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Abstract Ag ions are known for their antibacterial
effects. Ag containing silicate glasses have been extended
to create bioactive glasses that exhibit inhibitory effects on
bacterial growth using different techniques. In this work,
calcium and calcium/silver silicophosphate glasses were
synthesized from the sol-gel process and their physico-
chemical and in vitro biological properties were studied
and compared. The effect of silver concentration on in vitro
bioactivity and antibacterial properties of the glasses was
investigated. Ag,O was substituted for CaO in the glass
formula up to 2 mol% and in vitro bioactivity of the
samples was evaluated by soaking them in simulated body
fluid followed by structural characterization using XRD,
FTIR and SEM techniques. The results showed that both
glasses favored precipitation of the calcium phosphate
layer when they were soaked in simulated body fluid;
however, the morphology of apatite crystals changed for
the 2% mol silver containing sample. Substitution of 2%
mol Ag,O for CaO seemed to slightly stimulate the rate of
precipitation. The in vitro biodegradation rate of the silver/
calcium silicophosphate glasses was lower than that of the
silver-free one (control). Also, the antibacterial properties of
the samples indicated that these effects were improved by
increasing silver concentration in bioactive glass composition.
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1. Introduction

Bioactive glasses are an important group of materials with
a wide range of applications in medicine as bone substitutes.
These materials are able to bind with bones in a living
organism through forming a layer of hydroxyapatite (HA)
on their surfaces [1]. Bioactive glasses can be obtained by
melting a dried batch of starting materials at elevated
temperatures or by a low temperature process known sol-
gel [2]. The sol-gel method has several advantages such as
high purity, ultrahomogeneity, low processing temperatures,
and most significantly the possibility of making glasses of
new compositions [3].

Many researchers have focused on the preparation and
characterization of bioceramic-based biomaterials, whether
crystalline bioceramics or amorphous bioglasses, incorporated
with ions such as Zn, Mg, and Si due to their unique effect
on osteoblastic cell proliferation, differentiation and thus
bone mineralization [4-7].

Many researchers have preferred studying sol—gel derived
bioactive glasses containing SiO,, CaO and P,Os as the
main components of glass composition [8-10]. The presence
of Si0O, in the composition of bioactive glasses is important
because of its function as a network former in the glass
structure. In addition, Si—-OH groups produced from the
exchange process of Ca*" ions (from glass) with H;O"
(from solution) are susceptible sites for calcium phosphate
nucleation [11,12]. Meanwhile, the presence of Si ions
released from the glass composition into the cell culture
medium can improve cell functions [13,14]. P,Os is also
used to aid nucleation of calcium phosphate phase on the
glass surfaces [8].

Many approaches have been investigated in order to
enhance the bioactivity of bioactive glasses towards the
physiological environment by incorporating various metal
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ions in the silicate network.

For example, magnesium and zinc ions were separately
added to these components to form CaO—ZnO-SiO,—P,0s
or CaO-MgO-SiO,—P,0s bioactive glass systems due to
their stimulatory effects on cell proliferation and bone
formation, and were evaluated in terms of physical, physico-
chemical and biological properties [15].

Both metallic and ionic silver were incorporated into
several biomaterials such as polyurethane [16], hydroxyapatite
[17] and bioactive glasses. The antibacterial activity of
silver ions and their biological impact have been reported
in many works [18-20].

Although the biological and antibacterial effects of silver
ions on the glass structure have been extensively studied
[21-27], only few studies have been reported on in vitro
surface reactivity and physico-chemical interactions of
these kinds of bioactive glasses in simulated body fluid
(SBF) solution.

The objective of the present study was to produce a sol—
gel derived bioactive silicophosphate glass based on SiO,—
Ca0-Ag,0-P,0s system with different molar ratios of
silver oxide in the glass composition and compared its
physicochemical, bioactivity and antibacterial properties to
those of a silver-free bioactive glass using proper analytical
techniques.

2. Materials and Methods

2.1. Preparation of the Ag-BGs
The starting materials for the synthesis of the Ag-BG and
silver-free samples were tetracthylorthosilicate (TEOS:
CgHy004Si), triethyl phosphate (TEP: C¢H;50,4P), calcium
nitrate (Ca(NOs),.4H,0), silver nitrate Ag(NO;),.4H,0,
ammonia and nitric acid. Using a typical procedure, the
samples were prepared by the sol-gel method with different
molar ratios of calcium and silver as listed in Table 1. The
silver containing bioactive glass is named Ag-BG. In this
research, the terms Ag-free BG, silver free bioactive glass
and control sample are all used synonymously.

In this regard, TEOS (20 mL) and distilled water (40 mL)
together with 2 mol/L HNO; (2.8 mL) were dissolved in
ethanol (80 mL) and stirred at room temperature for 30 min.

Table 1. The chemical composition of prepared samples

Composition (mol%)

Notation .
Si0, CaO P,0s Ag,0
Ag free-BG (control) 64 28 8 0
0.5% Ag-BG 64 275 8 0.5
1% Ag-BG 64 27 8 1
2% Ag-BG 64 26 8 2

TEP (2.2 mL) was then dissolved into the prepared acid silica
sol. After stirring for 20 min, calcium nitrate and silver
nitrate (if necessary) were added into the acid sol. 1.0 mol/LL
concentration of ammonia solution (25 mL) was dropped
into the acid sol with vigorously stirring after silver nitrate
was completely dissolved. Following this, the sol suddenly
gelated. The obtained gel was stirred using a magnet in
order to avoid the formation of bulk gel. The resulting gel
was kept in an oven for 1 day at 70°C to remove the
residual water and ethanol. The dried gel powders were
heated at 700°C in a furnace at the rate of 5°C/min and
maintained at this temperature for 24 h to eliminate organics
and form glass particles. The obtained powders were
ground in a planetary mill for 1 h. All the abovementioned
reagents were received from Merck Company and used
without any purification.

2.2. In vitro surface reactivity test
The in vitro surface reactivity of the glasses was conducted
on disc-shaped samples (10 mm in diameter and 2 mm in
height) formed by pressing the glass powder in a hydraulic
press device at 9 MPa followed by heating at 700°C. The
samples were then soaked in simulated body fluid (SBF) at
solid (S) to liquid (L) loading of 1 g/100 mL and then kept
at 37°C for various periods up to 14 days. The SBF
solution was prepared according to the procedure described
by Kokubo et al. [28], by dissolving NaCl 8.035 g/L., KCI
0.225 g/L., K.HPO,3H,0 0.231 g/L., MgCl,-6H,0O 0.311 g/L,
CaCl, 0.292 g/L,, NaHCO5 0.355 g/L, and Na,SO; 0.072 g/L
into distilled water, buffered at pH = 7.25 with 6.118 g/L
tris-hydroxymethyl aminomethane and 1 N HCI solution at
37°C. The SBF solution was chosen because of its
characteristic of being highly supersaturated characteristic
with respect to apatite. The SBF composition compared
with human blood plasma where is shown in Table 2.
According to Oyane and Takadama [29,30], the SBF
solution is so far the best solution for i vitro measurement
of apatite-forming ability in implant materials.

The phase composition of the synthesized Ag-BG and
Ag-free BG samples was studied after incubation for 24 h

Table 2. Ion concentrations of human blood plasma and SBF

Ion Plasma (mmol/L) SBF (mmol/L)
Na* 142.0 142.0
K* 5.0 5.0
Mg 1.5 1.5
Ca™ 25 25
Cr 103.0 147.8
HCO5 27 42
HPO,* 1.0 1.0
S04 0.5 0.5
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and soaking in the SBF solution for 3, 7, and 14 days. For
this purpose, phase analysis of the control and Ag-BG
samples was performed by a Philips PW3710 diffractometer.
This instrument worked with voltage and current settings
of 40 kV and 30 mA, respectively and utilized Cu-Ka
radiation (1.54 A). For qualitative analysis, X-Ray diffraction
(XRD) diagrams were recorded in the interval 10°<26<50°
at the scan speed of 2%sec.

The surface morphology and microstructure of the Ag-
BG and Ag-free BG samples were evaluated using scanning
electron microscope (SEM) after soaking in the SBF solution.
The Ag-BG samples and BG (control) were coated with a
thin layer of Gold (Au) by sputtering (EMITECH K450X,
England). The morphology was observed on a SEM-Philips
XL30 which operated at the acceleration voltage of 15 kV.

An ion release study was performed by immersion of the
samples (with the same surface area) in SBF (with S/L
ratio mentioned elsewhere) at 37°C for different time
periods: 3, 7, and 14 days. All the reacted solutions were
saved for inductively coupled plasma (ICP-AES; Varian Co.,
USA) analysis of Si, Ca, P, Ag (for Ag-BG specimens) to
measure ionic concentrations in the SBF solutions. The
SBF was not renewed during the time periods (static
protocol). About fifty ml solution was collected from each
test after different soaking times in SBF.

The chemical groups in 2% Ag-BG were examined by
Fourier transform infrared (FTIR) analysis after different
soaking times in the SBF solution. Fine powders of
specimens were mixed with KBr powder in the ratio of
1:100 and transparent homogenous discs were formed by
pressing the mixture under 5 ton/cm? pressure. In this test,
data were collected at room temperature at the wavenumber
range of 4,000 ~ 400/cm using a spectrometer Bruker
Vector 33.

2.3. Antibacterial test

The antibacterial activity of Ag-BG and Ag-free BG discs
against Escherichia Coli (ATCC 25922) was tested by the
agar disc diffusion test (halo test). £. coli is as an example
of gram-negative bacteria which has been found in
biomaterial-related infection sites and is responsible for
more than 80% of all these infections. The antibacterial
efficiency was determined using a method in which a
100 uL portion of the diluted inoculation was applied to
the LB-agar medium and incubated for 30 min at 37°C for
diffusion of diluted inoculation to the LB-agar medium.
The discs of approximately 10 mm in diameter and 2 mm
in thickness were then placed in these media and incubated
at 37°C for 24-h. Surfaces were removed from the LB-agar
medium at the end of the incubation period and the
colonies were photographed. In the agar plate test, the
antibacterial property was determined by the ratio (w/d) of
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the width of antibacterial halo (w) and the diameter of the
samples (d). The same test was repeated 4 times for each
datum. The pH values of the control and 2% Ag-BG
samples were measured after different soaking time of the
samples in the medium.

2.4. Statistical analysis

Data were processed using Microsoft Excel 2003 software
and the results were presented as mean =+ standard deviation
of at least 4 experiments. Significance between the mean
values was calculated using standard software program
(SPSS GmbH, Munich, Germany) and p<0.05 was considered
significant.

3. Results

3.1. XRD analysis

Fig. 1 shows the XRD patterns of the control group and
Ag-BGs samples after 3 days (Fig. 1A), 7 days (Fig. 1B)
and 14 days (Fig. 1C) of soaking in the SBF solution. In all
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Fig. 1. XRD patterns of Ag-BGs and control samples, (A) after 3
days, (B) 7 days, and (C) 14 days of soaking in SBF.
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figures, there were peaks at around 27.6°, 32.05° and
46.05° which could be related to cubic face-centered AgCl
forms corresponding to scattering forms of (111), (200) and
(220), respectively (JCPDS Card File No. 31-1238). A
peak at around 260 =32 was also observed which could be
attributed to (211) atomic planes of the apatite phase
(standard card No JCPD 09-0432). In the samples soaked
for 3 days, there was a noticeable peak at about 26 =32
related to the 2% Ag-BG sample which was sharper than
the other samples. This peak for the 1% Ag-BG sample
was lower than the 0.5 and 2% Ag-BG samples. The same
results were also perceived after 7 and 14 days of soaking
time (Figs. 1B and 1C). It should also be noted that all the
mentioned peaks of the samples containing silver were
sharper than the control sample. As it can be observed in
all the figures, the two peaks of silver chloride and the
apatite phase were very close to each other (according to
the JCPDS). The reason for the formation of these sharp
peaks can be due to the overlapping AgCl diffraction and
apatite peak. The sharp peak related to the 1% Ag-BG
sample was lower than the other silver containing samples
(i.e.: 0.5 and 2% Ag-BG samples) due to the presence of
more considerable silver chloride layer. According to the
Figs. 1A, 1B, and 1C, for Ag-BG samples, the intensity of
the peak at 26 =32 became larger by increasing intervals of
soaking times. This peak was also found for silver free
bioactive glass at all periods of soaking. It should be taken
into consideration that the peak width was slightly
broadened by increasing the soaking time.

3.2. SEM analyses

Fig. 2 shows the SEM micrographs of the samples after 14
days immersion in the SBF solution. Ball-like particles
covered by a layer of entangled rough crystals were
observed in these Figures. It is clear from the pictures that
the size of the balls and the roughness of the crystals were
higher in the 2% silver containing glass (Fig. 2A) than
those of the other samples (Figs. 2B, 2C, and 2D). It seems
that a certain amount of silver ions stimulated the growth
of the calcium phosphate layer.

In addition, high magnification SEM micrographs (Fig. 2E)
of the 2% Ag-BG sample showed that apatite crystals with
the plate-like nanostructure were oriented perpendicular to
the surface of the sample.

The spherical morphology of particles containing plate-
like crystals was observed on the surfaces of Ag-BGs.
Furthermore, the size and roughness of the crystals of Ag-
BGs were higher than the silver free sample.

3.3. ICP measurement
The release behavior of different ions (i.e.: silver, silicon
and calcium) into the SBF solution was investigated.

A
N

Fig. 2. SEM micrographs of (A) 2% Ag-BG; (B) control samples;
(C) 0.5% Ag-BG; (D) 1% Ag-BG; and (E) high magnification
SEM micrographs of 2% Ag-BG after immersion for 14 days in
SBF solution.

Figs. 3A, 3B, and 3C show the variations in concentrations
of Si, Ca and Ag ions in the solution for various periods
versus immersion time, respectively. When the Ag-BG
samples were reacted with SBF, both chemical and structural
changes occured as a function of time. A rapid release of
Si was observed from the glass during the first period of
immersion which was followed by a decrease in its release
rate in other days (Fig. 3A). A rapid increase of Ca
concentration occurred during the 2 days for the silver-free
and 0.5% silver containing bioactive glasses, during the 4
days for the 2% silver-containing glasses and during the 6
days for the 1% Ag-BG. This was due to a higher rate of
dissolution process compared with the precipitation one
(Fig. 3B). Dissolution rate of calcium decreased almost
after day 3 for the 0.5% silver bioactive glass and control,
after day 5 for the 2% silver containing bioactive glass and
after day 7 for the 1% Ag-BG probably due to the formation
of the apatite layer/AgCl (for especially 1% Ag-BG) onto
the surfaces of the specimens; However, it was still more
dominant than the precipitation phenomenon. The dissolution
of the silver species was relatively slow (Fig. 3C).

34. FTIR analysis

Fourier transform infrared spectroscopy (FTIR) is a very
useful technique used to examine the structure transformation
of materials. Fig. 4 shows FTIR spectra of 2% Ag-BG
sintered at 700°C, following immersion in SBF as a function
of time.

@ Springer
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Fig. 4. The FTIR analysis of 2% silver containing sample at
different times of soaking in SBF solution.

The diffuse reflectance FTIR spectrum of 2% Ag-BG
showed broad bands at about 1,230, 800, and 470/cm
corresponding to Si-O-Si stretching, vibrational and bending
modes [31,32]. A broad peak at near 1,060/cm indicated
P-O bending vibrations in amorphous hydroxyapatite. Peaks
at around 604 and 575/cm corresponded to the bending
vibrations of P-O bonds of crystalline hydroxyapatite [33-
35]. The peak at 876/cm showed vibrational modes of C-
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O bonds of the carbonate groups in the hydroxyapatite
[36]. Therefore, the formation of the hydroxycarbonate
apatite (HCA) layer was observed on the surface of 2%
Ag-BG after 14 days of soaking. In fact, crystallization of
the HCA layer had occurred. With increasing time of
immersion in SBF, the intensities of the peaks corresponding
to the vibrational modes of P-O increased relative to those
relating to Si-O-Si.

3.5. Antibacterial test

Antibacterial properties of the samples with different silver
molar ratios are shown in Fig. 5 and Table 3. Fig. 5 shows
a picture of the antibacterial ring of the Ag-BG and Ag-
free bioglass samples, which indicates the antibacterial
property. As shown in Table 3, all samples showed 100%
bactericidal ratio and the sample with a molar ratio of 2%
Ag exhibited the best antibacterial property.

4. Discussions

The reason for chloride silver formation is that in a solution
rich in chloride ions, such as SBF, silver “ions” not only
belong to Ag'Cl but also to various ion pairs including
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D

Fig. 5. Photograph of antibacterial ‘halo’ against Escherichia coli for (A) control, (B) 0.5% Ag-BG, (C) 1% Ag-BG, and (D) 2% Ag-BG.

Table 3. Width of antibacterial ‘halo’ and bactericidal ratio of samples with different amounts of silver

. Ag,0 (mol%)
Analysis method
0 0.5 1 2
Width of antibacterial ‘halo’ (w/d) 0.05 +£0.01 0.1+0.1 0.15 +0.02 02+0.1
Bactericidal ratio 100 100 100 100

AgCl*, AgCl; », Ag Cl,*. However, it is obvious that only
the ionic couple Ag"Cl™ could lead to precipitation of silver
chloride (AgCI(s)). In this connection, chloride ion acts as
a buffer agent towards Ag’, guaranteeing its fairly constant
concentration in solution over the experimental conditions
[37,38]. In this study, conventional SBF (c-SBF) was
prepared according to the Kokubo’s specification. As
shown in Table 2, all constituents of plasma and SBF have
identical concentrations except for HCOj;', which is less
concentrated in SBF by a factor of approximately 6.4. In
2003, Oyane et al. attempted to correct this difference [29]
by preparing a revised SBF (r-SBF) in which the
concentrations of CI" and HCOj;™ ions were decreased and
increased respectively to the levels of human blood plasma.
However, calcium carbonate had a strong tendency to
precipitate from this SBF, as it was supersaturated with
respect to not only apatite, but also calcite. Calcite can have
an effect on the procedure of apatite formation [29]. In
2004, Takadama et al. proposed a newly improved SBF (n-
SBF) in which they decreased only the CI ion concentration
to the level of human blood plasma, leaving the HCO5 ion
concentration equal to that of the conventional SBF (c-
SBF) [30]. This improved SBF was compared with the c-
SBF in its stability and the reproducibility of apatite
formation on synthetic materials. Both SBFs were subjected
to round robin testing in ten research institutes. As a result,
the c-SBF was confirmed to not differ from n-SBF in
stability and reproducibility [30]. Through this round robin
testing, the method for preparing c-SBF was carefully
checked and refined for easy preparation of SBF.

Higher solubility of silver-free bioactive glass in comparison
with the silver containing samples was confirmed by its
higher Si concentration in the SBF solution (according to
the ICP measurement). It reflected the higher disruption
rate of the control sample compared to silver glasses.

Modifier elements caused the occurrence of non-bridging
oxygen (NBO) and discontinuity in the vitreous network;
but silver had an opposite effect in these samples [39]. In
contrast, a higher concentration of modifiers in the glasses
led to a higher degree of depolymerization in the structure
and a higher concentration of the Si-O-NBO groups.
These functional groups controlled the dissolution of silica
through the formation of silanol in SBF. According to a
report by Delben et al., silver-containing bioactive glass
samples seemed to increase bridging oxygen (BO) and
phosphate bands. This fact can cause a solubility reduction
of BG in SBF. In fact, the silver addition modifies the BG
structure, increasing its density by reducing the amount of
Si—-O-NBO [39]. The reason for the decrease of Ca
concentration in the solution was that when the apatite
nuclei were formed, they grew spontaneously by consuming
the calcium and phosphate ions in the surrounding fluid
because the body fluid was highly supersaturated with
respect to the apatite [40,41]. The slow release of the silver
ion into the solution suggested that it was strongly chelated
by the silicate network [26]. According to the ICP results,
the release of silver ion for the 1 and 2% Ag-BG samples
was lower than the 0.5% Ag-BG sample. The former was
due to the silver chloride layer which inhibited a direct
interaction between the glass surface and SBF solution, and
the latter was attributed to the formation of a fully grown
thicker apatite layer on the surfaces of the sample. It should
be noted that the sliver chloride precipitation did form on
each Ag-BG sample but the amount of formation of this
layer was different for each sample. When the surface was
covered by a thicker and denser layer of apatite or silver
chloride, the dissolution rate slowed down or even stopped
by inhibiting the exchange reaction between the bioactive
glass and SBF. The competition between glass dissolution
and apatite/AgCl precipitation rates is an important factor

@ Springer



752

Biotechnology and Bioprocess Engineering 17: 746-754 (2012)

Fig. 6. The molecular interaction and nucleation mechanism at the
Ag-BG interface.

which influences the release of silver ions in SBF.

As it can be seen in the FTIR spectra, the hydroxyapatite
layer was detected for all samples after different times of
immersion in SBF; it means that the presence of silver in
the composition of bioactive glasses did not adversely
affect the in vitro surface reactivity. Additionally, the release
of Ag ions into SBF may reduce the minimum ion product
of calcium and phosphate necessary for the precipitation of
HCA [36]. As it can be observed, the sample containing
2% silver, kept for 14 days in SBF solution, exhibited a
greater increase relative to the other samples. According to
the ICP measurement and FTIR analysis, after the formation
of the calcium phosphate layer, silver ions in the hydration
layer might have bound phosphate ions and formed
clusters of silver phosphate uniformly dispersed on apatite
crystals [36]. These clusters might have acted as the
nucleation sites for the precipitation of carbonated apatite.
Based on the results, this mechanism was proven true for
the 2% Ag-BG sample. This fact can confirm the above
notes about the effect of silver in the formation of HCA.
It is believed that the formation of biologically active
carbonated apatite layer is a prerequisite for bioactive
glasses and glass—ceramics to bond to the host tissue [42].
This mechanism is illustrated in Fig. 6.

Several suggestions have been made to elucidate the
inhibitory effects of silver ions in bacteria. Microbiological
and chemical experiments indicate that the antibacterial
activity of silver is dependent on the cation (Ag"), which
binds strongly to electron donor groups on biological
molecules containing sulfur, oxygen, phosphorus or nitrogen
atoms. These atoms are present in organisms as thio, amino,
carboxyl and phosphato groups. Silver ions are thought to
interact with bacterial cell membrane proteins, inducing
protein inactivation. Also, silver ions are known to affect
the DNA molecules of bacteria and cause a loss in their
ability to replicate [43]. As a result, bacterial death occurs
due to the loss of function in the cell membrane or DNA of
the bacteria such as transport, production and proliferation.
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Table 4. The pH amounts of control and Ag-BG samples after
different times of setting in the medium

pH
Sample
3 days 7 days 14 days
Ag free-BG 7.65 £ 0.02 7.69 +0.01 8.1+£0.01
(control)
2% Ag-BG 79+0.1 8.1+£0.2 8.9+0.1

The antibacterial ring of the Ag-BG and Ag-free bioactive
glass samples indicated that the halo width of silver
containing samples was higher than the control. Table 4
provided evidence that high pH was responsible for the
antibacterial activity. High pH solutions have previously
been shown to have some antibacterial activity [44].
Dentifrices of high pH have also been shown to be
bactericidal [45]. The antibacterial action of the glass was
attributed to the high pH, ionic concentration produced
when 1.7 g of powdered glass was suspended per milliliter
of bacterial culture [46].

5. Conclusion

In this study, silver substituted bioactive glasses were
prepared by the sol-gel method. It can be concluded from
the results that after immersion of the Ag-BG samples in
the SBF solution, silver chloride formed on the surface.
Surface morphology of samples showed that apatite crystals
with flake-like structure were formed on 2% Ag-BG,
however, this kind of morphology was not observed in the
other samples. Antibacterial properties of the silver containing
bioactive glass indicated that the bactericidal ratio was
better than the silver free bioactive glass against gram negative
bacteria. In particular, the 2% Ag-BG glass sample showed
a suitable antibacterial property. In fact, addition of silver
into the BG structure induced formation of hydroxyapatite
crystals with different morphological features and thus
different surface reactivity. These findings suggest different
bone bonding ability and biological responses which call
for further in vivo assessments.
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