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Abstract To obtain medically important mesoporous

biomaterial, we prepared titanium-doped nanobioactive

glass (NBG) particles 55SiO2–(36 - x) CaO–9P2O5–

xTiO2 (x = 0, 1, 2, and 3 mol%) were prepared by simple

sol–gel method. The physicochemical properties of the

prepared nanocomposites were analyzed using different

characterization techniques. The developed mesoporous

nanocomposites showed amorphous nature with globular

morphology, with a particle size of approximately 50 nm.

The specific surface area of glass nanocomposites doped

with TiO2 at different concentrations, namely SCPT0

(0 %), SCPT1 (1 %), SCPT2 (2 %), and SCPT3 (3 %)

samples, was 129, 186, 105, and 129 m2 g-1, respectively.

In addition, the average pore diameter of the glass series

was 33, 18, 27, and 25 nm. The in vitro bioactivity of

hydroxyapatite layer formation was confirmed using

simulated body fluid. Further, antibacterial property of

mesoporous nanocomposites was investigated against

Escherichia coli and Staphylococcus aureus. The diameter

of the inhibition zone of TiO2-doped nanocomposites

against E. coli was found to be 16, 18, and 20 mm. No

significant inhibition was found for Ti-free samples against

E. coli and S. aureus. The cytotoxicity assay revealed that

the prepared NBG particles doped with 1 % TiO2 were

nontoxic and showed better cell viability in osteoblast cell

line (MG-63) at a concentration of 125 lg ml-1. There-

fore, the addition of biomimic metal oxide dopant such as

TiO2 in NBGs is an effective approach to develop a highly

biocompatible material for bone implant applications.

Introduction

Calcium phosphate-based bioactive and bioresorbable glass

particles are known for their enhanced biological properties

for scaffold preparation and tissue-engineering applications

[1]. Particularly, nanobioactive glasses (NBGs) show out-

standing physicochemical properties and enhanced biolo-

gical behaviors [2]. So far many silica- and phosphate-

based glass series have been studied to explore the elusive

role of different compositions for biomedical applications

[3, 4]. Among them, silicate-based series (SiO2–CaO–

P2O5) is found better for molecular interaction and hy-

droxyapatite (HAp) layer formation because silicon is a

good glass-networking element. Silicon has low dissolution

rate and low bioactivity [3]. However, NBG biocom-

patibility and antimicrobial properties, along with interac-

tion of osteocytes, principally depend on additives and the

ratio of bioactive glass compositions.

The optimization of NBGs doped with magnesium and

silver for better in vitro bioactivity and antimicrobial

properties is well studied in our previous investigations [2,

5]. The results of these studies show that MgO does not

have a significant antimicrobial property even though it has

better cytocompatibility against human gastric adenocar-

cinoma cell line. Similarly, silver is found to be toxic to
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human cells beyond its optimal dosage regime ([3 %) for

biomedical application despite the fact that it possesses low

dissolution rate. Therefore, it is essential to find out an

appropriate NBG composite, which is porous and biomimic

in nature, to facilitate easy cell fluid flow and bone in-

growth for tissue-engineering applications. Hence, making

the choice of an efficient and appropriate dopant for cal-

cium phosphate-based NBG particles for implant coating is

currently a demanding task.

Titanium dioxide (TiO2)-doped sodium-free calcium

phosphate-based glass thin films doped with transition

metal ions and TiO2 with chitosan are a promising bio-

materials as they have excellent physicochemical proper-

ties and exhibit better bioactivity and biocompatibility

behavior as well as osteoblast differentiation [6–10]. Ad-

dition of TiO2 into NBG system induces bone regeneration

through HAp layer formation. Further, in an appropriate

stoichiometric ratio, it enhances the in vitro bioactivity and

mechanical property, thereby controlling the solubility and

providing a stable surface for cell attachment [11, 12]. The

development of sodium-based titanium phosphate NBG

microspheres reveals good biocompatibility and in vitro

bioactivity for bone tissue engineering [13, 14]. SiO2–

CaO–P2O5 added with TiO2 glass ceramics is considered to

be safe and non-toxic for human tissue [15, 16]. Moreover,

TiO2-added soda-lime phosphate bioglasses show inter-

esting results during HAp crystallization [15]. In addition,

Chen et al. [17] successfully synthesized polydimethyl-

siloxane (PDMS)-modified CaO–SiO2–TiO2 hybrids by

sol–gel process for rapid formation of HAp [17].

Titanium dioxide (TiO2) has been extensively studied as

a powerful antibacterial substance as TiO2 shows strong

oxidizing power through the generation of hydroxyl radi-

cals (OH-) and superoxide anions (O2
-) under irradiation

with UV light [18, 19]. Synthesis of bioactive glass

nanoparticles by sol–gel method is easy and cost-effective

when compared with that by melt quenching owing to its

unique advantages such as low processing temperature,

higher purity, better homogeneity, mesoporosity, and in-

creased surface area [3].

Therefore, incorporation of TiO2 as a potent nucleating

agent into NBG systems renders good porosity with better

bioactivity and biocompatibility. The objective of this

study was to synthesize a series of mesoporous NBG par-

ticles 55SiO2–(36 - x) CaO–9P2O5–xTiO2 (x = 0, 1, 2,

and 3 mol%) and to characterize the physicochemical na-

ture of the prepared nanocomposites. In addition, the

in vitro bioactivity, antimicrobial activity, and cytotoxicity

of the prepared NBG particles were ascertained using

simulated body fluid (SBF), Staphylococcus aureus,

Escherichia coli, and human osteoblast cell lines (MG-63)

for dental restoration and implant applications.

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS; 99 %; Sigma-Aldrich),

triethylphosphate (TEP; 99.5 %; HiMedia, Mumbai), cal-

cium nitrate (Ca(NO3)2�4H2O; 98 %; Merck), titanium

isopropoxide (99 %; Merck), 2 N nitric acid (HNO3; 69 %;

Merck), ethanol, 1M ammonia (25 %; Merck), and ultra-

pure water (arium 611UF; Sartorius AG) were used without

any further purification for the preparation of mesoporous

NBG particles.

Sol–gel synthesis of mesoporous nanobioactive glass

particles

Mesoporous NBG particles (55 %SiO2–(36 - x)%CaO–

9%P2O5–x%TiO2) with compositions of x = 0, 1, 2, and

3 mol% (hereafter termed as SCPT0, SCPT1, SCPT2, and

SCPT3) of TiO2 were prepared by sol–gel method [20, 21].

Initially, TEOS, distilled water, and 2M HNO3 were dis-

solved in ethanol and then stirred at room temperature for

30 min. After the complete hydrolysis of TEOS, TEP was

dissolved into the prepared acidic silica solution and stirred

for 20 min. Thereafter, calcium nitrate was dissolved with

5 ml distilled water in a separate container and then drop-

wise added to the prepared solution followed by addition of

titanium isopropoxide. Ammonia solution (1M) was added

to the solution until the formation of a gel; that is, until the

solution reaches its pH *8.0. Then, the resulting gel was

kept for 48 h in an oven at 60 �C and further dried at

120 �C for 48 h. The obtained powder was ground and

calcined at 500 �C for 4 h to remove the carbon and nitrate

impurities [22, 23].

Characterization of prepared mesoporous

nanobioactive glass particles

X-ray diffraction

The crystalline nature of mesoporous TiO2-doped NBG

particles and HAp layer formation on the glass surface after

in vitro studies were characterized by X-ray diffraction

(XRD) analysis using an X-ray diffractometer (X’Pert

PRO; PANalytical, Almelo, the Netherlands) with Cu Ka
as the radiation (k = 1.5418 Å) source. The source was

operated at 40 kV with 2h value varying from 10� to 80�.

Fourier transform infrared spectroscopy

The infrared absorption spectra of mesoporous TiO2-doped

NBG particles were measured at room temperature in the
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wavenumber range from 4000 to 400 cm-1 using a Fourier

transform infrared (FTIR) spectrometer (Spectrum 100;

PerkinElmer, Shelton, CT, USA). The prepared samples

(2 mg each) were mixed with 200 mg KBr in an agate

mortar and then pressed into a pellet. For each sample, the

FTIR spectrum was normalized with a blank KBr pellet.

These measurements were carried out for the prepared

glass compositions before and after in vitro studies.

Electron microscopy

Particle size and morphology of the prepared mesoporous

NBG particles were determined using images obtained

from transmission electron microscopy (TEM; CM 200;

Philips, Hillsboro, USA). The surface morphology and

elements present in the prepared samples were analyzed

using a scanning electron microscope coupled with energy-

dispersive X-ray spectrometer (SEM-EDAX; JSM 6360;

JEOL, Tokyo, Japan).

X-ray fluorescence spectrometry

Elemental compositions of the prepared mesoporous NBG

particles were ascertained using an X-ray fluorescence

(XRF) spectrometer (EDX-720; Shimadzu, Kyoto, Japan)

to explore the weight loss of the prepared materials during

synthesis and also to confirm the apatite formation after

in vitro studies.

Surface area analysis

The specific surface area (SSA) of the prepared meso-

porous NBG particles was measured using a Barrett–Em-

mett–Teller (BET) [24] surface area/pore size analyzer

(Autosorb AS-1MP; Quantachrome, Boynton Beach, FL).

The sample was degassed for 3 h at 295 �C and ph-

ysisorption analysis was performed with N2 adsorption

measurements at liquid N2 temperature (-196 �C). Three-

point BET was performed to evaluate the pore diameter,

pore volume, and SSA of the TiO2-doped NBG particles.

Pore size distribution of the TiO2-doped NBG particles was

evaluated through 10-point adsorption and desorption iso-

therm using Barrett–Joyner–Halenda method.

In vitro bioactivity

In vitro bioactivity of the prepared mesoporous NBG par-

ticles was assessed using acellular, protein-free SBF to

evaluate the formation of HAp layer on the surface of the

glass. This study was carried out using the standard method

proposed by Kokubo and Takadama [25] where the pH

value was 7.4 (i.e., equivalent to human blood plasma).

The prepared NBG particles (300 mg) were added

separately into a polyurethane bottle containing 50 ml SBF

and incubated at 37 �C for 21 days. The changes in the pH

value of the SBF were measured every day over a period of

21 days using a pH electrode (Orion 720A; 3 Star; Thermo

Scientific, Beverly, MA, USA). After 21 days of incuba-

tion, the immersed samples were removed from SBF and

then gently washed with distilled water and allowed to dry

in an oven for 2 h. The dried powders were used for further

characterization studies such as XRD, FTIR, SEM, and

XRF analyses to reveal the formation of HAp layer on the

surface of the glass samples. The weight loss percentage of

each sample was calculated using the following equation:

Weight loss % ¼ M0 �Mt=M0ð Þ � 100 ð1Þ

where M0 is the initial weight of the sample and Mt the

weight of the sample measured at time t after being dried.

Antimicrobial study

Antimicrobial properties of the mesoporous NBG particles

were tested against clinical pathogens such as S. aureus and

E. coli using Kirby–Bauer disk diffusion method [26].

Mueller–Hinton agar (MHA) medium (HiMedia) was

prepared and sterilized at 121 �C (15 psi) for 15 min. The

MHA plates were prepared by pouring 15 ml molten

medium into sterile Petri plates. The plates were allowed to

solidify for approximately 5 min, and 0.1 % of inoculum

was swabbed uniformly over the agar until the inoculum

became invisible. The NBG-particle-loaded disks, with

10-mm diameter and 2-mm thickness, were placed on

culture plates. These plates were incubated overnight at

37 �C. After the incubation period, the diameter of any

inhibition zone formed around the cement disk was mea-

sured. The above experiments were repeated in triplicates

to confirm the homogeneity of the composites.

Cytotoxicity studies

The obtained human osteoblast cell line (MG-63; National

Centre for Cell Science, Pune, India) was grown in Eagle’s

minimum essential medium containing 10 % fetal bovine

serum (FBS). The cells were maintained at 37 �C, 5 %

CO2, 95 % air, and 100 % relative humidity. Maintenance

cultures were passaged weekly, and the culture medium

was changed twice a week.

Cell treatment

The monolayer cells were detached with trypsin–EDTA

and viable cells were counted using a hemocytometer and

diluted with medium containing 5 % FBS to give final

density of 1 9 105 cells per ml. The cell suspension

(100 ll/well) was seeded into 96-well plates at a density of
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10,000 cells per well. Then, the cells were incubated for

cell attachment at 37 �C, 5 % CO2, 95 % air, and 100 %

relative humidity. After 24 h, the cells were treated with

the test samples at different concentrations. Additional four

serial dilutions were made to provide a total of five sample

concentrations. Following sample addition, the plates were

incubated for an additional 48 h at the same culture con-

ditions. The medium without samples served as control,

and all measurements were undertaken in triplicate.

MTT assay

3-[4,5-Dimethylthiazol-2-yl]2,5-diphenyltetrazolium bro-

mide (MTT) salt cleaved by the mitochondrial enzyme

succinate dehydrogenase was used to determine the num-

ber of viable cells in the treated wells. After 48 h of cell

incubation, 15 ll MTT (5 mg ml-1) in phosphate-buffered

saline was added to each well and incubated at 37 �C for

4 h. The medium with MTT was then decanted and formed

formazan crystals, which were solubilized in 100 ll

dimethyl sulfoxide. The absorbance was measured at

570 nm using a microplate reader. The percentage cell

viability then obtained on comparisons with control is as

follows:

% Cell viability ¼ Absorbance of the NBG � treated cells

Absorbance of the cells
� 100:

ð2Þ

Results and discussion

The XRD pattern of the prepared base glass and meso-

porous TiO2-doped NBG particles before in vitro studies is

shown in Fig. 1. The broad diffraction peaks obtained at

diffraction angle (2h) of 20�–30� show amorphous nature.

The addition of TiO2 in the NBG system does not exert any

structural changes while calcinating the prepared samples

at 500 �C. Figure 2 shows FTIR spectra of the prepared

NBG particles before immersion in the SBF. The peaks

observed at 467 and 486 cm-1 are assigned to Si–O–Si

stretching, whereas those at 794 and 1094 cm-1 corre-

spond to symmetric and asymmetric stretching vibrations

of Si–O–Si bridging oxygen (Table 1). The bands detected

at 636 cm-1 correspond to the P=O bond present in the

NBG particles. Similarly, the bands detected at 1383 and

1641 cm-1 correspond to the hydroxyl group (OH-) on the

glass system. It is inferred from the FTIR analysis that the

increase in the concentration of TiO2 in the NBG system

does not result in any major variations.

TEM analysis and selected area electron diffraction

(SAED) patterns of the synthesized mesoporous TiO2-free

and TiO2-doped NBG particles are given in Fig. 3. SCPT1

sample shows a particle size of less than 50 nm with well-

dispersed and spherical morphology (Fig. 3b). SCPT0,

SCPT2, and SCPT3 glass particles are found to have an

irregular spherical morphology and agglomerated particles,

as shown in Fig. 3a–d. However, the non-crystalline nature

of the prepared TiO2-doped NBG is evident from the

Fig. 1 Diffraction pattern of the as-prepared NBG particles

Fig. 2 FTIR spectra of the as-prepared NBG particles
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SAED pattern (inset in Fig. 3). These results are in good

agreement with the XRD results. The observed morpho-

logical changes in TiO2-doped glass systems are due to

interchange of Ti ions with Ca2?, which exerts structural

changes [12] by acting as an intermediate.

Figure 4 shows the SEM images along with corre-

sponding EDX pattern of the prepared mesoporous NBG

particles with different concentrations of TiO2. From the

observed results, it is evident that SCPT0 and SCPT1

samples have spherical shape with uniform morphology

whereas samples SCPT2 and SCPT3 have an irregular

shape and the particles are agglomerated because of the

addition of TiO2 (C1 mol%). In addition, the correspond-

ing EDX pattern reveals the elemental compositions of

NBG particles with 100 % purity.

The SSA values, pore volume, and average pore di-

ameter of the prepared mesoporous NBG particles are re-

ported in Table 2. The SSA values of SCPT0, SCPT1,

SCPT2, and SCPT3 samples are 129, 186, 105, and 129

m2g-1, respectively. SCPT1 (1 mol% Ti) reveals high

Table 1 Assignments of IR absorption bands in the spectra of before and after in vitro studies of NBG composites

Wavenumber (cm-1) Peak assignments References

Before in vitro After in vitro

SCPT0 SCPT1 SCPT2 SCPT3 SCPT0 SCPT1 SCPT2 SCPT3

486 486 486 467 – – – Si–O–Si stretching [37]

– – – – 563 563 563 563 PO3
-2 vibration band [38]

636 636 636 636 598 598 598 – –P=O bending band, PO4
-3 vibration band [38]

794 794 794 803 803 803 – Symmetric Si–O–Si stretching in SiO4 tetrahedron [37]

– – – 873 873 – 873 C–O stretching vibration band in CO3
2- [37]

1094 1094 1094 1094 1093 1093 1093 1093 Asymmetric Si–O–Si stretching in SiO4 tetrahedron [37, 39]

1383 1383 1383 1383 – – – O–H bending vibration band [40]

– – – 1401 1401 1401 1401 C–O stretching vibration band in CO3
2- [40]

– – – 1438 1438 1438 1438 C–O stretching vibration band in CO3
2- [40]

1641 1641 1641 1641 1644 1644 1644 1530 O–H bending (molecular water) [40]

Fig. 3 TEM images and

corresponding diffraction

pattern of the NBG particles
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Fig. 4 SEM images with corresponding EDX pattern of the NBG particles
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surface area (186 m2g-1) when compared with SCPT0

(0 mol% Ti). Further, when the addition of Ti in the NBG

is more than 1 mol%, the SSA gradually decreases from

186 m2g-1 (SCPT1) to 105 m2g-1 (SCPT2). However, the

SSA of 3 mol% of TiO2-doped NBG is increased from 105

m2g-1 (SCPT2) to 129 m2g-1 (SCPT3). The total pore

volume of the Ti-doped NBG particles is 1.07, 0.87, 0.71,

and 0.81 cm3g-1, respectively, for SCPT0, SCPT1,

SCPT2, and SCPT3 samples. Similarly, the average pore

diameters of SCPT0, SCPT1, SCPT2, and SCPT3 samples

are 33, 18, 27, and 25 nm, respectively. From the observed

results, it is evident that the total pore diameter decreases

from 33 nm (SCPT0) to 18 nm (SCPT1) while increasing

the TiO2 content from 0 to 1 mol%.

The nitrogen adsorption and desorption isotherm of the

mesoporous TiO2-doped NBG particles is shown in Fig. 5.

The observed results show that the prepared NBG particles

are extremely mesoporous (\50 nm). The shape of the ni-

trogen adsorption and desorption isotherm represents a type

IIb pattern with a H3 hysteresis loop, which is associated

with non-rigid slit-shape pores according to the International

Union of Pure and Applied Chemistry (IUPAC) classifica-

tion [27]. Previous studies show that high surface area of

silica- and phosphate-based NBG particles may enhance

in vitro bioactivity and biocompatibility, which coincides

with the present observation in TiO2-doped NBG [5, 28].

The prepared Ti-doped NBG glass series are tested for

in vitro bioactivity in terms of ionic interaction with SBF.

Samples incubated in SBF are regularly monitored for pH

variations (Fig. 6). A sudden increase in pH value is ob-

served in the Ti-doped NBG particles immersed in SBF up

to day 3, which may be due to the effect of Ti ions on the

base glass. Addition of titania to glass initially causes a rise

in pH during initial ion release and later it forms phos-

phoric acid by absorbing phosphate ions into the solution,

which causes a decrease in pH [13]. After day 6, the SBF

shows a decrease in the pH value of all the NBG particles

due to gradual increase in the absorption of Ca2? and P5?

ions from the SBF to induce the formation of HAp layer on

the surface of NBG particles. However, there is no sig-

nificant variation in any sample after 15 days. However,

SCPT1 sample remains constant in pH from 15 to 21 days,

which may be due to saturation of ion exchange after

formation of HAp layer in SBF. After 21 days of immer-

sion in SBF, the NBG particles are dried and characterized

by XRD, FTIR, and SEM studies.

Fig. 4 continued

Table 2 Textural properties and antimicrobial properties of TiO2-doped NBG glass compositions

Sample code Surface area (m2g-1) Average pore diameter (nm) Total pore volume (cm3g-1) Zone of inhibition

E. Coli (mm) S. aureus (mm)

SCPT0 129 33 1.07 0 0

SCPT1 186 18 0.87 16 0

SCPT2 105 27 0.71 18 0

SCPT3 129 25 0.81 20 0
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The weight loss percentage of mesoporous NBG parti-

cles in the SBF is shown in Fig. 7. It is observed that the

weight loss percentage of TiO2-doped NBG increases as

the concentration of TiO2 increases up to 1 %. The

degradation rates of the NBG particles are 21.05, 28.95,

25.79, and 19.26 %, respectively, for SCPT0, SCPT1,

SCPT2, and SCPT3 samples. The TiO2-free NBG sample

(SCPT0) shows a decrease in the weight loss as compared

to TiO2-doped glasses. However, substitution of TiO2

(1 mol%) for CaO increases the degradability of glass

particles and improves apatite formation on the glass sur-

face (SCPT1). The increase in TiO2 (C1 %) decreases the

degradation rate because of low dissolution rate of SCPT2

and SCPT3 samples. It may delay apatite formation on the

glass surface and solubility of the glass. It is evident from

the earlier studies that the presence of Ti in the phosphate

network acts as both the network former and network

modifier [29, 30]. The observed decrease in weight loss

may be due to the breaking of P–O–P bonds in phosphate

network structure, leading to formation of terminal oxy-

gens. Similarly, the reinforcement of glass structure might

have taken place due to creation of non-bridging oxygen of

two phosphate chains when the concentration of TiO2 is

less than 1 %. Thus, it may lead to decrease in degradation

of glass particles. Therefore, the degradation rate of the

NBG particles changes depending on the concentration of

TiO2.

Figure 8 shows the XRD pattern of the mesoporous

NBG particles after 21 days of immersion in SBF. The

observed diffraction crystalline peaks in SCPT0 and

SCPT1 samples at 28.9�, 31.7�, and 31.9� (JCPDS file no.

Fig. 5 The N2 adsorption and desorption isotherms of prepared the

NBG particles

Fig. 6 pH variation during different immersion periods for the NBG

samples

Fig. 7 Degradation percentage of the prepared NBG particles after

21 days of immersion in SBF
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09-0432) correspond to the formation of HAp layer on the

glass surface. The observed results distinctly indicate that

the rate of HAp layer formation is high in SCPT1 com-

pared with that in SCPT0, SCPT2, and SCPT3 samples.

SCPT2 and SCPT3 samples reveal amorphous nature,

which may be due to low dissolution rate of NBG particles

in SBF. When the concentration of Ti increases above 1 %,

it suppresses the dissolution rate and reduces the rate of

HAp layer formation. In addition, higher concentration of

amorphous TiO2 does not induce apatite formation on its

surface in SBF [31].

The formation of HAp layer on the surface of the me-

soporous NBG particles after SBF incubation is examined

from the obtained FTIR spectra (Fig. 9). The peaks ob-

served at 598 and 563 cm-1 correspond to the absorption

of the phosphate band, which confirms HAp layer forma-

tion on the surface. In addition, the absorption of carbonate

peaks at 1438, 1401, and 873 cm-1 are also detected in

SCPT1 sample. The peaks observed at 803 and 1093 cm-1

indicate Si–O–Si asymmetric stretching vibration and the

peak observed at 1644 cm-1 indicates the presence of

hydroxyl group (Table 1). However, it is resolved that the

development of carbonate band is higher in SCPT1 than

that in SCPT2 and SCPT3. The well-developed carbonate

and phosphate bands indicate the formation of HAp layer

on the NBG surface. In addition, the suppressed or delayed

HAp layer formation in 2 and 3 mol% Ti-doped NBG

particles is due to low dissolution or degradation of Ca2?

and P5? ions in SBF [32].

The SEM images of mesoporous NBG particles

(SCPT0, SCPT1, SCPT2, and SCPT3) obtained after im-

mersion in SBF for 21 days are depicted in Fig. 10a–d. The

morphological difference is observed only in SCPT1

sample before and after immersion in SBF, indicating the

formation of new apatite crystals on the surface. SCPT0,

SCPT2, and SCPT3 samples show less formation of HAp

layer on the glass surface after in vitro studies. Formation

of HAp crystal is clearly visible on the surface of SCPT1

sample (Fig. 10b) when compared with other TiO2-doped

NBG particles. The above results show that reactivity of

1 mol% TiO2-doped NBG particles with SBF is high, and

hence, the glass surface is fully covered with a crystalline

HAp layer without any interface. As the concentration of

Ti increases above 1 %, it changes the structure and re-

duces the dissolution rate of the NBG particles [14].

The in vitro bioactivity via formation of HAp layer on

the surface of mesoporous NBG particles is confirmed by

XRF analysis. The elemental composition with weight

percentage of Ti-doped NBG particles before and after

SBF immersions is given in Table 3. From the observed

results, it is clear that the formation of CaP surface layer

increases whereas the amount of Si content decreases on

the sample surface after immersion in SBF for 21 days. In

addition, SCPT1 sample shows Ca/P ratio of 1.74, which is

closer to the appropriate stoichiometric value (1.67) of

HAp. On the basis of the XRD, FTIR, and SEM results, it

is concluded that SCPT1 shows better in vitro bioactivity

Fig. 8 XRD pattern of the NBG particles after 21 days of immersion

in SBF

Fig. 9 FTIR spectra of NBG particles after immersion in SBF for

21 days
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and biocompatibility with respect to SSA when compared

with SCPT2 and SCPT3.

The response of bacteria to the prepared mesoporous Ti-

doped NBG particles is tested against S. aureus and E. coli,

as shown in Fig. 11. No zone of inhibition is observed

against S. aureus for all the prepared NBG particles,

whereas it is found that the concentration of Ti increases

the zone of inhibition against E. coli (Table 2). The mea-

sured inhibition zone in E. coli placed with SCPT1,

SCPT2, and SCPT3 sample is 16, 18, and 20 mm, re-

spectively. It is shown that the bactericidal activity of

TiO2-doped NBG particles is induced by the oxidizing

reaction of reactive oxygen species [19]. However, TiO2-

doped NBG particles show no significant microbial activity

due to least contact between S. aureus and the prepared

amorphous NBG particles [19]. Therefore, it is evident that

TiO2 nanoparticles induce a huge amount of hydroxyl

radicals [18] against gram-negative bacteria, which leads to

a greater antibacterial activity against E. coli.

The in vitro cell viability and cytotoxicity assays are

performed for mesoporous NBG glass composites against

osteoblast cell line (MG-63). NBG-particle-treated os-

teoblast cells at different concentrations (31.25, 62.5, 125,

250, and 500 lg ml-1) are observed microscopically (im-

ages not shown) for cell mobility and cell death. The ob-

served results revealed that SCPT0 and SCPT1 samples did

not show any cell damage at 31.25, 62.5, and 125 lg ml-1

concentrations when compared with SCPT2 and SCPT3

samples. However, cell damage is observed when the

concentration reaches above 62.5 lg ml-1 for SCPT2 and

SCPT3 samples.

The cell viability percentage of the mesoporous NBG

particles at different concentrations is determined by MTT

assay. The obtained cell viability percentage is given in

histogram (Fig. 12). After 48 h of incubation, the cell

viability percentages at a concentration of 31.25, 62.5, 125,

250, and 500 lg ml-1 are 103, 101, 98, 84, and 78 % for

SCPT1 samples. This indicates that SCPT1 sample is non-

toxic at a concentration up to 125 lg ml-1. A significant

decrease in cell viability is observed in SCPT2 and SCPT3

samples (Fig. 12) when compared with SCPT0 and SCPT1

samples. NBG doped with 1 % TiO2 is the optimal com-

position for the formation of HAp layer and better bio-

compatibility due to release of ions essential for cell

Fig. 10 SEM images of

different NBG particles after

incubation in SBF for 21 days

Table 3 XRF analysis of TiO2-doped NBG particles before and after

in vitro

Before immersion (wt %) After immersion (wt%)

Sample Si Ca P Si Ca P Ca/P

SCPT0 32.35 9.75 4.65 28.69 11.87 08.60 1.38

SCPT1 40.24 12.62 6.72 35.62 16.31 9.34 1.74

SCPT2 34.83 11.56 5.98 32.14 11.48 04.70 2.44

SCPT3 31.49 10.09 7.82 30.45 09.63 3.65 2.63
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attachment. The cell viability and HAp layer formation are

found to be low in SCPT2 and SCPT3 because of low

dissolubility of glass sample, which leads to an unfavorable

environment for cell attachment and proliferation [33]. As

the concentration of titanium increases above 1 % in the

NBG sample, the cell viability decreases, exerting toxic

effects on cells.

The toxicity of mesoporous NBG particles depends not

only on the concentration but also on size, shape, and

physicochemical stability of the particles [34]. However,

when the concentration of Ti-doped NBG particles in-

creases above 125 lg ml-1, it may induce phenotypic

changes due to release of cytokines and proteases in the

cells. It might result in reduced bone formation due to the

effect of osteoblast differentiation, osteoblast recruitment,

and matrix formation [35, 36]. Therefore, SCPT1 sample

shows better bioactivity and higher cytocompatibility

against osteoblast cells than control and could basically

serve as an effective material for biomedical implant

applications.

Conclusion

TiO2-free and TiO2-doped mesoporous NBG particles were

synthesized by simple and cost-effective sol–gel method.

The physicochemical properties of these nanoparticles

were characterized to optimize glass compositions for en-

hanced in vitro bioactivity, antimicrobial activity, and

biocompatibility. The results of this investigation show that

SCPT1 reveals uniform spherical morphology and higher

SSA of 186 m2g-1 with amorphous nature. The formation

of the HAp layer on the sample surface was confirmed by

SEM–EDS, XRD, and XRF analyses. Higher antimicrobial

activity of the prepared TiO2-doped NBG particles was

observed against E. coli, whereas no significant response

was observed against S. aureus. The addition of TiO2

(1 mol%) in glass compositions showed nontoxic effect

and exhibited better cell viability in osteoblast cell line

(MG-63) at a concentration of 125 lg ml-1. From the

observed results, it is concluded that TiO2-doped NBG

particles (1 mol%) could be treated as a possible NBG

composite for medical implant applications with better

bioactivity and biocompatibility.
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