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Abstract—This study had two main aims: firstly, to determine 
how the individual substitution of CaO/MgO and CaO/SrO can affect 
the in vitro bioactivity of sol-gel derived substituted 58S bioactive 
glass (BG) and secondly to introduce a composition in the 60SiO2–
(36-x)CaO–4P2O5–(x)MgO and 60SiO2–(36-x)CaO–4P2O5–(x)SrO 
quaternary systems (where x= 0, 5, 10 mol.%) with enhanced 
biocompatibility, alkaline phosphatase (ALP) activity, and more 
efficient antibacterial activity against MRSA bacteria. Results 
showed that both magnesium-substituted bioactive glasses (M-BGs) 
and strontium- substituted bioactive glasses (S-BGs) retarded the 
Hydroxyapatite (HA) formation. Meanwhile, magnesium had more 
pronounced effect. The 3-(4, 5dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and ALP assays revealed that 
the presence of moderate amount (5 mol%) of Mg and Sr had a 
stimulating effect on increasing of both proliferation and 
differentiation of MC3T3-E1 cells. Live dead and Dapi/actin staining 
revealed both substitution of CaO/MgO and CaO/SrO resulted in 
more biocompatibility and stimulation potential of the MC3T3 cells 
compared with control. Taken together, among all of the synthesized 
magnesium substituted (MBGs) and strontium substituted (SBGs), 
the sample 58- BG with 5 mol% CaO/MgO substitution (BG-5M) 
was considered as a multifunctional biomaterial in bone tissue 
regeneration field with enhanced biocompatibility, ALP activity as 
well as the highest antibacterial efficiency against methicillin-
resistant Staphylococcus aureus (MRSA) bacteria. 
 

Keywords—Apatite, alkaline earth, bioactivity, biomedical 
applications, sol-gel. 

I. INTRODUCTION 

Gs are silica-based synthetic biomaterials firstly 
discovered by Hench in 46.1SiO2- 24.4Na2O-26.9CaO-

2.6P2O5 (mol%) system in the early 1970s [1]. BGs have 
capability of bonding directly to the surrounding living bone 
through the formation of a HA interface layer on their surface 
inside a human body [2]. Moreover, BGs are biodegradable 
and can stimulate the bone regeneration by the action of their 
dissolution products on cells [2], [3]. Hence, because of the 
aforementioned unique properties, they can be used as a 
promising biomaterials in bone tissue engineering [3], [4]. 

BGs can be synthesized by two different routes: 
conventional melt-quenching or sol-gel methods. The sol-gel 
technique requires considerably much lower temperature and 
has advantages of compositional purity compared with melt-
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quenching method [5]. Sol-gel derived BGs have higher 
dissolution rate and followed  by increased HA formation rate 
with respect to melt-quench derived BGs due to higher 
specific surface area [6]. In addition, sol-gel derived BGs also 
have high silanol (Si-OH) groups on their surfaces which act 
as active sites for further functionalization [7].  

Synthesis, characterization, and biological behavior of 58S-
BG (60% SiO2-36% CaO-4% P2O5 (in mol. pct.) have been 
reported in several studies [6], [8], [9]. Various amounts of 
modifier such as magnesium (Mg) [10], [11], strontium (Sr) 
[12], [13], zinc (Zn) [14], copper (Cu) [15], silver (Ag) [16], 
[17] and, lithium (Li) [18] are incorporated in BGs 
composition to improve their particular properties such as 
osteoconductivity [19], [20], angiogenicity [15] and 
antibacterial [21].  

A bacterial infection mostly leads to a surgical failure and 
following second operations or removal and replacement of 
implanted biomaterial components [22], [23]. Therefore, 
prevention against bacterial infection is vital in orthopedic 
surgery [23]. The idea of using the BGs as antibiotic-free 
antibacterial biomaterials was previously mentioned [5], [24]. 
Moreover, BGs can prevent and reduce the risk of post-
operative bacterial infections [25]. Despite recent confirmation 
of the antibacterial properties of the BGs [26], the exact 
mechanism of action is still unknown [27].  

The Gram-positive methicillin-resistant Staphylococcus 
aureus (MRSA) is a type of staph bacteria that which resistant 
to several antibiotics [28]. Incorporation the specific metallic 
ions in BG's composition such as M-BG and S-BG has been 
investigated for the antibacterial properties [11], [22]. 

Magnesium, one of the alkaline earth element, is the fourth 
most abundant cation in the human body [29]. The most of the 
body's Mg (approx. 65%) is present in bone and teeth. 
Furthermore, on one hand, Mg plays a major role in bone 
metabolism and can induce new bone formation due to direct 
interaction with osteoblast cells which are responsible for cell 
adhesion and stability [30] and on the other hand, its 
deficiency is directly associated with osteoporosis, causing 
decreased bone growth and increased bone resorption [31]. 

Strontium (Sr), another alkaline earth element, has attracted 
attention like other two important divalent metals calcium and 
magnesium in human biology [32]. Moreover, Sr plays a 
similar role as calcium (Ca) in bone formation [33] and also Sr 
has been clinically used for treatment of osteoporosis [34], 
[35]. 

Despite some studies on the individual effect of Mg or Sr 
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ions on BG bioactivity, the effect of these ions on in vitro 
bioactivity has not been stated exactly up to now. On the other 
words, there are many controversial results were reported 
regarding the influence of Mg/Ca or Sr/Ca substitution on HA 
formation for MBGs or SBGs, respectively. For example, 
some claims have been reported that either Mg [36]–[39] or Sr 
[40]-[47] increased the BG bioactivity by reduction of the 
bone resorption and formation of a new bone, while the 
complete reverse effect of Mg [11], [48]–[50] or Sr [46], [51]–
[55] on BG bioactivity was reported. Meanwhile, Moya et al. 
and Christi et al. respectively showed that substitution of CaO 
with Mg [56] or SrO [57] in BG had an insignificant effect on 
HA formation rate and the bioactivity remained constant. 
Furthermore, the optimal amount of substituted Mg/Ca or 
Sr/Ca in BG composition which has the highest positive effect 
on cell proliferation and activity has not been elucidated 
exactly. 

 
TABLE I 

COMPOSITIONS OF THE BG-0, M-BGS AND S-BGS (IN MOL %) 

BGs Label SiO2 CaO P2O5 MgO SrO 

58S-0%MgO-0%SrO BG-0 60 36 4 0 0 

58S-5%MgO-0%SrO BG-5M 60 31 4 5 0 

58S-0%MgO-5%SrO BG-5S 60 31 4 0 5 

58S-10%MgO-0%SrO BG-10M 60 26 4 10 0 

58S-0%MgO-10%SrO BG-10S 60 26 4 0 10 

 
This study had two main aims. The first was to compare 

how in vitro bioactivity was affected by substitution of either 
Mg2+ or Sr2+ in place of Ca2+ in 58S-BG; and the second was 
to introduce the best candidate in the 60SiO2–(36-x)CaO–
4P2O5–(x)MgO and 60SiO2–(36-x)CaO–4P2O5–(x)SrO 
quaternary systems (with x=0, 5, 10 mol%) in bone 
repair/regeneration, mainly in stimulating the proliferation, 
differentiation, ALP activity of osteoblastic MC3T3-E cells as 
well as the most efficient antibacterial activity against MRSA 
bacteria. 

II. MATERIALS AND METHOD 

A. Materials 

Magnesium and strontium substituted 58S (60SiO2-36CaO-
4P2O5, mol%) were synthesized with tetraethyl orthosilicate 
(TEOS, Merck), triethyl phosphate (TEP, Merck), calcium 
nitrate tetrahydrate (Ca(NO3)2.4H2O, Merck), strontium nitrate 
(Sr(NO3)2, Merck) and magnesium nitrate hexahydrate  
(Mg(NO3)2.6H2O, Mreck), using the sol–gel technique. The 
details of the chemical composition of the synthesized BGs 
used for the present study are given in Table I. 

In addition, in vitro study was carried out in SBF solution 
was synthesized by using NaCl, KCl, K2HPO4, 3H2O, MgCl2 
.6H2O, CaCl2, Na2SO4 reagents, tris (hydroxymethyl) 
aminomethane (HOCH2)3CNH2, and HCl based on the 
Kokubo's procedure as described in the literature [58]. 

A mouse osteoblast-like cell line (MC3T3-E1, Sigma-
Aldrich), was selected for biological investigation. Cells were 
cultured in α-MEM supplemented with 10% fetal bovine 
serum (FBS), (Sigma-Aldrich, UK), 1% antibiotic, 2 mM 

glutamine and 0.1% penicillin-streptomycin under standard 
conditions (at 37 °C in a humidified atmosphere of 95% air 
and 5% carbon dioxide) with a change of culture medium 
every other day. The confluent cells were dissociated with 
trypsin and subcultured to three passages were used for 
biological experiments. 

B. BG Synthesis 

TEOS, distilled water, and 0.1 M nitric acid were 
vigorously mixed for 1 h by a magnetic stirrer at room 
temperature to ensure complete hydrolysis of TEOS. 
Afterwards, TEP, Ca(NO3)2.4H2O, and Mg(NO3)2.6H2O or 
Sr(NO3)2 (for M-BGs and S-BGs, respectively) were added 
sequentially with time intervals of 45 min. The resultant sol 
then poured into Pyrex container and kept sealed at 37 °C for 
3 days and followed by calcination of the dried gel in a 
furnace at 700 °C for 3 h to ensure elimination the nitrates and 
organic substances. Finally, calcined powders were 
compressed into tablet (Ø10×3 mm) with hydraulic press 
under 9 MPa pressure in order to in vitro studies. 

C. Characterization of Formed HA on Substituted BGs 
Surfaces 

1. X-Ray Diffraction Analysis 

After 7 and 14 days immersion in SBF, BG-0, MBGs and 
S-BGs surfaces were analyzed by X-ray diffraction (XRD, 
INEL-Equinox-3000, France) to investigate the HA formation 
on their surfaces. Instrument works with voltage of 40 kV and 
uses Cu-Kα radiation source (λ =1.5405 A°) and XRD 
diagrams were recorded in the interval 20°≤2θ≤50°. 

2. FTIR Analysis 

The BG-0, MBGs and S-BGs surfaces were performed after 
7 and 14 days immersion in SBF by Fourier transform infrared 
spectroscopy (FTIR, Nicolet Avatar 660 (Nicolet, USA)) to 
investigate the HA formation on the MBGs surfaces. For this 
purpose, 1 mg of material scarped from MBG surface was 
mixed with 100 mg of KBr and palletized under vacuum. 
Then, the pellets were analyzed in the range of 400–4000 cm−1 
with a resolution of 8 cm-1. 

3. Inductively Coupled Plasma-Atomic Emission 
Spectroscopy  

For in vitro evaluation, the disk-shaped BGs were soaked in 
the SBF at 37 °C for 1, 3, 7, and 14 days. The ratio of the 
MBG surface area to the SBF volume was approximately 0.1 
cm2 mL-1.  At the end of each time period, disk-shaped BGs 
were removed from the SBF and the reacted solution was 
analyzed. The concentrations of Ca, Si, P, Mg and Sr ions 
were investigated by using inductively coupled plasma atomic 
emission spectroscopy (ICP-AES; Varian Vista Pro, Palo Alto, 
USA).   

4. pH Measurement 

The variation of pH with immersion time in SBF was 
recorded after 1, 3, 7, and 14 days with a calibrated pH meter 
(Corning pH meter 340, USA). 
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5. SEM Analysis 

The bioactivity of BG was confirmed by investigating the 
changing in morphology of its surfaces [59]. For this purpose, 
BG-5M and BG-5S were selected for SEM observation as a 
samples with the highest MTT and ALP activity among all 
synthesized MBG and S-BGs, respectively. Scanning electron 
microscope (SEM, Philips XL30, Netherland) was applied to 
evaluate the morphology of the formed HA on the surface of 
BG-5M and BG-5S after immersion in the SBF up to 14 days. 
Before examination, the surfaces of BGs were coated with a 
thin layer of gold (Au) by sputtering (EMITECH K450X, 
England) to prevent charges accumulation at its surface. 

D. Biological Evaluation 

1. Biocompatibility of the Synthesized BGs 

For cytotoxicity evaluation, the proliferation of the MC3T3 
cells on BGs was determined using the MTT (3-{4,5-
dimethylthiazol-2yl}-2,5-diphenyl-2H-tetrazolium bromide) 
assay [60]. For this purpose, cells were seeded on samples into 
a 96-well plate at a density of 6×103 cells per well with regular 
DMEM medium and incubated for 1, 3 and 7 days. At the end 
of time periods, the medium was removed and 100 μL of 5 mg 
mL-1 MTT solution (Sigma Aldrich) was added to each well. 
After incubation at 37 °C in a humidified atmosphere (95% 
air, 5% CO2) for 72 h, the medium was removed and 
precipitated formazan was dissolved by adding 
dimethylsulfoxide (DMSO). The optical density (OD) value of 
the solution was read with multi-well microplate reader (EL 
312e Biokinetics reader, Biotek Instruments) at a wavelength 
of 570 nm. The MC3T3-E1cells growing in the absence of 
MBGs was used as control. 

2. ALP Activity 

The osteoblast activity was assessed by measuring the ALP 
production of MC3T3 cells as an early marker [61]. For this 
purpose, the cells were seeded on the BGs under the same 
culturing condition and at the end of each time period, the 
supernatant fluid was removed gently and the cell layer was 
rinsed well with PBS, followed by homogenizing with 1 mL 
Tris buffer and sonicating for 4 min on ice. Aliquots of 20 μl 
were placed in equal volumes of 1ml of a p-nitrophenyl 
phosphate solution (pNPP, Sigma, 16 mmol.L-1) and were 
incubated at 30 °C for up to 5 min. 

3. Live-Dead Assay  

The Live/Dead (viability/cytotoxicity) assay was used to 
qualitatively assess cell viability and to determine whether 
BGs were cytotoxic. For this purpose, MC3T3-E1 cells were 
cultured in the presence of BG-0 (control sample) and BG-5 
(sample with the highest cell proliferation based on MTT 
results) for 7 days and then incubated with 4 mM ethidium 
homodimer-1 (EthD-1) and 2 mM calcein-acetoxymethyl ester 
(calcein-AM) at 37 °C in a humidified atmosphere of 5% CO2- 
95% air for 15 min in dark. Then, cells were washed again 
with PBS to stop staining reaction. The stained cells (Live 
cells: green stain, Dead cells: red stain) were examined under 
fluorescence microscope (Olympus, USA) also representative 

images were captured using a Zeiss AxioCam digital camera. 

4. Actin Staining of MC3T3-E1 Cells 

Dapi/Actin staining applied for visualizing the cytoskeleton 
and nuclei of MC3T3-E1 cells in presence of BG-0 (control 
sample), BG-5M and BG-5S (selected samples respectively 
for MBGs and S-BGs with the highest cell proliferation based 
on MTT results). For this purpose, the F-actins of MC3T3-E1 
cells were stained in green with Alexa Fluor-594 phalloidin 
(Invitrogen), while the cells nuclei were stained in blue with 
4,6-diamidine-2-phenylindole (DAPI) solution (Invitrogen). 
According to the manufacturer's procedure, after 1 and 7 days 
of incubation, cell-seeded BGs were rinsed with PBS twice 
and followed by fixation with 4% paraformaldehyde (Sigma-
Aldrich, UK) solution for 30 min at room temperature. 
Afterward, samples soaked in 0.1% (v/v) Triton X-100 
(Sigma)/PBS solution for 30 min. Finally, cells were washed 
three times with PBS and then were blocked in 1% (v/v) 
bovine serum albumin (BSA)/PBS solution for 1 h. The green 
fluorescence images of cytoskeleton and blue fluorescence 
images of nuclei of MC3T3-E1s were captured. 

5. Antibacterial Evaluation 

The individual effect of Mg and Sr substitution up to 10 
mol.% in 58S-BG on antibacterial activities against MRSA 
bacteria was investigate. The bactericidal percentages were 
calculated according to the following formula by counting the 
final colony-forming units per milliliter (CFU mL-1) [25], 
[26]. The procedure was illustrated in details in our previous 
work [18].  

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

total bacteria). 

E. Statistical analysis 

The GraphPad Prism software package, version 3.0 
(GraphPad Prism, USA) was used to statistical analysis. Each 
elemental analysis was performed with at least three samples 
and results were presented as means±standard deviations 
(SD). Moreover, P-value was considered statistically 
significant when *P<0.05 and P -values were more highly 
statistically significant when **p < 0.01, ***p < 0.001 and 
****p < 0.0001. 

III. RESULTS AND DISCUSSION 

A. XRD Analysis  

The XRD patterns of the BG-0 (control), M-BGs and S-
BGs after 7 and 14 days of immersion are shown in Figs. 1 (a) 
and (b), respectively. As it seen in Fig. 1 (a), after 7 days of 
immersion, all the samples except BG-10M showed 
characteristic peak of crystalline HA according to the standard 
JCPDS (No. 09-432) [62] assign to (211) plane at 2 theta 
equal to 31.8°. Moreover, BG-0 showed another HA 
characteristic peak assign to (200) (plane) at 2 theta equal to 
25.8° which confirmed substitution of Ca with Mg or Sr in 
58S-BG resulted in a decrease in HA formation. This retarding 
effect was more pronounced in high amount of Mg (BG-10M) 
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compared to Sr (BG-10S). With increasing the immersion time 
to 14 days, the intensities of detected peaks increased due to 
the growth of the formed HA. Additionally, on day 14th, XRD 
patterns of all samples except BG-10M exhibited HA 
characteristic peak corresponding to (211) plane. Also, two 
more peaks corresponding to (112) and (300) planes were 
observed respectively at 2 theta equal 32.18° and 32.86° on 
XRD pattern of BG-0 which confirmed the HA maturity on 
BG-0 surfaces [63]. 

Previously, Ma et al. claimed that the higher substitution of 
MgO for CaO in SiO2–CaO–MgO–P2O5 Bioglass, decreased 
its bioactivity due to blocking of active calcium phosphate 
growth sites by Mg2+ [49]. Roy et al. [64] reported the same 
reason for lower bioactivity in Na2O–MgO–SiO2 glass system. 
In addition, Hesaraki et al. [51] suggested that like Mg2+ [65], 
Sr2+ can also block the nucleation active sites of calcium 
phosphate nucleation active sites in sol–gel derived CaO–
SrO–SiO2–P2O5 BG and retarded the HA formation. 

XRD results showed that both Mg/Ca and Sr/Ca 
substitution in BGs composition lowered the in vitro HA 
formation ability of the M-BGs and S-BGs. Moreover, high 
substitutions (BG-10M and BG-10S) had more retarding effect 
on HA formation with respect to moderate substitutions (BG-
5M and BG-5S). 
 

 

 

Fig. 1 The XRD patterns of BG-0, BG-5M, BG-5S, BG-10M and 
BG-10S after 7 and 14 days of soaking in SBF 

B. Structural Groups 

Figs. 2 (a) and (b) show the FTIR transmittance spectra of 
the synthesized BGs after 7 and 14 days of immersion in SBF, 
respectively. According to the literature [66–68], the main 
absorption bands attributed to the Si–O–Si bending, the Si–O 
symmetric stretching of bridging oxygen atoms between 
tetrahedrons, Si–O stretching of non-bridging oxygen atoms, 
Si–O–Si symmetric stretching and the Si–O– Si asymmetric 
stretching are located respectively at 470, 790, 922, 1066 and 
1250 cm−1. Additionally, the asymmetric vibrations of PO4

3- 
are detected by band located at 570 and 603 cm−1 which 
confirm the formation of calcium phosphate on BGs surface 
and also the absorption bands at 1455 cm-1 and 870 cm-1 are 
revealed due to C–O stretching in carbonate groups substituted 
for phosphate groups in HA lattice. Furthermore, the 
stretching mode of hydroxyl was determined by observing the 
band at 1651 cm−1. Eventually, the stretching mode of OH 
group (hydroxyl) is determined by observing the band at 1651 
cm−1.  

According to Fig. 2 (a), after 7 days of immersion, all the 
samples except BG-10M exhibited P-O and C–O bands which 
was in good agreement with XRD results (Fig. 1 (a)). With 
increasing the immersion period to 14 days, the intensities of 
observed peaks increased. But, still BG-10M did not show any 
phosphate or carbonate peaks. 

 

 

 

Fig. 2 FTIR spectra of BG-0, BG-5M, BG-5S, BG-10M and BG-10S 
after 7 and 14 days of soaking in SBF 
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By considering the appearance of P-O and C–O bands in 
FTIR spectra, it could be understood that in moderate amount 
of Mg and Sr (5 mol%), HA was formed on BG-5M and BG-
5S surfaces after 7 days and more substitution of Mg and Sr 
up to 10 mol% retarded HA formation. Results indicated that 
Mg had more pronounced retarding effect in comparison with 
Sr. In the other words, BG-10M had the lowest bioactivity 
among all synthesized BGs. 

C. Ion Chemistry of SBF Solution 

In order to investigate the ions concentration variations after 
immersed in SBF for different time periods of 1, 3, 7 and 14 
days, the reacted SBF was examined by ICP-AES. Figs. 3 (a)-
(e) exhibits the variations of Ca, Si, P, Mg and Sr 
concentration in the SBF solution.  

 

 

 

 

Fig. 3 Calcium (a), silicon (b), phosphorus (c), magnesium (d), strontium (e) ions concentrations in the SBF solution monitored over immersion 
time 

 
According to the Fig. 3 (a), despite the primary 

concentration of Ca (approx. 100 ppm), Ca concentration 
[Ca2+] was increased instantly for all BGs. Additionally, after 
1 day immersion, it seen that M-BGs and S-BGs had 
minimum and maximum Ca concentration, respectively. After 
3 days immersion, [Ca2+] for BG-0 decreased while for other 
BGs increased gradually. Finally, after 3 days of immersion, 
[Ca2+] for BG-5, BG-5S and BG-10S were decreased. But, 

BG-10M showed reverse trend.  
The dissolution/precipitation of Ca2+ ions between BG 

surfaces and SBF during the crystallization of HA is 
monitored by change of Ca concentration [69], i.e. the 
decrease of [Ca2+] was indicative that the release of Ca2+ from 
BG surface into the SBF was lower than its precipitation from 
SBF on BGs surface. Fig. 3 (a) confirmed that BG-0 and BG-
10M had respectively the highest and the lowest precipitation 
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rate of Ca2+ for calcium phosphate formation. 
Fig. 3 (b) demonstrated that Si had similar trend like Ca and 

after immersion for 1 day, the Si concentrations were in the 
order S-BGs > BG-0 > M-BGs. Previously, Ma et al. reported 
the addition of Mg in BG resulted in a decrease in rate of 
magnesium-doped BG dissolution [59]. As SBF has no Si 
ions, the concentration of Si ions in SBF after immersion was 
investigated for BG's solubility. Sr2+ has larger ionic radius 
than Ca2+ (113 pm vs. 100 pm) and its substitution in BG 
composition results in a disruption of the BG network and 
causes network disorder in S-BG compared to BG-0. On the 
other hand, Mg2+ has smaller ionic radius than Ca2+ (72 pm vs. 
100 pm) [70]. So, M-BG has more structural compactness 
(more ionic field strength) which prevents readily penetration 
of SBF inside the M-BGs structure. Table II shows the oxygen 
density values for BG-0, M-BGs and S-BGs. Therefore, 
according to Table II, the main reason for more solubility of 
S-BG compared to M-BG was its lower oxygen density due to 
less structure compactness. 
 

TABLE II 
THE OXYGEN DENSITY VALUES FOR SYNTHESIZED BGS 

Glass BG-0 BG-5M BG-5S BG-10M BG-10S 

Oxygen 
density 

0.756±
0.001 

0.769± 
0.007 

0.741± 
0.005 

0.772± 
0.006 

0.736± 
0.004 

 
According to Fig. 3 (c), P concentration was decreased by 

increasing the immersion time up to 14 days for all BGs. 
Moreover, the rate of change in the P concentration revealed 
that an increase in the Mg and Sr contents resulted in a 
decrease the rate of HA precipitation. 

Figs. 3 (d) and (e) showed the Mg and Sr release in the SBF 
were higher for BG-10M and BG-10S compared to BG-5M 
and BG-5S because of their more content in BG composition. 

BGs exhibited a rapid increase in the Mg and Sr ion content 
until day 3rd and then reached a plateau on day 7th. The 
decreases in the dissolution rate of Mg and Sr in M-BGs and 
S-BGs by increasing the immersion time were due to the 
formation of silica rich and HA layers on the BG surfaces. 

D. pH measurement  

 

Fig. 4 pH variation of the SBF solution over immersion time up to 14 
days  

 
By considering the pH variations with immersion time (Fig. 

4), it could be observed that M-BGs and S-BGs had higher pH 

values in comparison with BG-0 due to the presence of 
alkaline earth elements. At first 7 days, the initial pH was 
rapidly increased from 7.4 to 7.81 and 7.85 for BG-10M and 
BG-10S, respectively. It could be explained by rapid ionic 
exchange between Ca+2 and alkaline earth elements form BGs 
and H+ from SBF solution. Then, by precipitation and 
consumption of Ca ions for HA formation, the increasing rate 
of pH decreased and finally reached a plateau.  

E. SEM Analysis  

To study the morphology of the formed HA, the surfaces of 
the BG-5M and BG-5S (as selected samples of M-BGs and S-
BGs, respectively with the highest bioactivity based on XRD 
and FTIR results) were observed under SEM after 14 days of 
immersion (Figs. 5 (a)-(d)). Fig. 5 (a) showed that the surface 
of BG-5M was fully covered by spherical calcium phosphate 
particles after 14 days of immersion, while rod- shaped 
calcium phosphate was formed on BG-5S (Fig. 5 (b)). The 
same rod-like HA was previously reported by Taherkhani et 
al. [55] in sol-gel derived 60%SiO2–36%(CaO/SrO)–4%P2O5 
bioglass.  

Based on SEM investigation, both BG-5M and BG-5S 
exhibited a promising bioactivity after 14 days of immersion 
in SBF. 

 

 

 

Fig. 5 SEM images of BG-5M (a and c (higher magnification)) and 
BG-5S (b and d (higher magnification)) after 14 days of immersion in 

the SBF solution 

F. In vitro Biological Evaluation 

1. MTT Evaluation 

The MC3T3-E1 cells proliferation on BG-0, M-BG and S-
BG for 1, 3, and 7 days was studied in order to assess the 
cytocompatibility of the synthesized BGs (Fig. 6). As it seen 
in Fig. 6, after first day of culture, BG-5M and BG-5S showed 
significant increase in cells proliferation compared with BG-0 
(*p<0.05). But, more substitution of Mg2+/Ca2+ and Sr2+/Ca2+ 
up to 10 mol% resulted in no significant increase (*P>0.05). 
With increasing the culture time to 3 day, all the optical 
density (OD) values increased and the highest cell 
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proliferation attributed to the BG-5Sin comparison with BG-0  
(**p<0.01). On 7th day of culture, both BG-5M and BG-5S 
exhibited the highest cell proliferation with respect to BG-0 
(**p<0.01), while BG-10M and BG-10S showed significant 
decrease (*p<0.05) in optical density (OD) values. Previously, 
the effects of Mg and Sr in BGs on proliferation of cells were 
studied [71], [72]. Saboori et al. [71] claimed that 64% SiO2-
26% CaO-5% MgO-5% P2O5 (based on mol%) BG increased 
cell proliferation of human fetal osteoblast cells (hFOB 1.19). 
Moreover, the positive influence of Sr in moderate amount 
between 1% and 5% on proliferation and differentiation of 
osteoblastic ROS17/2.8 cells was reported by Qiu et al. [72]. 
MTT results suggested that substitution of 5 mol% Mg or Sr in 
BG 58S, significantly enhanced the MC3T3-E1 cells 
proliferation (**p<0.01). Additionally, more substitution up to 
10 mol% not only had no positive effect but also, significantly 
enhanced the MC3T3-E1 cells proliferation compared with 
BG-0 (*p<0.05). 

 

 

Fig. 6 Osteoblast-like cell line proliferation (MC3T3-E1), cultured on 
the synthesized BGs for 1, 3 and 7 days. (*p < 0.05 and **p < 0.01) 

 

 

Fig. 7 ALP activities of osteoblast-like cell line (MC3T3-E1) cultured 
on synthesized BGs for 1, 3 and 7 days. (*p < 0.05 and **p < 0.01) 

 

2. Cell Activity 

After 1, 3 and 7 days of culture, MC3T3-E1 cells 
differentiation was considered as ALP activity. Fig. 7 

demonstrates the ALP activity of MC3T3-E1 cells treated with 
BG-0, M-BGs and S-BGs. As it seen in Fig. 7, after 1day of 
culture, BG-5M significantly increased the MC3T3-E1 cells 
activity, while BG-10M showed the reverse effect. In other 
words, the substitution of Mg in moderate (5 mol %) and high 
(10 mol %) level led to significantly increase and decrease of 
MC3T3-E1 cells activities, respectively. Furthermore, the 
moderate substitution of Sr resulted in significant increase of 
MC3T3-E1 cells activity (*p<0.05). But, more substitution (10 
mol %) had no positive effect (*P>0.05). By increasing the 
culture time, substitution of Sr in a moderate amount (5 mol 
%) caused higher ALP activity compared with Mg, i.e. BG-5S 
exhibited highly significant increase of ALP activity with 
respect to BG-5S. 

The ALP activity study revealed that M-BG and S-BG with 
5 mol% substitutions showed higher activity in comparison 
with 10 mol% substitutions and BG-5S had the highest ALP 
activity level among all synthesized BGs. 

3. Live-Dead and Dapi/Actin Assays  

In order to qualify study of the MC3T3-E1 cells viability in 
presence of Mg or Sr in BG composition, Live/Dead staining 
was performed for BG-0 (control), BG-5M and BG-5S after 1 
and 7 days of culture (Fig. 8). After 1 day of culture, samples 
BG-5M (Fig. 8 (a)) and BG-5S (Fig. 8 (b)) showed better 
proliferation with relatively lower dead cells (red spot) 
compared with the control (Fig. 8 (a)) and also with increasing 
the culture time to 7 days, BG-5M and BG-5S showed more 
proliferation (almost confluence) with relatively lower dead 
cells in comparison to the BG-0.  

 

 

Fig. 8 Two-dimensional (2D) MC-3T3 cells cultured in presence of 
BG-0, BG-5M and BG-5S. Representative live/dead fluorescence 

images of MC-3T3 cells cultured on BG-0 (a, d), BG-5M (b, e) and 
BG-5S (c, f) 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 

 
Fig. 9 shows the F-actin-labeled cytoskeleton and nuclei of 

MC3T3-E1 treated with BG-0, BG-5M and BG-5S. By 
investigation the uniform spindle-like shape of MC3T3-E1 
cells with random orientation, it could be undrestood that the 
mean number of DAPI-labelled nuclei treated with BG-5M 
and BG-5S was significantly increased in comparision to the 
control after 1 and 7 days of culture. The Dapi/Actin staining 
study was in a reasonable agreement with Live/dead results. 
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Fig. 9 Two-dimensional (2D) MC-3T3 cells cultured in presence of 
BG-0, BG-5 and BG-10. Representative ACTIN/DAPI fluorescence 
images of MC-3T3 cells cultured on BG-0 (a, d), BG-5M (b, e) and 

BG-5S (c, f) after 1 and 7 days of culture respectively. Cell filaments 
are stained by Actin (green) and nuclei stained by DAPI (blue). Scale 

bar represents 100 μm in all images. 
 

Results indicated that the MC3T3-E1 cells were random 
orientation with relatively spindle-like shape. The same shapes 
of mesenchymal stem cells (rMSCs) were seen by He et al. 
[73] on the calcium carbonate ceramics. In addition, it was 
previously reported that biological response of the cells their 
metabolic activity were affected by ions dissolution from BGs 
[74] and pH change [75]. Previously, He et al. observed the 
spindle-like shape of rat bone mesenchymal stem cells 
(rMSCs) cultured on the calcium carbonate ceramics [73]. 

Live dead and Dapi/actin results revealed that the moderate 
concentration of Mg and Sr in culture medium resulted in a 
better cell proliferation in BG-5M and BG-5S, respectively. 

It may be suggested that a moderate concentration of Mg 
and Sr in culture medium and pH values between 7.4 and 7.9 
(Figs. 4 (d)-(e) and 5) led to a better cell proliferation. 
Consequently, the live and dead staining assay revealed that 
both BG-5M and BG-5S had the higher cell viability and 
proliferation compared to the control which was in a good 
agreement with MTT results (Fig. 6). 

4. Antibacterial Studies 

The effect of Mg and Sr in BG 58S composition on 
antibacterial activity of BG-0, M-BG and S-BG against 
MRSA bacteria is present in Fig. 10. It was seen that Mg had 
more pronounce effect than Sr. In other words, in the fixed 
concentration of 10 mg/ml BG in bacterial suspension, M-BGs 
showed significantly higher bactericidal efficiency against 
MRSA bacteria and the highest bactericidal efficiency was 
attributed to BG-5M since, BG-5M showed no significant 
increase compared to BG-0 (*P>0.05). Antibacterial 
investigation demonstrated that substitution of both 
magnesium (in moderate 5 mol% and high amount 10 mol%) 
and strontium (in high (10 mol %) resulted in a significant 
increase in bactericidal efficiency against MRSA. The exact 
mechanism for the bactericidal activity of BGs is not known 
[27], but some studies claimed that release of some ions such 
as Ca [27], P [27], Mg [76] and Sr [22] from BGs has 
responsible for the antibacterial property of BGs. Moreover, 
pH has another factor that may effect on antibacterial property 

[25]. According to the ICP-OES and pH study, the release of 
Ca (Fig. 3 (a)), P (Fig. 3 (b)) and alkaline earth (Figs. 3 (e) and 
(f)) ions led to increasing the pH values which were probably 
the main reasons of M-BGs and S-BGs antibacterial effect. 

 

 

Fig. 10 The bactericidal percentages of 10 mg/mL of BG-0 (control), 
BG-5M, BG-5S, BG-10M and BG-10S. (*p < 0.05, **p < 0.01, ***p 

< 0.001 and ****p < 0.0001) 
 
Results showed that Mg exhibited dose-dependent 

antibacterial activity, while Sr had dose-independent behavior 
and BG-5 showed the highest antibacterial effect against 
MRSA bacteria among all synthesized BGs. 

IV. CONCLUSIONS 

A series of quaternary 60SiO2–(36-x)CaO–4P2O5–(x)yO 
(where x=0, 5 and 10; y= Mg or Sr) BGs were successfully 
synthesized through sol-gel method and the effects of Mg and 
Sr individual substitution with Ca in BG on in vitro HA 
formation, cytotoxicity, ALP activity and antibacterial 
efficiency were investigated. The in vitro bioactivity 
evaluation showed that the formation of HA on M-BGs and S-
BGs was dose dependent and BG-5M and BG-5S had higher 
bioactivity compared with BG-10M and BG-10S due to less 
blocking of the active growth sites of calcium phosphate by 
alkaline earth ions. The ICP-OES results confirmed that 
replacement of Ca2+ with Mg2+ and Sr2+ caused a decrease and 
an increase in the solubility of M-BG and S-BG, respectively 
by changing the oxygen density. Additionally, both BG-5M 
and BG-5S significantly increase the MC3T3-E1cells 
proliferation and activities with respect to the control 
(*p<0.05). 

Antibacterial study revealed that M-BG and S-BG had 
dose-dependent and dose-independent bactericidal effect 
against MRSA bacteria. Meanwhile, BG-5M exhibited the 
highest antibacterial efficiency among other BGs. Taken 
together, according to in vitro bioactivity, biological and 
antibacterial investigations, 5 mol% was presented as an 
optimal substitution of Mg/Ca and Sr/Ca in M-BGs and S-
BGs; meanwhile, BG-5M is suggested as a promising 
multifunctional biomaterial in bone tissue regeneration 
engineering field. 
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