cells on 
the 58s proliferated and reached almost to a confluence level 
with relatively lower proportion of dead cells in comparison to 
the 68s. Furthermore, both 58s and 68s showed antibacterial 

efficiency against MRSA bacteria while, 58s had a statistically 
significant difference in comparison with BG-68s (*P < 0.05).  

Taken together, the CaO content in SiO2–CaO–P2O5 ternary 
system was more effective to facilitate higher in vitro 
bioactivity, cell proliferation and differentiation. Eventually, 
58s BG (mol%: 60%SiO2–36%CaO–4%P2O5) with higher in 
vitro bioactivity and bactericidal effect is considered as a 
promising candidate for further modifying and functionalizing 
for delivery of therapeutic ions and drug/growth factors such 
as bone morphogenetic protein (BMP), vascular endothelial 
growth factor (VEGF) and dexamethasone, etc., to stimulate 
bone tissue regeneration and remodeling. 
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