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1  |   INTRODUCTION

The healing of full-thickness skin lesions is a significant clin-
ical challenge especially for diabetic patients with chronic 
and infected wounds.1 Current treatments using autografts, 
allografts, xenografts, and bioengineered skin tissue sub-
stitutes have many limitations, such as low bioactivity, the 
possibility of disease transmission, and limited availability.2,3 
For these reasons, wound dressings made from bioactive 
glasses are of growing interest as a promising solution for 
wound repair.4-6 The majority of bioactive glasses are silicate 
based (e.g., Bioglass® 45S5) and have been traditionally stud-
ied, and clinically applied, for mineralized tissue repair.7-9 
However, some silicate compositions such as “S53P4” also 
demonstrate anti-bacterial effectiveness against various bone 

infections10-12 while others have shown anti-bacterial and 
wound healing potential.4,13-17

Borate-based bioactive glasses generally have higher 
dissolution rates compared to silicate-based glasses18,19 
and have received considerable interest for their wound re-
pair properties.6,20 In addition, their ability to release ions 
during dissolution has been implicated in healing mecha-
nisms including anti-bacterial activity,4,5 increasing cellu-
lar responses such as proliferation and migration, as well as 
stimulation of angiogenesis.21 In both in vitro and in  vivo 
studies, borate-based glasses have shown significantly 
higher wound closure and healing rates when compared to 
silicate-based glasses.4,5 For example, in a full thickness 
skin defect model in rats, Zhou et al. showed that melt-
quench borate glass micro-fibers of the composition (56.6)
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Abstract
Borate-based glasses have generated great interest for wound healing applications 
due to their ability to incorporate biologically therapeutic ions which can then be 
released at the site of repair attributable to their high dissolution rates. In this study, 
the anti-bacterial activity and cytocompatibility of sol-gel–derived silver-doped bo-
rate glasses (AgBGs) of the compositional range (60)B2O3–(36)CaO–(4–x)P2O5–(x)
Ag2O, where x = 0.0, 0.3, 0.5, and 1 (mol.%) were investigated, in vitro. The dose-
dependent anti-bacterial activity of AgBGs was demonstrated against Pseudomonas 
aeruginosa under both planktonic conditions and pre-formed biofilms, with up to 
99.7% reduction in bacterial cell counts. Lower concentrations of ionic dissolution 
products from AgBGs were non-toxic to keratinocytes, stimulating their growth and 
metabolic activity. Furthermore, compositions containing 0.3 and 0.5 mol.% Ag sig-
nificantly accelerated the migration of keratinocytes at two different concentrations 
in an in vitro 2D wound healing model. In summary, these therapeutic AgBGs have 
demonstrated potential for accelerated wound healing.
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B2O–(5.5)Na2O–(18.5)CaO–(11.1)K2O–(4.6)MgO–(3.7)
P2O5 (wt.%) had significantly higher blood vessel forma-
tion and wound closure rates than 45S5 glass microfibers, 
which was attributed to the presence of boron and its angio-
genic ability.21 In a similar model, Zhao et al. showed that 
melt-quench borate glass fibers of the composition (56.6)
B2O-(5.5)Na2O-(18.5)CaO-(11.1)K2O-(4.6)MgO-(3.7)
P2O5 (wt.%) doped with CuO (0-3 wt.%) led to significantly 
higher rates of wound closure and blood vessel formation 
when compared to non-treated wounds.22 More recently, it 
was reported that melt-quench borate bioactive glass micro-
fibers had the capacity to heal skin defects in humans23,24 
along with a formulation (MIRRAGEN™, ETS Wound Care 
LLC) obtaining US Food and Drug Administration (FDA) 
clearance as a matrix for acute and chronic wound healing.25

Chronic wounds suffer from repeated tissue damage and 
infection, which prolongs the inflammation stage of the heal-
ing process.1 Therefore, it is critical to reduce any infection 
risk during this phase as biofilms can form, inhibiting the 
healing process.26 To this end, inorganic anti-bacterial thera-
peutics, such as copper, zinc, and silver, are of interest due to 
their low cost and potential for controlled release.4 For exam-
ple, copper- and zinc-doped borate glass fibers have recently 
been shown to be effective in reducing biofilm colonies of 
Pseudomonas aeruginosa, Candida albicans, Staphylococcus 
aureus, and Acinetobacter baumannii.27 In addition to anti-
bacterial activity,28-30 silver (Ag+) ions has also been demon-
strated to have anti-inflammatory properties31 as well as 
the ability to stimulate the migration of fibroblast cells to a 
wound site.32 However, it is also known that higher dosages 
of the silver ions can be toxic to cells.33 Depending on the 
biological environment and cell type, the toxic concentration 
of silver ions on mammalian cells has been reported to be in 
the range of 1 to 10 ppm.33 Furthermore, given that silver-
based biomaterials do not discriminate between pathogenic 
bacteria and healthy cells involved in wound healing,34 it is 
imperative to evaluate both anti-bacterial activity and cyto-
toxicity to better understand the effects of silver ions on the 
healing process.

Recently, we have produced and fully characterized sol-
gel–derived silver-doped borate glasses [“AgBGs”; (60)
B2O3–(36)CaO–(4–X)P2O5–(X)Ag2O, where X  =  0.0, 0.3, 
0.5 and 1 (mol.%)], which have demonstrated anti-bacterial 
efficacy against Gram-positive (S. aureus) and Gram-
negative (Escherichia coli) bacteria, under both direct con-
tact and ionic dissolution products.35 Building on this, the 
objective of this in vitro study was to evaluate an optimum 
glass composition and concentration that demonstrates anti-
bacterial activity while at the same time not impeding cellu-
lar functions. To this end, the anti-bacterial activity of these 
glasses was evaluated against P. aeruginosa, an opportunistic 
pathogen in chronic wounds with the ability to form resistant 
biofilms.26

Although less studied than fibroblasts, keratinocytes play 
a critical role in stimulating and coordinating the actions of 
multiple cell types involved in the healing process, such as 
the maintenance of tissue homeostasis and the recruitment of 
cells necessary for complete wound closure.36 Keratinocyte 
migration is also imperative to wound healing since these 
cells are able to induce endothelial cell migration and angio-
genesis in the wound site37,38 as well as promote fibroblast 
proliferation and production of extracellular matrix.39 It has 
previously been shown that gold nanoparticles40 and silica-
based bioactive glasses with gold16,41 can stimulate the pro-
liferation of keratinocytes. However, despite the importance 
of keratinocytes in wound healing, to our knowledge, these 
are the only bioactive glass studies that directly examined 
these cells. Furthermore, with regards to silver, much of the 
literature focuses on the effect of silver ions on the migra-
tion of fibroblastic cells to a wound area32,42,43 and we are 
aware of only one other melt-quench silver-doped bioactive 
borate glass study.44 Therefore, assessing the effect of our 
unique sol-gel–derived silver-doped bioactive borate glasses 
(AgBGs) on keratinocytes provides an opportunity to help 
better understand its potential in wound healing. In this study, 
we examine the direct effect of AgBG particles on bacteria 
as well as the dose effect of the ionic dissolution products of 
AgBGs on keratinocyte cell migration to assess their poten-
tial wound healing abilities.

2  |   EXPERIMENTAL

2.1  |  Sol-gel processing

Silver-doped, sodium-free borate-based glasses of the 
compositional range (60)B2O3–(36)CaO–(4–X)P2O5–(X)
Ag2O, where X = 0.0, 0.3, 0.5, and 1 (mol.%); B60, B60–
0.3Ag, B60–0.5Ag, and B60–1Ag, respectively; were 
produced and characterized by the sol-gel process, as pre-
viously described.35 Briefly, boric acid (≥99.5%; Sigma 
Aldrich) was initially mixed with anhydrous ethanol based 
on the solubility of boric acid (~11.2%) in a Teflon beaker, 
covered by a Teflon cap, and magnetically stirred at ~40°C 
for 30 min until the solution became clear. Triethyl phos-
phate (>99.8%; Sigma Aldrich) was then added and stirred 
for a further 30 min, followed by the addition of silver ni-
trate (Fisher Scientific) which was then stirred for another 
30 min. Calcium methoxyethoxide (20% in methoxyetha-
nol; Gelest) was then added and the sol was stirred for a 
final 30 min. The sol was transferred into polypropylene 
vials and aged for 5  days at 37°C. The aged sols were 
initially dried in a fume hood in air at room temperature 
(~21°C) for 2 days while covered with a non-transparent 
box to protect them from exposure to light followed by 
further drying at 120°C for 2  days. The dried as-made 
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powders were calcined at a rate of 3°C/min to 400°C with 
a 2 h dwell followed by furnace cooling. The glasses were 
ground and sieved to 25-75 µm particle size fraction using 
stainless steel wire mesh sieves and stored in a desiccator 
until analysis.

2.2  |  Inductively coupled plasma optical 
emission spectrometry

Release of silver, boron, calcium, and phosphorus ions 
from glass powders in Dulbecco's modified Eagle's me-
dium (DMEM; Sigma Aldrich), at a concentration of 
1.5  mg/ml, was quantified using an inductively coupled 
plasma–optical emission spectrophotometer (ICP-OES, 
Thermo Scientific iCAP 6500). Aliquots of 2  ml were 
taken at 0.5, 6, and 24 h, filtered through a 0.2 µm nylon 
filter, and stored in a 15 ml falcon tube to which 4% (w/v) 
nitric acid (Fisher Scientific) was added followed by dilu-
tion with deionized water (DIW). Serially diluted solutions 
of boron (1, 10, 100 ppm), calcium (1, 10, 100 ppm), sil-
ver (0.05, 0.5, 5 ppm), and phosphorous (0.05, 0.5, 5 ppm) 
were used as standards.

2.3  |  Anti-bacterial assessment

2.3.1  |  Enumeration of colony forming units

The anti-bacterial activity of the AgBGs was examined 
using counts of colony forming units (CFU). An overnight 
grown culture of P. aeruginosa PA14 (UCBPP-PA14) 
was diluted in Mueller Hinton Broth II—cation adjusted 
(MHB-II, Oxoid; Fisher Scientific) to an OD600  nm of 
0.05. AgBGs at various concentrations (0.375, 0.75, 1.5, 
and 3  mg/ml) were mixed with diluted bacterial suspen-
sion in MHB-II. Bacterial cultures exposed to AgBGs for 
24  h were serially diluted in phosphate-buffered saline 
(PBS) and plated on the surface of Luria-Bertani (LB) agar 
plates of 2  %w/v LB (Lennox, Fisher Scientific) powder 
and 1.5 %w/v agar powder (Fisher Scientific). The number 
of colonies was counted after 20 h of incubation at 37°C. 
All measurements were carried out in triplicate on differ-
ent days.

2.3.2  |  Bacteria growth curves

Bacterial growth was analyzed by directly exposing bacte-
ria suspensions in MHB-II to AgBG particles (0.375 and 
0.75  mg/ml) with an initial bacterial cell density of 0.05 
OD600  nm. The optical density of the suspension was then 
measured (at 600 nm) for up to 72 h at 37°C using Tecan 

Infinite M200 Pro microplate reader (Tecan group Ltd.). All 
measurements were carried out in triplicate.

2.3.3  |  Efficacy of AgBGs in biofilm 
eradication

A biofilm was formed by placing glass discs (1 cm diameter) 
into 24-well plates containing inoculum (0.05 OD600 nm) of 
P. aeruginosa PA14 in MHB-II and incubated overnight at 
37°C. Then, the discs were washed gently using sterile PBS 
to remove non-adherent cells. After washing, discs were 
placed in a fresh 24-well plate containing 500 µL ionic dis-
solution products (filtered through a 0.2 µm nylon filter) of 
silver-doped borate glasses with silver content in the range of 
0, 0.3, 0.5, and 1 mol.%; and glass concentration of 1.5 mg/
ml in MHB-II and incubated at 37°C for 4 h. The discs were 
then removed and washed using PBS and placed in sterile 
tubes (Falcon) containing 2 ml of sterile PBS solution and 
sonicated in a bath sonicator (60 Hz and 150 W) for 10 min 
to disrupt any remaining biofilm. The culturable bacterial 
cell concentration in the resulting suspension was quantified 
using standard CFU counts as described above. All measure-
ments were done in triplicate on different days.

2.4  |  Assessment of keratinocyte function 
in the presence of AgBG dissolution products

2.4.1  |  Cell culture

The HaCat human-derived keratinocyte cell line (kindly pro-
vided by Professor Anie Philip, McGill University) was cul-
tured in T-75 culture flasks in DMEM supplemented with 
10% fetal bovine serum (FBS; Hyclone) and 1% penicillin-
streptomycin (an already mixed solution with 10 000 U/ml 
of penicillin and 10 000 µg/ml of streptomycin (Invitrogen)). 
Cells were incubated at 37°C under humidified air contain-
ing 5% CO2. At 80% confluency, the cells were washed with 
sterile PBS, detached with 0.25% trypsin ethylenediamine-
tetraacetic acid solution (Wisent), and counted using a hemo-
cytometer. Cells between passages 38 and 39 were used for 
cellular studies.

2.4.2  |  Cell viability assay

HaCat cells were plated directly into 96-well assay plates 
at a density of 4000 cells/well and cultured in the presence 
of ionic release products generated from the dissolution of 
AgBGs at three concentrations in DMEM; 0.375, 0.75 (pro-
vided in supporting information), and 1.5  mg/ml (filtered 
through a 0.2  μm nylon filter). After 1, 4, and 7  days in 
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culture, cells were stained with 1 µM calcein-AM and 2 µM 
ethidium homodimer-1 (Live/Dead® assay; Invitrogen) for 
15  min. Images of green fluorescent viable cells and red 
fluorescent dead cells were acquired in the same well plates 
using an Olympus IX81 inverted microscope equipped with 
a UPlanSApo 10 objective (UIS2 series). All conditions were 
tested in triplicate.

2.4.3  |  Quantification of cell viability

HaCat cells were plated directly into 96-well assay plates 
at a density of 4000 cells/well and cultured in the presence 
of ionic release products generated from the dissolution of 
the AgBGs in DMEM at three concentrations; 0.375, 0.75, 
and 1.5 mg/ml. After 1, 4, and 7 days in culture, cells were 
incubated with 2  µM calcein-AM in 100  ml PBS. After 
15  min, fluorescence was measured in the Mitras LB 940 
microplate reader (Berthold Technologies, Germany) using 
a 485/535 nm excitation/emission filter pair. All conditions 
were tested in triplicate.

2.4.4  |  Detection of cellular lactate 
dehydrogenase release

HaCat cells were plated directly into 24-well assay plates 
at a density of 50  000 cells/well and cultured in the pres-
ence of ionic release products generated from the dissolu-
tion of the AgBGs in DMEM at three concentrations; 0.375, 
0.75, and 1.5 mg/ml. After 18, 24, and 48 hours, the cellular 
lactate dehydrogenase (LDH) release was evaluated (LDH 
Cytotoxicity Detection Kit; Clontech). LDH activity was 
measured from cells cultured in the presence of ionic release 
products generated from the dissolution of the AgBGs and 
compared to cells cultured in growth medium, in which the 
medium was used for background subtraction. Cell-free cul-
ture supernatant (100 µL aliquots) was collected in triplicate 
and then incubated up to 30 minutes with the reaction mix-
ture according to manufacturer instructions. LDH activity 
was determined by measuring the absorbance of the samples 
at 490 nm using a microplate reader (Berthold Technologies, 
Germany) and then compared to the total LDH release by 
50 000 cells/well killed in DMEM containing 1% Triton X-
100 (Promega Corporation). Results are expressed relative to 
maximum LDH release.

2.4.5  |  Assessment of cell metabolic activity

The AlamarBlue® assay (Invitrogen) was used to assess the 
effect of ionic dissolution products on the metabolic activi-
ties of HaCat cells. Cells were plated directly into 24-well 

assay plates at a density of 8 000 cells/well and cultured in 
the presence of ionic release products generated from the dis-
solution of the AgBGs in DMEM at three concentrations; 
0.375, 0.75, and 1.5 mg/ml. At days 1, 4, and 7 in culture, 
the AlamarBlue® reagent (5%) was added to each well and, 
after 4 h incubation under darkness at 37°C in humidified air 
containing 5% CO2, 100 ml aliquots were collected and trans-
ferred to a 96-well plate for analysis. The fluorescence in-
tensity of reduced AlamarBlue® reagent was measured using 
a Mitras LB 940 microplate reader (Berthold Technologies) 
equipped with a 555 nm excitation filter and a 580 nm emis-
sion filter. After measurements have been completed, media 
in the 24-well plates were replaced for ongoing treatment. All 
conditions were tested in triplicate.

2.4.6  |  Migration assay

The effect of the AgBG ionic dissolution products on the 
migration of HaCat cells was assessed using the ibidiTM 
Culture-Insert 3 Well. Cells at a density of 270 000 cells/well 
were initially cultured in each well for 24 h in DMEM in a 
humidified incubator at 37°C and under 5% CO2. After 24 h, 
the Culture-Insert was gently removed using sterile tweezers 
followed by washing the cells with PBS twice. The uniform 
scratch was observed. Then, the culture medium was sup-
plemented with ionic release products generated from the 
dissolution of the AgBGs in DMEM at two concentrations 
(0.75 and 1.5 mg/ml) and cultured for a further 24 h. Cells 
cultured with neat DMEM were used as control. Cell migra-
tion was observed with an inverted microscope (Leica DMI 
3000B), and images were taken with a CCD camera (Leica 
DFC 420C). The original and final area of a scratch after 24 h 
were measured to calculate the scratch shrinkage percentage 
(n = 4).

2.5  |  Statistical analysis

Data for each assay time point were analyzed for statistical 
significance between conditions using the Student t-test at a 
significance level of p < .05.

3  |   RESULTS AND DISCUSSION

3.1  |  Glass dissolution and ion release in 
culture medium

ICP-OES analysis was carried out to examine the ionic re-
lease profiles from the dissolution of AgBG particles (Figure 
S1; scanning electron microscopy images of the glass par-
ticles) after immersion in cell culture medium (Figure 1). 
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The total boron and calcium ion release in cell culture me-
dium were in agreement with their equivalents in deionized 
water.35 Furthermore, phosphorus and calcium ion release 
decreased over time, which may be due to the formation of 
calcium-phosphate precipitates.45 The ionic release patterns 
is typical of our previously made highly reactive sol-gel–
derived bioactive borate glasses and suggests rapid dis-
solution rates within 0.5  h.35,46-50 The extent of silver ions 
release from the glasses increased with its doping levels in 
the AgBGs. However, silver ions release in cell culture me-
dium was lower than that observed in DIW,35 which can be 
attributed to the presence of chloride ions as well as organic 
compounds in the culture medium, potentially forming silver 
complexes.51

3.2  |  Determination of anti-bacterial efficacy of 
AgBG against P. aeruginosa PA14

Anti-bacterial efficacy of AgBGs at different concentrations 
was investigated against the wound-associated pathogen, P. 
aeruginosa PA14, in both planktonic and biofilm growth 
modes. P. aeruginosa is an opportunistic Gram-negative 
pathogen causing both acute and chronic infections,52 and 
is difficult to eradicate in skin-related infections since it has 
an intrinsic antibiotic resistance, resulting in the formation 
of chronic wounds.26 The CFU assay showed that the ionic 
dissolution products of AgBGs were effective against P. aer-
uginosa PA14 in a dose-dependent manner (Figure 2A). For 
example, AgBGs with 0.5 or 1 mol.% silver were 100% ef-
fective in killing the bacteria even at the lower concentration 
of 0.375 mg/ml, while B60–0.3Ag was only effective at the 
concentration of 1.5  mg/ml. Additionally, the non-silver–
doped glasses (B60) demonstrated some anti-bacterial activ-
ity at the concentration of 3 mg/ml, where the culturable cell 
counts exhibited a slight decrease. This may be attributed to 
the increase in local pH53,54 as a consequence of glass dis-
solution products.4,9 For example, in the case of the B60 
composition, our previous work has reported that after 24 h 
immersion in DIW, B60 dissolution resulted in a pH increase 
to up to ~9.35 Furthermore, it has been reported that an in-
crease in ionic release products also potentially results in an 
increase in osmotic pressure, which influences the viability 
of bacteria.53,54

To further evaluate the dose-dependent anti-bacterial 
activity of the AgBGs, the growth of P. aeruginosa PA14 
planktonic cells was measured when directly exposed to the 
glass particles. Figure 2B,C show the growth curves of PA14 
when exposed to 0.375 and 0.75 mg/ml of AgBGs up to 72 h, 
respectively. It was demonstrated that B60-1Ag glass parti-
cles inhibited the growth of PA14 up to 72 h at both glass 

F I G U R E  1   AgBG ionic dissolution products of (A) boron, (B) 
calcium, (C) phosphorus, and (D) silver in cell culture medium, as 
measured using ICP-OES (error bars =standard deviation (SD), n = 3)
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concentrations, while B60–0.5Ag glass particles were able to 
inhibit bacterial growth up to 24 h even at a concentration of 
0.375 mg/ml. In the case of B60–0.3Ag, the higher concen-
tration of 0.75 mg/ml was required to inhibit bacterial growth 
and only up to 24 h. Non-silver–doped glasses (B60), on the 
other hand, did not inhibit bacterial growth.

In order to test the activity of AgBGs against biofilms, the 
effect of ionic dissolution products from AgBGs at a concen-
tration of 1.5 mg/ml on pre-formed P. aeruginosa PA14 bio-
films was investigated (Figure 3). The results were compared 
to a control (untreated PA14 biofilms), where the biofilms 
were treated only with MHB-II (white color bar). The cul-
turable cell counts decreased with increasing silver content 
from 0.3 to 1 mol.% in the glass formulation in comparison 
with the control biofilm (Figure 3A). A 99.7% reduction in 
CFU count was achieved when the biofilm was treated with 
ionic dissolution products from B60–1Ag (Figure 3B). These 
results confirm the correlation between silver content in the 
AgBG composition and anti-bacterial activity in a dose-
dependent manner. Overall, the anti-bacterial analysis sug-
gests that silver-doped glasses inhibit the growth and biofilms 
of P. aeruginosa PA14 over a prolonged incubation period.

3.3  |  Effect of AgBG ionic dissolution 
products on keratinocyte viability and 
metabolic activity

In order to evaluate the effect of silver ions on keratinocytes, 
the Live/Dead assay was carried out on HaCat cells treated 
with AgBG ionic dissolution products at concentrations of 
0.375, 0.75, and 1.5 mg/ml and visualized up to 7 days in cul-
ture (Figures 4, S2, and S3, respectively). In general, under 
all conditions, there was an increasing trend in the density of 
viable cells from days 1 to 7. At day 1, predominantly live 
cells were observed independent of silver content. By day 
4, the silver-treated cultures revealed a higher density of vi-
able cells despite the presence of some dead cells. However, 

F I G U R E  2   Anti-bacterial efficacy of the AgBG compositional range. (A) Culturable cell count of P. aeruginosa PA14 after exposure to 
AgBG particles of different silver content and glass concentration. Growth curves of P. aeruginosa PA14 (PA14-only control represented by gray 
curve) at glass concentrations of (B) 0.375 and (C) 0.75 mg/ml (without and with silver content), respectively. (Error bars: SD, n = 3)

F I G U R E  3   The effect of ionic dissolution products of AgBGs 
with glass concentration of 1.5 mg/ml on (A) CFU counts, and (B) 
equivalent reduction in CFU counts of PA14 biofilm, when compared 
to control biofilm (error bars: SD, n = 3), Statistically significant (*) 
compared to the control biofilm (PA14) (p < .05)
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at day 7 the presence of viable cells was lower in B60–1Ag 
when compared to the other conditions. In general, presence 
of silver ions at lower concentrations did not indicate toxicity 
against keratinocytes since only a low number of dead cells 
was observed. The results also indicate that the proliferation 
rate of cells was qualitatively slower in the presence of silver 
ions than those in the control medium.

To better evaluate the effect of ionic release products on 
HaCat cell viability, the fluorescence of Calcein-AM stained 
live cells was measured (Figure 5A). In general, there was 
an increasing trend in the viability of cells from days 1 to 7, 
independent of conditioning, except for the B60–1Ag when 
applied at the higher concentrations of 0.75 and 1.5 mg/ml. 
The non-silver–doped glasses (B60) were compared with the 
control medium at all three concentrations to evaluate the ef-
fect of boron on cell viability. At 0.375 and 0.75 mg/ml con-
centrations, there was no significant difference between B60 
and the control group, indicating that boron did not affect 

cell viability at lower concentrations (Figure 5A(i and ii)). 
However, in line with the Live/Dead assay, the higher con-
centration of B60 (i.e., 1.5 mg/ml) showed a significant re-
duction in cell viability, when compared to those cultured in 
the control medium (Figure 5A(iii)).

To better understand the effect of silver ions on HaCat 
cell viability, the effect of the ionic dissolution products from 
the silver-doped glasses was compared to that of the baseline 
formulation (B60). At a concentration of 0.375 mg/ml, cell 
viability was increased with an increase of up to 0.5 mol.% 
silver. However, a further increase in the silver content up 
to 1 mol.% caused a decrease in keratinocyte cell viability 
at days 4 and 7 (Figure 5A). At a concentration of 0.75 mg/
ml, it was observed that cell viability in the presence of B60-
1Ag was significantly reduced at day 7 when compared to 
the B60 treatment (Figure 5A(i)). Figure 5A(iii) shows the 
viability of HaCat cells when exposed to the glass ionic dis-
solution products in cell culture medium at a concentration 

F I G U R E  4   Calcein-AM stained 
live HaCat cells (green) and ethidium 
homodimer-1 stained dead cells (red) at 
days 1, 4, and 7 in culture supplemented 
with ionic dissolution products of AgBGs 
at concentration of 1.5 mg/ml, scale bar 
=150 µm
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of 1.5 mg/ml. At day 4, there was an increase in cell viabil-
ity with an increase in silver content up to 0.5 mol.%, which 
then decreased with a further increase in silver content up 
to 1 mol.%. Furthermore, it can be inferred that an optimum 
silver ion concentration (less than 1  ppm; B60-0.3Ag and 
B60-0.5Ag formulations) in the cell culture medium en-
hanced keratinocyte viability. Deviation from this concentra-
tion may result in an adverse effect on HaCat cell viability. 
Furthermore, the cellular release of LDH was evaluated in 
order to investigate the effect of silver ions on cell mortality 
(Figure 5B). Cell mortality trends were similar in all samples. 
However, cytotoxicity effects were observed at 48 hours from 
all AgBG concentrations when cells were exposed to ionic 
dissolution products from B60-1Ag, which is in agreement 
with previous findings.44

Figure 6 shows the metabolic activity of HaCat cells cul-
tured over 7 days in media conditioned with ionic dissolu-
tion products from AgBGs at concentrations of 0.375, 0.75, 
and 1.5 mg/ml. In general, there was an increasing trend in 
the proliferation rates of keratinocyte cells from days 1 to 7, 
independent of the condition. The non-silver–doped glasses 
(B60) were compared with the control medium at all three 
concentrations to evaluate the effect of boron on metabolic 
activity. At the concentrations of 0.375 and 0.75 mg/ml, the 
ionic dissolution products from B60 showed no significant 
difference in metabolic activity when compared to the con-
trol. However, at a higher concentration of 1.5 mg/ml, there 
was lower metabolic activity in comparison with the control 
medium at days 4 and 7. The effect of the ionic dissolution 
products from the silver-doped glasses was compared to that 

of the baseline formulation (B60) to better understand the ef-
fect of silver on HaCat metabolic activity. At concentrations 
of 0.375 and 0.75 mg/ml, silver content in the culture me-
dium did not affect the metabolic activity. However, at day 7 
in culture, exposure to ionic dissolution products from B60-
0.3Ag at the higher concentration of 1.5  mg/ml caused an 
increase in the metabolic activity of the HaCat cells relative 
to those cultured in the presence of the B60 ionic products.

AlamarBlue® reduction also indicated that the higher con-
centration of 1.5 mg/ml of non-silver–doped glasses led to 
a lower metabolic activity when compared with the control 
at days 4 and 7. This reduction in metabolic activity may be 
due to a high concentration of boron and its potential toxic 
effect on the HaCat cells, inhibiting both their proliferation 
and metabolic activity.55 This finding suggests that silver ions 
suppressed and compensated the adverse effect of boron on 
cell metabolism. To further assess the potential of AgBGs 
in wound healing, the dose effect of their ionic dissolution 
products on the viability and metabolic activity of NIH/3 T3 
fibroblast cells was investigated (Figures S4 and S5).

Taken together, these results suggest that under static 
conditions, higher concentrations of boron may be toxic to 
cells, which is in agreement with previous reports.55 It has 
also been suggested that the toxic effects of boron can be re-
duced or eliminated under dynamic flow conditions, which 
better simulate in vivo environments.21,22 For example, 
Brown et al., investigated the in vitro biological response of 
biomaterials for wound healing applications and showed that 
there is a need for a more reliable method to better mimic 
in vivo conditions.56 It was proposed that in vitro culturing 

F I G U R E  5   (A) HaCat cell viability (expressed as fold increase relative to control at day 1) determined from the fluorescence signal of calcein-
AM stained live cells, treated with ionic dissolution products of AgBGs at concentrations of (i) 0.375, (ii) 0.75, and (iii) 1.5 mg/ml for up to 7 days 
in culture (error bars: SD, n = 3). (B) Cellular release of LDH after exposure to ionic dissolution products of AgBGs at concentrations of (i) 0.375, 
(ii) 0.75, and (iii) 1.5 mg/ml for up to 48 hours. Significance (p < .05) is represented as ★for B60 vs. control, x for B60-0.3Ag vs. B60, ● for B60-
0.5Ag vs. B60, and ■ for B60-1Ag vs. B60
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under moderate dynamic conditions may result in a higher 
cell density and lower toxicity when compared with static 
conditions.56 Furthermore, Yang et al., demonstrated that the 
viability and proliferation rate of human skin fibroblast cells 
can be improved under optimized dynamic flow rates.55 It 
was mentioned that under static conditions, which is in con-
trast to the natural wound healing environment, the local in-
crease in boron concentration can be highly toxic to cells.55 
While these dynamic flow conditions might ease the toxic 
effects of boron, it may also reduce the effectiveness of silver. 
Nevertheless, it is important to note that in a clinical setting, 
there are typically multiple applications of the glass, which 
would also result in a more sustained anti-bacterial effect.

The results in this study also indicate that the addition of 
silver into the glass network can enhance cell viability in com-
parison with the non-silver–doped formulation. For example, 
glasses containing 0.5 mol.% (1.7 wt.%) silver were not toxic 
to keratinocytes and fibroblastic cells. This is in agreement 
with previous works on the effect of Ag particles on kera-
tinocytes.57,58 In particular, while higher concentrations of 
Ag+ ions (>10−4 mol/L) are known to be cytotoxic to HaCat 
cells,59,60 lower concentrations (10−6 and 10−5  mol/L) pro-
mote their proliferation.61 This may be due to the alteration 
of the cellular redox state, which results in the generation of 
reactive oxygen species (ROS), likely leading to its cytotoxic 
effect. On the other hand, low concentrations of ROS are also 
important in the intracellular signal transduction pathway 
involved in cell proliferation. As previously reported, Ag+ 
ions play a role in generating ROS in HaCat cells61 and at 
low concentrations, silver may induce a moderate increase in 
ROS levels, ultimately enhancing mitochondrial metabolism 
and promoting DNA replication. Furthermore, Ag particles 
have been shown to enhance the expression of keratinocyte 
growth factor 2, a protein that stimulates the proliferation and 
migration of HaCat cells.62

This study has also underscored the importance of inves-
tigating both the anti-bacterial activity and potential cyto-
toxic effects of silver-based biomaterials for wound healing 

applications. It has previously been shown that both keratino-
cytes and fibroblasts are susceptible to damage when exposed 
to high concentrations of silver, despite of its beneficial effect 
in reducing inflammation and accelerating the early phases 
of wound healing.34 Studies on bioactive borate glass with 
up to 1 wt.% silver have demonstrated anti-bacterial activ-
ity against S. epidermidis and methicillin-resistant S. aureus 
(MRSA),63 as well as Escherichia Coli.64 On the other hand, 
distinct studies have shown that the ionic dissolution prod-
ucts from borate glasses with 0.75 and 1 wt.% Ag2O were not 
toxic to osteoblastic and fibroblastic cells, whereas glasses 
with 2 wt.% Ag2O were toxic.44

3.4  |  Effect of AgBG ionic dissolution 
products on the migration of keratinocytes

Since the ionic dissolution products from glasses dissolved 
in medium at 0.75 and 1.5 mg/ml demonstrated higher anti-
bacterial efficacy, these concentrations were used to inves-
tigate the effect of AgBGs on HaCat cell migration (Figure 
7). Keratinocyte migration has been implicated in inducing 
endothelial cell migration and angiogenesis as well as pro-
moting fibroblast proliferation and extracellular matrix pro-
duction, thus aiding the healing process.37-39 At 0 h (Figure 
7A), scratches of similar width (500 ± 50 µm) were made 
on the base of each well cultured with HaCat cells using the 
Culture-InsertTM and, after 24 h in culture, the scratches in the 
control and non-doped glass (B60) treatment were slightly re-
duced. However, the width of the scratch in the silver-doped 
glasses at the concentrations of 0.75 and 1.5 mg/ml indicated 
a greater decrease after 24 h (Figure 7B). Measurement of 
the remaining scratch area of the 0.3 and 0.5Ag compositions 
at 24 h (Figure 7C) showed a significant scratch reduction at 
both concentrations, when compared to the control. In particu-
lar, B60-0.5Ag demonstrated almost full scratch reduction, 
indicating that the AgBG ionic dissolution products stimu-
lated HaCat cell migration. Furthermore, both B60-0.3Ag at 

F I G U R E  6   Metabolic activity (expressed as percentage relative to control at day 1) of HaCat cells treated with ionic dissolution products of 
AgBGs at concentrations of (A) 0.375, (B) 0.75, and (C) 1.5 mg/ml for up to 7 days in culture (error bars: SD, n = 3). Significance (p < .05) is 
represented as ★for B60 vs. control and x for B60-0.3Ag vs. B60
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1.5 mg/ml and B60-1Ag at 0.75 mg/ml showed significant 
reduction compared to the control. Moreover, both concen-
trations of B60-0.5Ag significantly reduced the scratch area 
compared to B60, whereas at 0.75 mg/ml, only B60-0.3Ag 
showed a significant (P ˂ .05) difference compared to B60. 
On the other hand, for 1.5  mg/ml concentrations, both the 
0.3 and 0.5Ag compositions significantly reduced the scratch 
area compared to B60-1Ag which suggests a maximum limit 
for silver doping, as has been previously observed in other 
studies.44 Taken together, these results suggest that at a con-
centration of less than 1 ppm silver ion has the ability to stim-
ulate keratinocyte cell migration, which may be replicated 
in a wound site to potentially accelerate the healing process, 
while at higher concentrations may cause adverse effects.

4  |   CONCLUSIONS

Therapeutic, silver-doped sol-gel–derived borate glasses 
have demonstrated promise in accelerating wound healing. 
AgBGs inhibited the growth of P. aeruginosa PA14 up to 
3 days and eradicated biofilm cells by up to 99.7%. It was 
also demonstrated that AgBG ionic dissolution products, 
mainly silver, were not toxic to HaCat and NIH/3 T3 cells 
at low concentrations. However, the high boron content 
of the glasses may be a source of toxicity, underscoring 
the importance of investigating both anti-bacterial activ-
ity and potential cytotoxic effects. Moreover, a 2D in vitro 
model demonstrated that compositions doped with 0.3 and 
0.5 mol.% Ag, at two concentrations, promoted keratino-
cyte migration and significantly decreased the wound area. 
Therefore, both silver doping and glass concentration may 
be altered to optimize anti-bacterial activity and cellular 
responses for target applications. Future work will investi-
gate the effect of these glasses on the wound healing pro-
cess under dynamic conditions, in vitro as well as through 
in vivo models.
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