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Abstract

A series of novel zinc oxide (ZnO) containing bioactive glass compositions in SiO,—Na,0O-CaO-P,0Os system and composite with
hydroxyapatite (HAp) nano-particles were developed and applied as coating on Ti—-6Al-4V substrates. The bioactive glasses and their composites
were also processed to yield dense scaffolds, porous scaffolds and porous bone filler materials. The coating materials and the coatings were
characterized and evaluated by different in vitro techniques to establish their superior mechanical properties. The cytotoxicity test of the coating
material, porous and dense scaffolds and coated specimens showed non-cytotoxicity, biocompatibility and promising in vitro bioactivity for all
tested samples. The dissolution behaviour studies of the bioactive glasses and the composites in simulated body fluid showed promising in vitro
release pattern and bioactivity for all tested samples. Addition of nanosized HAp improves mechanical properties of the bioactive glass coating

without affecting the in vitro bioactivity.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Metallic load bearing implants are often coated with other
bioactive materials such as hydroxyapatite (HAp), bioactive
glass and others by various techniques to improve their surface
bioactivity, adherence to the adjacent hard tissues and to enable
cementless fixation [1-5]. The first attempt of Tomsia et al.
[3,4] to develop bioactive glass coated implants of titanium
alloys possess serious drawback of thermal expansion
mismatch between the glass and the substrate; which on heat
treatment resulted with interfacial cracks that propagated
eventually leading to delamination of the coating. Moreover,
bioactive glasses are normally very brittle and prone to crack
propagation leading to catastrophic failure.

Recent literature shows that release of small concentration
of zinc (Zn) from an implant material could promote bone
formation around the implant and accelerate recovery of the
patients [6—10]. Materials containing Zn promote the expres-
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sion and maintenance of the osteoblastic phenotype, and Zn
present at resorptive sites is connected with the recruitment of
osteoblastic cells and bone renewal [11,12]. Moreover, Zn is
well known for its antimicrobial properties, and a constituent of
the denture adhesive as a cross-linking agent to promote
adhesion [13]. However, it is also important to control Zn
releasing rate from the compositions, in order to prevent
adverse reactions and to reduce glass degradation without
affecting HA deposition. However, it is surprising that till date
research on zinc containing bioactive glass is rather limited
[14-17] and no report on coating of such glasses on load
bearing metallic implant surfaces exist; where the impact
would be maximum.

Our recent studies showed excellent bioactivity of some
novel bioactive glasses containing B,O3 and TiO, [18-21] The
mechanical properties, particularly the scratch resistance
property of the bioactive glassy and composite coating
improved due to addition of nano hydroxyapatite crystals
and by gamma sterilization [20]. In the present study, a series of
suitable ZnO containing bioactive glasses synthesized by
conventional melting technique have been formulated to coat
on metallic implants. The glasses were characterized and used
to coat Ti—6A1-4V alloy which is especially appropriate for
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load bearing implants functioning under high stress, like hip,
dental and artificial knee. The bioactive glass composite
coatings with nano-HAp were developed to enhance coating
adhesion and improve scratch resistance property. The thermal
behaviour of the bioactive glass and composite materials were
studied using differential thermal analysis, derivative differ-
ential thermal analysis, thermo gravimetric analysis and
dilatometric studies. The dissolution test in simulated body
fluid (SBF) [22] and distilled water were used to assay their ion
release properties and cytotoxicity test used to evaluate the
safety for biological behaviour.

2. Materials and methods

2.1. Preparation of bioactive-glass powder and bioactive
glass coating on Ti6AI4V with and without nano-sized HAp
powder

A series of glasses in the Si0,—Na,O-ZnO-CaO-MgO-
P,O5 system (termed as BGZ series) were prepared from
reagent grade quartz (Si0,), calcium carbonate (CaCO,), light
magnesium carbonate (MgCO3;), dry soda ash (Na,COs3), di-
ammonium hydrogen phosphate [(NH4),-HPO4] and other
minor ingredients using a conventional glass melting
procedure. The oxide compositions of the glass system are
shown in Table 1. The bulk glass was prepared by easy casting
in preheated cast iron moulds followed by immediate
annealing at 500 °C (close to the glass transition temperature)
for 30 min followed by slow cooling. Bioactive glass—nano-
HAp composites were prepared with nano-HAp constituting
10 or 25% the composition. The processing details for
preparation of bioactive glass and the composite coating
materials and coating on Ti—-6Al-4V substrates were similar to
our previous papers [18-21]. Similarly, the processing details
for preparation of bioactive glass and the composite scaffolds
were similar to our previous papers [18-21,23]. However, in
case of composite scaffolds, the constituents including the pore
former (B-napthalene) were mixed homogeneously before
cold isostatic pressing. Porous bone filler materials were
prepared by controlled grinding and sieving of porous
scaffolds. Preparation and characterization details of nano-
sized hydroxyapatite material used for this work were reported
earlier [24].

Table 1

Oxide composition of different ZnO containing bio-glasses (mol.%).
Components BGZ-1 BGZ-2 BGZ-3
Si0, 55.90 58.0 61.24
Na,O 11.80 12.0 6.77

K,O 2.50 _ 224

CaO 16.14 18.0 16.89

MgO 9.93 7.0 7.27

Zn0O 1.24 24 2.24

P,0s5 2.50 2.6 3.35

a (RT to 600 °C) 128.1 x 1077 126.0 x 1077 110 x 1077
Enamelling temperature 800-820 °C 800-820 °C 800-820 °C

2.2. Structural characterization

The thermal properties, differential thermal analysis (DTA),
derivative differential thermal analysis (DDTA) and thermo
gravimetric analysis (TGA) of the resultant glassy materials
were studied by DTA/TGA (Netzsch, Germany). The measure-
ments were conducted in ambient atmosphere, up to 900 °C,
using a range of heating rates between 5 °C/min and 30 °C/min.
Pure calcined «-alumina powder was used as reference
material. The thermal expansions of the glasses were measured
using an Orton Dilatometer-1600 D from room temperature to
600 °C.

XRD patterns of the glass powders and coatings were
recorded on a Philips (Philips Analytical, X’Pert, 1830,
Netherlands) diffractometer in the 26 range 20-70° using Cu
Ky (X = 1.54056 nm) radiation for confirmation of the phases.

Microstructure of the coating surfaces and polished cross
sections were studied using a SEM (LEO 4301, UK) along with
EDX analysis using Si—Li detector to identify different area and
phases in the microstructure.

Adhesion of the coating was estimated by scratch testing of
the coating using a Ducom Scratch Tester TR-01 attached with
a load cell of 200 N and using a Rockwell diamond indenter,
while optical micrographs of the scratches were taken using an
image analyzer (Correct, Seiwa Optical, Tokyo) for exact
determination of the breaking load corresponding to the failure
of the coating. A set of three coated samples were tested. On
each sample two or more scratch marks studied to obtain the
value of breaking load and the averages reported. The impact
strength of the bioactive glass coating was tested by “falling
ball” method using a 1.0kg ball with 10cm dia. head
according to the IS: 3149-1994 specification.

The adhesion strength of the coatings was further measured
by stud pull method using Romulus Universal Tester, an
adhesion strength tester instrument (Quad Group Inc., Model
No. Romulus, USA). As before, a set of three coated samples
were tested to obtain average adhesion strength. Care was taken
to ensure almost identical pull off in each case of measurement.

The Young’s modulus, Vicker’s hardness and fracture
toughness of different bioactive glass coatings were determined
by Instron machine and depth sensitive indentation technique
(Fischerscope H100C XY, Fischer, Switzerland).

2.3. In vitro bioactivity evaluation of bioactive glass and
coatings

2.3.1. Dissolution studies of bioactive glass and bioactive
glass coated Ti—6A1-4V samples

The dissolution study for different bioactive glass samples
were carried out in simulated body fluid medium (SBF, pH
7.25) at 37°C in an incubator to assess their acellular
bioactivity. For Zn™" release study similar conditions were
maintained, but with double distilled water as the medium. The
samples (pellets of 10 mm @ and 3 mm thickness) were
weighed to the accuracy of +0.1 mg and placed in 25 ml SBF
medium in an incubator for a predetermined period of time (1
week to 4 week). After required soaking period the solution was
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removed for ion release (Ca*™ and P043_) analysis. Inductively
coupled plasma atomic emission spectroscopy (ICP) analysis
was conducted on the leached solutions resulting after
dissolution of glass pellets using ICP analyzer (CIROS Vision
FVS12, Spectro Analytical Instruments). The bioactive glass
pellet after dissolution was first removed, the surface rinsed
gently with distilled water and dried thoroughly. The
microstructure was characterized by scanning electron micro-
scope and the deposited phases were studied by EDX analysis
to analyze the HAp forming ability of the glass surface.

2.3.2. Cytotoxic evaluation of bioactive glass coated Ti—
6AI-4V samples

The in vitro cytotoxicity test of bioactive glass powders,
coatings on Ti—-6Al-4V substrates, porous scaffolds and dense
scaffolds were conducted to study their suitability for
biomedical applications. The in vitro cytotoxicity test using
direct contact method and test on extract method were
performed using test samples, negative controls and positive
controls. In direct method, all the specimens including negative
control (ultra high molecular weight polyethylene) and positive
control (PVC) were taken in triplicate and placed on
subconfluent monolayer of L-929 mouse fibroblast cells using
modified Eagle’s medium (MEM) supplemented with foetal
bovine serum as the culture medium. After incubation of cells
with test samples at 37 &= 2 °C for 24 £ 1 h, cell culture was
examined microscopically for cellular response around test
samples.

In test on extract method, the extract was prepared by
incubating test materials with physiological saline at 37 £+ 2 °C
for 72 £ 2 h and made up with medium to get an extraction
ratio of 1.25 cm*ml. 100% extracts were diluted to get
concentrations of 50% and 25% with media. Different dilutions
of extracts of test samples, negative controls (ultra high
molecular weight polyethylene) and positive controls (dilute
phenol) in triplicate were placed on subconfluent monolayer of
L-929 mouse fibroblast cells. After incubation of cells with
extracts of test samples and controls at 37 + 2 °C for 24 + 1 h,
cell culture was examined microscopically using a phase
contrast microscope for cellular response.

3. Results and discussion

Bioactive glasses in Si0,—Na,O—-CaO-P,05 system [25]
have higher bioactivity in comparison to hydroxyapatite and
hence are a better choice for coating on metallic implants used
in orthopaedic, dental and plastic surgery. The basic require-
ments for a bioactive glass to serve as a coating on different load
bearing metallic implants (titanium and its alloy) are matching
(preferably lower) thermal expansion coefficient (9.5—
10.5 x 107%°C at RT to 400 °C). Further, to apply the coating
by conventional vitreous enamelling technique the coating
material should possess a softening temperature below the
a — B transition temperature (955-1010 °C) of titanium [26].
The glass compositions were formulated from M,;O—RO-ZnO-
Si0, glass system, where M = Na, and K and R = Ca and Mg.
The glass compositions (Table 1) were formulated with minor

amount of ZnO and P,Os addition in such a way that the
thermal expansion coefficient (@) matched with that of the
substrate (Ti—-6A1-4V alloy), exhibited low fusion temperature
(to prevent excessive chemical reaction of titanium with molten
glassy coating during coating fusion), release Zn™ ion in a
controlled way and bioactivity retained. The thermal analysis
and dilatometric analysis results are shown in Table 1.
Nanosized HAp, the main inorganic constituent of human
bone, synthesized in our lab (grain size ~100-250 pwm and
crystallite size in the range of 20-60 nm) was added to the
bioactive glass to improve the bioactivity and scratch resistance
of the composite coating. When dispersed in glass matrix, it
formed a glass—ceramic that improved the mechanical proper-
ties of the composite coating. Since the mechanical properties
of the glass—ceramic materials is strongly dependent on particle
size of the crystallites and increases with decreasing particle
size [27-29], nanosized HAp powder was used. In order to
achieve a homogeneous microstructure in the resultant glass
ceramic composite very fine glass particles (5-20 wm) are
mixed thoroughly with HAp particles by milling in a planetary
ball mill and applied as a coating by spraying or dipping.

3.1. Structural characterization

From DTA and DDTA results, glass softening temperature
was found to be favourably <750 °C, preventing excessive
oxidation of the substrate alloy while coating with bioactive
glass or composite by vitreous enamelling technique. The linear
coefficient of thermal expansion («) of the glasses were
measured to be in the range of 11.0-12.8 x 10/°C at RT to
600 °C, which although in higher side, is comparable with that
of the base metal.

The XRD analysis (Fig. 1) showed all the glass powders to
be amorphous in nature, and the resultant coatings mainly
amorphous in nature (presence of broad hump around 20-35°);
with little volume fraction of crystalline phases (Na,Ca,Si3;Oq)
(JCPDS - 22-1455) (Fig. 2).

3.1.1. FTIR analysis

All the glasses exhibit similar FTIR spectra. The FTIR spectra
(Fig. 3) show two broad strong absorption bands at ~1050 cm ™
and 480 cm ™! which canbe assigned to Si—O and P-O vibrations,
respectively. There are a number of small and broad bands at
570 cmfl, which may be due to PO43* tetrahedral. The broad
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Fig. 1. Typical XRD pattern of bioactive glass powder.
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Fig. 2. XRD pattern of BGZ-2 coating.

small band at ~780 cm™' may be due to bending vibrations of
Si—O-Si bridges [30]. However, the existence of different groups
like Zn—O and phosphates cannot be pin pointed accurately
because of super impositions of different peaks.

3.1.2. Mechanical properties

Mechanical properties of the glass coatings are presented in
Table 2. The hardness and the Young’s modulus values are
superior compared to other bioactive glass coating composi-
tions already reported by other researchers [31].

3.1.3. Thermal properties

The DTA patterns of these glasses change with heating rates.
DTA curves of BGZ-1 powdered samples at different heating
rates in the range of 5-30 °C/min are presented in Fig. 4.
Although, the peak crystallization temperature was not very
prominent indicating a predominantly stable glassy nature, the
little exothermic hump shifted to a higher value with increase in
rate of heating [600 °C at 30 °C/min heating rate to 540 °C at
5 °C/min heating rate], as reported in the literature [32]. The
corresponding DDTA curves supported this observation. The
TGA curves (Fig. 5), however, do not change significantly with
heating rates. The absence of any definite nucleation and
growth temperature over a wide range of heating rates is
particularly important when application as scaffold or bone
filler material is concerned, as the required microstructure and
porosity in the product will remain unaffected by minor
changes in the processing variables during fabrication.

A typical DTA/DDTA curve of one glass (BGZ-1) is shown
in Fig. 6. BGZ-2 glass exhibited low maturing temperature

65 7
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Fig. 3. A typical FTIR spectra of BGZ glasses.

Table 2

Mechanical properties of different bioactive glass.

Glass code Load (kg) Young’s Vicker’s Fracture
modulus hardness toughness
(GPa) (GPa) (MPam'?)

BAG 1.0 72.0 6.52 0.74

BGZ-1 1.0 72.0 9.39 0.62

BGZ-2 1.0 72.0 11.59 0.53

compared to other glass. Fig. 7 shows linear change of length of
different bioactive glasses with temperature, BAG-1 (a different
bioactive glass reported earlier [18], green curve) is presented
in Fig. 1 for ready comparison. The linear expansions of all the
glasses were almost similar up to 400 °C and suitable for
coating on Ti—-6Al—4V substrate. The decrease in percent linear
change (PLC) value in case of BGZ-1 after 525 °C is due to
its lower softening point and hence the reading was taken up to
500 °C.

The thermal analysis results confirm that the Zn containing
glasses are suitable for application as a coating on Ti-6Al-4V
alloy substrates. The coating also retains its predominant glassy
structure even when subjected to different heating rates. The
glasses are relatively insensitive to minor change in thermal
conditions.

3.1.4. Microscopic characterization

A typical SEM micrograph (Fig. 8) of the polished cross
section of a bioactive glass coating (BGZ-2) showed existence
of a clear interface between metal and coating. The interface is
well diffused (2040 ) in metal side and coating indicating
strong chemical bonding [33]. The EDX analysis (Fig. 9)
around the interface line confirmed this observation with
gradual change in concentration of Ti, Al and V indicating
presence of metallic phase and Si, Na, Ca and Zn confirming
simultaneous presence of glassy phase. The EDX analysis also
confirmed the presence of Zn in the coating, though very
minimum. The occasional presence of fine crystalline phases
could be easily seen in the magnified view of the cross section
of the bioactive coating surface presented in Fig. 10. This
micrograph displays considerable amount of glassy phase
present in the surface. The crystals are needle shaped and
microcrystalline (<3.0 wm) in nature.

3.1.5. Scratch testing analysis of coatings

Scratch testing analysis of the coated samples were carried
out to study the possible effects of surrounding hard tissues on
the surface of the coated implants during primary insertion in
the hard tissue of human body [18,34-36]. For cement less
fixation of the load bearing orthopaedic or dental implants
primary stability after fixation of the implant is mainly achieved
by mechanical anchoring. As a result, considerable friction and
abrasion occurs between the implant surface and the
surrounding bones; which is best simulated using scratch
testing equipment.

In case of hard and brittle bioactive glass or composite
coating on ductile metallic substrate of Ti6Al4V alloy, three
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Fig. 4. DTA plots of BGZ-1 at different heating rates.

different types of failure mode can operate simultaneously, (i)
through-thickness cracking, (ii) coating detachment and (iii)
chipping within the coating. Examination of optical micro-
graphs of scratch tested samples (Figs. 11-14) reveals that all of
them are operating simultaneously with varying intensity
depending upon the nature of the coating. In case of glassy

coatings without any second phase addition, effect of (ii) and
(iii) was prominent but in case of composite coating the scratch
pattern became smooth and effect of all the mechanisms were
less prominent.

From the results shown in Table 3, it was observed that the
breaking load (adhesion strength) were lower for only glassy

TH %
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Fig. 5. TGA plots of BGZ-1 at different heating rates.
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Fig. 6. DTA and DDTA curve for BGZ-1 at heating rate of 10 °C/min.

coatings (21N and 41.5N for BGZ-1 and BGZ-2 respectively)
than that of nano-HAp composite (10 wt%) glass ceramic
coating (26.5N and 42.5N for BGZ-1 and BGZ-2 composite
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Fig. 7. % Linear change of length of different bioactive glasses with temperature.
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Fig. 9. EDX pattern of the interface area in the micrograph.

coatings, respectively). However, it was observed that addition
of more than 10 wt% of nano-HAp powder did not improve the
adhesion strength any more. This supports the findings of our
earlier reported results [18].

When seen under image analyzer, fine cracks (originating
from the indentation site and moving across the glassy coating
away in all direction) were found to be present in case of
Figs. 11 and 13, a characteristic feature of brittle glass coating;
where as they were almost absent in composite coatings
(Figs. 12 and 14). The glassy coatings fractured out as flakes as
the normal load was increased. In case of composite coatings,
the scratch patterns were more or less smooth with regular
material removal along the scratch path because of its more
glass ceramic characteristics. Some small cracks were observed
in the scratch path, which moved perpendicular to scratch
direction failing to penetrate the composite matrix.

Fig. 8. SEM micrograph of cross sectional view of the glassy coating.

Fig. 10. Magnified view of bioactive glass coating.
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Fig. 11. A typical optical micrograph of scratch tested bioglass surface (BGZ-1).

3.1.6. Pull off adhesion strength analysis of coatings

Pull off adhesion strength of the coatings was measured in
order to estimate the adhesion strength of the coatings. The
results showed in Table 4 clearly indicate that different glasses
behave in different manner as seen in case of scratch testing
measurements. In case of BGZ-1 the addition of nano-HAp

Fig. 12. A typical optical micrograph of scratch tested bioglass nano HAp
(10 wt%) composite coating surface (BGZ-1).

Fig. 13. A typical optical micrograph of scratch tested bioglass surface (BGZ-2).

Fig. 14. A typical optical micrograph of scratch tested bioglass nano HAp
(10 wt%) composite coating surface (BGZ-2).

increases the adhesion strength up to 25% addition but in case
of BGZ-2 the trend is reversed, where addition of nano-HAp
reduces the adhesion strength.

3.2. In vitro analysis of coatings

3.2.1. Cytotoxicity test

In vitro cytotoxicity test was performed on BGZ-1 and BGZ-
2 coated samples, corresponding porous and dense scaffolds
and the glass powders as such. Both direct contact and tests on
extracts were performed as per ISO 10993-5, 1999 standard
specification. Cellular responses were scored as non-cytotoxic,
mildly cytotoxic, moderately cytotoxic and severely cytotoxic.
Negative control gave non-cytotoxic response and positive
control gave severely cytotoxic response as expected. The test
reports of all the bioactive glasses indicate that all the materials
tested are non-cytotoxic in both the direct and test on extract
methods as shown in Figs. 15 and 16.

Table 3
Effect of nano HAp addition on breaking strength by scratch testing of different
composite coating.

Bioactive glass % of nano HAp addition

0 10 25
BGZ-1 21 26.5 26
BGZ-2 41.5 425 33

Table 4
Effect of nano HAp addition on pull off adhesion strength of different bioglass
and composite coatings on Ti—-6Al-4V substrate.

Serial no. Coating composition Average adhesion
strength (MPa)
1. BGZ-1 5.63
2. BGZ-2 17.54
3. BGZ-1 + 10% HAp 10.09
4. BGZ-2 + 10% HAp 12.00
5. BGZ-1 +25% HAp 16.71
6. BGZ-2 + 25% HAp 4.57
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Fig. 15. Phase contrast micrograph of cells in direct contact with BGZ glass coating.

BGZ glasses did not show any signs of toxicity after 24 h
with L929 cells (Figs. 15 and 16). The cells appeared spindle in
shape and formed a monolayer. The cytotoxic scale was
measured as zero, which corresponds to non-cytotoxicity. Phase
contrast micrograph of porous and dense scaffolds and the glass
powders showed similar micrographs under identical test
conditions which is normally expected, because the cytotoxi-
city depends on material characteristics and in these cases the
material is same for every sample which only differ in
processing conditions. The results indicated that the zinc
containing bioglass, their composites with nano-sized HAp,
their coating on Ti—-6Al1-4V substrate and the dense or porous
scaffolds are all highly biocompatible materials and could
potentially serve as an effective material for in vivo applications
[37.38].

3.2.2. Dissolution study of bioactive glass blocks

In order to understand the biological behaviour (acellular
bioactivity) of these bioactive glass materials inside the living
system, dissolution study in simulated body fluid was carried
out. Many variables are known to influence the dissolution and

subsequent mechanisms that lead to carbonated hydroxyapatite
layer formation and bioactivity of glasses [39-42]. The
solutions after dissolution study of different bio-glasses in
different medium were collected at definite time intervals and
chemically analysed by ICP. Composition of zinc in bioactive
glass is very low and hence its release is expected to be in trace
quantities. In order to avoid errors in analysis of zinc due to the
presence of other alkalis in SBF, distilled water was selected as
the medium. The results were plotted in Figs. 17 and 18. The
Ca®* as well as PO43 ~ ion concentrations released with
increasing time is shown in Fig. 17. The concentration of
silicon ion in surrounding medium remains very low and
constant throughout the study period. In the initial period of two
weeks, different glasses behave in a different manner. In case of
BGZ-1 the concentration of ions decreases slowly and between
2 and 3 weeks concentration is very less compared to 3—4 week.
In case of BGZ-2, in first two weeks concentration of Ca>*
increases, followed by decrease in 2-3 week and again
increases in 3—4 week. It was observed that during dissolution
fine crystals of Hap deposits as a colony on the corroded spots
of the immersed surface. The surrounding glass surface is either

BGZ-2

Fig. 16. Cellular response after cytotoxicity test on bio-glass coating by direct contact method.
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Fig. 17. (a) Ca®* and (b) PO,>~ ion concentrations of different glasses after immersion in SBF up to 4 weeks.

free or scarcely deposited with precipitated Hap crystals [43].
This observation again proves the theory that Hap crystals are
deposited due to some biochemical reactions occurring at the
corroded surface of the bioactive glass (exposed Si—OH

Fig. 19. Micrograph of BGZ-2 coating after dissolution in SBF.

network) during dissolution in simulated body fluid and the
results differ with different bioactive glasses depending upon the
bioactivity [25]. In fact, after exposure to SBF solution the alkali
and alkaline earth ions from the bioactive glass surface start
diffusing into the surrounding medium, leaving behind a
corroded surface with increasing surface area and thus increasing
rate of dissolution. Further, leaching of ions leads to an
exposition of Si—~OH networked surface. This active surface
stimulates deposition of Calcium hydroxyapatite fine crystals on
the bioactive glass surface which slowly reduces the area of
exposed surface and as a result the decrease in rate of dissolution.
The nature of deposited particles are different, in BGZ-1 the
grains are cubic and regular whereas, in BGZ-2, the deposited
Hap particles are elongated nodular in shape (Figs. 19 and 20).
EDX analysis showed both the grains as pure calcium phosphate
phase. Further, an increase in Ca®* as well as PO43 ~ ion
concentrations occurred up to 2 weeks of immersion for all the
glasses except BGZ (where it remains almost unchanged) which
implies a leaching out of these ions from the glass blocks but no
simultaneous removal of these ions through precipitation of HAp
crystals. However, after or around 2 weeks, precipitation of Ca—P
phase (HAp) occurred which results in decrease in concentration
of these ions in the solution. The precipitated HAp phase can be
confirmed from the chemical analysis results and the SEM
micrographs studied in regular intervals.
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Fig. 20. Zinc release rate in distilled water.
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Release of Zn*" ions in distilled water follows a different
trend, increases with time reaching maxima and then decreases
almost asymptotically (Fig. 18). The amount of Zn"" released
increases with zinc content in the glass. However, the released
Zn*" concentration is very much within the toxicity limit in
human body.

4. Conclusion

The novel zinc containing bioactive glass compositions
developed and reported in this paper can be prepared by
conventional glass melting technique and further processed to
yield porous or dense scaffolds and bone filler materials by
simple ceramic processing techniques. The bioactive glass and
their composite coating (with nanosized HAp) on Ti—-6Al-4V
alloy can be prepared by simple vitreous enamelling method.

These glasses are thermally stable and do not change their
structure and properties with rate of heating. The composite
coating exhibits significantly improved scratch resistance
property, which are expected to resist the surface degradation
due to friction with the surrounding hard tissues during initial
insertion of the coated load bearing implants. This property can
also improve the performance of the coated implants in achieving
better primary strength during cementless fixation. The cytotoxic
evaluation shows that these glasses are non cytotoxic and after
processing into scaffolds or coatings their biological response
remain unaltered making them suitable for in vivo applications.
The dissolution behaviour of these glasses in simulated body
fluid and distilled water showed them to be biologically active
over a couple of weeks period with simultaneous dissolution of
calcium and phosphate ions (over a period of weeks) resulting in
precipitation of carbonated hydroxyapatite microcrystals on the
surface. This step is essential for effective Osseo integration of
the biomaterial with the surrounding hard tissues. Simultaneous
release of zinc ions in a controlled fashion over a time period of
3—4 weeks observed in this study may also help further osseous
growth. However, the mechanism of deposition of precipitated
HAp with different microstructure for different bioactive glass
surface is not clear. Further in vivo and animal study is essential
to establish its bioactivity in actual living system.
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