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1. Introduction recent decades, increased life expectancy and the grow-
ing expectations of patients regarding dental treatments

Teeth are among the most prominent components of have driven extensive efforts toward the development

the human body and play a significant role in social
interactions by strongly influencing facial aesthetics,
perceived attractiveness, and individual self-confidence.
Beyond their aesthetic importance, teeth perform es-
sential functional roles, including mastication, proper
speech articulation, and maintenance of overall digestive
health. Consequently, preserving dental health, struc-
tural integrity, and long-term durability has always been
a fundamental objective in the field of dentistry. In

of materials and techniques that provide enhanced dura-
bility, adequate mechanical strength, and long-lasting
aesthetic performance [1]. In this context, remarkable ad-
vances in materials science-particularly the emergence of
nanotechnology-have introduced transformative opportu-
nities in restorative and regenerative dentistry. Nanotech-
nology enables the design and fabrication of materials
at the nanoscale, allowing the targeted enhancement of
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physical, chemical, and biological properties. Nanostruc-
tured materials, owing to their high surface-to-volume
ratio, increased reactivity, and improved interaction with
biological tissues, have demonstrated substantial po-
tential in improving the durability, biocompatibility,
and functional performance of dental materials [2, 3].
As a result, the incorporation of nanoscale materials
into dental restorations, coatings, fillers, and bioactive
systems has emerged as a promising and innovative
approach, leading to significant advancements in mod-
ern dentistry [4, 5, 6]. Furthermore, the complex oral
environment-characterized by cyclic masticatory loads,
thermal fluctuations, constant moisture, and microbial
activity-necessitates the use of dental materials with high
mechanical stability and chemical resistance. Therefore,
dental restorative materials must not only withstand me-
chanical and chemical challenges but also exhibit optical
properties such as color, translucency, and surface ap-
pearance that closely resemble natural tooth structure.
Achieving this balance is critical for ensuring both func-
tional longevity and patient satisfaction from an aesthetic
standpoint [7]. Within this framework, biomaterials have
become a central focus of contemporary dental research.
Biomaterials are defined as materials capable of replac-
ing, restoring, or enhancing the function of biological
tissues while eliciting a favorable biological response
and minimizing adverse tissue reactions. Recent stud-
ies have highlighted that the development of advanced
dental biomaterials, particularly bioactive systems, rep-
resents a key strategy for improving the longevity and
clinical performance of dental treatments. These ma-
terials can enhance restorative outcomes through the
release of biologically active ions, promotion of mineral
layer formation such as hydroxyapatite, and stimulation
of tissue repair and regeneration processes-capabilities
that are largely absent in conventional composite and
ceramic materials [8, 9, 10]. Biomaterials are generally
classified into three main categories: biometals, bioce-
ramics, and biopolymers, each of which plays a distinct
role in medical and dental applications based on its
structural and functional characteristics. Among these
groups, bioceramics have gained particular prominence
in dentistry due to their excellent chemical and thermal
stability, high hardness and wear resistance, favorable
biocompatibility, and desirable aesthetic appearance.
This category includes various bioactive ceramics such
as bioactive glasses, calcium phosphate ceramics, and
calcium silicates, which possess the ability to bond di-
rectly with hard tissues, facilitate bone and dental tissue
regeneration, and induce favorable biological responses
[5, 11, 12]. Among bioceramics, bioactive glasses repre-
sent one of the most important and extensively studied
subclasses. These materials, typically based on amor-
phous silicate networks, exhibit a unique ability to form
a direct chemical bond with hard tissues. Upon expo-
sure to physiological or simulated body fluids, bioactive
glasses undergo surface dissolution reactions that lead to
the formation of a calcium-phosphate-rich layer, which
subsequently crystallizes into hydroxyapatite similar to
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the mineral phase of bone. This mechanism underlies
the bioactivity of these glasses and is responsible for
their strong interfacial bonding with bone and dental tis-
sues. Consequently, bioactive glasses have been widely
employed in dental and maxillofacial applications, in-
cluding bone defect repair, implant surface coatings to
enhance osseointegration, dentin hypersensitivity treat-
ment, and remineralizing dental products [13, 4]. In
addition to their bioactive behavior, bioactive glasses
possess osteoinductive and osteostimulatory properties,
enabling them to actively promote bone formation and
regeneration. The controlled release of ions such as
Ca”*, PO3™, and soluble silica species (Si(OH)4) not
only supports hydroxyapatite formation but also acti-
vates cellular signaling pathways associated with os-
teogenesis. These characteristics, combined with their
non-toxic, non-allergenic, and non-inflammatory nature,
make bioactive glasses highly suitable candidates for
clinical and biomedical applications. Recent advances
in compositional design and structural engineering-such
as modifying the SiO,-CaO-Na; O-P,05 network, intro-
ducing functional dopants, and controlling amorphous
or partially crystalline phases-have enabled significant
improvements in mechanical properties, dissolution be-
havior, and biological unctionality [14, 15, 16]. In this
regard, the incorporation of functional oxides such as
TiO; has attracted considerable attention as an effective
strategy to enhance the structural stability, mechanical
performance, and biocompatibility of bioactive glasses.
Therefore, the aim of the present study is to investigate
a TiO;-containing bioactive glass within the ternary
Si0,—Ca0O-P,05 system and to evaluate its potential
applications in dentistry. The inclusion of TiO, is ex-
pected to improve the durability and clinical performance
of bioactive glass-based dental restorations, offering a
promising pathway toward advanced biomaterials for
restorative and regenerative dental applications.

2. Materials and methods

2.1 Materials

Tetraethyl orthosilicate (TEOS), calcium nitrate, triethyl
phosphate (TEP), tetrabutyl orthotitanate (TBOT), and
nitric acid (2 M) were used as precursor materials for
the synthesis of bioactive glasses. All chemicals were of
analytical grade and purchased from Merck (Germany).
The tetrazolium salt (MTT) used for cytocompatibility
assessment was obtained from Sigma-Aldrich (USA).
All reagents were used as received without further purifi-
cation. Double-distilled water was employed throughout
all synthesis and solution preparation procedures.

2.2 Instruments and equipment

The structural, morphological, and biological characteri-
zations of the synthesized bioactive glass samples were
carried out using the following instruments and equip-
ment: FT-IR analysis was performed using a Bruker
Tensor 27 spectrometer (Bruker, Germany) to identify
functional groups and investigate structural changes in
the bioactive glass network. Phase composition and
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structural characteristics were analyzed using an X-ray
diffractometer (Bruker D8 Advance, Germany) equipped
with Cu-K« radiation (A = 1.54 A). The instrument was
operated at an accelerating voltage of 20 kV and a current
of 10 mA. The surface morphology and particle size dis-
tribution of the synthesized bioactive glass powders were
examined using a scanning electron microscope (Philips
XL30, Netherlands). SEM images were recorded at an
accelerating voltage of 20 kV.

2.3 Synthesis of bioactive glasses by the sol-gel
method

Three bioactive glass samples based on the
Si0,—-Ca0O-P,0s5 system (BG1, BG2, and BG3) were
synthesized via the sol-gel method. The synthesis pro-
cedure was identical for all samples, with variations in
precursor ratios to modify the glass composition, par-
ticularly the TiO; content (Table 1). Among them, the
TiO,-containing sample (BG3) was selected for detailed
structural, morphological, and preliminary biological
evaluations. In a typical synthesis, tetraethyl orthosili-
cate was hydrolyzed in 2 M nitric acid under magnetic
stirring for 30 min, followed by sequential addition of
calcium nitrate, triethyl phosphate, and tetrabutyl orthoti-
tanate with continuous stirring to obtain a homogeneous
sol. The sols were aged at 30 °C for 10 days, dried at
70 °C for 3 days and at 120 °C for 2 days, and finally
calcined at 700 °C for 3 h to produce fine bioactive glass
powders.

2.4 Preparation of simulated body fluid (SBF)

Simulated body fluid (SBF) was prepared according to
the standard protocol to reproduce the ionic composi-
tion of human blood plasma. Appropriate amounts of
reagent-grade inorganic salts were sequentially dissolved
in double-distilled water under continuous stirring at
room temperature. The pH of the solution was care-
fully adjusted to 7.4 at 37 °C using suitable buffering
conditions. The prepared SBF was stored at 4 °C and
equilibrated to 37 °C prior to use. In the present study,
SBF preparation was described to indicate the physio-
logical simulation conditions; however, no long-term
immersion or quantitative mineralization analysis was
performed within the scope of this work.

2.5 Structural and morphological characterization

2.5.1 Fourier transform infrared spectroscopy
(FT-IR)

Fourier transform infrared (FT-IR) spectroscopy was
used to identify functional groups and investigate struc-

tural changes in the synthesized bioactive glasses. For
sample preparation, the bioactive glass powders were
mixed with KBr at a weight ratio of 2:80 and pressed into
transparent pellets. FT-IR spectra were collected in the
range of 400 — 4000 cm~! with appropriate resolution
to detect silicate, phosphate, and Ti-related vibrational
bands.

2.5.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was employed to exam-
ine the phase composition and structural characteristics
of the synthesized samples. Diffraction patterns were
recorded over a 26 range of 10 — 80° with a step size
of 0.05°. The average crystallite size, where applicable,
was estimated using the Debye—Scherrer equation to
confirm nanoscale structural features.

2.5.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to in-
vestigate the morphology and particle size distribution
of the bioactive glass powders. For SEM analysis, a
small amount of powder was dispersed in ethanol using
ultrasonic agitation, and a drop of the suspension was
deposited onto a copper substrate and allowed to dry
prior to imaging.

2.6 Invitro cytocompatibility assessment
(MTT assay)

The cytocompatibility of the synthesized bioactive
glasses was evaluated using the MTT assay as a pre-
liminary screening of cellular response. L1929 mouse
fibroblast cells were seeded into 96-well plates and incu-
bated under standard culture conditions (37 °C, 5% CO»).
After exposure to the bioactive glass samples for 72 h,
MTT solution was added to each well and incubated to
allow the formation of formazan crystals by metaboli-
cally active cells. The culture medium was then carefully
removed, and 200 pL of dimethyl sulfoxide (DMSO)
along with 25 pL of glycine—NaCl buffer was added to
each well to ensure complete dissolution the formazan
crystals and to stabilize the pH during absorbance mea-
surement. The absorbance of each well was measured
at 570 nm using a microplate reader. All experiments
were performed in triplicate, and the results were ex-
pressed as mean values. Cell viability was calculated as
a percentage relative to the negative control.

Table 1. Composition and precursor amounts of synthesized bioactive glass samples (BG1-BG3).

Sample ID

TEOS Calcium Nitrate  Triethyl Phosphate

Tetrabutyl Orthotitanate ~ Nitric Acid 2 M) TEOS

(mL) ® (® (mL) (mL) (mL)
BGI 5.75 5.90 1.28 1.20 15 5.75
BG2 5.75 2.95 1.40 1.30 15 5.75
BG3 11.50 2.95 2.80 1.20 30 11.50
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3. Results and discussion

3.1 Functional group analysis by FTIR

Figure 1 illustrates the FT-IR spectra of the synthesized
bioactive glass samples (a) BG1, (b) BG2, and (c) BG3
recorded in the range of 400 — 4000 cm~!. The spectra
provide valuable information regarding the structural fea-
tures and bonding configurations of the glass network as
well as the effect of compositional variations among the
samples. All samples exhibit a broad absorption band in
the range of approximately 3200 — 3600 cm ™', which is
attributed to the stretching vibrations of hydroxyl (-OH)
groups and adsorbed molecular water. The presence of
these bands is characteristic of sol-gel derived glasses
and indicates incomplete condensation of silanol groups
(Si—-OH) as well as moisture adsorption due to the high
surface area of the powders. The bending vibration of
molecular water is also observed as a weak band around
1630 — 1650 cm™!. The strong absorption bands located
in the region of 1000 — 1100 cm™" are assigned to the
asymmetric stretching vibrations of Si—~O-Si bonds, con-
firming the formation of a silicate-based glass network.
In addition, the bands observed around 800 — 820 cm™!
correspond to the symmetric stretching vibrations of
Si—0O-Si linkages, while the bands near 450 — 500 cm~!
are associated with bending vibrations of Si—~O-Si bonds.
These spectral features are typical of predominantly
amorphous silicate glasses and confirm the successful
formation of the glassy structure after heat treatment.
The presence of phosphate groups within the glass net-
work is evidenced by absorption bands appearing in the
range of 560 — 610 cm™!, attributed to the bending vi-
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brations of P—O bonds in POi‘ units. Variations in band
intensity among the samples, reflect differences in phos-
phate content and local structural organization within
the network. Notably, BG3 exhibits subtle changes in
band intensity and broadening compared to BG1 and
BG?2, particularly in the Si—O-Si and P-O related re-
gions. These variations suggest structural modification
of the silicate—p hosphate network upon TiO; incorpora-
tion. Titanium ions (Ti*") may participate in the glass
network, through the formation of Ti—-O-Si or Ti-O-P
linkages; however, due to the overlap of Ti—O vibrational
modes with silicate bands, distinct Ti-related peaks can-
not be clearly resolved in the present spectra. Overall,
the FT-IR results confirm the successful synthesis of
predominantly amorphous bioactive glass compositions
containing silicate and phosphate structural units. The
observed spectral differences among BG1, BG2, and
BG3 demonstrate that compositional modification, par-
ticularly TiO, incorporation, influences the local network
structure, while maintaining the amorphous nature of
the glass matrix.

3.2 Phase analysis by XRD

The X-ray diffraction (XRD) patterns of the synthesized
bioactive glass samples BG1, BG2, and BG3 are pre-
sented in figure 2. All samples exhibit a broad and
diffuse halo centered in the 26 range of approximately
25 —30°, which is a characteristic feature of amorphous
silicate-based glasses. This broad diffraction feature
confirms that the glass matrices of all three samples
are predominantly non-crystalline after heat treatment
at 700 °C. Comparison of the diffraction patterns re-
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Figure 1. Illustrates the FT-IR spectra of the synthesized bioactive glass samples (a) BG1, (b) BG2, and (c) BG3.
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veals that BG1 and BG2 display similar amorphous
profiles, without sharp diffraction peaks, indicating a
highly disordered glass network. In contrast, BG3 shows
subtle changes in halo intensity and width, suggesting
slight structural modification of the glass matrix upon
TiO, incorporation. The absence of distinct crystalline
TiO; peaks indicates that titanium is either present in
an amorphous state or incorporated into the silicate net-
work as a network former or intermediate oxide. Weak
and broad diffraction peaks observed at approximately
38°, 48°, and 55° may correspond to limited structural
ordering or partial nanocrystalline domains, as occa-
sionally reported in sol—gel derived glass systems after
thermal treatment. However, these features remain low
in intensity and do not alter the predominantly amor-
phous character of the materials [17]. The pronounced
broadening of the diffraction features suggests that any
ordered domains, where present, are within the nanome-
ter scale. The average crystallite size estimated using
the Debye—Scherrer equation (D = 0.8911/f cos 6) was
approximately 60 — 100 nm, which is consistent with
the nanoscale morphology observed in SEM analysis.
Overall, the XRD results demonstrate that BG1, BG2,
and BG3 maintain a predominantly amorphous struc-
ture following heat treatment, with only minor structural
variations among compositions. TiO, incorporation in
BG3 modifies the local structural organization while
preserving the amorphous nature of the glass matrix,
confirming successful compositional integration without
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formation of secondary crystalline TiO, phases.

3.3 Morphological analysis by SEM

SEM micrographs of the synthesized bioactive glass sam-
ples BG1, BG2, and BG3 are presented in figure 3. All
samples exhibit nanoscale particles with predominantly
quasi-spherical to irregular morphologies. Slight parti-
cle elongation and agglomeration are observed across
all compositions, which is a common feature of sol-gel
derived bioactive glasses and can be attributed to high
surface energy and partial particle coalescence during
the heat treatment process. A comparative examina-
tion of the micrographs indicates that BG1 and BG2
display relatively similar morphological characteristics,
consisting of loosely agglomerated nanoparticles with
irregular shapes and noticeable interparticle voids. In
contrast, BG3 shows a more compact and uniform par-
ticle arrangement with slightly reduced agglomeration.
This morphological variation in BG3 may be associated
with TiO, incorporation, which can influence nucleation
behavior and particle growth during sol-gel process-
ing. Particle size analysis reveals that the nanoparticles
in all samples are mainly distributed in the range of
approximately 60 to 103 nm, with the majority of par-
ticles exhibiting diameters below 100 nm. BGI1 and
BG?2 show a broader size distribution, whereas BG3
demonstrates a relatively narrower particle size range,
suggesting improved control over particle growth in the
presence of TiO,. These observations are consistent with
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Figure 2. X-ray diffraction (XRD) pattern for bioactive glasses (a) BG1, (b) BG2, and (c) BG3 after heat treatment at 700 °C.
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Figure 3. SEM images of bioactive glass nanoparticles (a) BG1, (b) BG2, and (c) BG3 after heat treatment at 700 °C.

the nanoscale crystallite sizes estimated from XRD anal-
ysis. Despite minor agglomeration, the nanoparticles
appear reasonably well dispersed within the observed
regions. Such agglomeration is typical for sol—gel de-
rived bioactive glass nanoparticles and results from their
high specific surface area. The nanoscale particle size
and relatively uniform distribution observed, particu-
larly in BG3, indicate successful synthesis of fine glass
powders with controlled morphology. Overall, the SEM
results confirm the formation of nanosized bioactive
glass particles in all three compositions. The observed
morphological differences among BG1, BG2, and BG3
demonstrate that compositional modification, especially
TiO, incorporation, influences particle morphology and
size.

3.4 Invitro cytocompatibility assessment
(MTT assay)

The in vitro cytocompatibility of the synthesized bioac-
tive glass nanoparticles BG1, BG2, and BG3 was evalu-
ated using L.929 fibroblast cells by means of the MTT
assay as a preliminary assessment of cellular response.
Cells were incubated with the bioactive glass samples
for 72 h, and cell viability was quantified relative to
the untreated control group. The percentage of viable
cells following exposure to each sample is presented
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in figure 4. The results indicate that all three samples
exhibited high cell viability, with no statistically signif-
icant difference compared to the control group. Cell
viability values for BG1, BG2, and BG3 remained above
95%, demonstrating that none of the synthesized bioac-
tive glass compositions induced detectable cytotoxic
effects under the experimental conditions. Comparative
analysis among the samples shows that BG3, which
contains TiO;, exhibited cell viability comparable to
that of BG1 and BG2. This observation suggests that
the TiO, incorporation does not negatively influence
short-term cellular metabolic activity in L929 fibrob-
lasts. It should be noted that the MTT assay evaluates
mitochondrial metabolic activity as an indicator of cell
viability and does not provide comprehensive informa-
tion regarding long-term cellular behavior, proliferation,
or differentiation. Within the limitations of this assay, the
results demonstrate that the synthesized sol—gel derived
bioactive glass nanoparticles are non-cytotoxic under
the tested in vitro conditions. Overall, the MTT findings
support the preliminary cytocompatibility of the investi-
gated compositions and indicate that TiO, incorporation
does not adversely affect short-term cellular response.
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Figure 4. Cell viability of 1929 fibroblast cells after 72 h incubation
with bioactive glass nanoparticles (MTT assay).

4. Conclusions

The in vitro cytocompatibility of the synthesized bioac-
tive glass nanoparticles BG1, BG2, and BG3 was evalu-
ated using L.929 fibroblast cells by means of the MTT
assay as a preliminary assessment of cellular response.
Cells were incubated with the bioactive glass samples
for 72 h, and cell viability was quantified relative to
the untreated control group. The percentage of viable
cells following exposure to each sample is presented in
figure 4. The results indicate that all three samples ex-
hibited high cell viability, with no statistically significant
difference compared to the control group. Cell viability
values for BG1, BG2, and BG3 remained above 95%,
demonstrating that none of the synthesized bioactive
glass compositions induced detectable cytotoxic effects
under the experimental conditions. Comparative analy-
sis among the samples shows that BG3, which contains
TiO,, exhibited cell viability comparable to that of BG1
and BG2. This observation suggests that the TiO; incor-
poration does not negatively influence short-term cellular
metabolic activity in L929 fibroblasts.

It should be noted that the MTT assay evaluates
mitochondrial metabolic activity as an indicator of cell
viability and does not provide comprehensive informa-
tion regarding long-term cellular behavior, proliferation,
or differentiation. Within the limitations of this assay,
the results demonstrate that the synthesized sol-gel
derived bioactive glass nanoparticles are non-cytotoxic
under the tested in vitro conditions. Overall, the MTT
findings support the preliminary cytocompatibility of
the investigated compositions and indicate that TiO, in-
corporation does not adversely affect short-term cellular
response.
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