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ABSTRACT

Zirconia and silver oxide substituted 1393 bioactive glasses (1393Zr and 1393Zr-1Ag) were
prepared by sol-gel technique and sintered at 900-1100°C. ZrO, incorporation into the
glass was on the sole purpose of mechanical performance augmentation, while Ag,0 being
antibacterial, their incorporation on microbial efficacy, in vitro bioactivity and cytocompat-
ibility were assessed. The Ag,0 incorporated glass showed minimal effect on bioactivity of
the parent glass. Both the cytocompatibility (U2-0S cells using MTT assay) and antibacterial
efficacy (by using Bacillus subtilis; and Escherichia coli) were found significantly improved in sil-
ver doped glass than the undoped one. Excellent mechanical performance was also observed
in 1393Zr-1Ag compared to the both pure 1393 glass and 1393Zr. Thus, Ag,0 incorporation
into 1393Zr not only introduced the bactericidal efficacy, but also enhanced the mechanical
properties of the glass, while leaving bioactivity unharmed. Thus the Ag,0 incorporated

1393Zr seems a potential biomaterial for bone tissue engineering application.
© 2020 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Evaluaciéon de citocompatibilidad mecanoquimica e in vitro de vidrios
bioactivos 1393 sustituidos con plata modificada con zirconia

RESUMEN

Se prepararon vidrios bioactivos 1393 sustituidos con 6xido de plata y circonia (1393Zr y
1393Zr-1Ag) mediante la técnica sol-gel y se sinterizaron a 900-1100°C. La incorporacién
de ZrO2 en el vidrio tenia el Gnico propdsito de aumentar el rendimiento mecénico, mien-
tras que Ag20 era antibacteriano, se evalué su incorporacién en la eficacia microbiana, la
bioactividad in vitro y la citocompatibilidad. El vidrio incorporado Ag20 mostrd un efecto
minimo sobre la bioactividad del vidrio original. Tanto la citocompatibilidad (células U2-0OS
usando el ensayo MTT) como la eficacia antibacteriana (usando B. subtilis y E. coli) se encon-
traron significativamente mejoradas en el vidrio dopado con plata que en el no dopado.
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También se observé un excelente rendimiento mecénico en 1393Zr-1Ag en comparacién
con el vidrio 1393 puro y el 1393Zr. Por lo tanto, la incorporacién de Ag20 en 1393Zr no solo
introdujo la eficacia bactericida, sino que también mejoré las propiedades mecdnicas del

vidrio, dejando intacta la bioactividad. Por lo tanto, el Ag20 incorporado 1393Zr parece un
biomaterial potencial para la aplicacién de ingenieria de tejido 6seo.

© 2020 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Bioactive glasses as described by Hench L.L. are a class of
biomaterials, generally amorphous silicate based compounds,
composed mainly of SiO,, CaO, P,0s, and Na,O [1]. The Bioac-
tive glasses are able to bond to soft and hard tissues of bones
by a series of reactions that produces a strong, compliant inter-
face between the implant material and the host tissues [1,2].
Although, biomaterials can be prepared through several tech-
niques, the most versatile one is sol gel method [1,3]. Here
in our current investigation we preferred sol gel as a fabrica-
tion technique for synthesis of 1393 glass and their derivative.
The low processing temperature, combined with the intrin-
sic biocompatibility (ability of not to produce a significant
immunological rejection when they are inserted into the body)
and environmental friendliness makes it an ideal technology
for the fabrication of biomaterials [4-6]. Further, the process
allows doping of various inorganic, organic and biomolecules
during the formation of a glassy matrix [7-9].

However, the material under investigation in our present
work is a zirconia modified Ag,O substituted 1393 glass sys-
tem. 1393 is a compositionally modified version of 45S5. A
typical 1393 glass shall have SiO; - 53%, CaO - 20%, Nay0 -
6%, P20s5 — 4%, K0 - 12% and MgO - 5% (wt%) [2,10]. 1393 has a
facile viscous flow behavior, less devitrification tendency than
that of 45S5 while the later is prone to crystallization during
sintering. The significance of ‘1393’ name for a bioglass is still
unconfirmed. However, as per Maria Brink, the bioactive glass
with specific compositions was possibly named as ‘1393’ after
a laboratory notebook entry of a batch no.13 from 1993 [45].

Inorganic therapeutic ions/oxides often incorporate in
biomaterials for improvement of physico-mechanical prop-
erties or biological responses at the implant-tissue interface
[2,10-12]. The modification and substitution in 1393 glass with
ZrO, and Ag,O was aiming at different purposes. Zirconia
addition in the glass system was to augent the flexural, com-
pressive and elastic modulus of glass. Research suggests that
the zirconia has a flexural strength of >10° times of atm
(-1MPa) [13] and compressive strength of ~680 MPa [14] prob-
ably the highest among ceramic materials, which is why it
is considered as ‘ceramic steel’. Introduction Ag,O was how-
ever on the sole purpose of cellular cytocompatibility, in vitro
bioactivity study and bactericidal ability despite the fact that
silver has many fascinating properties like the ability to con-
fer microbial resiliency on biomedical materials and devices
[15-20] and angiogenic inhibitor [21].

ZrO; as being nearly bio-inert in nature, when implanted
shows only morphological fixation to the surrounding tissues
without any chemical or biological bonding [1,22,23], it has

been chosen to evaluate mechanical properties enhancement.
However, preparation of zirconia NPs from their alkoxides is
not very simplistic. Zirconium alkoxides are very moisture
sensitive and they hydrolyze and condense so fast that the
actual reaction rates are yet be determined. Here, we have
prepared 1393 glasses with starting material zirconia by a step-
wise hydrolysis of zirconium alkoxides and polymerization of
hydrolyzed zirconium alkoxide [24-28]. Acetic acid was used as
chelating agent to slow down the rate of hydrolysis. A Zr-O-Zr
network was expected to obtain through hydrolysis and con-
densation

ZI’(OC4H9)4+HQO — (OC4H9)3ZI’(OC4H9) + C4H9OH

(OC4Hg)sZr(OH) + (OC4Ho)3Zr(OH) — (OC

4H9)3 ZI'—O—ZI'(OC4 H9)3 + C4H9OH

Materials and methods
Preparation of samples

Chemical compositions for preparation of the glasses are tab-
ulated below (Table 1). 1393, zirconia modified 1393 (1393Zr)
and Ag,0 substituted glass (1393Zr-1Ag) systems were pre-
pared by sol-gel route using the precursors SiCgHy0O4 (Assay
98%, Sigma-Aldrich, US), Ca(NO);-4H,0, Mg(NO)3, NaNOs,
KNOs3 (Assay>99%, Loba chemie, IN), CgH1504P (Assay 99%,
Sigma-Aldrich, US), Zr(OCsHg)s (Assay 80% in 1-butanol,
Sigma-Aldrich, US) and AgNO3 (Assay 99%, Loba chemie, IN)
respectively.

Starting from the preparation of zirconia by hydrolysis
and condensation of zirconium butoxide as precursor fol-
lowed by stepwise addition and complete hydrolysis of TEOS
(Tetraethoxysilane), TEP (Triethylphosphate), calcium nitrate
tetrahydrate, magnesium nitrate, potassium nitrate, sodium
nitrate, and silver nitrate respectively in a magnetic stirrer at
50°C maintaining the rpm 600 (Tarson digital spinot, IN). The
mixing was continued for 1h for each step to let complete the
hydrolysis. The silver substituted glass specimen was stored
in the dark place to preserve the +1 oxidation state of the silver
ion. The prepared solutions were kept in a sealed Teflon con-
tainer for 2 days at ambient temperature conditions for aging
and gelation. The gel was then placed in a sealed container
and heated at 80°C for an additional 2 days period. To remove
moisture and volatiles small holes were created on the lid to
allow the leakage of gases and heat treated at 120°C for 1 day
to remove all the free water. The dried gel was then calcined
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Table 1 - Chemical composition (mol%).

Glasses Si0, CaO Na,O MgO K,O Zr0y P,0s Ag,0
1393 54.66 22 6 7.7 7.9 0 1.74 0
1393Zr 52.66 22 6 7.7 7.9 2 1.74 0
1393Zr-1Ag 51.66 22 6 7.7 7.9 2 1.74 1

Table 2 - Concentrations of ion in human blood plasma and simulated body fluid.

Ions Nat Kt Mgt Gais cl- HCO5~ HPO,~ S0,~
Human blood plasma (mmol/L) 142 5 1.5 2.5 103.0 27 1.0 .5
SBF (mmol/L) 142.0 5.0 1.5 2.5 147.8 4.2 1.0 .5

for 24h at 550°C to eliminate residual nitrates and stabilize
the glass.

The calcined glasses were ground with mortar and
pestle and sieved. The powder samples were pelletized
into 25mmx 10mm x 10mm (rectangular) and 10mm
(height) x 10mm (dia) (cylindrical) for flexural and compres-
sion property assessment respectively.

Preparation of SBF solution

The SBF solution was prepared according to the procedure
described by Kokubo et al. [29], by dissolving NaCl 8.035 g/L, KCl
0.225 g/L, K,HPO4-3H,0 0.231 g/L, MgCl,-6H,0 0.311 g/L, CaCl,
0.292 g/L, NaHCOs3 0.355 g/L, and Na,;S03 0.072 g/L into distilled
water, buffered at pH=7.40 with 6.118 g/L tris-hydroxymethyl
aminomethane and 1N HCI solution at 37°C. The SBF solu-
tion 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 [30,31],
the SBF solution is so far the best solution for in vitro mea-
surement of apatite forming ability in implant materials. The
pH of the SBF solution was measured using a digital pH meter
after immersing the samples for different time periods.

In vitro bioactivity evaluation

0.25 g of each sample (powder) was soaked in 25 ml (10 mg/ml)
of SBF solution and incubated at 37 £2°C in a bacteriological
incubator (Ikon, India) for 1,3,5,7 and 9 days. The powder were
filtered, rinsed with double distilled water and dried in an oven
(Tkon, India) at 100°C for 4h. To ensure the HA like layer for-
mation the powdered samples were analyzed with pH, FTIR,
XRD. Surface morphology of the solid samples was evaluated
using SEM after 7 days of immersion.

pH

Behavioral changes in pH are evaluated after immersing the
finely ground samples to SBF (10 mg/ml) for 1, 3, 5, 7, 9 days.
pH values of the SBF solution was recorded using a digital pH
meter (Universal Bio microprocessor, India) and for the corre-
sponding days.

XRD

Powdered samples were analyzed using X-ray Diffractometer
(RIGAKU-Miniflex II diffractometer adopted Cu-K, radiation
(»=1.5405 A) with a tube current of 35 mA and voltage of 40kV

at 26 =10-80° with scanningrate 0.02°/s. The ICDS JCPDS Cards
were used to analyze the peaks.

FTIR

Functional groups of glass samples were analyzed by subject-
ing powdered samples to a FTIR spectrometer (BRUKER Tensor,
27 FTIR, Germany) using the attenuated total reflection (ATR)
method in the wavenumber range of 400-4000 cm~1.

SEM

Modifications in surface morphology of the glass samples was
performed using SEM (Inspect S50, FEI (US)) after soaking in
SBF for 7 days. Glass surfaces were plasma coated by sputter-
ing before SEM analysis.

Mechanical properties

The 3 point bend and compressive tests of rectangular
(25mm x 10mm x 10mm) and cylindrical (10mm x 10mm
(Height x Diameter)) glass samples were analyzed using
Universal Testing Machine (H10KL, Tinius Olsen, USA) at
0.5 mm/min crosshead speed, using a 10 KN load cell. Flexural
strength, according to ASTM C1674-11 has been calculated by
the equation

_ 3pl
77 @2

where P=applied load (N); I=outer span length of the spec-
imen (mm); b=specimen width (mm); d=thickness of the
sample (mm).

The modulus of elasticity (Young’s modulus, shear mod-
ulus and bulk modulus) of the polished 1393, 1393Zr and
1393Zr-1Ag were measured using Olympus 45MG (USA)
ultrasonic measurement gauge according to their standard
directions. The ultrasonic sound wave velocity Vi (Longitu-
dinal velocity) and Vr (Transverse velocity) that propagate
through polished samples were measured using pulse echo
technique in determination of those mechanical properties.
The V12 broadband longitudinal wave transducer (10 MHz)
and a V156 normal incidence transverse wave transducer
(5MHz) were used to perform the test as done elsewhere [12].
The Young’s modulus (E), shear modulus (S) and bulk modu-
lus (K) were calculated as per their (Olympus 45MG, USA) given
equations

Young’s Modulus (E) = w
Shear Modulus (S) = VZp

1-0o
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Fig. 1 - Differential thermal analysis (DTA) and thermo gravimetric (TG) analysis of (A) 1393Zr and (B) 1393Zr-1Ag.

Bulk Modulus (K) = ﬁwhere pisthe density and o is the

Poisson’s ratio the samples.
Chemical durability (By weight loss method)

Chemical durability is the resistance a glass offered toward
an acidic or basic attack. Weight loss technique was used to
measure the chemical durability of a glass [2,32]. Weight loss
of the glass was calculated as

) W; — Wy
% Weightloss = —w X 100

i
Physiological assay

Cell culture

Human osteosarcoma cell (U2-0S) from American Type Cul-
ture Collection (ATCC, Manassas, USA) cultured in RPMI 1640
(Invitrogen, Carlsbad, CA) and supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT), 100 U/ml penicillin and
100 pg/ml streptomycin (Invitrogen, Carlsbad, CA), considered
as complete medium. The cell line used here was free from
mycoplasma. The PBMC (Peripheral blood mononuclear cell)
cells were isolated from the freshly collected blood by Ficoll-
Hypaque density gradient centrifugation technique and were
washed with complete medium prior using for the assay

In vitro cell viability assay
In vitro cellular viability of U2-OS tumor cell was assessed
after seeding upon 1393Zr and 1393Zr-1Ag using Colorimetric

% Cytotoxicity =

Experimental — Effector Spontaneous — Target Spontaneous

containing 5 x 103 cells/well were incubated for 48h in a
humidified (5% CO,, @37°C) atmosphere. Cell viability was
calculated by measuring Optical density at 450 nm using Syn-
ergy HT Multi Mode Micro plate Reader (BioTek, USA) with the
formula.

Experimental ODyg,

1
Control ODysg x 100

% Cell viability =

In vitro cell proliferation

Proliferative potential of 1393Zr and 1393Zr-1Ag was stud-
ied against the osteosarcoma cells (U2-OS) by MTT assay
(Promega, USA) in a 96 wells tissue culture plate each contain-
ing 5 x 103 cells. After incubation for 48 h at different material
concentrations (Concentration dependant) and at a material
conc. of 2.5mg/ml for varying time periods (Time depen-
dant) in a 5% CO, humidified incubator @37 °C, the cells were
exposed to the materials for cell growth inhibitory study. The
% proliferation is calculated by the formula

ExperimentalODsyq

1
ControlODs7q x 100

%Growthinhibition = |1 —

where ODsyq is the optical density or absorbance at wave-
length 570 nm.

Cytoxicity

The lysis of bioactive samples was measured against U2-0OS
by cytotoxicity assay kit CytoTox 96® (Promega, USA). Mate-
rials were exposed to a 96 well tissue culture plate having
5 x 103 cells/well and incubated for 18 h at 37 °C in a humidified
atmosphere. Lysis was determined using the formula.

x 100

XTT (sodium 3-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay;
(Roche Molecular Biochemicals, India). In a 96 well plate

Target Maximum — Target Spontaneous

Antibacterial test

The antimicrobial efficacy of the 1393 bioactive glasses was
performed against Gram positive Bacillus subtilis (MTCC 121)
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Fig. 2 — X-ray diffraction pattern of 1393Zr and 1393Zr-1Ag
for calcined only (below two), sintered (1100 °C) (middle)
and (B) soaked in SBF for 7 days (top two curves).

and Gram negative Escherichia coli (NCIM 5051). This study was
done by bore-well method. Sterilized stainless steel borer of
9mm diameter was used to make the bores into the agar
plates. The glasses were taken in equal amount to put into
the bores in different locations of the agar plates. To allow
the growth of the bacteria the petri dishes were incubated at
37 +£0.5°C for 24 h. The inhibition zone was measured using a
ruler after 24 h of incubation.

Statistical analysis

One way ANOVA followed by Tukey’s test of mean compari-
son was performed using Prismé graphpad while comparing
between pairs. Each experiment was performed in triplicate
and the data were presented as mean + SD. Differences were

0.6

P-O Bend
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053 g
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8 04k ; / \SPay
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considered significant for ‘p’ value less than 0.05 (*), 0.01 (**)
and 0.001 ().

Results

Differential thermal analysis and thermo gravimetric analy-
sis reveals many an information regarding the dehydration,
decarboxylation, and glass transition and crystallization tem-
perature. The first exothermic peaks (DTA) at 120-150°C was
for the mass loss (TG) due to removal of physically bonded
water and residual volatiles. The second exothermic peak of
mass loss was due to removal of nitrates. The third peak
of DTA at 700-800°C was the glass transition range. Onset
nucleation and crystallization of the glasses due to controlled
heat treatment were observed within 1000-1100°C. However
onset nucleation and crystallization temperatures were both
reduced by almost 100 °C after Ag,0 incorporation to 1393Zr.

Fig. 2 corresponds to the XRD pattern of calcined (below),
sintered (1100 °C) (middle) and soaked in SBF for 7 days (above)
respectively. The figure illustrates the change in intensities of
the corresponding samples soaked for a specified time period.
For sintered only samples, there was a sharp peak at 26 ~30°
and abump at 20 ~20-30°. The major peaks became explicit for
the soaked in SBF sample were at 20 ~32°, 20-24° and 38-45°.

Fourier transform infrared spectroscopic analysis of the
soaked in SBF glass samples (Fig. 3) shows the various vibra-
tional peaks for different wavenumbers. The vibrational peaks
at 460cm~1, 570cm™1, 796 cm~1, 1040cm—1, 1370-1780cm ™!
and 2350-3800 cm~! corresponds to several functional groups.
The results illustrate that the vibrational peaks at 560 cm™—!
and 796 cm~! were exclusively explicit for SBF treated samples
only.

Fig. 4A indicates the changes in pH of the glass samples
soaked in SBF for 9 days. There was sharp increase in pH up
to day 3 and a subsequent decrease after that. The decreasing
rate of pH was reduced drastically and become almost con-
stant after 7 days. The maximum pH value observed was 8.2

2370
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Fig. 3 - Fourier transform infrared spectral analysis for (A) 1393Zr and (B) 1393Zr-1Ag @ 4000-400 cm~! wavenumber.
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significant (p <.05) and highly significant (p<.01 and p<.001).

for silver incorporated samples at day 3. The chemical durabil-
ity of the glasses against NaOH, HCl and SBF was represented
by Fig. 4B. The Percent weight loss of the glasses due to chem-
ical attack by the aqueous solution was found maximum for
silver doped one in HCl medium. Further, the weight loss %
was found least for the glass samples kept in SBF solution.

Morphological analysis was depicted in Fig. 5 where 5A and
Fig. 5B corresponds to the surface morphology of the pre SBF
treated samples whereas 5C and 5D correspond to post SBF
treated samples. Formation of cluster or spherical particles
throughout the surface was found grown in the SBF treated
samples.

Fig. 6(A — D) represents the mechanical and physical prop-
erties of the glasses. Our sol gel prepared 1393 glass sample
was taken standard for mechanical performance evaluation
after zirconia addition. The average (Mean+SD; n=3) com-
pressive and flexural strengths of 1933, 1393Zr and 1393Zr-1Ag
were 69, 98.43 and 110.33 MPa and 32.32, 41.23 and 44.67 MPa
respectively. The Young’s, Bulk and Shear modulus for the

corresponding glasses were observed as 86.0, 82.3, 69.7 GPa;
89.1, 87.4, 78.0GPa and 96.8, 92.4, 81.0 GPa respectively. Den-
sity of the glasses measured by Archimedes’s principle was
2.68, 2.86 and 2.90 g/cc respectively.

Fig. 7A and B indicates the concentration dependant and
time dependant inhibition of the cell growth kinetic study for
the corresponding glasses. U2-0OS cell line after being incu-
bated in complete medium exposed the glass sample for
proliferative study. The results illustrate that cell growth or
their inhibition was insignificantly similar for both the glasses
at same concentration. Similar results were observed for the
time dependant kinetic study at a particular time period. Sig-
nificant difference in cell growth inhibition was observed at
a different material concentration or incubation time. Max-
imum cell growth (76.409%; Mean 4 SD; n=3) was found for
1393Zr @ 0.5 mg/ml material concentration where as in time
dependant study the least inhibition (77.073%; Mean + SD;
n=3) was found for 1393Zr-1Ag @ 24h of incubation. Fig. 7C
and D illustrates the Viability and Cytotoxicity for the

Please cite this article in press as: A. Ali, et al., Mechanochemical and in vitro cytocompatibility evaluation of zirconia modified silver substituted
1393 bioactive glasses, Bol. Soc. Esp. Ceram. Vidr. (2020), https://doi.org/10.1016/j.bsecv.2020.07.002



https://doi.org/10.1016/j.bsecv.2020.07.002

BSECV-236; No. of Pages 12

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO XXX (202 0)XXX-XXX 7

Fig. 5 — Surface morphological analysis by SEM of pre [(A) 1393Zr, (B) 1393Zr-1Ag] and post [(C) 1393Zr, (D) 1393Zr-1Ag] SBF

treated samples.

corresponding glasses. The in vitro viability study reveals
that the maximum viable cells of 95.655% was observed @
0.5mg/ml concentration. Higher concentration of material
found to lessen the viability. The 0.5 mg/ml concentration of
materials was found to be least toxic as illustrated by Fig. 7D,
where the % cytotoxicity observed was 11.009%.

Antimicrobial study (Fig. 8) for the corresponding bioactive
glasses demonstrates that there was enhancement in bacteri-
cidal efficacy for the Ag,0 incorporated glasses for both Gram
positive (B. subtilis) and Gram negative (E. coli) bacteria. The
zone of inhibition for 1393Zr with the B. subtilis and E. coli
environment was 4-4.3 mm whereas the inhibition zone was
increased to 14-16 mm when the bacteria were grown in silver
doped glass environment

Discussions

In our current investigation, we have observed from the
DTA/TG curves (Fig. 1A and B) that the nucleation and crystal-
lization temperature was reduced by the addition of network
modifiersions (Ag*) to the glass system. The reduction in onset
nucleation and crystallization temperature from 1020°C for

1393Zr to 920 °C for 1393Zr-1Ag can be stated as the incorpora-
tion of Ag,O might have acted as network modifier to decrease
the bridging oxygens of glasses, thus resulting in lowering
bond strength. Further, Ag,O was believed to have acted as a
nucleating agent for the glass system which is why nucleation
and crystallization temperature have reduced [33]. However,
this nucleation and crystallization temperature was an impor-
tant parameter in determining the sintering temperature of
glasses.

Bioactivity of any bioactive materials is validated by the
evolution of hydroxy-carbonated apatite (HCA) layer under
physiological conditions [2,40]. XRD analysis was proven to
be a useful methodology in determination of the HA like
layer. In our current experiment, we have measured the X-Ray
diffraction peaks to confirm the presence of HA like layer. Our
observed results for the soaked in SBF samples (Fig. 2, top two
curves) indicate that the intense peak at 26=32°, 22° and 38°
can be attributed due to the presence of crystalline hydrox-
ypatite (PDF # 09-0432) [2,34] which is also supported by our
pH, SEM and FTIR analysis. The other peaks at 20=20°, 23°
and 45° corresponds to crystalline Ag/Ag,0 (PDF # 19-1155, 01-
1164, 42-0874) while the sharp peak at 20 =30° can be assigned
to the crystalline ZrO, (PDF # 81-1544). The less intense wide
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properties as not significant (ns), significant (p <.05) and highly significant (p <.01 and p <.001) (n =3, Mean + SD).

hump between 20 =20-30° was due to the destructive interfer-
ence leading to a bump instead of sharp peaks, corresponds
to the glassy nature of the samples. Thus the results illustrate
that, the glasses are bioactive in nature and Ag,O addition to
the parent glass system did not affect their bioactive efficacy.

FTIR spectroscopic spectral analysis (Fig. 3A and B) corre-
sponds to the functional groups for the individual molecules
present in our glass compounds. The result demonstrates the
trifling differences in the IR spectra between our two glass
samples. The primary IR spectral vibrations for Si—O—Si func-
tional units were comprised of bending mode at ~460cm~!
and stretching at 800-1100cm™' [2,35]. The bending vibra-
tional peaks at 460 cm~! was attributed to the characteristic
peak for the silicate glasses. It is believed that the P—O bond
within the range of 500-800 cm™! is the evidence for the for-
mation of HCA layer [35], which implies the vibrational bonds
for the SBF treated glasses at 570cm~! and 796 cm~! was due
to the bending vibration of P—O bond. The spectral vibrational
bonds at 1040cm~! and 570 cm~! become intense over soak-
ing time, which was due to the plausible overlapping of the
PO4~ bond with the preexisting Si-O-Si bands. Thus, the evo-
lution of P—O bands at various spectral value (wavenumber)
was an indication of bioactive nature of our glasses.

The HA like layer formation is believed to be esti-
mated by behavioral change of pH in simulated body fluid
[2,11,12,36-38]. The rapid increase in pH for the first 3 days
was due to the dissolution and fast ion exchange from the

surface of the glasses with the SBF solution [11,12]. The results
(Fig. 4A) illustrate that the quicker increase in pH for the Ag
incorporated glass was due to the probable increase of non-
bridging oxygens and subsequent decrease in bond strength
after addition of network modifiers (Ag,0). Ag, O incorporation
to the parent glass system could have also distorted and weak-
ened the glass network because of their difference in ionic
radius [Agl* =115pm, Si** =40pm) [2], which eventually led
faster release of ions. However increase in basicity of the SBF
solution due to ion release was previously shown enhancing
HA like layer formation ability. Higher pH facilitates higher
formation of silanols (—SiOH) through hydrolysis and their
subsequent polymerization caused to form alkali ions (Na*,
Ca?*) depleted silica rich layer [39-41]. The reduction in pH
after 3 day was due to the continuous dissolution of the glass
resulted in coupling the Ca?* and PO, ions from the solution
to promote the HA like layer [42]. The HA layer formed due to
coupling of those species (e.g. Ca?* and PO, ™) on the SiO; rich
layer gradually cut the connectivity between the glass surface
and SBF solution, thus the decrease in pH were observed after
day 3.

Fig. 4B and C demonstrates that percent weight loss of
bioactive glasses were higher for Ag,0 incorporated glass sys-
tem. The results illustrate that the glasses immersed in HCl
were observed with higher weight loss. The least weight loss
of glasses was however observed in those that immersed in
SBF. As the chemical durability is inversely proportional to the
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Fig. 7 - (A) Concentration dependant proliferation @ 48h (B) Time dependant tumor cell proliferation @ 2.5 mg/ml (C) Tumor
cell viability @ 18 h and (D) Cytoxicity @ 18 h of the 1393Zr and 1393Zr-1Ag glass samples against U2-0S cell line using MTT
assay (Promega, USA), where 5 x 10° cells were plated in each of 96 well plates and cultured in complete medium with
different concentrations/ time periods at 37 °C in 5% CO; humidified atmosphere. One way ANOVA using Tukey’s post hoc
test to perform column wise significant analysis for the p value <.05, <.01 and p <.001) indicates their changes after Ag

incorporation to the parent glass system (n=3, Mean + SD).

weight loss, the glasses with silver found to be least durable
for all environments.

The surface morphological micrograph of SBF treated sam-
ples (Fig. 5C and D) reveal the formation of irregular shaped
HCA crystal in the form of agglomeration or dispersed parti-
cles throughout the glass surface. The carbonated layer have
for both 1393Zr and 1393Zr-1Ag glass samples. The formation
of HCA was also supported by XRD, pH and FTIR analysis.

To ensure the ZrO, addition to the glasses has aug-
mented the mechanical properties, our sol gel derived 1393
glass was taken for the comparative property evaluation.
One way ANOVA followed by Tukey’s pair wise mean com-
parison was used to check significant (p<0.05) differences
in their properties. The results were taken in triplicate and
their mean was compared. The result demonstrates that
the compression and flexure strength (Fig. 6A and B) of the
glasses have been improved significantly, while there were
insignificant improvements in elastic moduli (Fig. 6C). Further
there was enhancement in density after addition of zirconia
and silver oxide to the glasses. These could be due to the

replacement of lighter atoms (Si=14) with the heavier ones
(Zr=40, Ag=47). Further, partially substitution of the smaller
ions (Si** =40pm) with the larger ones (Zr** =86, Ag!* =115 pm)
could have resulted in compactness enhancement and their
subsequent improvements in mechanical properties [43].
The cell growth, cell survival and cell lysis study were
demonstrated by Fig. 7A-D. Statistical analysis demonstrates
that there was no significant cell growth inhibition at same
material concentration for concentration dependant prolif-
eration. However, the growth was inhibited significantly for
higher material concentrations. In time dependant prolifer-
ation (@2.5 mg/ml material conc.) significant decrease in cell
growth was observed for the 72h study. The 48h cell viabil-
ity study also suggests that the higher material concentration
results in significant decrease in their endurance. Result illus-
trates the maximum cell survival at 0.5 mg/ml concentration.
Highest percent of viable cells observed for 1393Zr-1Ag was
95.66% at 0.5 mg of material in 1 ml medium. The cell cytotox-
icity study also suggest that the higher concentration of our
glass samples proven to be toxic to the U2-OS tumor cells.
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The results also demonstrate that, Ag incorporation to the
glasses has vaguely reduced the viability and proliferation and
increased cytotoxicity which could be due to their probable
antibacterial and antiangiogenic nature [3]. From the cell cul-
ture and their cytocompatibility study it is evident that the
glasses are cytotoxic, fatal and lytic to cells at higher concen-
tration but at lower concentration (<0.5 mg/ml) they are found
to be cytocompatible.

The bactericidal efficacy test for the corresponding bioac-
tive glasses reveal that there was significant broadening of
the zone of inhibition for the Ag,O substituted glass. The
enhancementin inhibition zone for the Ag, O substituted glass
could be due to the bactericidal ability of the Ag particles
[44]. Further, due to the increased leachability of the ions
after addition of network modifiers (Ag*) as discussed ear-
lier, the bacterial growth inhibition might have augmented
momentously. Hence, the result confirmed that there was con-
siderable enhancement in bactericidal efficiency after Ag,O
incorporation to the parent glass.

Conclusions

We have successfully prepared the zirconia modified Ag,O
substituted 1393 glasses by sol gel technique. Zirconia incor-
poration to the glasses aiming at mechanical properties
augmentation was evaluated. cytocompatibility performance
assessment was also evaluated after Ag,O incorporation. The
mechanical property evaluation study confirms their obvious
improvement in compressive and flexural strength and trivial
improvements in modulus of elasticity. In vitro study to assess
bioactivity of these glasses substantiates the formation of HCA
like layer. MTT assay demonstrate their moderate levels of cell
lysis at high concentration of materials. The optimal viabil-
ity and cell growth and minimal cytotoxicity was observed at

lower concentration of materials. Further, the bactericidal effi-
cacy test for Ag,0O substituted bioactive 1393Zr glass confirms
significant improvement in antibacterial ability of glass. The
chemical durability study also suggests their optimal compat-
ibility with physiological fluid. Finally, although these glasses
fit suitable by the in vitro study, their application in tissue
engineering requires further in vivo validation.
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