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ARTICLE INFO ABSTRACT

Keywords: Borate glasses have gained attention in wound healing applications attributable to their lower chemical dur-
Borate glass ability compared to silicate glasses, allowing for increased degradation rates and potentially accelerated benefits
Sol-gel in the healing process. Recently, the sol-gel process was used to fabricate borate glasses with high specific
Silver

surface areas (SSAs) leading to rapid dissolution and high reactivity when compared to their melt-quench de-
rived equivalents. In this study, silver doped sol-gel derived borate glasses (AgBGs) were developed to impart
anti-bacterial properties, thus potentially offering treatment for chronic and infected wounds. In order to op-
timize glass composition, the sol-gel processing route was adapted to generate two different AgBG compositional
ranges; (46)B,05-(27)Ca0-(24-X)Na,0-(3)P,05-(X)Ag,0 where X = 0, 0.15, 0.5 and 1 (mol%) and (60)B,05-
(36)Ca0-(4-X)P,05-(X)Ag-0 where X = 0, 0.3, 0.5 and 1 (mol%). It was demonstrated that the latter, sodium-
free formulation resulted in enhanced silver incorporation with high SSA (237-300 m?/g) and small pore width
(31-44 A) values. XRD and ATR-FTIR were used to verify the amorphous nature of the glasses and the presence
of BO3 and BO, units as the glass network former, respectively. Extent of silver ion release from the dissolution of
AgBG in deionized water verified its dependency on the processing route and glass composition. Additionally,
the anti-bacterial activity of AgBGs against Escherichia coli and Staphylococcus aureus was correlated with silver
ion release. To the best of our knowledge, this is the first report demonstrating the potential use of anti-bacterial
sol-gel derived AgBGs for potential wound healing applications.

Antimicrobial activity
Wound healing
Bioglass

1. Introduction

According to classical theory, the wound healing process consists of
four main phases: hemostasis, inflammation, cell proliferation, and
extracellular matrix remodeling [1]. However, in the case of chronic
and infected wounds, the inflammation phase fails to reduce infection
by the body's immune cells [1,2]. Therefore, in these cases, there is a
need to help the body overcome infection and reduce inflammation,
thus accelerating the wound healing process [1]. To this end, research
has focused on biomaterial based wound dressings to help accelerate
this process. Typical examples include dressings made of collagen [3],
natural polymers [4], and vacuum therapy [5]. One recent approach
has focused on developing bioactive and soluble glasses because of their
controlled ion release which can impart anti-bacterial, anti-in-
flammatory and/or angiogenic properties [6].

In 1969, Dr. Larry Hench and his colleagues developed silicate-
based bioactive glasses for mineralized tissue repair (e.g., bones and
teeth) [7,8]. These glasses have the ability to bond to hard and soft
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tissues through the formation of a surface hydroxy-carbonate apatite
(HCA) layer [7]. The most well-known and clinically used formulation
is Bioglass® “45S5” [(46.1)Si0,-(26.9)Ca0-(24.4)Na,0-(2.6)P,05 (mol
%)] which has been used as fillings and bone grafts [9] as well as in
dental tissues [10]. This particular glass formulation has also been
studied for wound healing applications [11-13], however, due to its
slow and incomplete dissolution, other, more readily soluble glasses,
such as phosphates [14] and borates [15], have gained more interest.

Borate glasses are able to degrade more rapidly than silicate glasses
and thus are more reactive due to their lower chemical durability
[16,17]. These unique properties have implicated borate glasses to be
used for soft tissue engineering applications such as wound healing
[18]. For example, in vitro and in vivo studies have shown boron to
enhance vascularization through stimulation of vascular endothelial
growth factor and basic fibroblast growth factor, which is essential for
angiogenesis and wound healing [19,20]. These, and other findings,
have led to a melt-derived borate-based glass microfiber wound matrix
(MIRRAGEN™, ETS Wound Care LLC, USA) receiving Food and Drug
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Administration clearance as a novel wound dressing [21]. In clinical
trials, MIRRAGEN™ wound dressing was shown to heal chronic wounds
[21].

Since the risk of infection is greater with wounds, silver is often
incorporated into a biomaterial [22] because of its anti-bacterial
properties [23-25]. Additionally, a number of studies have also shown
that silver has anti-inflammatory activity [26] and can facilitate the
migration of fibroblasts [27,28]. However, there have only been a
limited number of studies on silver doped borate glasses for medical
applications, which have mainly focused on bone repair [29-32]. For
example, Kamal demonstrated the potential of silver doped melt-
quench borate glasses [(48.63)B,05-(22.86)Ca0-(22.92)Na,0-(5.59)
P,Os (wt%), prepared with addition of 1, 2, 4 and 10 wt% Ag,0] for
bone regeneration and anti-bacterial applications through in vitro im-
mersion in simulated body fluid (SBF) [29]. In addition, borate glasses
of the composition (54)B;03-(22)Ca0-(6)Na,0-(8)K,0-(8)MgO-(2)
P,05 (mol%) doped with 0.75, 1 and 2 wt% Ag,0, were reported by Luo
et al. [32]. The incorporation of 0.75 and 1 wt% Ag-,0, had no toxic
effects against osteoblasts and fibroblasts, in vitro, while those doped
with 2 wt% Ag,0 were found to be toxic. This study also speculated that
the glasses may have anti-bacterial potential for soft tissue applications
[32]. Furthermore, silver doped melt-quench borosilicate glasses of the
composition (36)B203-(18)Si0,-(22)Ca0 -(6)Na,0-(8)K,0-(8)MgO-(2)
P,05 (mol %) doped with 0.05, 0.5 and 1 wt% Ag,0 showed anti-bac-
terial activity against Escherichia coli and Staphylococcus aureus [30] and
a similar glass with a composition of (36)B,05-(18)Si0»-(16)Ca0O-(6)
Na,0-(16)Ca0-(8)K,0-(8)MgO0-(2)P,05-(6)SrO (mol%) doped with 0,
0.75, or 1.0wt% Ag,O demonstrated anti-bacterial activity against
methicillin-resistant S. aureus applications in bone fracture fixation and
bone infection [30,31].

Compared to the melt-quench method, the sol-gel process can pro-
duce glasses with enhanced textural properties which lead to faster
dissolution rates and thus increased bioactivity. Furthermore, due to
the lower processing temperatures, it is easier to create a wider com-
positional range [9]. Recently, Lepry and Nazhat reported on a series of
sol-gel derived borate glasses (36-61 mol% B,O3) based on a boron
substituted 45S5 bioactive glass [“B46”: (46.1)B203-(26.9)CaO- (24.4)
Na,y0-(2.6)P,05 (mol%)] [33]. Compared to their melt-quench
equivalent, these highly reactive glasses demonstrated > 25 fold in-
crease in HCA (within 3 h) conversion rates in SBF. Furthermore, it has
also been reported that the sol-gel method is the preferred processing
route for a more homogenous incorporation of silver into a glass net-
work [34-36]. Therefore, in this study, the processing of silver doped,
sol-gel derived borate glasses (AgBGs) for potential applications in
wound healing was investigated. The incorporation and integration of
silver into two borate glass formulations was initially investigated by
partial substitution of sodium in the B46 composition as well as a novel
sodium-free composition based on 60 mol% borate content. The effects
of the sol-gel processing and composition on the glass properties, as
well as their aqueous interactions were evaluated. Furthermore, the
anti-bacterial activity of the optimized glasses was investigated and
correlated with silver content and subsequent ion release.

1.1. Materials

Boric acid (Sigma Aldrich), calcium methoxyethoxide (20% in
methoxyethanol) (Gelest), sodium methoxide (25% in methanol, Sigma
Aldrich), triethyl phosphate (99%, Sigma Aldrich) and silver nitrate
(Fisher Scientific) were used as precursors in the sol-gel process.

1.2. Sol-gel processing

Table 1 provides a summary of the different compositions and
processing sequences investigated in this study. AgBG-1, sequence #1:
AgBGs of the compositional range (46)B,03-(27)Ca0-(24-X)Na,0-(3)
P,05-(X)Ag>0 where X = 0, 0.15, 0.5 and 1 (mol%) were produced
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Table 1
Overview of the sol-gel processing routes and compositions investigated in this
study.

Glass D Composition (mol%)
B,0O3 P,0s CaO Ag,0 Na,O
AgBG-1 (Seq.#1) B46 46 3 27 0 24
B46-0.15Ag 0.15 23.85
B46-0.5Ag 0.5 23.5
B46-1 Ag 1 23
AgBG-2 (Seq.#2) B46-0.5 Ag 46 3 27 0.5 23.5
AgBG-3 (Seq.#2) B60 60 4 36 0 -
B60-0.3 Ag 3.7 0.3 -
B60-0.5 Ag 3.5 0.5 -
B60-1 Ag 3 1 -

following a previously reported sol-gel processing route [33]. Based on
its solubility in ethanol (= 11%), boric acid was initially mixed with
ethanol in a Teflon beaker covered with a Teflon cap and magnetically
stirred at ~40 °C for 30 min or until clear. Next, triethyl phosphate,
calcium methoxyethoxide, silver nitrate, and sodium methoxide were
added at 30 min intervals with an additional 30 min of stirring after the
sodium addition. The sol was then transferred into plastic vials to gel
and aged for 5days at 37 °C. At the end of the ageing period, the gels
were initially dried in a fume hood at room temperature for 2 days
while covered with a non-transparent box to eliminate exposure to light
(since silver can undergo photo-reduction of Ag* into Ag) followed by
further drying at 120 °C for 48 h in a drying oven. The dried, as-made
powders were then calcined at 400 °C for 2 h.

AgBG-2, sequence #2, were of a similar compositional range (46)
B»03-(27)Ca0-(24-X)Na,0-(3)P,05-(X)Ag,0O where X = 0, 0.5 (mol%)
and were fabricated using the same route as AgBG-1 except that the
addition of the calcium and silver precursors were reversed from pro-
cess #1 (i.e., silver nitrate was added before calcium methoxyethoxide).
These glasses underwent the same casting, ageing, drying, and calci-
nation steps as described for AgBG-1.

AgBG-3, sequence #2: Silver doped, sodium free borate-based
glasses of the compositional range (60)B,03-(36)CaO-(4-X)P,0s-
(X)Ag,0 where X = 0.0, 0.3, 0.5 and 1 (mol%) were produced by the
sol-gel process as described in process #2 without the addition of so-
dium. These glasses underwent the same casting, ageing, drying, and
calcination steps as described for AgBG-1.

After calcined glasses were ground and sieved to 25-75 um particle
size fraction using stainless steel wire mesh sieves and then stored in a
desiccator until further use.

1.3. Glass characterization

1.3.1. Particle characterization

The average particle size of the sieved glass powders was de-
termined using a Horiba LA-920 (ATS Scientific Ink., Canada). The
specific surface area of each group (n = 3) sieved to 25-75pum was
measured with nitrogen gas adsorption and desorption isotherms col-
lected with a Micromeritics TriStar 3000 (Micromeritics Instrument
Corporation, USA) gas sorption system. Specific surface area (SSA)
values were determined using the Brunauer-Emmett-Teller (BET)
method [37] while the Barrett-Joyner-Halenda (BJH) method [38],
using the desorption isotherms, provided the average pore width and
pore volume.

1.3.2. X-ray diffraction

X-ray diffraction (XRD) diffractograms of the glasses were analyzed
with a Bruker D8 Discover X-ray diffractometer (Bruker AXSS Inc.,
USA) equipped with a CuKa (A = 0.15406 nm) target set to a power
level of 40 mV and 40 mA. Using an area detector, three frames of 25°
were collected from 15 to 75 2 theta (°) and merged in post processing.
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Fig. 1. An overview of the sol-gel process; B46 (AgBG-1 and AgBG-2) and B60 (AgBG-3).

Phase identification was carried out using X'Pert Highscore Plus
(PANalytical, Netherlands).

1.3.3. Attenuated total reflectance-Fourier transform infrared spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy was carried out using a Spectrum 400 (Perkin-Elmer,
USA) between 4000 and 650 cm ~ ! with a resolution of 4 cm ™ * using 64
scans per sample. All spectra were baseline corrected and normalized to
the total area surface area under absorption bands using Spectrum
software (Perkin-Elmer, USA).

1.3.4. Dynamic vapour sorption (DVS)

The vapour sorption characteristics of AgBG particles were in-
vestigated using a DVS Intrinsic (SMS Ltd., UK), which measures mass
changes ( + 0.1pg) under controlled temperature and humidity.
Approximately 5 mg of AgBG particles was placed in an aluminum pan
and inserted into a chamber at 37 = 0.05 °C. The AgBG particles were
immediately exposed to 90% RH for 2 h, which was then reduced back
down to 0% RH for another 2 h.

1.3.5. Inductively coupled plasma optical emission spectrometry

Release of silver, boron, calcium, and phosphorus ions from glass
particles in deionized water (DIW) at a 1.5 mg: mL ratio, were quanti-
fied using an inductively coupled plasma-optical emission spectro-
photometer (ICP-OES, Thermo Scientific iCAP 6500, USA). Aliquots of
2 mL were filtered through a 0.2 um nylon filter and stored in a 15 mL
falcon tube to which 4% (w/v) nitric acid (Fisher Scientific, Canada)
was added followed by dilution with DIW. Serially diluted solutions of
boron (1, 10, 100 ppm), calcium (1, 10, 100 ppm), silver (0.05, 0.5,
5 ppm) and phosphorous (0.05, 0.5, 5 ppm) were used as standards.

1.4. Anti-bacterial assessment

1.4.1. Enumeration of colony forming units

The anti-bacterial activity of the AgBGs was examined using the
culturable cell counts. An overnight grown culture of E. coli D21 or S.
aureus ATCC 25923 was diluted in Mueller Hinton Broth II - cation
adjusted (MHB-II, Oxoid; Fisher Scientific Canada) to an ODgq of 0.05.
AgBGs at various concentrations (0.375, 0.75, 1.5 and 3 mg/mL) were
mixed with diluted bacterial suspension in MHB-IL. Bacterial cultures
exposed to AgBGs were serially diluted in phosphate-buffered saline
(PBS) and plated on the surface of Luria-Bertani agar (LB - Lennox,
Fisher Scientific Canada) plates (20 g LB powder and 15 g agar powder
in 1L DIW). The number of colonies was counted after 20h of in-
cubation at 37 °C. All measurements were carried out in triplicate on
different days.
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1.4.2. Bacteria growth curves

Bacterial growth was analyzed by directly exposing bacteria sus-
pensions in MHB-II to AgBG particles (0.375 and 0. 75 mg/mL) with an
initial bacterial cell density of 0.05 ODggo. The optical density of the
suspension was then measured (at 600 nm) for up to 24 h at 37 °C using
Tecan Infinite M200 Pro microplate reader (Tecan group Ltd.,
Switzerland). All measurements were carried out in triplicate.

1.4.3. Qualitative antibacterial test

A plate containing LB-agar (20 g LB powder and 15 g agar powder in
1 L DIW) was utilized and 1:1000 diluted bacterial culture of E. coli D21
or S. aureus ATCC 25923 was evenly spread on its surface. A mass of
1 mg of AgBGs was suspended in 10 puL DIW and pipetted on the surface
of the agar. The zone of inhibition (clear zone) was measured after 18 h
incubation at 37 °C to evaluate anti-bacterial activity. All measurements
were carried out in duplicate.

1.4.4. Statistical analysis

Data for each glass composition were analyzed for statistical sig-
nificance between conditions using a Student's t-test at a significance
level of p < .05.

2. Results
2.1. Effect of precursor addition order on silver integration

Fig. 1 provides an overview of the processing of sol-gel derived
AgBGs based on B46 and B60. Initially, for B46-based AgBG-1 and se-
quence #1, the silver precursor (AgNO3) was added after the addition
of the calcium precursor and before that of the sodium precursor where
the pH of the solution was ~ 10. The XRD patterns of the resultant
AgBG-1 particles with 0 and 0.15 mol% silver confirmed the amorphous
structure of the glasses as indicated by two broad humps (Fig. 2a) [33].
However, the XRD pattern of the 0.5mol% silver sample showed a
slight indication of a metallic silver phase (JCPDS 04-0783) due to the
presence of a small peak near 38° 26. Furthermore, upon addition of
1 mol% silver, this metallic silver phase was more prominent in XRD
and could be observed during processing as seen by the precipitation
(Fig. 2a).

ATR-FTIR spectroscopy allowed for the examination of the bonding
regions in AgBG-1 (Fig. 2b). In all spectra, the presence of a peak at
720 cm ™! can be observed attributable to the B-O-B bending linkage of
the BO3 units in the borate network [39]. The B—O stretching of the
boroxol ring led to the formation of a shoulder at 870 cm ™~ [39]. Peaks
in the range 1200-1600cm~' (1393 and 1264cm™ ') and
800-1200cm ™! (870, 942 and 1017 cm™ ') can be attributed to the
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Fig. 2. Effect of addition order of precursors on silver incorporation and structure of AgBGs. Left panel, XRD diffractograms of calcined glasses indicating (a) the
presence of a metallic silver phase in glasses containing 1 mol% silver (AgBG-1), (c) the formation of a semi-crystalline sodium nitrate phase within the glass structure
(AgBG-2), (e) the amorphous characteristics by the presence of two broad humps (AgBG-3). Right panel, ATR-FTIR spectra of (b) AgBG-1, (d) AgBG-2 and (f) AgBG-3.

All spectra indicated typical borate bonding modes.

B—O stretching of the BO3 structural units and B—O stretching of BO4
structural units, respectively [39].

In an attempt to eliminate precipitation and formation of the me-
tallic silver phase, the addition order of the silver precursor during the
sol preparation was modified. Therefore, in the B46-based AgBG-2 and
sequence #2, the silver precursor was added after that of the phos-
phorus precursor where the pH was ~ 4. This modification led to the
formation of a homogenous sol without precipitation, however, upon
calcination at 400 °C, a non-homogenous appearance of glass particles
was observed, with yellow and dark gray fractions (Fig. 1). XRD ana-
lysis was carried out on the separated fractions and while the gray
fraction was amorphous, the yellow fraction indicated a semi-crystal-
line sodium nitrate phase (Fig. 2c). Fig. 2d shows the ATR-FTIR spectra
of AgBG-2 glasses. In all spectra, the presence of the three main regions
associated with borate-based glasses was verified [39] and was in
agreement with the bonding regions identified for AgBG-1 glasses
(Fig. 2b).

In order to develop a homogenous glass structure, the addition of
the sodium precursor was eliminated from the sol-gel processing route,
while maintaining sequence #2. The resultant B60-based sodium free

sol-gel derived borate glass (AgBG-3) was similar to that recently re-
ported by Lepry et al. [(61)B,03-(35.6)Ca0-(3.4)P,05 (mol%)] [40].
Fig. 2e and f show the XRD patterns and ATR-FTIR spectra of AgBG-3
with 0, 0.3, 0.5, and 1mol% silver content, respectively. XRD dif-
fractograms demonstrated that all glass formulations were amorphous
[29]. ATR-FTIR spectra verified the presence of the three main regions
associated with borate-based glasses at 800-1200 ecm™ ! (B—O
stretching of BO, units), 1200-1600 cm™! (B—O stretching of BO3
units), and a peak at ~720 cm ! attributable to the B-O-B bending of
BOs3 units [39].

2.2. Particle textural properties

A summary of the average glass particle size, BET specific surface
area, pore width and volume values is given in Table 2. After grinding,
all glass particles had a similar particle size range with an average
diameter of approximately 50 pum. By eliminating sodium (AgBG-3),
there was a significant increase in SSA values and a reduction in pore
width and volume values [40]. In general, sodium is a network modifier
that disrupts the glass structure, and lowers the glass network
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Table 2
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Glass particle textural properties: average particle size, BET surface area, average pore volume and average pore width indicating the effect of sodium in borate glass
composition on textural properties (n = 3).

Glass ID Particle size (um) BET surface area (m?/g) pore volume (cm®/g) pore width (A)
AgBG-1 B46 484 = 1.1 75.0 = 1.2 0.69 = 0.01 241.6 = 0.6
B46-0.15Ag 338 + 1.8 539 * 1.4 0.69 + 0.05 379.9 + 1.2
B46-0.5 Ag 332 £ 25 247 £ 0.3 0.59 + 0.01 332.0 £ 9.7
AgBG-2 B46-0.5 Ag 341 £ 1.7 28.2 £ 0.3 0.61 + 0.01 329.2 £ 86
AgBG-3 B60 48.3 = 0.4 240.2 = 2.7 0.23 = 0.0 35.3 = 0.03
B60-0.3 Ag 45.7 * 0.6 237.7 * 26.0 0.23 * 0.01 44.6 = 0.2
B60-0.5 Ag 51.1 + 0.6 300.2 £ 25.6 0.34 £ 0.02 339 £ 0.2
B60-1 Ag 47.5 = 0.6 238.3 £ 42.8 0.25 = 0.01 31.3 = 0.02

connectivity by creating non-bridging oxygens [41]. Previously, in si-
licate-based glass system it was demonstrated that higher glass network
connectivity leads to increased surface area and reduced pore width
values [42]. On the other hand, there was no correlation found between
silver content and specific surface area.

2.3. Reactivity through DVS

Fig. 3 shows the water vapour sorption and desorption profiles of
the various glass formulations during direct exposure to 90% RH for
2h, followed by a further 2h at 0% RH. The B46 compositional range
generating AgBG-1 and AgBG-2 glasses demonstrated an increase in
mass for the 2h duration. However, AgBG-3 glasses demonstrated an
increase in mass only within the first 10 min, which then reached a
plateau.

2.4. Dissolution and ion release measurements in deionized water

ICP-OES data at 24h in DIW indicated that only ~ 0.05 and
0.15 ppm silver was released from AgBG-1 with 0.15 and 0.5 mol%
silver content, respectively (Fig. 4a). Furthermore, silver release from
AgBG-2 with 0.5mol% silver content was below detection limit (data
not shown), which corroborated the structural analysis of the B46
compositional range, ie., the non-homogenous formation of the glass
structure. In contrast, silver release from the B60 compositional range
was significantly higher, e.g, ~ 3.5ppm silver was released from
B60-0.5Ag (AgBG-3) (Fig. 4b). ICP-OES data from the B60 composi-
tional range (AgBG-3) in DIW demonstrated the release of all three
components of the base formulation (B60) (Fig. 4 c-e). There were rapid
rates of release for boron and calcium, which were almost independent
of silver content. Phosphorus release from AgBGs was found to decrease
over time which may be due to the formation of a calcium-phosphate
precipitate [43]. Fig. 4f shows the effect of ionic dissolution on the pH
of DIW through the dissolution of AgBG-3 glasses, which increased to ~
9.

Ll RH=90% [
— B46—0.5AgE#1 90
god 0 B46-0.5Ag(#2
q ~ — B6O®3
S — BGO-O.:?Ag 43
% 60+ / — B60-0.5Ag(#3
£ — B60-1Ag(#3) 2
S =
© 401 / \ =
] \
2
201
0 0
0 2 4

Time [h]

Fig. 3. Immediate aqueous interaction of AgBGs as measured through DVS.
Average glass particle is ~50 pm.
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2.5. Anti-bacterial activity of AgBGs

The anti-bacterial activity of the B60 (AgBG-3) compositional range
against E. coli and S. aureus was assessed using culturability and growth
measurements (Fig. 5a, b). In terms of the culturable cell count for both
strains, there was a dose-dependent response to the silver doped glasses.
It was also observed that the B60—1Ag was 100% effective against both
bacteria, while B60-0.5Ag and B60-0.3Ag were less effective at the
lowest concentration (0.375mg/mL). Additionally, the results of cul-
turability measurements suggested that AgBG-3 was more effective
against E. coli compared to S. aureus. It has been reported that silver ion
is less effective against S. aureus due to the presence of a thick pepti-
doglycan layer, which can limit the action of silver through the bac-
terial cell wall [44,45]. The culturable cell count method was also used
to examine whether the B46 (AgBG-1) compositional range had any
anti-bacterial activity, given the low silver ion release. AgBG-1 glass
doped with 0.5 mol% silver was compared to non-doped glass (Fig. S1).
The results showed that only when a substantially higher concentration
of glass particles was used (i.e., 6.4 mg/mL), both formulations (B46
and B46-0.5Ag) demonstrated a reduction in bacterial colony counts of
E. coli and S. aureus. This corroborates the ion release data (Fig. 4a),
which indicated negligible silver ion release from the B46 formulation
range, and the anti-bacterial activity may be attributed to the increase
of local pH as a consequence of glass dissolution products, such as so-
dium (reviewed in [6,9]). For example, in the case of the B46 compo-
sition, Lepry and Nazhat [33] reported that at 24 h immersion in DIW,
its dissolution resulted in a pH increase of up to ~ 9.25, which was
attributed to the release of sodium. Furthermore, it has been reported
that an increase in ionic release products also potentially results in an
increase in osmotic pressure, which influence the viability of bacteria
[46,47].

To further evaluate the anti-bacterial activity of the AgBG-3 com-
positional range, the planktonic growth of each bacteria was measured
in presence of these glasses (Fig. 5c-f). At a glass concentration of
0.375 mg/mL, both the non-doped and B60-0.3Ag glasses did not in-
hibit the growth of E. coli (Fig. 5¢). However, at 0.75 mg/mL of AgBGs,
all silver containing glass formulations were found to be effective for
growth inhibition of this bacterial strain (Fig. 5e). In case of S. aureus,
both concentrations of B60—1Ag glasses were effective for growth in-
hibition of this bacterial strain (Fig. 5d, f). However, at a lower level of
silver doping and glass concentrations, the glasses were less effective
against S. aureus.

An agar diffusion assay was also utilized to further indicate the dose
dependent anti-bacterial activity of the AgBG-3 compositional range, by
measuring the zone of growth inhibition of both bacteria in the pre-
sence of glass particles (Fig. 6a). Larger diameters of inhibition zones
can be observed for both bacteria in the presence of AgBGs with higher
silver content. Additionally, the observed differences between both
bacteria were not statistically significant (p > 0.05). A plot of the
diameter of inhibition zone versus silver ion release (from ICP-OES data)
indicates a linear correlation with R? = 0.952 and R* = 0.899 for E. coli
and S. aureus, respectively (Fig. 6b).
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Fig. 4. Glass dissolution in DIW. (a, b) ICP-OES data showing silver ion release from AgBG-1 and AgBG-3, respectively. The results indicate significantly higher silver
ion release in the absence of sodium in glass composition. (c-e) ICP-OES data showing boron, calcium, and phosphorus ion release, respectively, from AgBG-3. (f) pH
changes of DIW at 30 min, and 6 and 24 h as a consequence of AgBG-3 dissolution (error bars: standard deviation: SD, n = 3).

3. Discussion

It is well accepted that the sol-gel processing conditions such as pH,
type of precursors, and temperature, amongst other factors, directly
affect each processing step as well as the final product [48,49]. While
this was the first attempt to generate a sol-gel derived AgBG, a number
of reports in literature have shown that increasing the amount of silver
dopant can lead to the formation of metallic silver within phosphosi-
licate glasses [50-52]. For example, Simon et al., reported that the
doping of melt-derived calcium phosphate glasses with > 3 mol%
silver, leads to the formation of precipitated metallic silver particles
[50]. In another study, Delben et al., showed that sol-gel derived
phosphosilicate glasses with > 3 mol% silver contained metallic silver
phases within the glass matrix [51]. However, Vulpoi et al., reported
that even 2 mol% silver causes the formation of metallic silver phase in
sol-gel derived phosphosilicate glasses, and suggested that silver oxide
can decompose at around 485 °C, which is above the 400 °C calcination
temperature applied in this study [52].

Although there are a limited number of studies reporting on silver
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doped sol-gel derived glasses containing sodium oxide [53,54], in these
studies, the amount of silver or sodium oxide was significantly lower
compared to the other components, such as the case with the NaO,-
Ca0-SiO, composition doped with 0.5 wt% silver oxide [53] or [(58.6)
Si05-(7.2)P,05 7.2 —(4.2)Al,03-(24.9)Ca0—(2.1)Na,0—(3)K,0 (wt%)]
with 2.1 wt% sodium oxide [54]. Although these studies did not state
the reasons for the low silver or sodium contents, it may be that the sol-
gel reaction is more difficult to control in the presence of a sodium
precursor due to its high reactivity rates [55]. In this study, the XRD
patterns suggested that the interaction of sodium and silver precursors
led to sodium nitrate formation [55]. A similar finding has been re-
ported in sodium acetate formation, confirming the high reactivity rate
of the sodium precursor [55].

The presence of both BO3 and BO4 units in the FTIR spectra verified
that the majority of boron formed a typical trigonal planar coordination
with a fraction of four coordination formation [56] as also reported for
sol-gel derived borate glasses [33]. Furthermore, an increase in glass
borate content from 46 to 60 mol%, led to the elimination of a shoulder
peak at ~870 cm ™!, which is characteristic of the B—O stretching of
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Fig. 5. Anti-bacterial efficacy of the AgBG-3 compositional range. Culturable cell counts of (a) E. coli and (b) S. aureus, as a function of silver content and glass
concentration. Growth curve of E. coli at glass concentrations of (c) 0.375 and (e) 0.75 mg/mL, respectively. Growth curve of S. aureus at glass concentrations of (d)

0.375 and (f) 0.75 mg/mL, respectively (error bars: SD, n = 3).

boroxol rings as observed in the B46 [33].

To better understand the effect of composition and surface area on
the reactivity of the AgBGs, DVS was used to characterize their im-
mediate aqueous interactions. DVS, which has previously been used to
examine the reactivity of bioactive glasses, [33,57,58], is a gravimetric
technique measuring mass change under controlled temperature and
humidity. Previously, it has been reported that for sol-gel derived bo-
rate glasses, the rate and extent of mass change were more dependent
on the composition rather than on glass specific surface area [33]. In
this study, glasses without sodium had significantly lower values of
total mass change after 2h exposure to vapour sorption. On the other
hand, there was no effect of either glass silver content or the glass SSA
value on their vapour sorption reactivity, e.g., at the end of sorption at
90% RH, B46-0.5Ag (AgBG-1) particles of 24.7 m?/g underwent a mass
change of ~85%, and B60-0.5Ag (AgBG-3) particles of 300.2m?/g
experienced a mass change of ~ 20%. Lowering the RH to 0% caused a
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rapid decrease in mass with AgBG-1 and AgBG-2 glasses experiencing a
greater extent of mass loss. These results confirm that the atomic and
molecular structures have dominant roles on the chemical durability of
multicomponent glasses [9,59]. In particular, the effect of sodium on
the reactivity of AgBGs can be attributed to a greater presence of non-
bridging oxygens and OH groups in the glass structure resulting in their
lower chemical durability [9,60].

The ion release profiles from AgBGs were in line with those of the
previously reported sol-gel derived borate glasses [33]. As a result,
sodium free AgBGs (AgBG-3) demonstrated higher levels of silver ion
release and a homogenous glass structure with no tendency to form a
precipitated metallic silver phase.

Previous studies have reported on the efficacy of silver doped sili-
cate- and phosphate-based glasses against both Gram-negative (E. coli)
and Gram-positive (S. aureus) bacteria [53,61]. For example, Bellantone
et al., reported that the incorporation of 3 wt% silver into silicate-based
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content (0, 0.3, 0.5 and 1 mol%) on E. coli and S. aureus. (b) Correlation between silver ion release and diameter of zone of inhibition (error bars: SD, n = 2).

glass generated a glass with antibacterial effect against E. coli [36].
Ahmed et al., also demonstrated that silver-doped phosphate-based
glasses have the ability to kill S. aureus and E. coli bacteria [62]. In this
study, the anti-bacterial results demonstrated that the AgBG-3 compo-
sitional range inhibited the growth of both of these bacteria [53,61] in a
dose dependent manner, which can be correlated with silver ion re-
lease. It has been reported that silver ion can kill bacteria through
different mechanisms, such as by attaching to their DNA and RNA,
binding to the proteins [63], and by attaching to cell membranes and
inhibiting the respiration process of bacteria [63]. Effective anti-
bacterial concentrations of silver ion can vary from 0.1 to 20 ppm de-
pending on the biological condition and type of bacteria [25]. This
reported range is in line with the concentrations of silver ion released
from the B60 AgBG compositional range fabricated in this study, which
holds promise for wound healing applications. Further studies will as-
sess the efficacy of these glasses against chronic wound-related biofilms
[64], and evaluate the effects of ionic dissolution products released
from AgBGs on cellular processes in wound healing.

4. Conclusions

This study investigated the sol-gel processing of two silver-doped
borate-based glass formulations. It was found that only the sodium-free
composition, incorporating 60 mol% borates, resulted in enhanced
silver incorporation. Aqueous reactivity and silver ion release from the
sol-gel derived glasses were found to be composition dependent.
Furthermore, anti-bacterial assessment of the B60 system using E. coli
and S. aureus indicated dose dependent activity against both Gram-
positive and Gram-negative bacteria and correlated with silver ion re-
lease through glass dissolution. Future work will investigate their effi-
cacy against wound related-infection and their effect on mammalian
cells for would healing applications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jnoncrysol.2018.11.026.
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