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Surface modifications of glass-
reinforced hydroxyapatite composites
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Surface modifications of glass-reinforced hydroxyapatite composites immersed in a simulated
physiological solution were studied using X-ray photoelectron spectroscopy, scanning electron
microscopy and energy dispersive X-ray spectroscopy. In the first stages of the apatite formation
process, calcium and siiicon ions were leached out from the surface of the composites. After 12 days
of immersion, apatite crystals were detected on the surface indicating bioactive behaviour. Sodium
ions attributed to sodium suiphate were also found in the apatite layer. Bound water on the surface

also increased with immersion time.
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Recent work has shown that hydroxyapatite (HA)
could be reinforced by adding a glassy phase to its
sintering process’. Chemical similarity between the
glassy phase and HA seems to be an essential
requirement for the reinforcement mechanism to
occur?. Small quantities of phosphate-based glasses
may be easily added to HA powders enhancing the
densification process. Not only are the mechanical
properties of these composites found to be higher
than those usually reported for dense HA™® but the
glass addition also acts as a means of incorporating
ions commonly found in bone tissues, such as Na*,
K*, etc.”.

The rate of bone bonding to implant and the
strength and stability of the bond vary with the
composition and microstructure of the bioactive
material®®. The bonding mechanism generally
involves a bioactive acellular layer rich in calcium
phosphate, mucopolysaccharides and glycoproteins.
The bioactive layer provides an acceptable environ-
ment for collagen and bone mineral deposition'®. It
is considered that calcium phosphate layers formed
on the surfaces of bioactive materials implanted in
the body play an essential role in forming the
chemical bond of the bioactive material to the
living bone. It is possible to evaluate the bioactivity
of a material by examining the precipitation and
growth of the calcium phosphate, resulting in the
formation of a calcium phosphate layer on its
surface after immersion in appropriate physiological
solutions™* 3.

In the present work a series of newly developed HA
glass composites have been tested in order to evaluate
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eventual changes in surface chemistry occurring
through immersion in synthetic plasma solution. This
was done by using X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS).

MATERIALS AND METHODS

Two phosphate-based glasses (P1 and P2) and one
silica-based glass (S1) were used to reinforce HA. The
phosphate-based glasses were produced from reagent
grade chemicals heated at 1300°C for 1 h in a
platinum crucible. The silica-based glass was obtained
from Bioglass Research Center, University of Florida,
USA. Chemical compositions of the glasses are given
in Table 1. In order to obtain a homogeneous mixture,
glass and HA powders were wet milled and mixed in a
ball mill pot using methanol. The amount of glass
added to HA was 2.5 wit%. The method used to
fabricate the composites is described fully
elsewhere’ %%

Samples were machined to the dimension of
10x10x1 mm® and ground to 200 um. The
specimens were ultrasonically washed in acetone,
rinsed in double distilled water and dried. Duplicate
samples of each type were immersed in separated
polyethylene bottles containing 50 cm’ synthetic
plasma solution buffered at a pH of 7.3 with
aminomethanetrimethanol-HCL Samples were
immersed for 1, 2, 6 and 12 d at 37°C without stirring.
The composition of synthetic plasma solution is given
in Table 2. Immediately after immersion, samples were
gently rinsed in double distilled water and dried at
room temperature.
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Table 1 Chemical composition of the glasses (mol%)

P,Os Ca0 Na,0 Al,O4 Si0,
P1 455 54.5 — — —
P2 62.9 10.1 10.1 16.9 —
S1 2.6 26.9 24.4 - 46.1

Table 2 Composition of the simulated physiological solution*?

Chemical Composition (g dm~3)
NacCl 8.04

KCl 0.22

CaCl,-2H,0 0.37

NaHCO4 0.35

KoHPO,4-3H,0 0.30

Na,S0,-10H,0 0.16

MgCl,-6H,0 0.30
Aminomethanetrimethanol 6.05

HCI, 37.5% 3.68 (cm® dm~?)

Surface analysis

A JEOL scanning microscope JSM 35C, along with EDS
{Voyager, Norman Instruments, UK), was used to
examine surface morphology. VG ESCALAB 200A was
used for quantitative analysis of elements present on
the sample surfaces. An Mg Ka X-ray source was used
during analysis at a pass energy of 1253 eV and
current of 5 mA. A 5.3 x 1077 Nm ? vacuum in the
specimen chamber was achieved. Detailed higher
energy resolution scans over pertinent kinetic energy
regions were recorded to provide more accurate quanti-
tative and chemical bonding information. The instru-
ment was calibrated against the Au 4f,,, spectrum at
84.0 eV binding energy. Spectra were referenced to the
C 1s peak of adventitious carbon fixed at 285.0 eV. A
minimum of two samples was analysed by XPS and
only reproducible data are reported in the present
study.

RESULTS

The microstructure of P1 HA-phosphate glass
composite was composed of an HA matrix and trical-
cium phosphate (TCP) phases, f-TCP and «-TCP, in a
proportion of 50%, 20% and 30% respectively, as
reported previously’. The P2 sample had a phase
content of 40% HA, 15% fS-TCP and 45% «-TCP. In
the HA-silica-based glass composite, calcium
phosphate silicate was detected using X-ray diffraction
analysis® %, besides apatitic structures.

SEM analysis revealed that after 6 d immersion in the
physiological solution the P1 sample was almost
covered by a layer formed on its surface, as shown in
Figure 1. EDS analysis showed that this layer was
composed of Ca and P crystals with a Ca/P ratio = 1.65,
which corresponds to a structure of apatite. Some
dissolution also seems to have occurred in some areas
of the surface. Similar behaviour was also detected for
the P2 sample. Ca and P crystals were analysed by
EDS along with some surface dissolution after 2 d

immersion, as shown in Figure 2. More intense apatite
formation occurred on its surface after 12 d immersion.

Significant surface dissolution occurred for the HA-
silica-based glass composite after 6 d immersion,
without any apatite formation, as may be observed in
Figure 3. This result indicated that only surface dissolu-
tion was active in the initial stages and more ions were
leached out from the composite surface than from HA-
phosphate-based glass composites. However, after 12 d
immersion its surface was also covered by an apatite
structure, as for the HA—phosphate-based glass
composites.

For qualitative evaluation of the elements present on
the surface, wide scan spectra of P1, P2 and S1 were
recorded. Changes in the elemental composition of P2
and S1 samples with respect to immersion times were
compared with a control, as shown in Figures 4 and
5. Besides the most intense peaks of the constituent
elements (P 2p, Ca 2p and O 1s for P1 and P2, and P
2p, Ca 2p, Si 2p and O 1s for S1), a strong peak for C
1s indicates the presence of a large amount of carbon
on the surface. This could be derived partly from the
solution and partly from unavoidable carbon contami-
nation. Sodium was never detected on P2 and S1
control samples; however, it was found on the surface
after immersion for 6 d in the synthetic plasma

Figure 1 Scanning electron micrographs of P1 sample a,
before and b, after 6 d immersion, showing that the surface
was covered by an apatite layer. Scratches of the grinding
process are not seen. EDS analysis revealed that this layer
had a Ca/P ratio = 1.65.
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Figure 2 a, Apatite crystals (indicated by arrows) on the
surface of P2 sample after 2 d immersion. b, Higher apatite
formation occurred after 12 d immersion.

solution. Detailed spectra of each detected element
were recorded in order to evaluate the chemical state
and the surface chemical composition. The quantita-
tive data of the detected elements revealed depletion
of Ca from all specimen surfaces after immersion in
the solution as compared with that of control
samples. However, the atomic percentage of Ca
increased significantly for samples immersed for 12 d.
The variation in the quantity of Ca and P was more
intense in the case of S1 than for P1 and P2.

DISCUSSION

It has been reported in the literature that apatite
formation on HA involves a partial dissolution of its
surface in the initial stage of the process, followed by
secondary nucleation and/or reprecipitation'® '®.
These results seem to have been confirmed by the
present SEM results as the surface degradation process
occurred in concurrence with the apatite formation
process. Kodri et al.’® compared the behaviour of pure
sintered HA to that of mixtures of HA and TCP materi-
als after 1 wk immersion period in a phosphate buffer
solution. While no surface modifications were detected
for HA, the biphasic calcium phosphate ceramics
formed apatite crystals covering their whole surface.

Figure 3 Very intense surface degradation occurred after
6 d immersion for sample S1, when comparing a with b.
After 12 d the surface was almost covered by an apatite
layer, c.

These differences were attributed to the higher solubi-
lity of the TCP phase compared with HA. Identical
behaviour has been reported by Hyakuna et al.'*.

A much more intense surface dissolution occurred
for the HA-silica-based glass composite in the initial
stages of the apatite formation process. Kokuba et al.'?
proposed that not only calcium but also silicon is
dissolved from the surface of bioactive glass—ceramic
which may explain the degree of dissolution observed.
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Figure 4 X-ray photoelectron spectroscopy of the P2
control sample before (lower half) and after 6 d immersion
(upper half). Sodium was detected after immersion.

However, after 12 d immersion apatite formation also
occurred on the surface of the HA-silica-based glass
composite, indicating bioactive behaviour.

The peak positions of O 1s at 531.4 eV, P 2p at
133.0 eV and Ca 2p® at 347.6 eV did not change with
respect to immersion time compared with the P1
control. This indicates that the surface chemistry of
the composite was unchanged during immersion.
Calcium, phosphorus and oxygen detected at the
above-mentioned peak positions correspond to an
apatite structure, more precisely HA'”. However, the
Ca/P ratio decreased with increasing immersion time.
Probably this decrease in Ca/P ratio was due to surface
degradation of the composite in the course of time.

O 1s, P 2p, C 1s and Ca 2p° peaks were found at
531.5, 133.1, 285.0 and 347.8 eV respectively, for the
P2 control. The peak positions did not change signifi-
cantly with respect to immersion time. However, an
additional peak of Na 1s at 1072.5 eV was detected on
the surface after 6 d immersion. The Ca/P ratio
decreased on the surface of the P2 composite after
immersion for 6 d, but increased for the specimen
immersed for 12 d. This was probably due to leaching
out of calcium from the composite surface in the initial
period of immersion and reprecipitation after 12d.
This seems to agree with previous results'®. Sodium
detected on the surface at 1072.5 eV most probably
indicates adsorption of sodium sulphate'® from the
solution, as no sodium was detected on the control
surface during the quantitative elemental analysis.
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Figure 5 X-ray photoelectron spectra indicated that after
6 d immersion (upper half) Si was leached out from the
composite control surface (lower half) and adsorption of
Na occurred.

0O 1s, C 1s, P 2p, Ca 2p° and Si 2p peaks were
detected at 531.6, 285.0, 133.2, 347.6 and 101.4 eV
respectively, for the S1 control. The peak positions did
not change with immersion time. However, the Ca/P
ratio decreased after 2 d immersion and increased after
6 and 12 d immersion. An additional peak of Na 1s
was also detected on the specimen surface after 6 and
12 d immersion. This indicates that along with repreci-
pitation of calcium phosphate, sodium sulphate was
adsorbed on the surface. As sodium was not detected
in the control, the adsorbed sodium sulphate on the
surface originated from the plasma solution only. An
Si 2p peak, found at 101.8 eV on the composite
surface, probably indicates the presence of wollasto-
nite'®.

The O 1s peak of the Si composite was deconvo-
luted using gaussian curve-fitting, as shown in
Figure 6. It may be seen from this figure that
oxygen was formed in two chemical states on the
surface. The main peak of O 1s was found at 531.0
eV, with a small peak at 533.1 ¢V on the control.
The O 1s peak at 531.0 eV corresponded to the
oxide constituent of the HA composite whereas the
peak at 533.1 eV corresponded to bound water®’.
More interestingly the main O 1s peak at 531.6 42
eV was found on the immersed samples. The peak
height at 531.6+2 eV was found to diminish
whereas that at 533.2 £ 0.1 eV was found to increase
with immersion time. This augments the fact that
oxygen in the form of oxide became reduced
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Figure 6 X-ray photoelectron spectra of S1 sample: a,
before immersion and after immersion of b, 2 d, ¢, 6 d and
d 12 d. The O 1s peak of the oxide form decreased (dashed
line) whereas bound water increased with immersion time
(dotted line).

whereas the bound water content on the surface
increased with respect to immersion time.

CONCLUSIONS

From the point of view of biomedical applications,
glass-reinforced HA composites exhibited bioactive
behaviour in a simulated physiological solution. The
apatite layer formed on the surface most probably
contained sodium sulphate which came from the
physiological solution. Bound water on the surface
increased with respect to immersion time.
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