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Abstract

Modified Hench's bioglass of the basic composition xAg,0(45 B,0s, 24.5 Ca0, 24.5 Na;0, 6 P,0s) as
(x= 0.1, 0.2, 0.4, 0.6, and 0.8 wt.%) were successfully prepared via the melt quenching route. Immersion in
phosphate solution (PS) varying times (1—4 weeks) was used to assess the in-vitro behavior of the bulk glassy
samples with different silver oxide content. X-ray diffraction XRD, scanning electron microscopy (SEM), and
other spectroscopic measurements including Fourier transform infrared (FT-IR) analytical techniques and
UV/visible optical measurements before and after prolonged immersion times were used to estimate the bioactive
behaviors and to explain the efficiency of bone-bonding. Besides, antimicrobial tests against pathogenic grams
were examined and silver ions show varying levels of action against certain bacteria. It was noticed that
prolonged immersion periods cause distinct variations that link the vibrational bands as a result of a preferential
attack or ion exchange and modifier replacement by silver ions in the glass network causing the hydroxyapatite
formation as an indication for bone-bonding ability. Antimicrobial experiments reveal that studied material can

be used efficiently as an antibacterial agent
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1. Introduction

Bioactive borate glasses are widely employed in
bone implants and tissue engineering processes [1-4].
Many bioactive glasses are used to treat periodontal
disease-related bone loss, cystic and surgically-
created abnormalities, and conductive deafness, [5-8].
Borate glasses have reduced chemical durability due
to their bioactivity. The inclusion of borate in these
glasses aids in converging to hydroxyapatite (HA) at
a quicker rate. Many bioactive glass researchers have
already established that borate is critical for bone
development and maintenance, particularly trabecular
and alveolar forms [9, 10]. Boron is a potential
element that is important for various medicinal
processes, including immune function, wound
healing, bone formation, and maintenance. Boron is
recognized to have an essential part in calcium
metabolism, magnesium, and vitamin D and has
several vicarious effects on bone. Boron-containing
organs and tissues have a diverse distribution,
indicating that they play different roles relying on the
tissue. Bone and keratinous tissue hold the bulk of the

total B content in the human body. As a result, it's
plausible to believe that this element is important in
hard tissues [9, 11-14]. Consequently, such materials
might usher in a new age of bone regeneration
biomaterials. Boron has been shown to play a role in
angiogenesis and osteogenesis. Bioactive glasses
(BGs) that release B ions in a regulated and targeted
manner offer a promising treatment option for
regenerative medicine of vascularized tissues like
bone. The bioactivity and biocompatibility of calcium
borate coatings were somewhat reduced when Ag
was added.

The inclusion of silver oxide in BGs
formulations appears to be a solution to lower the
danger of microbiological contamination and the
requirement for antibiotic medicine prescriptions by
facilitating a localized, continuous, and regulated
distribution of silver ions to the implant site during
glass breakdown [15]. The borate glass, which
contains up to 1 gm wt% Ag, could be used as a
coating material for bacterial suppression and
improved bioactivity of orthopedic implants like
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titanium [16]. This might result in a more controlled
and slower release of silver, as well as a long-term
antibacterial impact from the bioactive glass. A
bioactive glass containing up to 1% silver has
antibacterial action without toxicity to fibroblasts,
indicating that this type of BGs may play a key role
in avoiding infection, decreasing pain, and
eliminating excessive exudates [17, 18].

Silver's role as an antibacterial agent is well studied
in the literature.

The main goal of the presented study is to
evaluate the antibacterial effect of silver in modified
Hench bioglass and retrace the role of silver ions in
the process of bioactivity and in-vitro bonding
behavior with time.

2. Materials and Methods

2.1. Sample preparation

The investigation of borate glass, which is made
from a precise amount of chemically pure chemicals.
For B2Os, the ingredients are boric acid (H3BOs).
Without any additional purification, Sigma Aldrich's
modifier oxide (AgOs) was utilized as supplied.
Borate glasses have the formula according to
XAg20(45 B,03, 24.5 Ca0, 24.5 Nay0, 6 P,0s) as (x=
0.1, 0.2, 0.4, 0.6, and 0.8 wt.%) added overweight to
the batch, whereas Na,O and CaO have been added in
the form of their respective carbonates. In contrast,
P,Os was added in the form of ammonium
dihydrogen phosphate (NH4H2PO4). Under ordinary
atmospheric conditions, the weighted batches were
combined intoporcelain crucibles and placed in a
rising temperature electrical furnace at roughly
1200+£10 °C for the appropriate period (60-90
minutes) depending on the glass composition. The
crucibles were rotated throughout the melting process
to achieve acceptable homogeneity. Table 1 shows
the composition of the studied glasses in terms of
weight percent.

The melt samples were put into warmed
stainless-steel molds of the requisite size, then
transported to a muffle furnace set to 450°C. The
muffle was kept at this temperature for 1 hour before
being turned off to drop to room temperature at a rate
of roughly 30 degrees per hour. To prevent the
sample from breaking as a result of residual stress.
The grain approach was used to make the bioactive
glass, which various scientists have used.

To avoid thermal shocks, the annealed samples
were placed on the furnace door for 5 minutes. The
glassy samples were then placed straight into the
furnace and kept at the heat treatment temperature for
the necessary amount of time before cooling to room
temperature. As a result, each glass was gently heated
to 450 °C for 5 hours to produce adequate nuclei sites
and then heated to the second specified crystal
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growth temperature of 650 °C. After a 6-hour holding
period, the specimens were allowed to drop to
ambient temperature at a rate of 20 °C/hour within
the muffle.
For one week, two weeks, three weeks, and four
weeks, glass grains were submerged in a 0.25-mole
disodium hydrogen phosphate (Na;HPO4) solution.
During the immersion period, the solution was
changed every two days in all cases.

Table (1) Sample nomination and composition

Glass Composition [wt.%]

No. Na0 CaO B20s P20s Ag20
GAQ0 | 245 | 245 45 6 0
GAgl | 245 | 245 25 B 0.1
GAg2 | 245 | 245 45 6 0.2
GAga | 245 | 245 45 6 0.4
GAg4 | 245 | 245 45 6 06
GAgs5 | 245 | 245 45 6 0.8

2.2. Measurements Techniques

Using the KBr disc technique, the investigated
glasses' infrared spectra were recorded by a Nicolet
iS10 (USA) FTIR spectrometer at room temperature.
Spectra were obtained in the wavenumber range
between 4000 and 400 cm™* with a resolution of 2 cm-
L. For each sample, there are two recorded spectra.
After controlled crystallization and immersion
operations, the XRD method was used to detect
crystalline phases existent or generated within the
samples and retrace constitutional changes. XRD
patterns were carried out using a Philips PW1390 x-
ray diffractometer to measure the glass-ceramic
samples in the form of finely ground powder. A
source of CuKa radiation (ACuKa = 0.15406 nm) has
been utilized. Microstructure observations of glass-
ceramic samples were made using a scanning
electron microscope. SEM studies of samples were
made with aJEOL JSM-6510LV, USA which is
attached to an EDAX unit and a 20 kV accelerating
voltage. To decrease the charging influence of the
electron beam, the surfaces of all samples were
vacuum evaporated with a 3.5 nm thin layer of Au.
The antibacterial activity of the produced compounds
was tested against a 2 gram-positive bacteria panel
(Bacillus subtilis, Staphylococcus aureus). In
addition, there are 2 Gram-negative bacteria
(Pseudomonas aeuroginosa, Escherichia coli). Two
fungi were used to assess the compounds' antifungal
properties (Candida albicans, Aspergillus flavus).
The formula used to calculate the complex's percent
activity index was as follows:[14, 15)

% Activity Index =
Zone of inhibition by test compound (diametre)x100

Zone of inhibition by standard (diametre)
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Results

2.3. FTIR spectra before and after immersion

Fourier transform infrared spectroscopy is a valuable
and powerful technique used to study and retrace
structural and compositional changes. The primary
spectral bands found in their spectra may be ascribed
as shown in Fig. (1) and ascribed to such distinct
structural groups as mentioned in Table (2). Borate
glasses are generally composed of two structural
forming groups (BOs, BO).

The measured FTIR spectrum was analyzed
and deconvoluted using the peak fit 4.12 program via
two stages regime [19, 20]. Stage one involves
estimation of the minimum number and position of
spectral bands corresponding to different vibrational
modes expected to be present in the structure,
including resolved maxima and well-settled shoulders
and kinks, while the second stage involves adding
weakercertified asymmetric modes previously
published for the same composition. Iterative
calculations were done until the coefficient of
determination (r?) reached an acceptable value [21].

<
BT
B
e
ST S
N

I - S

J\J&//J N

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

L1038,

( 1247
D e

3444
574

(

S

Absorbance

C

Wavenumber (cm™)
Fig. 1. FTIR absorption spectra silver oxide doped with borate
bioglasses before immersion in phosphate solution.

Table (2): Infrared absorption bands observed in the borate glasses
and their assignment [20-24]

Peak position [cm™] Assignment
456 Vibrations of metal cations
558 bending vibrations of O-P-O units
724 BO3-0-B0O4 hond-bending vibrations
877 Diborate groups
1036 Penta borate group
1215 Tri-, Penta-, tetraborate boroxal groups

Presence of pyroborate, orthoborate

1406 groups containing BO3

Fig. (2) Shows an exemplified deconvoluted data
of glass containing Ag ions before immersion in
phosphate solution. Band position, FWHM, and area

obtained from such deconvolution for all samples
can be summarized as shown in Table (3).
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Fig. (2) deconvoluted data of glass containing Ag
ions before immersion in the phosphate solution
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Table (3): Band position, FWHM, and area obtained from such deconvolution for all samples of silver oxide
dopant with borate glasses before immersion in a phosphate solution

Normalized Absorbance
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0.0
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Fig. 2. Deconvoluted FT-IR spectra of modified borate
glass containing silver oxide samples before immersion in a
phosphate solution

The fraction N4 of borate glasses was calculated
before immersion in phosphate solution as shown in

Fig. (3) and listed in Table (4) adopting the relative
area of both (BO3) and (BOs) units in the respective
analyzed peaks using the following formula [20, 25]:
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Sample Peak 1 2 3 4 5 6 7 8
GAg0 Position 715 858 920 1025 1110 1211 1267 1399
Area 32 7 37 153 16 34 14 151
F.W.HM 81 50 90 145 79 91 71 184
GAgl Position 711 835 932 1032 1098 1202 1406 1505
Area 38 48 94 95 25 102 105 22
F.W.HM 84 113 124 114 77 194 158 96
GAg2 Position 710 896 933 1026 1096 1205 1405 1504
Area 28 122 5 107 26 95 95 20
F.W.HM 77 182 64 134 85 198 156 98
GAg3 Position 710 896 933 1026 1096 1205 1405 1504
Area 28 122 5 107 26 95 95 20
F.W.H.M 79 169 72 132 87 188 162 98
GAg4 Position 712 877 934 1018 1095 1210 1402 1504
Area 34 91 12 127 32 83 108 21
F.W.H.M 84 148 73 134 87 173 161 98
GAg5 Position 714 876 933 1018 1094 1209 1405 1505
Area 31 88 14 126 29 90 102 21
F.W.HM 79 146 74 132 84 177 154 97
BO4
N4 =803+ BO4

A new spectral band is identified at about 1234 cm™!
and1226 cm. This can be assumed to be due to the
formation of bridging bonds of Ag—BOs[20-24],
which may affect its transformation to BOy, or it may
enter as a modifier which in such a case raises the
total modifier content, which in turnAgBO would be
formed. Another dominant shift in the low-frequency
band at (600-800) towards a higher wavenumber can
be simply seen. Subsequent additions of AgNO3; (0-
0.8Wt %) have the same effect on the structure of
glasses. The biggest shift of the peaks at 916-
876 cm™' is observed in samples which indicates that
when the content of AgNOs increases, the content of
asymmetric BOjz; (borate tetrahedral containing
AgBO) becomes dominant in the glass network
structure.It can be presumed that the increasing
polarization of silver ions with the increased content
of their contributes to the formation of Ag* modified
boron— oxygen rings and their chains.

Table (4) the fraction N4 calculated from FTIR data

Ag Conc. N4
0 EYAAD
0.1 69608
02 .)OY 1
04 .)OY 1
0.6 ,0004¢
0.8 GOVYYA

The absorptions of Ag ions at 456 cm™' show that it is
of the good network former of glasses in this region
[26, 27].From all considerations which are based on
the correlation between structural changes assessed
by FTIR, it is confirmed that the phenomenon of
boron back conversion is the main reason for
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changing the borate network upon the addition of
AgNOsz. The observed BOs;—BO; conversion
strongly depends on not only the relative modifier
B,0s ratios but also the Ag ions content in the glass.
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Fig. (3). Variation of N, fraction of glass containing silver oxide
dopant with Borate glasses before immersion in phosphate
solution.

FTIR spectral data were recorded after immersion in
phosphate solution for different time intervals, from
one to four weeks. Obtained data were analyzed and
compared with that for the same samples before
immersion. Base glass (GAg0) and glass containing
0.4 Ag (GAg3) are shown as an example in Figure
(4. a, b). In all samples, the fair comparison shows
the appearance of characteristics peaks at 1636 cm™,
560 cm, and 610 cm™ that indicating the formation
of hydroxyapatite (HA) after different times of
immersion in phosphate solution [18].

Deconvolution analysis technique in combination
with experimental FTIR data was employed to
calculate the fractions of four coordinated borons N4
after immersion in phosphate solution for different
time intervals. Obtained data were summarized as
shown in Table 5. It was noted that the addition of
silverions results in a gradual decrease of N4 during
the immersion process over the four weeks and
combined with the increase of silver concentration up
to 0.8 Wt%. It was also noted that there is a gradual
increase of BO3 group decomposition during the
immersion process and also combined with the
increase of silver concentration up to 0.8 Wt%.

Table (5) Calculated the fractions of four coordinated borons N4

after immersion in phosphate solution for different time intervals

Ag N4
Content 1Week 2Weeks 3Weeks | 4Weeks
0.0 0.414 0.454 0.513 0.497
0.1 0.481 0.483 0.408 0.521
0.4 0.455 0.514 0.503 0.586
0.6 0.503 0.463 0.419 0.546
0.8 0.543 0.455 0.408 0.518
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Fig. 4. Exemplified FTIR spectral data before and after
different immersion times in phosphate solution

2.4. X-ray diffraction patterns of glass samples
before and after varying immersion periods.

Recently,much research has been devoted to
the development of new classes of materials suitable
for specific purposes in the field of medicine
materials that are used to stimulate biochemical
responses of living tissues to achieve chemical
bonding combined with biological fixation between
tissues and prosthesis are of interest. Many bioactive
and biocompatible glasses have been developed
during the last decades, and their bone-bonding
abilities have also been studied both in vitro and in
vivo. The property that can be evaluated both in
qualitative and quantitative regimes was the
formation of hydroxylapatite (HA) layer on materials
surfaces, upon immersion in the relevant
physiological ~ solutions. The mechanism of
interaction, bonding, and bone formation has been
extensively studied and interpreted [28-31]. It was
considered that borate bioglass follows a contracting
volume regime, where the HA layer is formed
originally at the surface of the material and then
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reacts radially inward to the content of the material
until it completely reacted. Different techniques were
employed to investigate and retrace this phenomenon.
Borate glasses represent a vital and widespread type
of glass that consists mainly of borate units that have
an important character that results from their ability
to be formed in two different structural groups,
namely (BOs) and (BQO.) units that govern the
physical and chemical characteristics of studied
samples. The arrangement of such structural units
indicates the uses and applications that they can be
involved in.

Generally, glass is defined as an amorphous or
non-periodic material that results from a fusion
process whose properties depend mainly on the
nominal composition and method of preparation. Fig.
(5) reveals X-ray diffraction of the studied borate
glasses of composition like that of Hench Bioglass
with full replacement of silica (SiO2) by equivalent
boron oxide (B20s) (45 B203, 24.5 Ca0O, 24.5 Na,0,
6 P,0s) as a parent glass with additional samples
containing different concentrations of dopant silver
oxide (0.1, 0.2, 0.4, 0.6 and 0.8W1%). The diffraction
patterns show the amorphous nature of prepared
samples even withincreasing content of silver ions up
to 0.8 Wt %.
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Fig. (5). XRD spectra of samples of silver oxide doped borate
bioglasses before immersion in phosphate solution.
Fig. (6) illustrates the X-ray diffraction data of the
samples of silver oxide doped borate bioglasses after

increasing immersion in phosphate solution from 1, 2,
and 3 —4 weeks.
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Fig. (6.a). XRD spectra of samples of silver oxide
doped borate bioglasses after immersion in phosphate
solution for different time intervals.
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The data shows the following variations:

(i) The base sample (GAg0) immersed for 1, 2, 3
and 4 weeks in phosphate solution shows
three identified crystalline phases, namely: (i)
a main crystalline phase of hydroxyapatite.
(ii) the second phase of calcium phosphate
(iii) the third phase of calcium borate.

(i) The samples start from adding silver (GAg1)
to concentration (GAg5) immersed for 1, 2, 3,
and 4 weeks in phosphate solution show four
identified crystalline phases but with a
different ratio, (i) A main crystalline phase of
hydroxyapatite. (ii) the second phase of
calcium phosphate (Ca (POs)y). (iii) The third
phase of calcium borate (CaB4O7) [32].
(iv)The fourth phase of silver phosphate
(AgPO3) [33].

*hydroxyapatite

_Intensityfau]

L__!J JUI ‘[ itth!* *%Mw

10 12 15 17 19 21 24 26 8 30 3:3 35 37 39 42 44 46 48 51 53 56 57 60
2 Theta

Fig. (6.b). XRD vierge data 0fGAg5 after 2W and
literature XRD spectra card of pure HA card no.76-
0694(C)-Hydroxylapatite [34].

2.5. Scanning electron microscopic investigations
data

SEM micrographs of the synthesized samples before
and after a prolonged time of immersion (4weeks) in
phosphate solution were recorded to estimate the
morphological variations related to the structural
variations. All samples before immersion reveal the
same texture related to the amorphous nature justified
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by XRD results. While after (4weeks) immersion
reveals both needle-like and cotton-like structures of
the crystalline forms interpreted using XRD data
[35].

The EDAX data of the samples GAg3 and GAg5
reveal nearly the same results, indicating the
formation of a homogenous surface layer of HA with
a calcium to phosphate ratio ranging between 1.6 to
about 1.7 which agrees with the date reported for HA
[35]. EDAX results justify the presence of specific
peaks at energies of 3.69, 0.3413, 1.051, 2.013,
0.183, and 0524 keV related to Ca Ka, Ca La, Na
Ka, P Ka, B Ka, and O Ka respectively. Figure (7.
a, b) reveals EDAX analysis and SEM micrographs
of the base glassy sample before and after 4 weeks
immersion in PS.
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Fig. (7. a, b) EDAX analysis and SEM micrographs of the
base glassy sample before and after 4 weeks immersion in
PS.

Samples that contain different amounts of silver
oxide as shown in Figures (8. a:d) reveal the
appearance of extra peaks at 0.06, 2.67, and 3.15 keV
attributed to Mo, LB, and Loaof silver presented
within the matrix in oxide form (where Ma is the
energy emitted from the atom when electron
transferred from the first excited state of M level, L3
and Lo is the energy emitted from the atom when
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electron transferred from both second and first
excited state of L level respectively). The sample
GAg3 at different immersion times is given as an
example describing the role of silver and immersion
times in the formation of HA.
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Fig. (8. a:d) EDAX analysis and SEM micrographs of
glassy sample GAg3 before and after different times of

immersion in PS.

2.6. Antimicrobial testof silver oxide doped borate

bioglasses.
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The antibacterial activity of a common
standard antibiotic ampicillin  and antifungal
Colitrimazole was also recorded using the same
procedure, at the same concentration and solvents.
The obtained data shows the activity of silver ions
against different types of microbes as listed in Table
(6).

The variation in the zone of inhibition
diameters might be linked to differences in
nanoparticle mobility in cells due to size differences
creating varying amounts of reactive oxygen species
(ROS).

GAg3 3W
: :

12 14

16 18 20

EDAX(Kev)

Table (6): Antimicrobial dataof silver oxide doping borate bioglasses.

E. coli Pseudor_nonas S. aureus Bacillus subtilis C. Albicans A. flavus
(mg/ml) aeuroginosa (mg/ml) (mg/ml) (mg/ml) (mg/ml)
Glass (mg/mi)
D A D A D A D A D A D A
GAgO 5 20 10 43.5 13 54.2 12 52.2 12 444 16 64
GAgl 10 40 16 69.6 19 79.2 17 73.9 15 55.5 18 72
GAg2 NA — 2 8.7 3 125 5 21.7 4 14.8 7 28
GAg3 7 28 13 56.5 10 41.7 15 65.2 11 40.7 16 64
GAg4 NA [ —— [ NA | — | NA | — 2 8.7 2 8 4 | 16
GAg5 NA [ - 2 87 | NA | — 3 13 [ NA [ — 2 8
el 25 10100 | 23 | 100 | 24 | 100 | 28 | 100 | NA | - | NA | -
Colitrimazole NA — NA ---- NA ---- NA ---- 27 100 25 100
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D Diameter of inhibition zone (mm), A Activity index%
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Conclusion

The bioactive glass system with variable
concentrations of Agz0 is synthesized to probe the
influence of silver ions on structure and bioactivity.
The in vitro bioactivity of these glasses is studied by
immersing them in phosphate solution over different
periods (1-4 weeks). The formation of the crystalline
HA layer on the surface of all the specimens was
examined by XRD, FTIR SEM, EDAX, and anti-
microbial studies. The quantitative analyses of these
results have indicated that all the glasses are proved
to be bioactive and the silver ions which occupy
modifying positions facilitate more degradation and
bioactivity. It was found from these studies thato.4
Wt% and 0.8Wt% of silver oxide (GAg3) and
(GAg5) samples are the optimum concentrations in
terms of the percentage of hydroxyapatite (HA) layer
formation and compatibility with the body, with the
availability of antimicrobial properties due to silver
ions.

It has also been shown that the optimal soaking
periods to obtain the best-desired results are three
weeks with a concentration 0.4Wt% silver oxide
(GAg3) sample and four weeks with concentration
0.8W1t% silver oxide (GAg5) sample as the soaking
period more than that may cause the beginning of the
decomposition of the material according to the
obtained results from EDAX.

Finally, it can be concluded that the presence of
Ag0 vyields better bioactivity and less toxicity than
others.
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