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Silver-doped calcium silicate sol-gel glasses with a cotton-wool-like structure
for wound healing

Abstract

Skin has excellent capacity to regenerate, however, in the event of a large injury or burn
skin grafts are required to aid wound healing. The regenerative capacity further declines
with increasing age and can be further exacerbated with bacterial infection leading to a
chronic wound. Engineered skin substitutes can be used to provide a temporary
template for the damaged tissue, to prevent/combat bacterial infection and promote
healing. In this study, the sol-gel process and electrospinning were combined to
fabricate 3D cotton-wool-like sol-gel bioactive glass fibers that mimic the fibrous
architecture of skin extracellular matrix (ECM) and deliver metal ions for antibacterial
(silver) and therapeutic (calcium and silica species) actions for successful healing of
wounds. This study investigated the effects of synthesis and process parameters, in
particular sintering temperature on the fiber morphology, the incorporation and
distribution of silver and the degradation rate of fibers. Silver nitrate was found to
decompose into silver nanoparticles within the glass fibers upon calcination.
Furthermore, with increasing calcination temperature the nanoparticles increased in
size from 3 nm at 600°C to ~25 nm at 800°C. The antibacterial ability of the Ag-doped
glass fibers decreased as a function of the glass calcination temperature. The
degradation products from the Ag-doped 3D non-woven sol-gel glass fibers were also
found to promote fibroblast proliferation thus demonstrating their potential for use in
skin regeneration.

Keywords
Bioactive glass, Electrospinning, Wound healing, Antibacterial property, Cotton-wool-
like structure



1. Introduction

Skin provides a barrier against external aggression, whilst also sensing and
regulating fluid homeostasis (sweating) [1]. Injury triggers the complex process of
wound healing, which restores the lost structure and function. This process can be
divided into four distinct phases: hemostasis, inflammation, proliferation, and
remodeling. However, in adult skin healing, a once functional tissue repair can become
a disorganized patch of cells (mainly fibroblasts) and ECM (mainly collagen) that is
commonly referred to as a scar tissue, which lacks many of the functional attributes of
skin [2].

Most wounds are colonized by bacteria to varying degrees, but when the body’s
defenses are weakened or a colonization agent is persistent, the level of colonization
becomes critical, leading to chronic infection. Chronic wounds are defined as those that
fail to proceed through the normal phases of wound healing in an orderly and timely
manner [3, 4]. They are an ideal environment for biofilm formation. Increasing rates of
obesity and diabetes within our ageing population also impairs wound healing [5].
Healing of chronic wounds are affected by many factors, such as local infection,
comorbidity, wound pain, oxygen supply to the wound area, and patient adherence to
treatment. Antibiotics delivered locally or systemically are the common mode of
treatment to combat infection. However, antibiotics are not effective against biofilms
and their prolonged use contributes to antimicrobial resistance. Better treatment options
are required to combat chronic wounds. In addition to combatting infection, the
treatment should promote tissue regeneration leading to scar-free healing. Novel
synthetic bioactive materials are emerging as potential candidates for this major unmet
need [6, 7].

Regenerative materials are those that actively recruit progenitor cells and provide
appropriate cues to promote the regeneration of skin [8, 9]. These chemical cues can be
classified into two depending of their nature: organic cues, such as growth factors [10,
11], or inorganic cues, such as metal ions and inorganic species [12]. Bioactive glasses
(BGs) have great potential to be used as biomaterials for wound healing [6, 7]. Lin et
al. combined sol-gel derived bioactive glass 58S (60S10,2-36Ca0-4P>0s mol%) and
melt-derived 45S5 (46.1S510,2-26.9Ca0-24.4Na,0-2.6P.Os mol%) bioactive glass
powders with Vaseline and applied these as ointment on diabetic rat skin wounds [13].
Both BGs were found to accelerate the wound healing process, compared to a control
group consisting of BG-free Vaseline[ 13]. They concluded that the ions released from
BGs were able to stimulate the secretion of angiogenic growth factors from fibroblasts
to achieve increased vascularization. This supported earlier in vitro work that showed
Bioglass dissolution products promoted VEGF expression from fibroblasts [14-16],
later in vitro work [17, 18] and in vivo work [19].

Conventional melt-derived glasses are made by the quenching of a melt, whereas
sol-gel glasses are produced through the hydrolysis of alkoxide precursors than enable
bottom-up assembly of the silicate glass network at room temperature [20], giving rise
to nanoporous glasses with high surface area after drying and calcination. Recently, we
developed bioactive sol-gel glass scaffolds with a 3D cotton-wool-like structure by
electrospinning the sol [21]. The composition of the glasses was (100-x)SiO> — xCaO
(x=0, 10, 20, 30, and 40 mol%), wherein the calcium content of the sol and the relative
humidity of the electrospinning environment were found to influence the 3D cotton-
wool-like morphology. Human dermal fibroblast (HDF) metabolic activity after being
cultured in media conditioned with 70Si0>-30CaO (70S30C) and 80S20C BGs was



similar to that of control sample (cell culture plastic). The capacity of HDFs to produce
vascular endothelial growth factor (VEGF) was enhanced in comparison with control.

Here, we developed Ag-doped 70S30C glasses with 3D cotton-wool-like structure
and investigated their antibacterial properties. Silver is of particular interest since it is
a well-known and clinically used antibacterial agent. Silver has a broad spectrum of
action, possessing strong biocidal effects on a variety of antibiotics resistant bacteria,
such as Gram-negative bacteria, Escherichia coli (E. coli), Gram-positive bacteria,
Straphylococcus aureus (S. aureus) [22] and methicillin-resistant S. aureus (MRSA)
[23]. Following the antimicrobial studies on the first silver-containing sol-gel glass
particles [24], various types of Ag-doped BGs have been developed [23-52]. Saha et al.
successfully prepared Ag-doped borosilicate glasses fibers with cotton-wool-like
structure via electrospinning and demonstrated antibacterial efficacy on S. aureus and
the activation property for endothelial cell migration [53]. Qin et al. reported Ag-doped
ordered mesoporous silicate glass fibers and demonstrated a dose-dependent behavior
on antibacterial efficacy and cell compatibility [54], where 2 mg/mL of the glass gave
both antibacterial efficacy and cell compatibility whilst 200 mg/mL provided only
antibacterial efficacy. While the Ag is hypothesized to enter the glass network as a
network modifier, Carta et al. reported evidence of Ag nanoparticle formation inside
Ag-doped sol-gel derived microparticles through neutron diffraction[40]. To date,
reports on Ag-doped sol-gel glass scaffolds do not provide insight on the speciation of
the silver nor its size or distribution within the glass fibers. This is important as the size
of Ag particles has been reported to play a strong role in the antibacterial activity of
silver [55]. There is also very little information on how the presence of Ag nanoparticles
in a bioactive glass, and their size, influences the glass degradation, silver ion release
and thus antibacterial activity.

This study gives a thorough investigation of the effect of synthesis and process
parameters on the resulting 70Si02-(30-x)CaO-xAgrO BGs fiber morphology,
incorporation and distribution of silver and its release profile. Furthermore,
antibacterial and cell compatibility were also assessed to form an understanding of
structure-property-function of the glass fibers.

2. Materials and Methods
2.1. Preparation of sol-gel glasses with cotton-wool-like structure

A sol of ethanol (Wako Pure Chemical Industries, Ltd.), 1 N HNO; (Wako Pure
Chemical Industries, Ltd.), and tetraethylorthosilicate (TEOS) (Sigma-Aldrich) with a
TEOS:ethanol:water:HNO3 molar ratio of 1:2:3:0.05 was prepared in a PTFE container
and stirred vigorously. After stirring for 1 h, Ca(NO3)>-4H>O (Wako Pure Chemical
Industries, Ltd.) was added to sol of nominal composition 70 mol% SiO; and 30 mol%
CaO. The 70S30C sol was poured in a closed container was then stirred for 24 h and
subsequently aged at 40 °C oven for 17 h to increase the viscosity of the sol.

Antibacterial sol-gel glasses 70S10,-(30-x)Ca0O-xAg0O (x =0, 1, 2) were produced
by substituting Ag>O for CaO using AgNO3 (Wako Pure Chemical Industries, Ltd.) and
introducing the salts of silver and calcium in the sol at the same time. Aluminum foil
was used to cover the reaction vessel to prevent any oxidation of silver due to UV
exposure. In a separate beaker, poly(vinylbutyral) (PVB) (Butvar® B-98, Sigma-
Aldrich) was dissolved in ethanol at 10 wt% and mixed with the aged sol at an
equivalent volume (5 mL), giving an solution with appropriate viscosity for
electrospinning [56]. Table 1 lists the quantities of the reagents used in this work.

Humidity affects electrospinning of the sol greatly[21], so the solution was
electrospun in a closed chamber in which the relative humidity during the



electrospinning process was set to around 33 %. The solution was loaded in a syringe
pump (FP-W-100, Melquest) and spun into a rectangular container covered with
aluminum foil placed at 150 mm of the electrospinning needle. A power supply
connected to the metal syringe needle (22 gauge) was used to create a high potential
between the needle and collector to allow electrospinning. The electrospinning
conditions are 32-35 % of humidity, 10-13 kV of applied voltage, 150 mm of distance
and 3 mL/h of injection rate. The electrospun fibers were subsequently calcinated at
different temperatures (600, 650, 700, 800 °C) for 5 h in air at a heating rate of 1 °C

min’!.

Table 1 Summary of the quantities of the reagents.

Sample TEOS Ethanol 1NHNO3; Ca(NO3)»4H.O AgNOs3

Code (ml) (ml) (ml) (2) (2)
70Si0,-30Ca0 70830C 3.6 185 0.85 1.60 i
708102-28Ca0- g550800A 36 185 0.85 1.49 0.15

2Ag,0

2.2. Characterization of cotton-wool-like structured BGs fibers

The morphology of the prepared samples was observed by field emission gun
scanning electron microscopy (FEG-SEM) (JSM-6301F, JEOL) with an accelerating
voltage of 5 kV after coating the samples with amorphous osmium coater (Neoc,
Meiwafosis Co. Ltd.). The fiber diameter was measured using ImageJ software on SEM
images, using at least 20 objects for reliable statistics.

Attenuate total reflection-FTIR (ATR-FTIR) (FTIR-4000, JASCO), using a ZnSe
crystal, was performed on the fibers. An air background was measured before
measuring any samples. Spectra were recorded from 600 to 4000 cm™! with a resolution
of 4.0 cm™! and an average of 100 scans. Fiber samples were ground to a fine powder
for X-ray diffraction (XRD) (X Pert X-ray Diffractometer, Philips: CuKa, 50 kV, 40
mA) analysis.

Fibers were imaged using bright field transmission electron microscopy (TEM)
(JEM-2100F, JEOL) with an operating voltage of 200 kV. Samples were embedded in
epoxy resin, then sectioned using ultramicrotome (EM UC7, Leica). Samples thinner
than 100 nm were collected on a TEM grid for imaging.

Nitrogen sorption was performed on a Belsorp-mini II (MicrotracBEL). BG fibers
ground to fine powder were loaded into a 1.8 cm’-sized tube and degassed at 150 °C
for 2 h to remove physisorbed gases and water vapor. Twenty adsorption and twenty
desorption points were measured. The surface area was calculated from the Brunauer
Emmett Teller (BET) method [57] and pore size distributions determined by applying
the Barrett Joyner Halenda (BJH) method [58] to the desorption branch of the isotherm
[59].

2.3. Dissolution study

A quantity of 2.5 £ 0.05 mg of BG fibers were placed in a 15 mL polypropylene
container. To this 5 mL DMEM medium (Gibco) containing 10% fetal bovine serum
(FBS) (Gibco) and 1 % penicillin/streptomycin (p/s) (Gibco) was added to start the
dissolution test. After sealing the container, the immersed samples were kept in an
incubator at 37 °C for 4 — 72 h, under no agitation. At the end of each time period, the
media was transferred to a syringe and filtered using a 0.2 pm surfactant-free cellulose



acetate filter (Minisart). The pH of the filtered media was measured using a calibrated
pH Electrode 9680 (HORIBA). The ion concentration of the collected media was
determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES,
ICPS-7510, Shimadzu). All samples were run in triplicate for statistical analysis and a
DMEM alone was incubated under the same conditions and used as a control.

2.4. Antibacterial test

The antibacterial ability of the 70S30C and 70S28C2A fibers with different
calcination temperatures were examined using a shake method (Society of Industrial
Technology for Antimicrobial Articles) on two different microorganisms: E. coli (strain
NBRC3972) and S. aureus (strain NBRC12732). The medium used was nutrient broth
(NB) medium, which was prepared by dissolving 18 g of nutrient broth ‘Eiken’ (E-
MC35, Eiken Chemical Co.) in 1 L of distilled water, followed by autoclaving
sterilization at 121 °C for 20 min. The fibers were dry-sterilized at 180 °C for 90 min
and then placed in NB medium at a concentration of 0.2 mg/mL. An initial cell
concentration of 4 — 5 x 10* CFU/mL for E. coli was subsequently incubated with the
prepared NB medium for 24 h at 37 °C in an orbital-shaking incubator (150 rpm). After
the incubation for 24 h, the media with serial dilutions in the range of 10! to 107!* were
prepared. One hundred pL of each dilution was plated onto the agar plate (n = 3). Agar
plates were prepared from a standard agar medium, which was prepared by dissolving
yeast extract B2 (2.5g, Oriental Yeast Co.), Tryptone (5.0 g, Becton, Dickinson and
Co.), D(+)-glucose (1.0 g, Wako Pure Chemical Industries, Ltd.), and Agar (15 g, Wako
Pure Chemical Industries, Ltd.) in 1 L of distilled water, followed by autoclaving
sterilization at 121 °C for 20 min and poured into plastic petri dish. Fiber-free media
cultured under the same conditions was used as control. The numbers of colonies after
overnight cultivation were counted [60]. The statistical significance between the Ag-
doped samples and between Control and the Ag-doped sample was determined by the
Tukey test and Dunnett test, respectively (p < 0.05).

2.5. Cell culture test

Mouse fibroblast-like cell line (NIH 3T3) was seeded at a density of 5 x 10* cells/mL
in 96-well plates with DMEM media supplemented with 10% FBS and 1% p/s. After
culturing the cells for 3 h in a humidified incubator with 5 % CO., the media was
removed and 100 pL of the extracts of each glass fiber sample were added in the 96-
well plate. The extracts were prepared by immersing 3.0 mg of glass fibers in 15 mL of
the cell culture medium (0.2 mg/mL) and then keeping for 24 h in a biological incubator
(37 °C, 120 rpm), followed by filtration with the 0.2 pum filter. The media in each well
was changed every other day. The number of the cells in the 96-well plates was counted
by using Cell Counting Kit-8 (Dojindo), following the kit’s instruction. Briefly, 10 uL.
of the reaction solution was added in each well and left for 2 h in the CO; incubator. A
quantity of 80 pL of the solution in each well was moved to another well plate and then
the number of the cells in each well was estimated by measuring the absorbance at 450
nm with a multimode plate reader (EnSpire, PerkinElmer) (n = 4). The statistical
significance was determined by the Dunnett test (p < 0.05).

3. Results and Discussion
3.1. Fiber morphology

A uniform fibrous morphology was observed for the 70S30C and 70S28C2A
electrospun materials before and after calcination at different temperatures (Figure 1).
The fibers were uniform in size and appeared smooth, forming randomly entangled



architecture in all samples. These results suggested the incorporation of silver did not
have any effect on the fibers morphology. The diameter of fibers decreased after
calcination, from 329 = 32 nm to 199 + 20 nm for 70S30C and from 363 + 31 nm to
166 = 20 nm for 70S28C2A, which was due to the removal of solvent and polymer
binder within the electrospun fibers at up to 600 °C and then due to densification and
increase in silica network connectivity from 600 — 800 °C. All the samples had a cotton-
wool-like structure (Figure S1) and there were no noticeable differences in macro-scale
appearance between samples with various compositions and calcination temperatures.

70S30C 70S28C2A
TEE. \V

pre-calcination

Fig. 1 SEM images
temperatures (The mean + standard deviation of fiber diameters is shown in each
image).




3.2. Chemical structure

Pre-calcination, FTIR spectra of both 70S30C and 70S30C2A showed characteristic
bands of sol-gel glasses with two vibration modes of Si-O group (Figure 2a,b). Besides
the bands attributed to Si-O-Si and Si-OH, the two bands between wavenumbers 1300-
1500 cm! assigned to N-O from nitrates and a small band at 1640 cm™ assigned to O-
H groups of water were observed. This indicates that there were some residual nitrates
and solvents trapped in the samples before calcination. This was also confirmed by TG-
DTA curves (Fig. S4), which shows weight loss and endothermic peak around 100 °C
corresponding to the evaporation of water and exothermic peaks around 400 °C
corresponding to the decomposition of nitrates.

After calcination above 600 °C, Si-OH stretching vibration bands among all the
samples could not be clearly observed due to removal of some -OH. The band also
shifted to around 930 cm™!, characteristic of Si-O non-bridging oxygen associated with
incorporation of calcium into the silicate network (Si-O-NBO) [61-63]. The
disappearance of the band assigned to N-O and O-H groups was also observed, which
means the elimination of nitrate, water and/or alcohol in the samples was successful at
this calcination temperature.

Compared to the pre-calcined samples, the Si-O-Si asymmetric bond stretching
vibration shifted from 1050 cm™! to lower wavenumbers 1030 cm™! in the spectra of the
calcined sample from 600 °C and above. This shift could be related to a structural
rearrangement in the Si-O-Si environment leading to lower inter-tetrahedral angle
values and a strained network [64]. However, from 700 °C for Ag-doped fibers and
800 °C for 70S30C fibers, this band shifted back to higher wavenumbers, around 1069
cm’!. This behavior can be ascribed to the effect of the crystallization occurring within
the surrounding matrix [65]. Furthermore, at 800 °C for Ag-doped fibers and 1000 °C
for 70S30C fibers, a new band appeared, which might be due to the crystallization of
wollastonite (B—CaSiO3) [66]. Those data suggested that the Ag-doped fibers
crystallized at lower temperature than 70S30C fibers.

X-ray diffraction was performed on the samples with and without silver, calcined
from 600 to 1000 °C (Figure 2c,d). For the Ag-doped fibers, diffraction peaks
corresponding to metallic silver were observed at all calcination temperatures with
peaks at 20 values of 38.1° (111), 44.2° (200), and 64.3° (220). However, it is difficult
to say from the XRD data that all the silver was converted into metal as it is possible
that some of the silver could exist as ions within the silica network in a similar fashion
to that of calcium ions [40]. Carta et al. showed that in conventional sol-gel glass
(without electrospinning) that Ag metal nanoparticles are present in the glass, but Ag,O
is also incorporated into the silicate network [40]. In this study, the shape of the
diffraction peak evolved as the calcination temperature increased, in specific the
intensity increased with reduction of the half-width maximum. This suggests that the
size of silver nanoparticles increased with increasing calcination temperature. The
mean silver particle sizes were estimated by analyzing the broadening of the (111)

reflection using Scherrer’s equation,
0.91

d= B cosf (M
where / is the wavelength of X-ray source (CuKo = 1.54056 A), and £ is the full-width
at half-maximum (FWHM) of the X-ray diffraction peak at the diffraction angle 6.
Table 2 shows the mean diameter of Ag particles increasing with increasing calcination
temperature.




As well as the coarsening of silver other crystalline phases were observed in the
XRD data of samples calcined at 1000 °C for 70S30C fibers and 800 °C for Ag-doped
fibers. These were identified to be wollastonite, B-CaSiOs, corroborating the
observation made by FTIR. It is clear that a larger amount of wollastonite was formed
in Ag-doped 70S30C fibers as compared to 70S30C fibers at 800 °C, which also agreed
with the FTIR data. Silver is known and has been used in melt-derived glass to promote
crystallization by acting as a crystal seed [67]. Thus, the in situ formation of metallic
silver nanoparticles in the sol-gel glass fibers may have acted as a nucleating agent in
a similar fashion to melt-derived glasses.
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Fig. 2 FTIR spectra (a, b) and XRD (c, d) of the 70S30C (a, c) and 70S28C2A (c, d)
samples with different calcination temperatures.

In order to confirm the formation of silver nanoparticles and their distribution within
the glass fibers, TEM was performed (Figure 3). Comparing the results of the two
samples, it is clear that silver nanoparticles formed in the Ag-doped fibers only after
calcination. The size of the silver nanoparticles measured from TEM images increased
with increasing calcination temperature (Table 2), from 3 nm following calcination at
600°C to 13 nm after calcination at 700°C and ~26 nm after calcination at 800°C, which
agrees with the observations from XRD. It is also clear to observe the migration and
growth of silver particles on the TEM images. These are probably driven largely by the



instability of silver atoms due to their high surface free energy. The silver atoms in the
glasses might have the ability to move through easily in the silica network with the
increased temperature, whereas their moving is normally difficult at room temperature
[68]. Their aggregation would produce thermodynamically stable particles with bigger
sizes [69].

70S30C 70S28C2A

pre-calcination

50nm B8 v

50 nm

Fig. 3 TEM images of the 70S30C and 70S28C2A samples with different calcination
temperature. Scale bar; 50 nm.



Table 2 Silver mean diameter in 70S28C2A samples from Scherrer equation and
TEM images at different calcination temperatures.
Mean diameter (nm)

Temperature (°C)

Scherrer equation TEM image
600 9.37 3.68+1.17
650 13.4 3.96 £1.35
700 26.9 12.50 +1.29
800 30.7 2598 £12.29

3.3. Surface and textural properties

The 70S30C samples before calcination were not porous and so the absorption of
nitrogen was mainly monolayer formation followed by saturation on the surface of the
fibers leading to a type IV isotherm (Figure S2). The samples calcined at 600 °C, 650 °C,
and 700 °C exhibited an increase of specific surface area (SSA) (Table 3). This finding
was reported by Lin et al. [62], who hypothesized this mechanism for Ca®'
incorporation to disrupt the silica network, which is the calcium nitrate covered the
nano-texture of silica before calcination. Then, after the nitrate was decomposed, the
calcium incorporated into the network of the silica, which increased the surface area.
After sintering at 800 °C, the SSA of the samples decreased due to further crosslinking
of the SiO> network under viscous flow of the glass during sintering. As sintering
temperature increased to 800 °C, the pore size was no longer measurable by the BJH
method, due to low adsorption of No, i.e. there were no pores present or they were
smaller than 2 nm.

Table 3 Summary of the values obtained from BET and BJH algorithms of (a)
70S30C and (b) 70S28C2A samples with different calcination temperatures.

(a) 70S30C
Calcination Specific . Pore Pore volume
Temperature Surface area CBET size (cm3 /g)
P (m?/g) (nm) 8
Pre-calcination 5.35 56.9 -- --
600 °C 11.0 444 51.5 0.0410
650 °C 20.6 130 3.75 0.0461
700 °C 35.6 130 3.75 0.0631

800 °C 12.9 92.6 - -




(b) 70S28C2A

Calcination Specific Pore Pore volume
Temperature Surface area  Cper (nm) (cm’/g)
(m?/g)

Pre-calcination 12.6 483 - -

600 °C 25.6 103 6.21 0.0638

650 °C 18.6 134 5.46 0.0443

700 °C 17.7 91.6 3.75 0.0407

800 °C 10.3 70.3 -- -

3.4. Degradation of the BG fibers

Degradation of the prepared samples was evaluated by immersion in the cell culture
medium, DMEM, over 3 days. The silica species and calcium ion release profiles
(Figure 4a, b, d, ) showed an increase in the concentration with immersion time for all
the compositions and calcination temperatures studied. However, differences in their
trend were observed. Fibers calcined below 800 °C for 70S30C and below 700 °C for
70S28C2A showed similar trends with a plateau at 60 and 170 mg/L for silicon and
calcium, respectively. The 70S28C2A fibers calcined at 700 and 800 °C and the
70S30C fibers calcined at 800 °C showed a slower release rate than the other samples.
For those three samples, crystallization occurred and glass-ceramics were formed. The
crystallization may have inhibited the silica and calcium release from the glass fibers,
especially in the early stages [70]. This could be due to increased network connectivity
of the amorphous network.

The amount of calcium released from 70S30C calcined below 700 °C showed a burst
release (from 111.1 to 166.3 mg/L) within the first 8 h, while after calcination at 800 °C,
the amount of calcium released increased to just 126.5 mg/L and seemed to exhibit a
sustained release profile (Figure 4b). This is due to the difference of SSA of the sample
(35.6 m¥/g for 700 °C; 12.9 m?/g for 800 °C), which was caused by the densification of
the glass and the crystallization of wollastonite (Figure 2c, d). This suggests that the
mesoporous structure could increase Ca®" exchange from the glass fibers with protons
from the medium. Concentration of phosphorus in media containing the samples
(Figure 4c, ) was in line with that of fiber-free DMEM, which suggests phosphate was
not deposited on the glass fibers.

Silver release at 24 h was high for fibers calcined at 650 °C (17 mg/L), whilst fibers
calcined at 800 °C had the slowest release (2.4 ml/L) (Figure 4g). Fibers calcined at
700 °C showed a sustained release behavior. From 48 h immersion onwards the release
behavior was similar from fibers calcined at 600, 650, and 700 °C. At 72 h, the release
amount of silver was around 20 mg/L, while the theoretical value of the concentration
in the fibers is 34.5 mg/L, this indicates that <60 at% silver was released by 72 h
immersion in the medium. The results indicate that the silver release from the glass
fibers could be finely tuned via calcination temperature.

Hydroxyl carbonate apatite (HCA) is formed on surfaces of some bioactive materials
after implantation in body. However, our glass fibers are expected to have no ability of
such HCA formation from the results of degradation tests; there was no change in the
amount of phosphate during the immersion in DMEM (Figure 4c,f). In our previous
study, we have observed no HCA formation on the 70S30C glass fibers after immersion



in DMEM for 7 days by XRD[21]. Thus, the glass fibers exhibit the ability of providing
therapeutic ions for enhancing tissue regeneration without mineralization.
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Fig. 4 Elemental concentrations in DMEM after soaking the 70S30C (a-c) and

70S28C2A (d-g) samples with different calcination temperature.



3.5. Antibacterial ability

The bacteriostatic effects of Ag-doped fibers calcined at different temperature on the
viability of E. coli were investigated. The dependence of colony forming unit (CFU) on
the calcination temperatures of 70S30C and 70S28C2A fibers is shown in Figure 5.
Sample concentration (weight% in media) is one of the key factors that influence the
outcome of antibacterial testes. Therefore, the optimal sample concentration to test the
effect of different calcination temperatures on the bacteria was first determined by
assessing the antibacterial properties of fibers calcined at 650°C and different
concentrations in media (Figure S5a and Table S2 of minimum inhibitory concentration
(MIC)). The inhibition of bacterial growth was clearly observed for the samples
containing Ag, 70S29CI1A (1Ag) and 70S28C2A (2Ag), when the sample
concentration was > 0.2 mg/mL, whereas the 70S30C (0Ag) exhibited the same level
as that of the control at all sample concentrations studied. In addition, the level of the
inhibition depends on the doping level of Ag in the fibers; the bacterial growth was
lower for the 70S28C2A than 70S29C1A (Figure S5b). Thus, the antibacterial property
of the fibers could be controlled by changing the amount of Ag doping and/or quantity
of the fibers used in the construct. These phenomena were observed for both types of
bacteria.

A concentration of 0.2 mg/mL fiber in media was used to test the effect of different
calcination temperatures on the bacteria (Figure 5). Various concentrations of the
different ions in NB medium could be obtained after incubating fibers calcined at
different temperatures (Table 4). After 24 h cultivation, no significant differences in the
number of E. coli between the Ag-free 70S30C samples and the control were observed,
while 70S28C2A fibers showed significantly different antibacterial activity (p < 0.05)
depending on the calcination temperature. The number of CFUs was found to be lower
at low calcination temperature, even though there was no significant difference in the
concentration of silver in NB medium after soaking the samples calcined at 600, 650
and 700 °C (Table 4, between 6 and 7.5 mg/L). The amount of silver released from the
sample calcinated at 800°C in NB medium reduced to ~1 mg/L in comparison with that
of the other samples.

A correlation between the size of the silver nanoparticles in the fibers and
antibacterial activity was found where increase in size leads to reduced antibacterial
activity. As the size of silver nanoparticles in the 70S28C2A fibers increased from ~4
nm at 650 °C to 12.5 nm at 700 °C (Table 2), not a significantly different amount of
silver was released from the fibers into the media however a steady state release was
observed for the 700 °C (Figure 4). Once the fibers were calcined to 800 °C
significantly lower amount of silver was released into the media (1 mg/L). The
nanoparticle size further increased to 26 nm at this calcination temperature (Table 2).
The increase in size of the nanoparticles seems to be one of the main factors determining
the release rate of Ag from the fibers as specific surface area of the calcined fibers were
similar (Table 3). Sotiriou ef al. reported that, Ag nanoparticle in the size range of 4 to
10 nm, the smaller sized particles exhibited a stronger antimicrobial ability even though
their concentration was small, 1 mg/L [55]. This was because the smaller nanoparticles
had a larger SSA and released larger amount of silver ions. Thus, the amount of silver
ions released from the nanoparticles play a strong antimicrobial role. In the present
work, silver nanoparticles with < 12.5 nm were incorporated in the 70S28C2A calcined
at 600, 650 and 700°C. It is possible that during incubation the silver nanoparticles
could react with the NB medium following absorption into the glass mesopores via
capillary forces. The smaller nanoparticles have higher surface area and are distributed
over larger area in the glass fibers hence are much more effective at releasing the silver



ions. On the other hand, Sotiriou et al. also reported that not only silver ions but
nanoparticles themselves play an antimicrobial role in the case of larger silver
nanoparticles (> 10 nm) [55]. A stronger antimicrobial activity was observed when both
silver ions and nanoparticles were provided to bacteria, in comparison with when
providing only silver ions. However, such larger nanoparticles, of course, released
smaller amount of silver ions because of their smaller SSA. Therefore, these
phenomena were observed only when a large amount of the nanoparticles was provided
to bacteria (> 20 mg/L). Fabrega et al. reported that bacterial contact with silver
nanoparticles (>50 nm in size) plays a predominant role in antimicrobial activity [71].
From the TEM observation (Figure 3), few nanoparticles were present at the area near
the fiber surface. This might contribute to the minimal amount of released silver
nanoparticles and subsequent poor antimicrobial efficacy of the 70S28C2A calcined at
800°C.

12

10 |

o
T

— = = — = =

Log (CFU / ml)
o
1

4 L
2
0
£c|= [&] [&]
(=] -t -] L=
S lg g
w w
Control 0Ag

Fig. 5 Number (log CFU/mL) of E.coli after 24 h cultivation with the 70S30C (0Ag)
and 70S28C2A (2Ag) samples with different calcination temperatures. (dotted line;
the level of Control sample before cultivation) (* p<0.05 vs Control@?24 h).

Table 4 Elemental concentration in Nutrient broth (NB) medium after soaking the
70S30C (0Ag) or 70S28C2A (2Ag) fibers with different calcination temperature for
24 h.

Sample )
. [Si] [Ca] [Ag]
(glass- calcination
(mg/L) (mg/L) (mg/L)
temperature)

Control 0 13.6+0.5 0
0Ag-600 473429 66.8+3.7 0
0Ag-650 48.5+0.5 72.0+2.4 0
0Ag-700 26.4+2.2 61.3+5.8 0
0Ag-800 8.0+0.6 48.7+3.2 0
2Ag-600 33.8+0.6 57.8+1.4 6.7+0.3

2Ag-650 31.0+£3.4 60.0£3.9 7.5+0.8



2Ag-700 22.0£1.6 61.7+4.0 6.0+0.5
2Ag-800 19.1+0.4 58.7+1.0 1.2+0.1

3.6. Cell compatibility

Cytotoxicity tests for the 70S30C and 70S28C2A samples using fibroblasts were
evaluated. The cytotoxicity of both the samples showed the dependence on the
calcination temperature. Media from the fibers calcined at 600°C with both the
compositions caused some toxicity, but the number of viable cells increased with
increasing sample calcination temperature (Figure 6). This is due to the burst release of
ions in the first 24 h from the samples calcined at lower temperature (Figure 4). Media
from the 70S28C2A samples calcined at 650°C and 700°C showed reduced toxicity,
while the 70S28C2A sample calcined at 800 °C had significantly higher number of
viable cells than the control both at 24 and 72 h. This sample releases smaller amounts
of silicate species and calcium ions. In addition, the release amount of silver ions was
also smaller than the others, which affected cell proliferation. The size of silver
nanoparticles is also expected to relate to cytotoxicity; the larger nanoparticles released
from the sample calcined at 800 °C may possess a lower cytotoxicity. All the samples
except those calcined at 600 °C exhibited cell proliferation over 72 h and the
proliferation rate most likely depends on the calcination temperatures for the glass
fibers.
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Fig. 6 Number of live fibroblasts after cultivation with extract of the 70S30C (0Ag)
and 70S28C2A (2Ag) samples with different calcination temperatures. (* p<0.01 vs
Control).

4. Conclusion

Ag-doped bioactive glasses with 3D cotton-wool-like structure were prepared
combining sol-gel processing and electrospinning techniques. The calcination
temperatures for the samples after electrospinning was found to influence the state of



Ag in the glass fibers, with nanoparticles forming and coarsening, as the calcination
temperature increased, which strongly correlated to their antibacterial property and cell
compatibility. Silver was observed to become metallic nanoparticles on calcination,
which increased in size as calcination temperature increased, decreasing antimicrobial
properties of the fibers. As the size of silver nanoparticles in the fibers increased from
12.5 nm to 26 nm as calcination temperature increased, which resulted in the amount
of silver in the media decreasing to 1 mg/L, reducing antimicrobial efficacy. The
reduction in antimicrobial activity was attributed to the size of the nanoparticles as there
was no reduction in the release rate of calcium cations. These results suggests that not
only the amount of silver but also the calcination temperature plays a significant role
on influencing properties of Ag-doped sol-gel glasses. In addition, Ag nanoparticles
particularly grew in the area close to the center of the glass fiber after the calcination
treatment in comparison with those close to surfaces, which is also one of the factors
influencing properties of the glasses. These unique behaviors of Ag doped in the
electrospun glass fibers were revealed in the first time in the present study. Since it is
possible to control properties of the Ag-doped 3D glass fibers developed in the present
study, they could have a significant impact in the treatment of chronic wounds.
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