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ABSTRACT: Since the early 2000s, borate bioactive glasses (BBGs) have been
extensively investigated for biomedical applications. The research so far
indicates that BBGs frequently exhibit superior bioactivity and bone healing
capacity compared to silicate glasses. They are also suitable candidates as drug
delivery devices for infection or disease treatment such as osteoporosis.
Additionally, BBGs are also an excellent option for wound healing applications,
which includes the availability of commercial (FDA approved) microfibrous
BBG dressings to treat chronic wounds. By addition of modifying ions, the bone
or wound healing capacity of BBGs can be enhanced. For instance, addition of
copper ions into BBGs was shown to drastically increase blood vessel formation
for wound healing applications. Moreover, addition of ions such as magnesium,
strontium, and cobalt improves bone healing. Other recent research interest
related to BBGs is focused on nerve and muscle regeneration applications, while
cartilage regeneration is also suggested as a potential application field for BBGs.
BBGs are commonly produced by melt-quenching; however, sol—gel processing
of BBGs is emerging and appears to be a promising alternative. In this review
paper, the physical and biological characteristics of BBGs are analyzed based on

Borate glasses

bone regeneration

In vitro behaviour
(degradation and
biocompatibility)

nerve

wound healing regeneration

muscle
regeneration

the available literature, the applications of BBGs are discussed, and future research directions are suggested.
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1. INTRODUCTION

An important number of studies have shown that certain

Bioactive glasses (BGs) are surface reactive materials when
they are in contact with physiological fluids, such as human
plasma, or in aqueous phosphate solution.' ™ In 1969, Prof.
Larry Hench invented the first silicate-based BG, known as
4555 BG (composition: 455i10,—24.5Ca0—24.5Na,0—6P,0;
in wt %).°"% When soaked in human plasma (usually tested
using simulated body fluid), an amorphous calcium phosphate
(ACP) layer forms on the BG surface, which then crystallizes
into hydroxyapatite (HA).” This surface bioreactivity enables
strong bonding with the surrounding bone tissue, which gives
BGs their osteoconductive properties. Following the release of
dissolution products, BGs are also osteoinductive.'"’ However,
silicate-based BGs such as 45SS and 13-93 (composition:
§38i0,—20Ca0—6Na,0—12K,0—-5MgO—4P,05 wt %)
glasses appear to have limitations for some applications.
First, calcium phosphate (CaP) conversion is incomplete.'' In
vivo, 4585 BG transforms slowly to HA, and the conversion
rate of 13-93 BG into HA is even slower. Another limitation is
the likelihood of 4585 BG to crystallize during heat treatments,
which leads to difficulties producing noncrystalline 4555-based
3D scaffolds and fibers.'”"”
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compositions of borate glasses (and phosphate glasses) are also
bioactive.”'* Borate bioactive glasses (BBGs) are produced by
replacing network silica ions with boron ions in the glass
network. Boron is an essential trace element with important
roles in the human body."'® It is found in the body in the
form of organoboron complexes of which 96% is boric acid and
the rest is in the form of borate anion.'” It has been reported
that 1 mg boron intake daily is optimum and essential for
normal functioning of the body.18 In the body, bone, nails, and
hair have the highest concentration of boron.'” Moreover, it
has been reported that the presence of boron in the body
alleviates symptoms of osteoporosis, coronary heart disease,
and arthritis."”*° Boron improves calcium integration into
bone, joints, and car’cilage.21 As part of the bone metabolism,
boron works together with vitamin D, calcium, and
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magnesium, and it has anti-inflammatory and antioxidant
effects.””>’ Moreover, boron has wound healing properties
which are related to the ability of boron to regulate the release
of collagen, proteoglycans, and proteins. Kerotinocyte
migration is enhanced also in the presence of boron, which
may play a key role in wound healing.**

BBGs are the most recent members of the BG family.”
BBGs with specific compositions are biodegradable, bioactive,
and osteoconductive.”® Due to their advantageous properties,
in some cases surpassing the performance of silicate BGs,
BBGs are exploited for bone regeneration, wound healing, and
nerve tissue engineering applications.27 Such increasing
interest in BBG applications in medicine prompted the
preparation of this review. A search from 1990 to 2021 was
performed with the search engines Web of Science, Google
Scholar, and Scopus. BBGs were first developed for biomedical
applications with a focus on bone tissue engineering at the
beginning of the 2000s.”°> Since then, BBGs have been
increasingly investigated for a variety of biomedical applica-
tions, which is outlined in Figure 1.”® This review is organized

— Bone repair
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osteonecrosis treatment

— Ti implant coating

Figure 1. Applications of BBGs include soft tissue engineering
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o i 3537
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in the following manner. First, the production of BBGs is
introduced, which is followed by the discussion of the in vitro
behavior of borate glasses. The next section reviews the effect
of boron ion release from BBGs on cell viability. Then, the
application of borate glasses in hard and soft tissue engineering
is discussed. Finally, the scope for future research in the field is
presented.

2. PROCESSING METHODS FOR BBGS

Generally, BGs are produced by the melt-quenching technique,
which requires the melting of precursor oxide powders at
elevated temperatures (above 1000 °C) followed by rapid
cooling (quenching) of the melt to obtain an amorphous
(noncrystalline) glass. BBGs can be produced as powders,”**
which can be further processed to fabricate 3D scaffolds™ ~*’
or microfibers.””** BBG scaffolds are usually produced by a
polymer foam replication technique.*"**** Accordingly, micro-
porous polyurethane scaffolds are immersed in a slurry of BBG
powder dispersed in a solvent. The coated scaffold is then
dried, and following this, the scaffold is heat-treated to remove
the polymeric phase and sinter the BBG struts.”"*>*> Cotton-

like microfibers based on BBGs have also been produced by
exploitation of the melting technique.’”***° This type of BBG
microfiber has been FDA-approved and commercialized with
the trade name Mirragen for wound healing applications.'”*”**

The most commonly studied BBG obtained by the melt-
quenching technique for biomedical applications is the 13-
93B3 composition (54B,0;—22Ca0—-8K,0-8MgO—
6Na,0—2% P,O; in mol %).”*”*"~>* This glass was developed
with the base composition being the silicate 13-93 BG and
replacing silica with borate ions. During melting, control of the
composition of the glass is challenging because of the presence
of volatile components. Also, in general, contamination may
take place during melting and crushing. Moreover, control of
the morphology and mean particle size of melt-derived BGs is
challenging. As a result, the sol—gel process has also been
considered for the preparation of BGs.”> The sol—gel route
exploits liquid-based precursors to enable gelation of the glass
network via hydrolysis and condensation reactions. Sub-
sequently, the gel is dried and calcined to densif}f the
amorphous glass and remove any organic product. 336,57
Lower network connectivity (NC) makes gelation of BBGs
difficult. Only a few studies are available reporting on the sol—
gel processing of BBGs. In fact, boron had been previously
exploited only as a network modifier. In 2015, the first sol—gel
precipitated BBGs were produced with composition
46.1B,0,—26.9Ca0—24.4Na,0—2.6P,0; in mol %.°* In
comparison with melt-quenching, sol—gel processing leads to
the production of at least 2 orders of magnitude greater specific
surface area and total pore volume of BGs, which dramatically
increase the extent of aqueous interactions and ion release
rates. Other advantages of sol—gel derived BGs include
improved purity, homogeneity, and reduced processing
temperatures.” Moreover, sol—gel processing leads to
production of BBGs with a rough, nanoporous texture which
is in contrast to the smooth surface appearance of melt-derived
glasses.® Figure 2 schematically shows the sol—gel processing
route for BBGs introduced by Lepry et al.>®

The effects of different ions have been analyzed for sol—gel
processed BBGs. Network modifiers such as sodium and
potassium disorganize the glass matrix, and a high sodium
content leads to glass crystallization at reduced temperatures.®”
Additionally, low borate containing glasses undergo -earlier
crystallization due to the greater extent of densification at
lower temperatures.”® On the other hand, higher borate
content glasses remain amorphous at higher calcination
temperatures which implies that high borate contents favor
glass formation. Lower borate content glasses exhibit fewer
boron units, which leads to more terminal groups, specifically
OH"™. These terminal groups are more susceptible to
interactions with the phosphate solutions resulting in their
faster degradation in comparison to higher borate content
glasses. A faster degradation is more pronounced for sol—gel
processed glasses, as terminal groups are not completely
eliminated during drying and calcination.>®

Recently, Deliormanli et al.®’ fabricated 13-93B glasses by
the sol—gel method. Lepry et al.’" had also prepared binary
glasses in the CaO—B,0; system by the sol—gel route
previously. All of the glasses prepared had high surface area
and exhibited nanoporosity.’ Another method to produce
BBG is the use of high temperature spray pyrolysis by which
particles can be achieved of size smaller than 1 gm.*" In this
method, ultrasonic spray generators are used to atomize the
precursor solution which is introduced into a hot reaction
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Figure 2. Schematic diagram showing the sol—gel processing of BBG*® (Reproduced with permission from ref 58. Copyright 2015 American

Chemical Society).

Figure 3. Production methods for preparation of BBG-polymeric scaffolds for various applications.

10,26,63—65,69—71

column where droplets are dried, decomposed, and crystal-
lized.>>®* Cho et al.>® successfully produced 45S5B1 BBG
(46.1B,0;—24.4Na,0—26.9Ca0—2.6P,0; in mol %) particles
by using high temperature spray pyrolysis, thus obtaining
nanometric particles with high surface area.

BBGs are also used together with polymers, forming
composites, for various applications. For preparation of bone
cements, initially BBGs were mixed with PMMA powder,
which was then combined with the liquid component for
polymerization and subsequently pressed into a mold to form a
block."” BBGs have also been blended with chitosan solution
to form an injectable scaffold to heal bone defects.”® For
similar applications, BBG incorporated gelatin-based injectable
scaffolds were grepared by mixing gelatin and citric acid with
BBG powder.”’ To increase the mechanical properties of
porous BBG scaffolds, they were coated with PCL in a solution
of PCL—acetone for 30 min.®* Similarly, in another study BBG
scaffolds were coated with tungsten disulfide/PLGA/PCL by

the dip coating method.”> For wound healing applications,
BBG/PVA hydrogels have been prepared by blending in
solutions.’””” BBG/methyl cellulose/manuka honey hydrogels
were also 3D printed for wound healing applications.’” For
nerve regeneration applications, BBG powders were mixed in a
PCL solution which was electrospun into aligned fibers.”® The
main types of production methods for preparation of BBG/
polymeric scaffolds are summarized in Figure 3.

3. PROPERTIES OF BORATE BIOACTIVE GLASSES

3.1. Acellular Bioactivity. The bioactivity of BGs is
usually evaluated by their conversion rate to HA when the
materials are immersed in simulated body fluid (SBF) for
periods which may vary from hours to months, depending on
the composition of the glass."*”* The conversion of BBG to
HA occurs via dissolution—precipitation reactions similar to
the ones occurring in silicate glasses, but without the buildup
of a silica-rich layer.'”*®”® The concept of bioactivity is
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relevant for applications in contact with bone tissue as the
formation of HA is the marker that characterizes strong
bonding of a material to bone. Initially, the glass converts to
HA via a surface reaction. The degradation and conversion of
BBG to HA in SBF occur by dissolution of ions into the
solution and the reaction of calcium ions from the glass with
phosphate ions from the solution to form ACP and then a
crystalline HA layer on the glass surface.”®

The continuous dissolution—precipitation reaction results in
the growth of the HA layer gradually inward from the
surface.”"">> This reduces the volume until complete
conversion of the BBG to HA.>® This process is controlled
by diffusion of calcium and phosphate ions to the reaction
interface or reaction of calcium and phosphate ions at the
interface."

The mixture of trigonal planar [BO;] and tetrahedral [BO,]
units in BBGs is less durable than tetrahedral SiO, units in
s111cate §lasses due to reduction of network connectiv-

10 86974 Therefore, 13-93B3 BG, for example, degrades
more quickly than silicate §lasses and converts more
completely into HA.'”*%**7>"% Liang et al.*® observed a
white layer formation on their BBGs only after 10 min of
immersion in SBF, and after 7 days, complete conversion to
HA had been achieved. SEM and XRD analyses usually
demonstrate a visible HA layer after 24 h in SBF for BBG. In
comparison, for silicate glasses, the HA layer was still not
visible after 7 days in SBF.”” Glasses based on the B,O;—
CaO—Na,0—P,0; system with a wide compositional range
(36—61 mol % B,0;) were r Sported to rapidly convert to
bone-like mineral (CaP) in SBF.”” Figure 4 shows unconverted
microfibrous borate glass (BG) (53.8 B,0;, 20.0Ca0, 12.1
K,0, 4.6 Na,0, 4.6 MgO, 3.8 P,O5 in wt %) and partially
converted microfibrous borate glass after immersion in SBF for
4 days.”

3.2. Degradation Behavior of BBGs. A scaffold for tissue
engineering has to sustain its structural integrity and
mechanical strength until tissue formation has occurred.
Therefore, controlling the degradation behav10r of scaffolds
is critical in tissue engineering applications.” Pramanik et al.”®
indicated that for BBGs, the % weight loss of the scaffold was
most rapid in the first day and increased with SBF immersion
time. Another study illustrated that after 1 week in SBF, more
than 90% of the glass degraded to form poorly crystallized
HA.”® Additionally, the % weight loss for 13-93B3 scaffolds
was drastlcally higher than for the silicate 13-93 and 4SSS
scaffolds.*™* * Figure 5 shows the difference of % weight loss of
13-93 and 13-93B3 BG scaffolds.*

According to the study of Liu et al, after 1 day in SBF,
approximately 35% of boron ions of the scaffold were released.
After 7 days, approximately 80 wt % of boron was released
which reached 90 wt % release after a week.” Figure 6 shows
the time-dependent concentration of boron ion release from
13-93B3 microfibers in SBE.”

Gu et al.*’ found that increasing the B,O; content increased
the degradation rate, but the capacity of the scaffolds to
support the proliferation of osteogenic cells during conven-
tional culture in vitro decreased. After 3 days in SBF, a higher
concentration of calcium ions was released from 13-93B3 than
from 45SS BG microfibers. Within 7—14 days, 13-93B3
microfibers degraded almost fully and converted to ACP,
whereas only 15% degradation occurred in the 4585 BG
microfibers. After this, ACP on 13-93B3 microfibers crystal-
lized more slowly to HA than the ACP on 4585 BG

Figure 4. SEM images of microfibrous BBG (arrows indicate
extrafibrillar calcium ghosphate globules) before and after immersion
in SBF for 4 days”> (Reproduced with permissions from ref 75.
Copyright 2015 Royal Society of Chemistry).
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Figure 5. % Weight loss of silicate 13-93 and borate 13-93B3 scaffolds
in SBF** (Reproduced with permissions from ref 52. Copyright 2012
Elsevier).

microfibers.” Studies also indicated that the scaffolds with
partial conversion to HA were more favorable for cell viability.
Therefore, the relatively slow crystallization feature of BBGs
may be perceived as an advantage for improved biocompat-

1b111ty
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Figure 6. Concentration of boron ion released from 13-93B3 fibers
into SBF at 37 °C as a function of time’ (Reproduced with
permissions from ref 9. Copyright 2013 Springer).

For silicate glasses, the addition of modifier oxides always
changes bridging oxygen atoms to nonbridging oxygen atoms
which reduces network connectivity. In the case of BBGs, first,
the interconnectivity rises with the addition of modifier cations
due to their interaction with negatively charged BO,
tetrahedra. If more modifier cations are added to the BBG,
the BO, groups change back to BO; groups, and therefore the
number of nonbridging oxygen ions increases and the network
connectivity is reduced. This is called the borate anomaly in
the literature.””®" A high amount of modifiers with lower
network connectivity reduces chemical durability and increases
the dissolution rate.”

The incorporation of different ions in BGs is important to
alter the BG degradation behavior and bioactivity. For
example, the substitution of calcium ions by magnesium ions
distorts the matrix structure, as magnesium is a smaller ion
than calcium. Even small concentrations of magnesium ions
can increase the stability of ACP. Therefore, poorly crystallized
HA was reported to form on 13-93B3 scaffolds due to
magnesium ion incorporation.”” Although magnesium ions
decrease HA’s crystallinity, this effect could support bone
growth and attachment considering that magnesium ions
encourage osteoblast formation, differentiation, and adhesion,
thus supporting bone regrowth. Magnesium ions should also
improve the attachment of bone to the biomaterial’s
surface.'”**

When BBGs are immersed in a phosphate solution, the pH
increases abruptly with time and eventually reaches a plateau
which may favor the in vitro formation of HA. The change of
pH value from 7 to 10 indicates the ion exchange between the
hydrogen in phosphate buffer solution and the BG surface.”®
Sodium and calcium ions exchange with hydrogen ions at the
initial dissolution stage, which leads to a pH increase.””>>”*
For BBGs, a higher % weight loss of the glass sample leads to a
higher pH of the phosphate solution as a function of time."’
The studies indicate that the pH of the solution increases more
rapidly when the B,O; content of the glass increases.””

Deliormanli et al.>® prepared BBG scaffolds with different
strut sizes by 3D printing. As shown in Figure 7, after soaking
of BBG scaffolds in SBF for 30 days, a pH increase up to 9.26
and 8.56 with strut diameters of ~130 ym and ~300 pm,
respectively, was observed. This shows that the strut size of
BBG scaffolds has a strong influence on ion dissolution rates.
Smaller particles form more apatite and degrade more
completely than larger particles. Another study performed by

9.4
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Figure 7. pH of SBF solution for 13-93B3 particles with two different
particle sizes®> (Reproduced with permissions from ref 53. Copyright
2013 Springer).

Zhang et al.”® showed that the particle size had a strong
influence on the pH changes during BG degradation in SBF.
During 3D printing, larger particles showed a smaller increase
in pH but clearer reaction layers than smaller particles.’® In in
vivo conditions, the ions would probably diffuse farther, which
may lessen ionic concentrations and increase BBG’s rate of
degradation, ultimately diminishing relatively high pH
changes."’

3.3. Cell Biology Characterization of BBGs. The
concentration of ions released from BBGs may have a
significant impact on cell proliferation.”’ Boron is present in
the daily diet constituting an essential trace element in the
human body. Trace quantities of boron are required for
optimal health. Furthermore, boron dissolves rapidly in the
body fluid and can be excreted in the urine."” Boron has a
positive influence on embryogenesis, immune function, and
psychomotor skills.'> Moreover, the controlled release of
boron during degradation of BBGs can improve bone repair,
since small concentrations of boron are reported to favor bone
growth.9 However, some studies show that trace metallic
elements are potentially cytotoxic.”"’” High concentrations of
boron can have a significant negative impact on the brain and
reproductive health.”® One of the concerns related to the
medical use of BBGs is the release of borate ions during
degradation of the glass.”® Studies indicate that increase of the
amount of borate ions in glass reduces cell density.”' Brown et
al.%* showed that above a threshold concentration of ~16 mM,
borate ions leaching out of glasses (56.1B,0;—26.9CaO—
24.4Na,0—2.1P,05 mol %) inhibited the proliferation of
MC3T3-E1 cells. Even a concentration of 2 mM boron ions
led to a reduction of 40% of the cell density. Parallel with this,
in another study, BBG scaffolds (52%B,0;—12%CaO—6%
P,0,—14%Na,0—16%ZnO—xTiO,) were incorporated with
S, 15, and 20 mol % of titanium oxide ions and the % viability
of MC3T3-El cells was evaluated. Cell culture studies
indicated that the % cell viability decreased after treatment
with BBG scaffolds over a 30 day period. To be able to observe
the source of reduction of % cell viability, MTT tests were
conducted with various concentrations of sodium and boron
ions, separately. MTT tests revealed that the % cell viability
decreased gradually with the increase of released boron
concentration from 500 to 2000 ppm, while sodium ions
showed no such toxicity. Figure 8 shows % cell viability after
incubating cells in different concentrations of boron and
sodium ions.*!
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Figure 8. Absorbance values of preosteoblastic MC3T3-El cells
cultured on different concentrations of boron and sodium ions*'
(Reproduced with permissions from ref 41. Copyright 2021 Wiley).

In a few other studies, boron ion release from borosilicate
glasses was investigated. These studies are also beneficial to
determine the effect of boron ions on cell proliferation.””** Fu
et al.”” studied the effect of boron concentration released from
13-93B2 BG (22Ca0—-6Na,0—8MgO—8K,0—
185i0,,36B,0;—2P,0;) extracts on bone marrow mesenchy-
mal stem cell (BMSC) and MLO-AS cell viability. The tested
boron concentrations were 0.650, 1.301, 2.601, and 5.204 mM.
In agreement with the other studies, a gradual decrease of %
cell viability with the increase of boron concentration was
observed. While the highest boron concentration of 5.204 mM
was found to be toxic, 0.65 mM boron concentration was
nontoxic for the seeded cells. Finally, Liu et al.** indicated that
release of boron ions from 13-93B2 glass with a concentration
lower than 10S5.1 ppm was nontoxic, and it induced
proliferation of BMSC. When the concentration units are
converted, the results of all authors are observed to be in the
same range and support each other, indicating that there is a
maximal boron concentration that can be beneficial (in vitro).

Overall, all available data indicates that it is critical to design
BBG scaffolds with a suitable boron ion release rate to induce
proliferation of cells. The toxic effect on cells could be reduced
by partial conversion of the BBG to HA prior to cell culture or
the use of more dynamic cell culture conditions. For reduction
of cytotoxicity, Chen et al.** coated borate glass (53 wt %
B,03, 20 wt % CaO, 6 wt % Na,0, 5 wt % MgO, 12 wt % K,O,
and 4 wt % SrO) with hydroxycarbonate apatite by immersing
borate glass in a buffer solution 4.2 mM NaHCO;, 1 mM
KH,PO,/K,HPO,, and 2.5 mM CaCl, under dynamic
conditions. Although some boron concentrations show toxicity
in the mentioned static in vitro conditions, the same
concentrations have very good performance in dynamic
conditions, which was proven with many in vivo studies
conducted, and these are discussed in the following section.®
The reason for this is the dilution of local boron
concentrations in a dynamic environment.

4. APPLICATIONS OF BBGS

The two main areas of research in which BBGs are being
considered are bone repair and wound healing.”> As early
research indicated that BBGs were highly bioactive, bone
regeneration 9gglications were started to be investigated in the
early 2000s.”>*® After a decade, Jung et al.*® observed wound
healing capability of BBGs. After this, BBGs were heavily
investigated for skin regeneration. Some other potential

applications in soft tissue engineering have emerged such as
nerve,>>*® muscle,*® and cartilage regeneration.82

Hard Tissue Applications (Bone Regeneration). Many
studies have reported that BBGs could contribute to regenerate
bone with no cytoxicity in vivo.”*”**’ The controlled release
of boron during degradation of BBGs can improve bone repair
since small concentrations of boron favor osteogenesis.” The
ion release and degradation rates of 13-93B scaffolds have been
reported to trigger bone formation and resorption.” Calcium
and other ions released during BBG conversion activate
osteogenic gene expression. Interestingly, BBGs simulate
angiogenesis which sustains transportation of precursor cells,
oxygen, growth factors and essential nutrients, and, thus, the
growth and maintenance of new bone can be estab-
lished.'"""*°

As mentioned above, the buildup of an HA layer on
biomaterials in vitro suggests the bioactive potential of BBGs
in vivo."" Shorter conversion times in vitro could indicate more
rapid healing which has been illustrated in bone defect models,
in vivo."**®" Radiographic images of Xie et al.*> showed that
13-93B3 scaffolds were mostly reabsorbed and replaced by a
large amount of new bone while calcium sulfate was
completely reabsorbed and replaced by a modest amount of
new bone. BBG scaffolds with controlled and complete
degradation behavior were biocompatible and had higher
bioactivity in comparison to silicate-based BGs. BBGs also
supported the growth and differentiation of human mesen-
chymal stem cells enhancing their suitability for bone tissue
engineering.”” In another study, microfibrous silicate 13-93
and borate 13-93B3 scaffolds were implanted in rat calvarial
defects. After 12 weeks, it was shown that while 13-93 fibers
were only partially converted to HA, 13-93B3 fibers were fully
converted.”

It has also been reported that BBGs form strong bonds with
titanium.””*>*” BBGs also have a potential preventive effect on
bisphosphonate-related osteonecrosis of the jaw, receiving
increasing research interest. Real-time quantitative polymerase
chain reaction studies have indicated that zoledronic acid and
BBG (53.8 B,0,-20.0 CaO—12.1 K,0—4.6 Na,0—4.6
MgO—-3.8 P,0O; in wt %, GL1550) led to increase osteogenic
and angiogenic gene expressions of BMSC and human
endothelial (HUVEC) cells, respectively, compared to the
control group (with no zoledronic acid or BBG treatment).””

The compositional flexibility of BBGs enables the possibility
to add biologically active ions to its structure.”” For instance,
calcium and silicon ions stimulate osteoblast differentiation.”"*
Strontium is known to favor bone growth.”””" Zhang et al.”’
produced 9 mol % strontium ion incorporated 13-93B3 bone
cements. Strontium incorporated BBG was observed to
improve the osteogenic differentiation of human bone marrow
derived mesenchymal stem cells in vitro compared with
pristine 13-93B3 incorporated bone cements. Copper exhibits
angiogenic properties.”> Rahaman et al.”*> produced scaffolds
using 4% copper oxide incorporated 13-93B3 BG. These
scaffolds were incorporated into a rat calvarial defect model.
Copper incorporated scaffolds led to higher bone growth
compared with pure 13-93B3 scaffolds. A higher amount of
bone formation for copper incorporated scaffolds was
attributed to their angiogenic properties provided by the
presence of copper ions. Graphene platelets have been also
incorporated into BBG scaffolds. The results indicated that
addition of 5% graphene led to the optimum in vitro response
with induction of electrical conductivity which was measured
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Table 2. Studies of BBGs (All Melt-Derived) Incorporated Polymeric Matrices for Bone Healing

composition
20, 30, 40% 13-93B3 in PMMA
cement

20, 30, 40% 13-93B3 in PMMA
cement

findings

S, 33, 100 um BBG successfully added in PMMA®’

Modulus and compressive strength of 3 GPa and 130 MPa, respectively were achieved'’

10, 20, 30% SrBG in PMMA cement Modulus and compressive strength of 3.15 GPa and 90 MPa, respectively were achieved. % viability of MC3T3-E1 cells
after treatment with cements showed biocompatibility of the composite

13-93B3 in chitosan-based scaffold

Injectable scaffolds were successfully prepared.

Compressive strength of up to 30 MPa was obtained.
Up to 50% of the scaffolds degraded in 30 days™®

13-93B3 scaffold with PCL coating

13-93B particles coated with WS,
incorporated PCL/PLGA

Particles coated with PCL/PLGA/
hexagonal boron nitride

13-93B3 in gelatin with citric acid
scaffold

13-93B3 with platelet rich plasma
scaffold

E1 cell viability™

Compressive strength of 240 MPa was achieved®
0.1-2 wt % WS, Pgrticles improved strength and in vitro bioactivity. Up to 1 wt % WS, nanoparticles improved % MC3T3-

Compressive strength of 3.23 MPa was achieved after addition of 0.2 wt % boron nitride. Samples were found
biocompatible with MC3T3-E1 cells'*

Highly bioactive injectable scaffolds were successfully achieved®®

Incorporation of platelet rich plasma improved bone healing, in vivo”!

as 0.06 S/cm. Authors stated that such electrically conductive
scaffolds are promising candidates for bone tissue engineering
applications." Table 1 shows a summary of BBG based systems
reported in the literature incorporating different dopants and
intended for bone tissue engineering applications.
Osteomyelitis, which is the serious bacterial infection of
bone, may occur at any age; however, diabetic patients are
found to be particularly susceptible.”” This infectious disease is
very difficult to cure, and the treatment for osteomyelitis
includes removal of the infected area of the bone followed by a
long duration of intravenous antibiotic treatment. However,
intravenous delivery may be inefficient to reach avascular areas
in the infected bone. Therefore, local delivery of high doses of
antibiotics may be preferable in the treatment of osteomyelitis.
Antibiotic-loaded calcium sulfate is commercially available for
clinical use in the treatment of osteomyelitis. Calcium sulfate
has shown to be predictable and high release rates of
antibiotics due to its high degradation rate; however, it is
found to be inadequate for bone regeneration.®’ As an
alternative, silicate glasses are being increasingly considered
for the treatment of bone infection. For instance, the silicate
BG known as BoneAlive (S53P4) with a composition of
(53Si0,—20Ca0—4P,0,—23Na,O in wt %) was approved for
clinical use in 2006 for the treatment of bone infections.””'*’
BBGs may show an advantage for bone infection treatment
over silicate glasses, as they convert more rapidly and
completely to HA than silicate glasses; however, no
commercial product based on BBGs for osteomyelitis treat-
ment is available.”* BBGs can be loaded with antibacterial
drugs such as gentamicin,”*'"" teicoplanin,””'** and vanco-
mycin.****'% In the study of Liu et al,’® the release of
vancomycin from Na,0—K,0—-MgO—-CaO—-B,0;—P,0; scaf-
folds increased rapidly initially, and after 3—4 days almost
100% of the drug was released from the BBG scaffolds. On the
other hand, when cements were formed with the combination
of chitosan, drug release was completed over 25 days. In this
study, 87% of a rabbit tibia defect was recovered over 2
months.'”* Xie et al** also used BBG (54B,0,—22CaO—
Na,0—8K,0—8MgO—2P,05 mol %) as a degradable local
antibiotic delivery system for the treatment of chronic
osteomyelitis. The BBGs were investigated as vancomycin
carriers and delivery systems for eradication of osteomyelitis in
rabbits. Bisphosphonate has also been loaded on a BBG carrier

and results indicated that the drug-loaded BBG was efficient at
inducing mineralization during in vitro and in vivo studies.”’

Studies indicate that ion doping has been found to be
efficient against bacteria.***?>%¢ Silver oxide, tellurium oxide,
cerium oxide, titanium oxide, zinc oxide, and gallium ions have
been incorporated in various BBGs, and their antibacterial
properties and cytocompatibility have been assessed. Adb-
Allah et al.” indicated that 2 mol % tellurium oxide doped 13-
93B3 had higher antibacterial activity against Staphylococcus
aureus (S. aureus) than 2 mol % zinc oxide, titanium oxide, and
cerium oxide doped BBG. These BBGs showed low toxicity on
human fibroblast cells. Mutlu et al.”® indicated that zinc oxide
doping had a higher inhibitory effect against S. aureus (Gram-
positive) bacteria than gallium doping. On the other hand, the
two dopants had similar antibacterial effect against Escherichia
coli (Gram-negative) bacteria. This effect was attributed to
different thickness and cell wall structure of the two bacterial
species, which made Escherichia coli more susceptible to
damage from gallium ion doped 13-93B3 than S. aureus.

Singh et al.'” incorporated 30 vol % piezoelectric
Na, Ky <NbO; (NKB) and BaTiO; phases in 1393B3 BBG
powder to improve antibacterial properties and cellular
response. The antibacterial activity increased by approximately
53% and 54% against S. aureus bacteria for BaTiO; and NKB
incorporated 13-93B3 glasses. This was explained as being due
to electrostatic repulsion between BBG and the negatively
charged bacterial membrane. The growth rate of MG-63
osteoblast cells was also enhanced after treatment with
negatively polarized BaTiO; and NKB incorporated BBG.
Negatively charged surfaces enhanced the adhesion and
proliferation of the osteoblast cells.

BBGs have been incorporated also in PMMA,'*%"7°
chitosan,”® polycaprolactone (PCL),*** gelatin,”> and PVA
forming bioactive composites.®® This strategy led to
production of bone scaffolds with improved mechanical
properties. Table 2 shows the list of BBG-incorporated
polymeric matrices that have been developed for bone tissue
healing.

4.2. Soft Tissue Engineering. BBGs are attracting
increasing interest for soft tissue engineering applica-
tions.”>**>® There is special interest in the exploitation of
BBGs for chronic wound healing.”"””* Wound healing occurs in
four stages including hemostasis, inflammation, cell prolifer-
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ation (cell migration, angiogenesis, re-epithelialization, pro-
duction of extracellular matrix), and maturation of the
tissue.'”’"'%”  Angiogenesis enables transport of oxygen,
nutrients, and growth factors which are critical for the
wound healing process."'” A basic characteristic of nonhealing
wounds is reduction of vessel formation around the wound
area; therefore, promotion of angiogenesis is key for
healing."'"'"* Tt is very challenging to achieve angiogenesis
in complex and thick tissues.''> As mentioned earlier, boron
has been shown to stimulate angiogenesis.'* This effect has
been related to stimulation of specific growth factors around
the wound by the ionic dissolution products of BBGs.>'"*

Boron takes part in the synthesis of extracellular matrix and
stimulates secretion of collagen and proteins.''” Previous
studies have shown that in a dose-dependent manner, boron
can stimulate HUVEC proliferation and migration associated
with the MAPK signal pathway.”' Moreover, boron promotes
keratinocgte migration which also triggers the wound healing
process.'**''* Wound healing is also promoted by up-
regulation of the vascular endothelial growth factor
(VEGE).” It is also an antiseptic which aids the wound
healing process.”’ All of these studies indicate that boron has
an important role in many different stages of wound healing.

Microfibrous 13-93B3 scaffolds exhibit rapid and full
degradation, slow crystallization of ACP, and a higher
concentration of dissolved calcium ions in SBF in comparison
to 4585 BG.? In the final stages of the wound healing cascade,
calcium ions are required in epidermal cell migration and
regeneration, although the exact healing process has not been
established. Importantly, the calcium ion concentration at the
wound site should be compatible with events in the healing
cascade.” Figure 9 shows release rates of calcium ions from 13-
93B and 4555 BG fibers.”
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Figure 9. Calcium ion release rates from 13-93B3 and 45SS BG
microfibers in SBF showing significantly higher concentration of
calcium concentration after 7 days from 13-93B3” (Reproduced with
permissions from ref 9. Copyright 2013 Springer).

As can be seen from Figure 9, calcium ion release rate is
much higher for 13-93B3 than for 45S5 BG microfibers. This
may partly explain higher wound healing capacity of 13-93B3
than silicate glasses.” However, there are still questions about
the exploitation of mineralizing glasses in soft tissue repair, e.g.,
the formation of HA layer on the BBG surface may not be
required in wound healing.””°" In contrary, some studies
indicate that formation of an HA layer in the wound area

triggers healing factors such as the antigen hematopoietic form
precursor (CD44), the vascular endothelial growth factor
(VEGF) precursor, and the vascular cell adhesion protein
precursor, which lead to the assembly of epidermal cells at the
site. of injury. This eventually supports new tissue forma-
tion.""¥"'%% Zhou et al'" treated full-thickness dermal
wounds on Sprague—Dawley rat skin with borate 13-93B3
and silicate 4585 microfibers. In parallel with this, Lin et al'”
also implanted 13-93B3 and 4SSS BG microfibers in
subcutaneous tissue of Sprague—Dawley rats, and a higher
microvascular density was observed for 13-93B3 treated
groups. As shown in Figure 10, wounds treated with 13-
93B3 microfibers led to more rapid wound healing than 4585
BG microfibers.'"?

9 days

0 day 3 days

Control

4585

1393-B3

Figure 10. Skin wounds of Sprague—Dawley rats with no treatment
(control) and groups treated with 45SS BG and 13-93B3 microfiber
wound dressings for 0, 3, and 9 days'"® (Reproduced with
permissions from ref 115. Copyright 2016 Elsevier).

For healing skin wounds, Mirragen a commercial product
made of 13-93B3 glass microfibers has been approved by the
U.S. Food and Drug Administration (FDA) in 2016104748
These microfibers have a cotton candy like structure imitating
a fibrin clot microstructure."'® Human trials indicated that
chronic wounds, such as diabetic foot ulcers and bedsores,
healed in 6—10 weeks after application of Mirragen micro-
fibers.''”~'*" This technology is described to be an effective
treatment for wounds which exhibit no healing with conven-
tional treatment options.'””'** Other advantages of these
nanofibers are stated to be their easy handling and possibility
to fit irregularly shaped wounds."*’

BBGs were also incorporated in polymeric scaffolds for
wound healing applications. For example, 13-93B3 with 5 mol
% SrO particles in PVA hydrogel were produced. BBG acted as
a filler and a cross-linking agent and improved mechanical
properties. For these scaffolds, a compressive modulus of 0.12
MPa and an elastic modulus of 0.4 MPa were achieved. Boron
ion release was less than 100 ppm which is lower than toxic
levels.®® In another study, 10, 20, 40 wt % of 13-93B3 particles
were added in methyl cellulose hydrogel. Methyl cellulose
(MC) was cross-linked with manuka honey, which is a natural
and biocompatible cross-linker of cellulose. It also has
additional benefits such as antibacterial activity and wound
healing capability. Samples were 3D printed with a nozzle size
of 20G and a pressure of 550 kPa. The printing speeds were
optimized depending on the BBG loading and the optimized
printing speeds were 2 and 4.5 mm/s for MC and 40 wt %
BBG/MC scaffolds, respectively. A compressive strength of 15
kPa was obtained for 40 wt % BBG incorporated samples with
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a pore size of 0.9 mm. This was found to be three times higher
than that of the pristine MC hydrogel. Incorporation of BBG
in the system improved printability of the scaffolds. In vitro
studies with human dermal fibroblasts (hDFs) showed the
biocompatibility of the 3D printed scaffolds for wound
healing.”” Overall, incorporation of BBGs in polymers is
observed to slow down boron ion release rate, prevent toxicity,
and also improve mechanical properties. It is however
remarkable that BBG containing inks for 3D bioprinting
have not been extensively investigated to date.

The research so far indicates that by incorporation of
different dopants (biologically active ions), the wound repair
capability of BBG scaffolds can be enhanced.'*?%***#
However, dopant concentration is critical, as above certain
concentrations, the dopants may lead to toxicity to the
cells.>”"** First, addition of copper ions to BBGs has many
advantages. The addition of copper ions could impair the
crystallization of ACP to HA, which has been found to be
advantageous for cell proliferation.”” Copper ions have been
shown to stimulate the proliferation of endothelial cells during
in vitro culture.'> Studies indicate that copper ions induce a
hypoxia mimicking condition, which leads to the upregulation
of the expression of VEGF, which is the growth factor playing a
critical role in the formation of blood vessels.'* Therefore, it is
indicated that copper ions stimulate angiogenesis, as
mentioned above.'” Zhao et al.** applied up to 3 wt % copper
ion doped 13-93B3 microfiber wound dressings in full
thickness skin defects in rodents. After 14 days, the healed
skin samples were analyzed by computed tomography after
staining with Microfil. The results indicated the drastic increase
of vessel formation with the incorporation of copper ions in
13-93B3 scaffolds.** Figure 11 shows 3D reconstructive images
indicating blood vessel formation after application of the
wound dressings.**

Control BG 3Cu-BG

Figure 11. 3D reconstructive images showing formation of blood
vessels with no treatment (control), after application of 13-
93B3(BG), and 3 wt % copper ions incorporated 13-93B3 (3Cu-
BG) microfibers in full thickness skin defects in rodents 14 days after
surgery™* (Reproduced with permissions from ref 44. Copyright 2015
Elsevier).

Antimicrobial properties of scaffolds have been reported
after doping BBGs with copper, zinc, gallium, and silver
ions.'#*”%7"** Table 3 shows an overview of BBG scaffolds
which have been doped with various biologically active ions for
soft tissue engineering ag)plications.

Earlier, Poon et al.'*’ indicated that silver ions may also
harm fibroblast and keratinocyte cells while killing bacteria.
Naseri et al.’” studied the effect of silver ion doped BBG
(60B,0;,—36Ca0—(4 — x)P,05—xAg,0), on P. aeruginosa
bacteria as well as fibroblasts and kerotinocytes. The results
indicated a dose-dependent reduction of bacteria after the
silver doped BBG treatment. On day 4 of cell culture

experiments, 0.375 and 0.75 mg/mL of BBG treatment with
0.5 mol % of silver ions, % keratinocyte cell viability increased,
whereas 1.5 mg/mL of BBG treatment led to a decline of %
cell viability. The study also indicated that 0.3 and 0.5 mol %
doping of BBG led to kerotinocyte migration and promoted
wound healing. Gallium and zinc ions increase immune
tolerance both in vitro and in vivo.'***** Deliormanli et al.*
implanted porous BBG scaffolds in the connective tissue of the
subcutaneous area of Sprague—Dawley rats, and the histo-
logical study indicated that incorporation of up to 5 wt % of
cerium oxide ions into the 13-93B3 network significantly
increased blood vessel formation. Despite its antibacterial
properties, incorporation of up to 3 wt % of gallium ions into
13-93B3 scaffold was shown to reduce angiogenesis in a rat
subcutaneous implant model. In the same study, doping 13-
93B3 with 3 wt % vanadium ions was also proven to reduce
angiogenesis.

In a few studies, nerve regeneration capabilities of BBGs
were also studied. Marquardt et al.> incorporated 13-93B3 in
aligned fibrin microfibers and examined the viability of
embryonic chick dorsal root ganglia (DRG). The study
indicated that the % cell viability increased with the
incorporation of BBG. Additionally, neural extensions were
observed which indicated the potential use of BBG for neural
tissue engineering applications. Gupta et al.>® incorporated 50
wt % 13-93B3 in PCL fibers for neural regeneration. In the
study, different dopants were also incorporated in 13-93B3 to
determine their effect on DRG outgrowth. The results
indicated that 0.4 wt % iron, 1 wt % gallium, and 5 wt %
zinc ion incorporated 13-93B3/PCL fibers led to significant
neurite outgrowth. Another promising application of BBG is in
muscle regeneration. Jia et al.'** studied the effect of 13-93B3
on muscle healing. 13-93B3 extracts were observed to
stimulate secretion of CX43 and IG-1 from C2CI2 cells.
Also, in vivo studies were carried out with Sprague—Dawley
rats with 7 mm of tibialis anterior muscle defects. Examination
of the defect region under confocal laser scanning microscopy
after BBG treatment led to improved vascularization compared
with 4585 BG powder. In the literature, cartilage tissue
engineering is also suggested as a potential application of
BBGs; however, to the authors knowledge, so far there are no
research outcomes reported in this field.">*°

5. CONCLUSION

In several applications, BBGs are advantageous over silicate
glasses due to a faster conversion rate to amorphous CaP. On
the other hand, despite fast conversion to CaP, BBG converts
to HA more slowly than silicate glasses, indicating their
suitability for soft tissue repair. This slow conversion also
increases the in vitro cell viability. BBGs of different
compositions have been found to stimulate angiogenesis and
osteogenesis. These effects are enhanced by doping BBGs with
different ions. The following ions have been investigated in
BBGs: copper, magnesium, strontium, cerium, silver, gallium,
tellurium, vanadium, cobalt, iron, titanium, and iodine, with
studies leading to different outcomes.

Most BBGs investigated so far have been produced by the
melt-quenching route; however, production of BBGs via sol—
gel processing may be preferable, as this leads to a greater
surface area and porosity which ultimately increases bioactivity.
However, analysis of the literature indicates that to date the
sol—gel route has seldomly been applied for the preparation of
BBGs. Therefore, greater research efforts are required to
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Table 3. Incorporation of Different Ions in Melt Derived BBG Scaffolds for Soft Tissue Engineering Applications

composition dopant

60B,0;—36Ca0O—(4 — x) 0, 0.3, 0.5, 1 mol % silver ions
P,05—xAg,O (in mol %)
powder

13-93B3 fibers 0.4% copper oxide and 1% zinc

oxide ions

13-93B3 powder 1% zinc, 3% copper oxide ions

findings

Silver doped glass inhibited bacterial growth while undoped glass did not show such effect.
All groups were nontoxic to fibroblasts and kerotinocytes. 0.3 and 0.5 mol % silver ion
doped group reduced wound area®

Human skin fibroblast cells had high cell viability, growth, and migration ability™’

Dendritic cell viability decreased with increase of copper oxide concentration to 3% and zinc

ion concentration to 10%. Zinc and copper oxide ions avoid bacterial growth

13-93B3 fiber 0.5, 1.0, and 3.0 wt % copper

oxide ions
13-93B3 scaffold
wt % vanadium, 1 and 5 wt %
gallium ions
(52 — x)B,0—-16Zn0O— 2.5, 5, 10, and 15 wt % gallium
14Na,0—CaO—P,04— ions
xGa,0; (in wt %) powder
13-93B3 powder Cobalt, iron, gallium, iodine,
strontium, and zinc ions

% cell viability of HUVEC and fibroblast cells increased up to 3% copper oxide ions over 7
days. Copper oxide ions enhanced wound repair capability**

L S . N . S 43
1, 3, S wt % cerium ions, 1 and 3 Cerium ions enhance angiogenesis while vanadium and gallium ions showed no such effect

. . . - . 0
Gallium ions increased antibacterial effect™

Priming with ion doped BBG increased the homing capacity of adipose stem cells’

manufacture sol—gel processed BBGs with ion doping.
Research so far also lacks sufficient work on 3D printing to
prepare BBG scaffolds, which needs to be exploited further for
preparation of patient-specifically designed scaffolds, especially
scaffolds with sufficient mechanical properties for bone tissue
engineering. In this context, biopolymer/BBG composite
scaffolds have also received limited attention, even if they
promise to be an effective approach to expand the applications
of BBGs in soft tissue repair, applying techniques such as
electrospinning and exploiting the angiogenesis porperties of
BBGs. Moreover, although BBG scaffolds show promise for
nerve regeneration, the field is in its infancy. Other promising
research fields for BBGs are muscle and cartilage tissue
engineering. Therefore, more research efforts are required to
explore these potential application fields for new compositions
of BBGs. Research should further focus on composites by
smart combinations of biopolymers and BBGs. We expect that
this review has provided a state-of-the art overview of the field
of BBGs, and will prompt more studies regarding new
compositions and applications of BBGs in tissue engineering
and other biomedical applications.

B AUTHOR INFORMATION

Corresponding Authors

Duygu Ege — Institute of Biomedical Engineering, Bogazici
University, Kandilli 34684 Istanbul, Turkey; Department of
Materials Science and Engineering, Institute of Biomaterials,
University of Erlangen-Nuremberg, 91058 Erlangen,
Germany; © orcid.org/0000-0002-9922-6995;
Email: duygu.ege@fau.de

Aldo R. Boccaccini — Department of Materials Science and
Engineering, Institute of Biomaterials, University of Erlangen-
Nuremberg, 91058 Erlangen, Germany;
Email: aldo.boccaccini@fau.de

Author

Kai Zheng — Jiangsu Province Engineering Research Center of
Stomatological Translational Medicine, Nanjing Medical
University, Nanjing 210029, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsabm.2c00384

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

ARB acknowledges financial support from DFG (German
Research Foundation), project BO 1191/23-1. The support by
Bogazigi University Research fund (No. 16402M) is acknowl-
edged.

B REFERENCES

(1) Turk, M.; Deliormanli, A. M. Electrically Conductive Borate-
Based Bioactive Glass Scaffolds for Bone Tissue Engineering
Applications. J. Biomater. Appl. 2017, 32 (1), 28—39.

(2) Fiume, E.; Barberi, J.; Verné, E.; Baino, F. Bioactive Glasses:
From Parent 45SS Composition to Scaffold-Assisted Tissue-Healing
Therapies. J. Funct. Biomater. 2018, 9 (24), 24.

(3) Ciraldo, F. E.; Boccardi, E.; Melli, V.; Westhauser, F.; Boccaccini,
A. R. Tackling Bioactive Glass Excessive in Vitro Bioreactivity:
Preconditioning Approaches for Cell Culture Tests. Acta Biomater
2018, 75 (2018), 3—10.

(4) Hoppe, A; Giildal, N. S;; Boccaccini, A. R. A Review of the
Biological Response to Ionic Dissolution Products from Bioactive
Glasses and Glass-Ceramics. Biomaterials 2011, 32 (11), 2757—2774.

(5) Gerhardt, L. C.; Boccaccini, A. R. Bioactive Glass and Glass-
Ceramic Scaffolds for Bone Tissue Engineering. Materials (Basel)
2010, 3 (7), 3867—3910.

(6) Kaya, S.; Cresswell, M.; Boccaccini, A. R. Mesoporous Silica-
Based Bioactive Glasses for Antibiotic-Free Antibacterial Applications.
Mater. Sci. Eng, C 2018, 83, 99—107.

(7) Baino, F.; Hamzehlou, S.; Kargozar, S. Bioactive Glasses: Where
Are We and Where Are We Going? J. Funct. Biomater 2018, 9 (1), 25.

(8) Hench, L. L.; Splinter, R. J.; Allen, W. C.; Greenlee, T. K.
Bonding Mechanisms at the Interface of Ceramic Prosthetic
Materials. J. Biomed. Mater. Res. 1971, § (6), 117—141.

(9) Liu, X;; Rahaman, M. N.; Day, D. E. Conversion of Melt-Derived
Microfibrous Borate (13-93B3) and Silicate (45S5) Bioactive Glass in
a Simulated Body Fluid. J. Mater. Sci. Mater. Med. 2013, 24 (3), 583—
59S.

(10) Cole, K. A,; Funk, G. A; Rahaman, M. N.; McIff, T. E.
Mechanical and Degradation Properties of Poly(Methyl Methacry-
late) Cement/Borate Bioactive Glass Composites. J. Biomed. Mater.
Res. - Part B Appl. Biomater. 2020, 108 (7), 2765—2775.

(11) Yao, A; Wang, D.; Huang, W.; Fu, Q.; Rahaman, M. N.; Day,
D. E. In Vitro Bioactive Characteristics of Borate-Based Glasses with
Controllable Degradation Behavior. J. Am. Ceram. Soc. 2007, 90 (1),
303-306.

(12) Wang, H.; Zhao, S.; Zhou, J.; Shen, Y.; Huang, W.; Zhang, C.;
Rahaman, M. N.; Wang, D. Evaluation of Borate Bioactive Glass
Scaffolds as a Controlled Delivery System for Copper Ions in
Stimulating Osteogenesis and Angiogenesis in Bone Healing. J. Mater.
Chem. B 2014, 2 (48), 8547—8557.

https://doi.org/10.1021/acsabm.2c00384
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duygu+Ege"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9922-6995
mailto:duygu.ege@fau.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aldo+R.+Boccaccini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:aldo.boccaccini@fau.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00384?ref=pdf
https://doi.org/10.1177/0885328217709608
https://doi.org/10.1177/0885328217709608
https://doi.org/10.1177/0885328217709608
https://doi.org/10.3390/jfb9010024
https://doi.org/10.3390/jfb9010024
https://doi.org/10.3390/jfb9010024
https://doi.org/10.1016/j.actbio.2018.05.019
https://doi.org/10.1016/j.actbio.2018.05.019
https://doi.org/10.1016/j.biomaterials.2011.01.004
https://doi.org/10.1016/j.biomaterials.2011.01.004
https://doi.org/10.1016/j.biomaterials.2011.01.004
https://doi.org/10.3390/ma3073867
https://doi.org/10.3390/ma3073867
https://doi.org/10.1016/j.msec.2017.11.003
https://doi.org/10.1016/j.msec.2017.11.003
https://doi.org/10.3390/jfb9010025
https://doi.org/10.3390/jfb9010025
https://doi.org/10.1002/jbm.820050611
https://doi.org/10.1002/jbm.820050611
https://doi.org/10.1007/s10856-012-4831-z
https://doi.org/10.1007/s10856-012-4831-z
https://doi.org/10.1007/s10856-012-4831-z
https://doi.org/10.1002/jbm.b.34606
https://doi.org/10.1002/jbm.b.34606
https://doi.org/10.1111/j.1551-2916.2006.01358.x
https://doi.org/10.1111/j.1551-2916.2006.01358.x
https://doi.org/10.1039/C4TB01355G
https://doi.org/10.1039/C4TB01355G
https://doi.org/10.1039/C4TB01355G
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

EVIE

www.acsabm.org

(13) Gu, Y; Xiao, W.; Lu, L;; Huang, W.; Rahaman, M. N.; Wang,
D. Kinetics and Mechanisms of Converting Bioactive Borate Glasses
to Hydroxyapatite in Aqueous Phosphate Solution. J. Mater. Sci. 2011,
46 (1), 47—54.

(14) Schuhladen, K. Stich, L.; Schmidt, J.; Steinkasserer, A.;
Boccaccini, A. R.; Zinser, E. Cu, Zn Doped Borate Bioactive Glasses:
Antibacterial Efficacy and Dose-Dependent in Vitro Modulation of
Murine Dendritic Cells. Biomater. Sci. 2020, 8 (8), 2143—215S.

(15) Hoppel, C. The Physiological Role of Carnitine. I-Carnitine Its
Role Med. From Funct. to Ther.; 1999; pp 5—20.

(16) Swager, T. M.; Luppino, S. Nothing Boring about This
Borylation. Synfacts 2015, 11 (03), 0266—0266.

(17) Uluisik, L; Karakaya, H. C.; Koc, A. The Importance of Boron
in Biological Systems. J. Trace Elem. Med. Biol. 2018, 45, 156—162.

(18) Nielsen, F. H. Update on Human Health Effects of Boron. J.
Trace Elem. Med. Biol. 2014, 28 (4), 383—387.

(19) Armstrong, T. A,; Spears, J. W.; Crenshaw, T.; Nielsen, F. H.
Boron Supplementation of a Semipurified Diet for Weanling Pigs
Improves Feed Efficiency and Bone Strength Characteristics and
Alters Plasma Lipid Metabolites. J. Nutr. 2000, 130 (10), 2575—2581.

(20) Mogosanu, G. D.; Bita, A; Bejenaru, L. E,; Bejenaru, C,;
Croitoru, O.; Rau, G.; Rogoveanu, O. C.; Florescu, D. N.; Neamtu, J.;
Scorei, I. D.; Scorei, R. I. Calcium Fructoborate for Bone and
Cardiovascular Health. Biol. Trace Elem. Res. 2016, 172 (2), 277—281.

(21) Devirian, T. A; Volpe, S. L. The Physiological Effects of
Dietary Boron. Crit. Rev. Food Sci. Nutr. 2003, 43 (2), 219—231.

(22) Chapin, R. E.; Ku, W. W.; Kenney, M. A.; McCoy, H.; Gladen,
B.; Wine, R. N.; Wilson, R;; Elwell, M. R. The Effects of Dietary
Boron on Bone Strength in Rats. Toxicol. Sci. 1997, 35 (2), 205—215.

(23) Sogut, I; Oglakci, A.; Kartkaya, K; O], K. K; Sogut, M. S,;
Kanbak, G.; Inal, M. E. Effect of Boric Acid on Oxidative Stress in
Rats with Fetal Alcohol Syndrome. Exp. Ther. Med. 2015, 9 (3),
1023—-1027.

(24) Tepedelen, B. E.; Soya, E.; Korkmaz, M. Boric Acid Reduces
the Formation of DNA Double Strand Breaks and Accelerates Wound
Healing Process. Biol. Trace Elem. Res. 2016, 174 (2), 309—318.

(25) Rahaman, M. N,; Liang, W.; Day, D. E. Preparation and
Bioactive Characteristics of Porous Borate Glass Substrates. Glass
Techology 2008, 44, 1-10.

(26) Cui, X.; Zhang, Y.; Wang, H; Gu, Y; Li, L.; Zhou, J.; Zhao, S.;
Huang, W.; Zhou, N.; Wang, D.,; Pan, H,; Rahaman, M. N. An
Injectable Borate Bioactive Glass Cement for Bone Repair:
Preparation, Bioactivity and Setting Mechanism. J. Non. Cryst. Solids
2016, 432, 150—157.

(27) Naseri, S.; Lepry, W. C.; Nazhat, S. N. Bioactive Glasses in
Wound Healing: Hope or Hype? J. Mater. Chem. B 2017, § (31),
6167—6174.

(28) Marion, N. W.; Liang, W.; Reilly, G. C.; Day, D. E.; Rahaman,
M. N,; Mao, J. J. Borate Glass Supports the in Vitro Osteogenic
Differentiation of Human Mesenchymal Stem Cells. Mech. Adv. Mater.
Struct. 2005, 12 (3), 239—246.

(29) Schuhladen, K; Wang, X; Hupa, L.; Boccaccini, A. R.
Dissolution of Borate and Borosilicate Bioactive Glasses and the
Influence of Ion (Zn, Cu) Doping in Different Solutions. J. Non. Cryst.
Solids 2018, 502 (July), 22—34.

(30) Yang, Q; Chen, S.; Shi, H; Xiao, H.; Ma, Y. In Vitro Study of
Improved Wound-Healing Effect of Bioactive Borate-Based Glass
Nano-/Micro-Fibers. Mater. Sci. Eng, C 20185, 55, 105—117.

(31) Hy, H,; Tang, Y.; Pang, L.; Lin, C.; Huang, W.; Wang, D.; Jia,
W. 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. ACS Appl.
Mater. Interfaces 2018, 10 (27), 22939—22950.

(32) Kargozar, S.; Mozafari, M.; Ghenaatgar-Kasbi, M.; Baino, F.
Bioactive Glasses and Glass/Polymer Composites for Neuroregenera-
tion: Should We Be Hopeful. Appl. Sci. 2020, 10, 3421—3441.

(33) Marquardt, L. M.; Day, D.; Sakiyama-Elbert, S. E.; Harkins, A.
B. Effects of Borate-Based Bioactive Glass on Neuron Viability and

Neurite Extension. J. Biomed. Mater. Res. Part A 2014, 102 (8), 2767—
277S.

(34) Gupta, B.; Papke, J. B; Mohammadkhah, A; Day, D. E;
Harkins, A. B. Effects of Chemically Doped Bioactive Borate Glass on
Neuron Regrowth and Regeneration. Ann. Biomed. Eng. 2016, 44
(12), 3468—3477.

(35) Yin, H,; Yang, C.; Gao, Y.; Wang, C,; Li, M,; Guo, H.; Tong, Q.
Fabrication and Characterization of Strontium-Doped Borate-Based
Bioactive Glass Scaffolds for Bone Tissue Engineering. J. Alloys
Compd. 2018, 743, 564—569.

(36) Liang, W.; Rahaman, M. N.; Day, D. E.; Marion, N. W,; Riley,
G. C.; Mao, J. J. Bioactive Borate Glass Scaffold for Bone Tissue
Engineering. J. Non. Cryst. Solids 2008, 354 (15—16), 1690—1696.

(37) Rodriguez, O.; Curran, D. J.; Papini, M.; Placek, L. M.; Wren,
A. W,; Schemitsch, E. H.; Zalzal, P.; Towler, M. R. Characterization of
Silica-Based and Borate-Based, Titanium-Containing Bioactive
Glasses for Coating Metallic Implants. J. Non. Cryst. Solids 2016,
433, 95—102.

(38) da Silva, L. C. A;; Neto, F. G.; Pimentel, S. S. C.; Palacios, R. d.
S.; Sato, F.; Retamiro, K. M.; Fernandes, N. S.; Nakamura, C. V;
Pedrochi, F.; Steimacher, A. The Role of Ag20 on Antibacterial and
Bioactive Properties of Borate Glasses. J. Non. Cryst. Solids 2021, 554,
120611—-120617.

(39) Naseri, S.; Griffanti, G.; Lepry, W. C.; Maisuria, V. B.; Tufenkiji,
N.; Nazhat, S. N. Silver-Doped Sol-Gel Borate Glasses: Dose-
Dependent Effect on Pseudomonas Aeruginosa Biofilms and
Keratinocyte Function. J. Am. Ceram. Soc. 2022, 105 (3), 1711-1722.

(40) Rahimnejad Yazdi, A,; Torkan, L.; Stone, W.; Towler, M. R.
The Impact of Gallium Content on Degradation, Bioactivity, and
Antibacterial Potency of Zinc Borate Bioactive Glass. J. Biomed. Mater.
Res. - Part B Appl. Biomater. 2018, 106 (1), 367—376.

(41) Shafaghi, R.; Rodriguez, O.; Wren, A. W.; Chiu, L.; Schemitsch,
E. H.; Zalzal, P.; Waldman, S. D.; Papini, M.; Towler, M. R. In Vitro
Evaluation of Novel Titania-Containing Borate Bioactive Glass
Scaffolds. J. Biomed. Mater. Res. - Part A 2021, 109 (2), 146—158.

(42) Shafaghi, R.;; Rodriguez, O.; Phull, S.; Schemitsch, E. H.; Zalzal,
P.; Waldman, S. D.; Papini, M.; Towler, M. R. Effect of TiO2 Doping
on Degradation Rate, Microstructure and Strength of Borate Bioactive
Glass Scaffolds. Mater. Sci. Eng, C 2020, 107 (2020), 110351—
110362.

(43) Deliormanli, A. M.; Seda Vatansever, H.; Yesil, H.; Ozdal-Kurt,
F. In Vivo Evaluation of Cerium, Gallium and Vanadium-Doped
Borate-Based Bioactive Glass Scaffolds Using Rat Subcutaneous
Implantation Model. Ceram. Int. 2016, 42 (10), 11574—11583.

(44) Zhao, S; Li, L.; Wang, H; Zhang, Y.; Cheng, X.; Zhou, N,;
Rahaman, M. N,; Liu, Z.; Huang, W.; Zhang, C. Wound Dressings
Composed of Copper-Doped Borate Bioactive Glass Microfibers
Stimulate Angiogenesis and Heal Full-Thickness Skin Defects in a
Rodent Model. Biomaterials 2015, 53, 379—391.

(45) Deliormanli, A. M.; Seda Vatansever, H.; Yesil, H.; Ozdal-Kurt,
F. In Vivo Evaluation of Cerium, Gallium and Vanadium-Doped
Borate-Based Bioactive Glass Scaffolds Using Rat Subcutaneous
Implantation Model. Ceram. Int. 2016, 42 (10), 11574—11583.

(46) Wray, P. Cotton Candy That Heals? Borate Glass Nanofibers
Look Promising. Am. Ceram. Soc. Bull. 2011, 90 (4), 25—29.

(47) Kargozar, S.; Singh, R. K; Kim, H. W,; Baino, F. Hard”
Ceramics for “Soft” Tissue Engineering: Paradox or Opportunity?
Acta Biomater. 2020, 115, 1-28.

(48) Banijamali, S.; Heydari, M.; Mozafari, M. Cellular Response to
Bioactive Glasses and Glass—Ceramics 2020, 1 DOI: 10.1016/b978-0-
08-102967-1.00019-0.

(49) Gu, Y; Huang, W.,; Rahaman, M. N, Day, D. E. Bone
Regeneration in Rat Calvarial Defects Implanted with Fibrous
Scaffolds Composed of a Mixture of Silicate and Borate Bioactive
Glasses. Acta Biomater. 2013, 9 (11), 9126—9136.

(50) Zhang, J.; Guan, J.; Zhang, C.; Wang, H.; Huang, W.; Guo, S.;
Niu, X.; Xie, Z.; Wang, Y. Bioactive Borate Glass Promotes the Repair
of Radius Segmental Bone Defects by Enhancing the Osteogenic

https://doi.org/10.1021/acsabm.2c00384
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX


https://doi.org/10.1007/s10853-010-4792-x
https://doi.org/10.1007/s10853-010-4792-x
https://doi.org/10.1039/C9BM01691K
https://doi.org/10.1039/C9BM01691K
https://doi.org/10.1039/C9BM01691K
https://doi.org/10.1055/s-0034-1380103
https://doi.org/10.1055/s-0034-1380103
https://doi.org/10.1016/j.jtemb.2017.10.008
https://doi.org/10.1016/j.jtemb.2017.10.008
https://doi.org/10.1016/j.jtemb.2014.06.023
https://doi.org/10.1093/jn/130.10.2575
https://doi.org/10.1093/jn/130.10.2575
https://doi.org/10.1093/jn/130.10.2575
https://doi.org/10.1007/s12011-015-0590-2
https://doi.org/10.1007/s12011-015-0590-2
https://doi.org/10.1080/10408690390826491
https://doi.org/10.1080/10408690390826491
https://doi.org/10.1093/toxsci/35.2.205
https://doi.org/10.1093/toxsci/35.2.205
https://doi.org/10.3892/etm.2014.2164
https://doi.org/10.3892/etm.2014.2164
https://doi.org/10.1007/s12011-016-0729-9
https://doi.org/10.1007/s12011-016-0729-9
https://doi.org/10.1007/s12011-016-0729-9
https://doi.org/10.1002/9780470291269.ch1
https://doi.org/10.1002/9780470291269.ch1
https://doi.org/10.1016/j.jnoncrysol.2015.06.001
https://doi.org/10.1016/j.jnoncrysol.2015.06.001
https://doi.org/10.1016/j.jnoncrysol.2015.06.001
https://doi.org/10.1039/C7TB01221G
https://doi.org/10.1039/C7TB01221G
https://doi.org/10.1080/15376490590928615
https://doi.org/10.1080/15376490590928615
https://doi.org/10.1016/j.jnoncrysol.2018.08.037
https://doi.org/10.1016/j.jnoncrysol.2018.08.037
https://doi.org/10.1016/j.msec.2015.05.049
https://doi.org/10.1016/j.msec.2015.05.049
https://doi.org/10.1016/j.msec.2015.05.049
https://doi.org/10.1021/acsami.8b04903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/app10103421
https://doi.org/10.3390/app10103421
https://doi.org/10.1002/jbm.a.34944
https://doi.org/10.1002/jbm.a.34944
https://doi.org/10.1007/s10439-016-1689-0
https://doi.org/10.1007/s10439-016-1689-0
https://doi.org/10.1016/j.jallcom.2018.01.099
https://doi.org/10.1016/j.jallcom.2018.01.099
https://doi.org/10.1016/j.jnoncrysol.2007.10.003
https://doi.org/10.1016/j.jnoncrysol.2007.10.003
https://doi.org/10.1016/j.jnoncrysol.2015.09.026
https://doi.org/10.1016/j.jnoncrysol.2015.09.026
https://doi.org/10.1016/j.jnoncrysol.2015.09.026
https://doi.org/10.1016/j.jnoncrysol.2020.120611
https://doi.org/10.1016/j.jnoncrysol.2020.120611
https://doi.org/10.1111/jace.17802
https://doi.org/10.1111/jace.17802
https://doi.org/10.1111/jace.17802
https://doi.org/10.1002/jbm.b.33856
https://doi.org/10.1002/jbm.b.33856
https://doi.org/10.1002/jbm.a.37012
https://doi.org/10.1002/jbm.a.37012
https://doi.org/10.1002/jbm.a.37012
https://doi.org/10.1016/j.msec.2019.110351
https://doi.org/10.1016/j.msec.2019.110351
https://doi.org/10.1016/j.msec.2019.110351
https://doi.org/10.1016/j.ceramint.2016.04.033
https://doi.org/10.1016/j.ceramint.2016.04.033
https://doi.org/10.1016/j.ceramint.2016.04.033
https://doi.org/10.1016/j.biomaterials.2015.02.112
https://doi.org/10.1016/j.biomaterials.2015.02.112
https://doi.org/10.1016/j.biomaterials.2015.02.112
https://doi.org/10.1016/j.biomaterials.2015.02.112
https://doi.org/10.1016/j.ceramint.2016.04.033
https://doi.org/10.1016/j.ceramint.2016.04.033
https://doi.org/10.1016/j.ceramint.2016.04.033
https://doi.org/10.1016/j.actbio.2020.08.014
https://doi.org/10.1016/j.actbio.2020.08.014
https://doi.org/10.1016/b978-0-08-102967-1.00019-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/b978-0-08-102967-1.00019-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.actbio.2013.06.039
https://doi.org/10.1016/j.actbio.2013.06.039
https://doi.org/10.1016/j.actbio.2013.06.039
https://doi.org/10.1016/j.actbio.2013.06.039
https://doi.org/10.1088/1748-6041/10/6/065011
https://doi.org/10.1088/1748-6041/10/6/065011
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

EVIE

www.acsabm.org

Differentiation of BMSCs. Biomed. Mater. 2015, 10 (6), 065011—
065021.

(51) Sengupta, S; Michalek, M.,; Liverani, L.; évanEérek, P;
Boccaccini, A. R.; Galusek, D. Preparation and Characterization of
Sintered Bioactive Borate Glass Tape. Mater. Lett. 2021, 282,
128843—128853.

(52) Deliormanli, A. M.; Rahaman, M. N. Direct-Write Assembly of
Silicate and Borate Bioactive Glass Scaffolds for Bone Repair. J. Eur.
Ceram. Soc. 2012, 32 (14), 3637—3646.

(53) Deliormanli, A. M. Size-Dependent Degradation and
Bioactivity of Borate Bioactive Glass. Ceram. Int. 2013, 39 (7),
8087—809S.

(54) Xie, Z.; Cui, X.; Zhao, C; Huang, W.; Wang, J.; Zhang, C.
Gentamicin-Loaded Borate Bioactive Glass Eradicates Osteomyelitis
Due to Escherichia Coli in a Rabbit Model. Antimicrob. Agents
Chemother. 2013, 57 (7), 3293—3298.

(55) Cho, J. S; Kang, Y. C. Synthesis of Spherical Shape Borate-
Based Bioactive Glass Powders Prepared by Ultrasonic Spray
Pyrolysis. Ceram. Int. 2009, 35 (6), 2103—2109.

(56) Lepry, W. C.; Naseri, S.; Nazhat, S. N. Effect of Processing
Parameters on Textural and Bioactive Properties of Sol—Gel-Derived
Borate Glasses. J. Mater. Sci. 2017, S2 (15), 8973—898S.

(57) Liang, W.; Riissel, C.; Day, D. E; Volksch, G. Bioactive
Comparison of a Borate, Phosphate and Silicate Glass. J. Mater. Res.
2006, 21 (1), 125—131.

(58) Lepry, W. C.; Nazhat, S. N. Highly Bioactive Sol-Gel-Derived
Borate Glasses. Chem. Mater. 2015, 27 (13), 4821—4831.

(59) Lepry, W. C.; Smith, S.; Nazhat, S. N. Effect of Sodium on
Bioactive Sol-Gel-Derived Borate Glasses. J. Non. Cryst. Solids 2018,
500 (May), 141-148.

(60) Deliormanli, A. M. Sol-Gel Synthesis of Borate-Based 13-93B3
Bioactive Glass Powders for Biomedical Applications. Mater. Technol.
2021, 1-10.

(61) Lepry, W. C.; Nazhat, S. N. The Anomaly in Bioactive Sol—Gel
Borate Glasses. Mater. Adv. 2020, 1 (5), 1371—1381.

(62) Majeri¢, P.; Rudolf, R. Advances in Ultrasonic Spray Pyrolysis
Processing of Noble Metal Nanoparticles-Review. Materials (Basel)
2020, 13 (16), 348S.

(63) Wu, Y. Y.; Ye, S.; Yao, A. H,; Li, H.; Bin; Jia, W. T; Huang, W.
H.; Wang, D. P. Effect of Gas-Foaming Porogen-NaHCO3 and Citric
Acid on the Properties of Injectable Macroporous Borate Bioactive
Glass Cement. Wuji Cailiao Xuebao/Journal Inorg. Mater. 2017, 32
(7), 777—784.

(64) Deliormanli, A. M. Fabrication and Characterization of Poly(e-
Caprolactone) Coated Silicate and Borate-Based Bioactive Glass
Composite Scaffolds. J. Compos. Mater. 2016, 50 (7), 917—928.

(65) Ensoylu, M.; Deliormanli, A. M., Atmaca, H. Tungsten
Disulfide Nanoparticle-Containing PCL and PLGA-Coated Bioactive
Glass Composite Scaffolds for Bone Tissue Engineering Applications.
J. Mater. Sci. 2021, 56 (33), 18650—18667.

(66) Tang, Y.; Pang, L.; Wang, D. Preparation and Characterization
of Borate Bioactive Glass Cross-Linked PVA Hydrogel. J. Non. Cryst.
Solids 2017, 476, 25—29.

(67) Schuhladen, K; Bednarzig, V.; Rembold, N.; Boccaccini, A. R.
The Effect of Borate Bioactive Glass on the Printability of
Methylcellulose-Manuka Honey Hydrogels. J. Mater. Res. 2021, 36
(19), 3843—3850.

(68) Gupta, B.; Papke, J. B; Mohammadkhah, A; Day, D. E;
Harkins, A. B. Effects of Chemically Doped Bioactive Borate Glass on
Neuron Regrowth and Regeneration. Ann. Biomed. Eng. 2016, 44
(12), 3468—3477.

(69) Cole, K. A; Funk, G. A; Rahaman, M. N.; McIff, T. E.
Characterization of the Conversion of Bone Cement and Borate
Bioactive Glass Composites. J. Biomed. Mater. Res. - Part B Appl.
Biomater. 2020, 108 (4), 1580—1591.

(70) Cui, X; Huang, C.; Zhang, M.; Ruan, C.; Peng, S.; Li, L.; Liu,
W.; Wang, T.; Li, B.; Huang, W.; Rahaman, M. N.; Lu, W. W,; Pan, H.
Enhanced Osteointegration of Poly(Methylmethacrylate) Bone

Cements by Incorporating Strontium-Containing Borate Bioactive
Glass. J. R. Soc. Interface 2017, 14 (131), 20161057—20161070.

(71) Zhang, Y. D.; Wang, G; Sun, Y.; Zhang, C. Q. Combination of
Platelet-Rich Plasma with Degradable Bioactive Borate Glass for
Segmental Bone Defect Repair. Acta Orthop. Belg. 2011, 77 (1), 110—
11S.

(72) Fu, H; Fu, Q; Zhou, N.; Huang, W.; Rahaman, M. N.; Wang,
D,; Liu, X. In Vitro Evaluation of Borate-Based Bioactive Glass
Scaffolds Prepared by a Polymer Foam Replication Method. Mater.
Sci. Eng, C 2009, 29 (7), 2275—2281.

(73) Bi, L.; Rahaman, M. N.; Day, D. E; Brown, Z.; Samujh, C.; Liu,
X.; Mohammadkhah, A.; Dusevich, V.; Eick, J. D.; Bonewald, L. F.
Effect of Bioactive Borate Glass Microstructure on Bone Regener-
ation, Angiogenesis, and Hydroxyapatite Conversion in a Rat Calvarial
Defect Model. Acta Biomater. 2013, 9 (8), 8015—8026.

(74) 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. - Part A 2010, 95 (1), 164—
171.

(75) Pramanik, C.; Wang, T.; Ghoshal, S.; Niu, L.; Newcomb, B. A,;
Liu, Y.; Primus, C. M.; Feng, H.; Pashley, D. H.; Kumar, S.; Tay, F. R.
Microfibrous Borate Bioactive Glass Dressing Sequesters Bone-Bound
Bisphosphonate in the Presence of Simulated Body Fluid. J. Mater.
Chem. B 2015, 3 (6), 959—963.

(76) Liu, X.; Xie, Z.; Zhang, C.; Pan, H,; Rahaman, M. N.; Zhang,
X.; Fu, Q; Huang, W. Bioactive Borate Glass Scaffolds: In Vitro and
in Vivo Evaluation for Use as a Drug Delivery System in the
Treatment of Bone Infection. J. Mater. Sci. Mater. Med. 2010, 21 (2),
575-582.

(77) Su, Z.; Li, J.; Bai, X; Tay, F. R; Zhang, M,; Liang, K; He, L,;
Yuan, H.; Li, J. Borate Bioactive Glass Prevents Zoledronate-Induced
Osteonecrosis of the Jaw by Restoring Osteogenesis and Angio-
genesis. Oral Dis. 2020, 26 (8), 1706—1717.

(78) Zhang, K; Yan, H,; Bell, D. C.; Stein, A.; Francis, L. F. Effects
of Materials Parameters on Mineralization and Degradation of Sol-Gel
Bioactive Glasses with 3D-Ordered Macroporous Structures. J.
Biomed. Mater. Res. - Part A 2003, 66 (4), 860—869.

(79) Thyparambil, N. J.; Gutgesell, L. C.; Hurley, C. C.; Flowers, L.
E; Day, D. E.; Semon, J. A. Adult Stem Cell Response to Doped
Bioactive Borate Glass. . Mater. Sci. Mater. Med. 2020, 31 (2), 1
DOI: 10.1007/s10856-019-6353-4.

(80) Xie, Z.; Liu, X; Jia, W,; Zhang, C.; Huang, W.; Wang, J.
Treatment of Osteomyelitis and Repair of Bone Defect by Degradable
Bioactive Borate Glass Releasing Vancomycin. J. Controlled Release
2009, 139 (2), 118—126.

(81) Ojansivu, M.; Mishra, A; Vanhatupa, S.; Juntunen, M.
Larionova, A.; Massera, J.; Miettinen, S. The Effect of S53P4-Based
Borosilicate Glasses and Glass Dissolution Products on the
Osteogenic Commitment of Human Adipose Stem Cells. PLoS One
2018, 13 (8), 1-20.

(82) Brown, R. F,; Rahaman, M. N.; Dwilewicz, A. B.; Huang, W.;
Day, D. E,; Li, Y.; Bal, B. S. Effect of Borate Glass Composition on Its
Conversion to Hydroxyapatite and on the Proliferation of MC3T3-E1
Cells. . Biomed. Mater. Res. - Part A 2009, 88 (2), 392—400.

(83) Liu, X; Huang, W,; Fu, H.; Yao, A,; Wang, D.; Pan, H,; Lu, W.
W.,; Jiang, X.; Zhang, X. Bioactive Borosilicate Glass Scaffolds: In
Vitro Degradation and Bioactivity Behaviors. J. Mater. Sci. Mater. Med.
2009, 20 (6), 1237—1243.

(84) Chen, R; Li, Q,; zhang, Q; Xu, S,; Han, J.; Huang, P,; Yu, Z.;
Jia, D,; Liu, J.; Jia, H.; Shen, M.; Hu, B.; Wang, H,; Zhan, H.; Zhang,
T.; Ma, K;; Wang, J. Nanosized HCA-Coated Borate Bioactive Glass
with Improved Wound Healing Effects on Rodent Model. Chem. Eng.
J. 2021, 426, 130299.

(85) Balasubramanian, P.; Biittner, T.; Miguez Pacheco, V,;
Boccaccini, A. R. Boron-Containing Bioactive Glasses in Bone and
Soft Tissue Engineering. J. Eur. Ceram. Soc. 2018, 38 (3), 855—869.

https://doi.org/10.1021/acsabm.2c00384
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX


https://doi.org/10.1088/1748-6041/10/6/065011
https://doi.org/10.1016/j.matlet.2020.128843
https://doi.org/10.1016/j.matlet.2020.128843
https://doi.org/10.1016/j.jeurceramsoc.2012.05.005
https://doi.org/10.1016/j.jeurceramsoc.2012.05.005
https://doi.org/10.1016/j.ceramint.2013.03.081
https://doi.org/10.1016/j.ceramint.2013.03.081
https://doi.org/10.1128/AAC.00284-13
https://doi.org/10.1128/AAC.00284-13
https://doi.org/10.1016/j.ceramint.2008.11.010
https://doi.org/10.1016/j.ceramint.2008.11.010
https://doi.org/10.1016/j.ceramint.2008.11.010
https://doi.org/10.1007/s10853-017-0968-y
https://doi.org/10.1007/s10853-017-0968-y
https://doi.org/10.1007/s10853-017-0968-y
https://doi.org/10.1557/jmr.2006.0025
https://doi.org/10.1557/jmr.2006.0025
https://doi.org/10.1021/acs.chemmater.5b01697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b01697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jnoncrysol.2018.07.042
https://doi.org/10.1016/j.jnoncrysol.2018.07.042
https://doi.org/10.1080/10667857.2021.1988039
https://doi.org/10.1080/10667857.2021.1988039
https://doi.org/10.1039/D0MA00360C
https://doi.org/10.1039/D0MA00360C
https://doi.org/10.3390/ma13163485
https://doi.org/10.3390/ma13163485
https://doi.org/10.15541/jim20160532
https://doi.org/10.15541/jim20160532
https://doi.org/10.15541/jim20160532
https://doi.org/10.1177/0021998315583320
https://doi.org/10.1177/0021998315583320
https://doi.org/10.1177/0021998315583320
https://doi.org/10.1007/s10853-021-06494-w
https://doi.org/10.1007/s10853-021-06494-w
https://doi.org/10.1007/s10853-021-06494-w
https://doi.org/10.1016/j.jnoncrysol.2017.07.017
https://doi.org/10.1016/j.jnoncrysol.2017.07.017
https://doi.org/10.1557/s43578-021-00256-9
https://doi.org/10.1557/s43578-021-00256-9
https://doi.org/10.1007/s10439-016-1689-0
https://doi.org/10.1007/s10439-016-1689-0
https://doi.org/10.1002/jbm.b.34505
https://doi.org/10.1002/jbm.b.34505
https://doi.org/10.1098/rsif.2016.1057
https://doi.org/10.1098/rsif.2016.1057
https://doi.org/10.1098/rsif.2016.1057
https://doi.org/10.1016/j.msec.2009.05.013
https://doi.org/10.1016/j.msec.2009.05.013
https://doi.org/10.1016/j.actbio.2013.04.043
https://doi.org/10.1016/j.actbio.2013.04.043
https://doi.org/10.1016/j.actbio.2013.04.043
https://doi.org/10.1002/jbm.a.32824
https://doi.org/10.1002/jbm.a.32824
https://doi.org/10.1002/jbm.a.32824
https://doi.org/10.1002/jbm.a.32824
https://doi.org/10.1039/C4TB02035A
https://doi.org/10.1039/C4TB02035A
https://doi.org/10.1007/s10856-009-3897-8
https://doi.org/10.1007/s10856-009-3897-8
https://doi.org/10.1007/s10856-009-3897-8
https://doi.org/10.1111/odi.13436
https://doi.org/10.1111/odi.13436
https://doi.org/10.1111/odi.13436
https://doi.org/10.1002/jbm.a.10093
https://doi.org/10.1002/jbm.a.10093
https://doi.org/10.1002/jbm.a.10093
https://doi.org/10.1007/s10856-019-6353-4
https://doi.org/10.1007/s10856-019-6353-4
https://doi.org/10.1007/s10856-019-6353-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2009.06.012
https://doi.org/10.1016/j.jconrel.2009.06.012
https://doi.org/10.1371/journal.pone.0202740
https://doi.org/10.1371/journal.pone.0202740
https://doi.org/10.1371/journal.pone.0202740
https://doi.org/10.1002/jbm.a.31679
https://doi.org/10.1002/jbm.a.31679
https://doi.org/10.1002/jbm.a.31679
https://doi.org/10.1007/s10856-009-3691-7
https://doi.org/10.1007/s10856-009-3691-7
https://doi.org/10.1016/j.cej.2021.130299
https://doi.org/10.1016/j.cej.2021.130299
https://doi.org/10.1016/j.jeurceramsoc.2017.11.001
https://doi.org/10.1016/j.jeurceramsoc.2017.11.001
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

EVIE

www.acsabm.org

(86) Rahaman, M. N.; Day, D. E.; Sonny Bal, B.; Fu, Q;; Jung, S. B,;
Bonewald, L. F.; Tomsia, A. P. Bioactive Glass in Tissue Engineering.
Acta Biomater. 2011, 7 (6), 2355—2373.

(87) Jia, W. T.; Fu, Q.; Huang, W. H.; Zhang, C. Q.; Rahaman, M.
N. Comparison of Borate Bioactive Glass and Calcium Sulfate as
Implants for the Local Delivery of Teicoplanin in the Treatment of
Methicillin-Resistant Staphylococcus Aureus-Induced Osteomyelitis
in a Rabbit Model. Antimicrob. Agents Chemother. 2015, 59 (12),
7571-7580.

(88) Peddi, L.; Brow, R. K; Brown, R. F. Bioactive Borate Glass
Coatings for Titanium Alloys. J. Mater. Sci. Mater. Med. 2008, 19 (9),
3145-3152.

(89) Xiao, W.; Luo, S. H.; Wei, X. J.; Zhang, C. Q.; Huang, W. H,;
Chen, J. K; Cai, Y,; Rui, Y,; Rahaman, M. N. Evaluation of Ti
Implants Coated with Ag-Containing Borate Bioactive Glass for
Simultaneous Eradication of Infection and Fracture Fixation in a
Rabbit Tibial Model. J. Mater. Res. 2012, 27 (24), 3147—3156.

(90) Zhang, Y.; Cui, X.; Zhao, S.; Wang, H,; Rahaman, M. N.; Liu,
Z.; Huang, W.; Zhang, C. Evaluation of Injectable Strontium-
Containing Borate Bioactive Glass Cement with Enhanced Osteo-
genic Capacity in a Critical-Sized Rabbit Femoral Condyle Defect
Model. ACS Appl. Mater. Interfaces 2015, 7 (4), 2393—2403.

(91) Patel, S; Samudrala, R. K; Palakurthy, S.; Manavathi, B;
Gujjala, R; P, A. A. In Vitro Evaluation and Mechanical Studies of
MgO Added Borophosphate Glasses for Biomedical Applications.
Ceram. Int. 2022, 48 (9), 12625—12634.

(92) Lepry, W. C.; Griffanti, G.; Nazhat, S. N. Bioactive Sol-Gel
Borate Glasses with Magnesium. J. Non. Cryst. Solids 2022, 581,
121415—121425.

(93) Matinmanesh, A.; Li, Y.; Clarkin, O.; Zalzal, P.; Schemitsch, E.
H.; Towler, M. R,; Papini, M. Quantifying the Mode II Critical Strain
Energy Release Rate of Borate Bioactive Glass Coatings on Ti6Al4V
Substrates. J. Mech. Behav. Biomed. Mater. 2017, 75, 212—221.

(94) 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. - Part B Appl. Biomater. 2010, 95B (2),
441—448.

(95) Abd-Allah, W. M.; Fathy, R. M. Gamma Irradiation Effectuality
on the Antibacterial and Bioactivity Behavior of Multicomponent
Borate Glasses against Methicillin-Resistant Staphylococcus Aureus
(MRSA). J. Biol. Inorg. Chem. 2022, 27 (1), 155—173.

(96) Ali, A; Singh, B. N.; Yadav, S.; Ershad, M,; Singh, S. K;
Mallick, S. P.; Pyare, R. CuO Assisted Borate 1393B3 Glass Scaffold
with Enhanced Mechanical Performance and Cytocompatibility: An
In Vitro Study. J. Mech. Behav. Biomed. Mater. 2021, 114, 104231.

(97) Deliormanli, A. M. In Vitro Assessment of Degradation and
Mineralisation of V2035 Substituted Borate Bioactive Glass Scaffolds.
Mater. Technol. 2014, 29 (6), 358—365.

(98) Mutlu, N.; Kurtuldu, F.; Unalan, 1.; Nesc¢ikov4, Z.; Kankova,
H.; Galuskov4, D.; Michalek, M.; Liverani, L.; Galusek, D.;
Boccaccini, A. R. Effect of Zn and Ga Doping on Bioactivity,
Degradation, and Antibacterial Properties of Borate 1393-B3
Bioactive Glass. Ceram. Int. 2022, 29, 915—918.

(99) McAndrew, J.; Efrimescu, C.; Sheehan, E.; Niall, D. Through
the Looking Glass; Bioactive Glass SS3P4 (BonAlive®) in the
Treatment of Chronic Osteomyelitis. Ir. J. Med. Sci. 2013, 182 (3),
509-S11.

(100) Lindfors, N. C.; Hyvénen, P.; Nyyssénen, M.; Kirjavainen, M.;
Kankare, J.; Gullichsen, E.; Salo, J. Bioactive Glass S53P4 as Bone
Graft Substitute in Treatment of Osteomyelitis. Bone 2010, 47 (2),
212-218.

(101) Cui, X,; Gu, Y; Li, L; Wang, H,; Xie, Z.; Luo, S.; Zhou, N;
Huang, W.; Rahaman, M. N. In Vitro Bioactivity, Cytocompatibility,
and Antibiotic Release Profile of Gentamicin Sulfate-Loaded Borate
Bioactive Glass/Chitosan Composites. J. Mater. Sci. Mater. Med. 2013,
24 (10), 23912403,

(102) Zhang, X.; Jia, W. T.; Gu, Y. F,; Xiao, W.; Liu, X.; Wang, D. P,;
Zhang, C. Q.; Huang, W. H.; Rahaman, M. N,; Day, D. E.; Zhou, N.

Teicoplanin-Loaded Borate Bioactive Glass Implants for Treating
Chronic Bone Infection in a Rabbit Tibia Osteomyelitis Model.
Biomaterials 2010, 31 (22), 5865—5874.

(103) Ding, H.; Zhao, C. J.; Cui, X.; Gu, Y. F.; Jia, W. T.; Rahaman,
M. N;; Wang, Y.; Huang, W. H.; Zhang, C. Q. A Novel Injectable
Borate Bioactive Glass Cement as an Antibiotic Delivery Vehicle for
Treating Osteomyelitis. PLoS One 2014, 9 (1), 1-9.

(104) Cui, X;; Zhao, C.; Gu, Y.; Li, L.; Wang, H.; Huang, W.; Zhou,
N.; Wang, D.; Zhu, Y,; Xu, J,; Luo, S.; Zhang, C.; Rahaman, M. N. A
Novel Injectable Borate Bioactive Glass Cement for Local Delivery of
Vancomycin to Cure Osteomyelitis and Regenerate Bone. J. Mater.
Sci. Mater. Med. 2014, 25 (3), 733—74S.

(105) Singh, A.; Singh, P.; Dubey, A. K. Effect of Incorporation of
Piezoelectric Phases on Antibacterial and Cellular Response of Borate
Bioactive Glass. Open Ceram. 2022, 9, 100234.

(106) Ensoylu, M; Deliormanli, A. M.; Atmaca, H. Hexagonal
Boron Nitride/PCL/PLG Coatings on Borate Bioactive Glass
Scaffolds for Bone Regeneration. J. Inorg. Organomet. Polym. Mater.
2022, 32, 1551.

(107) Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing
Process: An Overview of the Cellular and Molecular Mechanisms. J.
Int. Med. Res. 2009, 37 (5), 1528—1542.

(108) Chebassier, N.; Ouijja, E. H.; Viegas, L; Dreno, B. Stimulatory
Effect of Boron and Manganese Salts on Keratinocyte Migration. Acta
Derm. Venereol. 2004, 84 (3), 191—194.

(109) Guo, S.; DiPietro, L. A. Critical Review in Oral Biology &
Medicine: Factors Affecting Wound Healing. J. Dent. Res. 2010, 89
(3), 219—229.

(110) Cui, L; Liang, J.; Liu, H.; Zhang, K; Li, J. Nanomaterials for
Angiogenesis in Skin Tissue Engineering. Tissue Eng. - Part B Rev.
2020, 26 (3), 203—216.

(111) Veith, A. P.; Henderson, K.; Spencer, A.; Sligar, A. D.; Baker,
A. B. Therapeutic Strategies for Enhancing Angiogenesis in Wound
Healing. Adv. Drug Delivery Rev. 2019, 146, 97—125.

(112) Okonkwo, U. A, Dipietro, L. A. Diabetes and Wound
Angiogenesis. Int. J. Mol. Sci. 2017, 18 (7), 1419.

(113) Levenberg, S.; Rouwkema, J.; Macdonald, M.; Garfein, E. S,;
Kohane, D. S,; Darland, D. C.; Marini, R.; Van Blitterswijk, C. A,;
Mulligan, R. C.; D’Amore, P. A.; Langer, R. Engineering Vascularized
Skeletal Muscle Tissue. Nat. Biotechnol. 2005, 23 (7), 879—884.

(114) Mebhrabi, T.; Mesgar, A. S.; Mohammadi, Z. Bioactive Glasses:
A Promising Therapeutic Ion Release Strategy for Enhancing Wound
Healing. ACS Biomater. Sci. Eng. 2020, 6 (10), 5399—5430.

(115) Zhou, J.; Wang, H.; Zhao, S.; Zhou, N; Li, L.; Huang, W.;
Wang, D.; Zhang, C. In Vivo and in Vitro Studies of Borate Based
Glass Micro-Fibers for Dermal Repairing. Mater. Sci. Eng,, C 2016, 60,
437—44S.

(116) Blaker, J. J.; Nazhat, S. N.; Boccaccini, A. R. Development and
Characterisation of Silver-Doped Bioactive Glass-Coated Sutures for
Tissue Engineering and Wound Healing Applications. Biomaterials
2004, 25 (7—8), 1319—1329.

(117) Lin, Y.; Brown, R. F; Jung, S. B.; Day, D. E. Angiogenic
Effects of Borate Glass Microfibers in a Rodent Model. J. Biomed.
Mater. Res. - Part A 2014, 102 (12), 4491—4499.

(118) Idumah, C. L. Progress in Polymer Nanocomposites for Bone
Regeneration and Engineering. Polym. Polym. Compos. 2021, 29 (S),
509-527.

(119) Armstrong, D. G; Orgill, D. P.; Galiano, R. D.; Glat, P. M,;
DiDomenico, L. A; Carter, M. J,; Zelen, C. M. A Multi-Centre,
Single-Blinded Randomised Controlled Clinical Trial Evaluating the
Effect of Resorbable Glass Fibre Matrix in the Treatment of Diabetic
Foot Ulcers. Int. Wound J. 2021, 52 (3), P12.

(120) Buck, D. W. Innovative Bioactive Glass Fiber Technology
Accelerates Wound Healing and Minimizes Costs: A Case Series. Adv.
Ski. Wound Care 2020, 33 (8), 1—6.

(121) Bengisu, M. Borate Glasses for Scientific and Industrial
Applications: A Review. J. Mater. Sci. 2016, 51 (5), 2199—2242.

https://doi.org/10.1021/acsabm.2c00384
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/j.actbio.2011.03.016
https://doi.org/10.1128/AAC.00196-15
https://doi.org/10.1128/AAC.00196-15
https://doi.org/10.1128/AAC.00196-15
https://doi.org/10.1128/AAC.00196-15
https://doi.org/10.1007/s10856-008-3419-0
https://doi.org/10.1007/s10856-008-3419-0
https://doi.org/10.1557/jmr.2012.375
https://doi.org/10.1557/jmr.2012.375
https://doi.org/10.1557/jmr.2012.375
https://doi.org/10.1557/jmr.2012.375
https://doi.org/10.1021/am507008z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am507008z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am507008z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am507008z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ceramint.2022.01.130
https://doi.org/10.1016/j.ceramint.2022.01.130
https://doi.org/10.1016/j.jnoncrysol.2022.121415
https://doi.org/10.1016/j.jnoncrysol.2022.121415
https://doi.org/10.1016/j.jmbbm.2017.07.030
https://doi.org/10.1016/j.jmbbm.2017.07.030
https://doi.org/10.1016/j.jmbbm.2017.07.030
https://doi.org/10.1002/jbm.b.31735
https://doi.org/10.1002/jbm.b.31735
https://doi.org/10.1002/jbm.b.31735
https://doi.org/10.1007/s00775-021-01918-z
https://doi.org/10.1007/s00775-021-01918-z
https://doi.org/10.1007/s00775-021-01918-z
https://doi.org/10.1007/s00775-021-01918-z
https://doi.org/10.1016/j.jmbbm.2020.104231
https://doi.org/10.1016/j.jmbbm.2020.104231
https://doi.org/10.1016/j.jmbbm.2020.104231
https://doi.org/10.1179/1753555714Y.0000000167
https://doi.org/10.1179/1753555714Y.0000000167
https://doi.org/10.1016/j.ceramint.2022.02.192
https://doi.org/10.1016/j.ceramint.2022.02.192
https://doi.org/10.1016/j.ceramint.2022.02.192
https://doi.org/10.1007/s11845-012-0895-5
https://doi.org/10.1007/s11845-012-0895-5
https://doi.org/10.1007/s11845-012-0895-5
https://doi.org/10.1016/j.bone.2010.05.030
https://doi.org/10.1016/j.bone.2010.05.030
https://doi.org/10.1007/s10856-013-4996-0
https://doi.org/10.1007/s10856-013-4996-0
https://doi.org/10.1007/s10856-013-4996-0
https://doi.org/10.1016/j.biomaterials.2010.04.005
https://doi.org/10.1016/j.biomaterials.2010.04.005
https://doi.org/10.1371/journal.pone.0085472
https://doi.org/10.1371/journal.pone.0085472
https://doi.org/10.1371/journal.pone.0085472
https://doi.org/10.1007/s10856-013-5122-z
https://doi.org/10.1007/s10856-013-5122-z
https://doi.org/10.1007/s10856-013-5122-z
https://doi.org/10.1016/j.oceram.2022.100234
https://doi.org/10.1016/j.oceram.2022.100234
https://doi.org/10.1016/j.oceram.2022.100234
https://doi.org/10.1007/s10904-022-02246-8
https://doi.org/10.1007/s10904-022-02246-8
https://doi.org/10.1007/s10904-022-02246-8
https://doi.org/10.1177/147323000903700531
https://doi.org/10.1177/147323000903700531
https://doi.org/10.1080/00015550410025273
https://doi.org/10.1080/00015550410025273
https://doi.org/10.1177/0022034509359125
https://doi.org/10.1177/0022034509359125
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1016/j.addr.2018.09.010
https://doi.org/10.1016/j.addr.2018.09.010
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.1038/nbt1109
https://doi.org/10.1038/nbt1109
https://doi.org/10.1021/acsbiomaterials.0c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2015.11.068
https://doi.org/10.1016/j.msec.2015.11.068
https://doi.org/10.1016/j.biomaterials.2003.08.007
https://doi.org/10.1016/j.biomaterials.2003.08.007
https://doi.org/10.1016/j.biomaterials.2003.08.007
https://doi.org/10.1002/jbm.a.35120
https://doi.org/10.1002/jbm.a.35120
https://doi.org/10.1177/0967391120913658
https://doi.org/10.1177/0967391120913658
https://doi.org/10.1111/iwj.13675
https://doi.org/10.1111/iwj.13675
https://doi.org/10.1111/iwj.13675
https://doi.org/10.1111/iwj.13675
https://doi.org/10.1097/01.ASW.0000672504.15532.21
https://doi.org/10.1097/01.ASW.0000672504.15532.21
https://doi.org/10.1007/s10853-015-9537-4
https://doi.org/10.1007/s10853-015-9537-4
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

EVIE

(122) Cannio, M,; Bellucci, D.; Roether, J. A.; Boccaccini, D. N.;
Cannillo, V. Bioactive Glass Applications: A Literature Review of
Human Clinical Trials. Materials (Basel) 2021, 14 (18), 5440.

(123) Poon, V. K. M,; Burd, A. In Vitro Cytotoxity of Silver:
Implication for Clinical Wound Care. Burns 2004, 30 (2), 140—147.

(124) Wang, H.; Zhao, S.; Cui, X; Pan, Y.; Huang, W.; Ye, S.; Luo,
S.; Rahaman, M. N,; Zhang, C; Wang, D. Evaluation of Three-
Dimensional Silver-Doped Borate Bioactive Glass Scaffolds for Bone
Repair: Biodegradability, Biocompatibility, and Antibacterial Activity.
J. Mater. Res. 2015, 30 (18), 2722—273S.

(125) Jia, W,; Hu, H; Li, A; Deng, H.; Hogue, C. L.; Mauro, J. C,;
Zhang, C.; Fu, Q. Glass-Activated Regeneration of Volumetric Muscle
Loss. Acta Biomater. 2020, 103, 306—317.

https://doi.org/10.1021/acsabm.2c00384
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX


https://doi.org/10.3390/ma14185440
https://doi.org/10.3390/ma14185440
https://doi.org/10.1016/j.burns.2003.09.030
https://doi.org/10.1016/j.burns.2003.09.030
https://doi.org/10.1557/jmr.2015.243
https://doi.org/10.1557/jmr.2015.243
https://doi.org/10.1557/jmr.2015.243
https://doi.org/10.1016/j.actbio.2019.12.007
https://doi.org/10.1016/j.actbio.2019.12.007
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

