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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Bioactive glass (BG) and glass-ceramics (GC) have been employed for bone treatment tissue engineering applica-
tions. Bioactive glasses/bioglasses can be considered promising materials for bone-regenerative scaffolds fabrica-
tion, owing to the adaptable properties that make them appropriately be designed regarding their composition. The 
essential properties of bioactive glasses, enabling them to be applied in the engineering of bone tissue, can be ex-
plained as their potential to augment differentiation osteoprogenitor and cells of mesenchymal stem cells, enzyme 
activity, osteoblast adhesion, and revascularization. Much research is conducted for the development of phosphate 
glasses, borate/borosilicate BGs, and silicate. Accordingly, some metal-based glasses have also been surveyed for 
tissue engineering uses, technologically and biomedically. Many rare elements can also be incorporated in the net-
work of the glass to achieve promising properties, possessing a positive influence on the associated angiogenesis 
and/or remodeling of bone. This review motivates for providing an overview toward bioactive glasses’ general 
requirements, composition, production, and impact of ion substitution on bioactive glass. Attention has also been 
given to developments of bioactive glass applications in bone grafting, bone regeneration, drug delivery, dental 
implant coatings, antibacterial agents, and soft tissue engineering as well as challenges and future perspectives.
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1. Introduction

Glass has been used for centuries by humans, for many applications 
like the natural glass in arrowheads and tools, and the early human-made 
drinking vessels and glass beads in Egypt and Mesopotamia. However, 
the recent uses of glass are expanded to telecommunicational uses as fi-
bers, chemical reactions of glassware, and optical and architectural (e.g., 
window and glass facades) fields [1]. 

Damaged bone tissues can be reconstructed or repaired by utilizing 
bioactive glasses due to their osteoinductivity and osteoconductivity. 
Their reactive surfaces lead to biological activity induction and strong 
bond formation with living tissue like bone [2]. They are employed in 
other areas such as engineering of soft tissue [3-8], antibacterial factors 
[9-14], coatings of the dental implant [15-22], drug delivery [18-20, 23, 
24], regeneration of bone [14, 25], and grafting of bone [6, 8, 26, 27].

A significant property of BG is its ability to the enhancement of 
differentiation of mesenchymal stem cells, enzyme activity, osteoblast 
adhesion, and revascularization to apply in bone tissue engineering. The 
first synthesis of BG was discovered by Larry Hench that was related to 
the bone that not only attaches with bone but releases dissolution ions 
(including calcium ions and soluble silica) also which stimulate cells 
of genetic level, developing bone enhancement (osteogenesis) [28, 29]. 
Furthermore, they can be the desired candidate for coatings/filter mate-
rials applied in polymer frameworks. However, the BG features should 
be assumed because of granulates of various sizes and aspects of their 
particles/powders of different sizes and shapes. Additionally, fabrication 
of bioactive composites should be evaluated in order to toxicity risk, 
owning lower element release rather than their biologically safe levels, 
render no or slight cytotoxicity. Although BG has been developed via a 
combination of biologically active elements like zinc (Zn), copper (Cu), 
magnesium (Mg), and strontium (Sr) to impart special biological appli-
cations and also to develop the therapeutic behavior [30-34]. The ion 
substitution turns into a novel technique in the fabrication of novel BG 
to affect the material and therapeutic features of BG. Du et al. reported 
the issues and advantages of metal compounds applied as biomedical 
implants and the improving approaches of using coatings of bioactive 
glass for biomedical functionalities [35, 36].

Additionally, various methods have been applied to the fabrication of 
BG materials like microwave manufacturing [37-39], flame spray [40-
42], sol-gel [30, 34, 43-45], and melt quenching [45-48]. BG materials 
can provide suitable compatibility for structures with no disadvanta-
geous impact on the living tissues. We can fabricate especially aimed 
BG via the development of primary BG composite and also altering the 
synthesis conditions that can be sol-gel or melt quenching [43, 49]. 

Furthermore, the bioactive glass nanoparticles (BGN) based on 
silicate fabricated by sol-gel strategies, owning various catalysts for 
launching the hydrolysis and condensing the precursors of silicate and 
also the combination of sol-gel chemistry by other methods are stud-
ied. The mechanism and condition of various fabrication techniques are 
prepared and explained in detail [50, 51]. The fundamental aspects of 
GC condition and enhancement with sinter-crystallization of powdered 
glasses or controlled heat treatments of monolithic pieces were reported 
by Montazerian et al. [52]. A number of research have been conducted 
on the development of phosphate glasses and silicate, borate/borosilicate 
BGs. A remarkable amount of metallic glasses have been evaluated for 
technological and biomedical fields of tissue engineering [43, 53, 54].

Hence, numerous trace elements have been combined in the glass 
structure to achieve desirable features, owning advantageous influence 
on related angiogenesis and/or remodeling of bone. Although various 
researchers have reported the reviews of BG, topics like ion substitution, 
future perspectives of BG briefly and in one paper have not been investi-

gated yet. First, a brief overview of the BG characteristics, structure, and 
applications is reported. Next, the impact of ion substitution on BG is in-
vestigated. Then, advances of BG in different applications are reviewed. 
Finally, the future and challenges of BG are explained.

2. Synthesis of bioactive glass

2.1. High-temperature melting (melt quenching)

The melt-quench procedure has been used for the synthesis of glass-
es with desirable sizes. Nowadays, the most practical glasses (more than 
99%) are fabricated by this method. The fusion of raw material crystals 
(carbonates, acids, or oxides) obtains a viscous liquid, then melt casting 
by rapid quenching. The benefits of the melt quench method in compar-
ison to other techniques are listed: (i) synthesis glass is free from strains 
and fracture; (ii) the easy way to dope active ions (transition metals and 
rare earths); (iii) because of nonstoichiometry of batch calculation, there 
is flexibility to composites; (iv) achievement of large structures com-
pared to a single crystal; (v) achievement of the highly flexible geomet-
rical shape of glass; (vi) well-known synthesis strategies. Due to these 
advantages, the melt quench technique become a more popular ones that 
are extensively applied to oxide/oxyhalide glasse synthesis [55]. The 
conventional melting technique has mostly been used for BG synthesis 
and applied as the cost-effective procedure for mass production [56]. 
Glass is achieved via fusing the raw material combination and further 
solidification using quenching into glass frits [53, 57]. The melting pro-
cedure needs high-temperature conditions at 1300–1400◦C [33, 58, 59]. 
Previously, after the oxide precursors via ball mill procedure, the blend 
is melted in a Pt-crucible, then quenched to 25 °C in order to fabricate 
an amorphous BG. A specific downside of this technique is having a 
high-temperature treatment that evaporates the volatile component P2O5 
[44]. 

BGs are mostly materials based on silica with calcium and phosphate 
as two necessary components. A conventional BG is melt derived and 
has a composite consisting of 45% SiO2, 24.5% CaO, 24.5% Na2O, and 
6% P2O5. In some studies, various compositions were synthesized by 
adding ingredients with various material and biocompatibility proper-
ties. Synthesis of melt-derived BG material not only is not complex but 
is appropriate for mass production also [33, 60, 61]. In addition, the 
melt quench procedure makes chemical heterogeneity of the synthesized 
composite with regard to crystallization or contamination during grind-
ing, annealing, or quenching. The classical melt-quenching technique 
provides a more efficient and widely utilized procedure for oxide glasses 
[53].

Fig. 1. The schematic of the melt-quenching process.
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Melt-derived glasses not only have remarkable potential for taking 
excellent optical and physical properties but also show an effective AC 
conductivity range [47]. Some benefits of melt quench are desirable 
physical and optical characteristics and high AC conductivity. Although 
a few studies are accessible to the antibacterial investigation of melt-
quench derived glasses, the considerable reports are based on the sol-gel 
derived BGs. For example, Tulyaganov et al. investigated the fabrication 
and characterization of the new bioactive glass-ceramics (GCs) contain-
ing alumina in the system of CaO-MgO-SiO2 with Al2O3, CaF2, Na2O, 
P2O5, and K2O additives. They applied compact sintering of glass pow-
der and glass-melt quenching for the production of well-sintered and 
dense GCs. The results indicated that their fracture toughness (2.1–2.6 
MPa m0.5), microhardness (6.0–6.7 GPa), and elasticity modulus (27–34 
GPa) are more compatible with human’s dentine and jaw bone and the 
mechanical features of the prepared GCs were better than zirconia and 
titanium implant materials. The fabricated bioactive GCs were indicat-
ed using hydroxyapatite formation on their surface after they were im-
mersed in simulated body fluid at the temperature of 37 °C [62]. Hmood 
et al. chemically modified BGs based on ICIE16 with the melt-quench-
ing technique by water as a quenching medium. Also, they demonstrated 
that the sintering ability of advanced glasses is significantly associated 
with the suggested chemical additions. The BP1 glass which sintered at 
20 K/min heating rate at 750 °C for 60 min had the highest density of 96 
% [63]. Shahid et al. prepared a SiO2–P2O5–CaO–SrO–Na2O–CaF2 BG 
via the melt quench method. The results revealed the fact that compres-
sive and flexural strength is considerably higher in silylated BG com-
posites. However, the strengths of both nonsilylated and silylated BG 
compositions and IG compositions were reduced when immersed [64]. 
Elalmis, et al. used the melt-quenching procedure for preparing biosilica 
and commercial silica-based BGs and applied them on the solid phase of 
composite putties which is produced by sodium alginate polymer as the 
liquid phase. The material characteristics of biosilica-based BG/alginate 
formulations synthesized by melt-quenching technique indicated the re-
lated features for bone tissue engineering applications [65].

2.2. Sol-gel

The sol-gel method is usually utilized for producing materials like 
metallic ions in the case of BGN and silicate tetrahedron from build-
ing blocks also this technique is a wet-chemistry method that mainly 
requires condensation and hydrolysis of stabilization, drying, and pre-
cursors. The features of materials like composition and morphology can 

be regulated by adjusting the parameters of the process. In the sol-gel 
fabrication of BGN, the most broadly applied precursor of silicate is 
tetraethyl orthosilicate (TEOS) while ethanol and/or water are applied 
as solvents [50]. Furthermore, the method is conducted at room tempera-
ture, avoids the evaporation of fugacious precursors including P2O5, and 
then achieves a superb purity and homogeneity of the product. However, 
it allows fabricating materials consisting of various inorganic-organic 
hybrid and oxides via more metal alkoxides (common precursor) and 
various additives like inorganic salts [66]. The sol-gel method has sig-
nificantly been used owing to the restrictions mentioned. Because of its 
higher surface Si-OH groups, It’s into greater functionalizing ability 
[67]. The sol-gel method can occur by basic or acidic methods that in-
fluence the resulting material characteristics. By altering the solvent pH, 
for instance, various morphologies of BGs can be fabricated. Precursors 
of metal ion can be introduced during the condensation and hydrolysis 
of TEOS or after the fabrication of SiO2 nanoparticles [50]. BGs have 
been developed by adding lithium, silver, copper, zinc, magnesium, 
and strontium in bone tissue engineering fields. These ionic dissolution 
structures stimulate the response of the human body to biological char-
acteristics including antibacterial activity features and osteoconduction 
[68]. Especially, the relatively low-temperature sol-gel method facili-
tates manufacturing the sophisticated BG structures like nanoparticles 
and porous scaffolds to form hybrid BGs as well as to combine growth 
factors and drugs [69]. 

The synthesis of biomedical sol-gel glasses mainly consists of 7 fol-
lowing reaction steps: 

1. Mixture of the reagents at 25°C and formation of strong cova-
lent bonds. During this step poly-condensation, reactions and 
hydrolysis are competitive and occur simultaneously, and it 
continues until complete solution homogenization under mild 
reaction conditions;

2. The sol casting into several shapes molds for investigation of 
the final product geometry. However, if the mixing container 
has a suitable shape and material, this step is not necessary;

3. Gelation, the formation of a 3D network, and a dramatic in-
crease in viscosity. In addition, the variation of viscosity is 
strongly related directly to time and material can be drawn into 
fibers by the gelation;

4. Aging, with a decrease of the porosity of the material, the po-
ly-condensation continues in this step, and the strength increas-
es because of the matrix densification. This step avoids the dry-
ing phase and cracking so it is a fundamental step;

Fig. 2. The schematic for the sol-gel 
fabrication method of silicate BGN.
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5. Drying, this step eliminates the liquid phase from the pores. 
The most important problem after the production of monoliths 
is the shrinkage and the cracking. These phenomena occur 
during this phase, and in most cases result in the material frac-
ture; 

6. Chemical stabilization or dehydration, in this step silanol 
bonds are removed from the pore network and make the chem-
ically stable solid;

7. Gel densification by high-temperature thermal treatment used 
for the production of melt-derived glasses. In addition, by elim-
ination of the pores, the levels of density are obtained which 
are comparable with quartz or fused silica [70]. The schematic 
diagram for the process of silicate BGN under sol-gel synthesis 
has been shown in Fig. 2.

On the other hand, specific biological features like blood vessel for-
mation and wound healing enhancement, can be achieved by appropri-
ately selecting chemical composition. Thus, the sol-gel method is ideal 
[44]. Fang et al. synthesized nano-bioactive glass by the sol-gel method. 
In their research, they developed mesoporous structures and applied Ca 
and P ions as additives. As a result, the BG microstructures had an ap-
proximate particle size of various hundred nm. The chemical composi-
tions and phase structures are criteria for the feasible deposition of the 
biomimetic minerals after applying in the solution of simulated body 
fluid [51, 54, 71].

Leitune et al. prepared sol-gel particles without or with niobium 
addition (BAG or BAGNb, respectively). The results indicated that 
sol–gel-derived BGs developed enhanced cell viability and mineral 
deposition for experimental adhesives with growing phosphate amount 
and longitudinal μTBS contents for the ABAGNb group. These outcomes 
offered that the capability of the investigated particles was desirable to 
be employed as bioactive fillers for dental adhesives [72]. Another study 
by Delpino et al. suggested a new branch of BGs which was sol-gel-
derived ones consisting of holmium oxide, based on the system (100-x) 
(58SiO2-33CaO-9P2O5)-xHo2O3 (x = 1.25, 2.5 and 5 wt%). These results 
indicated that these glasses are desirable materials for brachytherapy ap-
plications because of their high cell viability, excellent bioactivity, and 
suitable dissolution behavior [73]. The results presented that the fabri-
cated BG indicated promising biocompatibility and attractive bioactiv-
ity after in vitro experiments in cellular medium and simulated body 
fluid (SBF). Deliormanlı et al. synthesized electrospun nanofibers and 
sol–gel-based erbium (Er3+), terbium (Tb3+), and Er3+: Tb3 co-doped BG 
powders. It resulted that Er3+ and Tb3+-containing BGs can be desired 
candidates to use in bioimaging investigations (e.g., MRI imaging) and 
tissue engineering fields [74].

2.3. Gas-phase synthesis method (flame spray synthesis)

Flame spray fabrication paves the way for the addition of elements 
to complex materials like BGs to maintain nanoparticulate characteris-
tics. Flame spray fabrication is a cost-effective and scalable process for 
the production of inorganic nanoparticles. In addition, this procedure 
ensures the distribution of narrow particle size further to the low product 
contamination risk. The flame spray synthesis method is one of the most 
effective techniques that is based on the gas phase. This technique also 
utilizes metalorganic precursors to generate nanoparticles at tempera-
tures above 1000°C, where the metalorganic precursors are ignited in a 
flame [75, 76].

An advantage of the mentioned condition in comparison with oth-
er gas-phase processes is no further energy source needed for the pre-
cursor conversion like electrically heated walls, or lasers, plasma. In a 
tuned system, by utilizing oxygen over a nozzle, the liquid precursor is 
dispersed and therefore fabricates an ignited spray. The organic com-
ponents of the liquid precursor are completely ignited and oxidization 

of the metal components is achieved to fabricate the nanoparticles. 
The fabrication of molecular nuclei from either chemical reactions or 
condensation and followed by growth via coalescence in regions with 
high-temperature in process duration is the fundamental principle of ev-
ery gas-phase formation technique. The dynamic of the process is well 
found and can be controlled. Furthermore, the metal-organic salts are 
fully miscible among each other, tolerate humidity, and are remarkably 
stable in air. The nanoparticles that are mixed with oxides and even salts 
with great chemical homogeneity are produced by the process. As a 
consequence, the synthesis of various BGs has turned into via applying 
associated mixtures of fluorobenzene, tributyl phosphate, hexamethyld-
isiloxane, and 2-ethyl hexanoic acid salts of sodium and calcium for 
fluorine introduction. The rapid cooling, short residence times as well 
as the high-temperature atmosphere in the flame reactor leads to the for-
mation of metastable polymorphs or phases directly after the generation 
of the particles. They are not easily available using conventional pro-
cedures. The fast quenching can retain the material’s amorphous state 
depending on the composite. As a consequence of process properties 
and factors, the primary produced particles have spherical shapes with 
various agglomeration degrees [45, 77, 78].

As mentioned, the benefits of flame spray fabrication are associated 
with the confirmed scalability of the method, the facile introduction of 
dopants, and the favorite availability of various nanoparticle composi-
tions. Therefore, it has been interesting for numerous researchers. For 
instance, Tauböck et al. studied the impact of particle size of BG 45S5 
on physical and chemical composite features. The experimental compo-
sitions were synthesized by melt-quench technique and via synthesis of 
flame spray. The results indicated that downsizing BG particles to na-
no-size modified the alkalizing potential of experimental compositions 
with a positive influence on their basic characteristics [42].

2.4. Microwave synthesis

Microwave manufacturing techniques can furnish the yield with su-
perior purity in much shorter time and control the fabrication process. In 
the microwave-assisted method, the powders can be formed by applying 
for an effective and modified heat transfer all over the volume [79]. The 
microwave-assisted technique is widely used for nanomaterial synthe-
sis. The vessel is heated and heat is transferred via convection in con-
ventional heating. However, energy transfers more homogeneously and 
rapidly in the microwave [56]. The microwave sintering advantages con-
tain enhanced sintered-body density and decreased grain sizes at lower 
temperatures of sintering as well as significantly faster heating rates over 
conventional strategies. Furthermore, microwave sintering provides me-
chanical characteristics owing to finer microstructures obtained at equiv-
alent sintering temperatures to conventional resistance heating [80, 81]. 
Khalid et al synthesized E-glass fiber bioactive by microwave technique. 
The images of Scanning Electron Microscopic (SEM) approved the ho-
mogenous adhesion of nano-hydroxyapatite spherical particles whole the 
fibers. Cell viability with mesenchymal stem cells indicated adhesion, 
proliferation, and growth [82]. Furthermore, In order to improve the bi-
ological activity of hydroxyapatite (HA), a multi-substituted HA (SHA) 
nanopowder with the chemical composite of Ca9.5Mg0.25Sr0.25(PO4)5.5(-
SiO4)0.5(OH)1.2F0.8 was fabricated by the microwave-assisted technique. 
The results indicated that the release of the replaced ions not only had 
excellent influence on the cell attachment and cell viability, but also in-
creased the activity of alkaline phosphatase of MG63 osteoblast such as 
cells in the group of SHA, as in comparison with the control groups and 
HA. Also, the results presented that the simultaneous replacement of F, 
Sr, Mg, and Si in HA nanoparticles could desirably enhance cell differ-
entiation and proliferation as well as bioactivity. This new composite 
of HA could be, thus, well utilized for bone tissue engineering, implant 
coating, and other orthopedic applications [83].
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3. Effect of ion substitution on bioactive glass

BG has been developed via a combination of biologically active el-
ements like zinc, copper, magnesium, and strontium to impart special 
biological applications and also to develop therapeutic behavior. Zn2+ is 
not only an important element for differentiation, proliferation, and cell 
growth, but possesses a significant role in enzyme production, growth 
factors, and DNA replication. Furthermore, Zn2+ reveals stimulatory in-
fluences in the formation of bone and prevents bone mass, in vitro and in 
vivo. Indeed, the slight release of Zn combined with an implant material 
develops bone formation in the implant and advances recovery of the 
patient; Cu2+ plays an important role in healing and formation of bone, 
and develops the process of angiogenesis; Mg2+ is related to calcified 
tissue mineralizations, osteoblast proliferation stimulating; hence, Mg2+ 
has usefully applied bone regeneration of implants; While reduction of 
osteoclast activity, Sr2+ has been presented to stimulate bone fabrication 
and develop the replication of preosteoblastic cells [10].

Zn is a desired antimicrobial factor and combines with BG com-
posites to the reduction of infections and improvement of healing after 
surgeries. Actually, because of difficulties in the fabrication of antibi-
otics, the preventing of infections after surgery becomes a significant 
challenge. Duration of treatment, drug concentrations, and physiological 
barriers form the significant reasons for failure; a higher concentration 
of drugs is provided by local drugs delivery systems at the considered 
place than antibiotics given or taken via injection. Silicate glasses in-
cluding Zn, Mg, and Sr possess the potential to release ions at the place 
to prevent post-surgical infection [10, 84]. Kalkura et al. reported cal-
cination without applying mould, polymers, and other additives and 
synthesis of mesoporous (45S5) BGs doped with very slight (≤0.2%) 

strontium ion using sol-gel method. The total outcomes robustly indi-
cated the very slight doping of Sr ions (≤0.2%) in BG for the first time, 
tuning cell proliferation, drug release, and the mechanical and surface 
characteristics made them desirable for applications of multifunctional 
biomedical fields [85].

Additionally, a brand new porous microstructure of Sr-substituted 
BG microspheres was synthesized by Guo et al. using an electro-spray-
ing method integrated into the inversion of phase. The outcomes offered 
that the Sr substituted ESBG microspheres can deliver a steady sup-
ply of drugs and therapeutic ions in patients of bone implantation [86]. 
Moreover, BG of SiO2-P2O5-CaO with various elements of Mg and Sr 
were fabricated by the sol-gel technique and immersed in simulated 
body fluid (SBF) for a period of time to devise their biocompatibility. It 
was found that the mechanical characteristics of the BG could be mod-
ified via the addition of SrO and MgO amounts. On the other hand, the 
Sr-doped BG composition consisted of 5 wt % SrO showed developed 
biocompatibility and bioactivity [53]. Accordingly, the ion-doped BG 
dissolution has been led to the controllable release of metal ions with 
critical amounts indicating in the desirable aspects advantageous anti-in-
flammatory impacts (Zn-BG) or growth of osteoblast activity (Sr-BG). 
On the other hand, more citable investigations are required to approve 
the therapeutic impacts of single biologically active metal ions released 
as dissolution samples from bioactive glasses. Hence, the exact study of 
the outcomes is prevented via the point that the biological function of 
the material relies on whether cells are directly seeded on the material 
or are used to liquid extracts including the dissolution samples and it is 
used as an ionic extract, particle suspension, porous scaffolds, or dense 
substrate. Furthermore, the addition of considerable values of metal ox-
ides to the glass network leads to the total changed dissolution status 
of the glass, making it impossible to compare the outcomes to those on 
unimproved control glass [87].

Table 1.
The substitution effects of some selected ions on the BG for many applications.

Ion
The fabrication 

method
Application Influence Ref

Strontium/ zirconium Sol-gel Bone regeneration

Delayed hydroxyapatite (HA) formation by incorporation of Sr in content range of 6 to 9 
(mol.%) compared to 3 and 6 (mol.%).

Weakening of network connection via Sr incorporation.
Enhanced cell proliferation by 6 (mol.%) Sr incorporation. Weakened cell proliferation by 

12 (mol.%) Sr.
ALP activity promotion by Sr contents of 3, 6, and 9 (mol.%).
90% antibacterial activity with 5 (mol.%) Zr and 6 (mol.%) Sr.

Improved growth of nuclei and cytoskeleton by incorporation of 6 (mol.%) Sr.

[88]

Strontium Sol-gel Bone regeneration Strongest inhibitory effect of Sr-SBG on osteoclast differentiation [89]

Magnesium or zinc Melt-quench
Therapeutic 

concentrations

Higher density glass structure by Mg or Zn incorporation.
Aqueous environment stability in the high concentration of Zn [90]

Magnesium or zinc Melt-quench route BG 45S5 Improved sintering of BG 45S5 by substitution of Mg/Zn. [91]

Zinc/Zirconium Sol-gel
Bone regeneration

Antibacterial 
agents

Augmented osteoblast-like proliferation and osteogenic response, and higher microbial 
resistivity by Zr/Zn incorporation.

[92]

Copper Sol-gel
Antibacterial 

agents
Prohibition of post-surgical infections and capability for hard tissue regeneration by 

substitution of Cu in bio-glass.
[93]

Argentum (silver) Sol-gel
Antibacterial 

agents

Ag-incorporated BG with the chemical composition of 60SiO2–30CaO–4P2O5–5Li2O–
1Ag2O was introduced as an optimal novel co-doped BG in biomedical applications due 

to causing higher differentiation and proliferation of MC3T3-E1 cells and more increase in 
ALP activity and bactericidal efficiency.

[94]

Copper Sol-gel Bone regeneration
The potential application of copper-incorporated mesoporous bioactive glass (MBG) 
powder for bone regeneration (bioactivity), and microbial infection prevention at the 

implantation site, thus promoting tissue healing.
[95]
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4. Applications of bioactive glass

4.1. Bone grafting

In modern medicine, after blood transfusion, bone grafting is the 
most conducted transplanting of tissue in the US. Annually two million 
bone grafting is conducted [96]. On the other hand, BGs have been suc-
cessfully employed as substitutions for bone. Moreover, BGs are the first 
synthetic materials that possess the ability to attach to the bone due to 
the formation of a biologically active layer of hydroxycarbonate apatite 
(HCA) over the exposed surface. This layer resembles the bone’s miner-
al phase in terms of structure and chemistry. The comparison of two con-
ventional biomaterials, beta-tricalcium phosphate (β-TCP) and 45S5 BG 
was shown in recent research. As presented by new bone areas and ele-
vated bone mineral density (BMD), the fabricated pH-neutral bioactive 
glass (PSC) noticeably enhanced BMSCs’ proliferation, mineralization, 
and migration in addition to their angiogenic and osteogenic differentia-
tion. PSC displayed better performance in the stimulation of bone regen-
eration than both β-TCP and 45S5 in vivo. PSC also notably augmented 
the formation of new blood vessels in comparison with the ones in con-
trol groups [92, 97, 98]. Although bioactive glasses are naturally brittle, 
they are undesirable for load-bearing components. As a result, reinforce 
3D porous scaffolds via changing weight percent of carbon nanotubes 
(CNTs) have been fabricated by physical blending and method of poly-
mer foam replication. In comparison to pure 13-93B1 bioactive glasses, 
adding 0.2 weight percent of CNT led to a major enhance in compressive 
strength from 1.80 MPa to 5.84 MPa (a 224% enhancement) and elastic 
modulus from 102 MPa to 269.4 MPa (a 164% enhancement), respec-
tively [99]. Also, the CNT-reinforced scaffolds were deposited with the 
polymer polycaprolactone (PCL) via dip-coating technique for the mod-
ification of their characteristics further to sealing the micro cracks. The 
polymer coating and CNT reinforcement led to modification in the com-
pressive strength of the additively fabricated scaffolds by 98% compared 
to scaffolds of pure bioactive glass [100]. 

Moreover, PSC induced angiogenic and osteogenic differentiation of 
BMSCs via the PI3K/Akt/HIF-1α route. This synergistic influence of 

the PI3K/Akt/HIF-1α route on angiogenic and osteogenic differentia-
tion of BMSCs offered that biomedical materials may enhance the novel 
bone fabrication by multiple signal routes, therefore shedding light on 
the addition advancement of materials with higher function [8]. In ad-
dition, BAG exhibited osteoinductive properties, like 45S5 BG which 
promotes osteoblastic activity due to the release of its ions and apatite 
crystallization at its surface. Surprisingly, this infusion exceeds that of 
hydroxyapatite. The dissolution products like P, Ca, Si, and Na, stimu-
late bone formation (Fig. 3). In vivo studies demonstrated that 45S5 BG 
capacity for bone repairing is more efficient in comparison with other 
kinds of bioactive ceramics [6].

Although the various applications of BGs (especially 45S5 BGVR) 
in clinical programs have shown that these glasses possess favorable 
healing capability, the fast dissolution rate is one of their major prob-
lems. This problem mainly is because of their great alkali content (>20 
mol %) and it causes high reactivity in physiological environments and 
fast degradation paces that may not be suitable for the new growth of 
bone, compromising bone regeneration in critical defects [101]. A total 
of maxillary sinuses with Biogran via autogenous bone graft (group 1) 
and 12 mixed with autogenous bone graft (group 2) has been reported by 
Menezes et al. They realized that if the BG was mixed with autogenous 
bone (1:1) it was safely capable for bone substitute applications as the 
maxillary sinus lift [102]. In another study, Baheiraei e al. combined dif-
ferent concentrations of strontium-delivering glasses with the fabricated 
composites containing gelatin. As a result, they indicated that Sr-con-
taining BGs could exert beneficial effects on bone tissue engineering 
[103]. 

4.2. Bone regeneration 

Over the past decade, bone regeneration studies have proved that in-
sufficient or delayed vascularization is a major challenge for a successful 
translation of regenerative medical devices into clinical products. Pro-
moting blood vessel infiltration into the scaffolds is important to achieve 
and maintain the long-term function and viability of vascularized bone. 
Restrictions on oxygen or nutrient diffusion, mostly result in the confine-
ment of viable cells to superficial or near the outer layers of the tissue 
constructs. Thus, bone formation in the central regions of the scaffold 

Fig. 3. Biological properties of a BG.
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is limited. In bone regeneration, this can be bone-bonding and/or stim-
ulation of bone cells to produce more bone. In addition, the influence 
of combining villa quite / nano glass with FGF-18 compared to nHAP / 
FGF-18 (commercial bioceramics) was reviewed by Amirthalingam et al. 
Chitin PLGA was used to regenerate skull and facial bones when deliv-
ered via hydrogel. Nano gels (nBG) were in the amorphous phase, which 
is desirable for bioactivity and prevention of bioactivity. The modulus 
of storage for CGnBG (nBG composite hydrogel (10% by weight CG)) 
increased compared to CG (composite hydrogel) and achieved higher 
specific surface area (larger nBGs) and higher nBG concentration. They 
also led to the absorption of more CGnBG protein. Thus, slower FGF-
18 release was needed for regeneration of bone tissue, which CGnBG 
provided the more stable release of FGF-18 than other samples [104]. A 
multi-scale porous scaffold was created by Cerezo et al. whereby macro, 
micro, and mesoporosity were created using three-dimensional printing, 
porosity washing, and merging of porous meso-BG particles. The result-
ing scaffold showed a highly interconnected porosity that is inherently 
employed in the additive production method. It is proper for the facili-
tation of the new blood vessels and bone formation [105]. 3D structural 
characteristics including tortuosity, interconnectivity, and pore size of 
scaffold have a significant role in bone tissue regeneration. Dixit et al. 
reported the structural analysis of scaffold bioactive glass using imaging 
of micro-computed tomography (ICT). Images of ICT were filtered and 
binarized to achieve 3D scaffold reconstruction. The fast march tech-
nique was used on the 3D reconstructed scaffold to calculate tortuosity 
[106]. Simultaneously, methods of additive manufacturing (AM) have 
been interested in many researchers due to their ability of manufactur-
ing patient-specific and complex scaffolds. Hence, borosilicate bioactive 
glass (BG-B30) has been applied to manufacture the scaffolds by de-
vices of an extrusion-based AM in a recent study. They used pluronic 
F-127 as an ink carrier, indicating desirable shear thinning behavior for 
manufacturing. The reinforced scaffold of pure BG-B30 was further 
with functionalized multiwalled carbon nanotube (MWCNT-COOH) for 
enhancement of its compressive strength and reduction of its brittleness 
and had a compressive strength of 23.30 MPa [107].

In addition, an optimal bone and angiogenesis-inducing scaffold were 
fabricated by Eslaminejad et al. using the fusion of strontium and BG in 
gelatin / nano-hydroxyapatite (G / nHAp). It was seeded with mesenchy-
mal stem cells. They created bone marrow to strengthen bone marrow 
mesenchymal stem cells. The results exhibited that the combined nHAp, 
BG, and Sr could improve bone regeneration synergy. Moreover, they 
showed that BMSCs had the potential to significantly increase the ability 
of bone regeneration for osteoinductive scaffolds [25]. The in vivo and 
in vitro behaviors of the heat-sensitive composite of hydrogels based on 
BG polymers /nanoparticles were described by Moreira et al. The de-
veloped injectable composite hydrogels were suggested by them which 
have properties that make them desirable candidates for use as tempo-
rary injectable matrices for application of regeneration of bone [108]. 

4.3. Drug delivery 

The therapeutic ions inclusion in the glass structure and their release 
after dissolution BG is usually insufficient to obtain the multifunctional 
characteristics needed for stimulating the excellent activities or tissue 
responses (including antibacterial performance and suitable vasculari-
ty). In order to tackle this problem, Yan et al. [109] and afterward, López 
Noriega et al, [110] introduced MBGs. This BG type is the most recent 
sol-gel glass evolution. In this type of BG, in the wet synthesis of glass, 
a surfactant is included as a structure guiding agent. Moreover, it en-
ables them to obtain a glass that possesses a structure that is very regular 
mesoporous (for example, hexagonal symmetry-based nanochannels 
arranged, pore diameters from several to several tens of nanometers) 
[111]. For several therapeutic purposes, mesoporous MBGs have loaded 
with various drugs including antibiotics (eg, tetracycline), growth fac-
tors [e.g., vascular endothelial growth factor (VEGF)], and anticancer 
agents (such as doxorubicin). As mentioned, the drug delivery meth-
od is controlled by several physical factors as well as chemical factors, 
such as surface volume, area, and pore diameter, in addition to charge 
and surface performance. MBGs through various chemical interactions 
have successfully loaded on various synthetic and natural drug biomol-
ecules including anti-cancer agents, growth factors, and antibiotics. 
The main interactions happen between the functional alkoxysilanes of 
MBGs and the therapeutic agents’ organic groups (R). Aside from these 
mesoporous materials advantages that were mentioned, also there have 
been challenges in using them as systems of drug delivery (DDS). The 
hydroxyapatite layer formation on MBGs based on silicate is one of the 
major challenges that interfere release of the therapeutic agent. In addi-
tion, another problem is that by applying heat during glass firing loaded 
biomolecules degrade and denature. The organic solvents used during 
the glasses preparation are also recognized as an undesirable factor that 
causes the denaturation of biomolecules (for example, proteins) [112].

In addition, BGs are increasingly employed as magnetic materials in 
the hyperthermia strategy. Moreover, some of their subdivisions, meso-
porous bioactive glasses (MBGs), have recently been used as magnetic 
materials as well as delivery systems for improved bone cancer therapy. 
It has been shown that after exposure to an external magnetic field of 
alternating, magnetic BGs can function like an anti-tumor agent through 
an extraordinary thermal effect. (Fig. 4) [113]. Hence, different MBG 
types, such as 3D scaffolds and granular particles, can be used to treat 
cancer. Regarding the resulted of laboratory studies, MBGs seem to be 
promising in therapeutic strategies for fighting cancer. However, MBGs 
applications in this field of study remain in its infancy. Thus, further 
research is needed to reveal all the cons and pros of this new approach 
proposed.

By increasing copper incorporation in BAG increase by Balak-
mar et al., the results indicated an improvement in anti-inflammatory 
agents like ibuprofen (IBU) and acetaminophen (ACE) release. Their 

Fig. 4. Schematic illustration of MBGs that are prepared for cancer hyperthermia 
therapy.

Fig. 5. Schematic of the scaffold dental implant system (SDIS): a connecting rod 
joined the central hole of the metal implant and the denture.
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study showed that up to a certain proportion of copper integration in 
the BAG network, potentially increases biomineralization and converts 
the morphology to a minimum with mesoporous nature [114]. The bi-
ological activity and loading efficiency of the fiber drug were investi-
gated by Amini et al. No initial release of cisplatin from BGs/Cisplatin 
and MBGs /Cisplatin nanofibers loaded with Cs-g-PCL / MBGs was 
observed, and the release rate of cisplatin was accelerated at pH 5.5 and 
43 °C compared to physiological conditions. The effect of apoptosis/
necrosis showed that 100 μg/mL nanofibers are optimal for killing MG-
63 cell types. The focus of prospective researches may be on the use of 
nanofibers as devices compatible with being implanted alongside bone 
tumors for the treatment of bone cancers in vivo. In addition, MBGNPs 
doped with cerium and gallium by a sol-gel assay using microemulsion 
in a SiO2-CaO binary system by Cortoldo et al. were prepared. The re-
sults of MB and Ce doped MBGNPs make them useful for multipurpose 
applications such as drug carriers or bioactive fillers for bone tissue en-
gineering applications [115].

4.4. Dental implant coatings

BGs can be used as bone substitutes. However, the mechanical 
strength of BGs is not desirable like that of human cortical bone. Hence, 
a broad range of precipitated-glasses crystalline phases has been pre-
pared, known as bioactive glass-ceramics. Cervical, which precipitates 
apatite in Na2O-K2O-MgO-CaO-SiO2-P2O5 glass, AW glass-ceramic 
(widely used in clinical practices), which apatite and wollastonite pre-
cipitate in MgO-CaO glass -SiO2-P2O5, are a few to name. Other GCs to 
mention are the precipitations of apatite and phlogopite in Na2O – MgO 
– CaO – Al2O3 – SiO2 – P2O5 – F glass and the precipitations of apatite 
and wollastonite in Na2O – K2O – MgO – CaO – SiO2 – P2O5 – CaF2 
glass, which is known as Bioverit and Implants, respectively. Table 2 
shows the most ceramic glass and BG as a material in dentistry [116]. 
The function of a material without damaging the surrounded tissues de-
termines whether it’s suitable for dental applications. To name, plasma 
electrolytic oxidation (PEO) has been introduced by Costa et al. [16] 
as a new strategy for the bioactive synthesis of coatings on titanium 
(Ti) that are glass-based (PEO-BG). PEO-BG increased the tribological 

and mechanical traits of Ti by improving its corrosion resistance. Addi-
tionally, PEO-BG affected polymicrobial biofilms positively by decreas-
ing pathogenic bacteria that are responsible for infections in biofilm. 
Moreover, PEO-BG exhibited higher uptake of proteins of blood plasma 
without any cytotoxic activity on human cells. Therefore, they can be 
ideal and biocompatible candidates for biomedical implants. In addition, 
cementum possesses a structure similar to bone tissues however, it’s less 
hard than dentine (<0.6 GPa). Thus, it does not contribute to the mechan-
ical strength of natural teeth. Cementum’s function is only restricted to 
tooth preservation in the alveolar and root coverage. Therefore, exhibit-
ing mechanical characteristics similar to the natural tooth is crucial for 
a candidate material for the dental implant. It’s important to note that 
those mechanical properties should not exceed jaw bone’s mechanical 
properties [51]. In the system of CaO-MgO-SiO2, GCs contain diopside 
(CaMgSi2O6) and wollastonite (CaSiO3) as main crystalline phases. GCs 
display fascinating characteristics for material development for bio-
medical purposes. Recently, novel compositions of GCs in the system 
CaO-MgO-SiO2 were reported by Dimitriadis et al. These compositions 
contained different ratios of Na2O/K2O, CaF2, and P2O5 and have shown 
great mechanical characteristics and bioactivity which are close to those 
of the jaw bone. To enhance the in vitro performance as well as the com-
patibility of properties of physical-mechanical with those of bones of a 
human, bioactive glasses and GCs, in these systems, usually undergo 
modifications by adding special oxides like B2O3, Al2O3, Fe2O3 ZrO2, 
Li2O, and Κ2O [53].

4.5. Antibacterial agents

Infections that are induced by bacteria have been found the main 
clinical obstacle for successful tissue regeneration/repair. For example, 
the risk of bacterial attachment and colonization in bone implants may 
lead to failure implantation or long-term recovery. Many efforts have 
been made to eliminate or decrease the risk of bacteria-induced infec-
tions. The primary solution to this challenge is the use of antibiotics. 
Nevertheless, the antibacterial activity of antibiotics can be weakened 
because of the continuous evolution of bacteria that results in antibiotic 
resistance. Alternatively, clinical applications of intrinsically antibacte-

Fig. 6. Proposed mechanisms of BGs based on silicate in wound healing. A) The possible BGs mechanism in wound healing, in vitro B) The BGs’ mechanism in activating skin 
fibroblast cell membrane transplantation to improve wound healing, in vivo.
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rial materials may prevent the infection risk without developing bacte-
rial resistance. Conventional compositions of BG, for example, S53P4 
and 45S5 BGs, have exhibited antibacterial activity by enhancing the 
local pH during the dissolution of glass. Nevertheless, toxicity towards 
mammalian cells may be caused as a result of activities of the said type 
[117-120].

New compositions that have shown remarkable and selective anti-
bacterial effects are interesting in the field of tissue regeneration. Among 
the metal ions that have long been applied as antibacterial agents, Ag 
has shown a wide-spectrum bactericidal properties. Ag application was 
shown to be a practical strategy to increase the BGs’ antibacterial activ-
ity [121]. A novel BG called Huaxi bioactive glass-ceramic (HX-BGC) 
was developed by Lu et al. in 2020. The antibacterial properties of HX-
BGC were investigated thoroughly. It was reported that acid production, 
as well as the growth of the cariogenic bacteria, were effectively inhibit-
ed by HX-BGC [9, 122-124]. Table 3. presents some listed compositions 
of bioactive glass with antibacterial agents.

4.6. Soft tissue engineering

BGs are a classic example of third-generation biomaterials and have 
displayed remarkable success in repairing, regenerating, and replacing 
damaged tissue owing to their capability to release therapeutic ions to 
form a layer of appetite when they are dissolved in physiological fluids. 
Since the first BG development, a wide range of BGs has been devel-
oped as a result of various compositions of glass and various preparation 
strategies. Some are highly applicable for tissue engineering, including 
both soft and hard tissues. Recent advances in the progress of borate 
bioactive glass (BBG) has developed the repertoire of bioactive glasses 
[142, 143]. The developments of BBG in expanding cell growth and its 
full biodegradation are especially effective for the repair of soft tissue 
[144, 145]. Zhao et al. fabricated the microfibers of BBG that can in-
cense angiogenesis and develop skin defect repair [146]. Furthermore, 
Saatchi et al. indicated that by increasing the (w/w) ratio of Ce-BG / CH 
up to 40% in scaffolds, cytocompatibility of the scaffolds was remark-
ably improved. It was found that enhancing the 8Ce-BG/CH weight ratio 
up to 40 (wt.%) in the system of the scaffold was significantly beneficial 
for applications of soft tissue engineering [3].

Various physicochemical characteristics have been observed in the 
three kinds of BG. Furthermore, the cellular response after being im-
planted in the human body is considerably influenced by various types 
of bulk and surface features that can be assigned to various BG classes 
[147].

Surface topography, wettability, hydrophilicity, and surface area are 

primary parameters that regulate the interactions of biomaterial with 
cells and the biomaterials which control the long-term performance of 
the biomaterial [148]. For example, sol-gel-derived BG-AuNPs com-
posites with Vaseline at 6, 12, and 18 wt% and BGs were combined by 
Sorin Marza et al. to assess the skin’s repair response. The results of 
their study showed that ointment with 18% BG-AuNPs-Vaseline is an 
excellent candidate to be applied for wound healing. Additionally, the 
compatibility of PGS / PCL polymers for the fabrication of the compos-
ite fibers incorporated with particles of BG was investigated by Logini-
na et al. The achieved results from early biological experiments for the 
potential application of mats fabricated for soft tissue-engineered were 
promising [149].

Recently, reported results from an in vitro study exhibited that when 
fibroblasts were directly exposed to silicate-BG derived from sol-gel, 
TGF-b signaling, as well as its downstream Smad2 molecule, were 
down-regulated by 90S [(90) SiO2- (6) CaO- (4) P2O5 (mol%)]. The re-
sults suggested that BGs may play a role in the TGF-b pathway modu-
lation (Fig. 6a). Moreover, the 90S assisted the migration, proliferation, 
expression, and regulation of alpha-smooth muscle actin (α-SMA), fi-
bronectin, and type I and III collagen. Thus, it inhibited the trans-differ-
entiation to myofibroblast. The response of fibroblasts was significantly 
affected by Si4+ ions. Nevertheless, it is noteworthy that the regulation of 
collagen I and III is in contradiction with previous findings of the role 
of Si4+ ions in stimulating the formation of type I collagen in mineral 
tissues [150].

Yu et al. developed and reported the fibroblast-derived sheets and 
graft composite BGs based on silicate for the skin. The products of ionic 
dissolution were found to stimulate the fibroblasts for secretion of nec-
essary growth factors for processes of healing and vascularization (Fig. 
6b). Considerable in vivo newly formed blood vessels and wound clo-
sure were observed. Interestingly, type I collagen and α-SMA expression 
in cultured fibroblasts in the presence of the products of ionic dissolution 
of glass, were initially up-regulated on the third day and then down reg-
ulated on the seventh day. These findings indicated that modulation of 
TGF-β signaling’s gene expression by ions may increase wound healing 
[151].

5. Challenges and Future Aspects

Accordingly, the ion-doped BG dissolution has been led to the con-
trollable release of metal ions with critical amounts indicating in the 
desirable aspects advantageous anti-inflammatory impacts (Zn-BG) or 
growth of osteoblast activity (Sr-BG). On the other hand, more citable 

Table 2.
The most popular BGs and CGs (wt%) in dental material.

KGy213
ceravital

KGS
ceravital

KGC
ceravital

55S4.3
BG

52S4.6
BG

40S5B5
BG

45S5.4F
BG

45S5F
BG

45S5
BG

SiO2 38 46 46.2 55 52 40 45 45 45

P2O5 - - - 6 6 6 6 6 6

CaO 31 33 20.2 19.5 21 24.5 14.7 12.25 24.5

Ca(PO3)2 13.5 16 25.2 - - - - - -

CaF2 - - - - - - 9.8 12.25 -

MgO - - 2.9 - - - - - -

MgF2 - - - - - - - - -

Na2O 4 5 4.8 19.5 21 24.5 24.5 24.5 24.5

K2O - - 0.4 - - - - - -

Al2O3 - 7 - - - - - - -

B2O3 - - - - - 5 - - -

Ta2O5/TiO2 - 6.5 - - - - - - -

Structure - Glass-ceramic Glass-ceramic - Glass Glass Glass Glass Glass
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investigations are required to approve the therapeutic impacts of single 
biologically active metal ions released as dissolution samples from bio-
active glasses. Hence, the exact study of the outcomes is prevented via 
the point that the biological function of the material relies on whether 
cells are directly seeded on the material or are used to liquid extracts 
including the dissolution samples and it is used as ionic extract, particle 
suspension, porous scaffolds, or dense substrate. Furthermore, the addi-
tion of considerable values of metal oxides to the glass network leads to 
the total changed dissolution status of the glass, making it impossible to 
compare the outcomes to those on unimproved control glass. Addition-
ally, fabrication of bioactive composites should be evaluated in order to 
toxicity risk, owning lower element release rather than their biologically 
safe levels, render no or slight cytotoxicity. Although the various ap-
plications of BGs (especially 45S5 BGVR) in clinical programs have 
shown that these glasses possess favorable healing capability, the fast 
dissolution rate is one of their major problems. This problem mainly 
is because of their great alkali content (>20 mol %) and it causes high 
reactivity in physiological environments and fast degradation paces that 
may not be suitable for the new growth of bone, compromising bone 
regeneration in critical defects [101]. 

The development of new or improved bone graft substitutes is an 
important area of biomedical research. For example, there is interest in 
the use of 3-dimensional printing to replicate bony architecture and to 
deliver antibiotics or therapeutic agents in the settings of infection or on-
cological tumor extirpation. Various techniques have been employed in-
cluding the use of ceramic- and mineral-based composites. Furthermore, 
there have been attempts to incorporate osteogenic cells and growth 
factors into these constructs to treat bone deficits in the settings of com-
promised vascularity, nonunion, and prior irradiation. As described pre-
viously, the particle size and porosity of a BGS influences graft efficacy 
and new bone ingrowth. Recent studies that investigate the replication 
of the ultrastructure of bone are proving effective: Tae Young et al have 
described the use of a polysaccharide HA-fucoidan nanocomposite in a 
rabbit bone defect model that resembles bone ultrastructure and demon-
strates that this induces fibroblast growth factor-2, collagen formation, 
and angiogenesis. Another fascinating area of interest is the use of silk 
from the domesticated silkworm Bombyx mori as a bio-scaffold. Silk 
has been shown to be effective in the reconstruction of mouse calvarial 
defects by Meinel et al, and Pina et al have shown some success when 
a silk scaffold is used as the carrier of ionic CP for bone regeneration 

[152].
Furthermore, over the past decade, bone regeneration studies have 

proved that insufficient or delayed vascularization is a major challenge 
for a successful translation of regenerative medical devices into clin-
ical products. Promoting blood vessel infiltration into the scaffolds is 
important to achieve and maintain the long-term function and viabili-
ty of vascularized bone. Restrictions on oxygen or nutrient diffusion, 
mostly result in the confinement of viable cells to superficial or near 
the outer layers of the tissue constructs. Thus, bone formation in the 
central regions of the scaffold is limited that can be considered for future 
investigations to solve these challenges. Aside from mesoporous materi-
als advantages that were mentioned, also there have been challenges in 
using them as systems of drug delivery. The hydroxyapatite layer for-
mation on MBGs based on silicate is one of the major challenges that 
interfere release of the therapeutic agent. In addition, another problem 
is that by applying heat during glass firing loaded biomolecules degrade 
and denature. The organic solvents used during the glasses preparation 
are also recognized as an undesirable factor that causes the denaturation 
of biomolecules (like proteins).

We recommend future studies on dentin remineralization using bio-
active glass to give importance to the following key points as a means of 
ensuring a full comparison of results.

• Basic characteristics of the bioactive glass such as composition 
and particle size.

• Confirmation of apatite in dentin by using one of the follow-
ing analytical techniques: XRD; FTIR; TEM combined with 
SAED pattern; Raman spectroscopy. A combination of 2 meth-
ods for confirmation, as employed by Wang et al., and quantifi-
cation of the mineral content will strengthen the results. 

• Most importantly mechanical properties of the dentin after 
remineralization treatment such as flexural strength, Young’s 
modulus, and hardness by techniques such as atomic force 
microscopy (AFM) or 3-point bending test are crucial [153]. 
Furthermore, tuning the mechanical properties of BGs should 
not exceed jaw bone’s mechanical properties and would be 
considered a novel topic for future studies.

Although the considerable reports are based on the sol-gel derived 
BGs, a few studies are accessible to the antibacterial investigation of 
melt-quench derived glasses; it is needed to further studies. The prima-
ry solution to the challenge of bacteria-induced infections is the use of 

Table 3.
Some listed compositions of bioactive glass with antibacterial agents.

Active factor Glass system
Organisms

ref
Gram (+) Gram (-)

Ag+

SiO2-CaO-P2O5-Ag2O - E. coli [125]

S. aureus P. aeruginosa [126]

S. aureus E. coli [127]

P2O5-CaO-Na2O-Ag2O S. aureus E. coli [128]

B2O3-Na2O-P2O5-Ag2O Listeria monocytogenes - [129, 130]

Ag2O-B2O3-SiO2-CaO S. aureus E. coli [130, 131]

SiO2-CaO-P2O5-Al2O3-Na2O-K2O-Ag2O E. faecalis E. coli [132]

[ions] pH

45S5 bioglass
sanguis, S. mutans, A. viscos-

us and E. faecalis
E. coli, P. aeruginosa, Actinobacillus actinomycetemcomi-

tans, P. gingivalis, Fusobacterium nucleatum
[133, 134]

58 S and 63 S bioglass S. aureus E. coli, P. aeruginosa, Salmonella typhi [135]

S53P4 S. epidermidis, E. faecalis
Acinetobacter spp., Haemophilus influenza, Enterobacter 

aerogenes, M. catarrhalis, E. coli, P. aeruginosa
[136-138]

[Ca2+]; pH SiO2-CaO-Na2O-K2O-P2O5/MgO S. aureus – [139]

[Sr2+] SiO-SrO-CaF2-MgO S. aureus – [140]

pH CaO-SiO2 S. aureus E. coli [131]

Si4+; pH S53P4 – E. coli [141]
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antibiotics. Nevertheless, the antibacterial activity of antibiotics can be 
weakened because of the continuous evolution of bacteria that results in 
antibiotic resistance. Alternatively, clinical applications of intrinsically 
antibacterial materials may prevent the infection risk without develop-
ing bacterial resistance. Conventional compositions of BG, for example, 
S53P4 and 45S5 BGs, have exhibited antibacterial activity by enhanc-
ing the local pH during the dissolution of glass. Nevertheless, toxicity 
towards mammalian cells may be caused as a result of activities of the 
said type

6. Conclusions

Bioactive glass has been used for tissue engineering applications of 
bone healing. They can be considered as promising materials for making 
bone regenerating scaffolds, due to the adaptable properties which make 
them suitable for their composition. Many trace elements can also be 
incorporated into the glass mesh to achieve promising properties that 
have a positive effect on associated angiogenesis and /or bone regen-
eration. Several kinds of literature have been published to this date on 
BGs, proving their outstanding versatility, which is owed to the flexi-
bility of their composition. By changing the composition of glass other 
properties will be affected as well (e.g., bioactivity). This can be taken 
into consideration and advantage because the careful and wise design of 
the composition of glass enables us to tackle several challenges simul-
taneously. Moreover, BG characteristics can be refined and tailored by 
engineering the process of fabrication, to develop mesoporous materials 
with the ability of drug release, or macroporous scaffolds, multilayered 
constructs, and composite to be used in tissue engineering and implants. 
In sum, the broad application of BGs in medicine due to their great fea-
tures is very well foreseen. This study aims to provide an overview of 
the general requirements, composition, production, and impact of ion 
replacement on bioactive glass. We have also developed applications 
of bioactive glass in bone grafting, bone reconstruction, drug delivery, 
dental implant coatings, antibacterial agents, and soft tissue engineering, 
as well as future challenges and prospects.
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