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The sol—gel derived porous bioactive glasses have drawn worldwide attention by virtue of the convenience
and flexibility of this versatile synthesis method. In this review, the recent advances in sol—gel processed
porous bioactive glasses in biomedical fields, especially for bone tissue regeneration applications have
been comprehensively reviewed. Generally, it is envisaged that the morphology and chemical
compositions of sol—gel derived porous bioactive glasses significantly affect their biological properties.
Therefore, the controlled synthesis of these porous glasses is critical to their effective use in the
biomedical fields. With this context, the first part of the review briefly describes the fundamentals of the
sol—gel technique. In the subsequent section, different approaches frequently used for the sol-gel
synthesis of porous glasses such as microemulsion and acid-catalyzed based synthesis have been
reviewed. In the later part of the review, different types of sol-gel derived bioactive glasses namely silica,
phosphate and silica—titania based glasses along with organic—inorganic hybrids materials have been

discussed. The review also discusses the chemical, surface, mechanical and biological properties and
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Accepted 2nd September 2020 further highlights the strategies to control the pore structure, shape, size and compositions of sol-gel
derived bioactive glasses. Finally, the review provides a detailed discussion about the bone tissue

DOI: 10.1039/d0ra04287k regeneration application of different types of sol-gel derived bioactive glasses and presents future
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1. Introduction

In recent years, the solution-gelation (sol-gel) processing
technique has gained increasing attention across various
scientific disciplines because of the wide range of potential
applications of the resulting materials. Generally, it is recog-
nized as a wet chemistry-based synthesis technique which offers
promising and flexible approaches to obtain a varied type of
novel and functionalized materials such as glasses, ceramics
and organic/inorganic hybrids with different architectures at
low temperatures and mild chemical conditions."” Sol-gel
technique is the most dynamic, reliable and environmentally
friendly bottom-up synthesis method which has received
tremendous interest in diverse research fields such as nano-
technology, optoelectronics, semiconductors, medicines,
biotechnology as well as separation science.® In particular, the
sol-gel method is very useful, highly attractive and versatile
because of its simplicity, low cost and the diversity of high
purity materials of varied configurations such as monoliths,
nanoparticles, thin films, foams, fibers etc., that can be
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produced from the same composition directly from the solu-
tions.* Furthermore, it is the most exploited technique used for
the synthesis of metal oxides and metal oxides based nano-
composites.* By varying the synthesis parameters in the sol-gel
process, homogenous materials with tailored properties such as
good chemical and thermal stability, good mechanical strength,
good optical transparency and controlled porosity can be ob-
tained.” The final product obtained via sol-gel synthesis is
explicated by the mesoporous texture which is inherent in sol-
gel materials." Moreover, this technique allows the direct
synthesis of high purity multi-component materials without the
use of powder intermediates or using high-cost vacuum-based
processing techniques.*” These advantages make the sol-gel
method a promising synthesis route to prepare different types
of functional materials with varied structures and porosity.®

A typical sol-gel synthesis method consists of two distinct
phases; i.e. solution and gelation. In the first phase, small
molecules (precursors) get converted into a colloidal solution
(sol) which are generally obtained via controlled hydrolysis and
condensation of metal alkoxide precursors or organic/inorganic
salts within the solution.*® In the second phase, the poly-
condensation reaction occurs which leads to the formation of
a rigid and highly interconnected three dimensional (3D)
network (gel) comprising discrete particles or polymer chains
due to the addition of a catalyst (acid or base).>*° The structure

This journal is © The Royal Society of Chemistry 2020


CrossMark:http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04287k&domain=pdf&date_stamp=2020-09-11
http://orcid.org/0000-0001-5010-9096
http://orcid.org/0000-0003-4838-4069
http://orcid.org/0000-0002-3019-0154
http://orcid.org/0000-0002-7588-1290
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04287k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010056

Open Access Article. Published on 11 September 2020. Downloaded on 10/25/2025 7:46:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

of the resulting gel depends on the catalyst and this is due to the
relative rates of the hydrolysis and condensation reactions.'®
Hence, understanding the kinetics of hydrolysis and conden-
sation reactions is the key to conquer the sol-gel synthesis
method. In general, a clear and stable solution composed of
hydrolyzed monomers having low condensation rates is
required for the gelation process.' Thus, these processes are
affected by the number of experimental parameters such as pH
of the solution, temperature, reactants concentration and the
presence of additives that could be controlled in the sol-gel
synthesis.® The processing temperature in the sol-gel method is
generally very low, more often very close to room temperature
which further minimizes the thermal volatilization and deteri-
oration of entrapped species and also allows control over the
production of novel glass compositions."” Thus, the sol-gel
method renders the possibility to control the physicochemical
properties of the resulting material by carefully varying the
experimental parameters affecting the various synthesis steps.*>
Furthermore, the sol-gel process exhibits several unique merits
over other conventional synthesis methodologies. Among the
key advantages of the sol-gel method is the ability to produce
organic-inorganic hybrid materials in addition to the low
production cost as compared with other vacuum-based
synthesis methods which are comparatively expensive.’* The
other ascendancy of the sol-gel process includes the synthesis
of highly pure and homogeneous multi-component systems
with controllable kinetics of various chemical reactions namely
hydrolysis, condensation, nucleation and the evolution of
primary colloidal particles to achieve microstructure with
special shape and size distribution.">"* Besides, the sol-gel
method facilitates controlling all these parameters and results
in the synthesis of tailor-made homogeneous materials with
controlled homogeneity at the molecular scale.**

The adaptability of the sol-gel method allows to manipulate
the material characteristics which are required for a particular
application. In this context, this technique is a promising tool
for obtaining bioactive materials (biomaterials) for numerous
biomedical applications owing to its environmental friendli-
ness, low-temperature processing and intrinsic biocompati-
bility of the synthesized materials."* During the last decade
and a half, the demand for the biomaterials have grown
significantly and the intense research interest is attributed to
their wide range of applications in the healthcare and medical
industries, for example; in regenerative medicines, implantable
devices, wound healing therapies, tissue engineering, plastic
surgeries, drug delivery systems and orthopedic disorders.'*>*
In particular, sol-gel derived biomaterials have been recently
investigated for the prevention of prosthetic joint infections,****
bone cements,** artificial tissue and ligaments,***” dental
implants,*®* tissue engineering®*=* and drug delivery.**** The
biomaterials are anticipated to enhance the natural tissue
regeneration, thereby stimulating the restoration of structural,
functional, metabolic, biochemical and biomechanical proper-
ties.***¢ The growing interest in sol-gel derived biomaterials is
due to their potential to form excellent contact and strong
chemical bonding with the surrounding tissues.’”*® Further-

more, the sol-gel method was utilized to immobilize
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biologically active compounds or biomolecules via entrapment
or encapsulation throughout the sol-gel derived matrix.****
Hence, sol-gel derived materials with a high specific surface
area provide good biocompatibility while their external surface
enables them to be functionalized easily using suitable
biomolecules.

Sol-gel based bioactive glasses have been extensively
explored as a promising and highly porous scaffold material for
bone tissue regeneration applications owing to their excep-
tional osteoconductivity, osteostimulation and degradation
rate.*>* These bioactive glasses develop strong bonds with the
bone through the formation of hydroxyapatite (HA) or hydrox-
ycarbonate apatite (HCA) layer on the surface by releasing Si,
Ca, P and Na ions and stimulate the formation of bone tissues
when implanted in the living body.** Mesoporous bioactive
glasses (MBGs) are the latest development of sol-gel derived
glasses exhibiting large surface area and porosity with the
capability of being functionalized with a broad spectrum of
moieties.”” The development of MBGs using the sol-gel method
provides higher bonding rates and exceptional degradation or
resorptive properties can be achieved.*”** Since their inception
in 2004, the research on the MBGs for the bone tissue regen-
eration application has grown tremendously.*® An ideal scaffold
material for bone tissue regeneration should possess good
osteoconductivity, biodegradability and good mechanical
properties in addition to a highly porous structure.* Bioactive
glasses with macroporous structures can promote cell infiltra-
tion, nutrient delivery, bone ingrowth and vascularization.*
The surface roughness and the micro or mesoporosities were
also proven equally important as they influence the ability of
a material to stimulate apatite nucleation and cell attach-
ment.**>* The most suitable materials for bone tissue
regeneration/repair application are the one who mimics the
natural bone structure and presents specific surface chemistry
functions.®® In that context, porous inorganic materials,* >
calcium phosphates (CAPs) and bioactive glass scaffolds have
been developed.®®*” Porous Si-Ti based materials are also
fascinating materials for bone tissue regeneration because both
Si-OH and Ti-OH surfaces were found to promote HA surface
nucleation for in vitro bio-mineralization.*®

Hence, this review briefly describes the basic chemistry
involved in the sol-gel processing of porous bioactive glasses.
Besides, different methods of sol-gel synthesis of porous
glasses namely microemulsion and acid-catalyzed synthesis
have also been discussed. Moreover, the main focus of this
review is to give a comprehensive overview of recent advances in
sol-gel derived porous bioactive glasses of different types and
compositions for bone tissue regeneration applications. Finally,
the preparation strategies of porous scaffolds from sol-gel
derived glasses for bone grafting and tissue engineering appli-
cations have been discussed.

2. Sol-gel synthesis of porous glasses

The sol-gel process is a facile and highly efficient method for
synthesizing porous bioactive glasses since it offers the possi-
bility to tune their properties which can be influenced by some
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parameters such as hydrolysis ratio, gelation time, aging, drying
and calcination temperature etc. The density, pore-volume,
specific surface area and porosity of glasses are influenced by
the synthesis method employed. As compared with the
conventional melt quench synthesis, the sol-gel synthesis
method allows the production of glasses with higher purity,
high specific surface area and intrinsic porous structure owing
to the advantages of low-temperature processing.”® High
porosity and high specific surface area of sol-gel derived glasses
is normally associated with enhanced degradability and bioac-
tivity but lower mechanical stability. Glasses which possess
suitable degradation rate, appropriate mechanical properties,
the ability to promote the formation of HA layer, as well as the
capability to stimulate biologically beneficial responses are
desirable for bone grafting application.® The formation of the
HA layer facilitates a strong bond between the living tissues and
the implants.® Moreover, the formation of HA layers is the
characteristic of all the inorganic materials used in the devel-
opment of orthopedic implants, bone replacements and bone
tissue engineering.®* The glasses obtained using the sol-gel
method have been utilized as bioactive materials in several
applications such as for the encapsulation of proteins, enzymes
and biomolecules for controlled drug delivery and bone tissue
regeneration because these glasses are biocompatible and
possess excellent bioactivity.®® Moreover, it was realized that the
molecular structure as well as the enhanced textural properties
such as pore size which is associated with the high surface area,
negative surface charge and higher dissolution rate are the real
key for enhanced bioactivity of sol-gel glasses.®* Thus, based on
this technique, numerous strategies were developed for the
synthesis of porous glasses. These strategies and synthesis
methods are described in the following sections.

2.1 Microemulsion based sol-gel synthesis

Since their inception, the interest in the microemulsions has
grown significantly in academic as well as industrial research
due to their distinctive properties such as very low interfacial
tension, large interfacial area, high thermodynamic stability
and the ability to stabilize immiscible liquids.®® Generally,
microemulsions are known as an isotropic, homogeneous and
thermodynamically stable liquid mixtures comprising of three
phases namely oil, water and surfactant.®**® The oil phase
generally consists of long-chain hydrocarbons whereas the
surfactants can be defined as the long-chain organic molecules
having a hydrophilic head and lipophilic tail.®” At the micro-
scopic level, the surfactant molecules form an interfacial film
which separates the aqueous and oil phase. The main difference
between the conventional emulsions and the microemulsions is
that shear effects are required for the formation of conventional
emulsions while microemulsions can be formed by directly
adding the components which are further stabilized using
surfactant.®® There are three types of microemulsions, (i) oil
dispersed in water (O/W), (ii) water dispersed in oil or reverse
(W/O) and (iii) intermediate bicontinuous structure type
microemulsions which can turn reversibly from one type to
another.***® Microemulsion technique is an ideal method for
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synthesizing inorganic nanoparticles with minimum agglom-
eration.®’® However, the key drawback associated with this
technique is the low yield and the requirement of a large
quantity of oil and surfactants.®® For the synthesis of micro-
emulsion based sol-gel glasses, the aqueous phase consists of
silicate and metal ion precursors in addition to catalysts.”* The
silicate precursors undergo hydrolysis and condensation reac-
tion within the water droplets serving as reactors.®® The water
droplets more often collide with each other via Brownian
motion and unite together to form bigger droplets. The droplets
interact with each other due to collision which is unfavorable
for achieving homogenous glass composition.®® The surfactant
stabilizes the microemulsion droplets while the oil phase is
served as a barrier thereby preventing the agglomeration of
nanoparticles.®® The synthesized glass thus exhibits homoge-
neous dispersions and compositions but they may not be
uniform in size due to the breakage of microemulsion drop
during their collision.” Moreover, vigorous washing is essential
to get rid of the excessive surfactants and the oil phase before
drying and calcination thereby avoiding the conversion of
organic residues into nanoparticle aggregations.*®

The microemulsion based sol-gel synthesis of MBGs has
been demonstrated by several authors by employing hex-
adecyltrimethylammonium bromide (CTAB) as the surfac-
tant.”>”® In sol-gel processing, surfactants are typically used to
reduce shrinkage, prevent cracking and to avoid supercritical
drying.”” Generally, CTAB surfactant is employed as a pore-
forming agent in the sol-gel synthesis of MBGs.” The pore
size, pore volume as well as the particle size of MBGs can be
customized by using different solvents and by varying CTAB
concentration.”’* Recently, Wang and Chen” reported a facile
method for the synthesis of hollow mesoporous bioactive
glasses (HMBGs) with controllable shell thickness and excellent
monodispersity in the microemulsion system comprising
cyclohexane, ethanol and water. CTAB was added to cyclo-
hexane to form microemulsion droplets and also used as
a surfactant as well as the template for mesoporous structure.”®
The author demonstrated the synthesis of HMBGs with
different shell thicknesses as well as different cavity sizes simply
by varying the CTAB concentration. Furthermore, the micro-
emulsion technique also contributed to good mono-
dispersibility of HMBGs. The mechanism of HMBGs formation
is depicted in Fig. 1.7 The droplets of oil in water micro-
emulsions were formed when CTAB and cyclohexane were
mixed with the solution containing water and ethanol which
offered reaction vehicle for the synthesis of HMBGs. First, tet-
raethyl orthosilicate (TEOS) was dissolved in cyclohexane and
later triethylphosphate (TEP) and calcium nitrate tetrahydrate
(CN) were mixed with the microemulsion system. The hydro-
lysis and the condensation of the prepared sol were carried out
at the oil-water interface using ammonia as a catalyst. The
microstructure was formed due to the gathering of the sol
particle in the CTAB micelle layer.”” The HMBGs were formed
once the organics and nitrates are removed via calcination.
Fig. 2 depicts the microstructure of synthesized HMBGs
showing good monodispersibility (Fig. 2a) as well as a rough
surface (Fig. 2b). The rough surface of HMBGs is beneficial for
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Fig. 1 Mechanism of HMBGs formation. Reproduced with permission from ref. 76. Copyright 2017, Elsevier.

drug loading. The TEM image depicted in Fig. 2c demonstrates CTAB.”® From TEM images it was observed that the shell
the hollow microstructure of synthesized HMBGs with a large thickness and the cavity size can be tuned by varying the CTAB
cavity of the particles which can be useful for the loading of content. In particular, increased shell thickness was observed
bioactive molecules. Fig. 2d-f shows the magnified TEM images with increased CTAB concentration.”®

of HMBGs prepared using the different concentrations of

-

Fig.2 (aand b) SEM and (c) TEM images of synthesized HMBGs. TEM images of HMBGs with different CTAB concentrations are shown in (d—f).
Reproduced with permission from ref. 76. Copyright 2017, Elsevier.
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Fig. 3 TEM images of synthesized HMBGs nanoparticles. Adapted from ref. 79. Copyright 2019, Wang, Pan and Chen.

Using a similar approach, Wang et al.” prepared HMBGs
nanoparticles in presence of CTAB, cyclohexane, ethanol and
water-based emulsion where CTAB played a key role in modu-
lating the interior mesoporous structure, morphology and the
dispersion of the HMBGs nanoparticles. The CTAB concentra-
tion was varied as 2, 4 and 6 mM and the corresponding HMBGs

Self-assemble N
- -
ethanol-water =
solution

E
5'%%

Rod-like CTAB micelle

uII) [BULIdY)0IPAH

HMBGMs

@&, \\M CTAB

nanoparticles synthesized were named HMBG-1, HMBG-2 and
HMBG-3 respectively.” The TEM micrographs depicted in Fig. 3
demonstrate that all HMBGs nanoparticles exhibited a hollow
structure with different shell property thereby influencing their
drug release behaviours. The HMBG-1 nanoparticles exhibited
compact shell structure while HMBG-2 showed a peculiar

_ Adsorption s
e —

" TEOS -
CN

solid mesostructured
BG microsphere

Mesoporous . BG sol nanoparticles

Fig. 4 Mechanism of HMBGs microsphere formation. Reproduced with permission from ref. 81. Copyright 2016, Elsevier.
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microstructure comprising several penetrative tunnels.”®
Moreover, the HMBG-3 demonstrated several mesoporous
tunnels similar to HMBG-2. The synthesized HMBGs nano-
particles exhibited a high specific surface area (749.619 m*> g~ ")
and excellent drug loading efficiency (55.1%) with stable drug
release behavior and excellent drug storage ability owing to
their hollow structure and the penetrative mesopores on the
shell.” The in vivo studies further revealed that HMBGs nano-
particles can promote bone tissue regeneration with enhanced
bone repair capability.

Hu et al.® reported CTAB assisted facile method for the sol-
gel synthesis of HMBGs microspheres with tailorable cavity
sizes. The authors demonstrated that CTAB acted as a structure-
directing agent and favoured the synthesis of HMBGs with
hollow mesoporous structure, high surface area and homoge-
neous particle size. In this study, the size of HMBGs particles
and the cavity sizes were determined by CTAB concentration.
Therefore, the CTAB concentration was varied as 3.3, 4.6 and
5.9 mM and the corresponding HMBGs synthesized were
named as HMBGs-1, HMBGs-2 and HMBGs-3 respectively.*” The
authors demonstrated that with an increase in CTAB concen-
tration, the particle size of HMBGs decreased and the
morphology changed from hollow spheres to solid spheres. The
average particle size for the synthesized HMBGs was reported to
be 294 nm for HMBGs-1, 264 nm for HMBGs-2 and 187 nm for
HMBGs-3.%° All the synthesized HMBGs displayed narrow
particle size distribution, good dispersibility and high specific
surface areas.*® Similarly, Duan et al® demonstrated the
synthesis of HMBGs microspheres via hydrothermal self-

P123/ethanol

Precursor decorated
BC nanofibers
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transformation method wusing CTAB as a mesoporous
template. Fig. 4 demonstrates the mechanism of the formation
of HMBGs microspheres.®* The authors demonstrated that the
solid HMBGs spheres prepared in Stober solution can readily
transform into the hollow structure after incubation in hydro-
thermal conditions.®* Also, the shell thickness of HMBGs
microspheres can easily be controlled by adjusting the hydro-
thermal time. The synthesized HMBGs microspheres displayed
mesoporous structure, tunable shell thickness, excellent drug
loading capacity and remarkable sustained-release property.**
Besides, HMBGs microspheres exhibited narrow particle size
distribution in the range of 300-650 nm and high specific
surface area (444.11 m*> g~ ').* These outstanding characteris-
tics of HMBGs microspheres make them a potential drug carrier
material for bone tissue regeneration and controlled drug
release.®

Recently, Xiao et al.®* reported novel method for template
assisted sol-gel synthesis of HMBGs nanofibers which were
later utilized for fabricating 3D scaffolds using bacterial cellu-
lose (BC) and pluronic P123 as co-templates. It was emphasized
that the presence of hydroxyl groups on the surface of BC acted
as a catalyst and accelerated the hydrolysis and condensation
reaction of precursors and as a result promoted the formation
of HMBGs. Fig. 5 schematically represents the fabrication
process of HMBGs nanofiber-based scaffold.*” The diameter of
the synthesized HMBGs nanofibers was found to be around
40 nm with the wall thickness of 8 nm while the specific surface
area of the resulting scaffold was found to be 579.0 m* g~ *. The
reported diameter of the synthesized HMBGs nanofibers is the

H,0/ethanol

4

MBGH scaffold

Fig. 5 Schematic illustration showing the fabrication process of HMBGs nanofiber based scaffold. Reproduced with permission from ref. 82.

Copyright 2019, Elsevier.
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smallest among all the HMBGs nanofibers reported so far while
specific surface area is the largest among all the HMBGs
currently reported.®” The HMBGs scaffold exhibited nanopore
sizes of 3.9 nm (pores present on the wall) and 15.1 nm (pores
formed by neighboring tubes).®> The authors further empha-
sized that the small fiber diameter and the mesoporous struc-
ture of the fabricated scaffold with high specific surface area
impart excellent bioactivity and renders the HMBGs scaffold as
a promising material for controlled drug release and bone
tissue engineering.**

2.2 Acid catalyzed sol-gel synthesis

The sol-gel synthesis procedure can occur under acidic or basic
conditions which eventually can influence the properties such
as porosity, transparency and structure of the resulting mate-
rials. The catalyst can be selected based on the desired prop-
erties of the final product.®*® It was mentioned that the
hydrolysis and condensation reactions do not depend on the
catalyst type employed but also heavily reliant on the solution
pH.** Strong inorganic acids such as sulphuric acid (H,SO,),
hydrochloric acid (HCl) and nitric acid (HNOj3) are frequently
used as catalysts because they activate the hydrolysis reaction
very quickly.®* Bioactive glasses can be prepared by employing
a strong acid as a catalyst. However, employing base catalysts
can help in inducing the particle formation as they enhance the
pH value which in turn can be useful in preventing the devel-
opment of bulky gel structure of bioactive glasses.*>* In sol-gel
synthesis based on acid/base co-catalysis, first TEOS is mixed
with metal ion precursors under acidic conditions and later
concentrated basic catalyst is added to accelerate the reaction.*®
However, under acidic conditions, tiny colloidal particles are
susceptible to form 3D gel network but the presence of salt
decreases the stability of nanoparticles.®® Due to these reasons,
bioactive glasses usually exhibit polydispersity or agglomerated
morphology.?***® Using acid/based co-catalyzed technique,
monodispersed glasses can be obtained by employing weak
organic acids such as citric acid (C¢HgO,). However, the ob-
tained glasses usually exhibit a rough surface.®®® Polymeric
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materials which act as steric berries can also be included during
the acid/base co-catalysis to improve the dispersibility of
bioactive glasses.®** For instance, after the addition of a base
catalyst, polyethylene glycol (PEG) has been added as a non-
ionic surfactant to tailor the particle size as well as to improve
the dispersibility of the bioactive glasses produced.®* Using this
strategy, several bioactive glasses have been produced. For
example; Nagayama et al.,”” synthesized lanthanum trifluoride
(LaF;3) doped silica glasses using hydrofluoric acid (HF) acid-
catalyzed sol-gel method. HF was employed as a catalyst for
sol-gel reaction and as a fluorine source. Fig. 6 depicts the
photographs of cracked free dried gel (Fig. 6a) obtained after
drying the aged wet gels for 6 to 7 days at 40 °C. The subsequent
sintering of the dried gel for one hour at 1150 °C resulted in the
formation of monolithic silica glass (Fig. 6b).°> The gel pro-
cessing time was found to be one week.”?

3. Types of sol—gel derived glasses
3.1 Silicate based glasses

Sol-gel derived porous bioactive glasses were first time discov-
ered by Li et al.*® in the early 1990s. Since then these bioactive
glasses have been studied extensively.®*~*® Silicate glasses are the
most widely explored sol-gel derived bioactive glass composi-
tions. Understanding the bioactive glass structure is important
to demonstrate the role of each component on its bioactivity.
The glass structure is frequently explained based on three
different components and these are network formers, network
modifiers and intermediate oxides.”® Usually, network formers
namely silica (SiO,), phosphorous pentoxide (P,Os) and boron
trioxide (B,O3) can form glasses without the necessity of addi-
tional components.”® Bioactive silicate glasses are amorphous
solids that are characterized by a 3D network structure con-
sisting of SiO, tetrahedron building blocks which are bonded to
upto a maximum of four neighboring SiO, tetrahedra via
covalent Si-O-Si bonds, usually known as bridging oxygen (BO)
atoms.”»'* Usually, the tetrahedral structures are illustrated by
the symbol Q" units (Q stands for quaternary), where n

Fig. 6 Photographs of (a) dried silica gel and (b) silica glass obtained by sintering at 1150 °C for one hour. Reproduced with permission from ref.

92. Copyright 2012, Elsevier.
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Fig. 7 Schematic representation of Si tetrahedral sites of silicate glasses.

represents the number of BO atoms which are connected to
each tetrahedron.®**® A schematic representation of Si-
tetrahedral sites of silicate glasses is given in Fig. 7. In the
case of vitreous SiO,, each and every tetrahedron is connected to
another tetrahedron of its four corners ascribing to four BO
atoms per tetrahedron.® On the contrary, network modifiers,
change the glass structure by turning BO atoms into non-
bridging oxygen (NBO) atoms.”>®* The properties of silicate
bioactive glasses to a great extent depends on the portion of
NBO atoms. Typically, oxides of alkali or alkaline earth metals
such as Na*, K', Ca*, Mg" are used as network modifiers.*® The
bond between the metal ion modifier and NBO is predominately
ionic while the bond within Si and BO is covalent.'® Fig. 8
schematically depicts a two dimensional (2D) representation of
glass modifiers and network formers. The third type of a glass
component is intermediate oxides (e.g. ZnO, MgO, Al,0;) which
generally served as a network modifier (depolymerize the

structure)'® or can be penetrated into the backbone of the glass
structure (act like a network former) depending on their
content." The polymerization of the network i.e. the average
number of BO per SiO, tetrahedron is typically described as the
network connectivity of the glass.’® The network connectivity of
bioactive glasses tends to be low with values typically in the
range of 2 and 2.6. The higher the value of network connectivity,
the more connected the network. With the addition of modifier,
the Si-O bond breaks down leading to the formation of Q?, Q?
and Q' units which share 3, 2 and 1 oxygen ions with their
respective neighboring units.'® Bioactive glasses mainly consist
of Q* and Q° units, since they contain low silica content (45—
55%).1°%1°7 A metasilicate glass having a chain or ring structure
of Q* group exhibits network connectivity of 2.0 while an
increase in the connectivity leads to enhanced polymerization
of silicate structure with a subsequent increase in Q* and Q*
groups.’® The network connectivity in silicate glasses varies

Bridging Oxygens

Network Modifier

. Non-bridging
/S'\O- «— Oxygens

Fig. 8 Schematic representation of glass network formers and modifiers.
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from 4 for pure silica glass to 2 for a chain-like structure.'®
Thus, network connectivity gives information about the average
polymerization of the network'® while it is also useful for esti-
mation of properties of glasses such as crystallization tendency,
glass transition temperature as well as bioactivity.'*>'* For bio-
inactive compositions, the network connectivity is usually
greater than 3 while the network connectivity around 2-3
suggests appropriate dissolution and bioactivity.'*>**®

Silicate glasses have been extensively investigated as inor-
ganic bioactive biomaterials in the field of regenerative medi-
cine since the discovery of first bioactive glass (traditionally
known as 45S5 Bioglass®) of composition 45Si0,-24.5Na,0-
24.5Ca0-6P,05 wt% in the early 1970s."*%"** Originally, Hench
and coworkers used the traditional melting method for
producing silicate-based bioactive glasses and later focused on
the sol-gel method for synthesizing different glasses and glass
derived ceramics.”*"*> Since then, there is a growing research
activity in this field where innumerable research groups across
the globe are seeking novel biomaterials in varied forms and
compositions.”**** The key feature in the bioactivity of the
silicate glasses is their composition which is mainly premised
on silica as the glass network former which offers stability to the
material. In sol-gel silicate glasses, the tetrahedral SiO, unit
condensates as scattered branches or as 3, 4 or 5 Si0, member
ring based on the stabilizing temperature.'*® This confirmation
leads to high microporosity resulting from the high surface area
which further provides characteristic reactivity of silicate
glasses.’””"*®* The addition of a high level of glass network
modifiers namely Na,O, CaO, MgO and K,O have been
demonstrated to influence the bioactivity of silicate glasses.'*®
Also, a relatively high CaO/P,0s ratio was found to transform
high reactivity to the glass surface in a physiological environ-
ment."””® Therefore, several bioactive glass compositions have
been developed over the years having no sodium or containing
other elements namely fluorine, magnesium, strontium, iron,
silver, boron, potassium or zinc incorporated in the silicate
netw0r1<.114,121—126

Bioactive silicate glasses have instigated tremendous
research interest in mineralized bone tissue engineering owing
to their ability to form the HCA layer when in contact with
biological fluids.*” These glasses are identified by their strong
capability to react chemically with the living tissues thereby
forming strong and stable bonds with them."® The high
biocompatibility and the favourable biological effects of their
reaction products constituted after implantation has made
silicate glasses the most promising and interesting group of
biomaterials for the last five decades. However, the inferior
mechanical properties of these glasses have severely limited
their clinical applications."®'* Nevertheless, silicate glasses
display the majority of the chemical as well as biological prop-
erties that are relevant to an ideal grafting and scaffolding
material namely high surface area, porous structure with
regards to overall porosity and the pore size that can foster cell-
material interaction and cell invasion.”® Studies have shown
that the porous structure of silicate glasses provides a higher
surface area that depicts enhanced tissue bonding rates.*®
These features promoted new perspectives of silicate glasses as
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third-generation biomaterials for bone tissue regeneration.'**
Moreover, the high reactivity of silicate glasses is the primary
advantage for the repair or regeneration of periodontal tissue
and bone augmentation because the reaction products acquired
from such kind of glasses and physiological fluids promote
crystallization of apatite layer which is analogous with the
inorganic components of the bone invertebrate species.'*®
However, as far as scaffold preparation for tissue engineering
applications is concerned, it is a drawback to have a high
content of Na,O in the bioactive glass composition and thus
silicate glasses with low alkali content needs to be designed
with good sintering ability, enhanced bioactive properties,
controlled chemical dissolution and high mechanical
strength.™?

The formulation of bioactive glasses using the sol-gel tech-
nique opens the possibility of increasing the range of compo-
sitions displaying bioactive behavior. The bioactivity and the
biocompatibility of sol-gel derived silicate glasses based on the
Si0,-CaO-P,0; system have been widely examined for various
biomedical applications.”®**** A rapid in vitro HCA formation
was noticed for compositions consisting of 80 mol% of SiO, in
Si0,-Ca0-P,0;5 and Si0,—-CaO glass systems.'***** A compara-
tive in vivo study of sol-gel silicate glasses based on 58% SiO,—
38% Ca0-4% P,05 (58S) and 77% Si0,-19% Ca0-4% P,05 (77S)
with melt derived 45S5 bioglass revealed that sol-gel glasses
display similar cell response with minor changes in the envi-
ronmental conditions owing to the lower content of Na* and Ca*
cations in the glass composition. The long term in vivo studies
further validated that 58S and 77S based sol-gel glasses dis-
played similar responses to melt derived 45S5 bioglass.” In
another study, the in vivo behavior of sol-gel silicate glasses was
evaluated to check their eligibility as a material for bone
substitution or repair**® while another investigation reported in
vitro HCA formation correlated with in vivo behavior of the sol-
gel glass.™ Lin et al.** studied the effect of different bioactive
glass compositions on cutaneous wound healing in both
normal as well as streptozotocin induced diabetic rats. The
bioactive glass ointments developed via mixing the sol-gel
synthesized silicate glass of composition 58% SiO,-33% CaO-
9% P,0s5 (58S), nano bioactive glass (58S) and melt derived 45S5
bioglass powder with 18 wt% of Vaseline were employed for
healing the full thickness excision wound. In all three cases, the
addition of bioactive glass to Vaseline was found to improve and
expedite the wound healing and vascularization process.
Moreover, sol-gel derived silicate glasses exhibited significantly
higher healing rates than that of melt derived 45S5 bioglass.**
Xie et al.*** synthesized different compositions (60S, 70S, 80S,
and 908S) of sol-gel derived silicate bioactive glasses and found
that 90S silicate bioactive glass with composition 90Si0,-6CaO-
4P,05 (mol%) displayed excellent support for the proliferation
of human foreskin fibroblasts. Therefore, silicate glass particles
of 90S composition were utilized as a model for systematic
investigation of the wound healing related cellular response of
fibroblasts. The results related to the gene expression of extra-
cellular matrix (ECM) demonstrated that 90S silicate bioactive
glass particles modified the capacity of critical ECM molecules
comprising type I and III collagen, fibronectin, and tenascin-C.
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Furthermore, it was illustrated that the 90S silicate bioactive
glass particles significantly inhibited the differentiation of
fibroblasts to myofibroblasts. Finally, the authors concluded
that Si** ions played a key role in the regulation of cell behavior
during the wound healing process thereby accelerating the
healing rate with minimum scaring.™* Salinas et al.'** investi-
gated the role of P,O5 on the bioactivity (in vitro behavior) and
the textural properties of three different compositions of SiO,-
CaO-P,0s sol-gel glasses. The porosimetry studies revealed that
the surface area increased while the pore volume and the pore
diameter was reduced as P,O5 content in glasses increased.'** In
vitro investigations revealed that all the three compositions
were bioactive owing to the formation of the apatite layer after
soaking in simulated body fluid (SBF). The glass composition
with S75 exhibited the highest initial reactivity and the lowest
crystallization rate of the apatite-like phase. For glass compo-
sitions with S§72.5P2.5 and S70P5, the formation of an amor-
phous CAP layer was slower than for S75, however, the
crystallization of apatite was noticed after shorter periods in
SBF. Besides, after soaking for 7 days, the layer thickness was
decreased with an increase in the P,O5 content in the glasses.
Thus, it was found that P,Os5 played a very complex role in SiO,—
Ca0-P,05 sol-gel glasses where more than 10 mol% of this
component leads to non-bioactive compositions."** Moreover,
several investigations*'**'*> have shown that the addition of
network modifiers such as MgO into SiO,-CaO-P,05 sol-gel
glasses compositions induce changes in the apatite layer
formation when they are soaked in SBF. The existence of Mg”*
cations in the glass composition reduces the apatite layer
formation rate but with increased layer thickness in compar-
ison with the glasses without MgO content.'*® Also, Saboori
et al.**® have shown that the quaternary sol-gel derived bioactive
glass system comprising SiO,-CaO-P,05-MgO exhibits the
ability to support human fetal osteoblast cell growth. These
bioactive glasses were turned out to be non-toxic and found to
be compatible with the segmental defects in the goat model in
vivo.

The doping of various metal ions in the sol-gel silicate
glasses has been widely studied with an aim to enhance their
bioactivity in a relevant physiological environment and to
stimulate the effect of bioactive glasses on osteogenesis and
angiogenesis while promoting their antimicrobial properties.*®
For example; Bellantone et al.'* reported in vitro bioactivity and
antibacterial properties of silver (Ag) doped sol-gel silicate
glasses based on the 76Si0,-19Ca0-2P,05-3Ag,0 wt% with
controllable degradation properties. The addition of 3 wt% of
Ag in the silicate glass conferred antimicrobial properties
without sacrificing its bioactivity. Ag-doped bioactive silicate
glass exhibited a striking antibacterial effect against Escherichia
coli with a lowest concentration of 0.2 mg (biomaterial) per mL
(culture solution). Above this concentration, the bacterial
growth was decreased to 0.01% of that of the control culture
solution."” Similarly, Hu et al.**® studied the potential of Ag-
doped Si0,-CaO-P,05-Ag,0 silicate bioactive glass with nano-
porosity (pore size ~6 nm) and high surface area (467 m> g™ ")
prepared via the sol-gel method for wound healing applica-
tions. The synthesized silicate bioactive glass containing
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0.02 wt% Ag exhibited good antibacterial properties against
Escherichia coli without cytotoxic effect while the antibacterial
rate reached 75% in one hour and 99% in twelve hours.
Furthermore, these silicate glasses successfully promoted blood
clotting and obtained hemorrhage control in the animal model
while the high surface area caused an exceptional hemostatic
performance.™® Pratten et al.,"* performed in vitro studies to
investigate the ability of Ag-doped bioactive silicate glass
coating to prevent bacterial colonization on surgical sutures.
The antibacterial effect was studied against Staphylococcus epi-
dermidis with the Ag-doped bioactive silicate glass coating
having the greatest effect on limiting the bacterial attachment
as compared to the 45S5 Bioglass® coated and the uncoated
sutures.'* Catauro et al.**® studied the effect of Ag ion addition
on the antimicrobial properties of Na,0-CaO-SiO,. The sol-gel
derived silicate glasses showed high antimicrobial effects
against Escherichia coli and Streptococcus mutans. Similar
studies were later reported by Jones et al."**> where Ag ions were
added to sol-gel glass scaffolds for bone tissue engineering
applications. Moreover, sol-gel based silicate glasses were
doped with other metal ions such as zinc (zZn**),****** and
strontium (Sr**)'***58 in order to enhance their bioactivity and
biocompatibility in relevance to their tissue engineering
applications.

3.2 Phosphate based glasses

The sol-gel synthesis of phosphate-based glasses is consider-
ably more stringent than the synthesis of silicate glasses.
Phosphate based glasses are inorganic polymers consisting of
highly degradable tetrahedral phosphate anion (PO,*>~) which
forms the backbone of the structure and the metal cations
charge to balance the phosphate chains.” The basic building
blocks of phosphate-based glasses are the PO,’” tetrahedra
which is analogous to silicate glasses.'® The PO,*” tetrahedra
are interconnected in the glass structure via covalent bonds to
form various phosphate anions as shown in Fig. 9. Phosphate
based glasses are mainly based on phosphorus pentoxide (P,Os)
which acts as a glass network former. P,Os is chemically
unstable and the incorporation of metal oxides improves its
stability. Phosphate based glasses containing various metal
oxides such as titanium dioxide (TiO,), ferric oxide (Fe,O3),
copper oxide (CuO), zinc oxide (ZnO), and aluminium oxide
(Al,03) have been prepared for different end applications.'®*-**
However, the most commonly used oxides are sodium oxides
(Na,0) and calcium oxides (CaO) which are usually employed in
a specific molar ratio to synthesize biologically active glasses.
The sol-gel derived phosphate-based glasses for the
biomedical application were originally presented by Knowles.*®®
Later, Carta et al.,'**” described the synthesis of ternary (P,Os-
Ca0O-Na,0) and quaternary (P,05-CaO-Na,0-SiO,) sol-gel
derived phosphate glasses. Further, the same research group
investigated these phosphate-based glasses and found struc-
tural similarities between the sol-gel derived glasses and the
melt derived glasses of the same composition. Hence, indis-
tinguishable bioactivity was anticipated for varied biomedical
applications."” Pickup et al.***'*® reported the low-temperature
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Fig. 9 Schematic representation of PO, tetrahedral sites of phosphate glasses.

sol-gel synthesis of binary (P,05-TiO,) and ternary (P,05-CaO-
Na,0) glasses. These glasses were later tested for drug delivery
applications by subsequently releasing the drug molecules in
aqueous medium."® From the biomedical application point of
view, phosphate-based glasses have several unique and inter-
esting properties such as the ability to be completely dissolved
in the aqueous medium. Furthermore, the dissolution rate can
be easily controlled to give glasses with the dissolution rates of
several orders of magnitude.'*® The degradation of these glasses
deviates from a few hours to years depending on the composi-
tion and the targeted applications. Phosphate-based glasses can
be synthesized in different forms such as discs,"”**”® micro-
tubes,”* microspheres'”® and fibers.'***’®'”” Fibers can be
utilized for cell transportation and device expansion,
conduit'® and as a scaffold for muscle regeneration.®® The key
goal of using phosphate-based glass fibers in biomedical
applications is to produce tissue-like fibrous constructs which
can guide the cell growth. Copper (Cu)-containing fibers with
antimicrobial properties have been used as wound dressing
meshes for treating severe burns and leg ulcers.'®> Phosphate
based glass microspheres have also been reported for radio-
therapy applications.”” The microsphere morphology provides
a stable surface for proliferation and cell attachment preventing
tissue damage and hemorrhage during radiotherapy.” The
phosphate-based glass fibers have fascinating properties to
form microtubes and hence can be integrated with a wide range
of polymers to help nutrients diffusion and ingrowth of vascu-
larization when employed as scaffolds for hard and soft tissue
regeneration.'®

Phosphate-based glasses belong to the group of unique
materials owing to their fully controllable bioresorbable nature
and easy doping with a wide variety of ions. In recent years,
various glasses have been developed with chemical composi-
tions similar to the mineral phase of bone making phosphate-
based glasses promising candidates for the development of
implantable biomaterials for repair and regeneration of hard
tissues.'® The stability of individual phosphate-based material
depends not only on the small changes in the composition but
also on the pH and the reaction." Phosphate-based glasses
containing calcium (Ca®") and sodium (Na*) ions are the
potential materials for applications such as soft and hard tissue
engineering because the ions released from them are natural

75 nerve
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components of the human body."*® In addition to actively taking
part in the dissolution process of glasses, Ca is a primary
constituent of bones which can trigger bone remodeling. Ca is
necessary for the normal functioning of nerves, cells, muscles
and bones. Ca** ions play an essential role in cell activation
mechanisms and control various growth-related processes and
cell functioning.'® Furthermore, to confer additional beneficial
properties, it is possible to include other cations such as Mg>",
aluminium (AI’*"), Zn**, silver (Ag") and potassium (K") within
the glass network besides Na* and Ca”".*¢ Also, it has been re-
ported that the extracts of the less soluble glass compositions
accelerate cell proliferation and improves gene expression.'®®
Besides, the cells can be attached, spread and proliferate in
a controlled manner in addition to the development of
a collagen-rich mineralized matrix."**

Like silicate and phosphate-based glasses, calcium phos-
phates (CaP) based ceramics also exhibit natural components
found in the human body."*** However, their biological prop-
erties are different. CaP based ceramics are frequently utilized
in the field of medicine as bone replacements and as implants
coating on dental and orthopedic prostheses.'® HA is the
frequently studied CaP material which is analogous to natural
tooth and bone and it also represents the highly stable mineral
phase in simple aqueous solutions (deionized water). This
means that the degradation of CaP based materials in deionized
water leads to the development of HA crystals." HA and other
CaP based materials such as « or B tricalcium phosphate (TCP)
are manifested by exceptional biocompatibility due to their
structural and chemical resemblance with the inorganic phase
of human bone. Several CaP compositions such as o-TCP or
tetra calcium phosphate (TTCP) have the ability to become hard
(like cement) in aqueous solution making them useful as an
injectable biomaterial for treating bone defects." Recently,
biphasic materials comprising of HA/B-TCP** and silicon
substituted HA were demonstrated for clinical applications.™
The most relevant features of these materials include their
biological effect on tissues and in particular on their dissolution
behavior which can be ascertained by their morphology, surface
topology and chemical composition. Hence, proper designing
of material creates the possibility to use CaP based materials in
hard tissue regeneration.

This journal is © The Royal Society of Chemistry 2020
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Phosphate based glasses containing various therapeutic ions
such as Ag® (antibiotic),'®® Ti'" (promotes growth of new
bone),'”? fluorine (F) (helps in preventing dental caries/cavi-
ties),'® strontium (Sr**) (taken up in a new bone as a treatment
for osteoporosis)** and cisplatin (chemotherapy drug)'’ have
also explored. The inclusion of these therapeutic ions certainly
changes the structure of phosphate-based glasses and conse-
quently affects their dissolution behaviour. Fig. 10 demon-
strates a few selected biotherapeutic ions that can be released
from CaP glasses thereby playing a key role in bone repair and
regeneration.” Ca®" ions are well known for stimulating
proliferation of osteoblasts and mineralization of ECM'?
whereas Mg”* ions promote the formation of new bone.'*
Furthermore, PO,>~ ions are required for the deposition of CaP
crystal and the mineralization of ECM,'** whereas Na' ions are
usually found in extracellular fluid."*® Other therapeutic ions
such as Sr**,*° Ag* 7 and Cu®* ' can also be released from the
CaP glasses simply by doping the glass composition with the
metal oxide of interest. Moreover, both Cu®>" and Ag"* ions have
demonstrated antimicrobial properties’®>'*® whereas Sr** ions
prevent osteoclast activity while fostering osteogenesis of
mesenchymal stem cells in vitro and in vivo.***>°

3.3 Silica-titania based glasses

The sol-gel chemistry-based preparation of silica glasses has
been reviewed to a great extent by several authors. However,
despite a large amount of work already reported on sol-gel
silica-based glasses, considerably less information is available
about the sol-gel glasses derived from silica-titania (Si-Ti)
based binary systems, particularly for biomedical application.
Over the past few years, Si-Ti binary systems have been largely
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used as a catalyst in the forms of amorphous oxides, crystalline
titanium silicates etc.>**** In addition to the catalytic applica-
tion, one can also anticipate enhanced thermal stability,
mechanical strength, resistance to alkali and zero thermal
expansion upon addition of Ti in the Si network.”***** For
developing sol-gel derived Si-Ti based materials, control over
hydrolysis reaction is essential for obtaining homogeneous gels.
This is because the hydrolysis and the condensation reaction
rates of titanium alkoxide are considerably higher than that of
silicon alkoxide owing to the low electronegativity of titanium
and its propensity to display several coordination states.””> To
compensate for their hydrolysis rate differences, bulky alkoxy
groups for titanium and methoxy or ethoxy groups for silicon
have been used.>***”” In some cases, chelating reagents such as
acetylacetone (Acac)****% have been used and in some cases, the
two-step hydrolysis®® method was adopted to obtain homoge-
neous Si-Ti based gels. Konishi et al.*** demonstrated the
formation of a well-defined interconnected gel network with Ti
system with macroporous morphology using the phase sepa-
ration method. The phase separation is generally induced by
the organic polymer present in the system. The phase separa-
tion also enables control over gel morphology to a great
extent.”** Zhu et al.>** illustrated the preparation of Si-Ti based
mesostructured monoliths via the sol-gel method combined
with the liquid crystalline templating approach. The authors
suggested that the synthesized monoliths could be used as
excellent support for gold catalysts.

Ruzimuradov**® reported the synthesis of Si-Ti monoliths
with bicontinuous macropores by sol-gel method combined
with phase separation using various titanium precursors. TEOS,
titanium(1v) isopropoxide (TIP), titanium tetrabutoxide (TBOT),

hBM-MSCs
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¢  Osteoblasts (+) Stimulate bone formation (#) Promote bone mineralisation

(-) Inhibit bone resorption
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Fig. 10 Releasing of various biotherapeutic ions from CaP glasses and their respective roles in the bone tissue regeneration. Reproduced with

permission from ref. 191. Copyright 2018, Elsevier.
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Fig. 11 SEM micrographs of dried gels prepared using (a and b) TIP—Acac and (c and d) TBOT. The figure inset shows the photograph of the
synthesized Si—Ti based monolith. Adapted from ref. 213. Copyright 2011, IOP Publishing Ltd.

titanium tetrachloride (TiCl;) and titanium sulfate (Ti (SO,),) comprise a bimodal porous structure with homogeneously
was used as the source for Si and Ti respectively. Furthermore, dispersed Ti in the Si network. Fig. 11 and 12 depicts the
Acac was utilized as a modifier to prevent the reactivity of TIP. microstructure of the dried gels obtained using different types
PEG was utilized as a polymeric constituent to instigate phase of titanium precursors. For all the compositions, the inter-
separation. It was observed that the Si-Ti based monoliths connected macroporous structure was observed when the
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Fig.12 SEM micrographs of dried gels prepared using (a and b) TiCly and (c and d) Ti(SO4),. Adapted from ref. 213. Copyright 2011, IOP Publishing
Ltd.
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transitional structure during phase separation was frozen due
to sol to gel transition of inorganic constituents.”** Neverthe-
less, a large difference in phase separation tendency and the
dispersion of Ti in the Si network was observed with different
titanium precursors used. Furthermore, for titanium alkoxide
system the interconnected porous structure was observed at
30 °C with Ti content of 7.5 wt% (Fig. 11a and c) and 11.2 wt%
(Fig. 11b and d) and no phase separation was noticed at 50 °C.
When TiCl, and Ti(SO,), were used as titanium precursors, the
gels with macroporous structures were obtained at 50 °C with
the 7.5 wt% Ti content (Fig. 12a and c), 14.7 wt% (Fig. 12b) and
18.2 wt% (Fig. 12d). Also, the authors observed that the phase
separation tendency largely decreased when titanium alkoxides
were incorporated into the pure silica sol-gel system. On the
other hand, when the titanium salts were utilized, the phase
separation propensity changed a bit as compared with the pure
silica system.

In another study, the same group of authors demonstrated
the synthesis of macroporous Ti-Si monolith through co-
gelation, two-step hydrolysis and Acac complex methods.**
The authors also investigated the effect of different Ti precur-
sors on the propensity of phase separation and the homogeneity
of the resultant Ti-Si based gels. Fig. 13 depicts SEM micro-
graphs of Si-Ti based monoliths prepared using three different
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methods. All the three specimens showed similar morphology
where macropores were arranged bi-continuously. For these
three samples, it was considered that the phase separation
occurs via spinodal decomposition within the sol-gel reaction.
In spinodal decomposition, the morphology became a super-
position of an infinite number of sinusoidal compositional
waves having a constant wavelength and randomly oriented in
3D space.*® Besides, the macroporous morphologies were ob-
tained for the specimens synthesized using co-gelation and two-
step hydrolysis method when the reaction temperature was
between 25-30 °C.

Recently, our group has demonstrated a similar approach for
the sol-gel synthesis of Si-Ti based porous glasses where PEG
has been used to induce phase separation, HNO; have been
utilized as a catalyst while TEOS and TIP has been employed as
a source for Si and Ti respectively.>** The SEM micrograph of the
prepared Si-Ti based dried gel is shown in Fig. 13d which
revealed the interconnected macroporous network structure.
Such type of microstructure is generally observed due to the
occurrence of phase separation during sol-gel reaction.?*>>*

Nakanishi et al.>*® prepared Ti-Si based gels with a well-
defined interconnected porous structure using the phase
separation method. The author prepared these samples by a co-
gelation method where acidic water was added to a mixed

Fig. 13 SEM micrographs of fractured surface of Ti—Si based samples prepared with (a) impregnation (b) co-gelation, (c) two step hydrolysis with
0.6 g PEG and 11 g water. Adapted from ref. 205. Copyright 2012, Springer Nature. (d) SEM micrograph of Si—Ti sol-gel glasses prepared via
similar method using PEG as phase separating agent and HNOs as catalyst.
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alkoxide solution of TMOS and TBOT. However, the dispersion
of Ti in the Si network was not studied in detail but it was ex-
pected that the dispersion of Ti in macroporous Ti-Si based
materials can be modified by changing the synthesis method.**
In another investigation,”® hierarchically organized Si-Ti
monoliths with the high specific surface area were synthesized
by the sol-gel technique under purely aqueous conditions using
3-[3-{tris(2-hydroxyethoxy)silyl}propyl]acetylacetone as
a precursor modified by ethylene glycol. Aravind et al.*" illus-
trated the synthesis of crack-free Si-Ti-aerogel monolith with
a high specific area and mesoporous structure for catalytic
applications. A 3D printing method in combination with the
sol-gel technique has also been reported for the synthesis of
optically transparent Si-Ti glasses.”*® The characterization of 3D
printed Si-Ti glass demonstrated that their properties including
chemical composition, refractive index, optical transmission
and thermal expansion coefficient are comparable to commer-
cially available Si-Ti glasses.”*®* The addition of Ti to Si decreases
the thermal expansion and increases the refractive index of the
resulting glass. Moreover, it has been shown that the addition of
Ti to Si improves the network flexibility and the free volume of
the glass while its tetrahedral structure was preserved.**
Besides, Si-Ti glasses have also been used for the fabrication of
optical parts such as mirrors, optical waveguides®® and
gradient index glass optics.”**

Si-Ti based aerogels are actively used as a catalyst due to
prominent mesoporosity and also due to the homogeneous
dispersion of Ti in the Si network. The effectiveness of Si-Ti
based catalysts greatly depends on the molecular level disper-
sion of Ti atoms, large surface area as well as pore diameters in
the mesoporous range.” The high-temperature treatment
induces considerable Si and Ti segregation which nullifies the
porous structure established during sol-gel processing. In the
literature, there are several strategies suggested for the sol-gel
synthesis of Si-Ti based aerogels. The Si-Ti based aerogels
synthesized by co-gelation of alkoxide have a surface area of
400-700 m* g~*, a pore size of 10-30 nm, a pore volume of 2-3
cm?® ¢! and pore densities within 0.34-0.38 ¢ cm ™ range.?7???
Supercritical drying at low temperatures has been suggested to
produce aerogels with low micro porosity and high surface area
and amorphous mixed oxide aerogels.”*”® Deng et al.>**> and Xu
et al.,>* reported the synthesis of Si-Ti based aerogels which
exhibit high mechanical strength and high porosity with Ti/Si
molar ratio of 1:5. The addition of Ti to a great extent
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modify the pore structure of the gel system. Pure Ti aerogels
possess a surface area of ~100 m> g~ ". It was found that the
higher content of Ti in the Si-Ti based aerogels yields low
surface area at all the compositions, which could be either due
to decreased pore accessibility or due to the occupancy of Ti in
the aerogel pores.”*”*** Another reason for the decrement of
specific surface area with increment in Ti content could be the
poor interactions between TiO, and SiO, in the Ti-Si based
aerogels and the high amalgamation of TiO, particles in the
ge1.222

The sol-gel technique has also been utilized for the synthesis
of bulk Si-Ti based glasses. Deng et al.>*® reported colloidal sol-
gel method and succeeded in preparing bulk Ti-Si based glasses
with large crack free specimens in different shapes such as glass
rods (50 mm length, 5 mm diameter) and glass disc (5 mm
thick, 40 mm diameter). A dense and transparent glass was
obtained which is the same as the glass obtained using the melt
quenching method. In another study, Satoh et al.**’ demon-
strated the synthesis of Ti-Si based bulk glasses using silicon
and titanium alkoxides. Recently, El-Bashir®*® fabricated Si-Ti
based glass monoliths doped with Nd** ions. The synthesized
glasses were recommended as a potential material for photo-
resistive and photo-capacitive sensor applications. Guangwu
and Yangang®® reported the synthesis of Si-Ti based aerogel
monolith with a Ti content of 26% by mass and drying under
supercritical conditions using ethanol as a drying agent. Fig. 14
demonstrates the synthesized crack free monoliths of Si-Ti
based aerogels with a density of 0.135 g cm ™. The results from
SEM analysis revealed that Si-Ti based aerogel was more
compact than the pure silica aerogel with discontinuous
microdomains of ordered porosity. Besides, the Si-Ti based
aerogel revealed broad pore size distribution which was
reasoned to be due to ethanol supercritical drying.**®

3.4 Organic-inorganic hybrids

Sol-gel based organic/inorganic hybrid materials are rapidly
becoming a fascinating research field in materials science. In
the past decades, there has been tremendous progress in the
synthesis of new organic/inorganic hybrids for various specific
applications.”® Hybridization is a multifaceted strategy by
which multifunctional materials can be designed and produced
with the synergistic effect of both organic and inorganic
components leading to improved performance.”* The organic/
inorganic hybrid materials are comprised of interpenetrating

} DO

ROGEL

Fig. 14 Photographs of sol—gel derived (a) Si (b) Si—Ti based aerogel monoliths. Adapted from ref. 229. Copyright 2016, IEEE.
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networks (IPNs) of various organic and inorganic phases with
the scale of each phase in the range of 1 to 100 nm. These
phases have nanoscale interaction with each other and enable
the whole material to become a single phase contrary to tradi-
tional nanocomposites.’****> This facet of hybrid materials is
accountable for highly controllable degradation rates and the
potential for tailoring the mechanical properties as per the
specific application needs. Furthermore, the molecular level
dispersion of constituents facilitates an improved interaction
with the cells resulting in instantaneous cell adhesion on the
surface of the material.**® For the synthesis of organic/inorganic
hybrids, a polymeric component is induced in the sol-gel
method right after the hydrolysis of TEOS. This allows the
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development of an inorganic network in the vicinity of organic
molecules leading to molecular level interactions.*** The gela-
tion of organic and inorganic phases occurs simultaneously and
results in the formation of 3D IPNs.! Therefore, this process can
be employed for producing elastic hydrogels, flexible rubber
and glasses with mesoporous structures, good physicochemical
stability, high biocompatibility and reduced shrinkage.**

The organic/inorganic hybrid materials can be categorized as
Class I and Class II hybrids depending on the type of interaction
between organic and inorganic phases.”® Class I hybrids
represent the materials exhibiting non-covalent or ionic-cova-
lent bonds within the organic and inorganic phases. In this
case, the constituents of the hybrid interact with each other via

0

{—oH

o...id C%
“ﬁ*O#%VO

Organic - polymer

) Inorganic - silica

~OH ¢» Covalent crosslinks

Fig. 15 Schematic representation of polymer—silica Class Il hybrids. Adapted from ref. 235. Copyright 2011, the Royal Society of Chemistry.
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weak hydrogen bonding interactions, van der Waals forces, -
interaction or electrostatic forces. Class I hybrid materials can
be obtained via approaches such as hydrolysis and condensa-
tion of alkoxides in the presence of organic polymers and
blending alkoxide and organic constituents. Few examples of
Class I hybrids are polyphosphazene-metal oxide,** silica—poly-

(N,N'-dimethyl  acrylamide) (PDMAAm),*”  silica—poly-
vinylpyrrolidone (PVP),**®* polydimethylsiloxane (PDMS)-
silica,”®® polymethylmethacrylate (PMMA)-silica**® and poly(n-

butyl methacrylate)-TiO, hybrids.>** The drawback of Class I
hybrids for tissue engineering applications is the absence of
chemical bonds within the organic and inorganic phases that
leads to rapid dissolution in presence of water because of the
chain separation caused by water molecules.”®* Class II hybrids
represent the materials in which the organic and inorganic
constituents interact mutually via strong covalent or ionic-
covalent bonds." Crosslinking is the main feature of Class II
hybrids. Generally, coupling agents are utilized for forming
covalent bonds between a polymer matrix and the silicate
network.?® For the synthesis of these hybrids materials, the
polymer is first functionalized using a coupling agent before it
is introduced in the sol-gel process.”® Fig. 15 schematically
represents the possible interaction mechanism where the
polymer matrix is incorporated at the beginning of the process
to form inorganic silica chains around the polymeric molecules
which lead to the formation of a hybrid having molecular level
interaction.”®® It has been suggested that the molecular level
interactions within organic and inorganic phases lead to
controlled and uniform biodegradation with tailored mechan-
ical properties.*** Moreover, the molecular level interaction also
suggests that the cells will contact the organic and inorganic
phases simultaneously when they interact with the surface of
the hybrid and thereby retaining the biological properties of
bioactive glass.>*®

As far as biomedical applications are concerned, bioactive
glasses represent the most proficient inorganic phase for
obtaining hybrid structures. The bioactive glasses are generally
comprised of binary SiO,-CaO system or SiO,-CaO-P,0s and
Si0,-Ca0O-Na,O ternary systems having a good bioactive
response and identical degradation rates. The addition of sol-
gel derived glass particles into a suitable polymer matrix is
a promising strategy to ameliorate the performance of the base
polymer, especially mechanical strength and biological
activity.”®® For instance, Kamitakahara et al.,**® investigated the
biological activity and mechanical behaviour of PDMS-CaO-
SiO, hybrids prepared with the varied calcium content. These
hybrids were reported to form HA in SBF solution when tested in
vitro. In another study, Sanchez-Tellez et al.>** studied the sol-
gel derived SiO,-CaO-P,0; hybrids for bone tissue regenera-
tion. Several other synthetic or natural biopolymers such as
PVA*521% PEG,*" gelatin,**® chitosan®***** and poly(e-capro-
lactone) (PCL)**"*** were also used in the preparation of hybrids
for biomedical applications. Such kinds of hybrids are generally
synthesized by blending a polymer solution with silica sol fol-
lowed by gelation. Recently, Catauro et al.>*® investigated the
sol-gel derived PCL/zirconium oxide (ZrO,) hybrids for
implants coatings. In another study based on a gelatin-SiO,
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hybrid system, an improved apatite forming ability and osteo-
blast biocompatibility were observed.”**** Besides, nano-
structured chitosan-siloxane hybrids also showed improved HA
forming ability with fascinating photoluminescent proper-
ties.”*® Ohtsuki et al.>*” synthesized bioactive organic/inorganic
hybrid comprising 3-methacryloxypropyltrimethoxysilane
(MTMOS) and 2-hydroxyethyl methacrylate (HEMA) using sol-
gel technique. These bioactive hybrids demonstrated the apatite
formation ability when mixed with calcium chloride (CaCl,) and
recommended to be used as a novel material for bone repairing
with both biological and mechanical behaviour closely match-
ing with the conventional PMMA cement.”*® Thus, from these
studies, it has been ascertained that the bioactivity or biode-
gradability of the sol-gel synthesized inorganic/organic hybrid
materials can be controlled by varying the compositions of
organic and inorganic phases which ultimately results in the
better material properties.

4. Properties of sol—gel derived
porous glasses
4.1 Mesoporous structure

The intrinsic characteristic of the sol-gel process is the
production of materials with micro and mesoporous struc-
tures. In general, for sol-gel based glasses the porous structure
is established either during synthesis or by successive treat-
ment. On the basis of ascendant pore size and as per the
classifications of IUPAC, the porous materials are classified as;
(i) microporous materials possessing pore diameter up to
2.0 nm (ii) mesoporous materials exhibiting pore sizes in the
range of 2 to 50 nm and (iii) macroporous materials
comprising pore sizes greater than 50 nm.>****° The defining
properties of any mesoporous material are most often the pore
size and structure. The pores can be isolated or can be inter-
connected with the homogeneous (similar) or heterogeneous
(dissimilar) shape and size distributions. The silicate mate-
rials acquired by the traditional sol-gel technique are most
often manifested by mesopores with an average pore size in
the range of 10-20 nm.>** The small size mesoporous materials
can be synthesized via sol-gel method combined with supra-
molecular chemistry in which surfactant is generally employed
as a mesopore template.**>*** Using this approach, the meso-
pore size can be finely tuned which is very much crucial
especially for the materials to be designed for biomedical
applications namely drug delivery systems.*** This route is
generally adapted for developing MBGs with a highly
controlled mesopore size.”** Primarily for biomedical appli-
cations, the larger pores can be advantageous to fit in certain
cell types for the promotion of tissue engineering or regener-
ation activities while smaller surface pores can be advanta-
geous to control the drug release or the release of small
biological components or biomolecules.**

The surfactants are frequently used in the synthesis of
mesoporous silica where they are served as a template for in situ
polymerization of ortho-silicic acid. Typically, the surfactant is
a kind of liquid crystalline mesophase comprising amphiphilic

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Molecular assembly and different levels of pores created to design scaffolds for bone tissue repair. Adapted from ref. 1. Copyright 2016,

Elsevier.

molecules which form micelles in the water-containing
medium.”* The pore size can be under the influence of
several factors such as the chain length of the surfactant
employed within the synthesis or the inclusion of auxiliary
organic molecules for attaining more efficient control over pore
dimensions.”®® These methods create the possibility to incor-
porate large molecules and influence their release rate as the
pore size also has a negative impact on the diffusion of drugs
which are loaded in the delivery medium.** Several features

of the pore need to be considered for the characterization of
porosity. The pore size should be regulated to meet the
requirements of various applications as depicted in Fig. 16." The
pore structure and size control is pivotal for producing the
living cell substitutes since porosity features are critical in
ascertaining the existence of the interaction between the living
cells and the surrounding environment.** Fig. 17 demonstrates
that the surface area, pore diameter, pore volume and the
surface functionalization of pore using organic molecules can

such as pore interconnectivity, pore shape and size distribution have an impact on the loading and release rate of
Parameter Loading Release
-~ Pore diameter (d) Size selective Rl
modulator
" Surface area Enhancgd
adsorption
" High biomolecular
Pore volume :
loading
.. Functionalization (R) C_harge dependen_t Slow down
biomolecular loading

#® Proteins
%‘7 Growth factors

® Drugs
8 Peptides

Fig. 17 Various parameters controlling the loading capacity and the release rate of biomolecules in mesoporous materials. Adapted from ref. 1.

Copyright 2016, Elsevier.
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biomolecules.® For certain drug delivery systems, it can be
beneficial to have a bilateral pore size distribution (formation of
dual mesoporous material) which can be achieved using binary
surfactants having different molecular weight during the
fabrication of surfactant constituted mesostructures.’

Hollow mesoporous bioactive glass (HMBG) spheres have
also been produced by template-assisted or microemulsion
based sol-gel synthesis.>****” The hollow structure is capable of
providing large specific surface area and voids for bioactive
glasses which is especially fascinating for drug delivery appli-
cations. For achieving hollow mesoporous architectures, co-
templates are most often investigated.”®***® Mesoporous
shells can be developed using templates such as CTAB or
pluronic P123 and the voids in the bioactive glasses can be
created by hard templates such as polymeric particles**® or soft
templates such as microemulsion drops and micelles.”
Furthermore, porosity in fact can be controlled by altering the
type of template. For example; radial MBGs were obtained by
sol-gel synthesis using cetyl pyridine bromide (CPB) as
a template®® whereas hexagonal bioactive glass spheres were
obtained using pluronic F127 as templates for bone grafting
and drug delivery applications.””® Thus, MBGs with relatively
large pore sizes can be realized by the microemulsion assisted
sol-gel method.”

4.2 Morphology, shape and size

Using the sol-gel process, materials with a broad range of
shapes and morphologies can be generated at the micro and
macro scale. For example, thin films, bulk glasses, porous
foams, fibers, microspheres and nanoparticles etc. The
morphological features such as the size and shape of meso-
porous glasses are essential and need to be controlled signifi-
cantly for their efficient biomedical applications. Mesoporous
glasses with small particle size stimulate apatite formation at
a faster rate when exposed to body fluid which is favorable for
applications such as orthopedic implants coating. The small
size also facilitates cellular uptake thereby it is useful for drug
delivery or delivery of biologically active ions. Furthermore,
mesoporous glasses with small sizes also exhibit a larger surface
to volume ratio which enables them to be incorporated with
polymer matrices to form polymer nanocomposites.”** The size
of the bioactive glass can be adjusted by the processing
parameters used in the synthesis. The size of bioactive glass
particles is inescapably due to the concentration and the time at
which the precursors are included in the synthesis process.>”**”>
Also, the use of organic species tenders a manageable approach
for adjusting the size of bioactive glasses. By merely varying the
concentration of such organic species, the size of the bioactive
glass can be easily controlled. The particle size also gets affected
by the kind of template used during the synthesis.>”* In micro-
emulsion based sol-gel synthesis of bioactive glasses, the
particle size can be adjusted by fine-tuning of microemulsion
droplets, for example by changing the concentrations of the
catalyst.”

The sol-gel derived bioactive glass particles are generally
spherical. The spherical shape tenders suitable flow properties
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for directly contacting the body fluids. Nevertheless, non-
spherical particles are also useful for certain biomedical appli-
cations.®”” For instance; nanoparticles with rod-like shape and
high aspect ratio can have more efficient cell attachment than
spherical nanoparticles making them beneficial for specific
anticancer drug delivery.””* Furthermore, when employed as
a bioactive reinforcing filler, rod or fiber-like bioactive glass
particles demonstrate enhanced mechanical properties in
comparison with the spherical shape particles.”” Liang et al.”®
reported a synthesis of two different types of MBGs (i) spherical
shaped bioactive glasses with radial mesostructure and (ii)
pineal shape mesoporous glasses with lamellar mesostructure
via the sol-gel process combined with liquid template method.
Recently, Li et al.””® described the fabrication of MBGs with
distinctively different shapes where CTAB was used as
a template for shaping mesoporous glasses. The high concen-
tration of CTAB resulted in the formation of mesoporous
glasses with rod-like shapes and low concentrations of CTAB
tend to form spherical shaped particles. The addition of
surfactants such as CTAB, pluronic P123 and pluronic F127 is
crucial in achieving well-ordered structures. It was reported that
the structure controlling agents have an influential role on the
shape and size of mesopore, surface area as well as pore volume
of MBGs." Usually, CTAB induced mesoporous glasses exhibits
smaller pore size (2-3 nm) as compared with P123 or F127
induced glasses (4-10 nm). Moreover, P123 induces a 2D
hexagonal mesoporous structure, whereas F127 induces
a worm-like mesoporous structure.*®

A number of chemical and structural modifications to sol-
gel bioactive glasses have been introduced to achieve improved
biocompatibility and mechanical integrity. For example; EI-
Meliegy et al®” reported enhanced bone metabolism, in
particular osteoblastic proliferation, differentiation and calci-
fication through the presence of iron oxides (below the toxic
level in the human body). The authors designed 3D scaffolds by
combining Fe,0;-doped sol-gel bioactive glass (SiO,-CaO-
Na,0-P,0;5) with chitosan and obtained varied scaffold
compositions using the freeze-drying technique. It was found
that the interconnected open porosity was in the range from
64% to 75%. Furthermore, it was noted that, the presence of
Fe,O; up to 10 wt% led to the reduction in the porosity of
formed bioactive glass scaffolds, however, the crosslinking
between the bioactive glass and the polymer matrix was
increased. In addition to that, the density and the compactness
of the scaffolds led to an enhancement of mechanical strength.
Besides, the authors also proved that the higher concentrations
of bioactive glass and Fe,O; in the scaffolds increase the cell
viability as compared with the normal cells and pure chitosan
scaffold.””” In another study, the same group of authors
demonstrated that the incorporation of hematite (Fe,O;) in the
bioactive glass/chitosan scaffolds leads to an enhanced drug
release for delivering 2% chlorhexidine gluconate (CHX).>”
Furthermore, the in vitro drug release and antibacterial studies
revealed that incorporation of hematite completely removed the
bacterial growth after 14 days. Moreover, the scaffold implan-
tation treating dental infections resulted in outstanding
osteoinduction ability.””®

This journal is © The Royal Society of Chemistry 2020
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Recently, attempts have also been made using the sol-gel
route to fabricate 3D foam scaffolds as a prominent group of
biomaterials for tissue engineering applications. These 3D
foam scaffolds can be developed to form hierarchically struc-
tured macro and mesopores that can be found in many tissues.
The advantage of this type of scaffolds is that they exhibit
combined properties of conventional glass-based scaffolds with
unique qualities of mesoporous materials. Thus, the fabrication
of highly porous 3D scaffolds using bioactive glass composition
can be useful in bone tissue regeneration thereby taking
advantage of both glass compositions as well as the mesoporous
morphology. Baino et al*”® demonstrated excellent apatite-
forming ability on iron (Fe) doped sol-gel silicate glasses with
multiscale hierarchical porosity ranging from the macro (50-
600 mm) to the mesoscale (4-20 nm). It was noted that the pore
volume, specific surface area and mesopore size decreased with
increase in Fe content. Furthermore, the fabricated foams

Fig. 18
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exhibited promising ferromagnetic properties and high
biocompatibility which could be beneficial for simultaneously
exploiting their ability to treat bone cancer via hyperthermia
thereby promoting bone regeneration.””® Of course, the bone-
bonding ability of bioactive glasses depends on biodegrad-
ability, the dissolution rate of its ions, formation of new bone
tissues and the stimulation of osteoblasts upon soaking in
SBF.”® The inclusion of iron oxide is beneficial because it does
not induce cytotoxicity and the osteoblast can be grown and
proliferated. However, the growth of the HA like layer was
slower with increasing iron oxide content. The initial mecha-
nism that was thought to induce bone formation is reduced due
to the replacement of Ca>" with Fe ions in the glass network.?*
Mesquita-Guimaraes et al.”®' emphasized the importance and
the influence of macroporosity of bioactive glass on cell viability
and proliferation. The authors fabricated zirconia-based open-
cell foams using the replica technique followed by coating via

200 pm

(@) SEM micrographs of coated scaffolds with three immersions in fresh sol—gel solution. (b) Coated scaffolds with two immersions

during 8 h of condensation. (c) Coated scaffolds after 2 days of cultivation. Reproduced with permission from ref. 281. Copyright 2019, Elsevier.
(d-f) Micrographs showing surface structure of (d) PAA (e) CaO-SiO,/PAA and (f) CaO-SiO,—Ag,O/PAA. Reproduced with permission from ref.
282. Copyright 2016, Elsevier. (g—i) SEM micrographs of gelatin/nanosilver/bioactive glass scaffolds with different concentrations (g) BGA0% (h)
BGA20% and (i) BGA40%. Adapted from ref. 283. Copyright 2014, American Scientific Publishers.
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immersing in the sol-gel solution of 58S bioactive glass. Fig. 18a
demonstrates the SEM micrographs of coated scaffolds
immersed three times in fresh sol-gel solution while Fig. 18b
show SEM micrograph of coated scaffolds immersed twice
during 8 h of condensation.”®" It was reported that reducing the
pore size from 700 to 322 um led to a 100% increase in cell
proliferation. The enhanced cell viability and proliferation
tendency was demonstrated by fluorescence microscopy using
4,6-diamidino- 2-phenylindole (DAPI) and calcein staining of
MG-63 cells after two days of cultivation as illustrated in
Fig. 18c.”®' Another interesting method was reported by Ni
et al?*®* in which the authors reported about the sol-gel
synthesis of bioactive CaO-SiO,-Ag,O glasses loaded with
porous anodic alumina (PAA) by a sol-dipping method followed
by calcination of the gel-glasses. The results from this study
revealed that the combination of the nanoporous structure of
PAA and materials impregnated into the pores is a promising
technique for forming a coating with multifunctional proper-
ties. Fig. 18d shows the typical PAA microstructure consisting of
ordered hexagonal cells with a uniform nano-pore in the cell
center.”® The results from the pore loading investigation
(Fig. 18e and f) revealed that the pore filling can be accom-
plished using CaO-SiO, and CaO-SiO,-Ag,O bioactive glasses
by a simple mechanism which can be influenced by pressure.
Moreover, an in vitro antimicrobial activity test indicated that
the CaO-SiO,-Ag,O/PAA system was highly effective in pre-
venting the growth of both Escherichia coli and Staphylococcus
aureus bacteria. The enhanced antimicrobial ability is mainly
ascribed to the released Ag ions and increased pH values.”® In
another study, macroporous nanocomposite scaffolds based on
gelatin/bioactive-glass/silver nanoparticles were developed
from an aqueous solution of gelatin by freeze-drying method
followed by crosslinking using genipin at ambient temperature.
From a structural point of view, the macro-scale 3D inter-
connected porosity was obtained with pore size ranging from
350 to 635 um as shown in Fig. 18g-i. Furthermore, by
increasing the concentration of silver nanoparticles, the pore
size and porosity also increased. As expected, significant
prevention of bacterial (Staphylococcus aureus, Escherichia coli)
growth and reduction of the biofilm formation on the scaffolds
was revealed. Furthermore, the antibacterial effect was
improved with an increase in the concentration of silver nano-
particles. It was proved through the viability studies of the
hMSC on the prepared scaffold that all the scaffolds were
cytocompatible.*®® Moreover, Ag ions can be released from sol-
gel-derived SiO,-P,05-Ca0O-Ag,0 glasses depending on the
chemical composition, specific surface area and the diffusion of
the biogenic ions present thereby affecting the degree of
cytotoxicity.®*

In a similar study, Jalise et al.*®® reported that gelatin and
strontium (Sr) based bioactive glasses fabricated via freeze-
drying technique exhibit an interconnected porous structure
with an average diameter of 100-300 pm. Furthermore,
increasing the Sr concentration leads to a decrease in the
average pore size. The fabricated Sr-containing scaffolds with
15% Sr content revealed excellent stiffness (five times greater
than glasses without Sr content) and high porosity (>80%).
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Moreover, in vivo angiogenesis studies confirmed superior cell
infiltration and stimulated neovascularization in scaffolds
containing 15% Sr ions in the bioactive glass as compared with
the glass without Sr content. Shaltooki et al.**® successfully
produced a nanocomposite scaffold made of chitosan-coated
polycaprolactone (PCL) and 45S bioactive glass (5, 10 and
15 wt%) with 7 wt% Sr using solvent casting technique. Porous
nanocomposite scaffolds containing 15 wt% of bioactive glass
particles was optimized and coated with chitosan layer which
revealed no cytotoxic effect, acceptable degradation behavior
and enhanced bioactivity, alkaline phosphatase activity and cell
attachment.?®® Such modification can be beneficial in control-
ling the engineering properties of bioactive glasses. Amudha
et al.” proved that cell viability and proliferation can be
significantly enhanced in 45S5 bioactive glass by Sr ions doping.
The doping of a small quantity (0.2 wt%) of Sr led to significant
changes in the physicochemical, mechanical, surface, drug
release and biological properties. For Sr doped glasses, the pore
volume and the surface area were improved to 96 and 108%
respectively as compared with Sr free glasses. Besides, the
interconnected porous structure facilitated the controlled and
sustained drug release of about 58% in 720 h. Furthermore, the
mechanical strength of the bioactive glass was significantly
improved after Sr doping. In another investigation, Zamani
et al.”®® prepared a composite scaffold based on alginate and
bioactive glass (60S) having 80% porosity. The incorporation of
bioactive glass particles containing zinc and magnesium into
the alginate scaffold led to an improvement of mechanical
properties and antibacterial efficiency. Furthermore, the results
of in vitro tests exhibited good MG-63 cell response (viability,
attachment and proliferation) and osteoblast differentiation.
Moreover, the ion release capability of the scaffold was evalu-
ated after 60 days of incubation in PBS solution using induc-
tively coupled plasma (ICP) spectroscopy which revealed
enhanced antibacterial efficiency against Escherichia coli and
Staphylococcus aureus bacteria.

Hong et al.*® fabricated ultrathin MBG hollow fibers via
electrospinning technique by employing high molecular weight
polyethylene oxide (PEO) as a phase separating agent. During
electrospinning, quick solvent evaporation and PEO stimulated
phase separation process played an important role in the
development of bioactive glass fibers with hollow cores and
mesoporous walls. In another study,*® the fabrication of scaf-
folds with flexible cotton wool-like 3D structures based on
70 mol% silica and 30 mol% CaO (70S30C) has been reported by
combining sol-gel and electrospinning method. The fasci-
nating part of this study was the achievement of three orders of
porosity i.e. pores on the fibers, pores between the fibers and
pores in the entangled fiber space. Thus, such hierarchical
porosity can be useful in enhancing the cellular attachment and
the transfer among the scaffold fibers.>** The flexible 3D fibrous
structure was found ideal for packing into complex defects with
larger inter-fiber spaces to promote vascularization, cell pene-
trations and nutrients transport throughout the scaffold. The
authors demonstrated the potential of 70S30C cotton wool-like
materials as a bone graft substitute especially for dental bone
regeneration as shown in Fig. 19. The 70S30C based bioactive
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Fig. 19

(a) Photograph showing 70S30C cotton wool like bioactive glass fibers. (b) Demonstration of ease of packing in a tooth extraction socket.

(c) Insertion of implant after bone regeneration. (d) Crown placement. Adapted from ref. 290. Copyright 2014, Elsevier.

glass fibers showed excellent flexibility resulting from the large
aspect ratio and the entanglement between very long fibers.**®

4.3 Chemical compositions

In addition to morphology, the chemical compositions of MBGs
are also instrumental in determining their properties and it is
one of the key aspects that determine the biological activities of
glasses in a physiological environment. Thus, it is attractive to
explore new applications of mesoporous glasses based on their
composition and structure.®” It has been reported that the sol-
gel methods make it possible to study a wider spectrum of glass
composition and mesoporous structures than the melt
quenching method." In general, the composition of the bioac-
tive glasses can be easily adjusted thereby conferring specific
properties to the materials which can be effective in fulfilling
the demands of a vast variety of biomedical applications.>***
The sol-gel process significantly expands the range of chemical
composition of bioactive glasses, including conditions and
preparation protocols. Faure et al®** reported a sol-gel
approach for the synthesis of the 45S5 glass by substituting
HNOj; by C¢H3O;. The use of CsHgO5 as a catalyst for the sol-gel
synthesis of 45S5 powder has been shown to significantly
reduce the concentration (5 mM) of acidic solution which is
required to catalyze the hydrolysis reactions of TEOS and TEP. It
was demonstrated that the in vitro bioactivity level of the sol-gel
powder was higher than that of the commercial Bioglass®
which can help in speeding the process of bone growth
formation by avoiding high pH or temperature conditions.***
The improved bioactivity is associated with the enhanced

This journal is © The Royal Society of Chemistry 2020

porosity and the specific surface area of the sol-gel derived
powders. Lopes et al.>** demonstrated that the CsHgO, works as
an effective molecular template formed by molecular network
elevated from intermolecular forces (e.g. hydrogen bonding)
resulting from chemical interactions between the COOH and
hydroxyl groups (water, ethanol, P-OH, Si-OH).*** The authors
further ascertained that the C¢HgO assisted sol-gel route is an
interesting and promising approach to modify the synthesis
protocol to control phase segregation during drying and to
achieve high structural homogeneity.”** In another study, Thi-
bault et al.,>* prepared polymer/bioactive glass 4555 composites
comprising boronic acid (PBA) functionalized chitosan by
a freeze-drying technique and demonstrated the potential of
PBA to improve the bioactivity of the resulting composite. It was
ascertained that chitosan-PBA samples exhibit interconnected
porosity with pore size ranging from 32 to 476 pm. Moreover, it
was revealed that sol-gel modified bioactive glass 45S5 con-
taining PBA exhibit no toxicity for mouse Sertoli (TM4), human
embryonic kidney 293 (Hek293) and human bone marrow/
stroma (HS-5) cells, as compared with composites prepared
using unfunctionalized chitosan.>”*

The hypothesis behind choosing the chemical compositions
of glasses is that the bone comprised collagen fiber, bone cells
and HA crystals, the implant material should be capable of
forming the HA layer on the surface in the biological fluids.**®
Since their discovery, most of the research work being carried
out on bioactive glasses is dealing with the compositions that
form interfacial bonding with the tissue. The formation of the
HA layer on the surface in vitro or in vivo is considered as an
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indicator of the glass bioactivity.”®” The interaction of HA crys-
tals with cellular processes leads to glass bonding with the
surrounding tissues. The role of the bioactive glasses in bone
tissue regeneration is associated with its proficiency to release
the critical concentration of calcium and silicon ions at the rate
required for cell proliferation and differentiation.**® Calcium is
an essential element of bioactive glasses which plays a pivotal
role in inducing osteogenic differentiation of cells.** The
controlled dissolution and the ion release rates along with the
glass network structure are the fundamental criteria for
designing novel glass compositions for specific applications.
The durability can also be adjusted easily from almost inert to
quickly dissolving glasses by simply changing the composi-
tions. The wide range of future applications also rests upon
adjusting the glass compositions containing specific inorganic
ions that can have controlled effects on the cellular process. The
release rate of the therapeutic ions, overall glass dissolution
kinetics and on surface HA formation depends on the chemical
durability of the glass in the target applications.

Recently, tremendous research interest has been shown in
designing phosphate and borate-based glass compositions.
Hench et al.,**® explored phosphate-containing silicate glasses
based on Na,0-CaO-P,05-SiO, compositions fulfilling the
criteria of tissue bonding. CaO and P,0s deliver essential
constituents of HA (Cas(PO4);0H), namely Ca* and PO,*>" ions
whereas Na,O and SiO, consist of elements that are abundantly
available in the human body. The higher ratio of CaO/P,0Os
enables the ion release from the material surface when soaked
in body fluid and forms the HCA layer very rapidly. This facili-
tates cell proliferation on the implant surface by sustaining the
ion concentration.”® Borate based glass composition is re-
ported to form HA faster than silicate-based compositions.**® Li
et al.®® demonstrated sol-gel derived Na,0-CaO-SiO, glass
compositions which shows bioactivity within far greater
compositions than that of melt derived glasses. Since then
various compositions of bioactive glasses were thoroughly
examined.****° Fluoride based bioactive silicate glasses were
investigated for bone tissue regeneration and also regarded as
a potential material for dental applications.**** Numerous
other oxides such as B,03, Fe,03, Al,O3, ZnO, TiO,, BaO, Li,O,
CuO and CoO etc. have been included in Na,O-CaO-P,05-SiO,
glass systems.**'***?*=3% CaO can be replaced with MgO or CaF,
and Na,O can be replaced with K,O without affecting the bone
bonding. However, the dissolution rate of the glass can be
affected. Furthermore, bioactive glasses were doped with
several elements including Ag, Cu and gallium (Ga) to study
their antimicrobial properties.'*>'**%% Ga doped bioactive
glasses have been reported to be promising for wound healing
applications.*” The doping effect of the different elements on
the cellular processes has been reviewed by
authors.*®*°%3%7 1 et al.>°® illustrated that the incorporation of
Mg, Zn or Cu as a substitute for Ca®" affects the glass bioactivity
in a sequence of Cu < Mg < Zn. Ag-doped bioactive glasses
demonstrate enhanced bioactivity because Ag" is highly mobile
than Na' thereby it is convenient to exchange with H' ions.>*® Zn
and Mg show almost the same effects and they can be useful in
preventing bone resorption by activating the proliferation,

several
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osteoblasts differentiation and bone mineralization ability.**
Zn exhibits anti-inflammatory properties and can be used in the
fabrication of glass-based dental cement and polyakenoate
orthopedics showing antimicrobial effects,** while Mg was
found to be useful in promoting bone cell adhesion.***

4.4 Chemical and surface properties

The physical as well as chemical features of sol-gel derived
bioactive glasses can be fine-tuned by altering or modifying
their surface functional groups. The surface properties of
biomaterials play an important role in enhancing their inter-
action with the surrounding tissues. The surface functionali-
zation of sol-gel based materials is vital in view of their
applications in biological fields owing to its advantages such as
greater adsorption capacities for biomolecules or drug loading,
enhanced inclination to supply these biomolecules to particular
targets such as cells or tissues and enhancement in the overall
biocompatibility.” For example; different functional groups can
have an impact on the cell adhesion by simply altering the
surface hydrophilicity or hydrophobicity.*** The surface func-
tional groups can also influence the protein absorption profi-
ciency of the material and subsequently affects the cell
adhesion.*** The surface functionalization of bioactive glasses is
a favorable approach to convert the present surface into a more
desirable composition or architecture to create opportunities
for the preparation of functional biomaterial that can be useful
for biological applications.*”* Generally, the surface function-
alization of bioactive glasses is intended for enhancing the
biological response (bioactivity) as well as for improving the
biocompatibility of glass particles with other phases.**® The
surface functionalization of bioactive glass can be carried out by
physical approach (altering surface topography) or chemical/
biochemical approaches (adsorption of molecules via atomic
layer deposition (ALD), covalent grafting of biomolecules or
drugs etc.).*” By employing different functionalization strate-
gies, the surface reactivity of bioactivity glass can be exploited
easily to obtain newly customized functional characteristics
such as antibacterial, anticancer and antioxidant properties of
bioactive glasses.**®

Among various strategies described in the literature, silani-
zation is an efficient and widely applied method for covalent
modification of bioactive glass surface.*'**** The main purpose
of silanization is to establish bonds within the interface
between the inorganic constituents and organic biomolecules
so as to enhance the bone tissue interaction. Silanization is also
used to ameliorate the dispersion stability of inorganic particles
in a diverse range of liquids and for anchoring the drug
immobilization.**® The reaction conditions such as reaction
time, type of solvent, temperature, nature and concentration of
alkoxysilanes should be carefully chosen in order to avoid the
formation of a polymerized thick network of silane on the
surface.?*® As a result, the chemical bonds are formed between
alkoxysilane and the material surface which can be hydrolyzed
under a suitable environment. The hydrolyzed silicon alkoxide
contains Si-OH groups condensed with the hydroxyl groups
existing on the surface of the material whereas the alkyl chain
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having functional groups namely carboxyl, epoxy, amine, vinyl,
chloro, thiol, cyanide or phenyl are harnessed for further
functionalization.®**** The amino (-NH,) groups are respon-
sible for the electrostatic interactions and covalent bonding
with negatively charged functional groups of various molecules
such as DNA and protein.** The most frequently used silane for
the surface functionalization and for introducing amino group
on the bioactive glass surface is 3-aminopropyltriethoxysilane
(APTES) which is also known as a protein coupling or protein
binding agent.*** Owing to the plenty of silanol present on the
surface of bioactive glass, the surface functionalization using
APTES can be achieved within the sol-gel synthesis of bioactive
glasses under controlled conditions®* or via adsorption
through solution.*****® Verne et al*** reported an optimized
procedure for surface functionalization of bioactive glasses in
order to use the amino groups for binding proteins. Using in
vitro test, it was demonstrated that the bioactivity of glass was
unaffected when APTES was used as a surface modifying
agent.*****® Moreover, the grafting of APTES has been achieved
from various solvents such as toluene,**”*?% ethanol3>*3*33° and
water.*>**3332 Sometimes glutaraldehyde (GA) is also used with
APTES for surface functionalization®'*** while the silane
molecules can be directly implemented during the sol-gel
processing of bioactive glasses.*** In another study, APTES was
found useful in promoting the formation of the HCA layer
without affecting the bioactivity of glasses.*** Besides, APTES
have been successfully utilized for the functionalization of sol-
gel derived bioactive glass (58S) in order to improve its
cytocompatibility.®”

Zhang et al.,*>*® developed functionalized MBGs which were
subjected to the surface functionalization using APTES and
triethoxysilylpropyl succinic anhydride (TESPSA). From in vitro
studies, it was observed that the synthesized bioactive glasses
significantly promoted the proliferation as well as osteogenic
differentiation of rabbit bone marrow stromal cells. However,
this effect was more pronounced in the bioactive glasses func-
tionalized with APTES than with TESPSA. In vivo studies
revealed that the bioactive glasses functionalized with APTES
can facilitate a higher level of bone regeneration in comparison
to unmodified and TESPSA functionalized bioactive glasses. It
was mentioned that the presence of the amino groups on the
bioactive glass surface is expected to play a crucial role in
enhancing cell proliferation and differentiation.*** The surface
amino groups of bioactive glasses are less hydrophilic than
carboxyl groups and the surfaces containing amino functional
groups with balance hydrophilicity and hydrophobicity are
beneficial for cell adhesion. Although bioactive glasses
demonstrate favorable bioactivity and biodegradability, the
relative brittleness and the lack of in situ mouldability limit
their applications. Hence, polymer/bioactive glass composites
have been prepared as biomaterials with improved proper-
ties.**”%° Recently, bioactive glasses have been reinforced with
polylactide (PLA) matrix to develop composites for bone tissue
repairing.*** In a similar study, APTES was used as a coupling
agent for the surface functionalization of bioactive glasses
thereby enhancing the interface between poly(i-lactide) (PLLA)
and bioactive glass particles.*** It was reported that the APTES

This journal is © The Royal Society of Chemistry 2020
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functionalized bioactive glass particles are homogeneously
dispersed in the polymeric phase without any agglomeration as
compared with non-functionalized glass particles. Aina et al.>*
reported new formulations to develop APTES functionalized
bioactive glass using maleic anhydride (MA) or cis-aconitic
anhydride (CAA) in combination with cysteamine and 5-ami-
nofluorescein as model molecules for stimulating the drug.
Fig. 20 schematically represents the procedure for the synthesis
of APTES and MA functionalized bioactive glass and models for
cell binding and protein absorption.**® In another study, it was
described that the GA enables the control over release kinetics
of proteins and sustain the native protein structure completely
when used as a protein-binding agent.****3* In a similar
investigation, it was stated that the surface functionalization of
a bioactive glass substrate using APTES and GA was not effective
enough to stimulate variations in the methemoglobin and 5-
methylaminomethyl-uridine which form enzyme structure.?**3*
However, GA is reported to improve the stability of hemoglobin
attachment and instigates polymerization on the surface of Ag-
doped bioactive glasses.**

The surface functionalization of bioactive glasses can also be
performed by immobilizing various biological species namely
proteins and cells on their surfaces. For example; surface
functionalization using proteins enhances the bone integration
of bioactive glasses. The biomolecules can be bonded to the
bioactive glass surface by either electrostatic and van der Waals
forces (weak physical interaction) or by covalent or ionic
bonding.*** The binding of biomolecules can be affected by
various physicochemical characteristics such as chemical
composition, pH or dissolution behavior, microstructure, crys-
tallization degree, hydrophobicity, surface reactivity, surface
roughness, zeta potential and particle size etc., of bioactive
glasses.**® Furthermore, the grafting of biomolecules onto the
surface of bioactive glasses was studied by various researchers
to improve their bioactivity, cell adhesion and differentiation
for bone regeneration application. For this purpose, collagen,***
lysine,**” ipriflavone,*” soybean peroxide,>® bovine serum
albumin,*73%3%°  g-amylase,*”** BMPs,**»** alkaline phos-
phate (ALP)*****° and commercially available mixture of enamel
matrix proteins (Emdogain®)*** have been considered. Laminin
was adsorbed on the APTES surface-functionalized bioactive
glass foams and its sustainable and controlled release from
modified scaffolds was achieved over a 30 day period making it
beneficial for tissue formation.?*® Furthermore, antibiotics and
anti-inflammatory agents such as gentamicin,****** tetracy-
cline**® and ibuprofen®” have been loaded into MBGs forming
biomaterials for localized drug delivery applications. Surface
functionalized bioactive glasses have also been reported for
localized cancer treatment and for this purpose, various
biomolecules and drugs have been proposed such as 5-amino-
fluorescein for doxorubicin,*** doxorubicin and cisplatin,*®
dexamethasone,* alendronate,®® curcumin®**® and gallic
acid.*****> Another important approach for surface functionali-
zation of bioactive glasses is the induction of apatite formation.
For this purpose, bioactive glass has been soaked in different
solutions to facilitate the CaP layer formation on its surface.**
Studies have demonstrated that the functionalization of the
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bioactive glass surface by bio-mineralization of the CaP layer
followed by immobilization of particular proteins can improve
cell adhesion, proliferation and differentiation.*** Thus, all the
aforementioned studies demonstrate that various strategies can
be employed for exploiting the surface reactivity of bioactive
glasses for their wide range of biomedical applications.

4.5 Biological properties and biodegradation

Biodegradability is among the most significant characteristics
of sol-gel derived bioactive glasses in view of their bone-
bonding ability. Generally, biodegradable materials manifest
higher reactivity which is closely associated with the formation
of the HCA layer.** Biodegradation is the key when bioactive
glasses are utilized for the preparation of bone tissue scaffolds.
Nevertheless, high degradation rates have a negative impact on
cell attachment and growth and therefore prevent the progress
of new bone formation.**® Thus, it has been suggested that the
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surface functionalization of bioactive glasses using organic
functional groups (amino or carboxylic groups) can partially
decrease the high degradation rates while maintaining the
bioactivity. For a variety of applications, materials that degrade
easily are best suited than persistent implant materials because
degradable materials are resorbable into the body and can be
exchanged with regenerated tissues.**” Nevertheless, managing
the degradation rate is a complex process; therefore, it is
necessary to understand the degradation mechanism and the
determinants that affect the degradation rate of sol-gel based
bioactive glasses. Moreover, the dissolution of glass in contact
with the body fluids and the release of Ca and P ions are crucial
to the bio-mineralization of glasses. The ionic dissolution
products from bioactive glasses are well known for stimulating
angiogenesis, osteogenesis and vascularization.**® Thus, the
dissolution behavior plays a pivotal role in the bioactivity of the
sol-gel glasses.
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Recent research has remained focused on the molecular
interaction of bioactive glass-based ionic dissolution products
with their physiological surroundings so as to understand such
processes to formulate smart bioactive glasses with customized
properties specifically for tissue engineering. Fig. 21 gives an
outline of biological responses towards bioactive glass-based
ionic dissolution products. In the context of tissue engi-
neering, numerous literature evidence indicates the importance
of ionic dissolution products in understanding the behavior of
sol-gel derived bioactive glasses in vivo and in vitro. A large
number of trace elements including Sr, Cu, Zn, Co etc., present
in a human body are well renowned for their growth-promoting
effects in bone metabolism and play a major role in angiogen-
esis, growth and bone tissue mineralization.*® Therefore, novel
research avenues are being investigated for enhancing the glass
bioactivity by introducing these therapeutic ions in different
bioactive glasses resulting in the modification of their dissolu-
tion behavior and improved biological performance.*® Further-
more, innovative methodologies have been suggested for
advancing the fields of bioactive glass scaffolds by inducting
active metal ions into the glass network for utilizing the thera-
peutic effects of such ions and to ameliorate the biological
functioning of the materials as regards to the response of the
specific host.** As stated earlier, Ca and P are the main
component of the inorganic phase of the human bone, these
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ions play an integral part in bone formation and resorption.
However, one should know the specific ECM concentration of
these ions and their interaction mechanism with bone cells and
exhilarating effect on bone formation.*® This information can
be useful in designing advanced scaffolds with controlled bio-
logical properties in a suitable physiological condition with
tunable ion release kinetics.*®

Bioactive glasses require specific dissolution rates in order to
tune their in vitro and in vivo performances. The dissolution
testing is generally performed by soaking the bioactive glasses
in SBF, tris buffer solution (TBS), phosphate-buffered saline
(PBS) and cell culture media.**="* If the dissolution rate is very
slow, the ionic concentrations are insufficient to promote cell
proliferation and differentiation. On the other hand, if the rate
of dissolution is too quick, the ionic concentration might be
beyond the effective level.''**”> Moreover, the ionic concentra-
tion and the pH of SBF are the same as that of human blood
plasma (HBP).*”* Therefore, SBF is the most common solution
used for soaking bioactive glasses under static conditions.
Besides, the soaking of bioactive glasses in SBF is a very simple,
cost-effective and rapid method of assessing the probable
bioactivity. In SBF, an in vitro test could be performed in a few
minutes after immersion. Hence, this procedure has been
widely adopted as a basis for assessing biomaterial for bone
tissue regeneration. The first step in the bioactivity mechanism
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is the resorption in which the bioactive material undergoes
a rapid chemical reaction when in contact with physiological
fluids. When soaked in SBF, the bioactive glasses exchange ions
with SBF and form silanol groups on the surface thereby
nucleating the HA layer.>”* The formation of the HA layer takes
place via two steps namely (i) formation of dicalcium phosphate
(CaHPO,) by combining calcium and phosphorus ions in SBF
and (ii) the conversion of CaHPO, into HA or TCP (Caz(PO,),)
via sequential reaction.’”* As reported, the higher concentra-
tions of silanol groups result in a quicker dissolution or
bioactive response and this valuable information can be useful
in designing porous sol-gel glasses having a high surface area
and high silanol concentrations.®**”* It was shown that specific
heat processing and relative proportions of CaO to SiO, are the
decisive factors to obtain these porous glasses with prosperous
bioactive behavior.’”® To date, several authors have reported the
impromptu formation of the HA layer on bioactive glass
surfaces comprising CaO-SiO,-P,0Os ternary systems when
contacted with the biological fluids.*””?*”® The real develop-
ments came in regards to bioactivity kinetics with the devel-
opments of MBGs because of the high surface area and high
mesoporosity, both features facilitate enhanced reaction degree
between the glass and the biological fluids.** Fig. 22 compares
the formation of a new apatite layer on the surface of the
traditional sol-gel glass (left) and MBG (right) when in contact
with the biological fluids.*®* Considering that both Ca and P are
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the major components of the apatite layer and the inorganic
phase of human bone, it is accountable for profound bonding
between bioactive glass and human bone.*#3*

The chemical reactions occurring on the glass surface are
derived from leaching, dissolution and precipitation."*® Based
on such interfacial reactions, the cellular reactions give rise to
the development of a chemical bond between living tissues and
the bioactive glass.”®* The first prompt reaction transpiring on
the glass surface after implantation in vivo or soaking in SBF is
the cation replacement of Ca**, Na* or K" with H" or H;0O" from
the solution.*® Simultaneously, the solution pH increases. The
leaching reaction generates an alkaline microenvironment
wherein the solution alkalinity is emerged due to breakage of
-Si-O-Si- bonds mostly by hydroxyl ions. The dissolution takes
place at the glass surface and leads to the establishment of
silanol (Si-OH) groups at the interface between glass and the
solution. The condensation and re-polymerization of hydrated
silica groups occur with the silanol group resulting in the
formation of SiO, rich layer (silica gel) on the surface. Such
precipitations are promoted by the migration of Ca®>" and PO,*>~
ions to the surface within the SiO, rich layer to create an
amorphous CaP layer at the top of the SiO, rich layer.”*® The
amorphous CaP layer expands due to the inclusion of soluble
CaP from the supersaturated solution.”* Fig. 23 demonstrates
different stages of surface reactions along with the generation of
Si-rich and CaP layer at the bioactive glass surface.*® The

Fig. 22 Demonstration of the apatite layer formation on the surface of traditional sol—gel glass (left) and MBG (right) after contacting the

biological fluids. Adapted from ref. 381. Copyright 2012, CRC Press.
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Fig. 23 Different stages of surface reactions and the development of
Si-rich and CaP layer at the bioactive glass surface. (I) Initially, a glass
layer with few micron thickness is dissolved. (Il) Later, Na, Ca, P and Si
are leached out from the glass surface. (Ill) Si-rich layer is developed
via repolymerization. (IV) Ca and P from the solution are partly leached
out from the glass precipitate on the Si-rich layer. Reproduced with
permission from ref. 382. Copyright 2018, Elsevier.

thickness of the SiO, rich layer increases as a result of diffusion-
controlled alkali ion interchange whereas the final thickness
depends on its composition. The crystallization of the amor-
phous CaP layer takes place by the inclusion of OH ™, CO;>~ or
F~ anions from the solution to form the HCA or apatite layer
substituted by fluoride ions (F-HCA) probably through similar
reactions which facilitates the crystallization of Ca deficient
apatite layer.**> As the apatite crystals composition is analogous
with the inorganic mineral phase of bone, such reaction steps
are most often utilized for characterizing biomaterials which
form interfacial tissue bond. In an ideal case, the reaction
proceeds until the bioactive glasses are completely substituted
by new tissue.**®

There are several ways of investigating the dissolution rate of
biomaterials and one of the simplest methods is the measure-
ment of weight loss. The dissolution rate of biomaterials can also
be evaluated by quantifying the released ions concentration and
the pH shift within the solution. The pH variation is greatly reliant
on the capability of the solution to buffer or the local environment
in vivo.*”*?”* As mentioned before, the dissolution reaction takes
place at the interface between the surface of the bioactive glasses
and the solution. Hence, the specific surface area is a critical
parameter that can influence the degradation rate.*®® The high
surface area is responsible for the high dissolution rate in sol-gel
synthesized mesoporous glasses in comparison with the melt
derived glasses which are relatively dense.*”® Furthermore, with an
increase in pore size, the solution circulation within the pores
becomes easy causing an enhanced reactivity.®®® The sol-gel
derived glasses frequently undergo thermal treatment to elimi-
nate the organic phase or to improve the stability and as
a consequence, the porosity and the crystallinity of glass get
affected."* Cacciotti et al.** evaluated the dissolution rate of sol-
gel derived bioactive glasses heat-treated at different tempera-
tures. The crystalline phases were observed when the glasses were
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heated at 1100 °C and very slow dissolution behavior was
observed as compared with the glasses heated at 700 °C. These
findings demonstrated a low degree of glass crystallinity when
heated at low temperatures. Besides, the dissolution behavior of
sol-gel based bioactive glasses is not only affected by the afore-
mentioned conditions but also depends on the surrounding
conditions namely solution temperature, pH and composition.
For example; the solution temperature substantially influences
the degradation behavior of sol-gel synthesized silica glasses.*®** A
similar trend was also observed in phosphate-based glass
systems.**® The solution pH also has an impact on the dissolution
behavior of sol-gel derived glasses. For example; for silica glasses,
the dissolution rate was enhanced with an increment in pH. This
is because the Si-O-Si bonds are destroyed due to the nucleo-
philic attack of OH ™ in water containing medium.*®” The disso-
lution rate is generally increased with an increase in pH from 2 to
8.5 because when pH > 8.5, ions which are more soluble
(SiO(OH)*") are being developed.®®®

The composition is also an equally important factor that
helps in determining the dissolution rate of the glass. For
example; Ma et al.*®® reported that with partial substitution of
MgO for CaO in the composition, the glass degradation rate
decreases with the delay in HCA layer formation, which was
ascribed to the effect of ionic field strength and diverse bonding
configurations of glass. In another study, very rapid dissolution
rates were observed for glasses without CaO in SBF.**® However,
the dissolution rate decreases as CaO content increases and
P,05 content decreases attributing to the soluble glass species
such as Na*, Ca®>" and HPO,> . In TBS there are no Ca or P
sources; therefore, the apatite layer is generated only by
releasing the Ca and P ions from the glasses. On the contrary, in
SBF or PBS, the generation of the HCA layer is expedited and
further, dissolution is restrained as the number of Ca and P ions
are accommodated in these solutions.** In addition, the
biomolecules present in the solution also affect the dissolution
of bioactive glasses. For example; Sepulveda et al.*”® performed
a comparative assessment on the dissolution behavior of
bioactive glasses in the SBF solution and the culture medium.
From ICP mass spectroscopy studies, it was observed that the
dissolution rate of bioactive glasses was faster in SBF solution
than in culture medium due to positively charged serum
proteins which can be adsorbed on the surface of the material
and suppress the glass dissolution. Thus, the above discussion
gives a consensus view that the biocompatibility of biomaterials
in the physiological environment upon implantation should be
investigated. However, the factor pertaining to the degradation
of biomaterial itself is one of the aspects along with the equally
important factors such as the influence of materials on its in
vivo environment and bioactivity needs to be considered.*

4.6 Mechanical properties

Sol-gel derived bioactive glasses are often characterized by
lower mechanical resistance to dense glasses of the same
compositions due to their inherent highly porous structures.*
For example; the flexural strength of TMOS based silica aerogels
with 95% porosity was reported to be 0.02 MPa**° which is about
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0.0002% of the flexural strength of dense silica material.*** The
low mechanical strength is the key issue that is specifically
serious when sol-gel derived glasses are processed as hierar-
chical porous scaffolds with multiscale porosity.>> It is
common knowledge that bone exhibit attractive mechanical
properties due to its hierarchical structure and the sol-gel glass-
ceramics exhibits lower toughness in comparison with the
natural load-bearing bones. Therefore, it is essential to formu-
late new strategies for improving the mechanical behavior of
sol-gel glasses to be used as coatings or in a bulk state for bone
grafting. The bioactive sol-gel glass compositions need to be
modified to yield improved mechanical properties. Studies have
shown that the mechanical properties of sol-gel glasses can be
substantially altered by varying few processing parameters such
as the type of precursor, molar ratio of water to the precursor,
PH and doping agents etc.,." The type of precursors used for the
sol-gel synthesis influences the sol-gel reactions and ultimately
affects the mechanical properties of the final material. For
example; it has been reported that TEOS and TMOS derived
silica aerogels with the same porosity of about 50% exhibited
different mechanical strength.®* Hence, irrespective of the
relatively higher strength or modulus, the brittleness issue
limits the wider applications of sol-gel materials.

The doping agents or additives used during the sol-gel
synthesis are also accountable for the mechanical properties of
the final material. For example; substituting Si or O in the silica
network with other elements can enhance the mechanical
properties of sol-gel derived silica glasses.® For example; the
effect of different additives such as MgO, TiO, or CaF, on the
mechanical properties of sol-gel silica glasses was investigated
by substituting Mg>* and Ti*" for Ca*>* or F~ for O>~.>** The ionic
strength of Mg>" is greater than the ionic strength of Ca*>* ions.
Thus, the substitution of Mg** for Ca®" strengthens the glass
network owing to reduced bond lengths." Likewise, the
substitution of Ti*" for Ca>* ions enhances the glass strength by
connecting with more O®~ ions (Ti*" ions can connect with four
0?7).>* Consequently, Ti*" and Mg** substituted glasses
demonstrated improved hardness, bending strength and frac-
ture toughness as compared with Ti** and Mg>" free glasses.***
On the other hand, as a result of substituting CaO by CaF,, the
F~ ions disrupted the glass network and increases the crystal-
lization tendency. Hence, CaF, incorporated sol-gel glasses do
not possess advantageous mechanical properties.! Improved
mechanical properties were reported by the incorporation of
alumina, barium and calcium in the glass composition.***3**
Barium ions exhibit a larger ionic radius than silicon ions which
allows the formation of a denser network in the glass structure.
Barium addition increases the flexural strength of sol-gel
glasses.*” The silicon and aluminum acted as a network form-
ing elements in the sol-gel synthesis of bioactive glasses and
improves compressive strength and Young's modulus respec-
tively.*****®* The mechanical resistances were decreased when
silicon content was decreased.*” Yang et al.**° incorporated
B,O; in CaO-SiO,-P,0s bioactive glasses to improve the
compressive and flexural strength of porous glass-ceramics. Ben
Arfa et al.** reported mechanical properties of Cu”" and La*"
doped silica sol-gel glass scaffolds with the composition 67%
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Si0,-24% Ca0-5% Na,0-4% P,0s. The compressive strength
values were reported for the sintered scaffolds of varied pore
sizes (300, 400 and 500 um). A small enhancement (7-18%) in
the compressive strength of La** doped glass was observed as
compared with undoped glass. On the other hand, considerably
higher enhancement in the compressive strength up to 221%
was noticed with the addition of Cu®" ions as compared with the
undoped silica glass. The high values of compressive strength
for Cu®>" doped glasses as compared with La** doped glass is
ascribed to their different ionic radius. The small ionic radius
and low valence of Cu®" in comparison to that of La** confer
higher thermal diffusivity post sintering making Cu®" serve as
an efficacious sintering assistant resulting in enhanced densi-
fication and mechanical properties.’® The maximum
compressive strength value being reported is ~14 MPa which is
around the upper limit registered for human cancellous bone
(2-12 MPa).*** The lower value of compressive strength was
noted for the scaffolds with the largest pore size (500 um) and
the largest value of compressive strength was noted for the
scaffolds with the smallest pore size (300 pm). In another
investigation, an enhanced bulk, shear and Young's modulus
were observed with increased CaO/P,O5 molar ratio in SiO,—
Ca0-Na,0-P,05 glasses.**

The mechanical performance of sol-gel based glasses can
also be improved by decreasing the pore size during the sin-
tering process.” Nevertheless, there are two limitations, (i)
high-temperature sintering can result in vanishing of meso-
pores due to densification thereby making material unsuited for
drug delivery applications (ii) if the biomolecules are included
into the material before sintering, then the temperature needs
to be optimized at a certain level to preserve biological mole-
cules from degradation and to prevent uncontrollable crystal-
lization process.** The synthesis method also affects the
mechanical properties. For example; sol-gel synthesis of
bioactive glass foam delivers an enhanced porosity but a low
compressive strength.*** A maximum compressive strength
exceeding 5 MPa was achieved recently for sol-gel glass foams
by maintaining the interconnected porous network required for
vascularized bone ingrowth.*** This was achieved by optimizing
the sintering process of the sol-gel foam. However, small
changes in compressive strength were noticed after immersion
of sol-gel glasses in SBF for several days. Jones et al.** noted an
increase in the compressive strength of 70S30C sol-gel derived
glasses with an increase in the sintering temperature ie. the
compressive strength of 0.36, 0.51, 2.26 and 2.25 MPa were
obtained at sintering temperature of 600, 700, 800 and 1000 °C.
The compressive strength of 2.26 MPa was obtained for the
scaffolds which ascribed to the decrement in the textural
porosity and thereby increasing the density of the macropore
wall at the sintering temperature of 800 °C. With the increase in
sintering temperature to 1000 °C, the compressive strength was
found to be constant although the textural porosity was dis-
appeared. This was attributed to the changes in the glass
structure as the crystallization onset temperature was
increased.*®

Vallet Regi et al.**® investigated the mechanical properties of
glass-ceramics  prepared from sol-gel glasses with
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a composition of 55 mol% SiO, : 45 mol% CaO (55545C). The
mechanical properties of 55545C were compared with the glass-
ceramic containing the same amount of SiO, but with 4%
content of P,05 (55541C4P). In addition, the samples were
examined in order to ascertain the influence of the sintering
process on the mechanical properties. It was observed that the
flexural strength (S) and the Weibull (m) coefficient values are
higher for the phosphorous free glasses. A significantly high
value of S was observed for the glasses sintered at 1100 °C
(55545C-1100). Furthermore, the S values were increased with
an increase in the temperature although the increase was not
significant from the statistical point of view. However, in
55S41C4P glasses, a two-fold increase in S values with sintering
temperature was observed even though these S values were
lower than that obtained for 55S45C glasses. Li et al.*” evalu-
ated the mechanical properties of macroporous sol-gel bioac-
tive glasses with the compositions of 58 wt% Si0,-33 wt% CaO-
9 wt% P,0s. These sol-gel glasses demonstrated compressive
strengths higher than the human cancellous bone.*** The high
values of compressive strengths are beneficial in withstanding
physiological stresses and minimizing stress shielding in the
surrounding host bone.**®

Sol-gel glasses together with organic polymers can enhance
the mechanical strength and toughness of the resulting
hybrid.**>**® The integration of silica IPNs within the polymer
matrix at the molecular level is anticipated to improve the
mechanical properties of bioactive glasses. Recently, the
mechanical properties of porous scaffolds based on bioactive
silica-poly(y-glutamic acid) (PGA) hybrids have been studied.***
The authors hypothesized that by increasing the covalent
coupling, the inherent mechanical properties such as
compressive strength and toughness of hybrids can be
improved. The elongation to failure was increased from 4.2%
for the sol-gel glass to 27.5% for the hybrid monoliths. This
indicates an improvement in the strain to failure and hence
enhanced toughness. However, the compressive strength of the
hybrids was low as compared to the sol-gel glass and to that of
cortical bone.**? Nevertheless, in the context of increased
toughness, elongation and extended elastic behavior are highly
promising. The elastic modulus, compressive strength and
elongation to failure were also reported for the hybrids in
response to increased covalent coupling. The lowest coupling
showed the minimum compressive strength and elongation to
failure. Further increasing the covalent coupling increases the
compressive strength, elastic modulus and elongation to
failure.** In another work, Li et al*® investigated the
mechanical properties of PEG/SiO,-CaO hybrids. The hybrids
were prepared with IPNs of silica and PEG of two different
molecular weights (PEG300 and PEG600) via the formation of
Si-O-Si bonds. It was observed that the elongation to failure
was greatly increased from 4.2% for sintered sol-gel glass
monoliths (70S30C, 800 °C) to 35% for the hybrids. It was also
noted that the mechanical properties were enhanced with an
increase in inorganic ratio. Moreover, Young's modulus and
compressive strength are found highest for the 50 : 50 compo-
sitions of the hybrids. The overall trend observed was 50 : 50 >
60:40 > 70:30 for hybrids containing both PEG300 and
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PEG600. Another aspect is that Young's modulus and
compressive strength are greater for PEG600 hybrid as
compared to PEG300 hybrid with the same composition. The
PEG600 hybrids with 50 : 50 compositions were found to exhibit
the best mechanical properties among other compositions
tested. In another investigation, Bossard et al.*** studied the
mechanical properties of hybrids comprising PCL and SiO,-
CaO bioactive glasses. Adding PCL effectually introduced
toughness to sol-gel glasses. However, the hybrids showed low
stiffness as evident from their elastic modulus (0.49 + 0.03
MPa) and yield strength of 0.036 & 0.003 MPa. These values are
significantly lower than that of trabecular bone with a similar
porosity.**>** The low stiffness of the scaffolds can be assigned
to the highly flexible PCL in comparison with other bio-
resorbable polymers*”*** and due to weak interaction between
organic and inorganic phases.®®

Sol-gel hybrids based on silica IPN and biodegradable
polymeric materials can result in the combination of properties
such as biological activities of glasses and the toughness of the
polymer matrix. Recently, Valliant et al’** studied the
mechanical properties of silica/yYPGA sol-gel hybrids. Ca was
incorporated into PGA by chelation while the Ca salt form of
PGA (yCaPGA) was synthesized and used as calcium source as
well as the biodegradable toughening component of the
hybrids. The compressive strength greater than 300 MPa and
the strain to failure of >26% was observed for the silica/PGA
hybrids which is a considerable improvement as compared
with the sol-gel glasses which were pretty brittle with the strain
to failure of about 4% and the compressive strength of 66 MPa.
It has been suggested that the incorporation of YPGA into the
sol-gel process resulted in the elimination of brittleness of the
resulting glasses. For the hybrids synthesized with yCaPGA, the
maximum compressive strength was observed to be 540 MPa
which is far greater than the compressive strength of cortical
bone.**® Young's modulus value of the same hybrid was found to
be 1.9 GPa which is far lower than Young's modulus of cortical
bone.*** Chung et al.*** reported mechanical properties of star-
shaped methacrylate-based polymer-SiO, hybrids exhibiting
the modulus of toughness 9.6 fold greater and Young's modulus
4.5 fold lower than the sol-gel based bioactive glasses. The main
aim of this study was to ascertain the effect of polymer archi-
tecture on mechanical properties and its influence on bone cell
attachment. Thus, all the aforementioned studies demonstrate
the mechanical integrity of sol-gel based bioactive glasses as
a potential biomaterial for bone tissue regeneration.

5. Sol—gel derived porous glasses for
bone tissue regeneration

Tissue engineering has aroused tremendous interest as
a prospective research field for repairing and regenerating
tissues and organs which are damaged or lost due to trauma,
injury or disease.'™ The main purpose of tissue engineering and
regeneration of medicine is to regrow unhealthy or impaired
tissue using a combination of cells, bioactive agents and
biodegradable scaffolds.*®* The most common approach in
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tissue engineering is to use the biomaterials based scaffold with
a specific architecture which can serve as a provisional structure
for cells and leads to their proliferation and differentiation into
an appropriate tissue or organ.'*® Along with the cells, biomol-
ecules such as growth factors can also be included in the scaf-
fold to regulate the cellular functioning during tissue or organ
regeneration.*”>»*** Dramatic growth in the tissue engineering
fields has been witnessed in the past two decades and this
became possible only due to innovative design and synthesis of
biomaterials and fabrication of scaffolds.'* A scaffold is an
essential constituent in tissue engineering for bone regenera-
tion as it works as a template for cell interactions and the
establishment of ECM of bone providing structural support to
the newly formed tissue.*”* The scaffold is utilized to control
growth factor and cell delivery in addition to providing the
structural template to load the tissue lesion.**® Preferably, the
scaffold should assist in cell infiltration, cell attachment, matrix
deposition and should be consists of osteoconductive mediums
such as bone protein and HA providing load-bearing and initi-
ating osteogenesis. Furthermore, the scaffolds created using
biomaterials are formulated to meet the rigorous requirements
which are imperative or desired for optimum tissue forma-
tion.**® The scaffold architecture is also essential in furnishing
the cells with an optimized microenvironment to develop new
tissue and to grant flow or dissemination of nutrients within the
cells and the surroundings.**®

Bioactive glasses are one of the subsets of biomaterials that
have a profound influence on tissue engineering especially for
hard and soft tissue regeneration because they fit perfectly into
this land space as materials for producing functional 3D scaf-
folds. Bone tissue engineering is among the most promising
medical applications of bioactive glass and glass-ceramics due
to their excellent osteoconductive and angiogenic properties,
mechanical strength and good degradation rates.*”” By virtue of
these properties, both bioactive glasses and glass-ceramics have
been used in bone tissue regeneration applications over the
past few decades.****** Always, the spotlight is on the develop-
ment of new bioactive glasses and converting them into scaf-
folds with necessary shape and architecture."”® The tissue
regeneration ability of bioactive glasses can be assessed based
on their properties namely osteogenesis, osteoconductivity and
osteoinductivity.*** The osteogenic potential of bioactive glasses
is evaluated on the basis of cells such as mesenchymal stem
cells (MSCs), osteoblasts and osteocytes involved in bone
formation. The osteoconductivity is the process where scaffolds
or matrix excites growth of the bone cells on its surface and
osteoinductive capability can be referred as the excitation of
MSCs to distinguish preosteoblast, thus beginning the bone-
constructing process.*** Also, for bone tissue engineering,
large interrelated pores and high porosity percentages are
found imperative for attaching and growing bone-forming cells
and further ingrowth of vascularized tissue.*®* The surface
nanoporosity was also found to foster adhesion of cells to
biomaterials*** and bone ingrowth in bioactive glass scaf-
folds.*** The most important requirements of fabricating scaf-
folds for bone tissue engineering that can be capable of inciting
the tissue growth are;®»96:43»435-437
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(i) Biocompatibility: the scaffold has to be biocompatible,
bioactive and must assist in the attachment, proliferation and
cell differentiation in vivo and must not deliver any toxic by-
product or persuade any harmful inflammatory reactions.

(ii) Osteogenesis: the scaffold should have the potential to
bond with the host bone (osteoconduction) as well as must
prevent the encapsulation of fibrous tissue. The scaffold must
recruit cells into the implantation site which can be further
differentiated to create new bone.

(iii) Biodegradability: the scaffold needs to be degraded at
the same rate at which the new tissue is formed at the implant
site and ultimately must be remodeled by osteoblast action.

(iv) Mechanical strength: the mechanical strength of scaf-
folds should be equal to that of bone tissue to be replaced. The
scaffold meant for regeneration should provide support at the
time of degradation and tissue regeneration.

(v) Porous microstructure: an ideal scaffold should have high
porosity (>80%) with interrelated pores. A hierarchical porosity
with a minimum diameter of 100 pm is the requisites for cell
penetration, tissue ingrowth and neovascularization.

(vi) Fabrication: the scaffold should be easily produced into
irregular shapes that can mimic the bone defects of an indi-
vidual patient.

(vii) Commercialization: the fabricated scaffold should
possess the commercialization potential. The sterilization
should be carried out by following the international norms and
regulations for their use in biomedical devices.

Generally, the scaffolds for tissue engineering are fabricated
using both synthetic and natural polymers which are biode-
gradable.***** Biodegradable scaffolds facilitate primary struc-
ture and stability for forming a tissue but degrade as the tissue
is formed. This provides a base for the deposition of matrix and
tissue growth.****** However, the main hurdle in designing
scaffolds for tissue engineering is that the majority of the
materials used for this purpose are usually bio-inert and the
degradable materials are often mechanically weak. Therefore,
the preparation of composites containing biodegradable poly-
mer systems and the bioactive glass becomes a feasible alter-
native to accomplish the need for bioactivity, degradability and
mechanical properties.**> For instance; Bossard et al.*** devel-
oped scaffolds from PCL/bioactive glass hybrids for bone tissue
regeneration. The scaffolds obtained from PCL/SiO,-CaO
bioactive glass hybrids were highly flexible indicating that PCL
has effectively introduced the toughness. The apatite formation
was observed over 24 hours of soaking in SBF and the entire
hybrid was changed steadily into bone-like minerals. The in vivo
study confirmed the bioactivity, biodegradability and an
appropriate degradation rate of the hybrid. Furthermore, efforts
have also been undertaken to integrate biodegradable synthetic
polymers in a biocompatible inorganic phase, for example,
most frequently HA and TCP.**>*** Chen et al*** studied the
effect of Ca in the CaO-SiO,-TiO, glass system modified by
PDMS and obtained dense and homogeneous monoliths. In
this study, Ca was found to excite apatite like phase on the
surface of bioactive glasses when soaked in the SBF solution for
about two days. These hybrids were structurally described as the
network of silica-titania covalently bonded with PDMS where
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Ca ions are bonded ionically. An increase in the mechanical
properties of the hybrid was observed owing to the existence of
PDMS while Ca promoted the generation of HCA layer by
supplying physical sites for HCA nucleation resulting in an
improved in vitro bioactivity. In another investigation,*** a 3D
porous scaffold comprising polylactide-co-glycolide (PLAGA)
and bioactive glass composites has been developed. The
PLAGA-bioactive glass composites were prepared as 3D porous
scaffolds as well as thin films as shown in Fig. 24.*** The scaf-
folds were found to be biodegradable, bioactive and suitable for
bone tissue engineering. The soaking test was performed in SBF
to assess the bioactivity of the composite where the CaP layer
was formed within seven days. Moreover, it was found that the
bioactive glass particles promoted the expressions of collagen
(type I) by human osteoblast-like cells. The control PLAGA
scaffold displayed 31% total porosity with a mean pore diameter
of 116 um while PLAGA-bioactive glass composite exhibits 43%
total porosity with a mean pore diameter of 89 pm. Further-
more, the mechanical properties of the PLAGA-bioactive glass
composite scaffold were investigated and an increase in the
elastic modulus up to 51.336 £ 6.1 MPa was observed as
compared with the elastic modulus (26.479 + 3.4 MPa) of
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control PLAGA scaffold. All these findings point towards
bioactive glasses as fascinating bioactive material to foster the
bioactivity of polymer-based composites for prospective bone
regeneration applications.

The significance of hierarchical scaffold porosity for bone
tissue regeneration has been discussed by numerous
researchers.**>*¢ Porous structures having a total open porosity
greater than 80% have proven to be efficient in promoting tissue
ingrowth given that they allow cell migrations, proliferation and
deposition of the matrix in the open spaces.**” The existence of
an interrelated pore network facilitates the invasion of blood
vessels and the supply of nutrients.**® Also, the average pore size
can be instrumental in bone tissue engineering where small
pores prevent migration of cells and restrict the diffusion of
nutrients and elimination of waste products****** while very
wide pore restricts the cell attachment as a result of the decrease
in the specific surface area.*®® MBGs display a highly ordered
pore structure with a pore diameter in the range of 2-10 nm
having a much-closed pore size distribution. The large archi-
tectural features and the existence of silanol groups are the
main reason behind the quick in vitro bioactive response of
certain compositions of MBGs.*" Furthermore, MBGs are
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Fig.24 A schematic representation of the fabrication process of PLAGA—-bioactive glass composite scaffolds. Reproduced with permission from

ref. 445. Copyright 2003, John Wiley & Sons.
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accepted as a very appropriate vehicle for controlling drug
release and growth factors which can be embedded inside the
pores. Fig. 25 schematically represents the important features
of MBGS which make them an ideal candidate for the synthesis
of 3D mesoporous scaffold for bone tissue engineering, local
drug delivery of biomolecules, drugs, therapeutic ions as well as
for designing and developing stimuli-responsive systems.***
Considering the properties of scaffolds for bone tissue regen-
eration, various strategies such as foaming, free drying, fiber
bonding and rapid prototyping techniques have been proposed
for designing mesoporous structure required for cell functions
namely bone cell ingrowths, the supply of nutrients, vasculari-
zation and also for adhesion and growth of bone cells.**
However, it is necessary to keep in mind that the powder pro-
cessing of MBGs for scaffold preparation using the above-
mentioned techniques should not affect the ordered meso-
porosity and bioactivity.*>*

During the last ten years, MBGs have been widely explored
for bone regeneration applications. Recently, Wu et al.*** re-
ported delivery of dimethyloxallyl glycine (DMOG) using the
MBG scaffold to meliorate angiogenesis and osteogenesis of
human bone marrow stromal cells (BMSCs). It has been
observed that MBG scaffold can imitate a hypoxic microenvi-
ronment and thus elevate the angiogenic capacity of human
BMSCs. Yun et al.**® employed methylcellulose as a large pore

Growth factors
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porogen to prepare MBGs which demonstrated excellent apatite
formation ability in SBF and assisted in the proliferation of MG-
63 cells. In another study, Zhu et al.**® demonstrated that the
MBG scaffolds with 80Si15Ca5P composition exhibit the best
apatite mineralization ability and assisted in the proliferation
and differentiation of BMSCs. In another investigation, MBG
powders were integrated into the PCL matrix to form composite
scaffolds which displayed apatite mineralization in SBF.**” The
incorporation of MBG particles into PLAGA enhances the
proliferation and ALP activities of human osteoblasts.**® In
another investigation, the authors reported the synthesis of silk
modified MBG scaffolds with substantially enhanced attach-
ment, proliferation, differentiation and osteogenic gene
expression of BMSCs.**® Moreover, various studies have shown
that the integration of Fe, Sr, B, and Zr ions into MBG scaffolds
can improve cell proliferation and osteogenic differentia-
tion.***"**> Wu et al.** in their excellent review highlights the
potential of MBG particles, spheres, fibers and scaffolds as
platforms for drug delivery and bone tissue regeneration.
Besides, studies have also shown that both hydrophilic and
hydrophobic drugs can also be effectively supplied using MBGs
which are competent enough for substantially improving the
proliferation, differentiation and osteogenic gene expression of
human osteoblasts. These results deliver the paradigm change
that osteoconductive drugs can be pre-installed in the MBG

Macro-mesoporous
bioactive glass
scaffolds

Responsive
blocking caps

Local delivery

N

Therapeutic
ions

Biomolecules
and drugs

Stimuli-responsive
systems

Fig. 25 Schematic presentation of ordered MBGs for bone tissue regeneration. Reproduced with permission from ref. 382. Copyright 2018,

Elsevier.
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Fig. 26 Schematic representation of sol—gel foaming process. Adapted from ref. 465. Copyright 2012, the Royal Society of Chemistry.

scaffold to incite both in vitro and in vivo osteogenesis for bone
tissue engineering.*®® Thus, achieving efficient drug delivery
using the MBG scaffold is a fascinating prospect for bone tissue
regeneration.

Recently, functionalized MBG scaffolds were synthesized for
refined bone tissue regeneration.**® To carry out functionaliza-
tion, amino and carboxylic groups were effectively grafted on to
the synthesized mesoporous glasses via a post grafting process.
The osteogenic capabilities of both MBG and functionalized
MBG scaffolds were comprehensively investigated in vivo as well
as in vitro using rabbit BMSCs. It has been discovered that both
types of scaffolds could dramatically improve the proliferation
and osteogenic differentiation of BMSCs. Amino functional
group grafted scaffolds showed the greatest in vitro osteogenic
capability as compared with the other two scaffolds by virtue of
its positively charged surface. Furthermore, in vivo test results

demonstrated that scaffolds grafted with the amino-functional
groups could promote a higher level of bone regeneration in
comparison with the other two scaffolds. It was reported that
the surface characteristics and the decreased degradation rate
of the amino group functionalized scaffold played a vital role in
promoting bone regeneration.

The interconnected porous structure is essential for creating
an effective scaffold for the migration of cells into the pores and
tissue growth throughout the scaffold template. 3D scaffolds
with interconnected porous structures can be manufactured
using the sol-gel foaming process. The first sol-gel foam
process was demonstrated by Jones et al.**>*** Fig. 26 sche-
matically presents the steps involved in the sol-gel foaming
process.*® The hydrolyzed sol can be foamed by vigorous stir-
ring in air and by including a surfactant."® The surfactant
reduces the surface tension as it is composed of molecules

Fig. 27
2015, John Wiley & Sons.

This journal is © The Royal Society of Chemistry 2020

(a) Photograph of bioactive glass foam scaffold and (b) X-ray micro CT image. Reproduced with permission from ref. 467. Copyright
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Fig. 28

having polar (hydrophilic) and non-polar (hydrophobic) end
groups and provides temporary stability to the foam. However,
for the successful preparation of foam, it is necessary to expe-
dite the gelation process. The gelation process can be expedited
by adding HF acid so that the gelation takes place within
minutes.**® On gelation, a prompt viscosity increase helps in the
foaming process where the air bubbles are stabilized as the
condensation reactions form the silica network around them.
The generation of Si-O-Si bonds leads to shrinkage of bubble
walls which brings the neighboring bubbles into close contact
with each other. During aging and drying, the liquid vents from
the point of bubble contacts and additional shrinkage occurs
resulting in the rupture of the liquid film at the points of bubble
contacts and open up the interconnects between the macro-
pores.*®® A hierarchical porous structure can be produced with
interconnected macropores as shown in Fig. 27.%” There are
several factors namely glass composition, processing tempera-
ture, surfactant and gelling agent concentration, and the water
usage in the surfactant that can affect the pore structure.*****
However, the most efficacious way of controlling the modal
interconnect diameter is by changing the surfactant concen-
tration while keeping all the other variables constant.**®

Using the sol-gel foaming method, bioactive glass scaffolds
were produced having macropores of diameter up to 600 pm
linked with the pore windows of diameter up to 200 pm and
modal diameter greater than 100 pm.****” In vitro test utilizing

(a) Representation of synthesized sol-gel glass foam. (b) SEM microstructure. Adapted from ref. 473. Copyright 2005, Springer Nature.

primary human osteoblasts revealed that the foam stimulates
the formation and mineralization of bone nodules within
fourteen days of culture.*”* In another report, in vivo test
demonstrated that foam scaffolds implanted in the rabbit cra-
nia promoted new bone growth at the same rate as that of the
melt derived bioactive glass powder which is available
commercially.*”” In another study, Valerio et al.*’® described the
fabrication of sol-gel foam scaffolds with interrelated pores up
to 500 pm, high porosity (88%) and specific surface area of 92
m? g~ ". The photograph and SEM micrograph of the synthe-
sized glass foam is depicted in Fig. 28 where highly inter-
connected pores with adequate pore size can be observed.*”?
The macroporous glasses were examined in osteoblast cultures
to assess adhesion, proliferation, collagen and ALP production.
The osteoblast proliferation, as well as the collagen secretion,
was reported to be higher in the presence of the foam as
compared with the controlled sol-gel glass.*”® Besides, the
viable osteoblasts have been observed throughout the foam
implying that the synthesized porous glass foams are a pros-
perous material for bone repair considering that they provide
a favorable environment for the adhesion and proliferation of
osteoblast.”” Moreover, the sol-gel foaming process has also
been utilized to fabricate organic-inorganic hybrid scaffolds
that can mimic the trabecular structure of bone.***

In a similar study, Jones et al** utilized sol-gel derived
bioactive silicate glasses of 70S30C (70 mol% SiO,, 30 mol% CaO)

1000 pm

Fig.29 nCT images of (a) 3D porous scaffold prepared from sol—gel derived bioactive silicate glass and (b) human trabecular bone. Reproduced

with permission from ref. 474. Copyright 2007, Elsevier.
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composition to prepare 3D porous foam scaffold having a hierar-
chical interconnected porous structure similar to the trabecular
bone as depicted in Fig. 29. The bulk and true density of the
fabricated scaffold was reported to be 0.25 g em™* and 2.71 g ecm ™*
respectively while the percent porosity of each scaffold was re-
ported to be 91%.** The fabricated scaffold supported the oste-
oblast growth and stimulated changes within the culture period of
three weeks, as evidenced by improved ALP enzymatic activity of
human osteoblasts which were cultured on the glass foam. The
formation of mineralized bone nodules was stimulated without
adding any supplementary factors such as ascorbic acid (AA), B-
glycerophosphate and dexamethasone in the medium. The
deposition of ECM was also validated by the improved production
of the ECM collagen type I protein. Finally, the authors concluded
that the scaffolds satisfy most of the criteria of becoming an ideal
scaffold material for bone tissue engineering without the
requirement of phosphate in the glass composition for in vitro
mineralization of ECM on porous foam scaffold.*”

6. Concluding remarks and future
perspectives

The sol-gel methods have become very popular during the last
two decades because of the chemical homogeneity (molecular
level mixing), low processing temperatures, possibility to
control size, shape and morphology of the synthesized mate-
rials. The inherent advantages of the sol-gel technique and the
chemical modification of the precursors allow tailoring the
material properties to a great extent. A varied set of potential
materials can be synthesized by a sol-gel method providing
extraordinary matrices for a wide range of organic as well as
inorganic compounds. The advantages of the sol-gel technique
in biomedical fields are ascribed to the possibility of synthe-
sizing mechanically robust and chemically inert porous mate-
rials with the high specific surface area. The sol-gel technique
offers a unique opportunity to form porous glass-based mate-
rials with tunable porosity as long as the synthesis parameters
that influence the hydrolysis and condensation reaction
involving inorganic precursors as well as the thermal treatment
are precisely controlled. The low-temperature sol-gel synthesis
imparts an opportunity for the integration of materials which
would otherwise get spoiled due to high temperatures. For
example; the sol-gel method enables the integration of
biomolecules and therapeutic agents such as drugs, growth
factors and proteins during the synthesis process all of which
can be released in a controlled way. The evolution of sol-gel
based materials for the entanglement of biomolecules has led to
an enhancement in the number of materials available for
different applications and the types of biomolecules which have
the ability to being entrapped in an active state. There are varied
options available for selecting different materials and varying
synthesis parameters during sol-gel processing for both
industrial and biomedical applications. However, the economic
viability of scaling up of the sol-gel derived material is one of
the hurdles that need to be overcome. Furthermore, the sol-gel

This journal is © The Royal Society of Chemistry 2020
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method is a continuous process and it is quite laborious. Hence,
batch to batch discrepancies might appear.

The current research in the tissue engineering field is
concentrated on the development of high-performance multi-
functional biomaterials i.e. materials that are capable of stim-
ulating bone regeneration and exhibiting drug delivery
capabilities with significant mechanical stability. In the
framework of this research, sol-gel derived bioactive glasses
have been customized as the implantable materials for bone
tissue regeneration owing to their unique features namely the
ability to degrade at a controllable rate, conversion to HA-like
material, ability to bind firmly with the living tissues, and
improving the growth and proliferation of osteoblasts. These
unique properties of bioactive glasses result from their special
chemical compositions. Further benefits of bioactive glasses in
bone tissue regeneration include the possibility to incorporate
various doping materials which show improved bone regener-
ation capability. Besides, the improved antibacterial or angio-
genesis activity of bioactive glasses set up a bacteria-free
atmosphere in implanted sites during the healing and regen-
eration of the soft and hard tissue. Several types of bioactive
glasses with different compositions have been examined for
bone tissue regeneration. Furthermore, the incorporation of
therapeutic elements namely Ag, Cu, Sr, Co, Zn or Ga into the
bioactive glasses has demonstrated more promising therapeutic
effects than the original or un-doped bioactive glasses. Recent
studies have shown the proangiogenesis potential of bioactive
glasses which are proved beneficial for soft tissue repair.

The important aspect of bioactive glasses is their surface
functionalization which provides increased opportunity for
designing, developing and controlling the surface properties.
This, in turn, influences their biological properties (biocom-
patibility, reactivity, bone-bonding and cell-stimulating ability)
making the material more versatile. Also, it has been demon-
strated that the microstructural characteristics, nucleation and
HCA growth rate can be influenced by introducing functional
groups on the surfaces of bioactive glasses. Moreover, surface
functionalization of bioactive glasses is reported to improve
their efficiency towards the delivery of hydrophobic drugs.
Several strategies and challenging approaches towards surface
modifications such as biological functionalization have been
explored for performance optimization of bioactive glasses.
Thus, surface functionalization is the key for exploiting the
surface reactivity of bioactive glasses to meet various biological
requirements associated with their wide range of biomedical
and clinical applications.

MBGs represent the most promising family of bioactive
glasses and have been emerging as fascinating biomaterial
owing to their well-ordered mesoporous structure, high specific
surface area and pore volumes (two-fold greater than the
conventional sol-gel glass) and superior bioactivity. The
improved bioactivity is ascribed to the highly ordered arrange-
ments of mesopores with uniform size. The improved bioac-
tivity and controlled drug delivery capability of MBGs render
them an excellent starting material for manufacturing 3D
scaffolds for bone tissue regeneration. However, considerable
emphasis needs to be devoted to the probability of covalent
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grafting of osteoconductive agents (proteins, peptides, growth
factors etc.) to the 3D scaffold surface which could serve as
enticing signals for bone cells and assist in the bone regener-
ation process. In recent years, substantial progress is being
made in developing MBGs with tailored architecture for desired
applications other than bone tissue regeneration. Despite these
advances in MBGs research, there remains scope for improving
their bioactivity and controlled therapeutic delivery. Moreover,
new research avenues are needed for viable vaccines, hormones,
and therapeutic protein delivery in addition to the affirmation
of growth factor and gene delivery. Also, in the future, MBGs
should be examined in the form of a coating on the implants of
other materials.

MBGs foams have shown the potential to be served as
a scaffold material for bone tissue regeneration applications.
These scaffolds should be degradable, bioactive and must
possess compressive strength similar to porous bone. Also,
they possess a hierarchical pore structure of interrelated
macropores with intrinsic nanoporosity. However, fabricating
bioactive glass foam scaffolds with the regulated structure for
bone tissue engineering and drug delivery is still a challenge.
Furthermore, the efficacious delivery of growth factors has
always been a matter of concern. Therefore, polymer scaffolds
were utilized for loading of growth factor with controlled
release kinetics but they lack adequate osteoconductivity.
Hence, polymer scaffolds are most commonly fabricated in the
composites form using bioactive inorganic materials. Never-
theless, it is a challenge to match the degradation rates of the
polymer matrix and the filler phase of the composite. The
degradation rate of individual phases is different and does not
match with the rate of new tissue formation which can result
in the in vivo loss of mechanical properties. In an ideal case,
both the phases ought to degrade at the rate which is suitable
for the targeted application. The association of proficient drug
delivery using MBGs scaffold is an enticing prospect for
regenerative bone medicine.

Porous glass scaffolds show brittleness and exhibit inade-
quate fracture toughness, thereby restricting their utilization in
load-carrying applications. To ameliorate the mechanical
characteristics of scaffolds, numerous glass compositions
which precipitate crystalline phases have been prepared and
tested. The mechanical properties of bioactive glasses need to
be explored extensively in vivo situations to strengthen their
position as a promising biomaterial for bone tissue regenera-
tion. Moreover, in future research on bioactive glasses, the
degradation and bone ingrowth will play an important part as
the mechanical properties of bioactive glasses can be signifi-
cantly altered due to degradation with respect to time and with
the bone-bonding, the behavior of the material can be modified
drastically. Moreover, in the future, an attempt should be made
in processing and designing innovative scaffolds with good
mechanical properties especially for the load-bearing bones
using bioactive glasses.
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