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This research presents an investigation on the simultaneous effect of titanium (Ti) and silver (Ag) on structural 
and biological behaviors of the co-substituted 58S bioactive glass. Structural and morphological characteriza-
tions were studied by means of X-ray diffraction (XRD) analysis, Fourier transform infrared spectrum (FTIR), 
scanning electron microscopy (SEM) as well as Energy-dispersive X-ray Spectroscopy (EDS) analysis. The 
structural results exhibited that the hydroxyapatite)HA) layer was formed on the T/A-BGs after the 7th day of 
immersion in simulated body fluid)SBF(solution and increased overtime. Furthermore, the trend of cell prolif-
eration and antibacterial activity were the same and by increasing Ag percentage up to 8 mol.% firstly, 
mentioned properties increased and then decreased. Hence, T/A-BG containing fixed 5 mol.% Ti and 2 mol. % Ag 
(TA2 (indicated higher in vitro biological performance compared to other synthesized T/A-BGs and suggested as 
an optimal specimen for further clinical applications.   

1. Introduction 

Tissue engineering (TE) is an interesting, complex, dynamic, and 
effective approach to solve the problems of bone defects. It has been 
used in different medical extents such as traumatology, orthopedics, 
oncology, and dentistry. The main purposes of TE are to repair, replace, 
or enhance the function of biological substitutes [1]. Additionally, the 
emergence of TE has been responded to many diseases [2]. Moreover, 
the synthesis and design of new biomaterial can be a response to re-
quirements [3]. Furthermore, bioactive glass(BG) emerged as an effec-
tive biomaterial to play important roles in different fields, especially in 
medical. 

BG in the system of CaO − P2O5 and SiO2 is one of the promising 
biomaterials for bone regeneration and can bond to bone [3–5]. The 
biomaterials with the ability of hydroxyapatite (HA) formation on their 
surface are bioactive [6,7]. Meanwhile, bioactivity plays a significant 

role in biomaterials function [8]. The first synthesized BG, 45S5, was 
invented by professor Hench [9] and was developed by different 
modified chemical compositions such as 58S [10], 68S [11,12], and 77S 
[13]. The main reasons for various BGs applications are due to their 
properties such as bioactivity [14,15], osteogenesis [16], controllable 
biodegradability [17], as well as antibacterial efficiency [18,19]. 

There are various fabrication methods for synthesizing of BGs that 
have been reported, such as conventional melt quench, flame synthesis, 
and microwave irradiation, as well as sol-gel [20]. The preferences of 
sol-gel in comparison with other methods are its speed and easiness. 
Additionally, it can be controlled to be achieved required products with 
a high degree of purity and homogeneity and it makes an extensive 
range of composition synthesis [20,21]. In recent years, the applications 
of BGs have been become extent because of their positive effect in 
different fields such as: dental and bone implants [22,23], load-bearing 
scaffold due to their strength and good mechanical properties [24–26] as 

* Corresponding author. 
E-mail address: Moghanian@eng.ikiu.ac.ir (A. Moghanian).  

Contents lists available at ScienceDirect 

Journal of Non-Crystalline Solids 

journal homepage: www.elsevier.com/locate/jnoncrysol 

https://doi.org/10.1016/j.jnoncrysol.2021.120732 
Received 1 December 2020; Received in revised form 30 January 2021; Accepted 10 February 2021   

mailto:Moghanian@eng.ikiu.ac.ir
www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2021.120732
https://doi.org/10.1016/j.jnoncrysol.2021.120732
https://doi.org/10.1016/j.jnoncrysol.2021.120732
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2021.120732&domain=pdf


Journal of Non-Crystalline Solids 560 (2021) 120732

2

well as the design of light-triggered and targeted drug delivery hybrids 
[27,28]. Till now, many modified BGs have been investigated by indi-
vidual addition of various amount elements such as: magnesium (Mg) 
[29], strontium (Sr) [30], copper (Cu) [31], zinc (Zn) [32], lithium (Li) 
[33], titanium (Ti) [34] and silver (Ag) [35] in bone tissue engineering 
(BTE) applications. 

Titanium (Ti) is a chemical element with an atomic number 22 and 
an atomic mass is 47.867 g.mol− 1 [36]. Besides, the oxidization of Ti 
affected antibacterial activity of Ti- substituted BG (Ti-BG) and 
improved it [37]. The antibacterial properties of BG have been previ-
ously noted [38]. Furthermore, silver is an element with the atomic 
symbol: Ag, atomic number: 47, and atomic weight of 107.8682 g.mol− 1 

[39]. Moreover, it is used in both ionic and metallic forms [40]. Silver 
nitrate is an inorganic Ag compound that improves the in vitro bioac-
tivity and antibacterial efficiency [41,42]. On the other hand, the bac-
teria can endanger the human body and BG can be a positive response to 
them [11]. Moreover, BG containing Ag and Ti plays a more influential 
role against bacteria [43]. Methicillin-resistant staphylococcus aureus 
(MRSA) bacteria is the major type of staphylococcus aureus infection 
that shows resistance against antibiotics [44]. Therefore, the antibac-
terial activity of BGs has usually been investigated against MRSA [45, 
46]. 

Till now, several studies have focused on the effect of Ag on in vitro 
biological behavior, bioactivity, and bactericidal activity of sol-gel 
derived BGs and then reported the various optimum element’s content 
in BG’s composition to be achieved the highest desirable properties [2, 
33]. On the one hand, some researchers agreed with the positive effect of 
Ag on cell proliferation and cell viability in mechanical alloying (MA) 
and powder metallurgy (PM) derived Ti/Ag-substituted 45S5 BGs [43, 
47]. Moreover, the addition of Ag in the range of 1-3 mol.% was reported 
as an optimum percentage, while others had reverse investigations on 
the optimum amount of Ag in Ag-substituted BGs for use in clinical 
applications [15]. Furthermore, in previous studies 5 mol. % Ti was 
announced as an optimum amount in Ti-substituted BGs (T-BG). As far 
as we searched, the consideration of the simultaneous effect of Ag and Ti 
in the silicon-based BG was not extensive and was limited to small 
amounts of Ag [43,47]. Thus, it was decided to investigate the effect of 
various amounts of Ag on the biological and structural behavior of 
T/ABGs. Our goal was to consider how different Ag amounts affect in 
vitro bioactivity and bactericidal efficiency as two major factors in 
clinical applications such as drug delivery and in vivo evaluation in rat 
and rabbit models after as a novel multifunctional bioactive material 
with enhanced in vitro bioactivity, cell proliferation and antibacterial 
[48,49]. This study followed the effect of substituting up to 8 mol. % of 
Ag2O for CaO on in vitro bioactivity, biocompatibility, alkaline phos-
phatase (ALP), and antibacterial activity of sol-gel derived 58S BGs with 
formula 60 % SiO2-(31-x) % CaO-4 % P2O5-5 % TiO2-X % Ag2O which 
(X=0, 1, 2, 4, 6, and 8 mol. %) as a major aim. In other words, in this 
research the various amount of Ag was utilized to be investigated the 
changes of the morphology and the structure of synthesized T/A-BGs 
due to in vitro formation of HA on their surfaces by X-ray diffraction 
(XRD) analysis, fourier transform infrared spectrum (FTIR), scanning 
electron microscopy (SEM) as well as energy dispersive X-ray spec-
trometry (EDS). Besides, investigation the effect of Ag on cell prolifer-
ation, cell viability, and bactericidal efficiency of synthesized T/A-BG 
was studied by (ALP) activity, 3- (4, 5dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) assay as well as antibacterial activity 
against MRSA bacteria respectively, due to investigation of the optimum 
amount of Ag2O in novel sol-gel derived synthesized T/A-BG. 

2. Material and methods 

2.1. Materials 

The T/A-BGs were synthesized by sol-gel method in the system of 60 
% SiO2-(31-X) % CaO-4% P2O5 5% TiO2-X% Ag2O (which X = 0, 1, 2, 4, 

6, and 8 mol. %). Tetraethyl orthosilicate (Si(OC2H5)4 -TEOS, Merck), 
triethyl phosphate ((C2H5)3PO4 -TEP, Merck), calcium nitrate tetrahy-
drate (Ca(NO3)2.4H2O, Merck), Tetraethyl orthotitanate (C2H5O)4Ti- 
(TEOT), Sigma-Aldrich, St Louis, Mo) and Ag nitrate with the formula 
(AgNO3, Sigma-Aldrich). Meanwhile, for evaluating in vitro biological 
properties of T/A-BGs, SBF solution was used. Nitric acid and deionized 
water were also used to provide a dissolution basis. After synthesizing 
the T/A BGs powders, 9 MPa pressure was applied to powders to be 
achieved discs with 1cm diameter and 0.3 g weight by a hydraulic press. 
Afterward, for in vitro evaluations, discs were soaked in 15 ml SBF so-
lution, which was prepared according to Kokubo’s protocol [50], for 7 
and 14 days and then removed from the SBF solution. 

2.2. BGs synthesis 

The synthesis of sol-gel derived T/A-BGs with a fixed amount of 5 
mol. % and different concentrations of Ag (0, 1, 2, 4, 6, and 8) mol. % 
began by stirring the mixture of 0.1 N nitric acid solution and TEOS by a 
magnetic stirrer for about 30 min. In the following, TEP and calcium 
nitrate tetrahydrate were added and stirred, and in the last steps for 
preparation of sol, Ti and Ag were added in 2 distinct stages, respec-
tively. At all stages, the mixing time continued until the transparent sol 
was obtained. The mixture of the precursor was done without any 
additional heat at room temperature. Afterward, 7 days of natural aging 
of the finalized sol were performed by keeping in the container, enclosed 
with a perforated foil, in a place without any movement at 25 ◦C. In the 
following, the container was kept 3 days in the oven at 80◦C to complete 
the water evaporation and for removal of residual nitrates and 
condensation of silanol groups, the obtained powders were calcined in 
the furnace at 700◦C for 3h. then, grounded and as the final stage of 
preparation, shaped as disc-shaped specimens. All compositions of 
synthesized T/A-BGs are exhibited in Table 1 

Meanwhile, due to the high compositional similarity of simulated 
body fluid (SBF) solution to human blood plasma, Biological assess-
ments were performed by immersion of specimens in the SBF solution. 

2.3. Characterization of synthesized T/A-BGs 

2.3.1. Thermal analysis 
To study the thermal behavior of TA specimens, the TA specimen 

with the maximum amount of Ag was characterized by different thermal 
analysis (DTA) and thermogravimetric analysis (TGA), and finally, sta-
bilizing temperature was detected. The DTA/TGA test was carried out by 
Shimadzu DSC-50 apparatus under an N2 atmosphere (50 ml/min) in the 
temperature range of (25-1100)◦C with the constant heating rate of 
10◦C/min. 

2.3.2. X-ray diffraction analysis 
To examine the formation of HA on BGs surfaces, the T/A BGs 

specimen’s surfaces were subjected to X-ray diffraction, after immersion 
in SBF solution for 7 and 14 days with X-ray source (Cu-Kα radiation) at 
40 kV and in a 2θ range of 20∘ − 40∘.

2.3.3. Scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDS) 

After immersion in SBF solution, scanning electron microscopy 

Table 1 
All compositions of synthesized T/A BGs in mol.%  

Bioactive glass Lable SiO2 CaO P2O5 TiO2 Ag2O 
58S-5%TiO2-0%Ag2O TA0 60 31 4 5 0 
58S-5%TiO2-1%Ag2O TA1 60 30 4 5 1 
58S-5%TiO2-2%Ag2O TA2 60 29 4 5 2 
58S-5%TiO2-4%Ag2O TA4 60 27 4 5 4 
58S-5%TiO2-6%Ag2O TA6 60 25 4 5 6 
58S-5%TiO2-8%Ag2O TA8 60 23 4 5 8  
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(SEM, MIRA3 TESCAN, Czech) was utilized to detect the surface 
morphology of the BG disks to appraise the formation and growth of HA 
over immersion time in SBF solution. Additionally, for analysis of 
formed HA on BG surface, the EDS test was done by (MIRA3 TESCAN, 
Czech) apparatus to be detected the elements and amount of elements. 

2.3.4. Fourier transform infrared spectroscopy (FTIR) analysis 
FTIR spectroscopy (Nicolet, NEXUS 670) was used to investigate the 

formation of HA phase on the surfaces of the specimens before and after 
soaking in SBF solution by analyzing the change of functional groups by 
the 8 cm− 1 resolution and 400-4000 cm− 1 wavelength. 

2.3.5. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 
and pH monitoring 

Specimens kept in SBF solution were removed after 1, 3, 7, and 14 
days and solutions for determining of Ca, Si, P, Ti, and Ag ions amount 
were analyzed by ICP-AES. Additionally, the diversity of pH in SBF so-
lution was measured over time by a pH meter (Corning pH meter 340, 
USA) at each step. 

2.4. Biological evaluation 

2.4.1. Live/dead assay 
To determine the cell viability of T/A-BG specimens firstly, MC3T3- 

E1 cells were seeded at a density of 15000 cells/cm2 on TA0 and TA2 
and the media altered every other day up to 14 days. After the end of this 
trend in the period time, the cell culture was removed, and seeded cells 
were washed with phosphate buffered saline (PBS). Followed by, for 
preparing live/dead solution, 200 μL of 2 μM calcein-acetoxymethyl 
ester (calcein-AM, Sigma, USA) and 4 μM ethidium homodimer-1 
(EthD-1, Sigma, USA) were incubated at 37◦C in a humidified atmo-
sphere of 5% CO2 for 15 min in dark. Finally, PBS was chosen for cells- 
washing, and stained cells (live cells: green stained, dead cells: red 
stained) were observed under a fluorescence microscope (Olympus, 
USA) and concerned images were taken by the camera. Additionally, the 
green and red fluorescence were made by calcein-acetoxymethyl ester 
and ethidium homodimer-1, respectively. Besides, producing green cells 
was because of intracellular esterases in live cells and penetrating cells 
with damaged membranes and binding to nucleic acids led to producing 
red fluorescence in dead cells. 

2.4.2. MTT and ALP activity assays 
To study the simultaneous effect of Ti and Ag on the biocompatibility 

of T/A-BGs, the 3- [4, 5-dimethylthiazol-2yl]-2, 5-diphenyl-2H tetra-
zolium bromide (MTT) assay was used to assess the proliferation of the 
MC3T3-E1 after in contact with T/A-BGs powders. MTT assay was based 
on the reduction of tetrazolium salt to formazan crystals by living cells. 
In this study, measuring the ALP enzyme investigated the osteoblastic 
activity of the MC3T3-E1 cells. Based on the manufacturer’s recom-
mendations (BioCat, Heidelberg, Germany), MC3T3-E1 cells were 
accounted at a density of 1 × 104 cells/cm2 and plated and cultured in 
24-well plates on specimens in a humidified atmosphere of 95% air and 
5% carbon dioxide at 37◦C for 7 and 14 days, and enzyme activity was 
determined at 410 nm for the amount of p-nitrophenyl liberated [33,51, 
52]. 

2.4.3. Antibacterial studies 
MRSA was diluted approximately from 0.5 × 108 to 2 × 108 ml− 1 

[38,53] and was cultured in liquid lysogeny broth (LB) medium at 37◦C 
to investigate the effect of Ag on antibacterial activities in Ti-substituted 
BGs. 0.9 ml LB medium was added into three 1.5 ml Eppendorf tubes 
containing 10 mg TA0 (control specimen), TA1, TA2, TA4, TA6, and TA8 
particles, followed by stirring for 1 min. Then 0.1 ml bacterial suspen-
sion was added into each Eppendorf tube and the solutions were 
cultured at 37◦C for 1 hour. After a serial dilution, 100 μl suspensions 
were plated onto LB-agar plates and immersed during the night at 37◦C 

in the dark [38]. Meanwhile, the bactericidal efficiency was computed 
by counting the final colony-forming units per milliliter (CFU/mL) as 
follows [38,54,55]. 

Bactericidal fraction = 1 − (number of survived bacteria
/number of total bacteria)

3. Result and discussion 

3.1. Thermal analysis 

Based on the simultaneous thermal analysis (STA) that is exhibited in 
Fig. 1, the DTA/TGA analysis was carried out on the TA8 (specimen with 
maximum Ag amount) to determine the proper temperatures of different 
mass loss stages with a heating rate of 10◦C/min. TGA result illustrated 4 
special peaks i.e., the first weight loss (17%) from 50-150◦C was 
ascribed to the release of water and alcohol [56]. The second weight loss 
(26%) commenced from 410-500◦C, most likely due to the loss of the 
alkoxy group [57]. The third drop in mass occurred from 670◦C to 
around 750◦C with 15% weight loss which was associated with the 
removal of the residual nitrates as metal nitrate in the synthesis of the 
sol. The final peak (fourth), occurred around 1000◦c that corresponded 
to the crystallization of CaSiO3 (β-wollastonite) and cristobalite [56]. 
Additionally, according to previous studies, it was stated that the sub-
stitution of 5 and 10 mol. % TiO2 with CaO in sol-gel derived 45S5 BG 
led to an increase in the transition and crystallization temperatures 
because of ion radius of Ti (56 pm) is lower than the ion radius of Ca 
(100 pm) [58]. Besides, it was reported that sol-gel derived 58S-BG 
containing different percentages of substituted Ag exhibited a decrease 
in transition and crystallization temperatures that corresponded to ions 
radius of Ag (156pm) that in comparison to Ca with ion radius of (100 
pm) [59]. Hence, in sol-gel derived 58S BG with fixed 5 mol.% Ti and 8 
mol. % Ag, the Ti and Ag had the opposite effect on transition and 
crystallization temperatures in STA. Due to the ion radius of Ag was 
more than CaO it caused disruption in T/A-BG network and diminished 
the effect of Ti substituted in transition temperatures and decreased 
them. Taken together, 750◦C was selected as the stabilization temper-
ature for T/A-BG. 

3.2. X-ray diffraction analysis 

Fig. 2(a–c) illustrates XRD patterns of TA0, TA1, TA2, TA4, TA6, and 
TA8 before and after immersion in SBF solution for 7 and 14 days. As it 
was evident by increasing immersion time up to 14 days, the formed HA 
on T/A-BG surfaces increased. Additionally, the trend of formation of 
HA on the T/A-BG surface was completely different by the trend of 
increasing Ag percentage from 0 to 8 mol.% in T/A-BGs composition. 

Fig. 1. The DTA/TGA curves of TA8.  
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According to Fig. 2(a), no peaks that corresponded to formed crystalline 
HA were found while, in Fig. 2(b) and (c) that were attributed to the 
immersion of specimens after 7 and 14 days, obviously HA peaks were 
detected [60]. Furthermore, the peaks intensity altered. In other words, 
the intensities of the peaks were changed by increasing the Ag per-
centages from 0 mol.% to 8 mol.%, the intensities of peaks firstly 
increased and then decreased. Although, the increasing immersion time 
had a positive effect on peaks intensities and led to an increase in them. 
Previously, Sharifianjazi et al. confirmed that by increasing Ag amount 
(2, 4, and 6 mol. %) in Ag-substituted 58S BG, the peaks intensity 
enhanced. Furthermore, by increasing immersion time up to 14 days, the 
amount of HA formed increased on the BG surface [56]. Additionally, 
Jurczyk et al. reported that in 45S5 BG substituted with 10 Ti and 1.5 Ag 
(mol. %), the first peaks of XRD patterns that corresponded to HA for-
mation appeared after 15 h immersion in SBF solution [43]. Moreover, it 
was reported that 45S5 BG substituted with 10 Ti and 1 Ag (mol. %) 
showed the first peaks of P-O and C-O that related to HA formed after 15 
h immersion in SBF solution. Hence, the T/A-BG by 5 Ti and 2 Ag (mol. 
%) (TA2) exhibited the highest bioactivity and maximum amount of HA 
formed on its surface in comparison to other specimens. 

3.3. FTIR 

Fig. 3(a–c) shows the FTIR spectroscopy of TA0, TA1, TA2, TA4, TA6, 
and TA8 in the spectral range of 4000-400 cm− 1 before and after soaking 
in the SBF solution for 7 and 14 days. These correspond to the peaks near 
470, 1000-1100, and 1250 cm− 1 for the bending vibration of Si–O–Si 
[61,62], peak at 790 cm− 1 for the symmetric stretching of Si–O [63], as 
well as peaks at 1651 and 3500 cm− 1 for the stretching mode of the OH 
respectively [64]. Additionally, the bands located at (570,603) and 
(870,1455) cm− 1 were for the asymmetric bending mode of P-O and C-O 
groups, respectively [65,66] that proved the formation of HA layers 
after immersion for 7 and 14 days [67]. According to images, Fig. 3(a) 
showed no crystalline HA, Whiles, Fig. 3(b) and (c) exhibited the 
phosphate and carbonate peaks, and they were more significant on the 
14th day of immersion. In addition, the intensity of peaks changed by 
increasing Ag percentage in Ag-substituted 58S BG. As it was obvious, 
these peaks were weak for the higher amount of Ti/Ag-BG, whiles they 
were more powerful for the lower percentage of Ti/Ag-BGs. Addition-
ally, the highest intensity was seen in TA2. Besides, Buriti et al. [68] 
reported that sol-gel derived Ag-substituted 45S5 BG surface was a 
favorable substrate for apatite nucleation and deposition due to the 

presence of distinct phosphate bands in the FTIR spectrum. The FTIR 
results in Sharifianjazi. et al. study [56] proved that the time of HA 
formation in 58S-BG substituted with 2 mol. % Ag is earlier than sol-gel 
derived Ag-substituted 58S BG with 0 mol. % due to the FTIR spectrum 
of BG with 2 mol. % Ag appeared in 3 days after soaking but for free Ag 
BG it prolonged. 

3.4. Surface morphology 

The SEM images present the T/A-BGs surfaces before and after 
soaking in SBF solution. According to Fig. 4, the SEM images of TA0, 
TA1, TA2, TA4, TA6, and TA8 are exhibited after 7 and 14 days of im-
mersion in SBF solution. Meanwhile, EDS analysis of formed HA on the 
surface of TA2 after immersion for 14 days in SBF solution is shown in 
Fig. 5. As it was evident, the HA globules were formed on the BG surface 
after 7 days of immersion, and it was considerable on the 14th day of 
immersion. Additionally, the amount of HA formed changed by 
increasing Ag percentage. As it was obvious, by increasing the Ag per-
centage, the HA amount firstly increased until 2 mol. %, and then it 
decreased up to 8 mol. %. In addition, according to Fig. 5, the EDS 
analysis exhibited the peaks of Si, P, Ca, C, O, Ti, and Ag and their in-
tensities. Therefore, according to SEM and EDS analysis, it can be stated 
that the TA2 specimen exhibited the highest bioactivity in all T/A-BGs. 
According to the previous researcher, Jurczyk et al. [43] confirmed that 
Ti/Ag-incorporated BG could enhance bioactivity by increasing HA 
formed on its surface. Additionally, Sharifianjazi. et al. [56] affirmed 
that Ag-substituted 58S BGs with 2 mol. % illustrated more pronounced 
HA formation and better bioactivity than Ag-substituted BGs with 4 and 
6 (mol. %) after immersion in SBF solution. Also, it was reported that 
spherical HA was formed on Ag-incorporated 58S BG, and by increasing 
immersion time up to 14 days, the amount of HA was enhanced [69]. 
Furthermore, Vulpoi et al. [59] reported that the bioactivity and 
biocompatibility of Ti/Ag-substituted BGs increased by increasing the 
percentage of Ag from 0 to 10 (mol. %). Hence, according to previous 
research, the presence of Ag with the different amounts in various types 
of BG had the same effect on bioactivity, and BG containing low amount 
of Ag between (1-3 mol. %) exhibited better HA formation on BG sur-
face, and also, this investigation was in good agreement with related 
studies in the effect of Ag on BG overtime. Taken together, based on SEM 
results, TA2 BG had the best HA formation ability compared to all of the 
synthesized T/A-BGs. 

Fig. 2. XRD patterns of T/A-BGs before immersion (a) and after immersion in the SBF solution for 7 days (b) and 14 days (c).  

Fig. 3. The FTIR spectroscopy of T/A-BGs before immersion (a) and after immersion in the SBF solution for 7days (b) and 14 days(c).  
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3.5. ICP analysis 

Fig. 6 illustrates the results of the ICP test on T/A-58S BGs that 
exhibited the function of Si, Ca, P, Ti, and Ag ions that release in SBF 
solution. The Ag ions released rapidly in the first three days of 

immersion and followed by, the release speed of Ag ions diminished by 
overtime up to 14 days. According to images, the concentration of Ag 
ions was in the range of 0-0.6 ppm. That means it was higher than the 
minimum value of bactericidal efficiency (0.1 ppm) and less than the 
maximum value for cytotoxicity of Ag (1.6 ppm) [70]. Additionally, the 

Fig 4. The SEM images of (a) TA0, TA1, and TA2, (b) TA4, TA6, and TA8 BGs before and after immersion in SBF solution for 7 and 14 days.  
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Ca and Si concentration in SBF solution reduced by increasing immer-
sion time after a sudden increase in Si and Ca ions releasing up to 3 days. 
In addition, the P ions concentration increased up to 3 days and after 
that, the ion release rate decreased due to the formation of HA. Besides, 
Jurczyk et al. [47] Confirmed the trend of altering P and Ca ions con-
centration by increasing immersion time. Furthermore, it was stated that 
[69] by increasing Ag amount substituted with CaO, Ag ions released 
rapidly in the first period of immersion time, which was followed by a 
decrease in its release rate in other days. Besides, Sharifianjazi et al. 
affirmed that [56] by increasing immersion time decreasing P concen-
tration rate increased. Additionally, Simon. et al. reported that the high 
amount of Ti (8-10 mol. %) retarded the formation of HA but releases 
more Ag ions [71]. Hence, the trend of changing ions release rate was 
similar with previous studies, however, the different amount of ions 
release can be attributed to the various BG with varying methods of 
synthesis. Taken together, even though TA8 showed its excellence in 
ions release amount in comparison to other T/A-BGs but it could cause 
toxicity for BG. 

3.6. pH values 

pH value test was done on the SBF solution that TA-BGs were kept in 
it for different immersion time. As it is obvious, the results are exhibited 
in Fig. 7 and demonstrate that by increasing Ag percentage, the pH value 
decreased, but increasing immersion time had a different effect on pH 
value and led to increasing it. Additionally, pH value affected on 
bactericidal efficiency of TA2 and caused it to show more antibacterial 
activity in comparison to other T/A specimens. Moreover, Sharifianjazi 
et al. [56] reported that the range of pH value of sol-gel derived 
Ag-doped 58S BG was between 7.2 and 8.5, and also pH amount of BG 
containing 2 mol. % Ag was higher than BG, containing 4 and 6 (mol. %) 
after 3 days immersion. Besides, Nezafati et al. [72] affirmed that 
bactericidal efficiency of sol-gel derived 68S BG containing 0.5, 1, and 2 
mol % Ag attributed to pH value and 0.5 mol. % Ag-substituted BG 
exhibited the highest antibacterial efficiency due to its high pH value in 
comparison to other Ag-BG specimens. According to previous research 
and our investigation, the trend of decreasing pH value according to Ag 
concentration and increasing pH value according to immersion time was 
the same, but the range of pH value was different that related to BGs 

composition. Hence, the TA2 exhibited the highest pH value after TA1 in 
comparison to other T/A-BGs with a higher amount of Ag. 

3.7. In vitro biological evaluation 

3.7.1. Live-dead assay 
To determine the effect of fixed 5 mol. % Ti and various amount of Ag 

on cell viability in T/A BGs, the TA0, and TA2 were assayed for 7 and 14 
days incubation, and the results are exhibited in Fig. 8 According to the 
results, stained cells are in two different colors that green cells showed 
the live cells whiles red cells displayed dead cells. Additionally, the dead 
cells are more in TA0 than TA2, and by increasing incubation time up to 
14 days, the accumulation of the cells enhanced in both TA0 and TA2, 
but it was more significant in TA2. Furthermore, it was stated that [15] 
the influence of Ag in sol-gel derived 58S-BG specimens were obvious 
and also BG containing 2 mol. % Ag exhibited more numbers of live cells 
than BG containing 6 mol. % Ag. Besides, Newby et al. [73] confirmed 
that foam replicating derived 45S5 BG containing a low percentage of 
Ag had better and more effective results in the number of live cells than 

Fig. 5. The EDS spectroscopy of TA2 after immersion for 14 days in SBF solution.  

Fig. 6. The ions release rate of (a) Si, (b) Ca, (c) P, (d) Ti, and (e) Ag elements for 0,1, 3, 7, and 14 days.  

Fig. 7. The pH values of synthesized T/A-BGs for 0, 1, 3, 7, and 14 days.  
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45S5 BG containing a high percentage of Ag. Hence, according to pre-
vious results and our investigation Ag had the same effect on the 
mentioned BG in live/dead assay. Besides, the presence of Ti and Ag 
together in all T/A-BGs caused that the specimens were not be toxic and 
were in good agreement with the MTT results (Fig. 9). 

3.7.2. MTT assay 
The stimulating effect of T/A-BGs on osteoblast-like cell line 

(MC3T3-E1) proliferation is described in Fig. 9 as it was revealed, in the 
7 days of incubation, Firstly, an increase in cell proliferation of T/A-BGs 
was seen and then, by increasing Ag percentage more than 2 mol.%, OD 
decreased (*p<0.05). Furthermore, this trend was repeated in all incu-
bation times, and the difference between TA2 and TA0 was significant in 
14 days of immersion (**p<0.01). Additionally, by increasing immer-
sion time up to 14 days, the cell proliferation improved in all T/A 
specimens. According to previous studies, Jurczyk et al. [43] reported 
that T/A-incorporated 45S5-BG displayed an increase in cell prolifera-
tion and an increase in the relative number of viable cells. Additionally, 
Phetnin et al. [74] reported that by increasing the percentage of Ag from 
0 to 5 (mol. %) in Ag-incorporated 77S-BGs, cell viability percentage 
decreased. Moreover, Mariappan et al. [57] confirmed that for the 
Ag-substituted BG with 2 mol. %, not only a non-cytotoxic effect was 
detected on the osteoblastic cells of MC3T3.E1, but also had an accel-
eration effect on osteoblastic cells growth. Hence, according to the MTT 

results, it could be concluded that TA2 BG showed the highest MTT 
activity of MC3T3.E1 in comparison to other T/A-BGs. 

3.7.3. ALP activity 
The results of ALP activity on TA0, TA1, TA2, TA4, TA6, and TA8 

were revealed after incubation for 0, 7, and 14 days. According to 
Fig. 10, it was evident that the ALP activity increased from 0 to 2 (mol. 
%) of Ag, and then, by increasing Ag percentage more than 2 mol. %, it 
decreased. 

In other words, on the 7th day of immersion TA2 showed more ALP 
activity than BG with the lowest amount of Ag (TA0) and BG with the 
highest amount of Ag (TA8) in this study (*p<0.05). Additionally, this 
trend was similar in all incubation times, but it was more significant on 
the 14th day of immersion between TA2 and TA1 (**p<0.01). 
Furthermore, by increasing incubation time up to 14 days, the ALP ac-
tivity of all T/A-BGs improved. Furthermore, it was confirmed that [51] 
Ag had an even effect on their BGs, and by increasing the Ag percentage 
to 4 mol. %, its effect increased, and then, by increasing Ag percentage 
more than 4 mol. % it decreased. Besides, Chernousova. et al. [75] 
affirmed that a high amount of Ag in sol-gel derived 45S5 BG led to 
cytotoxicity [38,76]. Hence, by increasing the incubation time up to 14 
days, the ALP activity enhanced, and TA2 BG exhibited the highest ALP 
activity. 

3.7.4. Antibacterial analysis 
The antibacterial test was done on TA0, TA1, TA2, TA4, TA6, and 

TA8 and the results are shown in Fig. 11. According to the results, the 
effect of Ag as an antibacterial element is obvious on T/A-BGs. Addi-
tionally, the presence of Ti beside Ag enhanced the antibacterial effi-
ciency in this assay. As it was evident, in the first 7 days of immersion, by 
increasing the amount of Ag up to 8 mol.%. Firstly, the antibacterial 
efficiency increased until to 2 mol. % Ag and then by increasing Ag 
percentage up to 8 mol. %, it decreased (∗p< 0.05). In addition, this 
trend was repeated on the 14th day of immersion and was significant 
between T/A specimens, especially between TA2 and TA0 (**p<0.01). 
According to previous results, it was affirmed [43] that addition of Ag to 
BG containing Ti increased the antibacterial efficiency. Besides, it was 
reported that Ti and Ag-incorporated 45S5 BG with 1.5 mol. % Ag 
exhibited the lower adhesion of S.aureus and significant antibacterial 
activity [43]. Furthermore, It was confirmed that 45S5-BG substituted 
with 10 Ti and Ag (mol. %) showed the highest antibacterial efficiency 
due to Ag ions surrounded the environment and destroyed the bacteria 
cell walls [47]. 

Up to now, the main reasons for the antibacterial activity of BGs have 
not been discovered yet, but some possibilities explain it. The first one of 

Fig. 8. The live (green)/ dead (red) fluorescence of MC3T3-E1 cells on TA0 and 
TA2 after 7 and 14 days. (For interpretation of the references ti color in this 
figure legend, the reader is referred to the the web version of this article.). 

Fig. 9. The MTT activity of TA0, TA1, TA2, TA4, TA6, and TA8 after immersion 
for 0, 7, and 14 days (*p<0.05, **p<0.01). 

Fig. 10. The ALP activity of T/A-BG after immersion for 0, 7, and 14 days 
(*p<0.05, **p<" 0.01). 
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attributions was the release of alkaline earth ions, which caused an in-
crease in pH values. Another reason was the release of ions such as 
calcium and phosphate that have a toxic effect on the bacteria [38,76]. 
Hence, T/A-BG exhibited high antibacterial efficiency because of their 
effects on pH values. 

4. Conclusion 

As a result, the 58S BG with formula 60 % SiO2 − (36 − X) % CaO −

4% P2O5 − 5 % TiO2 − X % Ag2O, (X=0, 1, 2, 4, 6, and 8 mol. %) 
synthesized by sol-gel method and was investigated through some 
structural and biological analysis. According to the results, XRD patterns 
exhibited the HA peaks after immersion in SBF solution for 7 and 14 
days. And by increasing the immersion time, the HA peaks were pro-
nounced and confirmed that the HA formed increased. Additionally, the 
specimen with 5 Ti and 2 Ag (mol. %) (TA2) exhibited the highest 
bioactivity in comparison to all synthesized T/A-58S BGs. Besides, The 
FTIR images showed the Si, O, P, H, Ti, and Ag bonds and affirmed the 
formation of HA after immersion in SBF solution for 7 and 14 days. 
Furthermore, the different percentages of Ag altered the HA formed 
amount and TA2 exhibited the highest HA formation. The SEM images of 
T/A-BG revealed the globules of HA on the specimen surface. Also, by 
increasing immersion time, the bioactivity increased and the TA2 BG 
showed the highest bioactivity. Meanwhile, the EDS analysis detected 
the elements that were in the specimen. The biological assays such as 
MTT, ALP, and antibacterial activity exhibited the positive effect of Ag 
on cell proliferation, cell viability, and antibacterial efficiency. More-
over, ICP analysis and pH test determined the ions release and pH 
amount of elements, respectively. Taken together, TA2 BG was reported 
as the best candidate in providing cell viability, antibacterial, and in vitro 
bioactivity in comparison to others and could be considered as the 
optimal T/A-58S BG. 
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