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1  |   INTRODUCTION

According to previous reports, annually, many people's lives 
are endangered by bone defects.1 For solving this problem, 
bone tissue engineering (BTE) has emerged as a powerful 
strategy based on recognizing the bone structure.2 In other 
words, BTE is an approach that continues repairing bone 
defects by the patient's tissue to complete reconstruction.3 
Because bone is one of the most complex and dynamic con-
nective tissues, it can regenerate different cells such as os-
teoblasts, osteoclasts, and bone cells through its combined 
function.4 When a bone tissue hurts, it starts to regenerate 

itself, but it takes a long time or uses allograft isograft or xe-
nograft can be risky or maybe cause an immune response. So, 
using an appropriate biomaterial can be a confident approach 
to accelerate the process of repairing.

Biomaterials are natural or artificial materials used for 
the healing or replacement of damaged tissues. The ideal 
biomaterial has some requirements, such as bioactivity, bio-
degradability, and cytocompatibility.5,6 Bioactivity is one of 
the essential features of bioactive materials. In other words, 
the biomaterial is not the only kind of material that does not 
have any toxicity and harmful effects on the human body 
but also can form hydroxyapatite (HA) that is important. 

Received: 27 January 2021  |  Revised: 29 March 2021  |  Accepted: 19 April 2021

DOI: 10.1111/ijac.13782  

R E S E A R C H  A R T I C L E

Characterization, in vitro bioactivity and biological studies of  
sol-gel-derived TiO2 substituted 58S bioactive glass

Amirhossein Moghanian1   |   Saba Nasiripour2  |   Atiyyeh Koohfar1  |   
Mohammad Sajjadnejad3  |   SeyedMohammad Hosseini4  |   Mohsen Taherkhani5  |   
Zahra Miri6  |   Seyed Hesamedin Hosseini1  |   Mehrnaz Aminitabar4  |   Ali Rashvand1

1Department of Materials Engineering, 
Imam Khomeini International University, 
Qazvin, Iran
2School of Metallurgy and Materials 
Engineering, Faculty of Engineering, 
University of Tehran, Tehran, Iran
3Department of Materials Engineering, 
School of Engineering, Yasouj University, 
Yasouj, Iran
4Qazvin Science and Technology Park, 
Qazvin, Iran
5Department of Dermatology, Faculty of 
Medicine, Qazvin University of Medical 
Sciences, Qazvin, Iran
6Department of Materials Engineering, 
Isfahan University of Technology, 
Isfahan, Iran

Correspondence
Amirhossein Moghanian, Department of 
Materials Engineering, Imam Khomeini 
International University, Qazvin 34149-
16818, Iran.
Email: Moghanian@eng.ikiu.ac.ir

Abstract
Bioactive glasses (BGs) have been used for bone formation and bone repair processes 
in recent years. This study investigated the titanium substitution effect on 58S BGs 
(Ti-BGs) 60SiO2-(36 − X)CaO-4P2O5-XTiO2 (X = 0, 3, and 5 mol.%) prepared by 
the sol-gel technique, and the main goal was to find the optimum amount of titanium 
in Ti-BGs. Synthesized BGs, which were investigated after immersion in simulated 
body fluid (SBF), were tested by X-ray diffraction (XRD) analysis, Fourier trans-
form infrared spectroscopy (FTIR), and scanning electron microscopy. Moreover 
alkaline phosphate (ALP) activity, 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazol
ium bromide (MTT) assay, and antibacterial studies were employed to investigate 
the biological properties of Ti-BGs. According to the FTIR and XRD test results, 
hydroxyapatite (HA) formation on Ti-BGs surfaces was confirmed. Meanwhile, the 
presence of 5 mol.% compared to 3 mol.% increased the HA grain distribution and 
their size on the Ti-BGs surface. Additionally, MTT and ALP results confirmed that 
the optimal amount of titanium substitution in BG was 5 mol.%. Since 5 mol.% Ti 
incorporated BG (BG-5) had the highest biocompatibility level, antibacterial proper-
ties, maximum cell proliferation, and ALP activity among the synthesized Ti-BGs, it 
is presented as the best candidate for further in vivo investigations.
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When bioactive material is soaked in biological fluids such 
as simulated body fluid (SBF), the HA layer can be formed 
on their surfaces.6–8 According to its biological passivity, it 
can be used inside the human body.9 Biomaterials are pro-
duced by combining bioactive composites10 and BGs to 
develop a hybrid system11–13 and obtain dual-function im-
plants as scaffolds for tissue engineering that bone-forming 
cells can regenerate bone in scaffolds and also personalized 
medicine.14–16

One of the first promising biomaterials that have been 
used in the mentioned process as a novel substitute for con-
ventional metals and ceramics implants was bioactive glass 
(BG), which professor Hench invented in 1969.17 BGs are a 
group of biomaterials that are generally based on amorphous 
silicate compounds and have been produced and used as bone 
grafts or fillers in bone repair and instauration.7,18 According 
to the extreme development of BGs, various chemical com-
positions have been synthesized, such as 58S,19 68S, 77S,20 
with different synthesis methods such as conventional melt 
quench, flame synthesis, and microwave irradiation, as well 
as sol-gel.21 The sol-gel process can be considered the easiest 
and the most efficient method at room temperature that in-
creases purity and homogeneity.22

Bioactive glasses can be used for many orthopedic dis-
eases treatment because of their properties such as bioac-
tivity,23 osteogenesis,24 controllable biodegradability,25 
as well as antibacterial efficiency.26–28 Actually, by mak-
ing HA the prominent bone forming material on the BG 
surface, HA plays a vital role in healing teeth and bone 
tissues.29 As a calcium-phosphate-based ceramic, HA 
(Ca10(PO4)6(OH)2) is the principal mineral part of the 
dental enamel and the hard tissue on the outside layer of 
human teeth and bone.30–33 BG is the first synthetic solid 
to bond to natural bone 10,34,35 so in recent years, substi-
tuted BGs have become fascinated by scientists for their 
multifunctional capabilities due to replacing components. 
Many elements and combinations have been substituted 
in BGs for different applications, for example, suitable for 
dental and bone implants,36 helpful for strengthening the 
mechanical properties,37–39 exert a stimulatory effect on the 
osteoblast proliferation,40 and release of proper ions that 
can act as antibacterial properties to the biomaterial.41,42 
Additionally, BGs have been investigated to design light-
triggered and targeted drug delivery hybrids.43–45

Titanium, with the symbol of Ti, is an element with a 
biocompatibility property, which has been one reason for its 
use in BGs. Interestingly, when Ti gets oxidized, its proper-
ties like antibacterial and photocatalytic will be improved.46 
The antibacterial properties of BG have been previously 
noted.47 Besides, BGs can lessen and prevent the risk of 
post-operative bacterial infections.47 A bacterial infection 
prolonged the process of wound healing and leads to a sur-
gical failure.48 One of the leading causes of infections is 

methicillin-resistant Staphylococcus aureus (MRSA), which 
has long been known as a risk to human health due to its re-
sistance to some antibiotics.49,50

There have been conflicting reports so far about the effect 
of Ti on Ti-incorporated silicon-based BG. Some researchers 
exhibited that Ti positively affected bioactivity, biocompati-
bility, cell proliferation, and cell viability.51–53 Moreover some 
researchers have reported that the addition of Ti reduced cell 
viability, or in some cases, it was not noted that the presence 
of 5% Ti is optimal. Still, others did not observe biocompati-
bility.54–56 Additionally, Rajendran et al. reported that57 the ad-
dition of Ti above one mol.% reduced the HA forming ability.

Taken together, the specific object of this research was 
to consider the exact effect of different percentages of TiO2 
(in the range of 0–5 mol.%) on silicon-based sol-gel derived 
BGs-58S to investigate in vitro bioactivity, biocompatibil-
ity, alkaline phosphate (ALP) activity, 3-(4,5dimethylthia
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, 
as well as quantitative antibacterial activity against MRSA 
bacteria properties. Furthermore, after immersion in SBF 
(a solution with an ionic concentration close to the human 
body plasma), the morphological and structural changes 
due to HA formation on BGs surfaces were perused by 
scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (EDS), X-ray diffraction (XRD) anal-
ysis as well as Fourier transform infrared spectrum (FTIR) 
due to investigate the optimum amount of TiO2 in synthe-
sized Ti-BGs. Besides, considering the Ti effect on the 
ions release rate of Si, Ca, P, and Ti was carried out by the 
inductively coupled plasma-atomic emission spectroscopy 
(ICP-AES) test.

2  |   MATERIAL AND METHODS

2.1  |  Materials

In this study, to synthesize Ti substituted BG (Ti-BGs), three 
essential primary materials, including tetraethyl orthosili-
cate (TEOS), triethyl phosphate (TEP), and calcium nitrate 
tetrahydrate as the bases were required and to study the ad-
ditive TiO2 effect, tetraethyl orthotitanate (TEOT) was uti-
lized. Besides, all of them were provided from Merck KGaA 
(Germany) with ≥99.0% purity, and for evaluating BG 
in vitro biological properties, SBF solution was used. The 
chemical compositions of the synthesized Ti-BGs are sum-
marized in Table 1.

After synthesizing the powder, 9 MPa pressure was ap-
plied to discs with 1 cm diameter and 0.3 g weight by a hy-
draulic press. Afterward, discs were soaked in 15  ml SBF 
solution prepared according to Kokubo's protocol58 for 1, 3, 
7, 14, and 21 days, then removed from the SBF solution dried 
to study in vitro evaluations.
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2.2  |  BGs synthesis

Tetraethyl orthotitanate with two different concentrations of 
(3 and 5  mol.%) and mentioned materials were synthesized 
through the sol-gel method to obtain the quaternary Ti-BGs. 
For preparing a homogeneous solution (Sol), at first, a specific 
amount of distilled water and 0.1 N HNO3 were mixed in a 
beaker and stirred on a magnetic stirrer for 30 min, followed 
by TEOS and TEP were added to the solution separately. After 
adding each of them, the solution was stirred for 45 min, and fi-
nally, after adding TEOT, the solution was stirred for 1 h. After 
the end of gel synthesis, to obtain a dry powder, the solution 
was first incubated for 3 days at room temperature; secondly, it 
was heated by oven at 75°C for 3 days; finally, it was heated in 
a furnace at 650°C for 3 h. Moreover it should be noticed that 
during the exiting of gases and evaporation of water, the beaker 
surface should be covered with thin plastic to prevent any con-
tamination from entering, and the presence of a few small cavi-
ties was enough on thin plastic to release gas and vapor.

2.3  |  Characterization of BGS

2.3.1  |  X-ray diffraction analysis

To investigate HA formation on BGs surfaces, the surfaces 
of the specimens were exposed to XRD after soaking in SBF 
solution for 1, 7, and 14 days with X-ray source (Cu-Kα ra-
diation) at 40 kV and in a 2θ range of 20°–40°.

2.3.2  |  Fourier transform infrared 
spectroscopy analysis

Fourier transform infrared spectrum spectroscopy (Nicolet, 
NEXUS 670) was applied to examine HA phase formation 
on the specimen surface before and after soaking in the SBF 
solution by analyzing functional groups shifts in the 8 cm−1 
resolution 400–4000 cm−1 wavelength.

2.3.3  |  Scanning electron microscopy

After immersion in the SBF solution, SEM (MIRA3 
TESCAN, Czech) was used to observe the BG disks' surface 

morphology to evaluate HA formation and its growth over 
immersion time in the SBF solution.

2.3.4  |  Inductively coupled plasma-atomic 
emission spectroscopy

Specimens kept in SBF solutions were removed after 12 h 
and 1, 3, 7, 14, and 21 days and solutions were analyzed by 
ICP-AES for Ca, Si, P, and Ti ions investigation. Besides, 
pH change with immersion time in the SBF solution was 
measured by a pH meter (Corning pH meter 340) at each 
step.

2.4  |  Biological evaluation

2.4.1  |  MTT and ALP activity assays

The 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl-2H tetra-
zolium bromide (MTT) assay was performed to appraise 
proliferation of the MC3T3-E1 cells after in contact with 
different synthesized Ti-BG. In the MTT test, living cells 
be able to degrade the tetrazolium salt and create formazan. 
Moreover in this study, the measuring ALP enzyme inves-
tigated the osteoblastic activity of the MC3T3-E1 cells. 
Based on the manufacturer's recommendations (BioCat), 
the MC3T3-E1 cells with a density of 1 × 104 cells cm−2 
plated and cultured in 24-well plates on specimens under 
a humidified atmosphere of 95% air and 5% carbon di-
oxide at 37°C for 1, 3, and 7 days. Enzyme activity was 
assessed at 410 nm for the amount of p-nitrophenyl diso-
dium salt (pNPP, 16 mmol L−1; Sigma-Aldrich Company) 
liberated.59–61

2.4.2  |  Antibacterial studies

Methicillin-resistant S. aureus was cultured in liquid lysog-
eny broth (LB) medium at 37°C. Before tests, bacteria were 
diluted approximately to 0.5 × 108 to 2 × 108 ml−1.44,59 To 
investigate the effect of Ti on antibacterial activities in 
Ti-BGs, 0.9 ml LB medium was added into three 1.5 ml 
Eppendorf tubes containing 10  mg BG-0 (control speci-
men), BG-3, and BG-5 particles followed by stirring for 
1  min. Then 0.1  ml bacterial suspension was added into 
each Eppendorf tube, and the solutions were cultured at 
37°C for 1 h. A sequential dilution was performed in the 
next step, then by incubating LB-agar plates in the dark-
ness and the temperature of 37°C, 100 μl suspensions put 
on them.44 Ultimately through final colony-forming units 
per milliliter, the survivor bacteria percentage was deter-
mined (CFU ml−1).47,62-64

T A B L E  1   All composition of synthesized Ti substituted bioactive 
glass (BG, in mol.%)

Bioactive glass Label SiO
2

CaO P
2
O

5
TiO

2

58S-0%TiO
2

BG-0 60 36 4 0

58S-3%TiO
2

BG-3 60 33 4 3

58S-5%TiO
2

BG-5 60 31 4 5
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3  |   RESULT AND DISCUSSION

3.1  |  X-ray diffraction analysis

Figure 1 displays the XRD patterns of BG-0, BG-3, and BG-5, 
respectively, before and after soaking in the SBF solution for 
1, 7, and 14 days. In the present investigation, the XRD results, 
Figure 1A–C, showed no HA crystalline before immersion in the 
SBF solution because of the amorphous structure. However, after 
soaking in the SBF solution, two peaks at 2 thetas equal to 25.8° 
(assign to (200) plane) and 31.8° (set to (211) plane) affirmed 
the formation of crystalline HA on the BG surface according to 
the standard the joint committee on powder diffraction standards 

cards (no. 09-432).65 Besides, through the time to 14 days, HA 
peaks were pronounced due to increasing aggregation and HA 
crystalline growth. XRD patterns of BG-5 exhibited a similar 
trend as BG-0 and BG-3 with higher intensity.

Additionally, the results showed that by increasing the Ti per-
centage, the HA formed on the Ti-BG surface-enhanced. It was 
reported that up to 14 days, the peak intensity of BG-0 and BG-5 
increased.52 Although Ti retarded the HA formation in the first 
time of immersion and its effect diminished, Ti increased the HA 
formed overtime of soaking in the SBF solution. Similarly, this 
effect of Ti on HA formation was observed in our XRD results.

3.2  |  FTIR analysis

As shown in Figure 2A, the amount of phosphate and car-
bonate in the control specimen increased until the 14th day 

Bactericidal fraction = 1 −

(

number of survived bacteria

number of total bacteria

)

.

F I G U R E  1   X-ray diffraction patterns of (A) bioactive glass (BG)-0, (B) BG-3, and (C) BG-5 before and after soaking in simulated body fluid 
solution for 1, 7, and 14 days
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and stabilized. Therefore, according to the diagram, it can be 
concluded that carbonate and phosphate (HA) were formed. 
According to Figure 2B, it can be mentioned that in the pres-
ence of 3 mol.% TiO2, the amount and rate of carbonate and 
phosphate formation have increased in comparison with its 
absence (Figure 2). On the seventh day, a significant de-
crease was observed, which resolved in the coming days, and 
the amount of HA increased.

By adding 5 mol.% to the BG (Figure 2C), on the 14th 
day, the amount of HA formation had a sudden increase, 
which indicated the appearance and rise of HA. The FTIR 
analysis observed bonds41,44,46,58,62 are shown in Table 2. 
HA maturation is the gradual conversion of non-apatite 
domains to weak crystallization followed by HA crystal-
lization.33 While, Bargavi et al.66 reports did not mention 
the presence of a bond between Si and Ti, Danewalia 
et al.67 reports confirmed these bonds' formation. Our 
results were in good agreement with Danewalia et al.67 
findings, which showed that Ti is generally present in sili-
cate and borate glasses in the Ti4+ state (TiO2), and the IR 

bands became sharper at higher Ti content, which showed 
a more orderly local structure of the glasses. Similarly, 
as the other authors reported,67-74 it was confirmed from 
FTIR results that Ti substituted caused the Si–O–Ti bond 
at 930 cm−1, which confirmed the interaction between Ti 
and BGs.

3.3  |  Surface morphology

The SEM images in Figure 3 demonstrate the BG surface 
before soaking in the SBF solution and display the immer-
sion results of BG-0, BG-3, and BG-5 in SBF solution for 1, 
7, and 14 days, respectively. Meanwhile, Figure 4 exhibits 
the EDS analysis of Ti-BGs after 14 days of immersion in 
the SBF solution. Moreover the transmission electron mi-
croscopy (TEM) image of BG-5 after 14 days immersion in 
the SBF solution is shown in Figure 5. According to the SEM 
images, the first spherical globules of HA have appeared in 
the first 24 h of immersion. Additionally, by increasing the 

F I G U R E  2   Fourier transform infrared spectroscopy spectroscopy of (A) bioactive glass (BG)-0, (B) BG-3, and (C) BG-5 before and after 
immersion for 1, 7, and 14 days
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immersion time, the amount of HA on the BG surface was 
enhanced. Additionally, the increase in the nucleation rate 
and aggregation of HA on the surface was quite noticeable.

The process was like that; first, the HA globules have 
nucleated on the BG surface, and afterward, by increasing 

time up to 14 days, they grew and gathered together to ag-
glomerate. On the first day, it was evident that HA glob-
ules started to agglomerate and made greater HA globules 
with a spherical shape. Eventually, they were stabilized in 
14 days, and HA entirely covered the BG surface. Moreover 

Wavenumber (cm−1) Assignment

420 Si–O–Si bending vibration

570 Asymmetric vibration of PO
3−

4

800 Si–O–Si symmetric stretching vibration

930 Si–O–Ti bond

1070 Si–O–Si asymmetric stretching vibration

1455 C–O stretching in carbonate groups

1670 Stretching of OH group

T A B L E  2   Assignment of Fourier 
transform infrared spectroscopy per 
wavenumber

F I G U R E  3   Scanning electron microscopy pictures of Ti-BGs specimens before and after immersion in the simulated body fluid solution for 1, 
7, and 14 days. Ti-BG, Ti substituted bioactive glass
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increasing the percentage of TiO2 (3 and 5 mol.%) played 
a significant role in growing the amount and size of HA 
grain on the surface. Furthermore, after 14 days of immer-
sion of BG-5 in the SBF solution, the TEM image con-
firmed HA globules' formation with a diameter of more 
than 80 nm, and also, the EDS image supported the Ca/p 
ratio close to 1.67.

Meanwhile, it was reported that with an increase in the 
percentage of TiO2 more than 5 mol.%, the formation of HA 
decreased.52 Additionally, Ben-Arfa et al.51 reported that all 
BGs with substitution of Ti displayed a quick biomineraliza-
tion rate due to HA formation on the BG surface after 1 h of 
soaking in the SBF solution. Therefore, they showed a high 
bioactivity rate, and it accelerated by increasing time up to 
7 days. In the previous study,57 it was investigated that Ti-
substituted BG with 1 mol.% TiO2 exhibited better bioactiv-
ity and biocompatibility compares to BGs with substitution 
of 0, 2, and 3 mol.% TiO2.

3.4  |  ICP analysis

Based on ICP results, the rate change of Ca, P, Si, and Ti ions 
function with time on BGs are illustrated in Figure 6. To de-
termine the Ca, P, Si, and Ti ions release trend, the BGs were 
immersed in the SBF solution for 1, 3, 7, and 14 days and the 
release rate was measured. According to the results, Si and Ca 
exhibited a downward trend after a sudden increase in 3 days. 
The ion release trend of the p element was entirely downward 
with the various rate at different times due to HA formation. 
Furthermore, the ion release rate of Ti was dependent on the 
Ti amount in BGs and differed. By increasing the Ti amount 
in BGs, the Ti ions release decreased. Actually, by substitut-
ing Ti to Ca, the BG network became compact due to fewer 
ion radius of Ti (68 ppm) than Ca (100 ppm). Furthermore, 
this substitution led to a decrease in network disorder and 
BG solubility. In other words, BG-0 and BG-5 displayed the 
most and the least ions releasing in the SBF solution overtime, 

F I G U R E  4   Energy-dispersive X-ray spectroscopy analysis of Ti-BGs after 14 days immersion in the simulated body fluid solution. Ti-BG, Ti 
substituted bioactive glass

F I G U R E  5   TEM image of bioactive 
glass (BG)-5 after immersion in the 
simulated body fluid solution for 14 days
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respectively. Besides, in Figure 6D, the Ti concentration rate 
in the SBF solution increased in the first 3 days of immersion, 
and followed by, the Ti ions release slightly decreased. Taken 
together, an increase in Ti amount in BGs led to a decrease in 
ions releasing concentration of Ca, P, Si, and Ti in all incuba-
tion times. In previous research, Mohammadi et al.55 reported 
that in sodium-free calcium phosphate-based glasses substi-
tuted with 0, 3, 5, 7, and 10 mol.% TiO2, increasing Ti percent-
age in bioglass had a diverse effect on ion releasing amount, 
and the concentration of P, Ca, Si, and Ti decreased overtime. 
Moreover Abou Neel et al.70 stated that when 0, 1, 3, and 
5 mol.% Ti dioxide substituted with NaO2 in phosphate-based 
glasses, by increasing Ti amount in the glass composition, the 
ICP test results exhibited a reduction rate in ions releasing of 
P, Si, Ca. According to previous studies, our results were in 
good agreement with them in the Ti ion release rate, and they 
display the same trend with different compositions.

3.5  |  In vitro biological evaluation

3.5.1  |  MTT assay

The MTT cytotoxicity assay results of BG-0, BG-3, and BG-5 
after incubation for 1, 7, and 14 days are exhibited in Figure 
7. As it was apparent after the first day of incubation, BG-5 
demonstrated an increase in MTT activity of MC3T3.E1 cells 
(*p < 0.05). Additionally, by increasing the TiO2 percentage, 
the cell viability increased, and cytotoxicity decreased in in-
cubation times. After 7 days of incubation, the BG-5 showed 
the highest mean absorbance (**p < 0.01). On the other hand, 
on the 14th day of culture, it had the most elevated cell pro-
liferation than others (***p < 0.001). Accordingly, BG-5 can 
be contemplated as the optimal specimen. Previously Heidari 
et al.52 reported that the BG-ceramic with 5 mol.% TiO2 was 
the optimum one compared to BGs with a high and low TiO2 

F I G U R E  6   Inductively coupled plasma-atomic emission spectroscopy test results of Ca (A), P (B), Si (C), and Ti (D) elements on Ti-BGs. 
Ti-BG, Ti substituted bioactive glass
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percentage. Because of an increase in TiO2 percentage, more 
than 5 mol.%, cell viability, and cell proliferation descended. 
Additionally, in 2015 Rajendran et al.57 reported that Ti-
substituted BG with 1 mol.% TiO2 was the optimum composi-
tion compared to BGs with substitution of 0, 2, and 3 mol.% 
TiO2 because of higher cell viability and more dissolubility that 
caused an appropriate environment for cell proliferation and at-
tachment. Therefore, with MTT results, it could be understood 
that BG-5 demonstrated the highest cell proliferation and mean 
absorbance in comparison to BG-0 and BG-3.

3.5.2  |  ALP activity

The changing procedure of ALP activity of osteoblast-like cell 
line MC3T3-EL cultured on BG-0, BG-3, and BG-5 for different 
times are demonstrated in Figure 8. On the first day of culture, 
BG-5 showed the highest ALP activity than BG-0 (*p < 0.05). 
The ALP activity ascended by increasing the TiO2 percentage 
up to 5 mol.% in all incubation times. Additionally, by increas-
ing time up to 14 days, ALP activity rose, and BG-5 showed the 
highest ALP activity compared to BG-0 (**p < 0.01). According 
to previous studies, Haidari et al.52 investigated the influence of 
substitution of Ti on BG. It was reported that Ti substitution 
on BGs notably showed higher ALP activity than other BGs in 
all incubation times. Additionally, BG-5 exhibited the highest 
cell viability and ALP activity. The addition of 5 mol.% TiO

2
 to 

BG is the optimal amount for addition. Likewise, Mohammadi 
et al.55 reported that the highest ALP activity is related to the BG 
substituted by 3–5 mol.% TiO2.

3.5.3  |  Antibacterial analysis

For a wide selection of bacteria, it was proved that BGs have 
strong antibacterial effects, and with BGs concentration, the 
antibacterial properties increase.75,76 The antibacterial assay 
was done on BG-0, BG-3, and BG-5. The results were dis-
played in Figure 9. According to that, TiO2, as a powerful 
antibacterial substance, exhibited its effect on Ti-substituted 
BG. As it was evident, Ti-BGs showed high antibacterial ef-
ficiency in comparison with BG-0.

Furthermore, by increasing TiO2 percentage, the antibac-
terial efficiency increased against MRSA at 0.01 g ml−1 con-
centration compared to BG-0. Additionally, BG-5 exhibited a 
significant increase in antibacterial efficiency compared to BG-0 

F I G U R E  7   In vitro biocompatibility of bioactive glass 
(BG)-0, BG-3, and BG-5 by 3-(4, 5dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide assay in osteoblast cell line (*p < 0.05, 
**p < 0.01, and ***p < 0.001)

F I G U R E  8   Alkaline phosphate activities of an osteoblast-like cell 
line (MC3T3E1) cultured on bioactive glass (BG)-0, BG-3, and BG-5 
for 1, 7, and 14 days of immersion. (*p < 0.05 and **p < 0.01)

F I G U R E  9   Quantitave bactericidal percentage of antibacterial 
activity of bioactive glass (BG)-0, BG-3, and BG-5 (*p < 0.05 and 
**p < 0.01)
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(***p  <  0.01). According to previous researches, Rajendran 
et al.57 reported that by increasing TiO2 percentage, the antibac-
terial activity enhanced, and Ti-substituted BG by 3 mol.% TiO2 
showed the highest inhibition zone in comparison to BGs with 
substitution of 0, 1, and 2 mol.% TiO2. By increasing incubation 
time, antibacterial efficiency increased. Additionally, it was re-
ported that Ti-substituted BGs showed high antibacterial activ-
ity against E. coli because of inducing a considerable amount of 
hydroxyl radicals against gram-negative bacteria.57 The definite 
mechanism responsible for the antibacterial efficiency of BGs is 
yet unknown, but there were some possible reasons. One of them 
was releasing the alkaline earth ions that led to an increase in pH 
values, and the other one was the presence of calcium and phos-
phate ions that exert a toxic effect on bacteria.77 Hence, increas-
ing the percentage of TiO2 more than 5 mol.% led to decreasing 
the biological properties.52,55 So, BG-5 demonstrated the highest 
antibacterial efficiency in comparison to BG-0 and BG-3.

4  |   CONCLUSION

As a result, the BG-58S with the formula 60SiO2-(36 − X)
CaO-4P2O5-XTiO2 (X  =  0, 3, and 5  mol.%) synthesized 
by the sol-gel method, and the influence of Ti-substituted 
BG was investigated. The main object of this investigation 
was to understand the optimal percentage of Ti (0, 3, and 
5 mol.%) in Ti-BGs. The results include the following items:

1.	 In XRD patterns, two peaks at 2 thetas equal to 25.8° 
(assign to (200) plane) and 31.8° (assign to (211) plane) 
affirmed the formation of HA after immersion in the SBF 
solution. In the first time of soaking, Ti retarded the 
HA formation, but it had no effect in retarding, and the 
intensity of the characteristic peaks increased for a long 
time. Also, by increasing TiO2 percentage up to 5  mol.%, 
peaks intensity increased. In other words, BG-5 exhibited 
a similar trend as BG-0 and BG-3 with higher intensity.

2.	 FTIR results confirmed HA formation and showed Si, O, 
P, H, and Ti bonds. The presence of Ti in the BG-58S fa-
cilitated the formation of HA. Furthermore, the company 
of 5  mol.% can be considered the optimal presence of 
TiO2 in this BG.

3.	 In SEM images, the formation of HA is significant after 
1  day of immersion in the SBF solution. Additionally, 
by increasing time up to 14 days, the aggregation of HA 
on the BG surface ascended. Furthermore, by increasing 
the percentage of TiO2 up to 5 mol.%, the amount of HA 
increased on the BG surface. Additionally, the EDS anal-
ysis confirmed the formation of HA on the BG surface. 
Furthermore, the TEM image of BG-5 after 14 days of 
immersion in the SBF solution confirmed the HA forma-
tion on the BG surface.

4.	 The ICP-AES was carried out to measure Ti's addition 
effect on the ion release rate of Ca, Si, P, and Ti. The 
results indicated that increasing the Ti percentage had the 
opposite effect on the release of ions.

5.	 According to ALP and MTT assays results, BG-5 ex-
hibited the highest cell viability and cell proliferation 
and no cytotoxicity compared with BG-0 and BG-3. 
Additionally, by increasing the time and percentage of 
TiO2, up to 21 days and 5 mol.%, the bioactivity and anti-
bacterial efficiency were enhanced. Hence, the BG-5 can 
be considered as the optimal specimen in comparison to 
BG-0 and BG-3.
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