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Abstract

Purpose This review paper explores diverse synthesis strategies within the sol—gel technique for producing silicate bioglass
with a focus on tailoring these materials for bone scaffold design.

Method A comprehensive search was conducted across various databases, including ScienceDirect, Taylor & Francis, Pub-
Med, Hindawi, Royal Society of Chemistry (RSC), Wiley Online Library, ResearchGate, and Google Scholar, using keywords
such as “silica bioglass,” “Sol—gel technique,” “Templating,” and “Bone scaffold.” The analysis considered variables such
as the sol-gel method, the templating approach, and materials used to fabricate silica bioglass bone scaffolds. Out of 140
initially identified studies, 92 were selected for detailed review published within the last two decades.

Result and conclusion In this study, the effect of the sol-gel fabrication technique on the improvement of the structure of
silicate bioglass bone scaffolds has been reviewed, along with a consideration of the associated advantages and disadvan-
tages. Specifically, the focus of this study was on the templating sol-gel method and its direct impact on morphology and
pore structures. Consequently, these findings have evaluated the development of templating sol-gel fabrication techniques
for enhancing the bioactivity and biocompatibility of bone scaffolds.
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physiological environment” (Crovace et al. 2016). The main
specification of bioglass, which differentiates them from other
types of bioceramics, is a hydroxycarbonate apatite (HA) layer
that is typically formed when the material is soaked in simu-
lated body fluid (SBF). The ionic concentration of SBF is close
to that of human blood plasma (Arcos & Vallet-Regi, 2010;
Kokubo & Takadama 2006). Bioactive glasses have different
families, and each family has its signature chemical composi-
tion. The main groups of bioactive glass include phosphate-
based glasses, silicate-based glasses, and borate-based glasses
(Jones 2015). Silicate bioglasses have always received much
interest compared to two other types of bioactive glasses due
to their more significant chemical and thermal stability, which
enables simple synthesis and processing of these glasses as
well as the ability to tailor their chemical compositions to
achieve the desired properties (Baino 2021). Hence, silicate
glasses have been the most favorable and fascinating biomate-
rials over the last 50 years (Deshmukh et al. 2020).

The properties of the final product (such as bioactivity,
density, specific surface area, and pore-volume), quality, and
cost are highly dependent on the processing techniques used
(Deshmukh et al. 2020; Dziadek et al. 2017). Chemical stabi-
lization, calcination, and processing conditions such as time
and temperature significantly affect the formation of the crys-
talline phase of the bioglass. These processes also affect the
formed crystals’ microscopic structure and sintering behaviors
(Mukundan et al. 2013). There are two main techniques to
synthesize bioactive glass: melting and sol-gel techniques.

The melting technique is the conventional method for pro-
ducing bioglass on a commercial scale (Faure et al. 2015;
Jones 2015). In the melt-quenching process, oxides, carbon-
ates, and phosphate compounds are mixed and melted in a
platinum crucible at a temperature above 1300 °C. Then,
the melted mixture is quenched to room temperature in a
graphite mold to form rods or monoliths or in water to form
frit. The solidified compound is then milled to obtain bio-
glass powder (Bellucci et al. 2017; Brauer 2015; Jones 2015;
Kaur et al. 2014). The main disadvantage of this technique
is the high synthesis temperature (1100-1450 °C) (Jones
2015; Owens et al. 2016). On the other hand, the longtime
thermal process increases the grain size (Venkatraman &
Swamiappan 2020). Furthermore, the melting method often
leads to the formation of low-purity products due to chemi-
cally heterogeneous materials and some contaminants. This
occurrence can be due to the processes, i.e., primary crys-
tallization with precipitation or the presence of unreacted
solid chemicals (Siqueira et al. 2011). Moreover, the final
bioglass powder formed has limited porosity and low spe-
cific surface area (Siqueira et al. 2011; Zheng & Boccac-
cini 2017). In 1990, Li et al. introduced sol—gel as a novel
bioglass processing technique (Li 1991). In this approach,
a suspension of small colloidal is constructed and then
interconnected to create a 3D network gel structure (Jones
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2015; Kaur et al. 2016; Lei et al. 2020). One to 1000 nm in
diameter solid particles or polysilanes were suspended in
liquid (Lei et al. 2020). This mechanism converts phospho-
rous-containing alkoxides and calcium salt into bioglass via
hydrolysis, polycondensation, ageing, drying, and thermal
stabilization, sequentially (Albert et al. 2017; El-Rashidy
et al. 2017; Owens et al. 2016). Peltola et al. described how
glasses made via the sol—gel process have improved bioac-
tivity (Peltola et al. 1999).

Typically, templating is used to grow tubular channels
in materials in order to increase porosity and enhance the
interstitial network (Sarmast Sh et al. 2022). The use of natu-
ral materials as a sacrificial template, such as wood cells
and sugarcane, has been investigated in order to design and
fabricate similar structures composed of wide and varied
material components such as hydroxyapatite (Dong et al.
2002; Qian et al. 2009). To develop porous bone implants,
this method has been used to replicate pre-existing natural
forms, such as the tubular structures found in native pine-
woods and rattan, in chemically engineered materials com-
posed of hydroxyapatite. Generally, due to the ease with
which complex and elaborate structures with high functional
specificity can be found in nature, natural species templat-
ing has developed into a versatile approach for fabricating
advanced materials with sophisticated structure and mor-
phology (Zheng et al. 2015). Templated silica bioglass has
distinct advantages that make it an intriguing research area
(Albert et al. 2017). This paper reviews the recent studies on
templating methods to assist the sol—gel one scaffold were
covered. Figure 1 shows the illustration of screening process
for studies included in the review from 1991 to 2023.

Method
Sol-gel technique

The following section introduces and discusses the synthe-
sis strategies of the sol-gel technique to produce silicate
bioglass.

Acid-/base-catalyzed synthesis

Bioglasses can be fabricated using an acid-catalyzed
approach, where a rich inorganic acid acts as the catalyst.
Nitric acid (HNOs;), sulfuric acid (H,SO,), and hydrochloric
acid (HCI) are commonly used catalysts due to their rapid
initiation of the hydrolysis reaction. In acidic conditions,
H" ions, and in primary conditions, OH™ ions attack silicate
precursors, leading to the formation of silanol groups during
hydrolysis. The water/alcohol condensation process gener-
ates siloxane bridges (Si—O-Si) by cross-linking silanol/
silanol or silanol/ethoxy groups. The hydrolysis process in
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Fig. 1 a Paper selection process and publication distribution. b Publication related on the research from 1991 to 2023

acidic conditions determines the rate of hydrolysis, while
the condensation process dictates the rate in primary states.
The acid-catalyzed reaction produces small linear polymeric
entities that enhance hydrolysis and end-of-chain condensa-
tion. However, during the gelation step, cross-linking these
linear polymers results in a flimsy structure that crumbles
upon drying (Albert et al. 2017; Brinker and Scherer 2013;
Zheng & Boccaccini 2017).

On the other hand, base catalysis promotes cross-linking
and the formation of ramified polymers, which can create
smooth colloids when combined with significant dissolu-
tion. Using base catalysts can aid in particle formation by
increasing the pH value, thus preventing the formation of
bulky gel structures in bioglasses. In the sol-gel synthesis
of silica bioglass based on acid/base catalysis, the process
starts by adding TEOS to metal ion precursors under acidic
conditions, followed by adding a concentrated primary cata-
lyst to accelerate the reaction. While tiny colloidal particles
can form 3D gel networks under acidic conditions, salt’s
presence reduces the nanoparticles’ stability (Xia & Chang
2007). Consequently, silicate glasses typically exhibit a
polydisperse or agglomerated morphology. The pH of the sol
directly affects the hydrolysis process and indirectly impacts
the mechanical properties of the final product (Kaur et al.
2016). For instance, increasing the pH from 1.5 to 9 reduces
shrinkage from 15 to 1.5% (Woignier et al. 1994). Another

study indicates that raising the pH of the sol results in larger
silica gel particles with stiffer silica branches (Wen et al.
2018).

Microemulsion-based synthesis

Microemulsions, which are isotropic, homogeneous, and
thermodynamically stable liquid mixtures, differ from con-
ventional emulsions as they can be formed simply by mixing
components and utilizing surfactants as stabilizers (Desh-
mukh et al. 2020; Zheng & Boccaccini 2017). These micro-
emulsions fall into three categories: oil dispersed in water
(direct), water dispersed in oil (reverse), and bicontinuous
microemulsions. Reverse microemulsions, for instance,
are predominantly used in the production of silica bioac-
tive glass (Zheng & Boccaccini 2017). The oil phase com-
prises long-chain hydrocarbons, while the surfactants consist
of long-chain organic molecules with a hydrophilic head
and a lipophilic tail (Deshmukh et al. 2020). In addition to
catalysts, the aqueous phase contains silicate and metal ion
precursors. The silicate precursors undergo hydrolysis and
condensation in water droplets that act as reactors.

Silicate and metal ion precursors are present in the aque-
ous phase, along with catalysts. The silicate precursors
undergo hydrolysis and condensation within water droplets,
which function as reactors. However, the water droplets
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often collide through Brownian motion and coalesce into
larger droplets. This collision and coalescence can be detri-
mental to achieving a homogeneous glass composition. To
counteract this, the surfactants play a crucial role in stabi-
lizing the microemulsion droplets, preventing the aggrega-
tion of nanoparticles. Consequently, the synthesized glass
exhibits a homogenous composition and dispersion with
varying particle sizes due to the breakage of microemul-
sion drops during collisions. Before drying and calcination,
vigorous washing is necessary to remove excess surfactants
and the oil phase to avoid the formation of organic resi-
dues and nanoparticle aggregations (Zheng & Boccaccini
2017). Moreover, the size of the particles can be adjusted
by fine-tuning the microemulsion droplets. For example,
altering catalyst concentrations can lead to size variations
(Wang & Chen 2017). Liang et al. (Liang et al. 2015) dis-
covered that bioglass could be obtained in spherical shape
by adjusting the aqueous ammonia concentration. The size
and shape of bioglass nanoparticles are significantly influ-
enced by the concentration of aqueous ammonia during the
synthesis process. Low ammonia concentrations (1 mol L)
yield nanospheres with a surface area and small average pore
diameter. Intermediate ammonia concentrations (3 mol L™")
form radial nanospheres, which exhibit a lower surface area
but larger average pore diameter. High ammonia concen-
trations (5 mol L) also produce radial nanospheres with
the largest average pore diameter among the samples. The
results are summarized in Table 1.

Modified sol-gel synthesis

In this section, various studies that have explored modified
sol-gel synthesis methods to control the microstructure of
silicate glasses will be discussed.

Ethanol washing as an alternative

Mukundan et al. (Mukundan et al. 2013) proposed using
ethanol washing as an alternative to the conventional heat
treatment calcination to stabilize bioactive glass. According
to their findings, ethanol washing resulted in higher pore
volume, diameter, and specific surface area compared to the
heat treatment process. A summary of their characterization
findings can be found in Table 2.

Table 2 Characterization of bioglass with ethanol wash (BG-E) and
without ethanol wash (BG) effect (Mukundan et al. 2013)

Characterization BG BG-E
Farticle size (u) 5.88+1.35 0.63+0.22
True density (g/cm’) 3.21 3.22

Bulk density (g/cm’) 0.270+£0.006 0.170+0.002
Total porosity (%) 91.5 94.7

Specific surface area (m’/g) 94 290

Average pore diameter (A°) 57 100

Total pore volume (cm’/g) 0.0006 0.012

Influence of citric acid

The role of citric acid in the hydrolysis reaction and gel
transformation to achieve high structural homogeneity on
bioglass 58S was investigated by Lopes et al. (Lopes et al.
2019). According to the findings, citric acid molecules act
as an adequate molecular template formed by intermolecular
forces. Hydrogen bonds are formed by chemical interactions
between the hydroxyl groups and COOH. Citric acid con-
trols the segregation phase of the gel during the drying and
heat transfer steps by creating chemical interactions between
hydrogen bonds and the superficial silanol groups on the
small-sized silica nanoparticles in the sol, thus regulating
their growth to the backbone of the gel. Moreover, the self-
propagating heating behavior of the nitrate-citrate in the
xerogel during the thermal step permitted the removal of the
organic load and stabilization of the vitreous structure at a
temperature significantly lower than the conventional sol-gel
method. Furthermore, the enthalpy involved in the conven-
tional 58S crystallization process is less than that observed
for the modified 58S. AH_ for conventional 58S was — 184
mJ mg~!, and the modified one was —210 mJ mg~!.

Colloidal and polymeric techniques

Spirandeli et al. (Spirandeli et al. 2020) used colloidal
and polymeric techniques to create bioglass 45S5 using
two different silica precursors. Tetraethyl orthosilicate
metal alkoxide (Si(OC,Hs), — TEOS) is used in the poly-
meric approach, while silicic acid is used in the colloidal
process (H,SiO,). The results showed similar bioglass

Table 1 Effect of aqueous

. . Aqueous ammonia con- Morphology Specific surface Average pore Total pore
ammonia concentration . . -1 2 .
. . centration (mol L™") area (m/g) diameter (nm) volume
on bioglass nanoparticle 3
(cm’/g)
morphology and porous
properties (Liang et al. 2015) 1 Nanospheres 418.01 7.01 0.546
3 Radial nanospheres 315.07 9.17 0.708
5 Radial nanospheres 225.38 12.59 0.698
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functional groups, crystalline phases, and morphology in
both groups. However, replacing TEOS with silicic acid
as a precursor reduced the total synthesis time from 13
to 1 day. Furthermore, the number of NBO bonds and
bioactive phases formed after calcination in colloidal BG
was significantly higher than in polymeric BG. Hence, the
colloidal BG performed better in vitro bioactivity con-
cerning HA layer formation and dissolution capacity in
the SBF solution.

Fast-drying method

Ben-Arfa et al. (Ben-Arfa et al. 2018) synthesized
67Si-24Ca—-10Na—8P using two different drying
methods: conventional and fast-drying. First, a rotary
evaporator was used to dry the sol in the fast-drying
method under 50 mbar at 550 °C for 1 h. This drying
process was around 300 times faster than the traditional
method. Next, both samples were thermally stabilized
for an hour at 550 °C. The result revealed very simi-
lar silica network structures in both groups. However,
the fast-dried bioglass showed a slightly lower degree
of polymerization. In addition, the fast-dried bioglass
showed more remarkable growth of crystalline HA,
especially during the initial immerging period with
SBF. Another study by these authors (Ben-Arfa et al.
2020), synthesized 67Si-24Ca—10Na—8P using two
different precursors and catalysts with the fast-dried
technique. The first group used acetate salt precursors
and nitric acid (BGA), whereas the second group used
nitrate salts and citric acid (BGN) as precursors and
catalysts. Despite being primarily amorphous, BGA
contains small amounts of crystalline phases such as
HA and silica (coesite). The higher pH environment
may assist the formation of these phases and faster con-
densation reactions, resulting in lower levels of network
polymerization, closed porosity, prior particle, lower
specific surface area, and agglomeration. These charac-
teristics favored the exhibition of the undesired calcite
(CaCO;) phase in vitro. However, the condensation rate
reduced BGN syntheses from nitrate precursors in lower
pH settings. The amorphous glass structures with more
significant polymerization levels, specific surface area,
and density tend to have the highest in vitro bio-miner-
alization rates. Due to the high amounts of nitric acid
used as a catalyst and its interaction with acetate spe-
cies, poor extraction of nitrate byproducts was observed
in the BGA group. Using alternative metal salt pre-
cursors, such as nitrate and acetate, made a reasonable
adjustment in the network connectivity and specific sur-
face area of both glasses, which play an essential role

in modifying the bioactivity of the sol-gel bioglasses
(Ben-Arfa et al. 2020).

Freeze-casting method

Fanteclle et al. (Fantecelle et al. 2023) used freeze-cast
scaffolds to fabricate a bioactive glass derived from the
510,-Ca0O-Na,0-P,05-K,0-MgO system, with a sinter-
ing temperature set at 650 °C for a duration of 2 to 8 h. This
specific temperature and time frame have been selected to
promote viscous flow sintering while preventing crystalliza-
tion. During the freeze-casting process, water is employed
as a solvent, and liquid nitrogen serves as the coolant. The
result of this study is displayed in Table 3.

Nitrate-free sol-gel process

The organic, nitrate-free sol-gel process, for example, uses
lactic acid and citric acid to create high structural homo-
geneity bioglass within 45 days (Lopes et al. 2019). Elec-
trospinning assisted by sol—gel is a common technique for
producing MGB fibers. Using sol-gel derived, MGB has a
homogeneous structure with controllable porosity and great
cytocompatibility (Deepthi et al. 2016). The sol-gel MGB
approaches macro-pore channels with foaming agents such
as surfactants and hydrogen peroxide or porogen materials,
including polyvinyl alcohol, polystyrene spheres, and poly-
ethylene glycol (Owens et al. 2016).

Templated sol-gel scaffold

The templated sol—gel scaffold is a versatile method for con-
trolling the morphology and structure of bioglass. This pro-
cess involves foaming the sol with the aid of a surfactant and
is followed by condensation and gelation reactions to achieve
a porous scaffold. The use of templates plays a crucial role in
controlling the pore architecture of the scaffold. For exam-
ple, templating processes can create channels in particles and
increase the porosity, leading to improved internal network
growth. Surface properties of the scaffold are also important
as they can affect the distribution of molecules and ions. The
interactions between molecules/ions and the surface of the

Table 3 Characterization of bioglass with sintered from 2 to 8 h
(Fantecelle et al. 2023)

Characterization 2h 4h Sh

Total porosity (u%) 63 67 65

Bulk density (g/cm’) 0.99+0.02 0.88+0.02 0.92+0.02
Young’s modulus (GPa) 1.24+0.01 1.40+0.02 1.10+0.01
Compressive strength (MPa) 22.4+3.1 127+£0.8 204+2.5
Toughness (x 1072 J m™>) 26.9 49 27.0
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material depend on its surface properties. This phenomenon
allows for precise control over the structure of the material
synthesized within the confinement space of a template on
a sub-micrometer scale. The specific surface area and bio-
activity of the material can be influenced by the amount of
template added. Various templates have been used in the syn-
thesis of bioglass scaffolds. Zeolitic wood cells (Dong et al.
2002), sugarcane (Qian et al. 2009), hexadecyltrimethylam-
monium bromide (CTAB) (Anand et al. 2018; Firuzeh et al.
2021; Letaief et al. 2014; Wen et al. 2022; Xie et al. 2020),
cellulose nanofiber (CNF) (Sarmast Sh et al. 2022), and bac-
terial cellulose (BC) (Luo et al. 2017a, b; Luo et al. 2017a,
b; Wen et al. 2018; Xiao et al. 2019) have been utilized as
templates to control the structure and properties of the bio-
glass scaffolds. Figure 2 shows a schematic of sol-gel with
templating assistance. Table 4 summarizes pros and cons of
each technique.

Solvent

Template

Precursors
a)

Result
Surfactant usage as template

To prepare a sol—gel bioglass scaffold, foaming the sol
involves a surfactant’s aid. This process is followed by
condensation and gelation reactions to achieve a porous
scaffold. However, this method has only been used for a
few bioglasses, such as 58S and 70S30C (Fu et al. 2012;
Owens et al. 2016). These three-dimensional scaffolds have
a hierarchical pore architecture consisting of interconnected
mesopores (2-50 nm) (Fu et al. 2012; Naleway et al. 2015).
Moreover, the interactions of molecules and ions with the
surface of a material are highly dependent on the surface
properties of the material. As a result, the surface proper-
ties may affect the distribution of molecules or ions near

Colloidal sol Templated Gel

Templated Bioglass

Fig.2 a Schematic of sol-gel templating technique. b BG-BC tem-
plate (Wan et al. 2009)", ¢ BG-sugarcane template (Qian et al. 2009)",
d BG-PVA template (Nawaz et al. 2023)", e BG-chitosan template
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(Lei et al. 2012)™, f BG-CATAB template (Wang & Chen 2017)",
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the material surface. This phenomenon can be significant
enough to allow for precise control over the structure of
a material synthesized within the confinement space of a
template on a sub-micrometer scale (Guo et al. 2017). For
example, to control the morphology of silica nano-bioglass,
a template can be added to confine silica templating pro-
cesses are generally used to create channels in particles and
increase the porosity to improve the internal network growth.

On the other hand, templated sol—gel processing is a reli-
able method with minimal treatment and, most of the time,
easily obtained (Albert et al. 2017; Zheng & Boccaccini
2017). However, it should be used within certain limits, as
increasing the liquid base template concentration results in
spherical, rod-shaped, and flexible bilayer structures and
reversed micelles formation. The amount of template added
directly relates to the appearance of mesoporous architecture
and affects the specific surface area and bioactivity of MBG
particles (Ge et al. 2019; Huang et al. 2013). It has been
reported that using sol-gel and surfactant foaming methods
combined with vigorous mechanical sintering (at 1000 °C
for 2 h), the mechanical strength was significantly improved
(Chen & Thouas 2011).

Influence of CATAB as templates on sol-gel process

Wang et al. described a simple technique to produce hollow
mesoporous bioglass (HMBG) by combining the sol-gel
with the microemulsion technique. Microemulsion droplets
of hexadecyltrimethylammonium bromide (CTAB) were
formed as a hollow cavity template by mixing cyclohexane,
ethanol, and water. HMBG had a controllable shell thick-
ness. By varying the CTAB concentration, the HMBGs with
varying shell thicknesses and cavity sizes were synthesized.
The results showed that CTAB was critical in modulating
the HMBGs nanoparticles’ interior mesoporous morphol-
ogy, structure, and dispersion (Wang & Chen 2017). As the
CTAB concentration was increased the shaping of the sam-
ples depicted a dynamic process from sphere to short rod
then to long rod (Li et al. 2015). Moreover, the shape of the
samples changed dynamically as the CTAB concentration
was increased, from sphere to short rod to long rod (Hu
et al. 2014).

Xie et al. (Xie et al. 2020) created a uniform, mono-
dispersed radial MBG with a high calcium and phospho-
rus content. First, they synthesized the radial mesoporous
Si0,-P205 nanosphere (SPN) in a cyclohexane-water
biphasic stratification reaction system with triethanolamine
(TEA) as a hydrolysis catalyst and CTAB as a template.
Then, the Si0,-CaO-P,05 was synthesized using SPN
as both the phosphorus, silicon, and calcium (Ca(NOs;),)
sources in solid reactions. The MBG exhibited a radial struc-
ture with~7 nm pore size, 0.85 cm? g~! pore volume, and
a high specific surface area (321 m? g7!). The EDS results
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showed that increasing the reaction temperature from 60 to
70 °C, the P,05 content was also increased from 0.53 to
1.16 mol%. Finally, MBG was co-cultured with mMSCs.
The result revealed no effect on cell viability at a concentra-
tion of 50 ug mL~!, which was attributed to the network’s
high Ca* content, which would hasten the biodegradation
of MBG after it was absorbed by cells.

In a recent study, Wen et al. (Wen et al. 2022)
assessed the effect of nitrogen on the bioglass structure
(60510,-30.8Ca0-9.2P,05) by using CTAB as a tem-
plate. During the sol-gel process, they used C,HgN, (the
nitrogen source) and absorbed it into bioglass. It has been
demonstrated that all samples have a uniform interstitial
mesoporous nanosphere microstructure, with the particle
size increasing as the nitrogen concentration is increased
from 5 to 15 mol%, respectively. The pore size distribution
of the samples is primarily from 2 to 33 nm. After 7 days
of soaking in SBF, a large amount of blooming flower-like
hydroxyapatite was deposited on the sample’s surface with
15% of N,, demonstrating excellent apatite-forming ability.
It has been reported that incorporating nitrogen can stimu-
late cell proliferation during the early stages of incubation. It
has been shown the 15% nitrogen can stimulate cell prolifer-
ation during the early stages of incubation. Additionally, the
cytotoxicity was determined by measuring the optical den-
sity of hPDLCs incubated for 1, 3, and 7 days in an a-MEM
medium containing various samples. None of the samples
had an apparent inhibitory effect on the growth of hPDLCs
at their extracted concentrations.

Letaief et al. (Letaief et al. 2014) compared HA layer
formation using two templates (CTAB and triblock copoly-
mer P123) to synthesize bioglass 925i0,-6CaO-2P,05. The
sample synthesized with the CTAB exhibited a mesoporous
structure. Using a cationic surfactant (CTAB) likely resulted
in the absence of regular and periodic arrangement. Instead,
the dense well-defined spherical mesoporous glass particles
were obtained. The surface of the scaffold was completely
covered in calcium phosphate crystallites. Using the triblock
copolymer P123, on the other hand, led to the formation of
an ordered mesoporous glass with a smooth morphology.
Furthermore, increased pore volume, pore size, and specific
area result in rapid ionic exchanges with the surrounding
medium, contributing to the high bioactivity of the P123
samples. Indeed, after only 2 days of immersion in SBF,
BG-P123 developed a thin HA layer on the surface. This
apatite phase proliferated and crystallized after 15 days of
immersing in SBF, demonstrating that the BG-P123 samples
formed crystalline apatite at the fastest rate (Letaief et al.
2014).

In another study, Lalzawmliana et al. (Lalzawmliana et al.
2019) investigated bioactivity by synthesizing MBG using
a variety of different templates, including CTAB, polyeth-
ylene glycol (PEG), and pluronic P123. CTAB-MBG and
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PEG-MBG demonstrated increased crystallinity, whereas
P123-MBG revealed a slight reduction in the crystalline
peak of CaCOj; and an increase in the HA phase after 14 days
in SBF solution. Moreover, the increased Ca-P layer forma-
tion in CTAB-MBG and PEG-MBG supported subsequent in
vivo experiments to determine their bone regeneration effi-
cacy combined with 50 pg of insulin-like growth factors
(IGF-1) in a rabbit femur bone defect model, and bone sam-
ples were collected at 45 and 90 days. The results showed
all MBGs had a high degree of new bone formation, i.e.,
CTAB-MBG (80.7 +2.9%), PEG-MBG (74.4 +2.4%), and
P123-MBG (70.1 +1.9%) compared to MBG (66.9 + 1.8%)
(Lalzawmliana et al. 2019).

Diverse templates

Dong et al. (Dong et al. 2002) used zeolitic wood cells as the
template for BG synthesizing. Firuzeh et al. (Firuzeh et al.
2021) used a templating agent of hexadecyltrimethylammo-
nium p-toluenesulfonate (CTAT) to synthesize nanosphere
bioglass with a 24-nm particle size, 9.73-nm pore diameter,
and a high surface area (197 m? g™!). An anion competition
mechanism in which tosylate anions participate with sili-
cate oligomers during particle formation could explain the
enlargement of the mesopores (Firuzeh et al. 2021).

The pollen-templated bioglass particles had a dual macro-
nanoporous structure. The 1-um pores were inherited from
the pollen grain template, whereas the sol-gel process’s
intrinsic mechanism induced the 9.5-nm pores. The specific
surface area of templated bioglass was 111.4 m? g~!, and the
pore volume was 0.35 cm® g~! (Zheng et al. 2015).

Shoaib et al. (Shoaib et al. 2021) used F127 as the tem-
plate to prepare spherical magnesium-doped mesoporous
bioactive glass nanoparticles with a diameter of 65 +5 nm
and a specific surface area (327 m? g~!). The MTT assay
revealed that the cytotoxicity of Mg-BG was negligible even
at higher concentrations of 100 pg mL~".

A recent study used 15% cellulose nanofiber (CNF) as
the sacrificial template to template the bioglass (Sarmast
Sh et al. 2022). The result shows that by adding CNF, the
particle size increased approximately 28% compared to pure
BG. However, the porosity BG-templated was 45% more
than pure BG, and the density was decreased by 32%. Cel-
lulose nanofiber also affected the mechanical and swelling
properties. The Young module was changed from 0.07 to
0.24 MPa. Pure BG had a high-water intake rate compared
to BG-CNF, at 30% and 18% per day. The discharge rate of
pure BG (was 3.3% per day), but BG-CNF absorbed a lower
amount of water (18% per day).

Inverse opals are porous materials created by replicat-
ing silica opals in a three-dimensional order. They are com-
posed of macropores connected by eight to twelve voids.
Substances can migrate through the voids of macropores.

Thus, it has been established that inverse opals are good
templates for forming colloidal crystals and monodispersed
microspheres (Yang et al. 2000). Furthermore, the inverse
opal templates’ restriction effect was confirmed to impact
the final shape of microspheres significantly. Therefore,
inverse opals may serve as useful templates to construct
MBG microspheres containing high ion concentrations
and surfactants, as their semi-closed pores can inhibit the
migration of ions and molecules. As a result, their sepa-
ration from the bioglass sol is hampered, and the surface
effect influences their distribution (Ji et al. 2019). Ji et al. (Ji
et al. 2019) used polystyrene film (OMP) and carbon film
(OMC) to synthesize magnetic bioglass (by doping Fe")
for simulating the pore walls and templates at two different
sintering temperatures (600 and 800 °C). They reported the
OMP is a hydrophobic template, and the OMC is a hydro-
philic template. The morphology characterization showed
that by removing the template at a sintering temperature of
600 °C, OMP developed a microsphere structure (or-MBG).
The or-MBG specific surface area was 474 m” g~!. How-
ever, by increasing the sintering temperature to 800 °C, it
was possible to obtain a core—shell structure with disordered
mesopores (cs-MBG). However, the specific surface area
of or-MBG was reduced to 127 m? g~!. As indicated by the
TEM and mapping images of the cs-MBG microspheres, Ca
dispersed only in a core with a diameter of 181 nm, while Fe
dispersed in a core with a diameter of 186 nm, as indicated
by the TEM and mapping images of the cs-MBG micro-
spheres. At 600 °C, MBG microspheres with open surface
pores (op-MBG) more prominent than 10 nm were achieved
using OMC as a template.

The MBG microspheres without open surface pores and
a similar disordered mesoporous structure (dis-MBG) were
synthesized at 800 °C. The op-MBG microspheres had a
specific surface area of 211 m? g~!, whereas the dis-MBG
microspheres had only 47 m? g~!. Although the iron con-
centration was the same, the magnetization saturation (M)
values and magnetic properties of the samples were varied.
M, values for or-MBGs and op-MBGs were 0.117 and 0.143
emu g~ !, respectively. M, values for cs-MBG and dis-MBG
microspheres were approximately 0.091 and 0.173 emu
g~ !, respectively. This could be because iron oxide particles
formed at low temperatures were smaller than the magnetic
field. Those formed at high temperatures, on the other hand,
were larger due to agglomeration (Ji et al. 2019).

Bacterial cellulose (BC) has also been extensively inves-
tigated for use as a templating material in bone tissue engi-
neering due to its naturally refined 3D nanofibrous network
with a shape similar to natural collagen nanofibers (Luo
et al. 2017). Generally, BC was used as a sacrificial template,
and BC was burned out during the calcination step. The
hydroxyl groups (—OH) on the surface of BC act as a catalyst
to accelerate the hydrolysis and condensation reaction of
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precursors (Luo et al. 2017a, b). Luo et al. (Luo et al. 2017a,
b) used a BC nanofibrous scaffold as a template to fabricate
a binary BG nanofibrous scaffold. The BC scaffold was first
pre-calcified to absorb Ca®* ions in a typical procedure. The
pre-calcified BC scaffold was soaked in a TEOS and EtOH
aqueous solution at room temperature for 6 h. The silica
precursors were adsorbed to the BC nanofibers surface by
ionic interaction between the hydroxyl (-OH) groups of the
cellulose and free Ca>* cations. The calcium ions could bond
to silica colloid particles and form a calcium-silica layer
on the BC surface. The final calcium silicate bioglass had
nanofibers structure with a 16-nm diameter. A dense layer
of HA appeared on the scaffold surface after only 1 day of
immersion in 1.5 SBF. The larger surface area of the scaffold
was due to high bioactivity (Luo et al. 2017a, b). Another
research by Luo et al. (Luo et al. 2017a, b) synthesized a 58S
bioglass scaffold with assisting of BC as a template. The
scaffold revealed 75.1% porosity with a large surface area
(127.4 m? g 1). The scaffold contained 39.4-nm diameter of
mesopores and 60-um diameter of macropores.

Xiao et al. (Xiao et al. 2019) synthesized the hal-
low mesoporous nanofibers using BC and pluronic P123
templates. The hydroxyl groups of promoting the hallow
mesoporous nanofiber formation. The synthesized nanofib-
ers had a 40-nm diameter, 8-nm wall thickness, and a 579.0
m? g~ !specific surface area. The nanopore sizes of the wall
of the scaffold were 3.9 nm- and 15.1-nm pores formed by
neighboring tubes.

Wen et al. (Wen et al. 2018) used ultrasonic treatment
to prepare a 3D nanofibrous BG scaffold using amino-
modified bacterial cellulose as a template. Their results
indicated that the amino groups on the BC template could
effectively enhance the absorption of the deposited CaO and
Si0, precursors. As a result, the BG scaffold exhibited a
three-dimensional interconnected porous network structure
composed of nanofibers with a diameter of approximately
20 nm. Furthermore, the scaffold was soaked in SBF for 1 to
7 days. The SEM result showed the morphology of the HA
changed from a needle-like structure to a blooming flower-
like structure, indicating rapid nucleation and growth of the
HA crystallites as the immersed time increased.

Polymeric template

In 2010, Hong et al. introduced mesoporous bioglass (MBG)
fibers. He developed MBG fibers by controlling the templat-
ing process (polyethylene oxide was used as the template)
and the electrospinning conditions to enhance ultrathin
MBG fibers with ~600-nm diameter, hollow cores, and
mesoporous walls (Hong et al. 2010). It has been docu-
mented that the ideal range for the 3D fibrous structure
is between 0.5 and 2 pm for complex tissue defects with
great inter-fiber spaces to promote vascularization, cell
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penetration, and nutrient transportation throughout (Baino
et al. 2016). Abad-Javier et al. (Abad-Javier et al. 2019)
coupled sol-gel with spray-drying and used a polystyrene
microsphere template to prepare the scaffold. They also
functionalized the surface of the scaffold with collagen
type I and vitamin D3 to increase its bioactivity. The result
showed HA covered more than 70% of the scaffold surface.

Chitosan or PEG solution could be used as a liquid-based
template by adding to the soil mixture. The result shows
the diameter of BG has a range of 5-10 um with 5-40-nm
pore. This structure could support human marrow mesen-
chymal stem cells (hMSCs) attachment and proliferation.
Liu et al. (W. Liu et al. 2012) developed a bioactive PEG/
(Si0,—Ca0-P,05) hybrid xerogel by hybridizing it with a
SiO, component. As determined by characterization tests,
the average pore diameter was 11.4 nm, with 7.2 m? g~!
of surface area. The bioactivity test established that adding
PEG has no detrimental effect on the reactions between Si,
Ca, and OH™, CO32_ ions in the SBF solution. Addition-
ally, the mechanical test revealed an increase in Young’s
modulus value to 430 MPa. Qian et al. used sugarcane as
a template to produce a biomorphic 45S5 bioglass. In this
method, the sugarcane was exposed to air before being
sintered for 1 h at 1030 °C. Sugarcane’s inherent micro-
structure was well converted into a 45S5 bioglass scaffold,
with only a reduction in average pore size. In another study,
polyethylene glycol (PEG 6000) was used as a soft tem-
plate to produce a mesoporous bioglass with a composi-
tion of (495i0,-20Ca0O-20Na,0-7K,0,~P,05 mol%)
(Shoaib et al. 2017). The morphology study showed that
the spherical structure was usefully synthesized with 1 pm
approximate size and 21-nm pore size with a 189.53 m* g~!
surface area. The cell cycle caused no tissue damage in the
in vivo study (even at a concentration of 80 g mL ™). His-
topathological results revealed no discernible differences in
the typical architecture of the control group and BG-treated
skin tissues, even at a dose concentration of 40 mg kg~! of
body weight of the animals, demonstrating the safety of BG
(Shoaib et al. 2017).

It has been reported that hollow nano-spherical bioglasses
were synthesized using the polyacrylic acid (PAA) template.
Following air combustion, PAA was incorporated to form
the core, whereas the inorganic shell was constructed using
a precursor. As a result, they contained various (TEOS)/
PAA concentrations in a glass network. In comparison,
0.2 g of the template PAA was maintained as the constant
value (Wang & Chen 2017). The samples were labeled as
HBG1, HBG2, HBG3, and HBG4 with 0.9, 1.8, 2.7, and 3.6
g of TEOS content. The results showed that shell thickness
and particle size were raised by increasing TEOS concen-
tration. However, a reduction in pore volume and specific
surface area was obtained. The particle sizes for HBGI,
HBG2, HBG3, and HBG4 nanospheres were 81.0 +15.6,
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92.0+14.7,109.9 +21.3, and 133.3 +25.6 nm, respectively.
The relatively high specific area of the HBG1 (50.16 m?
g~!) compared to other similar structures was due to the
thin shell thickness. Additionally, the total pore volume of
the obtained samples reduced from 0.129 to 0.072 cm? g™!
at 0.99 of the relative pressure (Liu et al. 2017).

Ali et al. (Ali et al. 2023) conducted a study to investi-
gate the impact of irisin-loaded bioglass on pre-osteoblast
behavior and regenerative potential. In their experimental
design, they used a 70% polymethyl methacrylate (PMMA)
and 150 ng/ml irisin as a sacrificial template. The controlled
release of irisin was achieved by adding PVA as a binder.
The bioglass, characterized by an 84.3% porosity, exhibited
pores ranging in size from 100 to 300 pm. The results of the
study relieved the influence of irisin’s controlled release on
osteogenic differentiation and calcium deposition in vitro.
The in vivo findings demonstrated that the PVA-irisin-
loaded bioglass significantly promoted the development of
new bone in the defect areas. This was accompanied by the
expression of osteogenic markers, such as ALP, Runx-2, and
OPN, as well as the formation of structural proteins like
Col-1 in a rat model.

A summary of templating roles is described in Table 5.

Discussion

The synthesis of bioglasses through various techniques has
been extensively explored in recent years, with each method
exhibiting unique advantages and drawbacks. The acid-/
base-catalyzed sol—gel method using inorganic acids like
nitric acid, sulfuric acid, and hydrochloric acid as catalysts
results in the formation of small linear polymeric entities
due to cross-linking of silanol/silanol or silanol/ethoxy
groups. However, this approach often leads to weak struc-
tures tending to crumble upon drying, limiting their practical
applications (Albert et al. 2017; Brinker and Scherer 2013;
Zheng & Boccaccini 2017).

Microemulsion-based sol-gel synthesis offers improved
homogeneity by preventing nanoparticle aggregation, yet
excess surfactants and oil phase residues must be meticu-
lously removed to avoid detrimental effects on the final
product (Deshmukh et al. 2020; Zheng & Boccaccini 2017).

Modified sol-gel synthesis methods, such as ethanol
washing, citric acid templating, colloidal techniques, and
fast-drying methods, provide avenues for controlling the
microstructure and properties of bioglasses (Ben-Arfa et al.
2018, 2020; Lopes et al. 2019; Mukundan et al. 2013; Spi-
randeli et al. 2020). Furthermore, the combination of sol—gel
and electrospinning techniques facilitated the production of
mesoporous bioglass fibers, creating intricate three-dimen-
sional structures that support cell attachment and prolifera-
tion (Abad-Javier et al. 2019; Hong et al. 2010).

One of the key findings in this study is the significant
influence of various templates on the structure and proper-
ties of bioglasses in sol-gel technique. The use of zeolitic
wood cells, cellulose nanofibers, and bacterial cellulose tem-
plates led to the creation of bioglass scaffolds with enhanced
porosity and specific surface area (Dong et al. 2002; Wen
et al. 2018; Luo et al. 2017a, b). Templated sol—gel scaffolds
with templates like hexadecyltrimethylammonium bromide
(CTAB) and pluronic P123 demonstrated the formation of
ordered mesoporous structures (Ji et al. 2019; Letaief et al.
2014). Additionally, incorporating nitrogen into bioglasses
using CTAB templates resulted in nanospheres with varying
pore sizes and improved cell proliferation, indicating the
potential of nitrogen-doped bioglasses for tissue engineer-
ing applications (Wen et al. 2022). Integrating polymeric
templates, such as chitosan and polyethylene glycol, allowed
for the fabrication of hybrid xerogels with favorable pore
diameters and surface areas, enhancing the bioactivity of
the resulting bioglasses (Liu et al. 2012).

The template selection in the sol—gel technique has a sig-
nificant impact on tailoring the microstructure and properties
of bioglasses. The various templating techniques explored in
recent years offer valuable insights into the customization of
bioglass structures for designing bone scaffolds.

Conclusion

Biological and biomedical applications of sol-gel silica
glass have experienced significant growth in recent dec-
ades due to its ease of use and versatile control over the
properties and morphology of silicate bioglass. The sol—gel
technique offers various synthesis strategies that enable
tailored manipulation of bioglass characteristics. Acid-/
base-catalyzed synthesis facilitates rapid hydrolysis reac-
tions using strong inorganic acids as catalysts, while base
catalysis promotes cross-linking and the formation of com-
plex polymer structures. Microemulsion-based synthesis
ensures homogeneous compositions and allows for precise
particle size and shape adjustment. Modified sol-gel syn-
thesis strategies involving alternative precursors and cata-
lysts have been developed to enhance bioactivity and enable
microstructure control. Templated sol—gel scaffolds utilize
diverse templates to create hierarchical pore architectures,
allowing further customization of the bioglass’s morphol-
ogy and structure. Combining the sol-gel technique with
different synthesis strategies offers significant potential for
tailoring the properties of bioglass materials, including pore
structure, surface area, bioactivity, and mechanical strength.
Here, the key findings and advantages of different templating
methods in the context of silica bioglass sol—gel synthesis
have been summarized.
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Table 5 Template roles in silica glass morphology

Template Bioglass Method Shape Pore diameter ~ Surface area Pore volume Reference
(nm) (m*g™") (cm’ g7!)
Amino-modi- Si0,-CaO Ultrasonic treat- Fiber 20 144.60 0.21 (Wen et al. 2018)
fied bacterial ment
cellulose
Bacterial cel- Si0,-CaO Freeze-dried Fiber 25-36 240.9 0.331 (Luo et al. 2017a,
lulose b)
58S Sacrificial Fiber 39.4 127.4 0.242 (Luo et al. 2017a,
Template b)
Bacterial cellu-  SiO,—CaO- Freeze-dried Hallow fiber 3.9 579 (Xiao et al. 2019)
lose/pluronic P,0; and sacrificial
P123 template
Cellulose 4585 Sacrificial Fiber 91.55 4.864 0.223 (Sarmast Sh et al.
nanofiber template 2022)
Chitosan 60SiO,— Surfactant Microspheres 5-10 um 1.8 0.02 (Lei et al. 2012)
36Ca0-4P,05
Hexadecyltri- Si0,~CaO- Surfactant Hollow 7 321 0.85 (Xie et al. 2020)
methylammo- P,0; solution and mesoporous
nium bromide freeze-dried
(CTAB) $i0,-CaO-  Surfactant solu- Spherical 3.6 4732 0.27 (Anand et al.
P,05 tion 2018)
60Si0,— Surfactant solu-  Spherical 8-11 225-271 0.62-0.67 (Wen et al. 2022)
30.8CaO- tion
9.2P,0;4
CTAB/copoly-  92Si0,-6CaO- Surfactant solu- Spherical 5.7 376.7 0.66 (Letaief et al.
mer P123 2P,05 tion 2014)
Hexadecyltri- Si0,~CaO- surfactant solu-  Spherical 9.73 197 0.48 (Firuzeh et al.
methylam- P,0; tion 2021)
monium p-tol-
uenesulfonate
(CTAT)
Methyl cellulose Sacrificial Spherical 472 (Gupta & San-
template thiya 2017)
Pluronic F127  51Si0,— Surfactant solu-  Spherical 65 327 (Shoaib et al.
18CaO- tion 2021)
20Na,O-
4P,05~7TMgO
Pluronic P123  SiO,—CaO- Surfactant solu-  Spherical 8.9 169.3 0.285 (Anand et al.
P,0;5 tion 2018)
Pluronic P123/  MBG Surfactant solu- 3.3-19.6 375.1-1105.8  0.68-1.33 (Xia et al. 2022)
pluronic F127/ tion
polyurethane
Pollen 708i0,-30Ca0O  Sacrificial Dual macro- 1 um and 9.5 111.4 0.35 (Zheng et al.
template nanoporous nm 2015)
Poly acrylic Si0,-CaO- Sacrificial Hollow spheri- 81.0-133.3 33.89-50.16 0.129-0.072 (Liu et al. 2017)
acid (PAA) P,05 template cal
Poly amidoam-  45S5 Surfactant solu- Polygonal 0.5-2 472 (Gupta et al.
ine (PAMAM) tion 2015)
Polyethylene Si0,~CaO- Surfactant solu-  Spherical 11.4 7.2 0.003 (Liu et al. 2012)
glycol (PEG) P,05 tion
Si0,-CaO- Surfactant solu- Cauliflower 15.6 52.2 0.087 (Anand et al.
P,05 tion 2018)
498i0,— Surfactant solu-  Spherical 21 189.53 (Shoaib et al.
20Ca0O- tion 2017)
20Na,O-
7K,0,-P,05
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Table 5 (continued)

Template Bioglass Method Shape Pore diameter ~ Surface area Pore volume Reference
(nm) (m*g™") (em’ g7!)
Polymethyl 4585 Sacrificial 100-300 um (Ali et al. 2023)
methacrylate template
(PMMA)
Polystyrene/ MBG Surfactant Spherical 181-186 127-474 (Jietal. 2019)
carbon film solution and
sacrificial
template
Rice husk 4585 Sacrificial 25-75 ym (Wu et al. 2009)
template
Sugarcane 4585 Sacrificial Biomorphic 5-10 pm
template
Zeolitic wood Sacrificial Hollow Fiber 55-165 315 0.12 (Dong et al.
cells template 2002)

Surfactant-based templating

Surfactant templating methods, such as microemulsion-
based synthesis and CTAB-assisted synthesis, have enabled
the creation of mesoporous bioactive glasses with well-
defined pore structures.

Surfactants play a crucial role in stabilizing microemul-
sion droplets and controlling the size and shape of pores,
leading to enhanced surface area and improved bioactivity.

Polymeric templating

Polymeric templates, including PEG and chitosan, have been
used to fabricate bioactive glass scaffolds with intercon-
nected pores and suitable mechanical properties.
Polymer-based templates offer flexibility in controlling
the scaffold’s morphology and pore size, promoting cell
attachment, proliferation, and tissue regeneration.

Natural templates

Natural templates, such as sugarcane and bacterial cellulose,
provide unique hierarchical structures that can be replicated
in bioactive glasses.

The inherent microstructure of natural templates can be
preserved, resulting in biomorphic bioactive glasses with
tailored properties for specific applications.

Hybrid templating approaches

Hybrid approaches, combining different templating methods
or incorporating multiple template materials, allow for pre-
cisely engineering complex structures and functionalities.

By integrating surfactant-assisted and polymeric templat-
ing techniques, researchers can achieve synergistic effects,
leading to superior bioactive glass materials.

Templating techniques significantly enhance the bioac-
tivity of bioactive glasses by increasing surface area, pore
volume, and pore interconnectivity. The tailored structures
created through templating methods promote improved ion
release, mineralization, and cell-material interactions, mak-
ing them highly biocompatible for various biomedical appli-
cations. Continued research in templating techniques should
focus on optimizing parameters, such as template concentra-
tion, processing conditions, and choice of template mate-
rial, to further enhance the properties of bioactive glasses.
Exploration of innovative natural templates and developing
hybrid templating strategies hold promising avenues for cre-
ating bioactive glasses with advanced functionalities tailored
for specific clinical needs. Addressing challenges related
to scalability, cost-effectiveness, and regulatory approvals
will be essential for translating templated bioactive glasses
from research laboratories to practical orthopedic medical
applications.
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