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A B S T R A C T   

The principal focus of this study was to evaluate the effect of different strontium (Sr) percentages substitution (Sr 
content = 0, 1, 3, 6, 9, and 12 mol. %) and fixed 5 mol. % titanium (Ti) in bioactive glass (T-BG) in terms of in 
vitro biological, bactericidal, and structural behaviors of SiO2-60%, CaO-(31-x)%, P2O5-4%, TiO2-5%, SrO-X% 
(mol. %) TS-BG. The structural analysis of BGs specimens containing Ti and Sr was performed by scanning 
electron microscopy (SEM), X-ray diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDS), Fourier 
transform infrared spectrum (FTIR), Transmittance electron microscopy (TEM), and Inductively coupled plasma- 
atomic emission spectroscopy (ICP-AES) analyses. The alkaline phosphatase (ALP) activity test and 3- 
(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) analysis were also conducted to investigate in 
vitro biological behavior of TS-BGs. Meanwhile, the bactericidal efficiency of TS-BGs against MRSA was 
examined. 

The SEM results indicated that hydroxyapatite (HA) appeared on TS-BGs’ surface after one and two weeks of 
immersion in the simulated body fluid (SBF). HA characteristic peaks in XRD patterns as well as P–O and C–O 
bands in FTIR spectra confirmed the in vitro bioactivity. A similar trend in altering MC3T3 cell proliferation and 
cell differentiation was observed by increasing Sr amount up to 6 mol. %. Then, it had a downward trend up to 
12 mol. % Sr. Meanwhile, the more Sr amounts added, the more TS-BGs antibacterial activity was achieved, and 
the specimen with 12 mol. % Sr and fixed 5 mol. % Ti (TS12) showed 34.27% bactericidal efficiency more than 
the control specimen (TS0). Taken together, the specimen with 6 mol.% Sr and fixed 5 mol. % Ti (TS6) was 
chosen as an optimal specimen among the other synthesized TS-BGs because of its higher in vitro bioactivity (HA 
forming ability after 7 days), MC3T3 cell proliferation, differentiation, and bactericidal efficiency than other 
specimens.   

1. Introduction 

Tissue engineering (TE) has emerged as an applied and integrated 
field that aims to design and induce new biological substitutes and 

integrate with biological cells for regenerating and improving damaged 
tissues [1]. The cells, biomaterials, and factor therapy are indeed used to 
grow and modify the living cells to replace or repair tissues damaged 
because of a genetic disorder, different kinds of diseases, or trauma [2]. 
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Biomaterials also promote cell proliferation and attachment, which lead 
to regenerating and forming bone. Therefore, biomaterials play a 
fundamental role in this field [3–5]. They can further provide an 
extracellular matrix for bone regeneration as scaffolds. In fact, they have 
been able to contact cells and blood and be replaced by hard and soft 
tissues [6–9]. One type of biomaterials is bioactive glass (BG), which has 
emerged as a glass-ceramic for bone tissue engineering (BTE) applica
tions. Moreover, BGs should be able to accomplish some criteria. To be 
more precise, they should be able to enhance cell proliferation, activity, 
and adhesion. Moreover, not only should they be biocompatible but also 
not lead to cytotoxicity. Furthermore, stimulate osteogenesis and pro
mote bone regeneration should be one of their abilities [10–12]. The BG 
can also bond to the bone through hydroxyapatite (HA) formation on the 
BG surface. 

Larry Hench et al. invented the first BG many years ago to bond to 
bone and stimulated osteogenesis [13–15]. Also, there are different 
types of BG like 58S [16], 68S [17,18], as well as 77S [19]. Additionally, 
the ability of HA formation on BGs’ surface [20], bone-forming, regen
erating [21], regulator biodegradability [22], and bactericidal activity 
[23,24] make BGs a promising candidate in the BTE field. Moreover, 
there are different methods for BGs’ synthesis; (i) melt-quench tech
nique, (ii) sol-gel method. The latter is considered to be more simple and 
easy when compared to the melt-quench [25]. The sol-gel method is fast 
to apply and easy for a wide range of synthesized compounds [25,26]. 
Nowadays, BGs have broader applications in medical fields such as 
regeneration and repair of bone [27], filling space as filler [28], and eye 
prothese or improves the function of jaw bone and teeth [29,30]. 
Various amounts of magnesium (Mg) [31], silver (Ag) [32], zinc (Zn) 
[33], lithium (Li) [34], copper (Cu) [35], titanium (Ti) [36], and 
strontium (Sr) [37] have been combined with BG in various cases. For 
example, titanium (Ti) is considered a high biocompatible ion with a 
broad applications, such as surgical equipment, joint replacement, and 
dental implants [38,39]. Interestingly, the previous study reported that 
titanium oxide could improve some properties like antibacterial and 
photocatalytic [40]. It is noteworthy that the effect of Ti on the cell 
viability, cell proliferation, and bioactivity properties was investigated 
[41,42]. In addition, Moghanian et al. introduced the positive individual 
effect of substituted Ti in 58s-BG in terms of biological and structural 
properties [43]. Additionally, strontium with the symbol of Sr in the 
periodic table often replaces Ca because of its similarity in bone for
mation and highly reactivity [44]. Moreover, Sr is also recognized as an 
influential therapeutic element to stimulate the generation of bone [45]. 
It has been reported that the incorporation of Sr in BGs promoted me
chanical and bioactivity properties [46]. Also, the impact of Sr on 
osteoblast and osteoclast cells was previously investigated and the 
research revealed that Sr led to an increase and decrease in the activity 
of osteoblast and osteoclast cells, respectively [47,48]. 

Different diseases put the human body in danger of some problems 
like infection. Also, many people exposures to bacteria risk and are 
infected annually. On the one hand, infection plays an inhibited role in 
most surgeries. On the other hand, Methicillin-resistant Staphylococcus 
aureus (MRSA) is recognized as a severe bacteria that commonly has 
been the cause of infection especially skin infection [49]. Since it is 
highly resistant against antibiotics, selecting MRSA as tested bacteria 
has been challenging [50]. Therefore, modified BGs have been intro
duced as an effective solution for this issue due to their biocompatible 
and positive response [41,47,51]. The goal of antibacterial assays on 
BGs was to measure their response when in contact with selected bac
terias [52–54]. Many investigations were already reached from 
substituted SrO with CaO in different kinds of BGs. However, the re
ported results have not been the same, and there were some contradic
tions. On the one hand, some investigations stated the negative effect of 
Sr on bioactivity efficiency [55–57], while other studies did not affirm 
this result about in vitro bioactivity [58,59]. Some studies confirmed that 
by increasing Sr amount, cell proliferation increased, followed by it 
decreased in all incubation times [10,55]. In contrast, in another one, 

the silicon-based 45S5-BG that Ca was substituted with 0, 10, 50, and 
100% Sr, in which it was illustrated that by increasing the amount of Sr 
and time after culture, the cell proliferation increased. Both these factors 
(Sr content and time) were reported as influential [56]. Also, an incre
mental cell proliferation trend was previously reported [57]. It is note
worthy that in some research, the ALP activity of BG containing Sr [60, 
61] was first upward and then downward while; in others, it increased 
and then continued with a steady rate [60,62]. 

We aimed to analyze the simultaneous impact of Ti with an amount 
of fixed 5 mol. % and Sr in the range of 0–12 mol. % on structural, 
biological, and bactericidal efficiency of 58S-BG, which was derived by a 
sol-gel method and containing SiO2-60, CaO-(31-x), P2O5-4, TiO2-5, 
SrO-X (mol. %) (X = 0, 1, 3, 6, 9, and 12 mol. %). Furthermore, in order 
to characterize co-doped Ti and Sr in bioactive glass (TS-BG) structure, 
some assays such as, scanning electron microscopy (SEM), X-ray 
diffraction (XRD) analysis, Energy-dispersive X-ray spectroscopy (EDS) 
analysis, and Fourier transform infrared spectrum (FTIR), Transmittance 
electron microscopy (TEM), and inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) were done to appraise in vitro bioac
tivity of synthesized TS-BG through monitoring the HA formation on TS- 
BG surfaces. Besides, alkaline-phosphatase (ALP) test 3-(4,5dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and 
antibacterial efficiency analyses were performed to evaluate the bio
logical property. The optimal composition of synthesized TS-BG with the 
highest efficiency in TE and the biomedical application was then 
discussed. 

2. Materials and methods 

2.1. Materials 

To synthesize TS-BGs with formula SiO2-60, CaO-(31-x), P2O5-4, 
TiO2-5, SrO-X (mol. %) (where X = 0, 1, 3, 6, 9, and 12 mol. %), some 
primary materials such as tetraethyl orthosilicate (Si(OC2H5)4 -TEOS, 
Merck), calcium nitrate tetrahydrate (Ca(NO3)2 4H2O, Merck), triethyl 
phosphate ((C2H5)3PO4 -TEP, Merck), tetraethyl orthotitanate ((C2H5O) 
4Ti (TEOT), St Louis, Mo, Sigma-Aldrich) and strontium nitrate (Sr- 
(NO3)2, Sigma-Aldrich) were purchased. Additionally, after forming 1- 
cm-diameter discs and 0.3 g weight specification, the mentioned speci
mens were soaked in the simulated body fluid (SBF) for specified times 
and then used for in vitro analyses [61]. 

2.2. TS-BGs synthesis 

For the synthesis of TS-BGs powder, nitric acid with the amount of 
0.1 N and distilled water were mixed and stirred for 45 min. Followed by 
TEOS and TEP added separately. TEOT and Sr(NO3)2 were then added. 
After adding each of the materials, the solution was stirred for 45 min 
and to obtain a homogeneous solution, 1 h stirring was required. 
Additionally, after synthesizing the solution, three steps were required 
to change the solution to powders. Firstly, the solution was poured in a 
beaker and enclosed with mesh foil to protect the solution from pollu
tion, and to remove water, they were maintained at room temperature 
for 72 h. Secondly, to complete the water evaporation, the beaker was 
heated at 80 ◦C for 3 days. Lastly, the process of calcination was done at 

Table 1 
The composition of synthesized TS-BGs in mol. %.  

Bioactive glass Lable SiO2 CaO P2O5 TiO2 SrO 

58S–5%TiO2–0%SrO TS0 60 31 4 5 0 
58S–5%TiO2–1%SrO TS1 60 30 4 5 1 
58S–5%TiO2–3%SrO TS3 60 28 4 5 3 
58S–5%TiO2–6%SrO TS6 60 25 4 5 6 
58S–5%TiO2–9%SrO TS9 60 22 4 5 9 
58S–5%TiO2 –12%SrO TS12 60 19 4 5 12  
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700 ◦C for 72 h to remove residual nitrate and water. All synthesized TS- 
BGs compositions are exhibited in Table 1. 

2.3. Characterization of T/S-BGs specimens 

2.3.1. Oxygen and bioactive glass density measurement 
To calculate the oxygen density of TS-BGs, the below formula was 

used [63]. According to the formula, The X and the M are the mol 
fraction and atomic mass of components in the composition, respec
tively. Furthermore, ρ (the density of TS-BG) was measured by the liquid 
displacement method. 

ρO =MO × (2XSiO2 +XCaO + 5XP2O5 +XTiO2 +XSrO) / [XSiO2MSiO2 +XCaOMCaO 

+XP2O5MP2O5 +XTiO2MTiO2 +XSrOMSrO]

×ρ− 1
glass  

2.3.2. X-ray diffraction analysis (XRD) 
To investigate the appearance of HA on BGs surface, the X-ray 

diffraction test was applied on TS-BGs with an X-ray source (Cu-Kα ra
diation) at 40 kV and in a range of 10◦–60◦. 

2.3.3. Fourier-transform infrared spectroscopy analysis (FTIR) 
The FTIR spectroscopy (Nicolet, NEXUS 670) was performed on TS- 

BGs to evaluate different and efficient changes in the wavelength range 
of 400–4000 cm− 1 (by the 8 cm− 1resolution). 

2.3.4. Energy-dispersive X-ray spectroscopy (EDS), scanning electron 
microscopy (SEM), and transmittance electron microscopy (TEM) 

The scanning electron microscopy (SEM) analysis was done by 
MIRA3-TESCAN (Czech) apparatus to consider and detect the formed 
HA on the TS-BG surface after one week and two weeks of soaking in the 
SBF solution. Additionally, the EDS was carried out to detect the 
different elements in the structure of HA. Moreover, transmittance 
electron microscopy (TEM) was performed to confirm the in vitro 
bioactivity. 

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

The ICP-AES determined the presence and ion release rate of various 
elements such as Ca, Si, P, Ti, and Sr in TS-BGs structure after soaking in 
the SBF solution for duration 1, 3, 7, and 14 days. Besides, the value pH 
variation of TS-BG specimens was measured by (Corning pH-meter- 340, 
USA) at the end of each specific soaking period in the SBF solution. 

2.4. Biological investigation 

2.4.1. Alkaline phosphatase (ALP) activity and MTT assay 
MTT and ALP tests were performed on TS-BGs to investigate the cell 

proliferation and osteoblastic activity of MC3T3-E1 cells, respectively. 
In addition, the living cells and the constructor’s suggestions (BioCat, 
Heidelberg, Germany) cause decreasing tetrazolium salt to formazan 
crystals in the MTT and ALP assays. Additionally, the MC3T3-E1 cells 
with 1 × 104 cells/cm2 density cultured in 24-well plates in the condi
tion involved the humidified atmosphere, 37 ◦C temperature for one and 
two weeks, and for the amount of p-nitrophenyl liberated, the enzyme 
activity was fixed at 410 nm [64]. 

2.4.2. Antibacterial studies 
The Antibacterial activity 58S-BGs substituted with Sr and Ti against 

MRSA with a dilution amount between 0.5 × 108 and 2 × 108 ml− 1 was 
evaluated [39,65]. For culturing the MRSA bacteria, at first, 10 mg 
TS-BGs particles were added to tubes with 1.5 ml Eppendorf, and then 
the medium was added (0.9 ml LB) and stirred for 60 s. Afterward, the 
next step was the addition of 0.1 ml bacterial suspension into each 
Eppendorf tube, which was done before culturing at 37 ◦C for 1 h. In the 

last step, after dilution, 100 μl suspensions were plated onto LB-agar 
plates and immersed in a dark place for one night at 37 ◦C [39]. 
Hence, the antibacterial efficiency was measured using the final 
colony-forming units per milliliter (CFU/mL) [39,65,66]. 

3. Results and discussion 

3.1. Oxygen density (OD) 

The presence of additive elements to BG can alter the glass network 
[67]. Ti and Sr can also affect network connectivity, oxygen density 
[63], and solubility [68]. According to the ionic radius of Ca (100 p.m.), 
Ti (68 p.m.), and Sr (113 p.m.), the substitution of Ti with Ca led to the 
compactness of the BG network because of the smaller ionic radius of Ti 
than Ca, resulting in an increase in oxygen density and decrease in 
solubility. In contrast, the substitution of Sr to Ca had a diverse effect on 
the oxygen density, and it decreased. Moreover, the solubility and ion 
releasing were enhanced by increasing Sr amounts in the BG composi
tion. Table 2 exhibits the oxygen density of TS-BGs, and Fig. 1 displays 
the variation of the oxygen density with different SrO contents in 
TS-BGs. As shown in Fig. 1, the oxygen density of TS-BGs, with a fixed 5 
mol. % Ti and different amounts of Sr, was decreased. Ti and Sr sepa
rately led to an increase and decrease of oxygen density due to their 
lower and higher radius ion compared to the Ca’s. Additionally, Ti and 
Sr’s simultaneous effect on oxygen density was conceived. The results 
demonstrated that the oxygen density amount of consequent the 
simultaneous effect of Ti and Sr on TS-BGs was between the oxygen 
density amounts of BGs when Ti and Sr were added separately. It was 
then confirmed that in silicon-based 58S-BGs when SrO substituted with 
CaO, the addition of Sr to composition led to a decrease in oxygen 
density of BGs [63]. Hence, additive elements to the composition can 
alter BG’s oxygen density. In fact, the amount of its change corresponds 
to the ionic radius and the percentage of the additive elements. Besides, 
the simultaneous effect of fixed 5 mol. % and different amounts of Sr 
(mol. %) led to a decrease in the oxygen density of TS-BGs, which is 
shown in Table .2. 

3.2. XRD analysis 

The XRD analysis was performed to confirm the HA formation on TS- 
BGs surface, and Fig. 2 shows the immersion result of TS0 and TS6 
before and after (1 and 2 week(s)) soaking in SBF solution. The TS-BGs 
showed two peaks ascribed to 2 thetas (25.8◦ and 31.8◦) that corre
sponded to the formation of crystalline HA on the TS-BG surface in 
agreement with the standard JCPDS (No. 09–432) [69]. It is noticeable 
that there are no HA characteristic peaks in the patterns before im
mersion (see Fig. 2). The HA peaks appeared after one week immersion 
and became more pronounced after two weeks. In addition, the Sr 
content affected the intensity of peaks related to HA, and by enhancing 
the Sr content, the peak intensity almost diminished. Furthermore, the 
peak intensities were higher in TS0 (control specimen) than TS6. 
Moreover, It has been reported that in sol-gel derived substituted 
58S-BG, Sr free-BG displayed intense HA characteristic peaks in com
parison to BG containing Sr [10]. Also, Hoppe et al. [70] found that BG 
without Sr exhibited sharper HA peaks in comparison to BG containing 
different amount of Sr percentage (0, 1, 2.5, and 5 wt %). In another 
research, Oliveria et al. [62] confirmed that substituted diverse low 
amounts of Sr (0, 0.5, 1, 1.5 wt %) in HA coating had the same effect on 
decreasing the peaks intensity, while HA coating containing no Sr 
showed higher characteristic peaks intensity. Besides, Capuccini et al. 
demonstrated that when Sr substituted into HA structure, the peak 
patterns changed and became broader than Sr-free HA. As a conclusion, 
peaks can become broader by increasing the amount of Sr substituted 
into HA structure [57]. Altogether, our obtained XRD results were in 
well agreement with the previous results and showed the sharpest 
characteristic peaks corresponding to the HA formation for TS0. 
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3.3. FTIR evaluation 

Fig. 3 presents the obtained results of FTIR transmittance spectra for 
TS0 and TS6 after one week and two weeks days soaking in the SBF 
solution. As it was apparent before immersion, no HA peaks were 
observed. While the P–O and C–O peaks attributed to HA formation were 
seen after immersion in the SBF. In other words, the formation of HA in 
the specimen with Sr was prolonged compared to the Sr-free specimen. 
In fact, the Sr retarded the formation of HA on BGs surface, and XRD 
patterns confirmed it. It was exhibited the C–O as well as P–O bands 
around 1455 cm− 1, 870 cm− 1, and 570 cm− 1, 603 cm− 1, respectively. 
Additionally, the peak near 1250 cm− 1, (1000–1100) cm− 1, and 470 
cm− 1 belonged to Si–O–Si (vibration mode), peak at 790 cm− 1 attributed 
to Si–O (symmetric stretching), and the OH group appeared at 1651 and 
3500 cm− 1. According to other previous results, Hoppe et al. [70] stated 
that the C–O and P–O stretching bands appeared in (570, 600) cm− 1 and 
(1420, 1500) cm− 1, respectively, in flame-spray derived BG containing 
0, 1, 2.5, and 5 mol. % Sr. Furthermore, Wu et al. [60] observed that the 
peaks near 860 and 1450 cm− 1 were attributed to C–O stretching in FTIR 
spectra. Also, some peaks appeared in 470 and 1076 cm− 1, which cor
responded to the asymmetric stretching vibration of Si–O–Si. Moreover, 
it was reported that the C–O and P–O banding that attributed to HA 
formation appeared after 3 days soaking in TS0, whiles it happened after 
one week of soaking for 58S-BG with 5 and 10 mol. % Sr [10]. Besides, it 
was reported that by enhancing Sr in the range of 1–5 mol. % in BG that 
substituted with fixed 3 mol. % Ti, the spectra intensity decreased [55]. 
In addition, Fig. 4 is shown the under curve area of FTIR spectra of TS0 
and TS6 specimens in different ranges from 1070 to 1140 cm− 1 after 14 
days of soaking in the SBF solution. It should be noted that the ratio 

peaks at 1070 and 1140 cm− 1 illustrated the HA maturity. The 
under-curve areas of TS0 and TS6 were measured after normalizing the 
data, and the results were 0.60 and 0.58, respectively. It showed that the 
specimen containing Sr amount prolonged the formation of HA and 
decreased the under curve area compared to specimen free Sr. Moreover, 
According to previous research, Faraly et al. [71] investigated that 
increasing the ratio of peaks at 1070 and 1140 cm− 1 showed the 
maturity of HA. Furthermore, Moghanian et al. stated that the sol-gel 
derived 58S-BG with Sr and Li elements in the composition have 
retard the formation of HA on the BG surface [63]. In other words, the 
formation of HA in specimens with Sr was prolonged compared to 
specimens without Sr. In fact, the Sr retarded the formation of HA on 
BGs surface, and XRD patterns confirmed it. 

3.4. SEM 

The SEM and EDS results of TS0 and TS6 are presented in Fig. 5. 
According to Fig. 5, the agglomerate HA was obvious in TS-BGs after one 
and two weeks of soaking in the SBF solution, and the EDS result 
confirmed the presence of elements in the composition. The formed HA 
amount was more remarkable in two weeks than one week in all TS-BGs, 
and on the 14th day, the TS-BGs surfaces were fully covered by HA 
globules. Moreover, the SEM results revealed that the amount of HA 
formed was more significant in TS0 than TS6 with higher Sr amounts 
because of retarding the HA formation by Sr’s presence in specimens. 
Besides, Fig. 6 shows the TEM image of TS6 before and after immersion 
in the SBF solution for two weeks. It should be noted that it was not 
observed any crystalline HA on the BG surface before immersion. While, 
the HA globules (average diameter equal 80 nm) were observed on the 

Table 2 
The oxygen density of TS-BGs.  

TS-BGs TS0 TS1 TS3 TS6 TS9 TS12 

Oxygen density 0.77±0.007  0.768±0.006  0.7637±0.005  0.7575±0.004  0.7512±0.003  0.75±0.002   

Fig. 1. The oxygen density of all synthesized TS-BGs.  
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BG surface that was a confirmation for the SEM results. According to 
other research, Goel et al. [72] reported that Sr’s presence in BG altered 
the morphology and amount of HA formation on BG surface, i.e., 
increasing Sr percentage decreased the bioactivity. Moreover, Aina et al. 
[73] observed that in Sr-substituted HA, Sr’s addition in different levels 
(2, 4 mol.%) into composition changed the morphology and structure 
during soaking and also led to a decrease in the crystalline degree of 
specimens. On the other hand, Hoppe et al. evidenced that substitution 
Sr in flame-spray derived 53S BG, inhibited the HA crystallization and 
decreased the crystallite size and crystallinity degree [70]. In addition, 
based on SEM image results, Oliveria et al. [62] noticed that the Sr 
percentage amount directly affected the thickness of formed HA in Sr 
substituted HA coating. In all specimens, free Sr HA coating was the 
thickest, whiles a coating containing 1.5 mol. % Sr displayed the fewest 
thickness of HA. 

It should be noted that the reason for the negative effect of Sr on the 
bioactivity of BGs could be proved because of the ion radius of Sr (113 
ppm), which is more than Ca (100 ppm). Therefore, by substituting CaO 
with SrO, the unit cell size increased by expanding the unit dimension, 
which led to decreased crystallinity. Hence, the Sr substitution in BG 
retarded the formation of HA, and by increasing Sr amount, this effect 
became more significant. Therefore, it can be concluded that TS0 had 
higher in vitro bioactivity and more formed HA when compared to other 
TS-BGs specimens. 

3.5. ICP analysis 

The ICP-AES was performed to evaluate the ion release rate in 

composition. Also, Fig. 7(a)-(e) displays ions changes after 0, 1, 3, 7, and 
14 days immersion in the SBF solution. The Si and Ca ions had a similar 
trend in TS-BGs. On the first day of immersion, a decrease rate was 
observed, but it did not prolong, and then the ion release rate decreased 
until two weeks. Interestingly, the P ions had a reverse behavior. In all 
periods, the release rate was diminished by different speeds, which 
could be attributed to the formation of HA during the immersion time. 
Our results suggested that the presence of Sr in TS-BGs altered the 
amount and rate of release of Sr ion. In other words, the release of Sr ions 
was high in the first 3 days of immersion, but it diminished with 
enhancing time of immersion up to two weeks that attributed to the 
formation of HA. The maximum and minimum release of Sr ion were 
attributed to TS1 and TS12 that were 2 and 28 ppm after 1 day im
mersion, 5 and 60 ppm after 3 days immersion, 7 and 69 ppm after one 
week immersion, and 7 and 67 ppm after two weeks immersion. 
Moreover, by increasing the Sr, the ion release amount increased. On the 
other hand, the Sr had a diverse effect on ions release and decreased Ti 
ions releasing by increasing the Sr percentage in BGs composition. In 
previous research, Sr (5, 10 mol. %) effect on sol-gel derived ternary 
58S-BG was investigated [10]. Also, it was reported that by increasing Sr 
amount, the P ions concentration was diminished because of HA for
mation on the BG surface. However, the number of released P ions 
increased by increasing Sr amount by immersion periods [10]. Addi
tionally, Hesaraki et al. confirmed that the Ca concentration increased 
rapidly after 2 days of immersion for sol-gel derived Sr-free 58S glass 
and after 4 days for Sr-incorporated BG. Meanwhile, the rate of Ca 
releasing diminished after 3 days for Sr free BG and 4 days for BG 
containing Sr, respectively, probably due to HA globules utilized the Ca 

Fig. 2. The XRD patterns of TS0 and TS6 before and after soaking in the SBF solution for one and two weeks.  
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and P elements when they grew [74]. Actually, the increase in Sr con
centration was due to more releasing Sr ions in SBF solution due to the 
lower network connectivity of TS-BGs with more Sr content. 

In fact, even though TS12 had the better effect on releasing con
centration due to bigger ion radius and increased network disorder, it 
enhanced the solubility. On the other hand, a higher percentage of Sr can 
decrease in vitro bioactivity and cell proliferation. Therefore, in this 
research, because the priority was to achieve higher in vitro bioactivity 
and release more Sr ions amounts, the TS6 was considered as the optimal 
specimen due to its higher in vitro HA formation ability. 

3.6. pH values 

The pH values of TS-BGs can be viewed in Fig. 8. As it was evident, 
the measuring of pH value was done after 0, 1, 3, 7, and 14 days of 
soaking in the SBF solution. It should be noted that the increase in the Sr 
amount led to an increase in pH value in all periods, and also, the rate of 
pH value changed over time. According to Fig. 8, the rate of increasing 
pH in the first days of immersion was higher due to the cation change in 
Ca2+ and Sr2+ with H+ ion, while this rate reduced overtime because 
when HA formed, the phosphate and carbonate decreased and followed 
by H+ increased. Besides, TS12 showed the upper pH value in all period 
times in comparison to other TS-BGs. Additionally, it was stated that the 
pH value of 58S-BG containing Sr was between 7.4 and 8 and confirmed 
the changing trend [63]. Furthermore, it has been reported that in 
sol-gel-derived 58S-BG, increasing in Sr amount (5,10 mol. %) increased 
pH values [10]. In fact, by increasing the Sr amount in TS-BGs, the Ca 
and Sr ions increased in the solution, that led to increase the pH value. In 
other words, the increase in Sr ions had an upward effect on increasing 
pH because of its basicity. Hence, the lowest and highest pH values were 
attributed to TS0 and TS12, respectively. 

3.7. 7. In vitro biological investigation 

3.7.1. 7. 1 MTT 
The culturing results of MC3T3-E1 osteoblastic cells on TS-BGs are 

demonstrated in Fig. 9. According to the obtained results, the cell pro
liferation of specimens altered and enhanced over time. Among of TS- 
BGs with different Sr amounts, the TS6 exhibited the most significant 
increase in cell proliferation. In initial immersion time, the difference 
between TS6 with TS0 and TS12 was slight but, by enhancing soaking 
time up to two weeks, the difference increased. According to Fig. 9, on 
the 1st day of immersion, there was a slight difference between speci
mens (*p < 0.05). However, by increasing immersion time until one 
week, a notable difference was observed between TS6 and TS12 
(**p < 0.01). Ultimately, after two weeks of soaking, the obtained op
tical density of TS6 was more significant than TS12 (***p< 0.001), and 
also a significant difference between TS1 and TS6 was observed 
(**p< 0.01). Based on previous studies, Hesaraki et al. [75] found that 
the addition of Sr in a higher amount (7.9 mol. %) in 58S-BG, which was 
derived by sol-gel method, could inhibit cell growth and proliferation. 
Furthermore, it was confirmed that cell proliferation increased with the 
substituted low amount of Sr compared to its high amount. The inhibited 
effect of the high amount of Sr has also been reported [63]. Moreover, 
Liu et al. [76] investigated the substituted Sr (0, 1.95, 19.5, and 39 mol. 
% SrO) in BG, which was synthesized with the melt quench method. The 
proliferation trend was initially enhanced until BG was substituted with 
1.95 mol. % and then declined, and also this trend was repeated in 7, 14, 
and 21 days. Furthermore, it was observed that the presence of 1 mμ of 
Sr in the structure led to simulate the proliferation of MC3T3-E1 cells 
[77]. 

Altogether, the specific range of Sr substitution in BG could enhance 
cell proliferation and promoted bone formation more substitution had a 

Fig. 3. The FTIR spectra of TS0 and TS6 after soaking in SBF solution for one 
and two weeks. 

Fig. 4. The FTIR spectra of TS0 and TS6 in the range of 1070–1140 cm− 1.  
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diverse effect. On the one hand, TS6 displayed better cell proliferation 
when compared to other specimens. On the other hand, it should be 
considered that increasing Sr amount diminished the in vitro bioactivity. 
Taken together, TS6 was considered as the optimal specimen in this 
assay because of the importance of cell proliferation in BGs application. 

3.7.2. ALP activity 
The activity of MC3T3-E1 cells on TS-BGs was assessed in terms of 

ALP activity after incubation for 1, 7, and 14 days. Fig. 10 presents the 
obtained results for ALP activity. It is demonstrated that TS6 had 
different cell activity concerning other TS-BGs. Additionally, an 
increasing trend of ALP activity was observed in all period times, but the 
difference amount became statistically significant by increasing im
mersion time. The difference of ALP activity between TS0 (BG-free Sr) 
and TS12 with the highest Sr amount was statistically negligible, but this 
difference became significant by increasing the immersion period (*P <
0.05). According to Fig. 10, on the first day of immersion, there was no 
appreciable difference between specimens (*p< 0.05), but it was 
observed a significant difference between TS1 and TS6 and TS6 and 
TS12 as well by increasing immersion time (**p< 0.01, * * * p < 0.001). 

Furthermore, on the last day of immersion, the difference between 
specimens was similar to the seventh day of immersion. Moreover, 

Hesaraki et al. [75] confirmed that Sr-substituted 58S-BG enhanced the 
ALP activity compared to Sr-free BG. Furthermore, it has been reported 
that substitution of 5 mol. % Sr in 58S-BG led to increasing the ALP 
activity significantly. Additionally, Capuccini et al. ascertained that 
increasing Sr amount (Sr substituted HA with different amounts; 0, 1, 3, 
and 7 atom %) led to enhancing the ALP activity after incubation for 3, 
7, 14, and 21 days, and this trend was maximized in 14th day of im
mersion [57]. Furthermore, Wu et al. [60] reported that the sol-gel 
derived 64S BG with 5 mol. % Sr showed significantly higher ALP ac
tivity when compared to Sr-free glass after 2 and 14 days immersion. 
According to previous published results and our obtained results in this 
research, the ALP activity depends on the Sr amount in the crystalline 
structure (dose-dependant). In other words, as the percentage of Sr in
creases or decreases, the ALP activity changes. However, according to 
our obtained ALP activity results, Sr showed the most effect on TS6 and 
the ALP activity significantly increased in TS6 in comparison to the 
other TS-BGs. 

3.7.3. Antibacterial 
A comparative study about the bactericidal efficiency of Sr was 

carried out on TS-BGs, and the results are illustrated in Fig. 11. As it 
could be seen, Sr had a significant effect on antibacterial activity, and an 

Fig. 5. The SEM images of synthesized TS0 and TS6 surfaces after soaking in SBF solution after one and two weeks.  

Fig. 6. The TEM image of TS6 before and after soaking for two weeks in the SBF solution.  
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Fig. 7. The concentration of P, Si, Ca, Ti, and Sr ions after soaking in SBF solution after 1, 3, 7, and 14 days.  
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increase in Sr amount led to enhance in bactericidal efficiency. More
over, the simultaneous presence of Sr and Ti improved the antibacterial 
activity of TS-BGs against bacteria like MRSA. In addition, the difference 
between TS1 with TS0 and TS3 (*p< 0.05) was not noticeable, whiles it 
was more significant between TS1 with TS6 and TS12 (**P< 0.01, * * * 
P < 0.001). It could be seen that by enhancing Sr amount, the bacteri
cidal activity increased, and the number of bacteria decreased. Previous 
studies noted that by increasing Sr amount in 58S-BG, the bactericidal 
efficiency enhanced, and BG incorporating 10 mol.% Sr exhibited the 
highest antibacterial efficiency [63]. Additionally, Liu et al. demon
strated that an increase in the Sr percentage substituted in melt quench 
derived 42S-BG (1.95, 19.5, and 39 mol. %) led to enhancing bacteri
cidal activity. Also, this activity was significant after incubation for 4 
and 6 h in comparison to 2 h incubation [76]. According to previous 
published research, Sr can be considered as an antibacterial agent, and 
can resist against different kinds of bacteria as well [78,79]. 

Furthermore, According to our research, the possible reason for the 

bactericidal efficiency of Sr was not discovered, but it can be attributed 
to an increase in Ca, P, and Sr ions releasing and an increase in pH value 
by increasing Sr amount in all incubation times. Additionally, the hy
droxyl group (O–H) as the reactive group was influential on antibacte
rial activity due to their ability to oxidize the bacteria cell wall. Hence, 
an increase in Sr amount up to 12 mol.% led to an upward trend in 
antibacterial activity, and so, TS12 showed 34.27% and 13.43% bacte
ricidal efficiency more than TS0 and TS6, respectively. 

4. Supplementary information 

The SEM images of synthesized TS-BGs before immersion in SBF 
solution are illustrated in Fig. 12. Moreover, SEM images of TS0 and TS6 
after soaking in SBF solution were shown in Fig. 5. According to the 
Fig. 12, hydroxyapatite globules were not observed because there was 
no contact with the SBF solution. 

Fig. 8. The pH values of TS-BGs after immersion for 1, 3, 7, and 14 days.  

Fig. 9. The MTT activity of synthesized TS-BGs after incubation in SBF solution 
for 1, 7, and 14 days. 

Fig. 10. The ALP activity of TS-BGs after incubation for 1, 7, and 14 days.  

Fig. 11. The bactericidal efficiency of TS-BGs.  
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5. Conclusion 

The quaternary silicon-based bioactive glasses were synthesized by 
adding a fixed 5 mol. % Ti and different Sr percentages in the range of 0, 
1, 3, 6, 9, and 12 mol. %. The results are summarized below. 

5.1. Structural and morphological results 

XRD, FTIR, and SEM analyses were performed on TS-BGs after 
soaking in SBF solution for one week and two weeks. The obtained re
sults ascertained that by increasing Sr amount, the formed HA amount 
decreased. Moreover, it was revealed that TS0 exhibited better in vitro 
bioactivity than other specimens, and by increasing the time of im
mersion, the HA aggregation enhanced. Additionally, the SEM images 
confirmed HA formation on TS-BGs after soaking in SBF solution for one 
week and two weeks, and the aggregation of HA globules was more in 14 
days immersion. The ICP-AES results exhibited by increasing the Sr 
amount, the Sr ion releasing increased and this trend was significant 
after 7 days immersion. Besides, by increasing Sr to composition, the TS- 
BGs network expanded, and the oxygen density decreased, while the 
solubility and ion releasing increased. 

5.2. Biological properties results 

The cell proliferation and growth of MCT3-E1 in contact with TS-BGs 
showed less cell proliferation, while for TS6 (with a moderate amount of 
Sr), optical density was the highest. Furthermore, this trend was the 
same for ALP activity, and among all specimens, TS6 exhibited the 
highest ALP activity compared to others. However, the antibacterial 
efficiency trend was different, and by increasing Sr amount, the bacte
ricidal efficiency was enhanced, and the TS12 presented the highest 
antibacterial activity that was 34.27% more than TS0. Therefore as a 
conclusion, in the most structural and biological tests, TS6 showed the 
most effective behavior compared to other TS-BGs, and so, it can be 
considered as the optimal specimen in the biomedical applications. 
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