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Because of their excellent biologically active qualities, bioactive glasses (BGs) have been extensively used
in the biomedical domain, leading to better tissue—implant interactions and promoting bone regenera-
tion and wound healing. Aside from having attractive characteristics, BGs are appealing as a porous
scaffold material. On the other hand, such porous scaffolds should enable tissue proliferation and inte-
gration with the natural bone and neighboring soft tissues and degrade at a rate that allows for new
bone development while preventing bacterial colonization. Therefore, researchers have recently become
interested in a different BG composition based on borate (B,Os) rather than silicate (SiO,). Furthermore,
apatite synthesis in the borate-based bioactive glass (BBG) is faster than in the silicate-based bioactive
glass, which slowly transforms to hydroxyapatite. This low chemical durability of BBG indicates a fast
degradation process, which has become a concern for their utilization in biological and biomedical
applications. To address these shortcomings, glass network modifiers, active ions, and other materials
can be combined with BBG to improve the bioactivity, mechanical, and regenerative properties, including
its degradation potential. To this end, this review article will highlight the details of BBGs, including their
structure, properties, and medical applications, such as bone regeneration, wound care, and dental/bone
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DOI: 10.1039/d2tb02505a implant coatings. Furthermore, the mechanism of BBG surface reaction kinetics and the role of doping ions

in controlling the low chemical durability of BBG and its effects on osteogenesis and angiogenesis will be
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1. Introduction

“If you can make a material that will survive exposure to high
energy radiation, can you make a material that will survive
exposure to the human body?” was a question posed during a
cordial dialogue involving professor Larry Hench and a retur-
nee US Army colonel from Vietnam. This question led to the
discovery of bioactive glass “4555” trademarked Bioglass®,
making it the very first simulated biomaterial to be scientifi-
cally confirmed to bond to bones."” The findings sparked a
healthcare transformation and set the stage for current
biomaterial-driven tissue regeneration, which is utilized to treat
bone defects, dental deformities, and wounds as a result of its
outstanding biocompatibility, as well as osteoconduction and
osteoinduction qualities.> Iconic Larry Hench Bioglass® is a
silicate-based BG comprised entirely of silicon dioxide, sodium
dioxide, calcium dioxide, and phosphorus pentoxide that has
been known for almost 54 years to bond to bone and soft tissue,
as well as being one of the most commonly used materials
for tissue regeneration. But even so, a significant focus is
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already on using borate, phosphate, and other bioactive glass-
doped systems as an extracellular matrix for biomedical
applications.™*

In orthopedic and maxillofacial applications, bone grafting
procedures such as autograft, allograft, and xenograft (see
Fig. 1A-C) are generally considered the gold standard for bone
tissue engineering (BTE) treatments, as they provide a long-
term restorative solution by vascularizing, integrating, and
stimulating local bone healing. Despite their advantages, auto-
grafts have a fundamental limitation: they cause a structural
defect at the donor site, resulting in subsequent severe mor-
bidity and a low supply of autogenous bone. Other therapeutic
options, such as allografts and xenografts, also pose a risk of
infectious disease transmission, extra costs, ethical issues, and
immunological rejection of the bone.”™* Alternatives to these
grafting treatments include three-dimensional porous materials
(scaffolds), injectable particles, and pastes made of synthetic and
natural biomaterials (see Fig. 1D) that can increase bioactivity and
osteo properties while providing mechanical support for bone
regeneration.'* ™

Silicate-based BGs and glass-ceramics, in particular, have
gained a lot of interest for application in bone replacement
and repair, along with wound healing processes, due to
their inorganic origin, biomechanical strength, and physical
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Fig. 1 Schematic overview of bone grafting procedures: (a) autograft
(b) allograft (c) xenograft (d) alloplastic graft. “Figure modified with text,
markings, and annotation after adaptation from Servier Medical Art by
Servier, licensed under a Creative Commons Attribution 3.0 Unported
License” (https://creativecommons.org/licenses/by/3.0/).

attributes that are reasonably near to hard tissues.'® The
dissolution of this glass network happens when it comes into
contact with the biological environment, resulting in the pro-
duction of a silica-rich layer on the glass surface, characterized
by the development of an amorphous calcium phosphate
apatite layer. With the proper adjustments, this sequence of
reactions, commonly recognized for silicate BGs, is also applic-
able for BBGs; however, instead of silica gel, a borate-rich layer
emerges."®'® Since the formation of a calcium phosphate
apatite layer is associated with the BG’s good adhesion with
nearby bony structures and soft tissue. The frequency at which
the BG gets converted to the apatite phase offers a threshold for
assessing a material’s in vitro bioactivity.'® Even though SBF-
based in vitro experiments show that BGs have good bioactivity,
they are considered inadequate to estimate in vivo conditions.*
Moreover, the requirements of cell culture experiments
vary greatly and rely on how BG compositions will be used.
Nonetheless, in vitro investigations utilizing various cell types,
assays, and in vivo animal models are therefore required to
assess the bioactivity of these BGs.>'**

According to their high bioactivity and slow degradation
process, silicate-based BGs like 45S5 and 13-93 are slowly
absorbed and undergo incomplete transformation to an apatite
after implantation.”®® For instance, the borate equivalent of
45S5 BG designated as 45S5-3B, while immersed in simulated
body fluid (SBF), converts swiftly and practically thoroughly
around 3-4 days, unlike 45S5, which took many weeks to
convert nearly 50% of it into HAP layers. As a result, their
in vitro breakdown is relatively slow, which limits their use in
biological applications.”*' On the other hand, the rapid pace
of BBG degradation and transformation to HAP can ostensibly
impair their ability to match the regrowth of new bone cells.
Furthermore, this rapid degradation could weaken the physico-
mechanical qualities and have an inefficiently guiding impact
on the creation of new bone.>* As a result, by regulating the
glass composition, materials with appropriate bioactivity and
regulated degradation behavior are needed to match the host
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bone’s replacement of the BG scaffolds through a moderate and
complete dissolution of the implanted biomaterial.**** Recent
findings have shown that a significant amount of research is
being conducted to develop borate/borosilicate BG by partial or
complete substitution of the silica (SiO,) content with borate
(B,03), leading to decreased chemical durability, a rapid and
complete transition of the BG to HAP, and as such easily
controlled degradation and bioactivity characteristics.>>™*°
Furthermore, the body’s faster transition of the BG to HAP is
considered beneficial because the implant material can be
removed entirely by the body system more quicker.*" In addition
to replacing SiO, with B,0j;, factors such as BG particle size
of different diameters**** and incorporation of active ions such
as copper,”®** Aluminium,* strontium,*® sodium,*” zinc,*
magnesium,*® lithium, etc. into the BG system contribute to
decreased chemical durability and ion release. Furthermore, ions
delivered directly off an implant instead of systemically injected
drugs have the benefits of being delivered where desired, resulting
in better pharmacological efficacy and reduced side effects.>*

The synthesis of borate/borosilicate BGs have been the
subject of extensive investigation. In addition, multiple studies
have emphasized the methods for BBGs production and degra-
dation and their doping with different therapeutic ions, which
positively affects angiogenesis and bone remodeling. To high-
light a few, Kaur et al.’”** published an article/book that largely
outlined the needs for BGs, their proportions, the structure-
property interaction regarding hydroxyapatite deposition, the
synthesis of metallic glasses and doped BGs, as well as the
methods employed for their manufacture. The processing of
BBGs, behavior in vitro, and the impact of boron ion release
from BBGs on cell viability were all recently covered by Ege
et al.> in their article. The biological effects of boron and the
ability of the bioactive borate glass to regenerate both hard and
soft tissues were also discussed by Seiji et al.>* in a recent book
chapter. Finally, an assessment of the use of metallic ions
in tissue engineering and regenerative medicine is given in
another manuscript by Viviana et al.>>>® with a focus on their
therapeutic uses and the requirement to develop methods for
the release of loaded ions from biomaterial substrates.

Even though the regeneration of both soft and hard tissues
has been intensively investigated with bioactive glass, the
impacts of dopants on BBGs regarding slowing down the rate
of fast degradation have received comparatively less attention.
In actuality, the majority of review papers that have been
written up to this point only cover a portion of the subject
and ignore other vital contributions related to how dopants
affect the main osteogenic characteristics of boron-containing
BG composition. In light of this, this paper aims to give a
general overview of doping ions’ function, significance, and
impacts on BBGs. This study begins with a description of BBGs,
highlighting several characteristics while concentrating on
these glasses’ chemistry, nomenclature, and structure. Follow-
ing, we’ll talk about the reaction mechanism of BBGs, which is
also the bone-bonding property of this sort of BG in physiolo-
gical fluids. More particularly, the focus will be placed on the
mechanism by which these doping ions regulate the BBG’s

This journal is © The Royal Society of Chemistry 2023
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dissolution rate to keep up with bone growth and the dopant
impacts on important osteogenic features. Finally, the paper’s
conclusion outlines BBG’s application fields and future potential.

2. Borate bioactive glass (BBGs)

Borate-based glass is a type of inorganic glass with boron
element as the network-forming precursor and can be directly
absorbed into the shape of various structural elements inside
the glass network. On the other hand, Boron is a trace mineral
element ranging from 3-20 mg, found in the human body
system, that has been shown in studies to play an essential role
in wound healing, bone formation, and bone formation main-
tenance. Similarly, data suggests that boron also regulates
steroid hormone development and action, which helps avoid
calcium shortage and bone demineralization.””>° Moreover,
boron is used in compositions including borate/borosilicate
glass for tissue engineering because of its chemical reactivity
and coefficient of thermal expansion (CTE), which prevents
strong thermal shock resistance inside the glass network.®
In this regard, boron ions in BG for bone formation and
renewal release in the human body are significantly relevant.
4585 silicate compositions have been studied extensively for
many years. Still, borate- and borosilicate-based compositions,
in which B,O; replaces a portion of SiO, as the primary glass-
forming agent, have only lately been investigated due to the
trivalent electronic structure of boron, which differs from the
quadrivalent structure of silicon.®® This incorporation resulted
in various physicochemical and biological properties of BBGs,
as proven through the fast degradation mechanism (see Fig. 2)
and cellular reactions concerning silica-based BG.*' The phe-
nomenon of BOj; triangles and BO, tetrahedra coordination
that constitutes a continuous system of vitreous boric oxide is
an exciting feature of the borate glass structure; besides, as

Increasing B,O; content
Silicate BG Borate BG

Borosilicate BG

80% Q1Si; 20% Q3Si
12% QP

54% QISi; 37% Q%Si
9% Q3Si; 16 % Q1P
36% [BO,J; 64% [BO;]

Faster degradation and apatite formation rate

40% [BO,J; 60% [BO]
13%Q'p

Fig. 2 Properties of the silicate, borosilicate, and borate BGs.%! Licensed
under a Creative Commons Attribution Non-Commercial 4.0 International
(CC BY-NC 4.0) (https://creativecommons.org/licenses/by-nc/4.0/).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

more and more of these units assemble, they constitute well-
defined and stable borate groups, such as diborate, triborate,
and tetraborate, that also form the glass networks.5**
In contrast to silicate or phosphate glass, adding a certain
molar percentage of alkali ions R,O (where R can be Li, Na, or
K) to B,Os-based glasses alters the network model by decreas-
ing the boroxol rings. This disrupts the boroxol shape, shifting
the boroxol ring vibration from around 790 cm™* to 806 cm ™"
regions in the Raman spectra.®

Consequently, Nuclear magnetic resonance (NMR) measure-
ments reveal that depending on the type and concentration of
R,O, the transition of boron coordination from triangular to
tetrahedral units takes place at a rate of 35-40 mol% R,0,%*¢”
with further research indicating that the number of BO, units
increases until it reaches a maximum value of a specific R,O
concentration. However, when the addition of R,O is more than
45 mol% concentration, reversal of BO, to BO; and character-
istics such as increment in the number of non-bridging oxygen
(NBO) ions are noticed.®® Furthermore, as the network depoly-
merizes, ring and chain isomers of trigonal metaborate can be
identified, and further depolymerization leads to the formation
of pyroborate dimers and, eventually, orthoborate groups (see
Fig. 3). This unique characteristic of continuous change in
borate properties is referred to as the boron anomaly.'”**¢773

Besides the boron anomalies, vitreous B,O; has several
distinct features from vitreous SiO, (see Table 1). The same
applies to binary R,0-B,0; and R,0-SiO, glasses. In particular,
the polymerization process affects Borate glass’s solubility and
thermal characteristics due to an initial network increment
from 3 to 4. Glass transition temperature (T) increases, and a
reversal happens at more significant modifier concentrations,
decreasing T,. This is not the case in a thermally and chemically
stable silica glass network.®>** According to Du et al. study,” the
B-O-Si- bond in typical borosilicate glass with four-coordinated
boron can be broken easily as well as considerable phase separa-
tion occurs because the bond energy is relatively weak than that of

Diborate
Metaborate
Pyroborate
Orthoborate * Boron
0 Oxygen

Fig. 3 Superstructural units found in borate glass system. “Boroxol structure
is adapted from ref. 74, licensed under a Creative Commons Attribution 3.0
Unported License"” (https://creativecommons.org/licenses/by/3.0/).
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Table 1 Properties of vitreous B,O3z against SiO,
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Properties B,0; Value SiO, Value Ref.
Average network connectivity 3 4 73
Glass mass density, d (g cm ?) 1.844 2.2020 64
Crystalline mass density d, (g cm™?) 2.5544 2.3179 64
Glass number density p° 0.01595 0.022070 64
Crystalline number density p,° 0.022095 0.023232 64
Network number density p,, 0.03190 0.022070 64
Oxygen atom number density p,° 0.04785 0.044140 63,64
Trigonal covalent bond energy/strength (meV) —5160 90
Tetrahedral covalent bond energy/strength (meV) —3860 —4600 90
Crystallization from the melt at ambient p No Yes 91
Crystalline melting point, ¢, (K) -3.8 —2.3 92
Glass transition temperature, ¢, (K) 553 1463 92
Bulk modulus, k (GPa) 12.12 36.89 93
Shear modulus, g (GPa) 6.85 31.03 93
Compressive strength 5-7 11 38 and 94
Young’s modulus, E (GPa) 35 94
Thermal expansion, o (107 K™ *; 20-100 °C) 97-161.6 5.35-15.1 95-97
Thermal conductivity (Wm™' K™ ) 0.52 1.38 98
Specific heat at 295 k, ¢, (J mol " K™) 62.38 44,07 99

three-coordinated boron. This research shows that when modifier
oxides are first introduced, the solubility of borate glass reduces,
and the thermal characteristics are also altered. Solubility
increases as the modifier content increase due to a more depoly-
merized borate structure with trigonal BO; groups.”>’® Omar
et al.”””® Synthesized and evaluated silica-based and BBGs in
terms of mechanical properties necessary for their use as metallic
coating materials. It was discovered that BBGs have a Coefficient
of Thermal Expansion (CTE) that is closer to the substrate’s
(Ti6Al4V) CTE, resulting in greater mode I significant strain
energy release rates of glasses and compressive residual stresses
and strains at the coating/substrate interface that perform better
than their silica-based glasses equivalents. Another work by
Leonie et al.”® provides evidence that borate inclusion increases
the BG’s mechanical stability and bioactivity. This led to a
modulus of 13-16 GPa, which is just marginally lower than that
of compact bone, and a hardness of roughly 1 GPa, which is not
excessively strong for BTE applications.

In addition to their Physico-chemical characteristics, BBGs
have also shown excellent bioactive behaviour compared to
silicate BGs in terms of biological characteristics.*>®" Using
human mesenchymal stem cells (hMSCs) and osteoblasts made
from hMSCs (hMSC-Obs), Nicholas et al.®* examined the cyto-
compatibility of borate glass in in vitro cell culture. The find-
ings showed that these cell lineages survived up to two weeks
after being seeded on porous borate glass disks, indicating that
porous borate glass is effective at enhancing the expression of
the early osteogenic marker while facilitating a favourable
environment for cell attachment and proliferation. In a differ-
ent study by Fabian et al,* the viability, proliferation, and
osteogenic differentiation of human mesenchymal stromal
cells were assessed in vitro using 0106-B1, a borate-based BG,
and 45S5-BG. Accordingly, an in vivo test was also performed on
scaffolds built from both BGs integrated with stromal cells and
infused into mice to analyse osteoid development and angio-
genic characteristics. Results demonstrated that there was a
comparable effect of 4555-BG and 0106-B1-BG on osteogenic
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differentiation, proliferation, and viability. However, in terms
of the quantity and maturity of the osteoid created in vivo, 0106-
B1-BG-based scaffolds proportionately surpassed 45S5-BG-
based scaffolds. Conversely, 0106-B1-BG demonstrated much
higher angiogenic gene expression patterns than 45S5-BG,
making 0106-B1-BG a more viable choice.

3. Mechanism of degradation process
(surface reaction kinetics)

The progressive degradation of implanted biomaterials and
simultaneous substitution of the implants by natural bone is
required for bone regeneration applications. However, unlike
wholly resorbable biomaterials, bioactive silicate glasses do not
degrade entirely following implantation. Borate-based BG, on
the contrary, due to the reduced network connectivity of
trigonal planar [BO;] and tetrahedral [BO,4] units in BBGs, has
already been proven to have poor chemical stability and transi-
tion fast to calcium phosphate in dissolution media.’®®* As a
result, developing biomaterials having significant bioactivity
and a controlled degradation rate to match the growing pace of
bone in vivo is crucial.

Upon interaction with a bodily solution, HAP is deposited on
the surface of BGs in a series of stages akin to the bone mineral
phase.®>*® To explain this phenomenon, the European Society
for Biomaterials (in 1987) defined bioactive material as
“‘a material which has been designed to induce specific biological
activity”.®” Because of their ability to chemically attach to living
bone by creating a bone-like HAP layer at the implant-bone
interface, BGs are extremely attractive bone substitutes in bone
regeneration.®® However, the ability of a material to be coated
by a HAP layer when interacting with physiological fluids has
been proposed as a sign of bioactivity, and to evaluate the
bioactivity of a BG material, ethics would not permit evalua-
ting every new material directly in animals for experimental
research, and it may not be economically sustainable. In this

This journal is © The Royal Society of Chemistry 2023
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regard, bioactivity tests with blood plasma buffered aqueous
solution, and simulated body fluid (SBF) have proven to be an
effective way to propose a tangible mechanism that explains the
bioactive bond formation, influencing the development of new
bioactive materials and allowing for the selection of the best
biomaterials to continue development.®’

BG behaviors in cells and animals are a more convincing
way to demonstrate the bone-bonding phenomenon than buf-
fer solutions, which are also an excellent technique to describe
bioactivity. As an illustration, a pertinent work by Miquel et al.'®
examined the possible use of a borosilicate BG scaffold as a bone
substitute material and demonstrated bioactive behavior in SBF,
osteoblast (MC3T3-E1) cell, and animal model. First, two BG
scaffolds were pre-treated with SBF to encourage the development
of distinct bone-like apatite layers on their surfaces. Based on the
surface examination and material characterization, both SBF-
treated scaffolds had a layer of carbonated hydroxyapatite (HCA)
that was calcium deficient. Following this, MC3T3-E1 cells were
seeded onto the scaffolds. Analysis showed that MC3T3-E1 pre-
osteoblasts displayed a more flattened shape and cell proliferation
in the untreated scaffold.

On the other hand, SBF-treated samples had longer, more
osteoblastic active cells. Results from in vivo experiments using
a rabbit calvarial bone deficiency model revealed that SBF pre-
treated scaffolds promoted bone growth more effectively than
untreated ones. Cui and colleagues'® created an injectable
borate bioactive glass cement in their other applicable work.
Borate glass was changed into HAP over 25 days when this
material was cultured in phosphate-buffered saline. Moreover,
the injectable BBG cement developed in this study was incor-
porated in rabbit tibial defects infected with methicillin-
resistant Staphylococcus aureus. The material transformed to
HA and promoted new bone formation in the defects within 8
weeks, clearly showing that it is a promising treatment for
osteomyelitis and regeneration of bone with defects.

The bioactivity process, first proposed by Hench for silicate
glasses, can be thought of as a sort of glass corrosion guided by
complex glass—fluid interactions governed by inorganic chemi-
cals (stages 1-5) and biological (stages 6-12) mechanisms."*>
This sequence of reactions is commonly recognized for silicate
BGs and is also applicable for borate BGs with correct adjust-
ments; nevertheless, instead of silica gel, a borate-rich layer
emerges in step 3.>°

Primarily, a vast amount of triangle-shaped [BO;] and tetra-
hedral [BO,] functional units are linked during the formation of
the BBG network structure, whereas the modifier M' (metal)
cations inside this glass, such as Na’, K", and Mg?", suffice to
stabilize the net charge of the bridged oxygen ions. The leaching
process begins with the dissolving of Na" ions and, most certainly,
Ca*" from the glass surface into the solution, while the glass’s B-O
network is affected by the phosphate solution (see Fig. 4). Cations
and OH™ levels rise as a result. The reaction equations below
show that H' created during water hydrolysis disrupts the glass
network structure, yielding water-soluble B(OH)* or B(OH)*.*>'*

H,0 = H' + OH~ 1)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Degradation process of borate and silicate bioactive glass.

B-O-M' +H" —» B-O-H' + M" (2)

After the borate network on the glass surface is disrupted, the
PO,*” ions in the dissolution medium react with Ca®" ions on
the glass surface, prompting the nucleation of HAP. Subse-
quently, the created HAP can permeate additional PO,>~ ions
through its channels, reacting with the Ca®" sites beneath it to
generate an additional layer of HAP.

This continual dissolution-precipitation process yields num-
erous layers of HAP that lower the glass-solution interaction
until the aggregate borate glass is transformed into HAP.
Moreover, in the case of borate glasses containing silicate as
a co-network former, the dissolution-precipitation reaction
stops before complete conversion to HAP, leaving a residual
or dissolvable SiO,-rich gel layer within reaction products. This
subsequently slows the degradation of borosilicate BG.>%'%*
Typically, for a borate glass like 13-93B3, the conversion is
regulated by an interfacial reaction, and the kinetics can be
modelled as a 3-D contracting sphere. Therefore, the conver-
sion of a silicate glass, such as 13-93, is somewhat influenced
primarily through reactions at the interface (3-D contracting
sphere model) and subsequently by ion diffusion to the reac-
tion interface (3-D diffusion model).'® Essentially, a reaction
occurs on the surface of the sphere in the contracting sphere
model (see Fig. 5), which is usually referred to as a moving
interface model. Regarding BG, the particles, whether they are a
single particle or a group of particles, have a sphere-shaped
core made of unreacted material that gradually decreases in
size, encircled by the shell(s) of the product.'**”

Huang et al’s research® extensively characterize the con-
version of multiple glasses, including a bioactive silicate glass
(45S5), a borate equivalent of 4555 glass with all of the SiO, in
4555 glass replaced with B,03, as well as two intermediate
borosilicate glass mixtures. The only principal constituents
within the precipitate for the borate equivalent of 45S5 BG
comprised oxides of calcium (CaO) and phosphorus (P,Os),
showing that the glass was almost wholly converted to HAP.
Meanwhile, experimental results show that CaO, P,0s, and SiO,
are the core constituents of the reaction products for the
silicate and borosilicate BG. Although, within 4 days, particles
of a borate glass could ultimately convert to HAP. Even after
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Fig. 5 Contracting sphere model illustration of reacting bioactive glass.

70 days, 45S5 glass particles and two intermediate borosilicate
formulations of the same mass were only partially transformed
to HAP. As a result, the existence of unreacted SiO, indicates
that the degradation process of BG can be controlled by
adjusting the amount of B,0;.>>** Chandrani et al. conducted
a study that further supported the accelerated degradation rate
of BBG. According to their findings, the ion exchange activity
of BBG after immersion in SBF was attributed to the rapid
discharge of Ca**, (PO,)?, and (BO;)® ions, as well as the
initiation of amorphous calcium phosphate within shells
formed upon SBF interaction. This dissolution process shows
that the scaffold’s percent weight loss was most significant on
the first day and intensified with SBF soaking time.'’® In a
related study, Liu et al. examined the efficacy of using BBG
scaffolds to release medications to treat bone infections. More
than 90% of the glass in the scaffolds is dissolved after a week
to produce poorly crystallized hydroxyapatite, according to an
in vitro degradation of the pellets and their transformation to a
hydroxyapatite-type in an SBF medium.'%

4. Doping ions’ role in regulating BBG
degradation rate and osteogenic
biomarkers

4.1. Copper

Numerous copper (Cu)-containing biomaterials have been
researched and created recently due to copper’s significant
benefits." ' Conversely, it has been shown that Cu promotes
angiogenesis (see Fig. 6), stimulates endothelial cell develop-
ment, and makes it easier for vascular endothelial growth factor
to be released (VEGF). Besides, research has also shown that
incorporating Cu increases the stability of borosilicate and
borate glasses, modifying their characteristic features and
bioactivity and increasing the antibacterial activity of BG.
Therefore, to enhance their applications, it is crucial to under-
stand how Cu, as a dopant, affects the characteristics of BGs.
Additionally, understanding how materials degrade is essential
for managing the biological performance of BG and its derived

scaffolds and determining how released ions interact with
CellS 44,112-114
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Fig. 6 (a) 3D reconstructions of the new blood vessels implanted with
Cu-doped BG show higher blood vessel density in the defect implant than
with the undoped BG. (b and c) evaluation of Cu ion on the extent and
quantity of newly formed blood vessels. Image adapted from ref. 44 with
permission from Elsevier.

The phenomenon of the Cu doping impacts on the BBG
during the degrading phase can be thought of in terms of the
electronegativity, oxygen coordination number, and ionization
energy of the dopant cations. Cu ions are therefore integrated
into the glass network matrix through octahedral coordination
and act as network modifiers in the glass system."'®> Wang
et al.** Looked into how copper dopant influenced the boro-
silicate glass network’s structural characteristics and how the
derived glass scaffolds’ reactivity and degradation behavior
changed. The research’s findings showed that the pairing of
BO,O ™ units, as well as non-bridging oxygen (NBO), transition
to BO, units. This was enhanced by the doping Cu, which NBO
surrounded.

Consequently, as the proportion of Cu doping in the glass
system increased, more BO, groups were formed, creating a
more stable structure, which led to a reduced boron ion release
rate in the dissolution medium.** Abdrakhmanov et al.'*® have
made similar assumptions, asserting that the NBO coordinates
Cu ions in BGs and that their influence is visible through the
agglutination effect, which is the process by which alkali ions
achieve electroneutrality."*>"''® However, a different study by
Schuhladen et al.''” revealed that the copper added to the
borate glass resulted in a lesser release of Ca and B and a
marginally reduced release of the other elements. Furthermore,
the results discussed above showed that the influence of Cu
doping in borosilicate glass led to a more stable glass network
connectivity and a lower ions release rate during the degrada-
tion process. Again, this was because the Cu ions’ agglutination
effect and the agglomerate’s charge balance in the glass net-
work caused these effects.

Along with other ions found in BGs, the Cu®** ion also has
osteogenic capabilities that considerably enhance this property.
Similarly, it has been demonstrated that Cu-doped BGs and
scaffolds promote endothelial cell proliferation and increase
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mesenchymal stem cell (MSC) differentiation levels."'®'"°
To improve bone healing and anti-tumor therapy via the
osteogenic properties of Cu, Libin et al'?° recently doped
BBG nanoparticles with Cu. According to an in vitro study,
the nanoparticle increased endothelial cell angiogenesis as well
as the differentiation potential of bone marrow stromal cells
(BMSCs). Analyzing in vivo, restoring the severe bone abnorm-
alities in rats was successfully possible.

More research revealed that the doped BG increased the
expression of genes relevant to osteogenesis, including Runt-
related transcription factor 2 (RUNX2), Collagen Type I Alpha 1
Chain (COL1A1), and Bone Morphogenetic Protein 2 (BMP2).
This indicated that Cu-doped BBG could stimulate osteogen-
esis. Furthermore, through up-regulating the expression of the
relevant osteogenic genes, Cu ions doped with BBG, according
to certain additional studies, have been demonstrated to have a
considerable impact on the process of secreting Vascular
endothelial growth factors (VEGF). Thereby, through a multi-
tude of growth factors, mediating angiogenesis in a multistep,
complicated process.****" On the other hand, concentration
might be a factor in how Cu ions affect tissue regeneration. For
example, in BG doped with 2.0 wt% CuO, Lin et al."**> found
that bone regeneration was improved along with blood vessels
and fibrous tissue; however, the 0.4 and 0.8 wt% groups did not
exhibit much angiogenesis in the neo-bone. Consequently,
adding Cu to BBGs can endow the glass with outstanding
angiogenesis while fostering bone repair and regeneration
due to Cu’s pro-osteogenic and pro-angiogenic qualities.

4.2. Aluminium

In the presence of high amounts of Al,O;, it has been discov-
ered that BBG exhibits noticeable bioactivity. According to NMR
research, the quantity of aluminium ions in the glass matrix
determines whether the ions are found in tetrahedral (AlO,) or
octahedral (AlOg) structural units in borosilicate glass net-
works. It is anticipated that SiO, and BO, structural units will
alternate with AlO, structural units, preventing the breakdown
of the BGs structure."® Zhao et al.*® conducted research on the
impact of substituting varied quantities (0-2.5% mol.) of Al,O3
for B,O; on the conversion of a borate glass to HAP in an
aqueous phosphate solution. According to the study’s results,
BBG without Al,0; demonstrated the quickest reaction
kinetics, with weight reduction reaching the highest level in
only 3-4 days. Likewise, replacing 0.5 and 1.5 mol% B,O; in the
initial glass with the equal mol% of Al,O; led to a reduction in
weight reduction kinetics, with the glass components fully
transforming to HAP by 9 and 12 days. In addition, the glass
sample that had 2.5 mol% Al,O; in place of B,O; demonstrated
a significantly delayed conversion rate to HAP, exhibiting
weight reduction kinetics that, despite 30 days of reaction,
approached roughly 70% of the highest value. Suggesting that
Al,O; could drastically reduce the bioactivity of borate glass.
The weight loss of the glass and the change in the pH value
of the solution slowed down as the glass’ Al,O; content
increased. This is because AlO, units in the glass limit how
easily B** and Na* ions can dissolve from the glass. After some
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Na+ and BO;>~ ion dissolution occurs during the conversion of
the glasses, a porous Al-rich layer with AlO, units is produced
on the glass’ surface. This means that any Ca®" ions that
dissolve from the glass must move via the Al-rich layer to
interact with the PO,>~ in the solution to induce HAP deposi-
tion. Given that the structure of the AlO, units in the glass
network is comparable to that of SiO,, the structure of the Al-
rich layer is comparable to the Si-rich layer identified by Hench
et al. for the transformation of silicate 4585 glass."* As a result,
the Al-rich layer’s inhibitory effects on the solubility and
permeability of ions from the glass likely caused the declines
in the conversion rate of the glass composition.

Furthermore, because the AlO, units are negatively charged,
they need to be synchronized to cations to preserve the struc-
ture’s charge neutrality. Due to this, several of the Na* and Ca**
ions released from glass would become trapped in the porous
Al-rich layer, inhibiting the interaction involving Ca** and
PO, to deposit more HAP.* In short, the conversion rate of
the glass reduces dramatically as the number of B,0; replaced
by Al,O; increases.

Additionally, incorporating Al,O; into BG functions as a
network former, producing more oxygen atoms that bridge
with BOj; units, thereby enhancing the material’s long-term
resilience, crack resistance, and chemical durability.'****”
Even though adding a varying proportion of Al mol% in the
BG composition can result in delayed HAP generation and
other structural and chemical modifications, up to roughly
1.5 mol% Al,O; can be introduced into the glass composition
without significantly reducing bioactivity."*® Besides this, an
experimental investigation by Mohini et al. demonstrates that
the HAP occurrence of post-soaked Al-doped BBG sample
gradually declines with an increase in Al,O; content up to
1.9 mol%, indicating a decrease in the glass’s bioactivity.'*’
Meanwhile, numerous investigations on the impact of Al-doped
BBGs on their physicochemical and mechanical properties have
been conducted.'?"'?*7125:1277133  Begides, a great deal of
research has been done on the biological effects of aluminium,
which is used in glass ionomers for dental cement and is
known to be potentially toxic and to negatively influence
biomineralization.***® However, a thorough review of the
literature reveals that studies on Al-doped BBGs, particularly
their effect on critical osteogenic biomarkers and cell differ-
entiation for bone regeneration, are still lacking.

4.3. Strontium

The favorable effects of strontium-containing BGs on bone
metabolism, reducing bone resorption, and increasing new
tissue formation have recently piqued the interest of academics
and scientists, both in vitro and in vivo studies.*****° Moreover,
strontium ranelate, a daily oral prescription for osteoporosis
treatment, has recently become recommended.*** According to
research, adding strontium has been shown to lower the
dissolution of borate glass, resulting in a lower reaction mecha-
nism of boron release. Such behavior, in particular, can be
credited to the strontium ion’s larger atomic radius of 2.15 A
when contrasted to Mg®" or Ca" ions, with 1.6 A and 1.97 A
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respectively; as such, larger radius ions require more space in
the glass matrix, which is likely to limit the movement and
discharge of the other ions, significantly lowering the dissolu-
tion rate of borate glass and potentially improving the glass
network’s bioactivity."** Yin et al'*® developed BG scaffolds
based on strontium-doped borate for bone tissue engineering
(BTE). As per their findings, the presence of strontium in glass
has no discernible influence on the structure. More specifically,
increasing the strontium concentration within the borate-based
glass network amplified the release of Si*" and Ca** ions while
significantly reducing the release of B*" ions, suggesting that
when the BG is soaked in SBF for in vitro bioactivity, BBG doped
with a certain amount of strontium inhibits the rapid release of
boron. Aside from controlling boron degradation and convert-
ing the glass surface to a nanosized hydroxyapatite layer in SBF,
the influence of strontium ions within those scaffolds had a
remarkable capacity to support MG-63 cells proliferation while
also reducing the glass scaffolds’ cytotoxicity.'** In another
study, Pan et al.*** discovered that incorporating strontium into
a borate glass matrix could not only regulate the rapid release
of boron ions but also trigger the adherence of osteoblast-like
cells, significantly boosting the cytocompatibility of borate
glass. Furthermore, the production of multilayers of mineral
phase with a porous structure suggests that complete break-
down is likely, as well as the proliferation of osteoblast cells
overlaid by a new apatite film to create a layered structure
may stimulate bone-like tissue synthesis earlier in the process.
As a result, such innovative strontium-incorporated borosilicate
Sr-BBG may function as a new breed of biomaterial for bone
regeneration, delivering strontium to encourage the develop-
ment of new bones while simultaneously providing boron as a
nutritional element for bone health.'**

Conversely, Sr has been shown to prevent bone loss and
encourage bone regeneration. To completely comprehend how
strontium facilitates bone regeneration by stimulating osteo-
blastic activity and suppressing osteoclastic resorption simulta-
neously, it is crucial to examine the biological response of
strontium to BG compositions.'*>'*® By examining the impacts
of Sr on the physicochemical characteristics and osteogenic
effectiveness of a bone cement made of BBG and a chitosan
matrix, Xu et al.'*’ could better understand the underlying
molecular process that promotes bone regeneration. In vitro
testing revealed that Sr substituted BBG cements increased
expression of the osteogenic-related genes RUNX2, BSP, and
OCN at 7, 14, and 21 days, respectively, with the highest
significant increase being seen in the BBG cement with 6 mol%
Sr. Furthermore, the cement’s ability to promote cell proliferation
and function in vitro and to mend bone lesions in vivo was
improved at all levels of Sr substitution (0-12 mol% SrO) utilized
in the study. Consequently, the creation of a HAP (or HA-type)
product was slowed down when Sr was substituted. Interestingly,
the outcomes of Xu et al.’s investigation are comparable to those
of another study that found that Sr had a stimulating influence on
the activity of osteoblastic cells."*®'*° Results also showed that Sr
inclusion up to 12 mol% (see Fig. 7) in BG composition had no
cytotoxic properties.'**
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Fig. 7 Live—dead assay to evaluate the cytotoxicity of Sr doped BBG
cement extracts to hBMSCs.** licensed under a Creative Commons
Attribution Non-Commercial-No Derivatives 4.0 International (CC
BY-NC-ND 4.0) (https://creativecommons.org/licenses/by-nc-nd/4.0/).

The pathway through which Sr promotes osteogenic gene
expression in MSCs (mesenchymal stem cells), alkaline phos-
phatase activity (ALP), and osteoprotegerin (OPG) secretion in
osteoblasts can be conceptualized as OPG expression in osteo-
blasts that inhibits the relationship between RANK (receptor
activator of nuclear factor-B) and its ligand (RANKL, receptor
Activator of Nuclear Factor-B Ligand), thereby preventing osteo-
clastogenesis. Similarly, it has been discovered that Sr increases
the production of angiogenic factors, causing a link between
angiogenesis and osteogenesis.'”*>?

Although, in bone regenerative therapies, enhancing and
expediting bone recovery are still unmet needs, strontium-
doped BGs are auspicious materials to address this issue.
However, various borate-based BGs doped with strontium
and manufactured in multiple forms have now been created

and characterized for treating bone deformities and
injuries‘140,144,1537159

4.4. Titanium

Materials containing titanium (Ti**) have been employed exten-
sively in medical applications because of the metal’s related
bioactivity in vivo. Similarly, studies have demonstrated that
titanium dioxide (TiO,) with a concentration lower than 10 ppm
is cytocompatible and has no appreciable impact on cell
viability. When in contact with bodily fluids, it also promotes
the formation of HAP and increases osteoblast differentiation.
Previous research has suggested that increasing the proportion
of TiO, in glass can alter its function as a network-forming or
network-modifying oxide, which will subsequently affect its
solubility and make it easier to adjust the degradation
process.”®1%%71%> One of the study goals in previous work by
Romina et al.'®® was to evaluate the dissolution rate and the ion
release effects of TiO, incorporation on the morphology of BBG
scaffolds. They suggest that the chemical structure of the
samples, rather than the wall thickness influence, is the
possible source of the ion release effects. As a result, an
increase in TiO, content induces the modification of BO;*~
with Ti** in the B-O-B bond, resulting in the formation of the
B-O-Ti structure. More so, TiO, ions having a modest atomic
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radius of 1.47 A and a big electric charge improves network
connectivity which may explain why the combined ion dissolu-
tion rate of scaffolds decreases with increasing Ti*" composi-
tion. The ion release and pH results reported in this research
show that by introducing TiO, into the glass network of the
scaffolds, the dissolution rate of borate-based BG can be
controlled.'®®'®” According to the findings of this research,
Ti-doped BBGs scaffolds could be a viable option for treating
bone loss during revision total knee arthroplasty (rTKAs).
In another work by Omar et al., it was discovered that BBGs
with 0 and 15 mol percent of titanium dioxide added had much
better antibacterial activities and higher solubility than their
silica-based equivalents. Conversely, because there is a lack of
study in this area, in vivo studies would be necessary to assess
the impact of a dynamic environment on osteogenic cell
markers and tissue response to Ti-doped BBGs.

5. Applications of BBGs

Widespread usage of BGs in biomedical and healthcare appli-
cations, as indicated in Fig. 8, has opened the way for con-
temporary biomaterial-driven regenerative medicine that
primarily repairs bone'*'®®'%® and dental anomalies,"”® in
addition to wound healing.”’" This is because when an implant
is placed in a biological environment, a sequence of events
creates an apatite layer, which then causes the tissue to bind.
Additionally, BG has been demonstrated to promote neocarti-
lage production during the in vitro cultivation of chondrocyte-
seeded hydrogels and to act as a subchondral framework for
tissue-engineered osteochondral structures.'®® Finally, since
BBGs can adhere to the bone and even soft tissues, they have
found relevance in biomedical applications (see Table 2).

171

5.1. Wound care

By using a three percent boric acid solution to deep scars,
boron has substantially revamped wound healing since 1990,
cutting the time necessary in critical care by two-thirds. Besides
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Fig. 8 Techniques, properties, and biomedical applications of bioactive
borate glass.
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acting on the extracellular environment, the boric acid solution
increased the healing of wounds, according to an in vitro study
on human fibroblasts."”> Further in vitro research demon-
strated that these potential benefits of boron were brought on
by its direct interactions with some fibroblast enzymes, notably
elastase, trypsin-like enzymes, collagenase, and alkaline phos-
phatase. These results suggest that boron is essential for wound
healing and helps fibroblasts’ important enzymes function,
which enhances extracellular matrix renewal.”®'”>"”” Boron’s
ability to treat deep wounds and chronic diabetic foot ulcers
has led to its use as a network former in BBGs, a relatively new
development in the field of wound management. Even though
the United States Food and Drug Administration (FDA)
endorsed the first BG for medicinal use in 1985, a wound
management product containing BBG (13-93B3) did not receive
FDA approval until 2016."7%'”° Demonstrating the importance
of conducting additional research on this type of BG has signi-
ficantly lowered attention from scientists and researchers.>*'%°

A novel borate-based bioactive glass fiber (BBGF) for the
treatment of acute and chronic wounds was evaluated for
effectiveness and relevance by Donald (2020). Four patients
with persistent wounds who had failed various past sophisti-
cated therapies and procedures were treated with MIRRAGEN,
a commercialized product made of 13-93B3 glass microfibers.
Compared to the average wound duration of 391 days, the
results of this treatment with BBGF revealed that all patients
experienced effective wound closure in an average of only
55 days. In addition to promoting faster healing and better
patient outcomes, BBGF significantly improves the healthcare
system by lowering the cost of treating chronic wounds, which
was previously estimated to be $87750 per patient, to an
average of $3 564 per patient.’®! In another study, researchers
from several institutes conducted a comparable randomized
two-parallel group trial to learn more about the efficacy of
MIRRAGEN as a treatment for persistent diabetic foot ulcers
compared with the standard of care treatment. After randomi-
zation, individuals received treatment for 12 weeks, with the
outcome measure being the likelihood of fully healed wounds.
Following this therapy time, wound examination revealed that
70% of the MIRRAGEN-treated ulcers had recovered, relative to
25% of those treated solely with standard-of-care (SOC).

Additionally, compared to the SOC group, the average per-
centage surface decline for the wounds treated with MIRRAGEN
was 79% instead of 37%. Contrary to the SOC group, the
MIRRAGEN group experienced no ulcer-related infections.”®
These outcomes of infection control measures can be thought
to be due to the antibacterial potential of boron in the BG
structure, as boron ions alone have been shown to prevent the
development of both Gram-positive and Gram-negative bacteria
by disrupting the integrity of bacteria’s cell membranes, as well
as, by suppressing the growth of biofilms.*8%*83

In addition to effectively treating chronic wounds, BBGs can
also be electrospun to form a fibrous structure similar to the
extracellular matrix of the skin tissue for a wound dressing. For
instance, Schuhladen et al.'® created a fiber mat utilizing
methylcellulose and poly(-caprolactone). More so, Manuka
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Table 2 General overview of different medical applications of doped BBGs

View Article Online

Journal of Materials Chemistry B

Title

Type of
BG

Bone regeneration
applications

Remarks Ref.

Evaluation of borate bioactive glass scaffolds as a
controlled delivery system for copper ions in
stimulating osteogenesis and angiogenesis in
bone healing

Bioactive borate glass scaffolds: in vitro and in vivo
evaluation for use as a drug delivery system in the
treatment of bone infection

Osteogenic and anti-tumor Cu and Mn-doped
borosilicate nanoparticles for syncretic bone repair
and chemo dynamic therapy in bone tumor
treatment

Mesoporous bioactive glass-coated 3D printed
borosilicate bioactive glass scaffolds for improving
repair of bone defects

Synthesis and characterization of sol-gel bioactive
glass nanoparticles doped with boron and copper

Novel strontium borate modified Hench’s bioglass
synthesis and characterization for bone
replacement

Investigation of the influence of SrO addition on the
bioactivity of CaO-Na,0-P,05-B,0; glass system

In vivo bioactivity assessment of strontium-
containing soda-lime-borate glass implanted in
femoral defect of rat

MQ BBG

MQ BBG

SG BBG

3D prin-
ted BBG
scaffold

SG BBG

MQ BBG

MQ BBG

MQ BBG

Evaluation of novel injectable strontium-containing MQ BBG

borate bioactive glass cement with enhanced
osteogenic capacity in a critical-sized rabbit femoral
condyle defect model

964 | J Mater. Chem. B, 2023, 11, 955-973

Bone healing

Bone infection
treatment

Bone repair and tumor
treatment

Bone healing

Prior investigation for

use as an angiogenic
biomaterial in soft TE

Bone replacement

Bone tissue growth

Bone regeneration

Bone regeneration

Controlled delivery of copper (Cu) ions from 43
borate bioactive glass scaffolds for stimulating
angiogenesis and osteogenesis in a rodent

calvarial defect model was investigated. Scaffolds
doped with 3 wt% CuO showed a significantly

better capacity to stimulate angiogenesis and
regenerate bone when compared to the undoped

glass scaffold.

BG scaffolds loaded with the drug were implan- 109
ted into the right tibiae of rabbits infected with
osteomyelitis. HAP formed in vivo, served as a
structure to support the growth of new bone and
blood vessels

Cu and Mn-doped borosilicate nanoparticles 120
(BSNs) were developed for syncretic bone repair

and anti-tumor treatment. ions. In vitro study

showed that BSNs promoted both osteogenic
differentiation of BMSCs and angiogenesis of
endothelial cells and consistently, the critical

bone defects of rats were efficiently repaired by

BSNs through in vivo evaluation.

3-D scaffolds with mesoporous BBG were fabri- 217
cated by the 3D printing technique. Biocompat-
ibility of the BG-MBG scaffolds was evaluated by
assessing biodegradability, cell proliferation, and
alkaline phosphatase (ALP) activity of osteogenic

gene expression with human bone marrow

stromal cells (hBMSCs). Results showed that the
scaffolds possess good biodegradability and
stimulated the proliferation and osteogenic
differentiation of hBMSCs. In vivo studies showed

that the BG-MBG scaffolds could significantly
enhance new bone formation in both inner

and peripheral scaffolds in defects.

The BG nanoparticles can be considered novel 218
promising angiogenic and antibacterial agents

and have interesting potential applications in the

soft TE field

The effect of strontium on the BGs’ structural 219
and biological behavior was investigated. Glass
powders were immersed in a simulated fluid

body (SBF) solution over varied periods, 1, 2, 3,

and 4 weeks, to investigate the bioactivity of

prepared samples. Results showed that Sr

promotes the formation process of crystalline
hydroxyapatite. Thus, it could be one of the best
materials for bone regeneration application.

The role of strontium oxide in the BGs calcium- 220
sodium-borate was studied to evaluate the

bioactivity of the system and the rate of the ion
release in SBF. Results show that SrO-doped
calcium-sodium-borate glasses are materials with

a high rate of bioactivity, low cytotoxicity, and
reduced dissolution rate of the glasses in an

aqueous medium; besides, they induce cell pro-
liferation and bone tissue growth with living

tissues.

In vivo bioactivity assessment of strontium-doped 221
borate glass implanted in rat femoral defect was
carried out. In vivo bioactivity test showed that
implantation of all borate glasses did not
demonstrate local or general complications in all

rats, and they exhibited nearly complete bone
mineralization.

Strontium-doped borate bioactive glass particles 155
and a chitosan-based bonding phase were

prepared and evaluated in vitro and in vivo.
Compared to borate glass particles without Sr,
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Table 2 (continued)

View Article Online

Review

Type of

Title BG

Bone regeneration

applications

Remarks

Ref.

Effects of strontium-doped bioactive glass on the
differentiation of cultured osteogenic cells

Mechanistic study of the bioactivity improvement of MQ BBG

Al,0;-doped BBG after dynamic flow treatment

SG BBG

Bone cell behavior

Bone cell

differentiation

the Sr-BBG cement enhanced the proliferation
and osteogenic differentiation of hBMSCs

in vitro. The Sr-BBG cement showed a better
capacity than the BBG cement to regenerate bone
at the implant-bone interface at 4- and 8-weeks
post-implantation in a critical-sized rabbit
femoral condyle defect model

In vitro effect of a new Sr-doped bioactive

glass manufactured by the sol-gel method on
osteoblast viability and differentiation. Osteo-
blast differentiation of fetal mouse calvarial
cells was enhanced in the presence of bioactive
glass particles containing 5 wt% strontium

The effect of dynamic flow treatment on the
biological properties of Al,0;-doped BBG was
investigated. Results revealed that the SBF-
treated Al,O;-doped BBG exhibits a significantly
reduced degradation rate and improved bioac-
tivity. In vitro cell studies suggested that the
Al,0;-doped BBG, after being treated by dynamic
flow treatment, boosts the proliferation of MC-
3T3E1 cell

222

223

Title

Type
of BG

Wound
healing
applications

Remarks

Ref.

Angiogenesis and full-thickness wound healing efficiency of

a copper-doped borate bioactive glass/poly (lactic-co-
glycolic acid) dressing loaded with vitamin E in vivo and
in vitro

Wound dressings composed of copper-doped borate

bioactive glass microfibers stimulate angiogenesis and heal

full-thickness skin defects in a rodent model

Invitro study of improved wound-healing effect of bioactive

borate-based glass nano-/micro-fibers

In vivo and in vitro studies of borate-based glass micro-
fibers for dermal repairing

In situ forming hydrogel based on thiolated chitosan/car-

boxymethyl cellulose (CMC) containing borate bioactive
glass for wound healing

This journal is © The Royal Society of Chemistry 2023

MQ
BBG

MQ
BBG

BBG
& SIG

MQ
BBG
& SIG

MQ
BBG

Wound
healing

Wound
dressing

Wound
healing

Wound

healing

Wound
healing

Cu-doped borate bioactive glass/poly(lactic-co-glycolic
acid) loaded with vitamin E (0-3.0 wt% vitamin E)
was fabricated to evaluate its efficiency for angiogen-
esis in cells and full-thickness skin wounds healing
in rodents. Results indicated that the Cu-doped
biomaterial loaded with vitamin E is effective in sti-
mulating angiogenesis and healing full-thickness
skin defects

Results showed that the ionic dissolution product of
the biomaterial was not toxic to HUVECs and fibro-
blasts, promoted HUVEC migration, and secretion

of VEGF, as well as stimulating the expression of
angiogenic-related genes of the fibroblasts. These
results indicate that the Cu-doped borate glass
microfibers have a promising capacity to stimulate
angiogenesis and heal full-thickness skin defects
Comprehensive material analysis and biocompatibility
evaluation of a silicate-based (45S5) and two borate-
based (13-93B3 and 1605) nano-/micro-scale bioactive
glass fibers were carried out. Evaluation on human
skin cell line demonstrated that in comparison with
silicate-based fibers, borate-based fibers, under static
condition, can significantly stimulate cell growth with
higher cell proliferation rate. Moreover, the trace
amount doping of metal species within the glass
composition, such as copper and zinc, are also poten-
tially important in glass conversion, biocompatibility
as well as bioactivity.

BBG micro-fibers were fabricated and compared

with the traditional 4555 Bioglass™ micro-fibers. The
BBG micro-fiber wound dressings enhanced the
formation of blood vessel, and resulted in a much
faster wound size reduction than the SiG micro-fibers,
and also than the control groups, after 9 days
application.

Thiolated chitosan (tCh)/oxidized carboxymethyl cel-
lulose (OCMC) hydrogel containing Cu-doped borate
bioglass (BG) was developed as a wound dressing to
improve wound healing in a full-thickness skin defect
of mouse animal model. Investigations revealed that
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Table 2 (continued)
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Wound
Type  healing
Title of BG applications Remarks Ref.
the hydrogel containing borate BG had potential
enough for wound occlusion in vivo and elevated blood
vessel formation throughout the wound repair
procedure.
Dental and
Type implant coating
Title of BG applications Remarks Ref.
Bioactive borate glass coatings for MQ Implant coating  BBG coatings was developed for titanium and titanium alloys. The 97

titanium alloys BBG

Borate and silicate bioactive glass MQ  Implant coating
coatings prepared by nanosecond BBG

pulsed laser deposition &SIB

Borate modified bioglass containing SG Dental TE
scaffolds for dental tissue engineering BBG

applications

honey, unique honey made from the indigenous New Zealand
tree Leptospermum scoparium,'®®> was used to cross-link these
fiber mats, which were employed as a biodegradable delivery
system for BBG particles. Incorporating BBG into the fiber mats
enhanced their bioactivity, according to the team’s degradation
experiments using simulated bodily fluid. Similarly, cellular
biology investigations using human dermal fibroblasts and
cells comparable to keratinocytes in humans demonstrated
the great potential of the manufactured composite fiber mats
as a material for wound dressing, mainly due to their capacity
to support wound closure that is typically attributed to the
presence of BBG.'®* A unique Nano-sized carbonated hydro-
xyapatite (HCA) covered with BBG was another intriguing
approach Chen et al.'® reported to assess its influence on
mouse models for wound repair. By dynamically submerging
the BBG particles in a flowing buffer medium, Nano-HCA was
neo-formed.

In addition to increasing the biocompatibility and main-
taining the biodegradability of the BBG, the porous structure
was a little more surface-coated with a layer of amorphous HCA.
Nano-HCA BBG on wound healing were then assessed and
contrasted to those of the Nano-HCA and 45S5" at the
in vitro and animal levels. The research’s findings showed no
negative surgical outcomes and that the proportion of wound
scars decreased in all 5 groups. Specifically, wounds adminis-
tered with Nano-HCA BBG particles virtually entirely healed
rapidly during the seventh day (98%), in contrast to wounds left
untreated (60%). Additionally, Nano-HA and 45S5® had a
somewhat substantial impact on wound healing, as evidenced
by the fact that their wound healing rates (61% and 63%,
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glasses convert to bioactive hydroxyapatite coatings when exposed to
simulated body fluid. Also, assays with MC3T3-E1 pre-osteoblastic

cells show the borate glasses exhibit in vitro biocompatibility

Silicate (13-93) and borate (13-93-B3) bioactive glass coatings were 228
deposited on titanium using the nanosecond Pulsed Laser Deposi-

tion technique. Cytocompatibility and osteogenic differentiation

tests showed that thin films retain the biocompatibility properties of

the target silicate and borate glass, respectively. However, no anti-
bacterial activity of the borate glass films was observed, suggesting

that ion doping is advisable to inhibit bacterial growth on the surface

of borate glass thin film

The effects of BBG on the odontogenic differentiation of human 229
dental pulp stem cells (hDPSCs) were investigated. All BG groups
enhanced odontogenic differentiation of hDPSCs and the presence

of borate increased cell viability. Inmunohistochemical and histo-
chemical stainings showed that scaffolds positively affected the
odontoblastic differentiation of the hDPSCs.

respectively) were essentially in the same range as those of
the control group. As a result, the wound healing efficiency
of the Nano-HCA BBG group enhances biocompatibility,
encourages cell growth, and aids in wound healing in rodent
skin deficiencies. Another recent finding on the need for a
better wound dressing that possesses the angiogenic capacity
for rapid healing of full-thickness skin wounds was developed
by Shichang et al.*' In their investigation, copper-doped BBG
microfiber materials were developed and tested both in vivo
and in vitro. The fibers decayed and changed into hydroxyapa-
tite after being submerged in simulated bodily fluid for around
7 days.

Similarly, in vitro cell culture demonstrated that the fibers’
ionic dissolving product was not hazardous to fibroblasts and
human umbilical vein endothelial cells (HUVECS). Instead, it
induces the expression of fibroblasts’ angiogenic-related genes.
At 7 and 14 days after surgery, when used to treat full-thickness
skin defects in mice, Cu-doped fibers had a much higher effect
of promoting revascularization than the undoped fibers and
the untreated defects (control). Comparing the Cu-doped and
undoped fiber-treated defects to the untreated defects, the
treated defects demonstrated enhanced collagen deposition,
maturity, and orientation. These findings indicate a promising
ability of the Cu-doped borate glass microfibers to promote
angiogenesis and repair full-thickness skin defects.

5.2. Bone tissue engineering

Common diseases like bone defects cause individuals to
experience physical pain and can even make them disabled.
Biomedical materials research is investigating and attempting

This journal is © The Royal Society of Chemistry 2023
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to tackle a significant issue: how to correct these faults by
creating novel bone repair materials.’*>#*'%” It is well recog-
nized that boron, which seems frequently found in water and
food in modest proportions, is crucial for the nutritional
process of developing healthy bones in both humans and
animals."®®'® Borate levels in bone are also discovered to be
noticeably greater than in other tissues in addition to swiftly
dispersing across bodily fluids and still being eliminated via
urination. According to reports, 99% of the boric acid from a
single intravenous injection got eliminated unaltered in the
urine for 120 hours, and no propensity for boron accumulation
was seen.’”'%1% These results indicate that more research
into the possible use of borate glasses in bone healing and
tissue engineering is necessary for bone health.

Moreover, chronic bone infections like osteomyelitis are
typically accompanied by contamination of the surrounding
tissues, poor perfusion, and bone necrosis. Because of this,
only a small number of antibiotics given orally or intravenously
can effectively treat an infection. Nevertheless, commercially
accessible biomaterials, notably poly(methyl methacrylate;
PMMA), have been employed in clinical situations as delivery
systems for many years. However, once PMMA has finished
functioning as a drug carrier, further procedure is needed to
eliminate them from the body. Furthermore, polymers like
collagen, poly(lactic acid), and polylactides cannot organically
bond with bone despite being biodegradable. Nonetheless,
inorganic materials such as calcium phosphate cement, hydroxy-
apatite (HAP), and BBG, including S53P4 with antimicrobial
capabilities, tend to attach effectively to bone tissues and may
also serve as a medication delivery mechanism for bone
healing.89’191_197

Zhang et a conducted a study to show that BBG degrades
more quickly and has pro-osteogenic effects than 8-TCP, which
could greatly enhance huge segmental bone defect healing. In
brief, the potential of the BBGs to treat significant segmental
bone lesions was assessed using a critical-sized rabbit radius
defect model. The effect of BBGs on bone marrow mesenchy-
mal stem cells (BMSCs’) osteogenic development was also
evaluated. Investigations were also conducted into how the
BBGs solubility by-products influenced the bone morphoge-
netic protein (BMP)/Smad signal pathway activity in BMSCs.
In vitro findings show, BBG has better bone regeneration
benefits than B-TCP. The analysis also indicates that BBG
dissolution products considerably enhance BMSCs’ osteogenic
development, resulting in the repair and regeneration of bone
defects. As a result, the BBG used in this work can be a potential
and good bone tissue regeneration material with a wide range
of possible applications. The ability of BBG (1393B3 and
Cu-doped 13-93B3) to regenerate bone in a rat calvarial defect
model was examined in another study by Lianxiang et al.®’
They examined the impact of three different microstructures
(trabecular, oriented, and fibrous) on this capacity. Histomor-
phometric analysis and scanning electron microscopy (SEM)
was used to monitor the scaffolds for 12 weeks to measure the
quantity of new bone growth, mineralization, and blood vessel
area. They showed that for the trabecular, oriented, and fibrous
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microstructures, new bone formed in proportions of 33%, 23%,
and 15%, respectively, to the overall defect area. According to
subsequent comparisons made by the team, 19% of new bone
was generated in implants made of silicate 45S5 BG particles.
However, doping the borate glass with 0.4 wt% copper (CuO)
had minimal impact on bone regeneration in trabecular and
oriented scaffolds. It considerably positively impacted bone
regeneration in the fibrous scaffolds, increasing it from 15 to
33 percent. Moreover, blood vessels penetrated all scaffolds,
with the average blood vessel area being larger in trabecular
scaffolds than in oriented and fibrous scaffolds. According to
the team’s research, all three scaffold microstructures success-
fully supported bone regeneration, although the trabecular
scaffolds supported more bone growth and may hold the most
promise for bone tissue regeneration.

Numerous cell sources have been studied for bone
regeneration using doped BBGs, including bone marrow
mesenchymal stem/progenitor cells, osteoblasts, cells geneti-
cally engineered to express osteogenic factors, embryonic stem
cells, and others. Conversely, various studies have indicated
that distinct bone growth factors, such as bone morphogenetic
protein (BMP), serve essential roles in the progression of bone
regeneration, making a significant difference in the differentia-
tion of osteogenic progenitor cells into osteoblasts and the
mineralization of bone (see Table 2). Furthermore, new bone
repair materials which include hydrogel, nanofiber scaffolds,
and 3d-printed scaffolds are being developed.>?°°>% These
translational approaches to bone healing based on engineering
cells and biomaterial scaffolds promise to impact the future of
bone tissue engineering.

5.3. Bone and dental implant coatings

Because BGs can form a strong bond with a living person’s
bone tissues, they are widely employed in dental and orthope-
dic implants.”***° However, their weak mechanical charac-
teristics, particularly their brittleness, are mainly used as coat-
ings over mechanically resilient substrates, such as titanium,
alumina, and zirconia. Surface coating is a common and
extensively used technique to increase biomaterials’ surface
bioactivity and biocompatibility. Compared to other metallic
materials, BGs are remarkably biocompatible and have a higher
probability of integrating into human tissue than the metal
implants mentioned earlier. Because of this, BG is an excellent
choice for strengthening the biocompatibility and bioactivity of
these metals, enhancing the substrates’ mechanical character-
istics, and providing antibacterial capabilities via the slow
release of therapeutic ions. As a result, BGs are widely used
in orthopedic, spinal, craniomaxillofacial, and periodontal
applications.?*>"

Antibacterial effects of sodium borate and calcium borate-
based polymeric coatings for orthopedic implants were recently
reported by Huseyin et al.*'* Their goal was to compare the
antibacterial and biofilm-degrading characteristics of titanium
implants coated with sodium borate and calcium borate miner-
als to implants without coating and implants coated with
alginate. The team discovered that the implant coated with
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alginate had the highest bacteria load, while biofilm develop-
ment was also found on the implant without coating. Although,
at a low concentration of borate minerals, scaffolds had lower
microbial loads than implants without coating. But at high
concentrations of 0.5 mg mL ™' and 0.75 mg mL™", borate
minerals showed a potent antibacterial effect on colonization
and biofilm formation on the implant surface.”'> In further
pertinent work, Teicoplanin-loaded BBG implants for treating
chronic bone infection in a rabbit tibia osteomyelitis model
were investigated by Xin et al>'* Within 12 weeks of being
implanted in a rabbit tibia, pellets made of a combination of
teicoplanin powder and BBG particles were able to heal a
chronic bone infection. Over about 9 days in vivo, the pellets
delivered a consistent release of teicoplanin. Furthermore, the
BG particles simultaneously broke down in the bodily fluid and
transformed into porous HA-type grafts that encouraged the
new bone formation and solidly adhered to the neoformed
bone, healing the bone defect.

On the other hand, BGs have also been employed clinically
in creating dental recovery materials that can remineralize after
microbial infections. The BG nanoparticles hasten the produc-
tion of new bone, which stops gingival and epithelial cells from
migrating down the tooth. As such, it is possible to stabilize the
junction created between the tooth and the periodontal
membrane.”””*'* Additionally, BG particles have been utilized
in mouthwashes to address oversensitive teeth. These BG
particles are believed to adhere to the dentine, so the local
pH rises due to released ions. This also causes HCA to
precipitate over the tubule end, shielding the tubules from
exposure to liquid flow.?**72*¢

6. Conclusion and future outlook

Over the past 50 years, significant effort has been made in the
biomedical field to develop BGs, notably those with a 45S5
composition. This created an approach for creating glasses with
borate compositions, bringing about new prospects for using
BBGs in tissue engineering. Because of their biodegradable
properties, as well as doping with several metallic ions, BBGs
have shown their ability to support osteogenesis. Likewise,
recent work has also demonstrated its angiogenic potential,
which may benefit soft tissue repair. In addition, doped BBGs
have proved to be effective in promoting osteogenic biomarkers
such as BMP, OPG, RUNX2, RANK/L, BSP, etc. Consequently,
these BGs have been shown to activate angiogenic growth
factors such as VEGF, thus providing unique opportunities
for the target delivery of therapeutic ions for wound healing.
Furthermore, despite its brittleness, BBG possesses distinct
features that include the ability to possess CTE closer to the
bio-metallic substrate, thereby resulting in a better performance
at coating the substrate interface than their silica-based glasses
equivalents.

The current literature has clearly shown that doped BBGs
can enhance the physico-chemical properties of the glass
system as well as stimulate angiogenesis and upregulate key
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osteogenic biomarkers, which are useful in soft and hard tissue
regeneration. However, despite the academic community’s
curiosity, there is still a lack of understanding of how Al/Ti-
doped BBGs affect critical osteogenic biomarkers and cell differ-
entiation for bone regeneration. Conversely, literature has shown
that very few previous studies have investigated the synthesis of
BBGs using the sol-gel technique. Another area that has been less
exploited is additive manufacturing to prepare BBGs scaffolds. In
light of these limitations and to support their use in biomedical
applications, there is a need for further detailed in vitro and in vivo
studies that would be necessary to assess the impact of a dynamic
environment on osteogenic cell markers and tissue response to
Al/Ti-doped BBGs. Furthermore, researchers must focus on utili-
zing the sol-gel technique in synthesizing BBGs due to the
potential advantages (greater porosity and bioactivity) over the
melt-quench method. Similarly, there is a need to expand 3D
printing to prepare BBGs scaffolds.

Summarily, this review presents a general overview of the
borate-based BG systems, emphasizing their composition,
properties, and uses for bone regeneration, wound healing,
and coatings for dental and bone implants. The main focus is
on the role of doping ions in regulating the degradation process
of BBGs and their effects on osteogenic biomarkers that
regulate the process of bone healing.

Abbreviations

Al Aluminium

ALP Alkaline phosphatase activity

BGs Bioactive glasses

BBG Borate bioactive glass

BBGF Borate-based bioactive glass fiber
BMP Bone morphogenetic protein

BMSCs Bone marrow mesenchymal stem cells
BTE Bone tissue engineering

COL1A1 Collagen type 1 alpha 1

CTE Coefficient of thermal expansion

Cu Copper

FDA Food and drug administration

HAP Hydroxyapatite

HUVECs Human umbilical vein endothelial cells
MQ BBG Melt quench borate-based bioactive glass
NBO Non-bridging oxygen

NMR Nuclear magnetic resonance

OPG Osteoprotegen

PMMA Poly methyl methacrylate

RUNX2 Runt-related transcription factor 2
SBF Simulated body fluid

SEM Scanning electron microscopy

SG BBG Sol-gel borate-based bioactive glass
SOC Standard of care

Sr Strontium

Ty Glass transition temperature

Ti Titanium

VEGF Vascular endothelial growth factor
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