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Abstract: At present, researchers in the field of biomaterials are focusing on the oral hard and soft
tissue engineering with bioactive ingredients by activating body immune cells or different proteins
of the body. By doing this natural ground substance, tissue component and long-lasting tissues
grow. One of the current biomaterials is known as bioactive glass (BAG). The bioactive properties
make BAG applicable to several clinical applications involving the regeneration of hard tissues in
medicine and dentistry. In dentistry, its uses include dental restorative materials, mineralizing agents,
as a coating material for dental implants, pulp capping, root canal treatment, and air-abrasion, and
in medicine it has its applications from orthopedics to soft-tissue restoration. This review aims to
provide an overview of promising and current uses of bioactive glasses in dentistry.
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1. Introduction

At present, researchers in the field of biomaterials are focusing on tissue engineering and tissue
regeneration [1]. In dentistry, a tissue engineering concept is not as new as we think; it is already
developed with success of oral tissue regeneration such as in regard to dentine, pulp tissue scaffolds
templates, periodontal membranes, and bone cements [2–4]. One of the accessible materials is bioactive
glass (BAG). Larry L. Hench intended to develop a graft material compatible for the human body
when he knew about the host rejection of inert metal and plastic materials used mainly for amputation
cases [5]. This material turned out to be a glass that precipitated hydroxyapatite in aqueous solutions,
with the ability of bonding to hard and soft tissues without rejection. The bioactive properties of
BAG have caused a revolution in healthcare and apply to several clinical applications involving the
regeneration of hard tissues in medicine and dentistry [5,6]. The application of nanotechnology help to
synthesize BAG in the nano scale, this aids in coating the dental implant surfaces, orthopedic, and
spinal implants [7,8]. Until now, over 1.5 million patients have been treated using Bioglass® 45S5
worldwide [9].

2. Compositions of Bioactive Glass

Originally, BAG was commercially trademarked as Bioglass® 45S5 composed of 45% SiO2, 24.5%
Na2O, 24.5% CaO, and 6% P2O5 [10]. Class A BAGs mainly comprised of 40–52% SiO2, 10–50% CaO,
and 10–35% Na2O. In addition, the glass composition may contain 2–8% P2O5, 0–25% CaF2, or 0–10%
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B2O3. Glasses of class B are usually bioinert with a silica content of > 60 weight % [11]. Besides,
BAG may also consist of known biocompatible and bioactive minerals, including fluorapatite (FAP),
wollastonite, diopside, and tricalcium phosphate [12,13]. The alkali-free (especially Na-free) BAG with
the composition of 70% diopside, 10% fluorapatite, and 20% tricalcium phosphate is commercially
known as FastOs®BG. Network modifiers such as CaO, Na2O, and P2O5 can be incorporated into the
elemental Na2O-CaO-SiO2 composition to make the surface and silica network more reactive [14].

Na has been considered an essential component for the bioactivity, as it effectively disrupts
the glass network. However, sodium-free BAG has been fabricated and shown to possess equal
dissolution and bioactivity as traditional sodium contained BAG, thus discrediting Na as an essential
component [15]. Further, it has been established that the rate of degradation and apatite formation is
highly influenced by the connectivity of the glass silica network and the amount of phosphate. The
presence of phosphate, or P2O5, was earlier assumed to be necessary for bioactivity. However, bioactive
phosphate-free glasses have disproved this assumption [16]. Both CaO and Na2O can be replaced,
respectively, by MgO and K2O. The apatite formation is promoted by the presence of MgO. Al2O3

and B2O3 can be added to influence the surface reaction and melting properties [17]. Furthermore,
ions of Si, P, Sr, Cu, Ag, Zn, and F may be added to modify bioactivity and antimicrobial properties.
Improved angiogenesis with Co has been shown when implanted in bone [18]. Improved antimicrobial
properties may be achieved by an Ag [19], however, high concentrations have been reported to be
cytotoxic [20]. Zn possesses antimicrobial properties as well. Additionally, alkali-free BAG doped
with Zn showed improved apatite formation [21]. Cu, Mg, and Sr enhance the bioactivity of the BAG.
Fluoride is particularly relevant in improving the bioactivity of dental applications by the formation of
the more acid-resistant fluorapatite, rather than hydroxyapatite [22], and fluoride conjugated with BAG
may enhance the remineralization of dentin and decrease the risk of dentin-matrix degradation [23].

3. Preparations of Bioactive Glass

Traditionally, glasses have been prepared by melt quenching, including Bioglass® 45S5 [24].
During the process of melt quenching, ingredients in the form of powder are melted at high
temperature, commonly above 1300 ◦C, and rapidly quenched for the atomic structure to freeze.
However, this technique has flaws such as reduced bioactivity at higher sintering temperatures and
the inability to fabricate porous scaffolds [25]. Commonly, heat treatment is used to relieve the glass of
thermomechanical stresses due to rapid cooling. However, heat treatment may, at specific temperature
ranges, result in the formation of different crystalline phases which may negatively affect the elastic
modulus and strength, predisposing for mechanical failure, as is the case with thermal treatment of
Bioglass® 45S5 [26]. Heat treatment of silicate-based BAG results in the release of stresses from the
glass as there is a possibility of formation of the crystalline phases along with the residual glassy phases
which might affect the mechanical properties [26]. Furthermore, the glass particles can be sintered into
glass-ceramic scaffolds, the crystallization, however, reduces the ion dissolution and the bioactivity.

From the early 1970s, the sol-gel technique rose up as an alternative method of glass synthesis [27],
making it possible to produce a wide variety of glass compositions and shapes, such as fibers, coatings,
scaffolds, and nanoparticles [1]. Midha et al. [28] produced bioactive glass scaffolds (70S30C, 70% SiO2,
and 30% CaO) by a sol-gel foaming process thought to be suitable matrices for bone tissue regeneration
(Figure 1). This technique uses precursors subjected to a variety of processes involving hydrolysis and
condensation reactions, followed by low-temperature heat treatments. Sol-gel glasses possess higher
porosity, apatite-forming ability, and increased surface area compared to the melt-quenched glasses,
which have the advantage of higher mechanical properties [29].
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Figure 1. Characterization of bioactive glass scaffolds 70S30C: (A) Child volume reconstruction in the 
foam in micro-computed tomography, (B) separated pores from a child volume of a piece, (C) 
distribution of interconnecting sizes, (D) interconnecting sizes displayed as area fraction, and (E) pore 
size distributions of 70S30C. Scale bar = 400 μm. Reproduced from [28] with permission from Creative 
Commons Attribution License (CC BY 4.0) from Frontiers Media S.A. 
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and material. Bone and teeth, enamel and dentin, consist mainly of mineralized hard tissue in the 
form of hydroxyapatite , a crystalline calcium phosphate, Ca10(PO4)6(OH)2 [30]. In contrast, bioinert 
materials do not elicit any specific responses or interact with the biological environment. However, 
they can result in a foreign-body reaction and the formation of a fibrous capsule. The fibrous capsule 
may result in micromovements and eventual failure of a prosthesis. Bioactive materials may be 
osteoconductive or osteoinductive [31]. 

The most bioactive glass has a superior surface area with a higher dissolution rate and thus faster 
apatite formation [32]. In addition, they have shown to increase the mechanical properties of such 
composite for natural bones and provide biomimetic nano-structuration enhancing cell adhesion. 

The bioactive properties are influenced by the structure and composition of the glass, 
manufacturing techniques, and the rate of ionic dissolution. This is clearly illustrated when 
comparing BAGs to the traditional Bioglass® 45S5. Bioglass® 45S5 possesses several shortcomings 
which include the possibility of gap formation between the material and host tissues due to a rapid 
degradation rate [33,34]. The lack of porosity should not only be assigned to the composition but also 
to the applied process and the degree of particle aggregation [35,36]. Also, a Bioglass® 45S5 may 
induce cytotoxic effects due to a high rise in pH due to high Na+ and Ca2+ leakage; this may 
additionally cause delayed hydroxyapatite formation [35–37]. The glass composition may not be 
favorable for the fabrication of porous scaffolds due to poor mechanical properties, such as too fragile 
[38,39]. Future research needs to improve the mechanical properties of the BAG. 

4.1. Bioactivity of Bioactive Glass 

Glasses are amorphous solids with the irregular organization of atoms, optically transparent, 
and brittle consisting of silica networks and are, therefore, often termed supercooled liquids [40]. 
Conventional glasses and BAGs differ in one aspect, their rate of dissolution. Conventional glasses, 

Figure 1. Characterization of bioactive glass scaffolds 70S30C: (A) Child volume reconstruction in
the foam in micro-computed tomography, (B) separated pores from a child volume of a piece, (C)
distribution of interconnecting sizes, (D) interconnecting sizes displayed as area fraction, and (E) pore
size distributions of 70S30C. Scale bar = 400 µm. Reproduced from [28] with permission from Creative
Commons Attribution License (CC BY 4.0) from Frontiers Media S.A.

4. Properties of Bioactive Glass

A bioactive material can interact with the biological environment to elicit a specific biological
response, such as the formation of a hydroxyapatite layer with a bond forming between the tissue and
material. Bone and teeth, enamel and dentin, consist mainly of mineralized hard tissue in the form of
hydroxyapatite, a crystalline calcium phosphate, Ca10(PO4)6(OH)2 [30]. In contrast, bioinert materials
do not elicit any specific responses or interact with the biological environment. However, they can
result in a foreign-body reaction and the formation of a fibrous capsule. The fibrous capsule may result
in micromovements and eventual failure of a prosthesis. Bioactive materials may be osteoconductive
or osteoinductive [31].

The most bioactive glass has a superior surface area with a higher dissolution rate and thus faster
apatite formation [32]. In addition, they have shown to increase the mechanical properties of such
composite for natural bones and provide biomimetic nano-structuration enhancing cell adhesion.

The bioactive properties are influenced by the structure and composition of the glass,
manufacturing techniques, and the rate of ionic dissolution. This is clearly illustrated when comparing
BAGs to the traditional Bioglass® 45S5. Bioglass® 45S5 possesses several shortcomings which include
the possibility of gap formation between the material and host tissues due to a rapid degradation
rate [33,34]. The lack of porosity should not only be assigned to the composition but also to the applied
process and the degree of particle aggregation [35,36]. Also, a Bioglass® 45S5 may induce cytotoxic
effects due to a high rise in pH due to high Na+ and Ca2+ leakage; this may additionally cause delayed
hydroxyapatite formation [35–37]. The glass composition may not be favorable for the fabrication of
porous scaffolds due to poor mechanical properties, such as too fragile [38,39]. Future research needs
to improve the mechanical properties of the BAG.
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4.1. Bioactivity of Bioactive Glass

Glasses are amorphous solids with the irregular organization of atoms, optically transparent,
and brittle consisting of silica networks and are, therefore, often termed supercooled liquids [40].
Conventional glasses and BAGs differ in one aspect, their rate of dissolution. Conventional glasses, in
general, are expected to have high durability and thus low dissolution rates. BAGs require specific
dissolution rates for bioactivity. This is achieved by the addition of network modifiers, such as CaO
and Na2O, to make the surface and silica network more reactive [16]. From glass dissolution to the
formation of hydroxyapatite, bioactivity involves several steps.

Once in contact with body fluids (BF) or simulated body fluid (SBF), BAGs immediately undergo
ionic dissolution and glass degradation via the exchange of H+ ions in the solution and Na+ and Ca2+

from the glass network. The ion exchange results in the formation of silanol groups (Si–O–H) due to the
hydrolysis of the silica groups. An increased alkaline local environment develops due to the increase
in OH- concentration. The silica network is further degraded as the pH rises, forming orthosilicic acid
and Si(OH)4 on the surface in the form of a negatively charged gel. The gel layer functions as a matrix
for hydroxyapatite with precipitation sites [41]. Beneath the gel layer is a depleted alkaline surface
layer on top of the bulk glass. On top of the gel layer, a layer of amorphous calcium phosphate forms.
Precipitation and further mineralization occur due to the incorporated carbonate ions from the now
supersaturated solution, thus the concentration of Ca- and Si-ions in solution are critical; about 88–100
ppm and 17–20 ppm of the respective ions are required. The newly formed hydroxyapatite enables
growth factors to adsorb to the surface, as well as attachment, proliferation, and differentiation of
osteoprogenitor cells by cytokines and extracellular matrix components expressed by the upregulation
of several genes [41]. Although the tissue bonding properties of the BAG are still not precise, collagen
and glycoproteins are believed to incorporate the surrounding bone tissue into the hydroxyapatite
layer. As the hydroxyapatite grows inwards, the BAG starts to resorb and gets replaced by growing
bone tissue [42]. The glass particles usually have a size of 90–170 µm, which affects their resorption
rate. Particle sizes < 150 µm readily degrade as orthosilicic acid is released during the formation of
the gel layer. Osteoclasts, once incorporated in the growing bone, break down larger particles [43]
resulting in a more extended period of resorption and stronger bone [44].

4.2. Antimicrobial Properties

Dental implants or prosthetic joints are surgically inserted to replace lost tissue and increase the
function and quality of life of the patients [45]. However, implants carry a risk of developing infections
such as peri-implantitis (PI) or periprosthetic joint diseases (PJI). These infections result in increased
morbidity and mortality, as well as resorption of surrounding bone tissue and eventual loosening
of the implant. Tomasi and Derks [46] estimated a weighted mean prevalence of 22% for PI. Any
artificial joint may develop PJI. PJI occurs in 0.2–9% of prostheses and is one of the most frequent
indications of revision and replacement of the joint prosthesis making up for 15% of hip prostheses
and 25% of knee prostheses [47]. Infection occurs due to the establishment of bacterial biofilm on the
surface of the implant. Biofilm is a layer of microbial communities adhering to a surface via a robust
polysaccharide matrix and is known to be about a thousand times more resistant to antibiotic (AB)
therapy compared to planktonic bacteria. Bone infections pose an additional challenge of the reduced
local effect of antibiotic treatment owing to insufficient vasculature [48] or areas of devitalized bone [49].
Additionally, the increasing prevalence of antibiotic-resistant bacteria, including multidrug-resistant
bacteria, results in the ineffective treatment of bacterial infections with antibiotic therapy, including
AB-loaded bone substitutes as carriers [50].

Surgical debridement or osseous resection followed by placement of a bone substitute in the
defect has shown positive treatment outcomes for established PI cases. PJI can be managed by surgical
debridement and AB therapy. However, for resistant pathogens or loosened prosthesis, revision is
necessary, which results in reduced quality of life [51].



Int. J. Mol. Sci. 2019, 20, 5960 5 of 24

BAGs, specifically BAG-S53P4, have shown to possess broad-spectrum antimicrobial properties
with no observed resistance to date [52]. S. aureus is among the most common bacterial strains implicated
in PJIs and a major biofilm contributor. However, S53P4 has proved to reduce the biofilm mass in vitro
conditions [53,54]. The antibiofilm activity has further been observed to affect several multi drug
resistant strains isolated from PJIs [53]. Additionally, an increased antibiofilm effect is observed with
the incorporation of antimicrobial molecules into the BAG [55–57]. S53P4 has successfully been used in
the treatment of osteomyelitis [58]. The antimicrobial and antibiofilm effects of bioactive glasses differ
from that of conventional Abs, as once embedded in the body, bioactive glasses increase the pH and
osmolarity locally, which creates an environment unfriendly for bacterial growth and adhesion [55,59].
Bari et al. [56] developed Cu-doped mesoporous SiO2-CaO glass (Cu-MBG) by an ultrasound assisted
one-pot synthesis (Figure 2). Cu-MBG nanoparticles showed antibacterial effects against 3 bacterial
strains (E. coli, S. aureus, and S. epidermidis). The Cu-MBG can be a promising and versatile platform for
bone and soft tissue regeneration.
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Figure 2. Characterization of Cu-doped mesoporous SiO2-CaO glass (Cu-MBG) 2%: SEM image
(A), EDS spectrum (B), TEM image (C), and EDS mapping showing uniformly distributed in the
nanoparticles of Si (red), O (blue), Cu (green), and Ca (yellow) (D). Characterization of Cu-MBG
5%: SEM image (E), related EDS spectrum (inset), and TEM image (F). Reproduced from [56] with
permission from Elsevier.

As alkalinity is considered the primary antimicrobial mechanism, Bioglass® 45S5 is considered
more effective. However, S53P4 presents a more delicate balance between antimicrobial properties,
alkalinity with a pH of 7.9, and osteogenicity [60]. Particle size influences the antimicrobial properties
as well; small particle sizes increase the surface area and the antimicrobial effect [54,61]. Alkali-free
BAG doped with ZnO and SrO synthesized by melt quenching exhibited antimicrobial properties
against strains of Staphylococcus aureus and Escherichia coli. The results suggest that BAGs can still
provide antimicrobial properties in the absence of alkalinity [21]. These properties make BAG perhaps
the ideal bone substitute in the treatment of bone infections such as osteomyelitis and peri-implant
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infections [62,63]. The US Food and Drug Administration (FDA) has approved Bioglass® 45S5 and
S53P4 for clinical applications where antimicrobial properties are desired [64].

BAG also exhibits antimicrobial properties against pathogens associated with sinusitis, which
makes it excellent for sinus augmentation and repairing of the orbital floor defects. A communication
often exists between these anatomical structures, and infection from maxillary sinus can quickly spread
to an orbital floor implant, necessitating implant removal [65]. Hence, BAG S53P4 can be used for
these applications due to slow resorption and antimicrobial effect.

BAG-coated dental implants have shown promising results with reduced bone loss in
experimentally induced PI in beagle dogs [66]. A recent in vitro study showed reduced biofilm formation
of putative periodontal pathogen strains, in addition to S. mutans [67]. Besides, reduced growth of
periodontitis-associated and cariogenic bacteria, as well as Enterococcus facials, has been reported using
BAG containing propolis, a naturally occurring compound in beehives [68]. Additionally, BAGs can
incorporate hydrophilic as well as hydrophobic compounds into their structure suggesting several
undiscovered combinations of compounds may be achievable to increase antimicrobial efficiency [55],
strengthening a future antimicrobial role of bioactive glass in dental applications. Another assessment
was done on machined Ti6Al4V threaded dental implant coated with hydroxyapatite and bioactive
glasses in human jaws, the outcome is very promising and futuristic. The observed BAGs are safe and
effective like hydroxyapatite for enhancing osseointegration [69].

5. Clinical Applications of Bioactive Glasses in Dentistry

The compositional similarity to the bone and tooth structure combined with the bioactive properties
and apparent antimicrobial properties inspired the research of BAGs in clinical application in dentistry
and were first used as bone substitutes in dentoalveolar and maxillofacial reconstruction, periodontal
regeneration, and implants [36,70,71]. Various applications have been reported in the last two decades,
illustrated in Figure 3.
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5.1. Dental Adhesives

Dental adhesives make it possible to achieve adhesion, or bonding, of a compound or material,
such as dental composite or orthodontic brackets, to natural tooth tissue. Bonding of dental resin
composite to tooth overcomes the challenge of adhering hydrophobic resin composite to the hydrophilic
tooth surface. The adhesive, therefore, functions as the link between the two substances. The adhesion
of orthodontic brackets leads to favorable conditions for bacterial colonization which may result in
demineralization and white spot lesions (WSLs) [72]. Prevention of WSLs involves regular tooth
brushing and fluoride dentifrices, mouthwash, or varnishes. This requires a high degree of patient
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compliance and additional costs. Researchers aiming at the prevention of WSLs have focused on
fluoride-releasing sealants, primers, and adhesives to achieve continuous fluoride release throughout
orthodontic treatment. However, fluoride addition compromised the mechanical properties of the
resin-based adhesives and fluoride release depleted over time.

The tooth preparation for composite restoration produces a smear layer, chiefly containing tooth
substance and bacterial remnants that cover the surface and occlude the dentinal tubules. To remove
the smear layer and to expose the dentinal tubules and the collagen network for better infiltration
of the bonding resin components, acid-etching is done. However, the low pH of the etchant may
induce the activation of matrix metalloproteinases (MMPs), which degrade the collagen network of
dentine. Poorly infiltrated resin interfaces in etched dentine thus may result in the degradation of the
hybrid interface layer, decreased bond strength with increased risk of material degradation, and bond
failure [73–76].

The effects of two experimental resin bonding systems containing micro-fillers of Bioglass® 45S5
or Zn-polycarboxylated BAG were evaluated on the resin-bonded dentine interface after storage in
SBF for three months. The high content of zinc may have protected the collagen network from the
action of MMPs in addition to the pH rising property of BAG [77]. Compared to the BAG-free bonding
system, the BAG-containing bonding systems reduced micro-permeability by remineralization of
mineral-deficient areas as well as showing an increase in modulus of elasticity and hardness along
with the dentine interface both after 24 hours and three months of SBF immersion [78].

A crystallized bioactive glass-ceramic, Biosilicate®, (Na2O 23.75 weight %, CaO 23.75 weight %,
SiO2 48.5 weight %, and P2O5 4.0 weight %) was recently released [79]. It showed promising clinical
results for bone grafting, and in combination with titanium implants. It has also been advocated as an
alternative treatment of dentin hypersensitivity and for the total-etch adhesive bonding system [80].
Biosilicate® particles, when in contact with dentin, react with the tissue inside the dentinal tubules
resulting in dentinal occlusion by hydroxyapatite and, therefore, provide a stronger bond [79]. A
suspension of Biosilicate® has been shown to increase the bond strength of adhesive systems in both
mineralized and demineralized dentin when applied before application [81].

The incorporation of fillers of niobophosphate BAG into a commercial adhesive produced higher
microhardness and radiopacity compared with the adhesive without BAG. The mechanical properties
were not compromised. Additionally, apatite formation was noted [82]. A novel BAG-resin orthodontic
adhesive containing fluoride appeared to promote apatite formation in neutral and acidic conditions
and may have a clinical role in remineralization and prevention of WSLs around orthodontic brackets.

Commercial orthodontic bonding agents were mixed with BAG, Ag- or Zn-doped, using flowable
resin. The addition of BAG produced a demineralization-free zone up to 200 to 300 µm away from the
bracket after pH cycling. In comparison, all surfaces not covered by BAG-free bonding agents, used as
controls, were demineralized. Additionally, the experimental bonding agents exhibited significant
inhibition of S. mutans compared to the controls [83]. These results suggest their possible use in
orthodontic practices.

5.2. Enamel Remineralization

Early caries lesions that have yet to cavitate, such as WSLs, may be arrested and remineralized
with regular plaque removal and fluoride; operative treatment may then be avoided. Fluoride is
widely used in toothpaste, varnishes, and mouth rinse to control caries and promote remineralization.
An alternative to fluoride is the milk protein-derived casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP), commercially known as Recaldent™ [84]. A recent randomized clinical trial
did find comparable results in terms of remineralization of WSLs of CPP-ACP and fluoride gel in
children. However, the best WSL remineralization was achieved using a combination of CPP-ACP
and fluoride [84]. Conversely, WSLs can be remineralized by the application of BAG [85]. Bioglass®

45S5 has been extensively studied regarding the remineralization of WSLs. Taha et al. [86] evaluated
the effectiveness of bioactive glasses in inducing remineralization compared to topical fluoride and
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CPP-ACP treatment. They concluded that bioactive glasses may enhance enamel remineralization
more effectively and earlier. However, clinical research is lacking.

Novamin® has an identical composition to Bioglass® 45S5, but with an average particle size of 18
µm, and is used as the active ingredient in the commercial toothpaste, Sensodyne® (GlaxoSmithKline),
for remineralization and reducing hypersensitivity [87]. Novamin® is a calcium–sodium–phosphate
silicate glass that releases calcium and phosphate ions. These ions increase the pH and result in
precipitation of calcium phosphate and mineralization into hydroxyapatite as conventional BAG [88].
While CPP-ACP or other calcium-based products provide an initial calcium burst, Novamin® exhibits
a continuous calcium release [89]. However, the availability of only in vitro and in situ studies
and lack of randomized clinical trials (RCTs) precludes the clinical use of Novamin® for enamel
remineralization [90]. Additionally, fluoride-doped BAG exhibited potential for the use in dental
applications, such as dentifrices and restorative materials. BAGs doped with 2.5%, 5%, and 7.5%
mol fluoride showed stable daily fluoride release above 1.2 ppm over an observational period of 6
months [91]. A BAG with the combination of fluoride and high phosphate content, commercially known
as BiominF®, resulted in the formation of FAP rather than fluorite, CaF2. The high phosphate content
serves as a source of delivery of all the necessary ions of FAP, Ca5(PO4)3F [92]. The remineralization
efficacy of BiominF® was compared to a BAG-containing dentifrice and Novamin® in vitro using
micro-CT. BiominF® showed better remineralization at 5 min and 24 h [93]. More in vivo studies are
required to justify the clinical effectiveness of BiominF®.

5.3. Dentin Hypersensitivity

Dentin hypersensitivity (DH) is characterized as sharp and short-lasting dental pain to a tactile,
chemical, osmotic, evaporative, or thermal stimulus. DH may be elicited by exposed dentin due to
erosion, attrition, abfraction, abrasion, gingival recession, or periodontal disease. The most accepted
theory on DH is the hydrodynamic theory in which stimuli induce fluid movement in the dentinal
tubules causing mechanoreceptors close to the pulp to excite the nerve terminals of Aδ fibers resulting
in the perception of the characteristic pain [94,95]. DH, based on the hydrodynamic theory, can either
be managed by blocking nerve excitation or by sealing the dentinal tubules. Excitation is proposed to
be blocked by raising the extracellular concentration of potassium ions around the nerve fibers, which
blocks repolarization thereby preventing the generation of the action potential [96]. Occlusion of open
dentinal tubules reduces the dentinal fluid flow [97].

The over-the-counter products used in the conservative management of DH include glass ionomer
cement (GIC), bonding agents, and dentifrices [98]. Glass particles may be combined with these
products. BAG formulations provide therapeutic relief via occluding the dentinal tubules by binding
to collagen fibers and depositing hydroxyapatite [99]. Novamin®, with a particle size of 18 µm, was
introduced in 2004 as an ingredient in toothpaste, Sensodyne®, to treat DH [100]. Sensodyne® has
been widely recommended by dentists [98]. PerioGlas® as well has been successful in treating DH. A
firm surface affinity of these two formulations to collagen eases dentin bonding, thereby occluding
the tubules [101]. Increased amounts of BAG correlate to increased tubule occlusion. BAG applied to
dentin discs alone can be easily displaced by rinsing. The substitution of BAG for silica in toothpaste
provided resistance against pH rinse and brushing off the occluded tubules [89,102]. BAG particles
synthesized by the sol-gel technique provided an increased surface area and rapid bonding to dentin
compared to the melt-quenched.

Although there are numerous in vitro shreds of evidence, limited in vivo data exist for the clinical
effectiveness of Novamin® to treat DH. Gendreau et al. reviewed the available clinical studies and
supported the clinical effectiveness of Novamin® in toothpaste [103]. When compared to a potassium
nitrate (5% KNO3) containing dentifrice formulation, a 5% Novamin® formulation had significantly
lower pain scores and a longer duration of relief [104]. Toothpaste with fluoride-containing BAGs that
form FAP is proposed to provide a more effective treatment of DH [92]. FAP-forming BioMin-F® has
been compared in an RCT for its clinical desensitizing property to NovaMin® and a standard fluoride
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dentifrice, all in 5% formulations. All groups exhibited significantly decreased visual analog scale score
for individual and thermal sensitivity after 60 days. However, BioMin-F® was more effective both
immediately and in the long term [104]. The crystallized BAG, Biosilicate®, regarded as an alternative
for the treatment of DH, was evaluated in a long-term clinical study [79]. A dispersion of Biosilicate®

in distilled water proved to be effective in treating DH and provided relief for a follow-up period of 6
months [105].

5.4. Air Abrasion

Novamin®, or BAG in general, exhibits a hardness (Moh) of 7 GPa, which is higher than that of
enamel (3.5 GPa) [106]. More rounded glass particles are less abrasive. With the increase in particle
size, the abrasiveness increases. The cementoenamel junction is prone to DH due to the wear of enamel.
Therefore, the use of less abrasive dentifrices is advised on the outer enamel layer that is susceptible to
wear. The addition of fluoride or strontium reduces the hardness of BAG and should be included in
dentifrices. In vivo studies evaluating the abrasiveness based on ionic compositions of different BAG
dentifrices is therefore required. Novamin® has been used for teeth whitening owing to its abrasive
properties. Surface stains can be removed by the high-pressure airflow of ceramic particles. Patients
had subjective reductions of DH and whiter teeth using airflow with Novamin® particles compared to
conventional sodium bicarbonate particles [107].

The most significant enamel damage due to orthodontic treatment occurs when the residual
orthodontic adhesive is removed on completion of the procedure. Tungsten carbide at slow speed
has been conventionally used for the purpose. Particles of alumina and BAG 45S5 have been studied
in vitro to assess the enamel damage during air abrasion and compared to tungsten carbide bur for
removal of residual orthodontic adhesive. BAG 45S5 yielded the least enamel damage, followed
by alumina and tungsten carbide. As revealed by the scanning electron microscope (SEM) images,
QMAT3, a BAG with hardness lower than that of enamel showed minimal enamel injury compared to
BAG 45S5 (Sylc™) and tungsten carbide bur [108]. QMAT3, thus, seems to provide a conservative
approach for removal of orthodontic adhesive.

5.5. Restorative Materials

The restorative materials currently available can mimic the tooth in appearance, form, and function,
but lack bioactive properties. During a cavity restoration, glass ionomer cement or resin composite
undergo some degree of polymerization shrinkage [109]. A microgap thus formed may widen due
to discrepancies in the mechanical properties of the tooth and the restorative material. The gap
often inaccessible to routine dental hygiene techniques creates a favorable milieu for bacterial growth
resulting in secondary caries, the most common reason for the failure of dental restorations [110].
Additionally, the tissue-saving approach during the removal of caries may leave residual bacteria
in affected tissue [111]. The development of dental restorative materials able to remineralize or
repair demineralized dentin, following the bacterial invasion, has been one of the areas of dental
biomaterial research. The longevity of dental restorations can be achieved by creating a tight bond
to the tooth and a hostile environment for bacteria. Bonding agents with bioactive properties may
provide a sealed interface by hydroxyapatite precipitation [112]. Bioglass® 45S5 has shown to induce
dentin remineralization.

BAG was first incorporated into a resin composite in the non-silanated format 5, 10, and 15
weight % with a filler content of 72%. Its mechanical properties were higher than the control, 0 weight
% BAG, after two months of exposure to bacterial challenge and aqueous media [113]. The BAG
composites showed cytotoxicity due to the release of unreacted monomers compared to commercially
available resin composites [114]. Flowable resin composite materials proved to inhibit the growth of
oral microbes including E. coli and S. mutans without compromising the bond strength [115].

Resin composites with BAG and fluoride enhanced dentin remineralization and eliminated
enzymatic degradation at the dentin interface. The remineralizing capacities of F-BAG and BAG
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resin composites were compared in the samples stored for 3 and 30 days in artificial saliva. F-BAG
not only exhibited the greatest remineralization of dentin but also reduced the enzyme-mediated
degradation of the dentin collagen network. This suggests the benefits of incorporating F-BAG
into resin composites over conventional BAG, 45S5 [116]. Ag-doped BAG resin composite was
investigated for its antibacterial properties and bioactivity. The increased concentration of Ag-BAG
resin composite increased the number of dead bacteria in biofilm and apatite formation when compared
to control samples (BAG-free resin composite). Mechanical properties showed no significant differences
compared to control samples. The findings suggest that Ag-BAG resin composites may be instrumental
in inhibiting secondary caries formation [117].

Mechanical properties vary between BAG resin composites. Experimental resin composites in
which 0–15 weight % of the fillers were replaced by ground BAG were stable when immersed in brain
heart infusion media for two months and exhibited similar mechanical properties except for decreased
fracture toughness and fatigue resistance when compared to three commercial composites [113]. Dentin
bond strength was investigated in a resin composite with a varying amount (0–40 weight %) of BAG
and 70% filler content after artificial aging in water. As the weight % of BAG increased, there was a
linear decline in the bond strength of BAG resin composite [118]. Similar experimental BAG resin
composites were investigated for their flexural strength, flexural modulus, modulus of resilience, and
material reliability after artificial aging in water and ethanol. Flexural strength and modulus decreased
linearly as BAG content increased and were further degraded by the artificial aging. As per ISO
4049, minimum flexural strength was achieved up to 20 weight % of BAG. Additionally, modulus of
resilience and degree of conversion were decreased with BAG incorporation [119]. Experimental pit
and fissure sealant (0–50 weight % BAG) exhibited a dose-dependent decline in flexural strength and
an increase in water sorption with increasing content of BAG [120]. However, experimental composites
with 0–15 weight % of sodium-free BAG and reinforcing fillers up to 72 weight % showed similar
flexural strength as BAG-free resin composites [113].

Resin composites with BAG filler particles exhibit antimicrobial and bioactive characteristics,
which are instrumental in the prevention of secondary caries. However, their mechanical, optical, or
adhesive properties may be compromised [113]. Silanization of filler particles is used in conventional
resin composites for improved mechanical properties. However, it reduces ion release and thus
impairs bioactivity [121,122]. Resin hydrophilicity may be decreased to improve aging resistance of a
resin composite. However, this will also reduce the remineralizing properties of the composite. The
heterogenic results reflect the notion that mechanical properties and degradation are variable regarding
BAG resin composites.

Glass ionomer cement (GIC) primarily consists of fluoride–aluminosilicate glass and polyacrylic
acid and may be modified by adding methacrylate resin monomers (resin-modified GIC, rmGIC), for
better mechanical properties, stronger adhesion, and lower solubility. GIC is known for its fluoride
release, remineralizing properties, and direct chemical bonding to the tooth. BAG particles have been
incorporated into formulations of GIC to regulate remineralization [123,124]. A GIC based on BAG
and polyacrylic acid showed the similar acid-base reaction for setting between glass particles and
polyacrylic acid as that of the conventional GIC [125]. It is suggested that the iron-rich matrix formed
during the setting of GIC forms an osmotic gradient that allows water to be absorbed by the matrix.
This water absorption creates an aqueous environment for BAG particles to react.

Additionally, increased water absorption is reported with rmGIC, which justifies greater bioactivity
of BAG-rmGIC than GIC [126]. Besides, BAG-rmGIC has superior remineralizing properties to that of
rmGIC as shown in an in vitro study where the flexural strength of demineralized dentin immersed in
SBF containing BAG-rmGIC was significantly higher than in SBF alone or SBF with rmGIC [126]. An
in vivo study in intact beagle dog teeth involved class III restorations with 10–30 weight % BAG-rmGIC,
BAG-GIC, and BAG-free GIC as control. Restorations were followed for 1, 3, and 6 weeks. A uniform
layer of calcium phosphate formed on the surface of BAG-rmGIC and mineral depositions were noted
at the dentin-restoration interface. Similar depositions occurred in deeper parts of the dentinal tubules.



Int. J. Mol. Sci. 2019, 20, 5960 11 of 24

From these findings, BAG-rmGIC appeared promising for remineralization [127]. The antimicrobial
properties of BAG-GICs with 10–30 weight % of BAG (S53P) against Streptococcus mutans and Candida
albicans were assessed in vitro. Antimicrobial properties against S. mutans were exerted by BAG-GICs
at 30 weight % BAG, while BAG alone exerted antimicrobial effects against both S. mutans and C.
albicans [128]. These findings strengthen the potential clinical role of BAG-GICs in preventing secondary
caries. The rmGIC with low amounts of nanoparticle BAG (nBAG) increased the flexural strength of
the material, while high concentrations exhibited detrimental effects on the mechanical properties
due to reduced bonding between the glass particles and the resin matrix [129]. Despite the bioactive
and antimicrobial properties exerted by the incorporation of BAG particles to GICs, the mechanical
properties were compromised. This may restrict the potential clinical uses of BAG-rmGIC to areas of
low mechanical stresses and in need of bioactivity such as root surface fillings and liners [130,131].

5.6. Pulp Capping and Root Canal Therapy

The interest of BAG is also present in endodontic management [132–134]. For an exposed dental
pulp indicated for partial pulpotomy or pulp capping, the choice of a pulp-capping material is
important among other factors that determine the treatment success [132]. A pulp-capping material
should be able to provide a tight seal, be biocompatible, antibacterial, and easy to handle. Additionally,
it should promote the formation of a dentin bridge to protect the pulp. Although the dentin bridge
formed by calcium hydroxide (CH) is incomplete due to tunnel-like defects, it has been used in several
endodontic applications, such as pulp capping. Long setting time and delicate handling during
application are other notable drawbacks of calcium hydroxide [133]. BAG has been investigated for
pulp capping owing to its putative dentinogenesis property. An in-vitro study showed that the ions
released by the sol-gel nanoporous BAG particles did not inhibit the growth of human dental pulp
stem cells (hDPSCs) but showed a high density of mineralized nodules [134].

Sol-gel derived BAG when used for direct pulp capping stimulated the formation of a dense
dentin bridge with inflammatory responses similar to mineral trioxide aggregate (MTA), as shown
in mechanically exposed pulps of rats [135]. More unfavorable inflammatory responses have been
observed using melt-derived BAG powders compared to that of sol-derived BAGs [136]. The extended
setting time and undesired physical properties of MTA can be modified by the addition of BAG, as
evident by a study using an MTA-like cement composite of wollastonite and BAG.

Once microorganisms have reached the pulp, root canal treatment is indicated. A sturdy and
dimensionally stable root filling material that prevents bacterial leakage is necessary, in addition to a
tight coronal seal [137,138]. BAGs have been implemented in endodontic root filling materials as well.
The endodontic obturation thermoplastic polymer commercially known as Resilon™ [139] utilizes
BAG as filler particles. Bio-Gutta, a gutta-percha (GP) mixed with Bioglass® 45S5, has emerged as
an alternative to classical GP as it can bond to dentin walls and does not require any sealers [140].
GP undergoes shrinkage during cooling, and difficulty to adapt to the canal morphology without
heating makes it necessary to use a sealer to seal the gap. This technique, however, predisposes
to microleakage through interfacial gaps due to varying binding strength to dentin and GP [137].
Bio-gutta is an obturating material with a high degree of biocompatibility [141] comparable to GP.
Additionally, it provides a tight seal, increases the pH, and provides antimicrobial action. Bio-Gutta is
based on the premise that the formation of calcium phosphate would precipitate on the material surface
under moist conditions and provide self-adhesiveness and a tight seal [142,143]. Polyisoprene (PI) and
polycaprolactone (PCL) were mixed with Bioglass® 45S5 up to 30 weight % separately to develop root
canal filling materials with high sealing ability making the need for a sealer obsolete. GP and Resilon™
served as controls. Both BAG+PCL and BAG+PI showed hydroxyapatite precipitation and improved
immediate sealing ability with no observable leakage in vitro when compared to control samples [144].
Thus, Bio-Gutta, PCL, and PI with BAG may serve as clinical alternatives to conventional GP.
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5.7. Bone Regeneration

With the increase in an aging population, difficult-to-heal bone defects and subsequently the
need for synthetic bone graft substitutes are expected to increase. Bone defects may be caused by
trauma, congenital or developmental disorders, deformities, cancer, sequelae of surgery, periodontitis,
or osteomyelitis [145,146]. Bone defects result in socioeconomic burdens and a decrease in quality of
life. Of approximately 2 million procedures requiring bone grafts performed annually worldwide,
700,000 involve cranial bone repairs [146]. The bone-grafting materials that are currently in practice
include autologous bone grafts (BGs), allogenic BGs, xenografts, and synthetic BGs. The autologous BG
is regarded as the gold standard as it combines all the necessary features for bone regeneration, carries
no risk of adverse immune reactions, and is highly osteogenic [145,147]. Since it results in a second
bone defect and donor site morbidity [148,149], the amount of graft harvested is thus limited. The
qualities of an ideal grafting material set by Janicki and Schmidmaier are not fulfilled by autologous,
allogenic BG, or xenografts [147]. To meet the increasing demand for BGs, the market is shifting
towards synthetic BGs [150]. This adds an advantage to a synthetic BG as it can be tailor-made to
possess the ideal qualities of a bone-grafting material.

Midha et al. [28] found that bone growth of dry, wetted, and preconditioned 70S30C scaffolds
were 10 ± 1%, 21 ± 2%, and 39 ± 4%, respectively, at 11 weeks (Figure 4). The preconditioned scaffolds
degraded and were replaced with new bone. The composition of bioactive glass should be redesigned
if sol-gel scaffolds are used without preconditioning to avoid excess calcium release.
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Creative Commons Attribution License (CC BY 4.0) from Frontiers Media S.A.

5.8. In Periodontics

Periodontitis is a widely prevalent chronic inflammatory disorder of the periodontium
characterized by the formation of deepened soft tissue pockets between gingiva and tooth roots,
resorption of alveolar bone, loss of clinical attachment level, and subsequent loosening of teeth [151].
Periodontitis also increases the risk of peri-implantitis with the loosening of the dental implant as a
consequence [152,153]. To improve the prognosis of teeth or dental implants, regeneration of osseous
defects is necessary [154]. Tooth loss induces local resorption of the alveolar ridge. Enough height
and bone volume of the alveolar ridge is necessary for the insertion of dental implants. As previously
discussed, BAG is an excellent bone-graft material and has been widely used clinically as PerioGlas®
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in the regeneration of periodontal bone defects. PerioGlas® has an identical formulation to that of
Bioglass® 45S5 [71,155].

PerioGlas®, with particle size within 90–710 µm, can be pressed into bone defects, has been
extensively used in periodontal surgical procedures to stimulate bone regeneration, especially in
interproximal bone defects, and is beneficial due to its hemostatic effect on trabecular bone [71,156,157].
The formulation has also been evaluated radiographically in the treatment of apical osseous defects by
endodontic surgery, which resulted in a higher success rate and earlier bone regeneration [158]. Another
Bioglass® 45S5 derived commercial BAG used in periodontal surgery is the ERMI®, Endosseous Ridge
Maintenance Implant, released in 1988. ERMI® is a prefabricated Bioglass® cone that can be inserted
into fresh extraction sockets. A study with a 5-year follow-up showed cone retention of 85.7% and
proved to be safe for supporting dental structures and dentures [159].

PerioGlas® and autogenic bone graft had comparable regenerative attachment gain in the treatment
of grade II furcation involvement and intraosseous periodontal defects in RCTs [160,161]. A meta-study
concluded that the treatment of intrabony defects with BAG yields a significant improvement in probing
depth and clinical attachment level compared to both active controls and open flap debridement [162].
Additionally, BAGs have shown a better treatment approach than conventional methods, such as
closed or open debridement [159]. However, true regeneration needs to be assessed histologically.
True regeneration needs to demonstrate the formation of new functional periodontal ligament (PDL),
alveolar bone, and cementum at the treated site [163]. This is not evident with the Bioglass® 45S5
formulations as they only show bone formation, without cementum or PDL, and therefore provide
repair rather than regeneration [164,165]. The granular nature of commercial BAGs in periodontal
therapy, such as PerioGlas®, is unable to provide space and unable to support loading and may
collapse during healing [156].

5.9. In Implant Dentistry

Dental implants (DI), also termed endosseous implants, are screw-shaped devices inserted in
the alveolar bone to support prosthodontic constructions to improve function and appearance [166].
To achieve adequate retention in bone, osseointegration, direct contact between the implant surface
and bone tissue is needed [167]. Titanium-based alloys are the most widely used materials for DIs.
They are highly biocompatible and osteoconductive but are bioinert [37]. However, they provide
attachment for the osteoprogenitor cells, osteoblasts, and are undesirable for microorganisms [168,169].
There are also reports of failed osseointegration of Titanium-DIs [170,171]. For DIs to be successfully
integrated, they must be mechanically strong enough to withstand chewing forces over time, not
induce inflammatory or foreign body tissue responses, and promote bone apposition in terms of
osseointegration. To achieve stability and osseointegration, a healing period of 3-6 months is necessary
to avoid early failure [172,173]. The bioinert nature of the Ti-DIs may benefit from the addition of BAG
as BAG might help implants bond actively to the bone, and provide antimicrobial protection and a
reduction in total treatment time [169,174,175]. Until today, no BAG coating for DIs is commercialized
for clinical use.

A major challenge in the BAG coating of DIs is the thermal expansion coefficient (TEC) of BAG.
During cooling, the glass and metal will shrink at different rates, which makes the coating prone to cracks.
Ideally, a slightly lower glass TEC than the metal may prevent cracking [176]. Adjustment of glass TEC
is achievable by increasing the amount of silica, or partial substitution of CaO by MgO and Na2O by
K2O [177,178]. Several methods of surface deposition have been investigated in the pursuit of a reliable
BAG coating of DIs, including glazing [177,179–181], sol-gel deposition [182,183], electrophoretic
deposition [184,185], pulsed laser deposition [186,187], ion-beam [188], and radio-frequency magnetron
sputtering [189–191]. The radio-frequency magnetron sputtering (RF-MS), which yields a coating
with excellent adherence and purity even in complex geometrical objects, seems promising [192,193].
In vivo animal studies of BAG-coated Ti-DIs osseointegrated with significantly more surrounding
bone tissue than control DIs [194,195]. Uniform and mechanically resistant BAG-coatings by RF-MS
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were assessed in the mandibular bone of dead pigs. Biocompatibility assays proved strong cellular
adhesion and proliferation of dDPSCs [196], further emphasizing the role of BAG in the development
of a new generation of dental implants.

5.10. In Maxillofacial Surgery

Bioglass® 45S5 and formulations based on it have been heavily investigated in oral and
maxillofacial surgery, OMFS. Compared to other calcium phosphate-based compounds such as
hydroxyapatite and tricalcium phosphate employed in osseous repair, BAG induces bone formation at
higher quantity and quality and a faster rate [197]. One of the commercial products used mainly for the
repair of defects in maxillofacial applications is Biogran®, which differs from PerioGlas® in its particle
sizes (300–360 µm) [198]. NovaBone®, another Bioglass® 45S5-based formulation, can be mixed with
blood from the defect to form a putty to fill the site [10]. Large defects such as mandibular advancements,
or mastoid or orbital floor fractures, can be repaired using BonAlive®, an S53P4 particulate with a
mean particle size of 1–4 mm [43,199]. Large bone defects can also be treated using granular BAG
mixed with autogenous bone in small amounts with high success and a considerable decrease in
donor site morbidity [157]. Also, StronBone®, a SrO-containing BAG, is available clinically to reduce
bone resorption [200]. In general, the use of BAG shows excellent bone repair and reduced donor site
morbidity in both long-term and short-term clinical studies [157,200]. Compared to Bioglass® 45S5,
FastOs®BG resorbs slowly and is more biocompatible and osteoconductive. These properties make
the alkali-free BAGs superior alternatives to Bioglass® 45S5 for dental and maxillofacial applications.

Individually customized porous implants of BAG S53P4 and fiber-reinforced composite (FCR) or
PMMA (poly(methyl-methacrylate)) as a supporting framework fabricated by additive manufacturing
technology have been employed in clinical studies of craniofacial osseous reconstruction with
good esthetic and functional outcomes, with follow-up times up to 4 and 5 years [201,202]. This
approach did not present any adverse effects or complications and eliminated the donor-site morbidity.
BAG-FCR porous cranial implants require intense research as they possess the mechanical strength
and biomechanical resemblance to natural bone and are very promising in the future repair of osseous
defects [64].

Personalized medicine presents a challenge in terms of adapting the bone substitute to the
patient’s specific bone geometry. In contrast to the cranial FCR- or PMMA-BAG implants, scaffolds
do not possess mechanical properties of the same degree but are able to deliver drugs or growth
hormones for tailored therapeutic purposes [203,204]. A bioactive nanocomposite electroblown scaffold,
polycaprolactone, and nanoparticles of BAG, were recently shown to be able to shape and fill defects.
Additionally, hDPSCs were successfully added, proliferated, and differentiated into osteogenic cells.
Early new bone formation was shown when the scaffold was implanted into alveolar bone defects [205].
Isoniazid and rifampicin against tuberculosis infection were incorporated into 3D-printed scaffolds of
chemically modified mesoporous BAG and poly-3-hydroxybutyrate-co-3-hydroxyhexanoate, PHBHHx,
for sustained release in bone defects [206,207]. A similar scaffold/template designed to release
dimethyloxallyl glycine was investigated using a rat animal model; enhanced angiogenesis and
differentiation of bone marrow stem cells were observed [208]. Electrospun and mesoporous BAG
scaffolds are the potential treatment approaches for the future, with the possibility of customizing not
only the scaffold morphology but also incorporating stem cells, specific drugs, and growth factors for
optimizing the individual treatment plans for the patients.

6. Conclusions

The chemistry of BAG is mimicking the natural hard tissues composition, and has a bioactive
role in the regeneration. BAGs are usually composed of 40–52% SiO2, 10–50% CaO, 10–35% Na2O, the
glass composition may contain 2–8% P2O5, 0–25% CaF2, or 0–10% B2O3. Na-free BAG prevented the
disruption of the glass network and showed equal bioactivity. In addition, various elements such as Si,
P, Sr, Cu, F, Ag, Zn, and F are added to enhance the bioactivity and antimicrobial properties. Generally,
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the BAGs are prepared by either quenching or sol-gel technique. The bioactivity is influenced by the
structure and composition of the glass, manufacturing techniques, and the rate of ionic dissolution. The
most bioactive glasses have superior surface area with higher dissolution rate and thus faster apatite
formation. The FDA has approved Bioglass® 45S5 and S53P4 for clinical applications due to desired
antimicrobial properties. There is increasing use of bioactive glasses in various aspects of dentistry
including dental restorative materials, toothpaste, mineralizing agents, desensitizing agents, pulp
capping, root canal treatment, and air abrasion. Resin composites with BAG and fluoride enhanced
dentin remineralization and eliminated enzymatic degradation at the dentin interface. PerioGlas® has
been extensively used in periodontal surgical procedures to stimulate bone regeneration, especially in
interproximal bone defects due to its hemostatic effect on trabecular bone.

Author Contributions: Conceptualization, H.E.S. and D.R.; methodology, H.E.S.; resources, H.E.S.;
writing—original draft preparation, H.E.S.; writing—review and editing, D.R. and Z.K. All authors revised the
paper critically for intellectual content and approved the final version. All authors agree to be accountable for the
work and to ensure that any questions relating to the accuracy and integrity of the paper are investigated and
properly resolved.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fernandes, H.R.; Gaddam, A.; Rebelo, A.; Brazete, D.; Stan, G.E.; Ferreira, J.M.F. Bioactive Glasses and
Glass-Ceramics for Healthcare Applications in Bone Regeneration and Tissue Engineering. Materials 2018,
11, 2530. [CrossRef] [PubMed]

2. Najeeb, S.; Khurshid, Z.; Ghabbani, H.; Zafar, M.S.; Sefat, F. 10-Nano glass ionomer cement: Modification for
biodental applications. In Advanced Dental Biomaterials; Khurshid, Z., Najeeb, S., Zafar, M.S., Sefat, F., Eds.;
Woodhead Publishing: Cambridge, UK, 2019; pp. 217–227.

3. Najeeb, S.; Khurshid, Z.; Zafar, M.S.; Khan, A.S.; Zohaib, S.; Marti, J.M.; Sauro, S.; Matinlinna, J.P.; Rehman, I.U.
Modifications in Glass Ionomer Cements: Nano-Sized Fillers and Bioactive Nanoceramics. Int. J. Mol. Sci.
2016, 17, 1134. [CrossRef] [PubMed]

4. Zafar, M.S.; Khurshid, Z.; Almas, K. Oral tissue engineering progress and challenges. J. Tissue Eng. Regen.
Med. 2015, 12, 387–397. [CrossRef]

5. Baino, F.; Hamzehlou, S.; Kargozar, S. Bioactive Glasses: Where Are We and Where Are We Going? J. Funct.
Biomater. 2018, 9, 25. [CrossRef] [PubMed]

6. Lu, X.; Kolzow, J.; Chen, R.R.; Du, J. Effect of solution condition on hydroxyapatite formation in evaluating
bioactivity of B(2)O(3) containing 45S5 bioactive glasses. Bioact. Mater. 2019, 4, 207–214. [CrossRef]

7. Zafar, M.S.; Farooq, I.; Awais, M.; Najeeb, S.; Khurshid, Z.; Zohaib, S. Chapter 11—Bioactive Surface Coatings
for Enhancing Osseointegration of Dental Implants. In Biomedical, Therapeutic and Clinical Applications of
Bioactive Glasses; Kaur, G., Ed.; Woodhead Publishing: Cambridge, UK, 2019; pp. 313–329.

8. Zafar, M.S.; Alnazzawi, A.A.; Alrahabi, M.; Fareed, M.A.; Najeeb, S.; Khurshid, Z. 18—Nanotechnology and
nanomaterials in dentistry. In Advanced Dental Biomaterials; Khurshid, Z., Najeeb, S., Zafar, M.S., Sefat, F.,
Eds.; Woodhead Publishing: Cambridge, UK, 2019; pp. 477–505.

9. Jones, J.R.; Brauer, D.S.; Hupa, L.; Greenspan, D.C. Bioglass and bioactive glasses and their impact on
healthcare. Int. J. Appl. Glass Sci. 2016, 7, 423–434. [CrossRef]

10. Hench, L.; Hench, J.W.; Greenspan, D. Bioglass: A short history and bibliography. J. Aust. Ceram Soc. 2004,
40, 1–42.

11. El-Meliegy, E.; Noort, R. Glasses and Glass Ceramics for Medical Applications; Springer: New York, NY, USA,
2012.

12. Ferreira, M.M.; Brito, A.F.; Brazete, D.; Pereira, I.C.; Carrilho, E.; Abrantes, A.M.; Pires, A.S.; Aguiar, M.J.;
Carvalho, L.; Botelho, M.F.; et al. Doping β-TCP as a Strategy for Enhancing the Regenerative Potential of
Composite β-TCP-Alkali-Free Bioactive Glass Bone Grafts. Experimental Study in Rats. Materials 2018, 12, 4.
[CrossRef]

http://dx.doi.org/10.3390/ma11122530
http://www.ncbi.nlm.nih.gov/pubmed/30545136
http://dx.doi.org/10.3390/ijms17071134
http://www.ncbi.nlm.nih.gov/pubmed/27428956
http://dx.doi.org/10.1007/s13770-015-0030-6
http://dx.doi.org/10.3390/jfb9010025
http://www.ncbi.nlm.nih.gov/pubmed/29562680
http://dx.doi.org/10.1016/j.bioactmat.2019.05.002
http://dx.doi.org/10.1111/ijag.12252
http://dx.doi.org/10.3390/ma12010004


Int. J. Mol. Sci. 2019, 20, 5960 16 of 24

13. Lowe, B.; Ottensmeyer, M.P.; Xu, C.; He, Y.; Ye, Q.; Troulis, M.J. The Regenerative Applicability of Bioactive
Glass and Beta-Tricalcium Phosphate in Bone Tissue Engineering: A Transformation Perspective. J. Funct.
Biomater. 2019, 10, 16. [CrossRef]

14. Rodriguez, O.; Alhalawani, A.; Arshad, S.; Towler, M.R. Rapidly-Dissolving Silver-Containing Bioactive
Glasses for Cariostatic Applications. J. Funct. Biomater. 2018, 9, 28. [CrossRef]

15. Chen, X.; Chen, X.; Brauer, D.S.; Wilson, R.M.; Law, R.V.; Hill, R.G.; Karpukhina, N. Sodium Is Not Essential
for High Bioactivity of Glasses. Int. J. Appl. Glass Sci. 2017, 8, 428–437. [CrossRef] [PubMed]

16. Hill, R.G.; Brauer, D.S. Predicting the bioactivity of glasses using the network connectivity or split network
models. J. Non-Cryst. Solids 2011, 357, 3884–3887. [CrossRef]

17. Jones, J.; Gentleman, E.; Polak, J. Bioactive Glass Scaffolds for Bone Regeneration. Elements 2007, 3, 393–399.
[CrossRef]

18. Hoppe, A.; Jokic, B.; Janackovic, D.; Fey, T.; Greil, P.; Romeis, S.; Schmidt, J.; Peukert, W.; Lao, J.; Jallot, E.;
et al. Cobalt-releasing 1393 bioactive glass-derived scaffolds for bone tissue engineering applications. ACS
Appl. Mater. Interfaces 2014, 6, 2865–2877. [CrossRef]

19. Rokaya, D.; Srimaneepong, V.; Sapkota, J.; Qin, J.; Siraleartmukul, K.; Siriwongrungson, V. Polymeric
materials and films in dentistry: An overview. J. Adv. Res. 2018, 14, 25–34. [CrossRef]

20. Luo, S.H.; Xiao, W.; Wei, X.J.; Jia, W.T.; Zhang, C.Q.; Huang, W.H.; Jin, D.X.; Rahaman, M.N.; Day, D.E.
In vitro evaluation of cytotoxicity of silver-containing borate bioactive glass. J. Biomed. Mater. Res. B Appl.
Biomater. 2010, 95, 441–448. [CrossRef]

21. Kapoor, S.; Goel, A.; Tilocca, A.; Dhuna, V.; Bhatia, G.; Dhuna, K.; Ferreira, J.M. Role of glass structure in
defining the chemical dissolution behavior, bioactivity and antioxidant properties of zinc and strontium
co-doped alkali-free phosphosilicate glasses. Acta Biomater. 2014, 10, 3264–3278. [CrossRef]

22. Thuy, T.T.; Nakagaki, H.; Kato, K.; Hung, P.A.; Inukai, J.; Tsuboi, S.; Nakagaki, H.; Hirose, M.N.; Igarashi, S.;
Robinson, C. Effect of strontium in combination with fluoride on enamel remineralization in vitro. Arch.
Oral Biol. 2008, 53, 1017–1022. [CrossRef]

23. Groh, D.; Döhler, F.; Brauer, D.S. Bioactive glasses with improved processing. Part 1. Thermal properties, ion
release and apatite formation. Acta Biomater. 2014, 10, 4465–4473. [CrossRef]

24. Chen, Q.Z.; Xu, J.L.; Yu, L.G.; Fang, X.Y.; Khor, K.A. Spark plasma sintering of sol–gel derived 45S5
Bioglass®-ceramics: Mechanical properties and biocompatibility evaluation. Mater. Sci. Eng. C 2012, 32,
494–502. [CrossRef]

25. Filho, O.P.; La Torre, G.P.; Hench, L.L. Effect of crystallization on apatite-layer formation of bioactive glass
45S5. J. Biomed. Mater. Res. 1996, 30, 509–514. [CrossRef]

26. Prasad, S.; Vyas, V.K.; Ershad, M.; Pyare, R. Crystallization and mechanical properties of (45S5-HA)
biocomposite for biomedical implantation. Ceram. Silik 2017, 61, 378–384. [CrossRef]

27. Wilson, J.; Pigott, G.; Schoen, F.; Hench, L. Toxicology and biocompatibility of bioglasses. J. Biomed. Mater.
Res. 1981, 15, 805–817. [CrossRef] [PubMed]

28. Midha, S.; Kim, T.B.; van den Bergh, W.; Lee, P.D.; Jones, J.R.; Mitchell, C.A. Preconditioned 70S30C bioactive
glass foams promote osteogenesis in vivo. Acta Biomater. 2013, 9, 9169–9182. [CrossRef] [PubMed]

29. Wu, C.; Fan, W.; Gelinsky, M.; Xiao, Y.; Simon, P.; Schulze, R.; Doert, T.; Luo, Y.; Cuniberti, G. Bioactive
SrO-SiO2 glass with well-ordered mesopores: Characterization, physiochemistry and biological properties.
Acta Biomater. 2011, 7, 1797–1806. [CrossRef] [PubMed]

30. Palmer, L.C.; Newcomb, C.J.; Kaltz, S.R.; Spoerke, E.D.; Stupp, S.I. Biomimetic systems for hydroxyapatite
mineralization inspired by bone and enamel. Chem. Rev. 2008, 108, 4754–4783. [CrossRef] [PubMed]

31. Albrektsson, T.; Johansson, C. Osteoinduction, osteoconduction and osseointegration. Eur. Spine J. 2001, 10,
S96–S101.

32. Vichery, C.; Nedelec, J.M. Bioactive Glass Nanoparticles: From Synthesis to Materials Design for Biomedical
Applications. Materials 2016, 9, 288. [CrossRef]

33. Sepulveda, P.; Jones, J.; Hench, L. In vitro dissolution of melt-derived 45S5 and sol-gel derived 58S bioactive
glasses. J. Biomed. Mater. Res. 2002, 61, 301–311. [CrossRef]

34. Vogel, M.; Voigt, C.; Gross, U.M.; Müller-Mai, C.M. In vivo comparison of bioactive glass particles in rabbits.
Biomaterials 2001, 22, 357–362. [CrossRef]

35. Damen, J.J.; Ten Cate, J.M. Silica-induced precipitation of calcium phosphate in the presence of inhibitors of
hydroxyapatite formation. J. Dent. Res. 1992, 71, 453–457. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/jfb10010016
http://dx.doi.org/10.3390/jfb9020028
http://dx.doi.org/10.1111/ijag.12323
http://www.ncbi.nlm.nih.gov/pubmed/29271977
http://dx.doi.org/10.1016/j.jnoncrysol.2011.07.025
http://dx.doi.org/10.2113/GSELEMENTS.3.6.393
http://dx.doi.org/10.1021/am405354y
http://dx.doi.org/10.1016/j.jare.2018.05.001
http://dx.doi.org/10.1002/jbm.b.31735
http://dx.doi.org/10.1016/j.actbio.2014.03.033
http://dx.doi.org/10.1016/j.archoralbio.2008.06.005
http://dx.doi.org/10.1016/j.actbio.2014.05.019
http://dx.doi.org/10.1016/j.msec.2011.11.023
http://dx.doi.org/10.1002/(SICI)1097-4636(199604)30:4&lt;509::AID-JBM9&gt;3.0.CO;2-T
http://dx.doi.org/10.13168/cs.2017.0039
http://dx.doi.org/10.1002/jbm.820150605
http://www.ncbi.nlm.nih.gov/pubmed/7309763
http://dx.doi.org/10.1016/j.actbio.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23891811
http://dx.doi.org/10.1016/j.actbio.2010.12.018
http://www.ncbi.nlm.nih.gov/pubmed/21185955
http://dx.doi.org/10.1021/cr8004422
http://www.ncbi.nlm.nih.gov/pubmed/19006400
http://dx.doi.org/10.3390/ma9040288
http://dx.doi.org/10.1002/jbm.10207
http://dx.doi.org/10.1016/S0142-9612(00)00191-5
http://dx.doi.org/10.1177/00220345920710030601
http://www.ncbi.nlm.nih.gov/pubmed/1315347


Int. J. Mol. Sci. 2019, 20, 5960 17 of 24

36. Salonen, J.I.; Arjasmaa, M.; Tuominen, U.; Behbehani, M.J.; Zaatar, E. Bioactive glass in dentistry. J. Minim.
Interv. Dent. 2009, 2, 208–2018.

37. Ali, S.; Farooq, I.; Iqbal, K. A review of the effect of various ions on the properties and the clinical applications
of novel bioactive glasses in medicine and dentistry. Saudi Dent. J. 2014, 26, 1–5. [CrossRef] [PubMed]

38. Chen, Q.Z.; Thompson, I.D.; Boccaccini, A.R. 45S5 Bioglass-derived glass-ceramic scaffolds for bone tissue
engineering. Biomaterials 2006, 27, 2414–2425. [CrossRef] [PubMed]

39. Chen, Q.; Baino, F.; Spriano, S.; Pugno, N.M.; Vitale-Brovarone, C. Modelling of the strength–porosity
relationship in glass-ceramic foam scaffolds for bone repair. J. Eur. Ceram. Soc. 2014, 34, 2663–2673.
[CrossRef]

40. Zachariasen, W.H. The atomic arrangement in glass. J. Am. Chem. Soc. 1932, 54, 3841–3851. [CrossRef]
41. Hench, L.L. The story of Bioglass®. J. Mater. Sci. Mater. Med. 2006, 17, 967–978. [CrossRef]
42. Fu, Q.; Rahaman, M.N.; Fu, H.; Liu, X. Silicate, borosilicate, and borate bioactive glass scaffolds with

controllable degradation rate for bone tissue engineering applications. I. Preparation and in vitro degradation.
J. Biomed. Mater. Res. 2010, 95, 164–171. [CrossRef]

43. Gosain, A.K.; Committee, P.S.E.F.D. Bioactive glass for bone replacement in craniomaxillofacial reconstruction.
Plast. Reconstr. Surg. 2004, 114, 590–593. [CrossRef]

44. Ducheyne, P.; Qiu, Q. Bioactive ceramics: The effect of surface reactivity on bone formation and bone cell
function. Biomaterials 1999, 20, 2287–2303. [CrossRef]

45. Amornvit, P.; Bajracharya, S.; Rokaya, D.; Keawcharoen, K.; Supavanich, W. Management of Obstructive
Sleep Apnea with Implant Retained Mandibular Advancement Device. World J. Dent. 2014, 5, 184–189.
[CrossRef]

46. Derks, J.; Tomasi, C. Peri-implant health and disease. A systematic review of current epidemiology. J. Clin.
Periodontol. 2015, 42, S158–S171. [CrossRef]

47. Bozic, K.J.; Kurtz, S.M.; Lau, E.; Ong, K.; Chiu, V.; Vail, T.P.; Rubash, H.E.; Berry, D.J. The epidemiology of
revision total knee arthroplasty in the United States. Clin. Orthop. Relat. Res. 2010, 468, 45–51. [CrossRef]
[PubMed]

48. Brady, R.A.; Leid, J.G.; Calhoun, J.H.; Costerton, J.W.; Shirtliff, M.E. Osteomyelitis and the role of biofilms in
chronic infection. FEMS Immunol. Med. Microbiol. 2008, 52, 13–22. [CrossRef] [PubMed]

49. Healy, B.; Freedman, A. ABC of wound healing: Infections. BMJ 2006, 332, 838. [CrossRef] [PubMed]
50. Matos, A.C.; Gonçalves, L.M.; Rijo, P.; Vaz, M.A.; Almeida, A.J.; Bettencourt, A.F. A novel modified acrylic

bone cement matrix. A step forward on antibiotic delivery against multiresistant bacteria responsible for
prosthetic joint infections. Mater. Sci. Eng. C 2014, 38, 218–226. [CrossRef] [PubMed]

51. Poulsen, N.R.; Mechlenburg, I.; Soballe, K.; Lange, J. Patient-reported quality of life and hip function after
2-stage revision of chronic periprosthetic hip joint infection: A cross-sectional study. Hip Int. J. Clin. Exp. Res.
Hip Pathol. Ther. 2018, 28, 407–414. [CrossRef]

52. Drago, L.; Vecchi, E.D.; Bortolin, M.; Toscano, M.; Mattina, R.; Romanò, C.L. Antimicrobial activity and
resistance selection of different bioglass S53P4 formulations against multidrug resistant strains. Future
Microbiol. 2015, 10, 1293–1299. [CrossRef]

53. Bortolin, M.; De Vecchi, E.; Romanò, C.L.; Toscano, M.; Mattina, R.; Drago, L. Antibiofilm agents against MDR
bacterial strains: Is bioactive glass BAG-S53P4 also effective? J. Antimicrob. Chemother. 2015, 71, 123–127.
[CrossRef]

54. Coraca-Huber, D.C.; Fille, M.; Hausdorfer, J.; Putzer, D.; Nogler, M. Efficacy of antibacterial bioactive glass
S53P4 against S. aureus biofilms grown on titanium discs in vitro. J. Orthop. Res. 2014, 32, 175–177. [CrossRef]

55. Galarraga-Vinueza, M.; Mesquita-Guimarães, J.; Magini, R.; Souza, J.; Fredel, M.; Boccaccini, A. Anti-biofilm
properties of bioactive glasses embedding organic active compounds. J. Biomed. Mater. Res. 2017, 105,
672–679. [CrossRef] [PubMed]

56. Bari, A.; Bloise, N.; Fiorilli, S.; Novajra, G.; Vallet-Regí, M.; Bruni, G.; Torres-Pardo, A.; González-Calbet, J.M.;
Visai, L.; Vitale-Brovarone, C. Copper-containing mesoporous bioactive glass nanoparticles as multifunctional
agent for bone regeneration. Acta Biomater. 2017, 55, 493–504. [CrossRef] [PubMed]

57. Xu, Y.T.; Wu, Q.; Chen, Y.M.; Smales, R.J.; Shi, S.Y.; Wang, M.T. Antimicrobial effects of a bioactive glass
combined with fluoride or triclosan on Streptococcus mutans biofilm. Arch. Oral Biol. 2015, 60, 1059–1065.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.sdentj.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24526822
http://dx.doi.org/10.1016/j.biomaterials.2005.11.025
http://www.ncbi.nlm.nih.gov/pubmed/16336997
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.11.041
http://dx.doi.org/10.1021/ja01349a006
http://dx.doi.org/10.1007/s10856-006-0432-z
http://dx.doi.org/10.1002/jbm.a.32824
http://dx.doi.org/10.1097/01.PRS.0000128355.95900.DD
http://dx.doi.org/10.1016/S0142-9612(99)00181-7
http://dx.doi.org/10.5005/jp-journals-10015-1285
http://dx.doi.org/10.1111/jcpe.12334
http://dx.doi.org/10.1007/s11999-009-0945-0
http://www.ncbi.nlm.nih.gov/pubmed/19554385
http://dx.doi.org/10.1111/j.1574-695X.2007.00357.x
http://www.ncbi.nlm.nih.gov/pubmed/18081847
http://dx.doi.org/10.1136/bmj.332.7545.838
http://www.ncbi.nlm.nih.gov/pubmed/16601046
http://dx.doi.org/10.1016/j.msec.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24656372
http://dx.doi.org/10.5301/hipint.5000584
http://dx.doi.org/10.2217/FMB.15.57
http://dx.doi.org/10.1093/jac/dkv327
http://dx.doi.org/10.1002/jor.22463
http://dx.doi.org/10.1002/jbm.a.35934
http://www.ncbi.nlm.nih.gov/pubmed/27750384
http://dx.doi.org/10.1016/j.actbio.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28412552
http://dx.doi.org/10.1016/j.archoralbio.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25951616


Int. J. Mol. Sci. 2019, 20, 5960 18 of 24

58. Lindfors, N.; Hyvönen, P.; Nyyssönen, M.; Kirjavainen, M.; Kankare, J.; Gullichsen, E.; Salo, J. Bioactive glass
S53P4 as bone graft substitute in treatment of osteomyelitis. Bone 2010, 47, 212–218. [CrossRef] [PubMed]

59. Begum, S.; Johnson, W.E.; Worthington, T.; Martin, R.A. The influence of pH and fluid dynamics on the
antibacterial efficacy of 45S5 Bioglass. Biomed. Mater. 2016, 11, 015006. [CrossRef] [PubMed]

60. Vallittu, P.K.; Narhi, T.O.; Hupa, L. Fiber glass-bioactive glass composite for bone replacing and bone
anchoring implants. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2015, 31, 371–381. [CrossRef]

61. Waltimo, T.; Brunner, T.J.; Vollenweider, M.; Stark, W.J.; Zehnder, M. Antimicrobial effect of nanometric
bioactive glass 45S5. J. Dent. Res. 2007, 86, 754–757. [CrossRef]

62. Drago, L.; Vassena, C.; Fenu, S.; Vecchi, E.D.; Signori, V.; Francesco, R.D.; Romanò, C.L. In vitro antibiofilm
activity of bioactive glass S53P4. Future Microbiol. 2014, 9, 593–601. [CrossRef]

63. Rahaman, M.N.; Bal, B.S.; Huang, W. Review: Emerging developments in the use of bioactive glasses for
treating infected prosthetic joints. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 41, 224–231. [CrossRef]

64. Vallittu, P.K. Bioactive glass-containing cranial implants: An overview. J. Mater. Sci. 2017, 52, 8772–8784.
[CrossRef]

65. Stoor, P.; Soderling, E.; Salonen, J.I. Antibacterial effects of a bioactive glass paste on oral microorganisms.
Acta Odontol. Scand. 1998, 56, 161–165. [CrossRef] [PubMed]

66. López-Píriz, R.; Solá-Linares, E.; Rodriguez-Portugal, M.; Malpica, B.; Díaz-Güemes, I.; Enciso, S.;
Esteban-Tejeda, L.; Cabal, B.; Granizo, J.J.; Moya, J.S. Evaluation in a dog model of three antimicrobial glassy
coatings: Prevention of bone loss around implants and microbial assessments. PLoS ONE 2015, 10, e0140374.
[CrossRef] [PubMed]

67. Abushahba, F.; Söderling, E.; Aalto-Setälä, L.; Sangder, J.; Hupa, L.; Närhi, T.O. Antibacterial properties of
bioactive glass particle abraded titanium against Streptococcus mutans. Biomed. Phys. Eng. Express 2018, 4,
045002. [CrossRef]

68. Bonfim, R.; Chitarra, V.; Gomes, R.; Zacarias, R.; Santos, V.; Vasconcelos, W. Antimicrobial activity of bioactive
glass associated to Brazilian red and green propolis. Planta Med. 2009, 75, PJ194. [CrossRef]

69. Mistry, S.; Roy, R.; Kundu, B.; Datta, S.; Kumar, M.; Chanda, A.; Kundu, D. Clinical Outcome of Hydroxyapatite
Coated, Bioactive Glass Coated, and Machined Ti6Al4V Threaded Dental Implant in Human Jaws: A
Short-Term Comparative Study. Implant Dent. 2016, 25, 252–260. [CrossRef]

70. Schepers, E.; Clercq, M.D.; Ducheyne, P.; Kempeneers, R. Bioactive glass particulate material as a filler for
bone lesions. J. Oral Rehabil. 1991, 18, 439–452. [CrossRef]

71. Lovelace, T.B.; Mellonig, J.T.; Meffert, R.M.; Jones, A.A.; Nummikoski, P.V.; Cochran, D.L. Clinical evaluation
of bioactive glass in the treatment of periodontal osseous defects in humans. J. Periodontol. 1998, 69, 1027–1035.
[CrossRef]

72. Gange, P. The evolution of bonding in orthodontics. Am. J. Orthod. Dentofac. Orthop. 2015, 147, S56–S63.
[CrossRef]

73. Tay, F.R.; Pashley, D.H.; Yiu, C.; Cheong, C.; Hashimoto, M.; Itou, K.; Yoshiyama, M.; King, N.M. Nanoleakage
types and potential implications: Evidence from unfilled and filled adhesives with the same resin composition.
Am. Dent. J. 2004, 17, 182–190.

74. Hashimoto, M.; Tay, F.R.; Ohno, H.; Sano, H.; Kaga, M.; Yiu, C.; Kumagai, H.; Kudou, Y.; Kubota, M.;
Oguchi, H. SEM and TEM analysis of water degradation of human dentinal collagen. J. Biomed. Mater. Res. B
2003, 66, 287–298. [CrossRef]

75. Mazzoni, A.; Pashley, D.H.; Nishitani, Y.; Breschi, L.; Mannello, F.; Tjäderhane, L.; Toledano, M.; Pashley, E.L.;
Tay, F.R. Reactivation of inactivated endogenous proteolytic activities in phosphoric acid-etched dentine by
etch-and-rinse adhesives. Biomaterials 2006, 27, 4470–4476. [CrossRef]

76. De Munck, J.; Mine, A.; Van den Steen, P.E.; Van Landuyt, K.L.; Poitevin, A.; Opdenakker, G.; Van Meerbeek, B.
Enzymatic degradation of adhesive–dentin interfaces produced by mild self-etch adhesives. Eur. J. Oral Sci.
2010, 118, 494–501. [CrossRef]

77. Osorio, R.; Yamauti, M.; Osorio, E.; Ruiz-Requena, M.E.; Pashley, D.H.; Tay, F.R.; Toledano, M. Zinc reduces
collagen degradation in demineralized human dentin explants. J. Dent. 2011, 39, 148–153. [CrossRef]
[PubMed]

78. Sauro, S.; Osorio, R.; Watson, T.F.; Toledano, M. Therapeutic effects of novel resin bonding systems containing
bioactive glasses on mineral-depleted areas within the bonded-dentine interface. J. Mater. Sci. Mater. Med.
2012, 23, 1521–1532. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bone.2010.05.030
http://www.ncbi.nlm.nih.gov/pubmed/20624692
http://dx.doi.org/10.1088/1748-6041/11/1/015006
http://www.ncbi.nlm.nih.gov/pubmed/26836582
http://dx.doi.org/10.1016/j.dental.2015.01.003
http://dx.doi.org/10.1177/154405910708600813
http://dx.doi.org/10.2217/fmb.14.20
http://dx.doi.org/10.1016/j.msec.2014.04.055
http://dx.doi.org/10.1007/s10853-017-0888-x
http://dx.doi.org/10.1080/000163598422901
http://www.ncbi.nlm.nih.gov/pubmed/9688225
http://dx.doi.org/10.1371/journal.pone.0140374
http://www.ncbi.nlm.nih.gov/pubmed/26489088
http://dx.doi.org/10.1088/2057-1976/aabeee
http://dx.doi.org/10.1055/s-0029-1234999
http://dx.doi.org/10.1097/ID.0000000000000376
http://dx.doi.org/10.1111/j.1365-2842.1991.tb01689.x
http://dx.doi.org/10.1902/jop.1998.69.9.1027
http://dx.doi.org/10.1016/j.ajodo.2015.01.011
http://dx.doi.org/10.1002/jbm.b.10560
http://dx.doi.org/10.1016/j.biomaterials.2006.01.040
http://dx.doi.org/10.1111/j.1600-0722.2010.00758.x
http://dx.doi.org/10.1016/j.jdent.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21108986
http://dx.doi.org/10.1007/s10856-012-4606-6
http://www.ncbi.nlm.nih.gov/pubmed/22466816


Int. J. Mol. Sci. 2019, 20, 5960 19 of 24

79. Tirapelli, C.; Panzeri, H.; Lara, E.H.; Soares, R.G.; Peitl, O.; Zanotto, E.D. The effect of a novel crystallised
bioactive glass-ceramic powder on dentine hypersensitivity: A long-term clinical study. J. Oral Rehabil. 2011,
38, 253–262. [CrossRef] [PubMed]

80. de Morais, R.C.; Silveira, R.E.; Chinelatti, M.A.; Pires-de-Souza, F.D.C.P. Biosilicate as a dentin pretreatment
for total-etch and self-etch adhesives: In vitro study. Int. J. Adhes. Adhes. 2016, 70, 271–276. [CrossRef]

81. de Morais, R.C.; Silveira, R.E.; Chinelatti, M.; Geraldeli, S.; de Carvalho Panzeri Pires-de-Souza, F. Bond
strength of adhesive systems to sound and demineralized dentin treated with bioactive glass ceramic
suspension. Clin. Oral Investig. 2018, 22, 1923–1931. [CrossRef]

82. Carneiro, K.K.; Araujo, T.P.; Carvalho, E.M.; Meier, M.M.; Tanaka, A.; Carvalho, C.N.; Bauer, J. Bioactivity
and properties of an adhesive system functionalized with an experimental niobium-based glass. J. Mech.
Behav. Biomed. Mater. 2018, 78, 188–195. [CrossRef]

83. Kim, Y.M.; Kim, D.H.; Song, C.W.; Yoon, S.Y.; Kim, S.Y.; Na, H.S.; Chung, J.; Kim, Y.I.; Kwon, Y.H. Antibacterial
and remineralization effects of orthodontic bonding agents containing bioactive glass. Korean J. Orthod. 2018,
48, 163–171. [CrossRef]

84. Mendes, A.; Restrepo, M.; Bussaneli, D.; Zuanon, A. Use of Casein Amorphous Calcium Phosphate (CPP-ACP)
on White-spot Lesions: Randomised Clinical Trial. Oral Health Prev. Dent. 2018, 16, 27–31.

85. Milly, H.; Festy, F.; Watson, T.F.; Thompson, I.; Banerjee, A. Enamel white spot lesions can remineralise
using bio-active glass and polyacrylic acid-modified bio-active glass powders. J. Dent. 2014, 42, 158–166.
[CrossRef] [PubMed]

86. Taha, A.A.; Patel, M.P.; Hill, R.G.; Fleming, P.S. The effect of bioactive glasses on enamel remineralization: A
systematic review. J. Dent. 2017, 67, 9–17. [CrossRef] [PubMed]

87. Gjorgievska, E.; Nicholson, J.W. Prevention of enamel demineralization after tooth bleaching by bioactive
glass incorporated into toothpaste. Aust. Dent. J. 2011, 56, 193–200. [CrossRef] [PubMed]

88. Burwell, A.K.; Litkowski, L.J.; Greenspan, D.C. Calcium sodium phosphosilicate (NovaMin):
Remineralization potential. Adv. Dent. Res. 2009, 21, 35–39. [CrossRef]

89. Burwell, A.; Jennings, D.; Muscle, D.; Greenspan, D.C. NovaMin and dentin hypersensitivity–in vitro
evidence of efficacy. J. Clin. Dent. 2010, 21, 66–71.

90. Philip, N. State of the Art Enamel Remineralization Systems: The Next Frontier in Caries Management.
Caries Res. 2019, 53, 284–295. [CrossRef]

91. Gul, H.; Zahid, S.; Zahid, S.; Kaleem, M.; Khan, A.S.; Shah, A.T. Sol-gel derived fluoride-doped bioactive
glass powders: Structural and long-term fluoride release/pH analysis. J. Non-Cryst. Solids 2018, 498, 216–222.
[CrossRef]

92. Brauer, D.S.; Karpukhina, N.; O’Donnell, M.D.; Law, R.V.; Hill, R.G. Fluoride-containing bioactive glasses:
Effect of glass design and structure on degradation, pH and apatite formation in simulated body fluid. Acta
Biomater. 2010, 6, 3275–3282. [CrossRef]

93. Farooq, I.; Majeed, A.; Alshwaimi, E.; Almas, K. Efficacy of a novel fluoride containing bioactive glass
based dentifrice in remineralizing artificially induced demineralization in human enamel. Fluoride 2018, 52,
447–455.

94. Brannstrom, M. The hydrodynamics of the dentine. Its possible relationship to dentinal pain. Int. Dent. J.
1972, 22, 219–227.

95. West, N.; Lussi, A.; Seong, J.; Hellwig, E. Dentin hypersensitivity: Pain mechanisms and aetiology of exposed
cervical dentin. Clin. Oral Investig. 2013, 17, 9–19. [CrossRef] [PubMed]

96. Orchardson, R.; Gillam, D.G. The efficacy of potassium salts as agents for treating dentin hypersensitivity. J.
Orofac. Pain 2000, 14, 9–19. [PubMed]

97. Absi, E.G.; Addy, M.; Adams, D. Dentine hypersensitivity. A study of the patency of dentinal tubules in
sensitive and non-sensitive cervical dentine. J. Clin. Periodontol. 1987, 14, 280–284. [CrossRef] [PubMed]

98. Gillam, D.G.; Bulman, J.S.; Eijkman, M.A.; Newman, H.N. Dentists’ perceptions of dentine hypersensitivity
and knowledge of its treatment. J. Oral Rehabil. 2002, 29, 219–225. [CrossRef]

99. Gillam, D.G. Clinical trial designs for testing of products for dentine hypersensitivity—A review. J. West Soc.
Periodontol. Periodontal Abstr. 1997, 45, 37–46.

100. Pradeep, A.R.; Sharma, A. Comparison of clinical efficacy of a dentifrice containing calcium sodium
phosphosilicate to a dentifrice containing potassium nitrate and to a placebo on dentinal hypersensitivity: A
randomized clinical trial. J. Periodontol. 2010, 81, 1167–1173. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2842.2010.02157.x
http://www.ncbi.nlm.nih.gov/pubmed/20868428
http://dx.doi.org/10.1016/j.ijadhadh.2016.07.007
http://dx.doi.org/10.1007/s00784-017-2283-z
http://dx.doi.org/10.1016/j.jmbbm.2017.11.016
http://dx.doi.org/10.4041/kjod.2018.48.3.163
http://dx.doi.org/10.1016/j.jdent.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24287257
http://dx.doi.org/10.1016/j.jdent.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28939485
http://dx.doi.org/10.1111/j.1834-7819.2011.01323.x
http://www.ncbi.nlm.nih.gov/pubmed/21623812
http://dx.doi.org/10.1177/0895937409335621
http://dx.doi.org/10.1159/000493031
http://dx.doi.org/10.1016/j.jnoncrysol.2018.06.025
http://dx.doi.org/10.1016/j.actbio.2010.01.043
http://dx.doi.org/10.1007/s00784-012-0887-x
http://www.ncbi.nlm.nih.gov/pubmed/23224116
http://www.ncbi.nlm.nih.gov/pubmed/11203743
http://dx.doi.org/10.1111/j.1600-051X.1987.tb01533.x
http://www.ncbi.nlm.nih.gov/pubmed/3475295
http://dx.doi.org/10.1046/j.1365-2842.2002.00812.x
http://dx.doi.org/10.1902/jop.2010.100056


Int. J. Mol. Sci. 2019, 20, 5960 20 of 24

101. Montazerian, M.; Zanotto, E.D. A guided walk through Larry Hench’s monumental discoveries. J. Mater. Sci.
2017, 52, 8695–8732. [CrossRef]

102. Gillam, D.G.; Tang, J.Y.; Mordan, N.J.; Newman, H.N. The effects of a novel Bioglass dentifrice on dentine
sensitivity: A scanning electron microscopy investigation. J. Oral Rehabil. 2002, 29, 305–313. [CrossRef]

103. Gendreau, L.; Barlow, A.P.; Mason, S.C. Overview of the clinical evidence for the use of NovaMin in providing
relief from the pain of dentin hypersensitivity. J. Clin. Dent. 2011, 22, 90–95.

104. Ashwini, S.; Swatika, K.; Kamala, D. Comparative evaluation of desensitizing efficacy of dentifrice containing
5% fluoro calcium phosphosilicate versus 5% calcium sodium phosphosilicate: A randomized controlled
clinical trial. Contemp. Clin. Dent. 2018, 9, 330.

105. Tirapelli, C.; Panzeri, H.; Soares, R.G.; Peitl, O.; Zanotto, E.D. A novel bioactive glass-ceramic for treating
dentin hypersensitivity. Braz. Oral Res. 2010, 24, 381–387. [CrossRef] [PubMed]

106. Orchardson, R.; Gangarosa Sr, L.P.; Holland, G.R.; Pashley, D.H.; Trowbridge, H.O.; Ashley, F.P.; Kleinberg, I.;
Zappa, U. Dentine hypersensitivity-into the 21st century. Arch. Oral Biol. 1994, 39, 113S–119S. [CrossRef]

107. Banerjee, A.; Hajatdoost-Sani, M.; Farrell, S.; Thompson, I. A clinical evaluation and comparison of bioactive
glass and sodium bicarbonate air-polishing powders. Int. J. Dent. 2010, 38, 475–479. [CrossRef] [PubMed]

108. Taha, A.A.; Hill, R.G.; Fleming, P.S.; Patel, M.P. Development of a novel bioactive glass for air-abrasion to
selectively remove orthodontic adhesives. Clin. Oral Investig. 2018, 22, 1839–1849. [CrossRef]

109. Langalia, A. Polymerization shrinkage of composite resins: A review. J. Med. Dent. Sci. Res. 2015, 2, 23–27.
110. Pereira-Cenci, T.; Cenci, M.S.; Fedorowicz, Z.; Marchesan, M.A. Antibacterial agents in composite restorations

for the prevention of dental caries. Cochrane Database Syst. Rev. 2009. [CrossRef]
111. Esteves, C.; Ota-Tsuzuki, C.; Reis, A.; Rodrigues, J. Antibacterial activity of various self-etching adhesive

systems against oral streptococci. Oper. Dent. 2010, 35, 448–453. [CrossRef]
112. Profeta, A.C. Dentine bonding agents comprising calcium-silicates to support proactive dental care: Origins,

development and future. Dent. Mater. J. 2014, 33, 443–452. [CrossRef]
113. Khvostenko, D.; Mitchell, J.C.; Hilton, T.J.; Ferracane, J.L.; Kruzic, J.J. Mechanical performance of novel

bioactive glass containing dental restorative composites. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2013, 29,
1139–1148. [CrossRef]

114. Salehi, S.; Gwinner, F.; Mitchell, J.C.; Pfeifer, C.; Ferracane, J.L. Cytotoxicity of resin composites containing
bioactive glass fillers. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2015, 31, 195–203. [CrossRef]

115. Chatzistavrou, X.; Velamakanni, S.; DiRenzo, K.; Lefkelidou, A.; Fenno, J.C.; Kasuga, T.; Boccaccini, A.R.;
Papagerakis, P. Designing dental composites with bioactive and bactericidal properties. Mater. Sci. Eng. C
Mater. Biol. Appl. 2015, 52, 267–272. [CrossRef]

116. Tezvergil-Mutluay, A.; Seseogullari-Dirihan, R.; Feitosa, V.P.; Cama, G.; Brauer, D.S.; Sauro, S. Effects of
Composites Containing Bioactive Glasses on Demineralized Dentin. J. Dent. Res. 2017, 96, 999–1005.
[CrossRef]

117. Chatzistavrou, X.; Lefkelidou, A.; Papadopoulou, L.; Pavlidou, E.; Paraskevopoulos, K.M.; Fenno, J.C.;
Flannagan, S.; Gonzalez-Cabezas, C.; Kotsanos, N.; Papagerakis, P. Bactericidal and Bioactive Dental
Composites. Front. Physiol. 2018, 9, 103. [CrossRef]

118. Par, M.; Tarle, Z.; Hickel, R.; Ilie, N. Dentin Bond Strength of Experimental Composites Containing Bioactive
Glass: Changes During Aging for up to 1 Year. J. Adhes. Dent. 2018, 20, 325–334.

119. Par, M.; Tarle, Z.; Hickel, R.; Ilie, N. Mechanical properties of experimental composites containing bioactive
glass after artificial aging in water and ethanol. Clin. Oral Investig. 2018, 26, 2733–2741. [CrossRef]

120. Yang, S.Y.; Piao, Y.Z.; Kim, S.M.; Lee, Y.K.; Kim, K.N.; Kim, K.M. Acid neutralizing, mechanical and physical
properties of pit and fissure sealants containing melt-derived 45S5 bioactive glass. Dent. Mater. Off. Publ.
Acad. Dent. Mater. 2013, 29, 1228–1235. [CrossRef]

121. Nicolae, L.C.; Shelton, R.M.; Cooper, P.R.; Martin, R.A.; Palin, W.M. The Effect of UDMA/TEGDMA Mixtures
and Bioglass Incorporation on the Mechanical and Physical Properties of Resin and Resin-Based Composite
Materials. In Conference Papers in Science; Hindawi: London, UK, 2014; Volume 2014, pp. 1–5.

122. Oral, O.; Lassila, L.V.; Kumbuloglu, O.; Vallittu, P.K. Bioactive glass particulate filler composite: Effect of
coupling of fillers and filler loading on some physical properties. Dent. Mater. Off. Publ. Acad. Dent. Mater.
2014, 30, 570–577. [CrossRef]

http://dx.doi.org/10.1007/s10853-017-0804-4
http://dx.doi.org/10.1046/j.1365-2842.2002.00824.x
http://dx.doi.org/10.1590/S1806-83242010000400002
http://www.ncbi.nlm.nih.gov/pubmed/21180956
http://dx.doi.org/10.1016/0003-9969(94)90197-X
http://dx.doi.org/10.1016/j.jdent.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20223272
http://dx.doi.org/10.1007/s00784-017-2279-8
http://dx.doi.org/10.1002/14651858.CD007819.pub3
http://dx.doi.org/10.2341/09-297-L
http://dx.doi.org/10.4012/dmj.2013-267
http://dx.doi.org/10.1016/j.dental.2013.08.207
http://dx.doi.org/10.1016/j.dental.2014.12.004
http://dx.doi.org/10.1016/j.msec.2015.03.062
http://dx.doi.org/10.1177/0022034517709464
http://dx.doi.org/10.3389/fphys.2018.00103
http://dx.doi.org/10.1007/s00784-018-2713-6
http://dx.doi.org/10.1016/j.dental.2013.09.007
http://dx.doi.org/10.1016/j.dental.2014.02.017


Int. J. Mol. Sci. 2019, 20, 5960 21 of 24

123. Yli-Urpo, H.; Vallittu, P.K.; Narhi, T.O.; Forsback, A.P.; Vakiparta, M. Release of silica, calcium, phosphorus,
and fluoride from glass ionomer cement containing bioactive glass. J. Biomater. Appl. 2004, 19, 5–20.
[CrossRef]

124. Kandaswamy, D.; Rajan, K.J.; Venkateshbabu, N.; Porkodi, I. Shear bond strength evaluation of resin
composite bonded to glass-ionomer cement using self-etching bonding agents with different pH: In vitro
study. J. Conserv. Dent. 2012, 15, 27–31.

125. Matsuya, S.; Matsuya, Y.; Ohta, M. Structure of bioactive glass and its application to glass ionomer cement.
Dent. Mater. J. 1999, 18, 155–166. [CrossRef]

126. Khoroushi, M.; Mousavinasab, S.M.; Keshani, F.; Hashemi, S. Effect of resin-modified glass ionomer containing
bioactive glass on the flexural strength and morphology of demineralized dentin. Oper. Dent. 2013, 38,
E1–E10. [CrossRef] [PubMed]

127. Yli-Urpo, H.; Narhi, M.; Narhi, T. Compound changes and tooth mineralization effects of glass ionomer
cements containing bioactive glass (S53P4), an in vivo study. Biomaterials 2005, 26, 5934–5941. [CrossRef]
[PubMed]

128. Yli-Urpo, H.; Narhi, T.; Soderling, E. Antimicrobial effects of glass ionomer cements containing bioactive
glass (S53P4) on oral micro-organisms in vitro. Acta Odontol. Scand. 2003, 61, 241–246. [CrossRef] [PubMed]

129. Valanezhad, A.; Odatsu, T.; Udoh, K.; Shiraishi, T.; Sawase, T.; Watanabe, I. Modification of resin modified
glass ionomer cement by addition of bioactive glass nanoparticles. J. Mater. Sci. Mater. Med. 2016, 27, 3.
[CrossRef] [PubMed]

130. Prabhakar, A.R.; Paul, M.J.; Basappa, N. Comparative Evaluation of the Remineralizing Effects and Surface
Micro hardness of Glass Ionomer Cements Containing Bioactive Glass (S53P4): An in vitro Study. Int. J. Clin.
Pediatr. Dent. 2010, 3, 69–77. [CrossRef] [PubMed]

131. Imazato, S.; Ma, S.; Chen, J.H.; Xu, H.H. Therapeutic polymers for dental adhesives: Loading resins with
bio-active components. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2014, 30, 97–104. [CrossRef]

132. Hilton, T.J. Keys to clinical success with pulp capping: A review of the literature. Oper. Dent. 2009, 34,
615–625. [CrossRef]

133. Macwan, C.; Deshpande, A. Mineral trioxide aggregate (MTA) in dentistry: A review of literature. J. Oral
Res. Rev. 2014, 6, 71–74. [CrossRef]

134. Gholami, S.; Labbaf, S.; Baharlou Houreh, A.; Ting, H.K.; Jones, J.; Nasr Esfahani, M.H. Long term effects of
bioactive glass particulates on dental pulp stem cells in vitro. Biomed. Glasses 2017, 3, 96–103. [CrossRef]

135. Long, Y.; Liu, S.; Zhu, L.; Liang, Q.; Chen, X.; Dong, Y. Evaluation of Pulp Response to Novel Bioactive Glass
Pulp Capping Materials. J. Endod. 2017, 43, 1647–1650. [CrossRef]

136. Flores-Ledesma, A.; Barcelo Santana, F.; Bucio, L.; Arenas-Alatorre, J.A.; Faraji, M.; Wintergerst, A.M.
Bioactive materials improve some physical properties of a MTA-like cement. Mater. Sci. Eng. C Mater. Biol.
Appl. 2017, 71, 150–155. [CrossRef] [PubMed]

137. Tay, F.R.; Pashley, D.H. Monoblocks in root canals: A hypothetical or a tangible goal. J. Endod. 2007, 33,
391–398. [CrossRef] [PubMed]

138. Mandke, L. Importance of coronal seal: Preventing coronal leakage in endodontics. J. Restor. Dent. 2016, 4,
71–75. [CrossRef]

139. Elzubair, A.; Elias, C.N.; Suarez, J.C.M.; Lopes, H.P.; Vieira, M.V.B. The physical characterization of a
thermoplastic polymer for endodontic obturation. J. Dent. 2006, 34, 784–789. [CrossRef] [PubMed]

140. Mehrvarzfar, P.; Dahi-Taleghani, A.; Saghiri, M.A.; Karamifar, K.; Shababi, B.; Behnia, A. The comparison
of MTA, Geristore® and Amalgam with or without Bioglass as a matrix in sealing the furcal perforations
(in vitro study). Saudi Dent. J. 2010, 22, 119–124. [CrossRef] [PubMed]

141. Belladonna, F.G.; Calasans-Maia, M.D.; Novellino Alves, A.T.; de Brito Resende, R.F.; Souza, E.M.; Silva, E.J.;
Fidel, S.R.; De-Deus, G. Biocompatibility of a self-adhesive gutta-percha-based material in subcutaneous
tissue of mice. J. Endod. 2014, 40, 1869–1873. [CrossRef] [PubMed]

142. Wu, M.K.; Fan, B.; Wesselink, P.R. Diminished leakage along root canals filled with gutta-percha without
sealer over time: A laboratory study. Int. Endod. J. 2000, 33, 121–125. [CrossRef]

143. Marending, M.; Bubenhofer, S.B.; Sener, B.; De-Deus, G. Primary assessment of a self-adhesive gutta-percha
material. Int. Endod. J. 2013, 46, 317–322. [CrossRef]

http://dx.doi.org/10.1177/0085328204044538
http://dx.doi.org/10.4012/dmj.18.155
http://dx.doi.org/10.2341/11-325-L
http://www.ncbi.nlm.nih.gov/pubmed/23098663
http://dx.doi.org/10.1016/j.biomaterials.2005.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15958240
http://dx.doi.org/10.1080/00016350310004719
http://www.ncbi.nlm.nih.gov/pubmed/14582593
http://dx.doi.org/10.1007/s10856-015-5614-0
http://www.ncbi.nlm.nih.gov/pubmed/26610926
http://dx.doi.org/10.5005/jp-journals-10005-1057
http://www.ncbi.nlm.nih.gov/pubmed/27507915
http://dx.doi.org/10.1016/j.dental.2013.06.003
http://dx.doi.org/10.2341/09-132-0
http://dx.doi.org/10.4103/2249-4987.152914
http://dx.doi.org/10.1515/bglass-2017-0009
http://dx.doi.org/10.1016/j.joen.2017.03.011
http://dx.doi.org/10.1016/j.msec.2016.09.079
http://www.ncbi.nlm.nih.gov/pubmed/27987692
http://dx.doi.org/10.1016/j.joen.2006.10.009
http://www.ncbi.nlm.nih.gov/pubmed/17368325
http://dx.doi.org/10.4103/2321-4619.188224
http://dx.doi.org/10.1016/j.jdent.2006.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16600464
http://dx.doi.org/10.1016/j.sdentj.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23960486
http://dx.doi.org/10.1016/j.joen.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25190606
http://dx.doi.org/10.1046/j.1365-2591.2000.00274.x
http://dx.doi.org/10.1111/j.1365-2591.2012.02117.x


Int. J. Mol. Sci. 2019, 20, 5960 22 of 24

144. Mohn, D.; Bruhin, C.; Luechinger, N.A.; Stark, W.J.; Imfeld, T.; Zehnder, M. Composites made of flame-sprayed
bioactive glass 45S5 and polymers: Bioactivity and immediate sealing properties. Int. Endod. J. 2010, 43,
1037–1046. [CrossRef]

145. Gerhardt, L.-C.; Boccaccini, A.R. Bioactive Glass and Glass-Ceramic Scaffolds for Bone Tissue Engineering.
Materials 2010, 3, 3867–3910. [CrossRef]

146. Brydone, A.; Meek, D.; Maclaine, S. Bone grafting, orthopaedic biomaterials, and the clinical need for bone
engineering. Proc. Inst. Mech. Eng. Patr H 2010, 224, 1329–1343. [CrossRef] [PubMed]

147. Janicki, P.; Schmidmaier, G. What should be the characteristics of the ideal bone graft substitute? Combining
scaffolds with growth factors and/or stem cells. Injury 2011, 42, S77–S81. [CrossRef]

148. Arrington, E.D.; Smith, W.J.; Chambers, H.G.; Bucknell, A.L.; Davino, N.A. Complications of iliac crest bone
graft harvesting. Clin. Orthop. Relat. Res. 1996, 329, 300–309. [CrossRef] [PubMed]

149. Banwart, J.C.; Asher, M.A.; Hassanein, R.S. Iliac crest bone graft harvest donor site morbidity. A statistical
evaluation. Spine 1995, 20, 1055–1060. [CrossRef] [PubMed]

150. Kinaci, A.; Neuhaus, V.; Ring, D.C. Trends in bone graft use in the United States. Orthopedics 2014, 37,
e783–e788. [CrossRef] [PubMed]

151. Hirschfeld, L.; Wasserman, B. A Long-Term Survey of Tooth Loss in 600 Treated Periodontal Patients. J.
Periodontol. 1978, 49, 225–237. [CrossRef]

152. Heitz-Mayfield, L.J.A. Peri-implant diseases: Diagnosis and risk indicators. J. Clin. Periodontol. 2008, 35,
292–304. [CrossRef]

153. Renvert, S.; Persson, G.R. Periodontitis as a potential risk factor for peri-implantitis. J. Clin. Periodontol. 2009,
36, 9–14. [CrossRef]

154. Reynolds, M.A.; Aichelmann-Reidy, M.E.; Branch-Mays, G.L.; Gunsolley, J.C. The Efficacy of Bone
Replacement Grafts in the Treatment of Periodontal Osseous Defects. A Systematic Review. Ann. Periodontol.
2003, 8, 227–265. [CrossRef]

155. Singh, M.; Mehta, D. Clinical evaluation of Biogran as a graft material in the treatment of periodontal osseous
defects. J. Indian Soc. Periodontol. 2000, 3, 69–72.

156. Profeta, A.C.; Prucher, G.M. Bioactive-glass in periodontal surgery and implant dentistry. Dent. Mater. J.
2015, 34, 559–571. [CrossRef] [PubMed]

157. Profeta, A.C.; Huppa, C. Bioactive-glass in Oral and Maxillofacial Surgery. Craniomaxillofacial Trauma Reconstr.
2016, 9, 1–14.

158. Pantchev, A.; Nohlert, E.; Tegelberg, A. Endodontic surgery with and without inserts of bioactive glass
PerioGlas–a clinical and radiographic follow-up. Oral Maxillofac. Surg. 2009, 13, 21–26. [CrossRef] [PubMed]

159. Stanley, H.R.; Hall, M.B.; Clark, A.E.; King, C.J., 3rd; Hench, L.L.; Berte, J.J. Using 45S5 bioglass cones as
endosseous ridge maintenance implants to prevent alveolar ridge resorption: A 5-year evaluation. Int. J.
Oral Maxillofac. Implants 1997, 12, 95–105. [PubMed]

160. Sumer, M.; Keles, G.C.; Cetinkaya, B.O.; Balli, U.; Pamuk, F.; Uckan, S. Autogenous cortical bone and bioactive
glass grafting for treatment of intraosseous periodontal defects. Eur. J. Dent. 2013, 7, 6–14. [PubMed]

161. El-Haddad, S.A.E.M.; Abd-El Razzak, M.Y.; Saudi, H.I.; El Ghorab, N.M. Evaluation of bioactive glass and
autogenous bone in the treatment of Grade II furcation involvement: A randomized controlled trial. Eur. J.
Dent. 2014, 4, 13. [CrossRef]

162. Sohrabi, K.; Saraiya, V.; Laage, T.A.; Harris, M.; Blieden, M.; Karimbux, N. An evaluation of bioactive glass in
the treatment of periodontal defects: A meta-analysis of randomized controlled clinical trials. J. Periodontol.
2012, 83, 453–464. [CrossRef]

163. Shue, L.; Yufeng, Z.; Mony, U. Biomaterials for periodontal regeneration: A review of ceramics and polymers.
Biomatter 2012, 2, 271–277. [CrossRef]

164. Nevins, M.L.; Camelo, M.; Nevins, M.; King, C.J.; Oringer, R.J.; Schenk, R.K.; Fiorellini, J.P. Human histologic
evaluation of bioactive ceramic in the treatment of periodontal osseous defects. Int. J. Periodontics Restor.
Dent. 2000, 20, 458–467.

165. Sculean, A.; Windisch, P.; Keglevich, T.; Gera, I. Clinical and histologic evaluation of an enamel matrix
protein derivative combined with a bioactive glass for the treatment of intrabony periodontal defects in
humans. Int. J. Periodontics Restor. Dent. 2005, 25, 139–147.

166. Müller, F.; Wahl, G.; Fuhr, K. Age-related satisfaction with complete dentures, desire for improvement and
attitudes to implant treatment. Gerodontology 1994, 11, 7–12. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2591.2010.01772.x
http://dx.doi.org/10.3390/ma3073867
http://dx.doi.org/10.1243/09544119JEIM770
http://www.ncbi.nlm.nih.gov/pubmed/21287823
http://dx.doi.org/10.1016/j.injury.2011.06.014
http://dx.doi.org/10.1097/00003086-199608000-00037
http://www.ncbi.nlm.nih.gov/pubmed/8769465
http://dx.doi.org/10.1097/00007632-199505000-00012
http://www.ncbi.nlm.nih.gov/pubmed/7631235
http://dx.doi.org/10.3928/01477447-20140825-54
http://www.ncbi.nlm.nih.gov/pubmed/25350620
http://dx.doi.org/10.1902/jop.1978.49.5.225
http://dx.doi.org/10.1111/j.1600-051X.2008.01275.x
http://dx.doi.org/10.1111/j.1600-051X.2009.01416.x
http://dx.doi.org/10.1902/annals.2003.8.1.227
http://dx.doi.org/10.4012/dmj.2014-233
http://www.ncbi.nlm.nih.gov/pubmed/26438980
http://dx.doi.org/10.1007/s10006-008-0141-5
http://www.ncbi.nlm.nih.gov/pubmed/19023604
http://www.ncbi.nlm.nih.gov/pubmed/9048461
http://www.ncbi.nlm.nih.gov/pubmed/23408239
http://dx.doi.org/10.4103/2229-5194.134999
http://dx.doi.org/10.1902/jop.2011.110347
http://dx.doi.org/10.4161/biom.22948
http://dx.doi.org/10.1111/j.1741-2358.1994.tb00096.x
http://www.ncbi.nlm.nih.gov/pubmed/7713544


Int. J. Mol. Sci. 2019, 20, 5960 23 of 24

167. Albrektsson, T.; Branemark, P.I.; Hansson, H.A.; Lindstrom, J. Osseointegrated titanium implants.
Requirements for ensuring a long-lasting, direct bone-to-implant anchorage in man. Acta Odontol. Scand.
1981, 52, 155–170.

168. Yeo, I.S.; Kim, H.Y.; Li, Y.; Han, J.S. Implant surface factors and bacterial adhesion: A review of the literature.
Int. J. Artif. Organs 2012, 35, 762–772. [CrossRef] [PubMed]

169. Talreja, P.S.; Gayathri, G.; Mehta, D. Treatment of an early failing implant by guided bone regeneration using
resorbable collagen membrane and bioactive glass. J. Indian Soc. Periodontol. 2013, 17, 131. [CrossRef]

170. Kate, M.; Palaskar, S.; Kapoor, P. Implant failure: A dentist’s nightmare. J. Dent. Implant 2016, 6, 51–56.
[CrossRef]

171. Petersen, R.C. Titanium Implant Osseointegration Problems with Alternate Solutions Using
Epoxy/Carbon-Fiber-Reinforced Composite. Metals 2014, 4, 549–569. [CrossRef]

172. Wennerberg, A.; Bougas, K.; Jimbo, R.; Albrektsson, T. Implant coatings: New modalities for increased
osseointegration. Am. Dent. J. 2013, 26, 105–112.

173. MacDonald, D.; Betts, F.; Doty, S.; Boskey, A. A methodological study for the analysis of apatite-coated dental
implants retrieved from humans. Ann. Periodontol. 2000, 5, 175–184. [CrossRef] [PubMed]

174. Civantos, A.; Martinez-Campos, E.; Ramos, V.; Elvira, C.; Gallardo, A.; Abarrategi, A. Titanium coatings
and surface modifications: Toward clinically useful bioactive implants. ACS Biomater. Sci. Eng. 2017, 3,
1245–1261. [CrossRef]

175. Mistry, S.; Kundu, D.; Datta, S.; Basu, D. Comparison of bioactive glass coated and hydroxyapatite coated
titanium dental implants in the human jaw bone. Aust. Dent. J. 2011, 56, 68–75. [CrossRef]

176. Verné, E. Bioactive Glass and Glass-Ceramic Coatings. In Bio-Glasses: An Introduction; John Wiley & Sons,
Ltd.: Chichester, UK, 2012; pp. 107–119.

177. Lopez-Esteban, S.; Saiz, E.; Fujino, S.; Oku, T.; Suganuma, K.; Tomsia, A.P. Bioactive glass coatings for
orthopedic metallic implants. J. Eur. Ceram. Soc. 2003, 23, 2921–2930. [CrossRef]

178. Gomez-Vega, J.; Saiz, E.; Tomsia, A.; Marshall, G.; Marshall, S. Bioactive glass coatings with hydroxyapatite
and Bioglass® particles on Ti-based implants. 1. Processing. Biomaterials 2000, 21, 105–111. [CrossRef]

179. Fujino, S.; Tokunaga, H.; Saiz, E.; Tomsia, A.P. Fabrication and characterization of bioactive glass coatings on
Co-Cr implant alloys. Mater. Trans. 2004, 45, 1147–1151. [CrossRef]

180. Monsalve, M.; Ageorges, H.; Lopez, E.; Vargas, F.; Bolivar, F. Bioactivity and mechanical properties of
plasma-sprayed coatings of bioglass powders. Surf. Coat. Technol. 2013, 220, 60–66. [CrossRef]

181. Calvo, V.L.; Cabedo, M.V.; Bannier, E.; Recacha, E.C.; Boccaccini, A.R.; Arias, L.C.; Vilches, E.S. 45S5 bioactive
glass coatings by atmospheric plasma spraying obtained from feedstocks prepared by different routes. J.
Mater. Sci. Mater. Med. 2014, 49, 7933–7942. [CrossRef]

182. Fu, T.; Alajmi, Z.; Shen, Y.; Wang, L.; Yang, S.; Zhang, M. Sol-gel preparation and properties of Ag-containing
bioactive glass films on titanium. Int. J. Appl. Ceram. 2017, 14, 1117–1124. [CrossRef]

183. Hamadouche, M.; Meunier, A.; Greenspan, D.C.; Blanchat, C.; Zhong, J.P.; La Torre, G.P.; Sedel, L. Bioactivity
of sol-gel bioactive glass coated alumina implants. J. Biomed. Mater. Res. 2000, 52, 422–429. [CrossRef]

184. Xue, B.; Guo, L.; Chen, X.; Fan, Y.; Ren, X.; Li, B.; Ling, Y.; Qiang, Y. Electrophoretic deposition and laser
cladding of bioglass coating on Ti. J. Alloys Compd. 2017, 710, 663–669. [CrossRef]

185. Krause, D.; Thomas, B.; Leinenbach, C.; Eifler, D.; Minay, E.J.; Boccaccini, A.R. The electrophoretic deposition
of Bioglass® particles on stainless steel and Nitinol substrates. Surf. Coat. Technol. 2006, 200, 4835–4845.
[CrossRef]

186. Popescu, A.; Sima, F.; Duta, L.; Popescu, C.; Mihailescu, I.; Capitanu, D.; Mustata, R.; Sima, L.; Petrescu, S.;
Janackovic, D. Biocompatible and bioactive nanostructured glass coatings synthesized by pulsed laser
deposition: In vitro biological tests. Appl. Surf. Sci. 2009, 255, 5486–5490. [CrossRef]

187. D’alessio, L.; Teghil, R.; Zaccagnino, M.; Zaccardo, I.; Ferro, D.; Marotta, V. Pulsed laser ablation and
deposition of bioactive glass as coating material for biomedical applications. Appl. Surf. Sci. 1999, 138,
527–532. [CrossRef]

188. Wang, C.; Chen, Z.; Wang, M. Fabrication and characterization of bioactive glass coatings produced by the
ion beam sputter deposition technique. J. Mater. Sci. Mater. Med. 2002, 13, 247–251. [CrossRef] [PubMed]

189. Popa, A.; Stan, G.; Husanu, M.; Mercioniu, I.; Santos, L.; Fernandes, H.; Ferreira, J. Bioglass implant-coating
interactions in synthetic physiological fluids with varying degrees of biomimicry. Int. J. Nanomed. 2017, 12,
683. [CrossRef] [PubMed]

http://dx.doi.org/10.5301/ijao.5000154
http://www.ncbi.nlm.nih.gov/pubmed/23138699
http://dx.doi.org/10.4103/0972-124X.107490
http://dx.doi.org/10.4103/0974-6781.202154
http://dx.doi.org/10.3390/met4040549
http://dx.doi.org/10.1902/annals.2000.5.1.175
http://www.ncbi.nlm.nih.gov/pubmed/11885178
http://dx.doi.org/10.1021/acsbiomaterials.6b00604
http://dx.doi.org/10.1111/j.1834-7819.2010.01305.x
http://dx.doi.org/10.1016/S0955-2219(03)00303-0
http://dx.doi.org/10.1016/S0142-9612(99)00131-3
http://dx.doi.org/10.2320/matertrans.45.1147
http://dx.doi.org/10.1016/j.surfcoat.2012.11.075
http://dx.doi.org/10.1007/s10853-014-8519-2
http://dx.doi.org/10.1111/ijac.12713
http://dx.doi.org/10.1002/1097-4636(200011)52:2&lt;422::AID-JBM24&gt;3.0.CO;2-P
http://dx.doi.org/10.1016/j.jallcom.2017.03.209
http://dx.doi.org/10.1016/j.surfcoat.2005.04.029
http://dx.doi.org/10.1016/j.apsusc.2008.10.031
http://dx.doi.org/10.1016/S0169-4332(98)00610-2
http://dx.doi.org/10.1023/A:1014050715535
http://www.ncbi.nlm.nih.gov/pubmed/15348620
http://dx.doi.org/10.2147/IJN.S123236
http://www.ncbi.nlm.nih.gov/pubmed/28176941


Int. J. Mol. Sci. 2019, 20, 5960 24 of 24

190. Mardare, C.; Mardare, A.; Fernandes, J.; Joanni, E.; Pina, S.; Fernandes, M.; Correia, R. Deposition of bioactive
glass-ceramic thin-films by RF magnetron sputtering. J. Eur. Ceram. Soc. 2003, 23, 1027–1030. [CrossRef]

191. Stan, G.; Morosanu, C.; Marcov, D.; Pasuk, I.; Miculescu, F.; Reumont, G. Effect of annealing upon the
structure and adhesion properties of sputtered bio-glass/titanium coatings. Appl. Surf. Sci. 2009, 255,
9132–9138. [CrossRef]
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