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 
Abstract—In this study, experiments were carried out to achieve 

a promising multifunctional and modified silicate based bioactive 
glass (BG). The main aim of the study was investigating the effect of 
lithium (Li) and magnesium (Mg) substitution, on in vitro bioactivity 
of substituted-58S BG. Moreover, it is noteworthy to state that 
modified BGs were synthesized in 60SiO2–(36-x)CaO–4P2O5–
(x)Li2O and 60SiO2–(36-x)CaO–4P2O5–(x)MgO (where x = 0, 5, 10 
mol.%) quaternary systems, by sol-gel method. Their performance 
was investigated through different aspects such as biocompatibility, 
antibacterial activity as well as their effect on alkaline phosphatase 
(ALP) activity, and proliferation of MC3T3 cells. The antibacterial 
efficiency was evaluated against methicillin-resistant Staphylococcus 
aureus bacteria. To do so, CaO was substituted with Li2O and MgO 
up to 10 mol % in 58S-BGs and then samples were immersed in 
simulated body fluid up to 14 days and then, characterized by X-ray 
diffraction, Fourier transform infrared spectroscopy, inductively 
coupled plasma atomic emission spectrometry, and scanning electron 
microscopy. Results indicated that this modification led to a retarding 
effect on in vitro hydroxyapatite (HA) formation due to the lower 
supersaturation degree for nucleation of HA compared with 58s-BG. 
Meanwhile, magnesium revealed further pronounced effect. The 3-
(4,5 dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) 
and ALP analysis illustrated that substitutions of both Li2O and MgO, 
up to 5 mol %, had increasing effect on biocompatibility and 
stimulating proliferation of the pre-osteoblast MC3T3 cells in 
comparison to the control specimen. Regarding to bactericidal 
efficiency, the substitution of either Li or Mg for Ca in the 58s BG 
composition led to statistically significant difference in antibacterial 
behaviors of substituted-BGs. Meanwhile, the sample containing 5 
mol % CaO/Li2O substitution (BG-5L) was selected as a 
multifunctional biomaterial in bone repair/regeneration due to the 
improved biocompatibility, enhanced ALP activity and antibacterial 
efficiency among all of the synthesized L-BGs and M-BGs. 

 
Keywords—Alkaline, alkaline earth, bioactivity, biomedical 

applications, sol-gel processes. 

I. INTRODUCTION 
IOMATERIALS science is the filed which has had 
positive effect on humans health. Professor Hench et al. 

invented certain glass for the first time in the 1970s, which 
was capable of bonding directly to the host bone tissue by 
forming a HA interface layer on its surfaces after implantation 
[1]-[3]. BGs can be synthesized using melt-quenching or sol-
gel methods [4]. The sol–gel method uses significant lower 
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temperature which provides high purity in BG's composition 
with respect to the melt-quenching method [5]. Moreover, sol-
gel derived BGs exhibit higher bioactivity due to their higher 
dissolution rate because of their higher specific surface area 
compared with melt-quench derived BGs [6]. 

Some studies reported the synthesis and characterization of 
58S-BG (60% SiO2-36% CaO-4% P2O5 (mol %) [6]-[8]. In 
addition, the improvement of BGs properties such as 
osteoconductivity [9], [10], angiogenicity [11] and 
antibacterial [12] can be obtained by modifying the BGs with 
various amounts of modifier such as alkaline [13], alkaline 
earth [14]-[17], transition [11], [18], [19] and post-transition 
elements [20]. 

Bacterial infection is a serious impediment to the utility of 
medical implants. Each year in US, approximately 4.3% 
inserted orthopedic implants become infected [21]. Despite 
sterilization and aseptic procedures, some pathogenic 
microorganisms are still present at approximately 90% of all 
implants. So, one of the intelligent alternatives to antibiotics or 
bactericidal agents in the treatment of infections such as 
Staphylococcus aureus is antibacterial BGs. Staphylococcus 
aureus is the most common bacterial and methicillin-resistant 
Staphylococcus aureus (MRSA), kind of staphylococcus 
resistant to the methicillin and other related antibiotics, is 
hospital-acquired infection and has been identified as a threat 
to human health [22]. 

Previous studies reveal that the presence of lithium (Li) and 
magnesium (Mg) in a BGs composition can enhance their 
therapeutic properties i.e., Li ions by either the promotion or 
inhibition of growth of osteoblast and osteoclast cells can 
enhance new bone formation [23], [24]. In addition, this ion 
can increase the proliferation of neural progenitor cells [25] 
and remyelination of peripheral nerves [26] as well as bone 
mass [27]. Moreover, lithium substituted BGs improve 
proliferation, differentiation, osteogenic activity of osteoblasts 
and cementogenic gene expression in mesenchymal stem cells 
(MSCs) [28], [29]. On the other hand, Magnesium (Mg) as a 
second most prevalent intracellular cation in the human body 
[21], [30], has a major role in the bone development and 
osteoporosis prevention due to increasing the osteoblast cell 
activity and inhibiting the osteoclast differentiation [31], [32]. 
Moreover, antibacterial activity of magnesium has been 
previously reported [33], [34]. As mentioned above, both of 
the lithium substituted (Li-BGs) and magnesium substituted 
BGs (Mg-BGs) exert nearly the same effect on in vitro HA 
formation, cells proliferation and activity as well as 
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bactericidal efficiency. Therefore, the main aims of this study 
were first to compare how in vitro bioactivity was affected by 
substitution of either Li+ or Mg2+ with Ca in 58S-BG; and 
second, to introduce an optimal composition in Li- and Mg-
substituted as a promising candidate in bone tissue 
engineering with increased cell proliferation, ALP activity, 
and more efficient antibacterial potential against MRSA 
bacteria compared to the BG-58s. For this purpose, at first, 
four sol-gel derived 60SiO2–(36-x)CaO–4P2O5–(x)Li2O and 
60SiO2–(36-x)CaO–4P2O5–(x)MgO quaternary systems (with 
x = 5, 10 mol %) were synthesized. Afterwards, X-ray 
diffraction (XRD), Fourier transform infrared (FT-IR), 
Inductively coupled plasma atomic emission spectrometry 
(ICP-AES) and scanning electron microscopy (SEM) were 
conducted to investigate the effect of Li2O/CaO and MgO/ 
CaO substitution on in vitro bioactivity. 

In order to study the quantitative biological evaluation, 
MTT and ALP activity assays were performed to compare 
proliferation and differentiation of untreated MC3T3-E1cells 
compared to those treated with synthesized L-BGs and M-
BGs. Furthermore, Live/Dead and DAPI/Actin staining 
fluorescent microscopy were used to assess cell viability 
qualitatively. eventually, according to the in vitro bioactivity, 
cell proliferation, ALP and antibacterial activity results, the 
optimal composition in 60SiO2–(36-x)CaO–4P2O5–(x)Li2O 
and 60SiO2–(36-x)CaO–4P2O5–(x)MgO quaternary systems 
(with x = 5, 10 mol %) was reported. 

II. MATERIALS AND METHODS 

A. BG Synthesis 

Firstly, tetraethyl orthosilicate (TEOS) was dissolved in 
distilled water, and 0.1 M nitric acid for 1 h at room 
temperature on magnetic stirrer. After the complete hydrolysis 
of TEOS, triethyl phosphate (TEP) was added to the solution 
while stirring for 45 min. Then, calcium nitrate tetrahydrate 
Ca(NO3)2.4H2O, and lithium nitrate (LiNO3) or magnesium 
nitrate hexahydrate Mg(NO3)2.6H2O were consequently added 
to the obtained solution at 45 min intervals under constant 
stirring to obtain a transparent sol. 

The resulting sol was aged at 37 °C for 3 days, drying at 75 
°C for 24 h and calcinating at 700 °C for 3 h to eliminate the 
nitrates and organic substances. The obtained BG was then 
ground into a fine powder with particle size range below 50 
μm using a zirconia planetary ball mill (Retsch, Germany). 
Moreover, for in vitro evaluations, 9 MPa pressure was 
applied to the BGs powder using a hydraulic press to form 
disc-shaped (Ø10×3 mm) samples. All the starting materials 
were purchased from Merck (KGaA, Germany) and used 
without further purification. Table I presents different 
elemental compositions of synthesized L-BGs and M-BGs. 

B. Preparation of SBF 

Simulated body fluid (SBF) solution with a similar 
chemical composition to the human plasma was prepared 
according to Kokubo's recipe by dissolving appropriate 
quantities of the relevant reagent-grade chemicals in deionized 

water [35].  
Sodium sulfate (Na2SO4), sodium chloride (NaCl), 

potassium chloride (KCl), sodium bicarbonate (NaHCO3), 
calcium chloride (CaCl2), magnesium chloride hexahydrate 
(MgCl2ꞏ6H2O), monopotassium phosphate (KH2PO4), tris 
hydroxymethyl aminomethane (Tris-buffer) and hydrochloric 
acid (HCl) were extra pure grade and were purchased from 
Merck KGaA, Germany. The comparison of prepared SBF 
composition with the human blood plasma is presented in 
Table II. 

 
TABLE I 

ELEMENTAL COMPOSITION OF SYNTHESIZED BGS 

BG Label SiO2 CaO P2O5 Li2O MgO 

58s BG-0 60 36 4 0 0 

58s-5 mol % Li2O BG-5L 60 31 4 5 0 

58s-5 mol % MgO BG-5M 60 31 4 0 5 

58s-10 mol % Li2O BG-10L 60 26 4 10 0 
58s-10 mol % 

MgO 
BG-10M 60 26 4 0 10 

 
TABLE II 

OXYGEN DENSITY VALUES OF BGS 

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 

C. Characterization of Synthesized BGs 

1. XRD Analysis 

XRD (INEL-Equinox-3000, France) was conducted in order 
to evaluate the formation of HA on glass surfaces after 1 day, 
3 days, 7 days and 14 days, with a Cu-Kα radiation source (λ 
=1.5405 A°) at 40 kV with 2ϴ value varying from 20° to 50°. 

2. FTIR Analysis 

In vitro bioactivity was determined by analyzing the change 
of functional groups in the wavenumber range of 400–4000 
cm-1 with a resolution of 8 cm-1 by FTIR spectroscopy 
(Nicolet Avatar 660, USA) using KBr pellet technique. The 
prepared sample each of 1 mg fine BG powder was mixed 
with 100 mg KBr (at the weight ratio of 1:100) in an agate 
mortar and pressed into a pellet.  

3. SEM 

SEM (Philips XL30, Netherland) was employed in order to 
observe the morphology of the BG disc's surface to monitor 
HA formation and its growth after 7 days and 14 days of 
immersion.  

4. ICP-AES 

The ionic exchanges study was performed by using ICP-
AES (Varian Vista Pro, Palo Alto, USA). After 1 day, 3 days, 
7 days and 14 days of immersion, the SBF solutions were 
analyzed for Ca, Si, P, Li and Mg ions. 
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C.5. pH measurement 

The variations in pH of the SBF over immersion time up to 
14 days was recorded by a calibrated pH meter (Corning pH 
meter 340, USA) at each step. 

D. Biological Evaluation 

1. Cell Culture 

A mouse osteoblast-like cell line, MC3T3-E1, was cultured 
in a 50/50 α-minimal essential medium (αMEM)/Dulbecco's 
modified essential medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 1% antibiotic, 0.1% penicillin-
streptomycin and 2 mM glutamine at 37 °C in a humidified 
incubator containing 5% CO2. The medium was changed 
every other day and confluent cells were subcultured by 
trypsinization. MC3T3-E1cells, medium and other 
supplements were purchased from (Sigma-Aldrich, Poole, 
UK). 

2. Live-Dead Assay 

The viability/cytotoxicity (Live-dead) assay (xxx Probes, 
UK) was performed according to the manufacturer’s 
instructions to qualitatively assess cell viability and to 
determine whether L-BG and M-BG were cytotoxic [36]. 
Briefly, MC3T3-E1cells were cultured in the presence of BG-
0 (as a control sample), BG-5L and BG-5M (as a peak 
samples in L-BGs and M-BGs with the highest cell 
proliferation based on MTT results) for 1 day and 7 days and 
followed by incubation with 4 mM ethidium homodimer-1 
(EthD-1, Sigma, USA) and 2 mM calcein-acetoxymethyl ester 
(Calcein/AM, Sigma, USA). Stained cells (live cells: green 
stain, dead cells: red stain) were visualized using fluorescence 
microscope (Olympus, USA) and representative images were 
recorded. 

3. Actin Staining of cells 

After 1 day and 7 days of culture, Alexa Fluor-594 
phalloidin (Invitrogen, CA, USA) and 4,6-diamidine-2-
phenylindole (DAPI) solution (Invitrogen, CA, USA) were 
respectively applied in DAPI/Actin staining in order to 
visualize the cytoskeleton labeled in green fluorescence and 
nuclei of MC3T3-E1 cells labeled in blue fluorescence in 
presence of BG-0, BG-5L and BG-5M [37]. 

4. MTT Assay and ALP Analysis 

MTT assay was conducted to measure cell viability after 
incubation with synthesized L-BGs and M-BGs powders by 
reduction of tetrazolium salt to formazan crystals by the 
mitochondria of viable cells [38]. 

The activity of ALP was evaluated by measuring the 
conversion of p-nitrophenyl phosphate to p-nitrophenol [39]. 
The procedure was performed according to the manufacturer’s 
protocol (BioCat, Heidelberg, Germany). First, MC3T3-E1 
cells at a density of 1×104 cells/cm2 were cultured on BG-0, L-
BGs and M-BGs for 1 day, 3 days and 7 days in a humid 
incubator at 37 °C and 5% CO2. After each time period, the 
supernatant fluid pipette out and the cell layer was washed 
gently with PBS and followed by homogenizing in 1 ml Tris 

buffer and sonicated on ice for 4 min. Then, 20 μl of Aliquots 
were added to 1 ml of a p-nitrophenyl phosphate solution 
(pNPP, Sigma, 16 mM) and the activity of enzyme was 
quantized by absorbance at 410 nm after [40].  

5. Bactericidal Studies 

To evaluate the influence of Li and Mg on antibacterial 
activities in BG-58S against MRSA bacteria, the bactericidal 
activity of L-BGs and M-BGs was studied as previously 
described [41]. First, we diluted cultured MRSA in liquid 
lysogenybroth (LB) medium approximately to 0.5×108 to 
2×108 ml-1 [41] then 0.1 ml bacterial suspension was added to 
a mixture of 0.9 ml LB medium and 10 mg BGs powder 
followed by stirring for 1 min and cultured for 1 h at 37 °C. 
Finally, cultured bacteria were diluted serially and 100 μl 
suspensions were plated onto LB-agar plates and incubated 
overnight at 37 °C in the dark [41]. After dilution serially, 100 
μl suspensions were streaked onto LB-agar plates and 
incubated at 37 °C in the dark for 24 h [41]. 

Final colony-forming units per milliliter (CFU/ml) method 
was applied to calculate the bactericidal percentages by 
following formula as previously reported [41], [42]: 

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

total bacteria) 

E. Statistical Analysis 

The data expressed as the mean ± standard deviations (SD) 
between groups were determined by GraphPad Prism software 
package, version 3.0 (GraphPad Prism, USA) with values of 
*P < 0.05. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 
0.0001). The elemental analysis and cell assays were 
performed with three independent experiments, each with 
triplicate samples. 

III. RESULTS AND DISCUSSION 

A. Phase Analysis 

Figs. 1 (a) and (b) show the XRD patterns of synthesized 
BGs after immersion for 7 days and 14 days in SBF solution. 
As seen in Fig. 1 (a), after 3-day immersion, XRD pattern of 
BG-0, and BG-5L exhibited tow peaks at 2ϴ equal to 25.8° 
and 31.8° which attributed to (200) and (211), respectively and 
approved the formation of crystalline HA (HA; JCPDS 09-
432) while, BG-10L and BG-5M showed one peak at 2ϴ equal 
to 31.8°. Meanwhile, no characteristic peak was detected in 
XRD pattern of BG-10M. The mentioned peaks became more 
pronounced over immersion time up to day 14 because of the 
growth of formed crystalline HA. On day 14, the peak 
attributed to (200) plane at 2ϴ equal to 25.8° was revealed for 
BG-5M and BG-10L. While, showed XRD pattern of BG-
10M exhibited no characteristic peaks, Fig. 1 (b). The highest 
in vitro bioactivity of BG-0 was confirmed by detecting two 
new peaks at 2ϴ equal to 32.18° (assigned to (112) plane) and 
32.86° (assigned to (300) plane) after 14 days of immersion 
which affirmed the maturity of the formed crystalline HA 
[43]. 
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Fig. 1 The XRD patterns of BG-0, BG-5M, BG-5S, BG-10M and 
BG-10S after (a) 7 days and (b) 14 days of soaking in SBF 

 
Khorami et al. suggested that the formation of HA layer on 

melt-derived lithium-modified 45S5 based glass was dose-
dependent and decreased by increasing the Li [29]. Amjad et 
al. [44] and Roy et al. [45] previously reported that the 
substitution of Mg/Ca decreased the in vitro bioactivity by 
blocking the active calcium phosphate growth sites through 
adsorption of Mg2+ at the crystal surfaces which interpreted in 
terms of a Langmuir isotherm. Moreover, lower rate of HA 
formation on SiO2–CaO–MgO–P2O5 BG with higher MgO 
content was observed by Ma et al. [46]. 

Taken together, XRD results revealed that substitution of 
both Li and Mg in BG composition in the range of 0 to 10 
mol%, retarded the in vitro HA formation. In addition, BG-5L 
exhibited a nearly similar trend to BG-0 with slightly lower 
intensity. Meanwhile, magnesium had more pronounced effect 
on reduction of in vitro bioactivity with respect to the lithium. 

B. Structural Groups 

Figs. 2 (a) and (b) present FTIR spectra of all synthesized 
BGs after immersion in SBF for 7 days and 14 days. FTIR 
spectra of all BGs showed characteristic peaks attributed to 
Si–O–Si. The peaks near 470 cm−1, 790 cm−1, 1000–1100 cm−1 
and 1250 cm−1 were due to bending vibration mode of Si–O–
Si, symmetric stretching of Si–O, symmetric and asymmetric 
stretching of Si–O–Si, respectively [47]. Moreover, peaks 
appeared at 570 cm−1 and 603 cm−1 were due to the 
asymmetric bending mode of PO4

3- group [48], [49] and the 
band located at 3500 cm−1 and 1651 cm−1 was related to 

symmetric stretching mode of the O–H [50]. Additionally, 
peaks observed near 870 cm−1 and 1455 cm−1 were assigned to 
C–O stretching in carbonate groups substituted for phosphate 
groups in HA lattice. Meanwhile, previous study reported that 
the vibration peaks at 566 cm−1, 603 cm−1 and 1030–1090 cm-1 

are characteristic of HA [51].  
 

 

 

Fig. 2 FTIR spectra of BG-0, BG-5L, BG-5M, BG-10L and BG-10M 
after 7 days and 14 days of soaking in SBF 

 
As seen in Fig. 2 (a), after 7 days of immersion, the 

appearance of a split phosphate peaks, indicative of the 
formation of calcium phosphate, was detected at 570 cm−1 and 
603 cm-1 in BG-0 FTIR spectrum. Similarly, BG-5L, BG-10L 
and BG-5M revealed P–O bending bands on day 7, while BG-
10M did not observe these bands. Meanwhile, BG-0 exhibited 
a higher intensity and the order of intensity for the mentioned 
peaks was: BG-0 > BG-5L > BG-10L > BG-5M. With 
increasing the immersion time to 14 days, both P–O and C–O 
bands were enhanced in intensity. On the other hand, FTIR 
spectra of the BG-10M showed no detectable P–O and C–O 
bands after14 days immersion in SBF which was in good 
agreement with XRD results that confirmed HCA formation 
on surfaces of the BG-0, BG-5L, BG-5M after immersion for 
7 days in SBF solution.  

Altogether, FTIR results revealed that substitution the low 
amount of Li (5 mol %) in BG-58S (BG-5L) had not 
significant effect on in vitro HA formation and the retarding 
effect of Mg was more pronounced compared with Li. 
Meanwhile, BG-10M exhibited the lowest bioactivity among 
other BGs due to no P–O and C–O bands detection in its FTIR 
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spectrum even on day 14 of immersion. 

C. Ion Chemistry of SBF Solution 

The dissolution/precipitation of ions from the BG surface 
and SBF solution during the crystallization of HA leads to 
variation the concentration of the Ca, Si and P ions and results 

in variation the pH of the SBF solution [52]. The changes in 
concentration of Ca, Si, P, Li and Mg concentration in the 
SBF solution and pH values for different immersion time up to 
14 days are presented in Figs. 3 (a)-(f). 

 

 

Fig. 3 Calcium (a), silicon (b), phosphorus (c), lithium (d), magnesium (e) ions concentrations in the SBF solution monitored over immersion 
time (f) PH values in different soaking times 

 
Fig. 3 (a) demonstrates that Ca concentrations [Ca] in SBF 

solution for BG-0, BG-5L, BG-5M, BG-10L and BG-10M 
increased significantly from 100 mg.L-1 in the SBF solution to 
300.4 mg.L-1, 280.1 mg.L-1, 279.3 mg.L-1, 267.7 mg.L-1 and 
255 mg.L-1 after 1 day of immersion, respectively. By 
increasing the immersion time to day 3, [Ca] values decreased 
for BG-0 to about 130.1 indicating the substantial rate of 
precipitation of calcium phosphate compounds while, for and 
BG-5L, BG-5M, BG-10L and BG-10M, [Ca] gradually 
increased to day 3 of immersion. On day 3, [Ca] decreased for 
BG-5L to around 143.2 mg.L-1 while, [Ca] for other BGs 
slightly increased until day 7 and then decreased at a lower 

rate with respect to BG-0 and BG-5L. Meanwhile, BG-10M 
had the lowest decreasing rate of [Ca] among all other BGs. 

Si concentrations [Si] with nearly similar trend like [Ca], 
were decreased by the substitution of Li and Mg for Ca in the 
BG's compositions (Fig. 3 (b)). The BG-0 showed a decrease 
in [Si] on day 3, while, this occurred on day 7 for BG-5L and 
on day 14 for BG-5M, BG-10L and BG-10M. In other words, 
substitution of Ca with Li and Mg ions in BG decreased the L-
BGs and M-BGs solubility by increasing the field strength of 
Li+ and Mg2+ ions compared to Ca2+ due to the smaller ionic 
radius of Li+ and Mg2+ compared to Ca2+ (Li+, Mg2+, Ca2+ : 76 
ppm, 72 ppm, 100 ppm [53]-[55]) which led to a higher 
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oxygen density of the L-BGs and M-BGs compared to the 
BG-0. Therefore, the main possible reason for the lower 
bioactivity of L-BGs and M-BGs was lower supersaturation 
degree and driving force for HA nucleation due to their higher 

field strength and structures compactness compared with BG-0 
which prevented easy cationic exchange by inhibiting the 
penetration of SBF solution inside the substituted BGs 
structure. 

 

 

 

Fig. 4 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 
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By neglecting the dissolution of P from the BGs, the P 
concentration [P] in the SBF is used to make an estimate to 
compare the rate of HA precipitation [13]. According to Fig. 3 
(c), [P] decreased in L-BGs and M-BGs in comparison with 
BG-0 which confirmed a decrease in precipitation rate of HA 
formation in substituted BGs. 

Figs. 3 (d) and (e) show the variation of Li concentration 
[Li] and Mg concentration [Mg] over immersion time. As it 
seen, Li and Mg releases in the SBF solution were higher in 
both L-BG and M-BG with more substitution (10 mol. %) 
with respect to BG-5L and BG-5M. Meanwhile, all of the 
synthesized L-BGs and M-BGs exhibited a rapid increase in 
[Li] and [Mg], respectively and reached a plateau on day 7 due 
to silica rich and HA layers formation on their surfaces and 
inhibition of cationic exchange between ions from the 
substituted BGs and H+ from SBF [55], [56]. 

Fig. 3 (f) indicates the variations of pH values in the SBF 
solution over immersion time up to 14 days. According to Fig. 
4 (f), the initial pH values increased rapidly from 7.4 until day 
7 and then increased at a slower rate up to day 14. The first 
rapid increase in pH level was due to rapid cationic exchange 
between Ca+2, Li+, Mg+2 and H+ and presence of more alkaline 
and alkaline earth ions in the SBF solution was led to the 
higher pH values. By increasing the immersion time, the 
increasing rate of pH values decreased because of a decrease 
in [Ca] due to HA formation [48]. 

D. Surface Microstructures 

Figs. 4 (a)-(f) show the morphology of the formed HA on 
the surface of the BG-5L and BG-5M (with the highest 
bioactivity in L-BGs and M-BGs according to XRD and FTIR 
results) after immersion for 7 days and 14 days in SBF 
solution. As it was observed in Figs. 4 (a) and (b), after 7 days 
of immersion, HA nuclei were grown and the surfaces of BG-
5L and BG-5M were partially covered by aggregates of 
formed HA. Meanwhile, BG-5L showed higher in vitro 
bioactivity by more aggregation of HA particles compared 
with BG-5M. On day 14, by comparison of Figs. 4 (c) and (d), 
it could be observed that HA had greater agglomeration 
compared to day 7 and surface of BG-5L was covered with 
more agglomerate than BG-5M.  

Taken together, SEM observation suggested that BG-5L 
exhibited a promising HA formation ability after 7 days of 
immersion in SBF and it was in good agreement with XRD, 
FTIR and ICP-AES results which described in previous 
sections. 

E. In vitro Biological Evaluation 

1. Cell Proliferation 

The proliferation of the cultured MC3T3-E1 osteoblastic 
cells on BG-0, L-BGs and M-BGs after 1 day, 3 days and 7 
days is shown in Fig. 5. As it seen, at day 1, except BG-10M, 
slight increase was found in formation of formazan between 
the control and other BGs. By increasing the culture time, all 
the BGs exhibited an increase in their cell proliferation at 3 
days and 7 days respect to the day one (*P ˂ 0.01) while, in 
each culture time, L-BGs and BG-10M respectively showed 

the highest and lowest MC3T3-E1 cells proliferation in 
comparison with control and BG-0. Meanwhile, there was no 
statistically significant difference between BG-5L and BG-
10L in their optical density (OD) values (*P > 0.05). 
According to Fig. 5, MC3T3-E1 cells were not only capable of 
growth over culture time up to 7 days in the presence of L-
BGs, but also demonstrated a significant improvement in cell 
proliferation. Moreover, previous reports reveal the positive 
effect of both Li [29] and Mg [57] on the cells proliferation. 

 

 
Fig. 5 Osteoblast-like cell line proliferation (MC3T3-E1), cultured on 
the synthesized BGs for 1 day, 3 days and 7 days (*p < 0.05 and **p 

< 0.01) 
 

MTT results suggested that substitution of Li in range of 0 
to 10 mol % in 58S BG composition was dose-independent 
and significantly enhanced the cell proliferation, while 
substitution of Mg was dose-independent, i.e. moderate 
amount of substitution (5 mol %) led to a significant increase 
of OD values while, more substitution (10 mol %) had reverse 
effect and significantly inhibited the MC3T3 cell proliferation.  

2. ALP Activity 

Fig. 6 shows the ALP activity of osteoblast-like cell line 
MC3T3-E1, cultured on synthesized BG-0, L-BGs and M-BGs 
for different culture times up to 7 day. As it seen from Fig. 6, a 
significant increase in ALP activity of all of the BGs from day 
1 to day 7 of culture was observed. In other words, by 
increasing the culture time from 1 day to 7 days, the ALP 
activity enhanced around four times compared to day 1.  

The positive effect of Li+ ions on increasing the ALP 
activity of osteoblastic cells treated by lithium substituted 
45S5 BGs was reported by [29]. Moreover, [28] suggested that 
substitution of 5% Li  ions into mesoporous BG scaffolds 
improved its ALP level. Overall, all of the synthesized BGs 
except BG-10M exhibited the higher ALP level compared to 
the BG-0 at each culture time. Furthermore, the highest ALP 
activity was detected for BG-5L and BG-10L after culture for 
7 days with no statistically significant difference between 
them (*P > 0.05). Meanwhile, L-BGs had higher ALP levels 
than M-BGs. 
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Fig. 6 ALP activities of osteoblast-like cell line (MC3T3-E1) cultured 
on synthesized BGs for 1 day, 3 days and 7 days (*p < 0.05 and **p 

< 0.01) 
 

According to the XRD, FTIR, MTT and ALP results, BG-
5L and BG-5M had the higher in vitro bioactivity, 
proliferation and osteoblastic activity of the MC3T3-E1 cells 
in synthesized L-BGs and M-BGs, respectively. So, in this 
research, BG-5L and BG-5M were selected as a peak samples 
for comparison with the control for Live-dead and DAPI/Actin 
staining assays. 

3. Live-Dead Assay  

 

Fig. 7. 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 day 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 
 

Figs. 7 (a)-(e) present the fluorescence staining of live and 
dead MC3T3 cells on BG-5L and BG-5M samples after 1 day 
and 7 days of culture. As it seen after one day in culture, the 
representative live/dead fluorescence images revealed that the 
MC3T3 cells treated by BG-5L and BG-5M had fewer dead 
cells (red staining) with respect to the BG-0 (as a control). By 
increasing the culture time to 7 days, cellular aggregates with 
different confluence were observed for cells treated with all of 
the BGs. Meanwhile, less proliferation were observed for BG-
0 compared to BG-5L and BG-5M which confirmed by more 

dead cells in the live/dead fluorescent staining. Previous 
reports suggested that the cells biological response was 
influenced by various ions dissolution from BGs in culture 
medium [58]. Furthermore, pH variation is the other factor 
that affects the metabolic activity of osteoblasts [59]. 

Taken together, according to the live/dead staining 
observation, it could be suggested that BG-5L and BG-5M 
showed better cell proliferation due to a moderate 
concentration of released Li and Mg ions in culture medium 
and their related pH values between 7.4 and 7.85 (Fig. 3 (f)). 

4. F-Actin Cytoskeleton 

Figs. 8 (a)-(e) represent F-actin-labeled cytoskeleton of 
MC3T3 cells in presence of BG-0, BG-5L and BG-5M. As 
seen, F-actin fibers in green and nuclei in blue were arranged 
randomly with spindle-like elongated shape. This shape and 
orientation of F-actin fibers were reported by [60] in rat bone 
mesenchymal stem cells (rMSCs) treated by calcium 
carbonate ceramics. DAPI/Actin staining assay revealed that 
the mean number of DAPI-labelled nuclei for BG-5L and BG-
5M were increased significantly over cuture time from 1 to 7 
days. Meanwhile, MC3T3 cells treated with BG-5L and BG-
5M had more DAPI-labelled nuclei with respect to the BG-0 
which was indicative of good cytocompatibility of BG-5L and 
BG-5M. Consequently, Live-dead and Dapi/Actin assays 
confirmed that substituted 58s BG with moderate amount (5 
mol %) of Li and Mg led to the better cell viability and 
proliferation compared to the Li or Mg free 58s BG which was 
in a good accordance with MTT results (Fig. 5). 

 

 

Fig. 8 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-5L (b, e) and 

BG-5M (c, f) after 1 day 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 

5. Antibacterial Studies 

Fig. 9 shows the antibacterial activity of synthesized BG-0, 
L-BGs and M-BGs against MRSA bacteria. From Fig. 9, it 
could be found that despite BG-10M, other synthesized L-BGs 
and BG-5M had bactericidal efficiency against MRSA at 
concentration of 0.01 g mL-1 compared to BG-0. In other 
words, there was no statistically significant difference in 
bactericidal efficiency between BG-10M and BG-0 (*P > 0.05) 
while, BG-5L, BG-5M and BG-10L showed increased 
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antibacterial activity against MRSA bacteria. Meanwhile, BG-
5L sample exhibited statistically higher significance 
antibacterial efficiency among all of the synthesized L-BGs 
and M-BGs in comparison with BG-0 (***p < 0.001). 

 

 

Fig. 9 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) 
 

Albeit the exact mechanism of bactericidal activity of BGs 
is not yet clarified [61], but an increase in pH value of medium 
due to release of alkali ions as well as an inherent toxic effect 
of calcium, phosphate [61], lithium [62] and magnesium [34] 
from BGs are possible reasons for antibacterial activity of BGs 
[63], [64]. 

Results revealed that substitution of Li and Mg in the range 
of 0 to 10 mol % in L-BGs and M-BGs exhibited dose-
independent and dose-dependent antibacterial activity against 
MRSA bacteria, respectively, i.e. both BG-5L and BG-10L 
showed statistically significant increase in antibacterial 
activity with respect to the BG-0. Meanwhile, there was no 
statistically significant difference between BG-5L and BG-
10L (*P > 0.05). But, by 5 mol. % substitution of Mg in 58s 
BG, bactericidal efficiency increased significantly (**p < 0.01) 
while, 10 mol.% substitution had no significant effect on 
bactericidal efficiency compared to BG-0 (*p < 0.05). Taken 
together, BG-5L was presented as the most effective 
substituted BG against MRSA. 

IV. CONCLUSION 

In this research, the quaternary lithium and magnesium 
substituted BGs (in the range of 0 to 10 mol%) were 
successfully synthesized through the sol-gel method and the 
effects of Li and Mg substitution on BG-58s properties such as 
in vitro bioactivity, MC3T3 cells proliferation and activity as 
well as antibacterial efficiency were investigated and the 
following conclusions were drawn: 
(i) The in vitro bioactivity was retarded by substitution of Li 

and Mg instead of Ca in BG composition and Mg had 
more pronounced effect with respect to the lithium. 

(ii) ICP-AES results confirmed that solubility of the L-BGs 

and M-BGs decreased with respect to BG-0 because of 
increasing the field strength of Li+ and Mg2+ ions 
compared to Ca2+ due to the smaller ionic radius of Li+ 
and Mg2+ in comparison with Ca2+ which led to their 
higher oxygen density.  

(iii) The detection of characteristic peaks of crystalline HA in 
XRD pattern as well as the appearance of C–O and P–O 
bands in FTIR spectra revealed that 58S-BG incorporating 
5 mol% Li2O in the composition (BG-5L) had nearly 
similar in vitro bioactivity to BG-0 while, BG-10M had 
the lowest in vitro HA formation. 

(iv) MTT assay results showed that both 5 and 10 mol% Li2O 
substitution (BG-5L, BG-10L) enhanced the MC3T3 cells 
proliferation and activity while 10 mol% Mg substitution 
led to statistically significant decrease in proliferation and 
activity of MC3T3 treated with BG-10M. 

(v) Moderate (5 mol. %) substitution of both Li and Mg in 
58S BG resulted in statistically significant increase in 
bactericidal efficiency against MRSA bacteria. 
Meanwhile, BG-5L exhibited the highest antibacterial 
activity among other BGs. 

(vi) Taken together, by considering the in vitro bioactivity, 
biological evaluations such as cell proliferation and 
activity as well as antibacterial study, the sample BG-5L 
is presented as a promising candidate for in bone 
regeneration and tissue engineering applications with 
enhanced cell proliferation and promoted osteoblasts 
differentiation as well as antibacterial efficiency against 
MRSA bacteria. 
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