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Abstract

The challenges of forming a crystalline phase within 45S5 Bioglass® (45% Si0,-24.5% Ca0-24.5% Na,0-6% P,0s mol%)
and its subsequent influence on the bioactivity of the bioglass were studied in this research. Bioglasses were sintered at 1400,
750, and 550 °C, using both melting and sol-gel methods. The different responses of bioglasses to different sintering
temperatures were revealed. Particularly, increased crystallinity was observed in sol-gel-derived bioglass sintered at 750 °C,
indicating a denser and more ordered structure. This crystalline architecture facilitated enhanced bioactivity, as demonstrated
by increased hydroxyapatite deposition when immersed in simulated body fluid (SBF). Furthermore, superior mechanical
properties and biocompatibility were achieved with this temperature regime, making it a prime candidate for bone
regeneration applications. The bioglass sintered at 750 °C exhibited an accelerated degradation rate associated with its
porosity, potentially contributing to faster material resorption in vivo. Its antibacterial efficacy against E. coli and S. aureus
was also noted, and in vitro studies with MTT assay confirmed that the optimized sol-gel bioglass meets biocompatibility
standards. These findings highlight the potential of fine-tuning the sintering temperature to modulate the crystallinity of
bioglasses, thereby enhancing their application scope in bone tissue engineering.
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Highlight

e Bioglasses were sintered at three different temperatures: 550, 750, and 1400 °C.
o The sol-gel-derived sintered at 750 °C exhibited increased crystallinity.
e This increased crystallinity resulted in enhanced mechanical properties, biocompatibility, antibacterial efficacy, and

accelerated degradation.

1 Introduction

Silica-based bioglasses have gained significant attention in
the field of biomaterials due to their unique properties and
potential applications in bone grafting and tissue engineer-
ing. The development and characterization of bioglasses
synthesized using different techniques have been subjects of
extensive research [1-3]. Among these techniques, the
melting and sol-gel methods have emerged as prominent
approaches for producing bioglasses with tailored
properties.

The melting method involves high-temperature melting
and quenching, while the sol-gel technique utilizes the
controlled hydrolysis and condensation of precursor mate-
rials to form a gel [4]. The choice of the synthesis method
and sintering temperature plays a crucial role in determining
the structure, morphology, crystallinity, and bioactivity of
the resulting bioglasses [5, 6]. Understanding the effects of
sintering temperature on bioglass properties is essential for
optimizing their performance in biomedical applications.

Previous studies have investigated the influence of sin-
tering temperature on the properties of bioglasses. For
instance, Bellucci et al. [7] reported that the sintering tem-
perature affected the crystallization behavior and post-
sintering bioactivity of sol-gel derived bioglasses. Lefebvre
et al. [8] demonstrated that variations in sintering tem-
perature led to structural transformations in 45S5 bioactive
glass. Furthermore, Chitra et al. [9] highlighted the corre-
lation between sintering temperature, crystallization, and
cytocompatibility of bioglasses.

In this study, we aim to provide a comprehensive
investigation of the melting and sol-gel techniques, with a
particular emphasis on analyzing the impact of sintering
temperature on the properties of silica bioglasses. The
findings of this study will contribute to a better under-
standing of the relationship between synthesis parameters
and the resulting properties of bioglasses.

This research investigated how sintering temperatures
affect silica bioglasses fabricated via melting and sol-gel
techniques. Changing the sintering temperature allows for
specific control over the crystallinity of bioglasses, directly
impacting their structural, mechanical, and biological
properties. This comprehensive understanding provides
tailoring bioglass properties for bone tissue engineering,
presenting a strategic method to enhance material func-
tionality through sintering temperature modulation.
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2 Materials and methods

In this study, the synthesis of the bioglass was carried out
based on the reported compositions 45% Si0,-24.5% CaO-
24.5% Na,0-6% P,0Os mol% same as a trademarked 45S5
Bioglass® designed by Larry Hench [10-12]. The synthesis
process involved several steps. Initially, tetraethyl orthosilicate
(TEOS, 98%, Sigma Aldrich, China) was mixed with 1M
HNO; (65%, R&M Chemicals, Malaysia) at a room tem-
perature for 1h. Triethyl phosphate (TEP, 99%, R&M Che-
micals, Malaysia) was then added dropwise to the solution.
Calcium nitrate tetrahydrate (Ca(NO;),.4 H,0O, R&M Chemi-
cals, Malaysia’ and sodium nitrate (NaNOs;, 99%, R&M
Chemicals, Malaysia) were gradually added to the mixture
until a transparent solution (sol) was formed. The sol was then
stored in a sealed container at room temperature for seven days
to allow gel formation. The gel was aged in a vacuum oven
(ED56, Binder) for 24 h at 70 + 2 °C, followed by drying in an
oven at 120 °C for another 24 h to remove free water. The
dried gel was subsequently sintered at two different tempera-
ture (550 and 750 °C) for 9 h in a vacuum furnace (CWF 12/
13, Carbolite, UK) to obtain the bioglass powder. The com-
mercial 45S5 Bioglass®, which was prepared by the melting
method at 1400°C, was purchased from Apatech Nano
Technology, Yazd, Iran. The bioglass samples produced in
this study were referred to as BG45S5, BG550, and BG750.

Two types of tablets were used in this study: Disk-
shaped tablet with a diameter of 10+2 and a height of
2 + 1 mm was fabricated in accordance with the ISO 23317-
2007 for bioactivity, biodegradation, and water intake
assessments. According to the ASTM standard D638 (Type
V), the tablet with a diameter of 5+ 0.5 mm and length of
10 £ 0.5 mm was fabricated for the mechanical testing. The
molds (with the given dimensions and made of stainless
steel) were filled with 1+0.5g of bioglass powder. The
mixture was compressed using the press machine (Instron
3365, Instron, America) with load pressure of 5 MPa and
dwell time of 60s [5, 13, 14].

The thermal properties of the bioglass samples, including
the bioglass transition temperature (T,) and crystallization
temperature (T.), were determined using thermogravimetric
analysis (TGA) and differential scanning calorimetric
(DSC) unit (TGA-DSC HT 3, Mettler Toledo, Malaysia).
For the analysis, 7 mg of each sample was placed in the
alumina crucible and measured under nitrogen flow at a
heating rate of 10 °C/min from 50 to 1400 °C.
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FTIR spectroscopy (Spectrum 100, Perkin Elmer) was
employed to analyze the inter-molecular interactions among
the components of the bioglasses. Spectra were recorded in
the range of 500 to 4000 cm™!. The bioglass sample was
mixed with 300 mg of KBr (infrared grade) and formed into
a pellet before analysis.

The morphology of the synthesized samples before and
after immersing in SBF solution was examined using a
Field Emission Scanning Electron Microscope (FESEM)
(Nova Nanosem 230, FEI, USA) operated at a voltage of
20kV. Prior to characterization, all samples were gold
coated. FESEM images magnified at 2500x and insets at
25000x. Simultaneous energy-dispersive X-ray spectro-
scopy (EDX) analysis (Oxford Instruments, Max20, UK)
was conducted at specific points on the samples to identify
the presence of specific elements, namely Si, Ca, P,
Na, and O.

The X-ray diffraction (XRD) (X’Pert Pro PANalytical,
PW 3040/60, Netherlands) profiles were acquired to iden-
tify the crystalline phases of bioglasses before and after
soaking in SBF solution. The instrument operated at room
temperature, the current and voltage were 32 A and 40kV,
with Cu K radiation. The XRD scans were conducted within
a 20 =20°-70°.

Based on the XRD data, the average crystallite size and
crystallinity of the formed powder were calculated. The
average crystallite size (nm) was calculated using the
Scherrer equation (Eq. 1), where K is the Scherrer constant
(0.9), A is the wavelength of the X-ray source (0.15406 nm),
B is the estimated value of full width at half maximum, and
0 is the peak position in radians.

K4
p Cos

Crystallite Size = (1)

The degree of crystallinity was determined by calculating
the ratio of the integrated area of all crystalline peaks to the
total integrated area under the XRD peaks using Eq. 2,
where I, represents the integrated intensity corresponding to
the combeite crystalline phase of the sample, and I.«
represents the integrated intensity corresponding to the
45S5 Bioglass' .

I
%Crystallinity = I_c* x 100 (2)
c

The porosity and apparent density of the produced BG
samples were measured using the ethanol displacement test.
The specimens for the porosity and density measurement
were prepared based on the sample description outlined in
ISO 23317-2007 guide. The initial weight (W;) of the BG
sample was recorded for the porosity analysis. The sample
was then immersed in a container with a known amount of
ethanol (V;) and left for 15 min to allow the ethanol to fill
all pores in the sample. The combined volume of ethanol

and sample was denoted as V,. After removing the sample
from the ethanol solution, the final mass was weighed and
recorded (Wy), and the volume of ethanol remaining in the
container was recorded as V;. Porosity and density values
were calculated using Eqs. 3 and 4, respectively [15]. The
internal structures of the produced specimens were not
assessed, which is a limitation of the analyses performed in
this work.

%Porosity = {3=73 x 100 (3)
Wi
DeHSity = Fl‘/l (4)

The Brunauer-Emmett-Teller (BET) (Quantachrome,
Autosorb-1, USA) was used to ascertain bioglasses’ specific
surface area, pore volume, and pore size distribution. The
pore size distribution was derived from the N, desorption
segment of the obtained N, adsorption-desorption mea-
surements conducted at 77 K under vacuum.

The swelling test was performed by immersing disc-
shaped BG samples in distilled water. The samples were
shaped into discs and immersed in 25 ml of distilled water
in a polyethylene bottle container, which was then placed in
an incubator at 37 °C for a week without agitation. The
discs were periodically removed from the containers, excess
water was gently removed by wiping the surface with tissue
papers, and the changes in the shape of the discs (swelling)
were measured. The water intake was calculated using Eq.
5, where W; represents the initial mass of the sample, and
W; represents the final weight of the sample.
aws =W 00 (5)

The solubility of the samples was measured by drying
the samples after the swelling test at room temperature for
24h in a desiccator and reweighing them. The solubility
was calculated as the weight loss per unit area using Eq. 6,
where M, is the initial mass of the sample, M; is the mass of
the sample at a specific time point, and A is the surface area
(mm?).

AM — Mt — Mi (6)
A

The mechanical properties were evaluated using a com-
pression test according to ASTM Standard D638 (Type V).
At least five specimens were tested for each BG sample
using a dual column tabletop universal testing system
(Instron 3365, Instron, America) equipped with a SON load
cell. The tests were conducted at a crosshead speed of
5 mm/min.

In vitro bioactivity was evaluated by examining apatite
formation on the material surface after exposure to simu-
lated body fluid (SBF). The SBF solution was prepared
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according to the method described by Kokubo and ISO
23317-2014 [16, 17]. The samples were placed in a poly-
ethylene bottle containing 32 mL of SBF solution without
agitation and incubated at 37 °C for specified time points (1,
7, 14, 21, and 28 days). The volume of the SBF solution
was determined using the formula, where V, represents the
volume of SBF solution in mL and S, is the surface area of

the tablets in mm?.

V, = Sa/10 (7)

Two different solution treatments were applied to each
sample: (1) the "NR" treatment, where there was no solution
refreshment or adjustment, and (2) the "R" treatment, where
the solutions were refreshed every 24 h to maintain a pH of
7.42. After the incubation period, the samples were rinsed
with distilled water and dried in a desiccator for 24 h at
room temperature. The formation of hydroxyapatite on the
surface was examined using a FESEM (Nova Nanosem
230, FEI, USA) and analyzed using an X-ray Diffractometer
(X’Pert Pro PANalytical, PW 3040/60, Netherlands).

The concentration of released ions from the BG particles
in SBF solution, such as Ca, was analyzed using Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
(PerkinElmer Optima, 7300 DV instrument, USA). Fresh
SBF solution was used as a control.

The In vitro degradation study of the BGs was performed
in phosphate-buffered saline (PBS) solution at pH 7.4 and
37 °C for a week. The weight of each specimen was mea-
sured initially, and then the samples were periodically
removed from the solution, washed, and dried. The degra-
dation was calculated using Eq. 8, where M; and My
represent the initial and final weights of the dried samples,
respectively [18].
Degradation% = M x 100 (8)

Using a liquid culture method, the antibacterial effec-
tiveness of bioglasses was assessed against Gram-positive
S. aureus (ATCC® 6538) and Gram-negative E. coli
(ATCC" 8739). S. aureus were cultured in liquid nutrient
broth (NB) medium (NB, Miller, Becton Dickinson, USA).
E. coli were cultured in liquid LB broth (LB Broth, Lennox,
USA). Bacteria were grown in their medium overnight at
37°C on an orbital shaker. Prior to the experiment, the
bacterial suspension was diluted to approximately 10® CFU/
mL. Next, 10 mg of bioglasses were sterilized using a UV
lamp for 1h at room temperature. Subsequently, the bio-
glasses were incubated at 37 °C and stirred at 150 rpm with
1 ml of the bacterial suspension. After 18 h, the optical
densities of the bacterial solution containing one of the
bioglasses (OD;) were measured at 600 nm with a UV
spectrophotometer (UV-1800, Shimadzu, Japan) and com-
pared to the Samples of bacteria without bioglass (OD.)
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used as a control. The degree of bacterial inhibition was
determined using the following formula [18]:

ODc — ODs
- X

1 9
ODc 00 ©)

Bacterial inhibition% =

The pH of the bacterial suspension containing the bio-
glass samples was measured to monitor changes during the
antibacterial evaluation. Before incubation, the initial pH of
the bacterial suspension was recorded using a pH meter
(PH-B200E, Infitek, China) at room temperature. After 18 h
of incubation with the bioglass samples at 37 °C, the pH of
the suspension was measured again. This step ensured that
any observed antibacterial effects could be correlated with
changes in pH, providing insights into the bioglass’s
interaction with the bacterial environment.

The viability of MC3T3 cells (mouse embryonic fibro-
blast cells) was assessed using the MTT assay. The MC3T3
cells was purchase from the Institute of Bioscience, Uni-
versiti Putra Malaysia. To perform the assay, 0.1 g of bio-
glass powders were suspended in 2mL of medium and
incubated at 37 °C overnight to obtain the extract. The
MC3T3 cells were treated with this extract, and their via-
bility was evaluated using the MTT assay. The MTT assay
is a colorimetric method that involves the conversion of a
yellow tetrazolium salt, 3-{4,5 dimethylthiazol-2-yl}-2,5-
diphenyl tetrazolium bromide, into purple formazan crystals
by the mitochondrial esterase enzyme in metabolically
active cells [18-20]. For the assay, 7 x 103 cells/mL were
prepared and plated onto 96-well plates at a volume of
100 uL per well. The cells were treated with different
dilutions of the bioglass extract (25, 50, and 100%). Wells
with medium alone were used as controls. After incubating
the plates for 24 h at 37 °C in a 5% carbon dioxide atmo-
sphere, the extract was removed, and 100 L of MTT
working solution (1 in 10 dilutions, stock concentration of
5mg/mL, Sigma Aldrich) was added to each well. The
plates were then incubated in a 95% humidified atmosphere
at 37 °C for 3h. After incubation, the MTT reagent was
removed, and the wells were gently rinsed with PBS. Next,
100 pL. of dimethyl sulfoxide (DMSO) was added to each
well and incubated for 5 min at 37 °C in a shaker to solu-
bilize the formazan pigment produced. The formazan
solution’s optical density (OD) was measured at a wave-
length of 570 nm using an ELISA reader (TECAN, Swit-
zerland). Higher optical density values indicate a higher
concentration of living cells in the solution [18].

Absorbance sample (mean)

Cell Viability% = x 100

Absorbance control (mean)
(10)

One-way ANOVA was used to analyze the data with
Holm-Bonferroni post-hoc test. Values are means + s.d. for
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three independent replicates. *P<0.05, **P<0.01 and
**%P<0.001 .

3 Results and discussion
3.1 Thermogravimetric analysis

The thermal behaviors of the bioglasses after sintering were
assessed using TGA/DSC unit to identify suitable heat
treatment temperatures (Fig. 1). The TGA/DSC analysis
highlighted the influence of the fabrication method and
sintering temperature on amoprhous and crystallinity
behaviors of the produced bioglass. These findings high-
light the importance of careful control over processing
parameters to tailor the properties of bioglasses for specific
biomedical applications.

The DSC function was used to evaluate the glass
transition (T,) and crystallization (T.) conditions which
are critical events that occurred during heating. These
points depict the transformation of the glass from a
supercooled liquid to an amorphous solid and then to a
crystalline structure. Ty indicates the temperature at
which crystallization begins, while AT measures the
temperature range over which crystallization occurs
(AT =T.Ty) [21]. These pivotal transitions, clearly
depicted in the DSC plots, are instrumental in under-
standing the crystalline phase development of each bio-
glass composition. The TGA functions were used to show
mass loss or mass gain during the heating process. These
scenarios had been depicted quite well for the bioglass
samples tested.

BG45S5, produced via melting, demonstrated excep-
tional stability with a mere 1.6% of total weight loss when
heated up to 1400 °C (Fig. 1a). The DSC spectrum for 45S5
bioglass indicated the removal of alcohol and physically
bound water molecules at 42—132 °C, resulting in a minor
0.1% weight loss. Subsequent peaks at 160-188 °C (0.23%
weight loss) and 483-1391 °C (broad exothermic peak with
0.4% weight loss) corresponded to the removal of nitrate
groups, the degradation of the amorphous structures and the
formation of stable and dense crystal, respectively. The
increase in weight around 650 °C in the TGA results sug-
gests that the crystallization process had been initiated,
potentially preceding to the observed crystallization tem-
perature (T.) at 1393 °C [9, 18, 22, 23]. The porous melt-
derived glasses, like Bioglass 45S5, tends to form crystal at
a small sintering window, a limitation that had been high-
lighted by many researchers [24]. Thus, understanding the
thermal behavior of these materials at the respective oper-
ating conditions are important. The summarized results of
thermal data and compositional analysis obtained form the
TGA/DSC unit are as displayed in Table 1.
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Fig. 1 TGA and DSC curves for (a) Bioglass 45S5 (b) BG-550 and (c)
BG-750 (nitrogen atmosphere, 10 °C min~")

Table 1 TGA/DSC results of bioglasses

Sample  Total Number T, T, T (°C) Ty (°C) AT
Weight  of Stages (°C) (°C) °0)
Loss (%)

BG45S5 1.6 3 552 1393 983 431

BG550 3343 5 474

BG750 15.25 6 237 620 748 428 191

@ Springer
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In contrast, BG550 and BG750, sintered using the sol-gel
method at 550 and 750 °C, respectively, displayed sig-
nificantly higher weight losses, indicative of different stages
of thermal degradation. BG550, sintered at 550 °C, (Fig. 1b)
revealed a weight loss of 4.35% in the first stage
(48-162 °C) due to the removal of alcohol, nitrate, and
physically bound water molecules. Subsequent stages
indicated further nitrate removal, glass transition tempera-
ture (T,) at 474 °C, and bioglass phase changes [18, 25].

BG750 exhibited an even more substantial weight loss of
15.26% across six stages (Fig. lc). The initial stages
involved the evaporation of crystalline water [25]. Mass
loss of about 6.22% were reported in the subsequent stages
(59-192 °C) due to the removal of water and nitrate groups
[9, 18, 25]. The glass transition temperatures (Tg; at 237 °C
and Ty, at 543-644 °C) were observed, along with a crys-
tallization peak (T,.) at 748 °C [18].

The differences in weight loss between samples sintered
at different temperatures highlight the complex interaction
between processing conditions, composition, and thermal
behavior of bioglasses. The TG and DSC analyses of the
bioactive glasses, namely the BG550 and BG750 samples,
were performed after the sintering process to investigate
their thermal stability and crystallinity. The high weight loss
of the samples after the sintering condition may result from
the loss of residual organic compounds, moisture, and
amorphous content. Exposure to high temperature condition
during the analysis could also induce additional chemical
reactions, such as oxidation or decomposition of residual
inorganic species as well as transformation of amorphous to
crystal which then affected the structural arrangements
within the glass matrix [18, 25].

The sintering temperature of 750 °C produced a stable
silica bioglass with, excellent bioactivity and no nitrogen
content [11, 18].

3.2 Fourier transform infrared (FTIR) spectroscopy

The effect of different chemical compositions and sintering
temperatures on the chemical structure and functional
groups in sol-gel and melting method bioglasses was
investigated using FTIR analysis. The FTIR spectra of the
sol-gel synthesized bioglasses confirm that the obtained
bioglasses maintain functional groups that are characteristic
of silica bioactive glass such as Si—O-Si bending and
stretching vibrations, across all samples [26, 27]. Figure 2
and Table 2 present the FTIR spectra of three bioglass
samples: melting and sol-gel.

Moisture-related absorption, indicated by the 1643 cm™!
peak, was uniquely observed in BG550, suggesting mole-
cular water entrapped in the glass matrix when sintered at
550 °C [19, 28]. This feature emphasizes the lower densi-
fication at this temperature, which may affect the bioactive
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Fig. 2 FTIR spectra of BG45S5, BG550, and BG750

response of bioglass. Across the bioglasses, Si—O-Si
bending (1216-1209cm™') and asymmetric stretching
vibrations (1085-1061 cm™') were consistently present,
indicating the formation of the silicate network [26-30].

As seen in BG750 and BG45S5 at higher sintering
temperatures, the silicate absorption bands broaden, sug-
gesting a more interconnected and possibly more crystalline
silicate structure. The stretching vibrations in the
1034-1030 cm™! region indicate Si—O—Si bonds, while the
vibrational modes in the 925-950cm™' range signify
the formation of non-bridging oxygen (NBO) through
Si—O-2NBO bonds, indicative of network modifiers such as
Ca™ and Na'! [18, 28, 30, 31]. A particular feature in
BG750 is the presence of a peak at 804 cm ™!, which is not
observed in the other bioglasses. This peak reflects the
symmetric Si—-O-Si stretching vibrations involving bridging
oxygen atoms, a sign of increased cross-linking in the glass
network, which may contribute to a higher degree of crys-
tallinity [26, 32].

Bands in the 775-710cm™' range depicted Si—-O-Si
symmetric stretching vibrations of bridging oxygen atoms
among tetrahedrons [19, 26, 28, 32, 33]. These bands also
reflected the symmetric Si—O-Si stretching vibration in
crystalline silicate SiO4*4, with an additional NBO atom
among tetrahedrons evident at 804 cm™! [26]. A peak
highlighted the presence of a silica network at 699 cm™!
[30]. Furthermore, the P-O bond stretching mode of the
phosphate group, observed between 615 and 610cm ™',
indicated a crystalline phosphate phase [18, 29].

BG750 exhibits a higher content of NBO bonds com-
pared to BG45S5 and BG550, as evidenced by the FTIR
peaks. The presence of more NBOs is associated with a
higher degree of bioactivity and chemical stability, which
reduces the likelihood of material degradation or component
leaching over time [3, 34]. Consequently, the enhanced
oxygen bonding in the BG750 structure may lead to
improved chemical stability and, potentially, a more
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Table 2 FTIR characteristic

bands of the synthesized ‘Wavenumber (cm’l) Vibration Mode References
particles 1643 Presence of Molecular Water; Moisture Absorption Reaction at Glass [19, 28]
Surface
1216-1209 Bending Mode of Si-O-Si [26, 27]
1085-1061 Asymmetric Stretching of Bridging Oxygen [28-30]
1034-1030 Si—O-Si Streching Vibrations [18, 30, 31]
925-950 Si—-O-2NBO (Non-bridging Oxygen) Stretching Vibrations [18, 28, 31]
804 Attributed to Non-bridging Oxygen [26]
775-710 Symmetric Si—O-Si Streching Vibrations Of Bridging Oxygen Atoms [26, 28, 32]
Among Tetrahedrons
699 Presence Of Silica Network [30]
615-600 P-O Bending Vibrations in PO,*>~ Groups [18, 29]

Fig. 3 FESEM-EDX of (a)
BG45S5, (b) BG550 and
(¢) BG750

favorable bioactive response when compared to its
counterparts.

3.3 Morphology analysis

The morphology and elemental composition analysis of the
melting method and sol-gel are illustrated in Fig. 3. Bio-
glass 45S5 (Fig. 3a) shows a rough fracture surface with
particle agglomeration and minimal porosity, a morphology

Si
Na+ha

Ca

Si
Natha

Ca

Si

Ca

that suggests limited surface crystallization. The reduced
particle size and consequent increase in surface charge and
reactivity potentially lead to powder agglomeration, a
common occurrence in melt-derived glasses [28]. In con-
trast, BG550 (Fig. 3b) demonstrates soft surfaces, which is
not typical for sol-gel-derived bioglasses expected to
undergo initial glass transitions and phase separation around
550 °C. The absence of a rough surface may hint at an
inhibited crystallization process at this temperature,
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Table 3 Porosity, density, and

BET analysis results of Samples %Porosity

Density (g/cm3) Surface Area (mzlg) Total pore volume (cm3/g) Pore Size (nm)

bioglasses

BG750

BG45S5 45.83+1.33 1.00£0.26
BG550 41.67+1.66 0.61x0.33
52.50+1.45 0.85+0.19

2.220 0.035 1.88
3.083 0.214 137.63
5.459 0.217 79.50

preventing the anticipated phase separation into Si-rich and
P-rich phases, thereby resulting in a smoother surface
[35, 36]. BG750 presents a porous and well-defined inter-
connecting structure, indicative of growth crystallization or
early polymerization (Fig. 3c). The higher sintering tem-
perature and the acidic conditions of the sol-gel process
promote the formation of a more open and interconnected
porous network favorable for bioactivity [28].

EDX analysis confirmed the presence of silicon, sodium,
and calcium across all samples, vital elements for bioglass
functionality in bone scaffolding due to their roles in sti-
mulating cell proliferation and new bone formation [37].
However, the absence of a phosphorus peak in BG550
could be attributed to the suppressed glass phase separation
at 550 °C, potentially leading to an underdeveloped P-rich
layer [37]. The EDX spectra for BG750 revealed a slight
variation in the elemental composition compared to
BG45S5, with higher weight percentages of sodium, sili-
con, and calcium observed. This compositional difference
could reflect a more mature crystalline phase formation in
BG750, possibly enhancing its bioactive potential.

3.4 Porosity and density analyses

Porosity within bioglass scaffolds is a pivotal factor in tis-
sue regeneration, affecting the delivery of nutrients and
oxygen and significantly influencing cell adhesion, pro-
liferation, and differentiation. It also plays a role in the
mechanical stability of implants, where larger pores are
advantageous for cell growth and nutrient transport. The
nature and distribution of porosity, governed by the bioglass
pore dimensions, dictate the material’s wettability and
capability to facilitate the movement of oxygen and essen-
tial nutrients to the regenerating tissues [18]. The porosity,
density, and pore structure of bioglasses are presented in
Table 3.

BG45S5 shows a porosity of approximately 46%, which
increases to 52.5% for BG750. Conversely, BG550
demonstrates the lowest porosity at 42%, which correlates
with a less porous structure, as observed in the FESEM
images. This lack of porosity in BG550 may result from the
inhibited phase separation of Si and P at 550 °C, which
typically leads to a more heterogeneous structure [8].
Bioactive glass with increased porosity generally exhibits a
reduced density, which is evident in the comparative den-
sities of the samples. The melting method’s tendency to
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cause powder agglomeration results in the highest density
for BG45S5 at Ig/cm3 [28, 38].

BG550 and BG750, with densities of 0.61 and 0.85 g/
cm3, respectively, show variations due to their different
microstructural characteristics, with BG550’s low density
also resulting from sample degradation in ethanol. The
density of silicate bioglasses is known to be influenced by
the concentration of network modifiers within the silicate
structure [28, 39].

The BET analysis, particularly for BG750, indicates a
nearly 20 times greater surface area than commercial 45S5
Bioglass'. This extensive surface area results from the sol-
gel process, where the gelation and drying conditions pro-
duce a network of continuous pores, varying from inter-
connected to completely closed, depending on the
processing conditions and stabilization temperature. The
formation of this three-dimensional polymeric network is
facilitated by the condensation reactions of the hydrolyzed
tetrafunctional [Si(OH);] [4]. In contrast, melt-derived
bioglass typically exhibits minimal porosity due to the
surface tension during melting and inherent structural het-
erogeneities. Sol-gel-derived bioglasses, however, can
exhibit biomimetic macroporosity conducive to enhanced
cell adhesion [40, 41]. Nevertheless, significant reductions
in total pore volume during sintering can adversely affect
the creation of porous scaffolds suitable for bone regen-
eration and repair due to the potential for poorly inter-
connected porosity [7].

The mesoporous nature of the pores in BG750, ranging
from 10nm to 70 nm as per the IUPAC classification of
type IV hysteresis, is indicative of the fine control achieved
through the sol-gel process and the chosen calcination
temperature [42]. These results can be attributed to the sol-
gel approach used in sample preparation and the calcination
process at 750 °C, which resulted in the formation of
homogeneously sized pores upon cooling. 750 °C is an
excellent choice for calcination based on the BET data and
the FESEM images shown in Fig. 3c. The porous structures
of BG750 promote rapid biodegradation, facilitating the
formation of new bone [43, 44].

3.5 Crystallinity analysis
Bioactive glasses are typically amorphous; however, they

can crystallize upon thermal treatment, altering their
bioactivity and mechanical properties, which is crucial for
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applications like bone scaffolds [8, 35]. When using sol-gel
and melting methods to produce bioglass, three major
silicate-based minerals, Wallace, combeite, and cristobalite,
are commonly observed as prominent crystalline peaks [45].
Several studies indicate that combeite Na,Ca,Si30y is the
primary crystalline phase of 45S5 Bioglass’ after heat
treatment [18, 36, 46]. However, there is uncertainty
because 45S5 Bioglass' primarily crystallizes in the
Na,CaSi,O¢ phase, instead of Na,Ca,Siz;Oy, within the
temperature range of 600-700°C [18, 46]. The high-
temperature forms of Na,Ca,Siz;Oy are isostructural, and
Na,Ca,Siz09 dominates in samples treated at temperatures
above 950-1000°C, with a significant dependence on
thermal process parameters [8, 18]. Furthermore, increasing
the sintering temperature from 700 to 1000 °C results in
combeite-I (NagCasSigOg) predominance, a crystalline
phase dispersed in an amorphous glass matrix. Furthermore,
raising the sintering temperature leads to the formation of a
crystalline phosphorus-rich apatite-like phase, Silicorhena-
nite, (Na,Cay(PO,4),S10y4) [46]. Previous research indicates
that the presence of phosphorus in a sol solution, followed
by the formation of an apatite-like phase, reduces bioac-
tivity. Therefore, the stabilization temperature should be
decreased to prevent the formation of this apatite phase and
reduce crystallization [8, 11, 36].

The formation of combeite crystals is significant because
combeite is a calcium sodium silicate that should not con-
tain phosphorus [10]. Combeite crystal nuclei form when
significant heat and mass transfer gradients exist between
the phosphorus-rich and silicon-rich phases. In such cases, a
phosphorus gradient can form between the crystals and their
grain boundaries, or the phosphorus can volatilize [10, 47].
As mentioned earlier, phosphorus-associated clusters in the
dispersed phosphorus-rich glassy phase can play various
roles in the bulk nucleation of crystals. The P=0 bond
favors the formation of the phosphate phase in a silicate
network, thereby increasing the tendency toward crystal-
lization [47, 48]. P,O5 serves a dual role in silicate glasses
as a network-forming agent and a substance that promotes
bioglass crystallization [8, 10, 47].

Figure 4 shows the XRD patterns for Dried Gel,
BG45S5, BG550, and BG750. The XRD pattern of the
dried gel, representing bioglass before heat treatment and
dried at 120 °C for 24 h, reveals the specific characteristics
of a fully amorphous structure. This is obvious in the broad
hump without distinct crystalline reflections [46, 49].
Although there might be initial crystallization stages or
crystalline phases nucleation, the overall XRD profile
indicates an amorphous structure [46]. After the sintering
process, the bioglass exhibits a diffraction pattern char-
acteristic of a bioglass structure, indicating a transformation
in its crystalline structure, particularly in the 20 =27-34°
range. The XRD patterns of all samples after sintering
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Fig. 4 The X-Ray diffractogram of all bioglass samples

Table 4 The crystallinity and crystalline size of bioglasses

Sample Name Crystallinity % Crystalline Size (nm)

BG45S5 32.33+43 38.74 +2.63
BG550 15.89+3.1 7.67+1.04
BG750 89.27+4.5 28.88 +2.41

indicate the presence of the crystalline phases Na;Ca;Si3Oq
(JCPDS code 22-1455), Na,CaSi,O¢ (PDF code 01-077-
2189), and (Na,Cay(PO,4),Si04) (PDF code 00-032-1053).
In the crystalline melting method and sol-gel bioglasses, the
patterns match Combeite (Na,Ca,Si3Og), which possesses a
trigonal-trapezohedral class symmetry [8, 10, 36]. Regard-
ing the FTIR results, all samples exhibited the P-O band at
615-600cm™'. The XRD pattern demonstrates that the
fabrication method and sintering temperature directly
influence crystallization. Above 550°C, there is an
increased tendency of 45S5 Bioglass  to crystallize, with
Na,CaSi,O4 being the primary crystalline phase at this
temperature [50]. The minimum Na,Ca,SizOq peaks appear
at 550°C, with Na,CaSi,Oq as the secondary phase.
Increasing the sintering temperature to 750 °C enhances the
crystalline phase, with combeite Na,Ca,Si309 occurring as
the sole crystalline phase in BG750. Conversely, when
changing the fabrication method from sol-gel to melting and
increasing the sintering temperature to 1400 °C, the quantity
of combeite Na,Ca,Siz;O9 decreases, and (Na,Cay(POy)
»510y) is detected as a secondary phase in the system [50].

The bioactivity and mechanical properties of bioactive
glass can be tailored to meet the specific requirements of
applications such as bone scaffolds. Increasing the crystal-
linity of the glass structure improves its mechanical prop-
erties, which is determined by the amount of combeite
crystal formed during the synthesis process [36]. Table 4
displays the crystallinity data of combeite Na,Ca,Si;Og for
each tested sample. The mentioned crystallinity degree only
applies to the combeite phase, and the actual combeite
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Fig. 5 a Swelling (b) Water Solubility Profiles of All Bioactive glass Samples. Statistical tests used were a One-way ANOVA with Holm-

Bonferroni post-hoc (n=3)

crystallinity values are given relative to 45S5 Bioglass . The
main variations in the crystallinity profiles of the samples
are observed between the melting method and the sol-gel-
derived method. BG750 exhibits higher crystallinity com-
pared to BG550 and 45S5 Bioglass".

Table 4 shows the significant difference in crystallite size
of combeite Na,Ca,Si;Og across various sintering tem-
peratures. The results indicate that the crystallite size for all
samples ranges between 8 and 39 nm. Previous studies have
noted that the crystallite size reported for combeite crystals
obtained from 45S5 Bioglass® through thermal treatment at
temperatures from 650 to 800 °C aligns with the findings in
BG750 [18, 36]. Furthermore, the tendency for surface
crystallization in bioglass 45S5 is observed in less dense
bioglass structures, while bulkier samples exhibit bulk
crystallization [46]. This observation aligns seamlessly with
our findings, where the occurrence of surface crystallization
during sintering at 550 °C, as evidenced by the small
crystalline size of BG550 (7nm), results in the lowest
density among all samples (0.61 g/cm®). As the sintering
temperature increases, there is a corresponding observed
increase in the density of the samples, culminating in the
highest density and lowest porosity observed in BG45S5
(1g/em® and 46%, respectively), which was fabricated
using the melting method. The direct impact of the fabri-
cation technique and sintering temperature on crystallinity
and crystalline size is demonstrated in the BET results. This
correlation is further substantiated by the porosity and
density data, wherein BG750 exhibits the optimum density
and crystalline size with the highest crystallinity, indicating
efficient sintering and densification. Conversely, BG550,
with its smaller crystalline size and lower density, aligns
with the characteristic of surface crystallization. The XRD
and BET analyses and porosity and density measurements
comprehensively understand the interplay between
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fabrication conditions and the resultant crystalline structure.
Such insights are invaluable for tailoring the properties of
bioglass to specific biomedical applications, particularly in
bone regeneration, where the balance of bioactivity and
mechanical strength is essential.

3.6 Water intake properties

Investigating water intake and uptake in bioglasses is cri-
tical for enhancing their durability, particularly by devel-
oping bioglasses that are less prone to degradation by water
molecules while retaining high mechanical strength [18].
Water uptake involves diffusion until saturation, during
which water molecules can disrupt the network connectivity
by dissociating Si-O-Si and P-O-Si linkages into hydroxyl
groups [51, 52].

As shown in Fig. 5, swelling and solubility tests were
conducted to evaluate the water absorption capacity of the
bioglass samples. All samples demonstrated a tendency for
linear water absorption throughout the experiment.
BG750 showed a distinctive swelling behavior, with its
highest water intake occurring on day 4, suggesting a more
open network likely due to its increased crystallinity. Sub-
sequently, the water intake rate decreased towards day 7.
The BG750 sample’s significant swelling could indicate its
mesoporous structure, typical for sol-gel-derived bioglasses
and advantageous for cell attachment and proliferation in
bone scaffolds [53, 54]. The water intake rates for BG45S5,
BG550, and BG750 were 9.42, 2.71, and 16.79% per day,
respectively, with the release rates being 12.67, 12.05, and
4.5% per day, respectively. The imbalance observed in
BG750’s water intake and release rates reflects its unique
structural properties. Notably, the average weight loss over
seven days was minimal for all samples, indicating a
resistance to mass loss in aqueous environments. This
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suggests that the crystalline structure within BG750 may
contribute to its stability and lower degradation rate in the
presence of water [52].

The sol-gel method, known to create mesoporous tex-
tures and high surface areas, allows for better adsorption of
biomolecules. This feature makes sol-gel-derived bioglasses
attractive for biomedical applications where rapid in vivo
resorption is desired. The high porosity, likely due to the
crystalline phases within the sol-gel-derived bioglass, limits
the material’s compaction and facilitates its function in
applications that benefit from faster resorption and inte-
gration with the host tissue [55].

3.7 Mechanical properties

The mechanical properties of bioglasses, specifically
Young’s modulus and compressive strength, are critical
factors influenced by their crystallinity. The mechanical
properties, specifically Young’s (elastic) modulus and
compressive strength, were determined from the collected
stress-strain curves. The slope of the stress-strain curve
provides Young’s modulus [56]. Figures 6b, ¢ depict the
elastic modulus and compressive strength, respectively. The
compressive stress-strain curve illustrates the elastic beha-
vior of the samples under applied compressive force. The
specimens undergo elastic deformation to store energy
while resisting the applied force. Energy dissipation occurs
within the internal network structure of the samples
[44, 56, 57].

BG45S5, with lower crystallinity, showed the highest
compressive strain value, deforming up to 58% under com-
pressive stress exceeding 4 MPa (Fig. 6a). BG550 and BG750,
with increasing crystallinity, exhibited lower compressive
strains of 40 and 35%, respectively. The microstructural pore
network, resulting from different fabrication methods and
sintering temperatures, plays a pivotal role in this behavior.
Higher crystallinity within BG750, as evidenced by XRD
analysis, contributes to a denser network with reduced
deformability under compressive loads [58].

Figure 7b highlights the compressive strength values
with BG45S5 at the peak, having a strength of 5.35 MPa,
which indicates less crystalline content, providing more
deformability before failure. In contrast, BG750’s com-
pressive strength, while lower than BG45S5, is significantly
higher than that of BG550, reflecting the structural impact
of increased crystallinity due to higher sintering tempera-
tures [44]. This increased porosity is correlated with higher
crystallinity, which can enhance the mechanical strength to
some extent; however, excessive crystallization can lead to
brittleness, offsetting these gains [18, 46, 57]. The com-
pressive strength of highly porous and biodegradable scaf-
folds, often studied as replacements for cancellous bone,
typically falls within the range of 0.015 to 1 MPa [44].
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Furthermore, the compressive stress values for BG45S5 and
BG750 fall within the range of compressive stress for
cancellous and trabecular bone (1.5-45 MPa [50, 59]). good
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Ca

Fig. 7 FESEM images of no SBF refreshment (R-Samples) (a) BG45S5, (b) BG550, and (c) BG750

match between the scaffold’s stiffness and the host tissue’s
stiffness enables effective stress transfer along the interface
zone, leading to stable bonding and osteointegration [50].

The Young’s modulus data presented in Fig. 7c show a
general trend of decreasing modulus with increasing por-
osity [58] which aligns with the observed increase in
crystallinity. BG45S5 exhibited the highest modulus, while
BG750 showed a reduced modulus due to its higher por-
osity and crystallinity, highlighting the complex interplay
between crystallinity, porosity, and mechanical performance
[46, 50, 60]. These findings illuminate the nuanced rela-
tionship between crystallinity, porosity, and mechanical
integrity in bioglasses. While a certain degree of crystal-
linity may reinforce the scaffold’s mechanical strength,
excessive crystallization can induce brittleness and com-
promise the mechanical properties. This balance is espe-
cially pertinent for scaffolds intended as cancellous bone
replacements, where the mechanical properties should
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mimic that of the surrounding bone to ensure effective stress
transfer and osteointegration [45, 60, 61].

3.8 In vitro biomineralization study
3.8.1 Morphology

The bioactivity of bioactive glasses is significantly influ-
enced by their surface interaction with physiological fluids,
leading to the formation of a hydroxyapatite (HA) layer
crucial for bonding with collagen filaments in the bone
matrix. The crystallinity introduced by thermal treatment
plays a key role in determining the surface morphology and
subsequent bioactivity of these materials [44]. The in vitro
bioactivity of the samples was confirmed by the formation
of hydroxyapatite on the surface after immersion in SBF
solution at 37 °C for 1, 7, 14, 21, and 28 days in both the
melting and sol-gel bioglass preparations [17]. FESEM
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Fig. 8 FESEM images of SBF refreshment (NR-Samples) (a) BG45S5, (b) BG550, and (¢) BG750

images of the surface of all bioglass samples were used to
assess hydroxyapatite formation. Figures 7 and 8 depict the
results, illustrating the formation of an apatite layer.

The mineralization process can be divided into nuclea-
tion and growth [50]. It is worth noting that the apatite
crystals exhibit different morphologies during these two
stages. Overall, the morphology of hydroxyapatite evolves
from a needle-like shape to a worm-like layer, then frag-
ments, and finally converges into a spherical shape after 28
days [7, 61]. The initial formation of HA crystal nuclei
occurs at the corners of cracks. The ion exchange reaction
between Ca’" ions in the bioglass network and H' ions in
the SBF solution readily takes place at the intersections of
cracks. The water (H,O) dissolves the Si-O bonds in the
bioglass network, forming a porous silica gel layer on the
material’s surface, which contains a high concentration of
=Si-OH groups. The OH™ groups in the SBF solution are

strongly attracted to the Ca®>*, H,PO*", and PO,>~ ions, and
the crack intersections provide ideal nucleation sites for
hydroxyapatite [62, 63]. The needle-like structures exhibit
as the typical morphology of HA formed on the silicate
bioglasses after immersion in SBF [64].

Melt-derived 45S5 bioglass particles exhibit minimal
surface porosity, low intrinsic roughness, and a smaller
surface area compared to sol-gel bioglasses. Finer sol-gel
bioglass particles have a higher surface area, promoting
greater surface hydroxylation and the formation of a silica-
rich gel layer (SiOH) compared to the 45S5 melt-derived
glasses. The silica-rich gel layer in sol-gel bioglass provides
more sites for the nucleation of the calcium phosphate (the
precursor to apatite) laye [55].

After 14 days of immersion in SBF solution, both groups
showed the accumulation of inhomogeneous hydroxyapatite
nanoparticles with cracks on their surfaces. Minor cracks
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and hydroxyapatite particles were observed on BG550 in
both groups. These microcracks indicate that the particles
composing all the bioglass samples were heterogeneous,
allowing for stress concentration. Additionally, the samples
experienced swelling after immersion in SBF solution,
resulting in cracks due to the combined physical and che-
mical reactions between the bioglass surface and the SBF
solution through water erosion and ion exchange. As the
density of the mineralization layer increased, the growth of
hydroxyapatite crystals gradually covered the microcracks.
The PO,*~ and Ca’>" ions in all samples diffused into the
SBF solution through the porous silica gel layer, causing
ionic supersaturation in the solution and the formation of
water-rich CaO-P,05 sediments that covered the silica gel
layer [63]. The bioactivity of a biomaterial is believed to be
closely related to the speed of mineral deposition, with
higher bioactivity associated with rapid deposition [65]. The
observation that all bioglass samples exhibited incomplete
coverage of the surface with sphere-shaped HA crystals
after 28 days of immersion in SBF at a constant pH (Fig. 7a,
b, ¢) indicates that the HA layer was not dense and stable,
which is further confirmed by subsequent XRD results.
Meanwhile, after 28 days, well-developed spherical crystals
were distributed on the surfaces of BG45S5 and BG750,
with many small agglomerations visible. However, minimal
distribution was observed on the surface of BG550
(Fig. 7b). On the other hand, when the pH was not constant
(NR-Samples), BG750 exhibited a more homogeneous
surface without cracks compared to the other NR-Samples
(Fig. 8a, c). This indicates that BG750 allows for effortless
stress concentration. In general, the sintering temperature
directly affects the bioactivity of the bioglass.

The EDX analysis, following 28-day immersion in SBF,
confirmed the development of apatite with bone-like char-
acteristics in both the melting and sol-gel bioglasses. Figures
7 and 8 show the detection of peaks corresponding to Si, P,
Ca, Na, and O. The deposition of Ca and P ions on a glass
surface over time has been observed to promote favorable
activities related to bone formation. All synthesized glasses
exhibited susceptibility to biomineralization, and the surfaces
of the bioglasses were reactivated in terms of the formation of
calcium- and phosphorus-rich layers. The preferential inter-
action of Ca*" with non-bonding oxygens from phosphates, as
opposed to silicates, suggests that an increase in the number of
phosphate units within the bioglass structure would hinder the
migration kinetics of Ca®" toward the bioglass surface, thereby
promoting the development of a layer with a calcium-deficient
composition [66].

According to the EDX analysis, Table 5 presents the Ca/
P molar ratios of the bone-like apatite in both groups. As
per previous literature, the theorical Ca/P ratio of HA is 1.67
[66—68]. The texture of sol-gel bioglass can be varied by
manipulating distinct processing parameters, including pH,
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Table 5 Ca/P ratio of HA layer formation after 28 days immerssion in
SBF solution

Ca/P Ratio

Sample Name NR- Samples R- Samples
BG45S5 1.63 1.58
BG550 1.55 1.25
BG750 1.65 1.62

reagent concentrations, stabilization temperature, and dry-
ing conditions [55] As a result, sol-gel samples provide
more nucleation sites for the calcium phosphate layer,
which serves as the precursor to apatite. Moreover, by
increasing the sintering temperature from 550 to 750 °C,
BG750 exhibited higher bioactivity and Ca/P ratio than
BG550. Based on the FESEM investigation and EDX
analysis, BG750 demonstrated promising bioactivity after
28 days of immersion in SBF solution.

The intricate relationship between morphology, crystal-
linity, and bioactivity highlights the importance of opti-
mizing thermal treatment to balance these factors
effectively. As the sintering temperature increases, crystal-
linity is enhanced, improving bioactivity. However, an
excess of crystalline phases, particularly secondary phases
like (Na,Cay(PO,),Si0,), can potentially restrict the bioac-
tivity and uniformity of the HA layer, affecting the mate-
rial’s suitability for biomedical applications such as bone
scaffold implants (Mecca 2023 and 48). These findings
from the FESEM and EDX analyses highlight the sig-
nificance of crystallinity in tailoring the morphology and
bioactivity of bioactive glasses. BG750, with its higher
crystallinity achieved through optimal sintering, emerges as
a promising candidate for biomedical applications due to its
superior bioactivity and the formation of an HA layer with a
favorable Ca/P ratio after 28 days of immersion in SBF.

3.8.2 Evaluation of pH values and lon concentration

The bioactivity of biomaterials in SBF is often assessed
through the pH profile and ion concentration measurements,
both indicative of the materials’ surface reactions. Initially,
all porous scaffolds exhibit a surge in pH due to the rapid
ion exchange between alkaline and alkaline earth ions from
the bioglass with the H' ions in the SBF solution, releasing
Ca*" and potentially forming hydroxyl groups which con-
tribute to the initial layer of hydroxyapatite [69-72]. After
the first day, the pH steadily rose by releasing Ca>" into the
medium to form a CaO-P,0Os-rich layer on the surface of
the bioglass. This ion exchange generates hydroxyl groups,
which are responsible for the formation of the hydro-
xyapatite layer. Subsequently, the pH gradually increased as
Ca*" was released into the medium, leading to the
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formation of a CaO-P,Os-rich layer on the bioglass surface.
The required calcium for hydroxyapatite formation on the
silica gel surface was obtained from the SBF. This is sup-
ported by observing a decrease in calcium concentration in
the solution [71, 73]. Over time, some calcium ions also
contributed to developing the HA layer [69, 73]. However,
the supply of calcium from the bulk material was insuffi-
cient to sustain the growth of the HA layer, resulting in a
maximum calcium concentration being reached [73].

Figure 9a and Table 6 illustrates the pH variation of NR-
Samples during the immersion period. The pH variation
(ApH) for BG45S5, BG550, and BG750 was 0.65, 0.69, and
0.71, respectively. The pH values exhibited a rapid increase
within the first day, followed by different trends in each
sample. Notably, for BG45S5, the pH steadily decreased
until day 14, likely due to its higher porosity and lower
surface area, leading to distinct ion release kinetics that
influenced the degradation rate. For BG550 and BG750, the
pH initially dropped on day 7 and then gradually rose over
the next three weeks. This pH variation is undoubtedly
influenced by changes in Ca ion concentration. The data
from Table 6 show that the pH values after 28 days for
BG45S5, BG550, and BG750 were 7.89, 8.04, and 8.00,
respectively, indicating a stabilization phase towards the
end of the immersion period. Moreover, this fluctuation
may be associated with the different degrees of crystallinity
observed in BG45S5, BG550, and BG750. The higher
crystallinity in BG750, as evidenced by the XRD results,
suggests a slower ion exchange rate due to a more ordered
structure, which could explain the more stable pH profile
compared to BG550 and BG45S5 [71, 73, 74].

Figure 9b shows the Ca ion concentration profiles for all
NR-Samples. The profile of Ca ion concentration aligns
with the pH behavior. Bioglass particles, which generally
have a disordered atomic arrangement (amorphous), release
ions from the bioglass structure more quickly than the
crystalline particles [74]. The pH and Ca concentration
profiles of NR-Samples indicate that BG750 exhibited the
highest rate of change without significant fluctuations. This
observation may be attributed to the influence of morphol-
ogy and porosity from the sol-gel technique’s sintering
temperature [58]. This profile evaluation could be explained
by the increased surface area of the samples due to the
calcination temperature, which is responsible for increasing
the porosity and permeability of the sample [69]. The
observed pH variation is likely to occur in new tissue
constructs both in vitro and in vivo [75].

Figure 9c displays the Ca concentration profiles of
R-Samples. All bioglasses in R-Samples groups exhibited
approximately 60 mg/L of Ca concentration on the first
day. However, different behavior was observed between
melting and sol-gel bioglasses from day 7 to day 28.
During this period, the Ca concentration of BG550 and
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BG750 remained relatively stable with minimal fluctua-
tions, while BG45S5 exhibited a similar trend in both
groups. These results indicate that, under constant pH
conditions, the diffusion of Ca?" from the R-Samples
group into the SBF solution was higher than the NR-
Samples. The XRD results also support the notion that a
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Table 6 pH values and Ca

. pH Value Ca concentration (mg/L)
concentration of samples after
28 days immerssion in SBF NR- Samples R- Samples
solution
Day BG45S5 BGS550 BG750 BG45S5 BGS5S50 BG750 BG45S5  BGS5S50 BG750
0 7.42 7.42 7.42 0 0 0 0 0 0
1 8.07 8.11 8.13 26.81 32.59 69.72 58.17 61.96 69.72
7 7.89 7.68 7.90 42.51 48.02  116.02 71.32 96.33 116.02
14 7.78 7.80 7.92 58.17 7132 12735 127.35 109.85 12535
21 7.81 8.00 7.94 123.20 116.02  137.55 198.53 113.05  128.55
28 7.89 8.04 8.00 140.68 127.35  137.88  223.20 118.26  130.88
a) s b) s
POy I i )
A " " ) | M J
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Fig. 10 X-ray diffraction diffractograms of all bioglass samples incubated

Samples), (b) with constant pH (R-Samples)

constant pH increases the tendency of bioglass to form a
CaO-P,0O;-rich layer at the interface. However, it does
not allow for forming a thick and stable HA layer within
28 days. While the pH change results indicate the release
of ions, particularly Ca?, into the SBF solution, the
degradation rate is a multifaceted process influenced by
various parameters, such as porosity, crystallinity, and
surface area. BG45S5, with higher porosity and lower
surface area, exhibits distinct ion release kinetics, influ-
encing the degradation rate. Furthermore, the crystallinity
results indicate that BG750°s higher crystallinity may
impact mechanical properties and degradation behavior,
potentially slowing down the degradation process. The
interplay of these factors underscores the complex
dynamics of ion release and bioactivity in bioglasses
[73, 76].

3.8.3 Crystallinity analysis
Figure 10 illustrates the XRD results obtained from two
groups of samples: NR-Sample and R-Sample. The com-

parison of these peaks with the Joint Committee on Powder
Diffraction Standards (JCPDS #09-0432) revealed that both
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in simulated body fluid for 28 days (a) without refreshment (NR-

sample groups exhibited HA layers within the 20 to 70
range. In both groups, the diffraction peaks at 20 =24, 29,
and 32 corresponded to the (211) and (310) reflections of
HA crystals. Additionally, the NR-samples group demon-
strated the most robust and most stable diffraction peaks at
20 = 39 and 49, which corresponded to the (222) and (213)
reflections of HA, respectively (BG750 showed the (213)
reflection exclusively) [70, 77, 78].

The formation of hydroxyapatite did not strictly adhere to
favorable stoichiometric conditions. Under low pH conditions,
the interface of other precursors or the amorphous HA phase
formed, leading to apatite formation. A constant pH of 7.42
presented a complex situation where other ions or molecules
could be present within the crystalline lattice or on its surface.
As mentioned before, acidic conditions favored the reaction
that stoichiometrically formed the monoclinic phase, stabiliz-
ing the hydroxyapatite structure expected in bone tissue
[78-80]. Based on the XRD analysis and crystallinity data
(Table 5), it was determined that the bioglass samples without
refreshment exhibited a high level of in vitro bioactivity, with
all bioglasses developing a HA layer within four weeks in the
SBF solution. This observation was further confirmed by the
FESEM images and EDX results associated with this group.
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Fig. 11 a The biodegradation rate of bioglasses within 7 days. b The average of weight loss after 7 days. Statistical tests used were a One-way
ANOVA with Holm-Bonferroni post-hoc (n = 3). Values are means + s.d. for three independent replicates. ***P < (0.001

However, the strong HA layer observed in the R-samples was
not replicated. This suggests that rehydrating the SBF solution
and maintaining a constant pH allow sufficient time for the
transformation from initial mineralization deposition to the
formation of a robust and dense HA layer [78].

3.8.4 In vitro degradation study

The degradability of scaffolds is crucial for their function in
tissue engineering. Ideally, scaffolds should degrade at a
rate that matches host tissue regeneration. The in vitro
degradation behavior of bioactive glasses is influenced by
factors such as molecular weight, crystallinity, and porosity
[81]. Bioactive glasses are designed to be absorbed by the
body, with resorbed glass replaced by regenerated bone.
Upon contact with body fluids, these glasses undergo a
series of reactions that break bonds between network for-
mers like Si or P and oxygen, leading to the dissolution of
the glass and subsequent bone tissue formation [18].

Figure 11b displays the bioglass weight loss after a one-
week incubation in PBS at pH 7.4. After this period,
approximately 2, 46, and 23% degradation were observed
for BG45S5, BG550, and BG750, respectively. An increase
in calcination temperature during the sintering of bioglass is
known to enhance chemical stability and moderate the
degradation rate, which may be associated with reduced
porosity and increased crystallinity at higher temperatures
[58, 81]. The higher porosity observed in the BG750 net-
work is conducive to a more extensive breakdown of the
bioglass structure compared to BG45S5. At the same time,
BGS550 exhibits the most rapid degradation rate, potentially
due to its lower crystallinity, which enhances its solubility
and ion exchange in physiological environments [81].

Figure 11b displays the weight loss of all samples after
one week of incubation in PBS at pH 7.4. After seven days,
approximately 2, 46, and 23% of BG45S5, BG550, and
BG750, respectively, had undergone degradation. Increas-
ing the calcination temperature during bioglass sintering
enhanced the chemical stability and degradation rate across
all time points. This effect could be associated with
increased porosity, as the porosity decreased with an
increase in temperature from 750 to 1400 °C [58]. The
balance between crystallinity and porosity is critical in
dictating the degradation rate of bioactive glasses. While
porosity typically increases degradation due to a larger
reactive surface area, crystallinity introduced by higher
sintering temperatures can stabilize the structure and slow
down the degradation process. The need to finely adjust
these parameters is essential to achieve the desired degra-
dation rate for bioactive glass scaffolds in bone tissue
engineering [18, 82].

3.9 In vitro antibacterial evaluation

The antibacterial properties of bioactive glasses like Bio-
glass 45S5 are multifaceted, originating from the local
increase in pH, elevated osmotic pressure, and potential
mechanical damage to bacterial cell walls from the glass
particulates. These factors can collectively lead to bacterial
cell death upon contact with the glass materials [67, 83—85].
Notably, the optimal growth pH for most bacteria is near
neutral; thus, an alkaline shift can hinder their proliferation.
The dissolution of bioactive glasses releases ions such as
Ca*", Si**, Na™, and PO,>~, which can disrupt the bacterial
membrane potential and contribute to an inhospitable
environment [71, 84, 86]. Figure 12 shows the antibacterial
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efficacy of various bioglass samples against both Gram-
negative E. coli and Gram-positive S. aureus, with Table 7
detailing the pH changes experienced by these strains dur-
ing exposure to the bioglasses. The bactericidal effects,
shown in Figs. 12a, b, indicate a pronounced inhibitory
action on E. coli, which exhibits greater sensitivity to the
bioglasses than S. aureus. This differential susceptibility
may be related to the unique growth dynamics and cell wall
composition of these bacterial species [44, 87].

As discussed in “Crystallinity Analysis” and evidenced
by the XRD results, the sintering temperature, which affects
the crystalline size, determines antibacterial activity. Smal-
ler crystalline, resulting from lower sintering temperatures,
present a larger surface area for interaction with bacteria,
potentially facilitating the release of more ions into the
environment. This can lead to a higher pH and osmotic
pressure, which is detrimental to bacterial viability [71,
84, 86]. Among the tested samples, BG750 is the most
effective against E. coli, showing a notable difference in
inhibition compared to BG550. As per the findings in
“Evaluation of pH values and Ion concentration”, BG750
demonstrates an elevated release of Ca>" ions, whereas
BGS550 has the lowest ion release profile, correlating with
their respective antibacterial activities. The release of Ca>"
ions from BG750 significantly reduces the viability of both

Table 7 pH changes during bacteria inhibition

E. coli S. aureus
Sample Name Initial pH  Final pH Initial pH  Final pH
BG45S5 6.71£0.22 896+0.22 6.75+0.10 9.20+0.29
BG550 6.71+0.22 839+0.11 6.75+0.10 8.95+0.21
BG750 6.71+0.22 9.76+0.14 6.75+0.10 9.76+0.18
a) 140

*% *k

120 + ‘

100—- T
80 | J

60

%Bactrial Inhibition

40

20 +

T
BG45S5

BG550

BG750

E. coli and S. aureus, endorsing its potential for applications
in bone tissue engineering. Table 7 presents the pH changes
during the antibacterial tests, further supporting the idea that
releasing bioactive ions from the glasses contributes to
increased environmental pH, which is inhospitable to the
bacteria tested.

The antibacterial properties are significantly influenced by
the degradation rate, crystallinity, and ion release profiles of
the bioglass samples. BG750, which was sintered at a higher
temperature, exhibited higher crystallinity and a slower ion
exchange rate, leading to more stable pH profiles compared to
BG550 and BG45S5. This stability enhances the antibacterial
efficacy by maintaining an uninhabitable environment for
bacterial growth. The degradation rate of the bioglass, which is
faster in less crystalline samples like BG550, also plays a
crucial role in the antibacterial activity in which faster degra-
dation indicates lower bacterial resistance of the produced
bioglass. The increased porosity and permeability of BG750
also contribute to a better ion release; hence, enhance its
antibacterial properties and support its potential use in bone
tissue engineering applications.

3.10 In vitro biological evaluation

Cytocompatibility is a vital aspect of bioactive materials’
assessment, where cell viability acts as a primary indicator
of material suitability for biomedical applications [18]. The
MTT assay, which quantitatively evaluates cell adhesion
and proliferation, was utilized to determine the viability of
MC3T3 cells exposed to 24-h extracts of bioglass powders.
For a material to be conducive to tissue regeneration, it
should support cellular activities and be inherently non-
toxic [54]. A viability percentage above 70% is generally
accepted as a benchmark for non-toxicity, while values

b) 120 -
100

80 +

%Bactrial Inhibition

BG45S5

BG550 BG750

Fig. 12 Bacterial inhibition of (a) E. coli, (b) S. aureus (n = 3). Statistical tests used were a One-way ANOVA with Holm-Bonferroni post-hoc.

Values are means + s.d. for three independent replicates. P <0.01
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Fig. 13 Percentage viability of MC3T3 cultured with 25, 50, and
100% extraction of bioglass samples in 24 h. Statistical tests used were
a One-way ANOVA with Holm-Bonferroni post-hoc. Values are
means + s.d. for three independent replicates. P <0.001

below this indicate potential cytotoxicity [64, 88]. The
outcomes of the viability assays are presented in Fig. 13.
The MTT assay results revealed that the MC3T3 cells
cultured with the sol-gel-derived bioglass sintered at 750 °C
exhibited a level of viability on par with those cultured with
the melt-derived BG45S5, both demonstrating high cell
viability (P <0.001). An increase in metabolic activity was
observed with a 25% extract from all bioglass types, sug-
gesting a favorable environment for cell proliferation
(P <0.001). The selection of a 25% extract for these studies
was based on protocols designed to reduce assay inter-
ference while maintaining assay sensitivity [18, 64, 88]. The
absence of a phosphorus peak in BG550’s EDX spectrum
(Fig. 3b) indicates a deficiency in forming a bioactive
phosphorus-rich layer at this sintering temperature, which is
vital for promoting cell viability. Additionally, the ion
release and pH profiles discussed in “Evaluation of pH
values and Ion concentration” reveal how BG550’s fluctu-
ating pH and ion dissolution dynamics can negatively
interact with the cellular environment. The pH profile for
BG550 showed an initial disturbance followed by a steady
increase, leading to the highest pH observed on day 21
among all bioglass samples. This unstable behavior is cor-
roborated by the FESEM and EDX findings, suggesting that
the leaching of BG550’s material components may have
created an alkaline milieu detrimental to cell viability. Such
leaching could be responsible for the near absence of via-
bility in BG550 at the 25% extract concentration, exposing
the cells to a potentially cytotoxic environment
[18, 54, 64, 88]. These results highlight the significance of a
holistic evaluation encompassing both the biological
response and the physicochemical characteristics of bioac-
tive glasses. The evidence suggests that bioglass scaffolds
synthesized via the sol-gel method and sintered at 750 °C

are well-suited for bone grafting applications due to their
stable physicochemical properties and their promotion of a
biologically favorable environment for cellular growth.

4 Conclusion

In comparison to commercial bioactive glasses like 4555,
which exhibit extremely narrow sintering windows, making
them challenging to subject to thermal treatment without
inducing crystallization, this study delves into the effects of
sintering temperature on bioglasses synthesized using both
melting and sol-gel techniques. Recognizing the limitations
posed by the narrow sintering windows of commercial
bioactive glasses, researchers have endeavored to explore
new BG compositions or modify existing ones to achieve
glasses with broader sintering windows, with the primary
aim of enabling successful sintering while mitigating the
crystallization process. This study comprehensively exam-
ines the effects of sintering temperature on bioglasses syn-
thesized using melting and sol-gel techniques. The findings
highlight significant distinctions between the bioglasses
obtained through these two methods at various sintering
temperatures. The commercial 45S5 bioglass demonstrated
remarkable stability, as confirmed by TGA/DSC analysis
compared to the sol-gel bioglasses. The FTIR analysis
further indicated that BG750 exhibited the highest number
of oxygen bonds, suggesting a distinctive chemical com-
position. Morphology analysis revealed distinct character-
istics, with BG45S5 displaying an intrinsic rough fracture
surface, BG550 exhibiting non-porous surfaces, and
BG750 showing a well-defined, porous, interconnecting
structure with 5.459 m2/g of surface area, 0.217 cm3/g (total
pore volume) and 79.50 nm pore size. Crystallinity analysis
indicated the formation of combeite Na,Ca,Si;Oq as the
sole crystalline phase in BG750. Mechanical properties
demonstrated that BG45S5 had the highest compressive
strength (3.5 MPa). In comparison, sol-gel bioglasses sin-
tered at 750 °C exhibited improved modulus with a trade-off
in macroporous structure compared to BG550 (0.22 and
0.12MPa, respectively). The antibacterial evaluation
demonstrated inhibitory effects on both gram-negative and
gram-positive bacteria, with the sintering temperature
influencing the antibacterial activity. The in vitro biological
evaluation using MC3T3 cells indicated the biocompat-
ibility and proliferative potential of all bioglass samples,
with sol-gel bioglasses stabilized at 750 °C exhibiting
comparable viability to the commercially established 45S5
bioglass.

Overall, the sol-gel bioglass synthesized at 750 °C
exhibited distinct characteristics, including higher crystal-
linity, oxygen bond content, and calcium ion release, as
well as enhanced biocompatibility and mechanical
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properties. These findings highlight the potential of utilizing
sol-gel bioglass synthesized at 750 °C for bone grafting and
tissue engineering applications. However, further research
is imperative to optimize its performance, specifically in
load-bearing sites and to ensure its suitability for clinical
implementation.
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