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Abstract Soda lime phosphate bioglass-ceramics with
incorporation of small additions of TiO, were prepared in the
metaphosphate and pyrophosphate region, using an appro-
priate two-step heat treatment of controlled crystallization
defined by differential thermal analysis results. Identification
and quantification of crystalline phases precipitated from the
soda lime phosphate glasses were performed using X-ray
diffraction analysis. Calcium pyrophosphate (f8-Ca,P,07),
sodium metaphosphate (NaPO;), calcium metaphosphate
(p-Ca(POs),), sodium pyrophosphate (NasP,07), sodium
calcium phosphate (Na,Ca(POj)¢) and sodium titanium
phosphate (NasTi(PO,);) phases were detected in the pre-
pared glass-ceramics. The degradation of the prepared glass-
ceramics were carried out for different periods of time in
simulated body fluid at 37 °C using granules in the range of
(0.300-0.600 mm). The released ions were estimated by
atomic absorption spectroscopy and the surface textures
were measured by scanning electron microscopy. Evaluation
of in vivo bioactivity of the prepared glass-ceramics was
carried through implanting the samples in the rabbit femurs.
The results showed that the addition of 0.5 TiO, mol%
enhanced the bioactivity while further increase of the TiO,
content decreased the bioactivity. The effect of titanium
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dioxide on the bioactivity was interpreted on the basis of its
action on the crystallization process of the glass-ceramics.

Introduction

Phosphate based glasses have found considerable use in
various applications such as glass to metal seals, low-
temperature enamels for metals, optical elements, hosts for
radioactive wastes management, and as biomaterials [1-3].
The quite high solubility can be changed or controlled by
the doping of the glass with various ions such as AI**, Pb*,
or B,O; [4]. The increase of chemical durability is
achieved by the increase of the cross-linkage or the intro-
duction of highly insoluble ions and this makes the glass
structure less susceptible to solution attack [5].

Recent studies on phosphate based glasses have shown
that the useful range of such glasses [6] to biomedical
applications is limited not only by crystallization effects,
but also in vitro studies have shown that too high solubility
is detrimental to cell activity [7]. Franks et al. [6] have
shown that glasses with a fixed P,Os content of 45 mol%
give a good range of glasses which melt and cast easily and
show good biocompatibility as a biomaterial in vitro.

Titanium dioxide is considered to be harmless in contact
with human tissue and it has thus gained interest in the
production of bioactive Si0,—CaO-P,05 glass-ceramics
[8-10]. TiO,, used as a nucleating agent, in glasses, is
miscible in the glassy network at high temperatures but
induces phase separation during cooling of the melt [8, 9].
The role of TiO, in bioactive glasses and glass-ceramics is
still in debate. Titanium dioxide is known to induce cal-
cium-phosphate volume crystallization in CaO-P,0O-based
systems [11].
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Hosono et al. [12, 13] used significant amounts of TiO,
to produce porous glass-ceramics in which the volume
nucleated f-Ca3(PO,4)s phase was leached with HCI leav-
ing a CaTiy(POy)e skeleton. Ceramming of glasses in this
system usually gives rise to biocompatible phases, such as
p-Ca,P,07 and Ti,P,0,. Lacerda et al. [14] found that
TiO, contents up to 3 wt% produce crystallization of SiO,—
3Ca0-P,05s-MgO glasses.

Kasugaet al.[15, 16] examined the glass-ceramic derived
from 60Ca0O-30P,05—7Na,0-3TiO, glass and found that it
showed bioactivity. Grussaute et al. [17] studied by MAS
NMR glasses of the system Na,O-TiO,—P,05-SiO, and the
results reveal the formation of Ti—O-P covalent bonds, ow-
ing to the electrostatic field strength of Ti** ions. Navarro
et al. [18] studied the degradation of TiO,-stabilized of
phosphate glasses and showed that the addition of TiO; in
this glass system enhanced the chemical durability towards
deionized water and simulated body fluid due to the presence
of Ti-O-P bonds rather than P-O-P bonds and Raman
spectra indicate the presence of TiOs and TiOg groups.

Calcium phosphate-based glasses and bioceramics are
designed to degrade gradually over time and be replaced by
the natural host tissue. The prime objective for such
materials in vivo is to combine stimulation of osteogenic
activity in associated bone tissues for optimum healing,
with the capability to be progressively resorbed by spe-
cialized bone cells (osteoclasts) during normal continuous
remodeling [19]. Kotani et al. [20] and Neo et al. [21]
studied the difference in bone-bonding mechanisms be-
tween surface-active ceramics and bioresorbable ceramics.
They found that the surface-active ceramic was bonded to
bone through a thin Ca-P rich layer consisting of fine
apatite crystals apparently different from those of bone in
shape, size, and orientation. The resorbable ceramics made
direct contact with the bone, and no apatite layer was
present at the interface. The surfaces of the implants be-
came rough due to degradation, and bone grew into the
finest surface irregularities.

The first objective of this work is to study the in vivo
behavior of some bioglass-ceramics from the system P,Os—
Na,0-CaO to which few successive percents of TiO, were
added. The second objective is to characterize the glass-
ceramic samples by scanning electron microscopy and X-
ray diffraction analysis to analyze the role of TiO, in such
bioglass-ceramics.

Materials and methods
Glass preparation

Six glasses were prepared from chemically pure CaCOs,
Na,CO3;, NH4H,PO,, and TiO, (see Table 1 for their com-
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Table 1 Phosphate bioglass samples compositions

Name mol%
P205 CaO NaZO T102

P1 45 24 31.0 -

P2 45 24 30.5 0.5
P3 45 24 30.0 1.0
P4 45 24 29.5 1.5
P5 45 24 29.0 2.0
P6 45 24 28.5 2.5

positions). The batches were weighed out and then melted in
porcelain crucibles in an electric furnace between 1,100 and
1,200 °C for 2 h and the melts were rotated two times to
achieve homogeneity. Upon complete melting, the glasses
were cast in a preheated stainless steel rectangular mould of
the dimensions of 1 x 4 x 1 cm® preheated to about 250 °C.
The glass samples were transferred to an annealing muffle
furnace adjusted at 350 °C and the muffle was left to cool
slowly to room temperature at a rate of 25 °C/h.

Differential thermal analysis

Differential thermal analysis (DTA) measurements were
carried out on powdered samples which were examined up
to 700 °C using a recording DTA apparatus Setaram
(France) and alumina was used as a reference material.

Preparation of glass-ceramic samples (Heat treatment
regime)

Based on the thermal data obtained from differential
thermal analysis measurements, the specific temperatures
necessary for controlled thermal heat treatment regime are
obtained. The heat-treatment schedule consists of two-steps
regime, the first temperature is equivalent for efficient
nucleation step and the second temperature is equivalent to
the maximum crystal growth step and the two selected
temperatures are generally correlated with endothermic and
exothermic peaks of the DTA thermogram. For all samples,
the time of holding at the first nucleation temperature was
taken as 24 h to ensure maximum nuclei, while the time of
the crystallization step was taken as 12 h. The two-steps
heat-treatment regime was done in a regulated muffle fur-
nace (Carbolite, England). The glass specimens were he-
ated slowly to the first nucleation temperature at a rate of
3 °C/min. After holding for 24 h at the specified temper-
ature, the muffle temperature was raised to reach the sec-
ond crystallization temperature at a rate of 3 °C/min and
after a second hold for 12 h, the muffle was switched off
and the samples were left to cool inside the muffle to room
temperature at a rate of 20 °C/h. The prepared glass-cera-
mic samples were polished by 600-grit paper, 1200-grit and
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2500-grit silicon carbide powders and a final polish was
done by cerium oxide.

Characterization of bioglass-ceramics
X-ray diffraction measurements

The prepared glass-ceramic samples were finely ground and
the fine powder was examined using a Brukur D8 Advance
X-ray diffractometer (Germany) adopting Ni-filter and Cu-
target to identify the precipitated crystalline phases.

Microstructure measurements using scanning electron
microscope

The surface textures of the prepared glass-ceramic samples
were examined using a scanning electron microscope type
JEOL, JXA-840A (Japan) after coating with gold using
Edwards S 150A sputter coater (England).

Corrosion studies using atomic spectroscopy

The glass-ceramic samples, in the form of grains in the size
range (0.300-0.600 mm), were subjected to the action of
the simulated body fluid (SBF), prepared according to
Kokubo et al. [22], at temperature of 37 °C for different
periods of time. About 0.25 g of each sample grains was
weighed accurately and was put in a polyethylene con-
tainer. 25 mL of SBF was poured on the grains and the
container was covered and put in an incubator adjusted to
37 °C. The containers were removed from the incubator at
time periods 3 h, 6 h, 1 day, 3 days, 1 week and 2 weeks.
Each sample was tested 3 times for each time period. The
solution of SBF was filtered on ashless filter paper no. 41.

Measurement of calcium, and sodium ions by atomic
absorption spectroscopy (AAS): The attacking solutions
were diluted with deionized water as follows: 10 times for
calcium ions concentration measurement, 100 times for so-
dium ions concentration measurements. The SBF solution
was also diluted with the deionized water and was measured
with the samples. The concentration measurements for cal-
cium, sodium ions were done on Varian Spectra AA 220
atomic absorption spectrometer with deuterium (D,) lamp,
background correction was used. Also, hollow cathode
lamps were used and all the measurements were performed
in the background-corrected peak-area measurement mode.
The elements were determined using the flame atomic
absorption spectroscopy in acetylene—air or acetylene—ni-
trous oxide flames. The calibration was performed using
multi-element  calibration solutions prepared from
1,000 mg/L stock solutions (Merck). Sodium ions are mea-
sured using acetylene- air flame at wavelength 330.3 nm, slit
width 0.2 nm, and lamp current 7 mA. Calcium ions are

measured using acetylene-nitrous oxide flame at wavelength
239.9 nm, slit width 0.2 nm, and lamp current 6 mA.
Measurement of phosphorous ions by induced coupled
plasma atomic emission spectroscopy (ICP-AES): The
solutions of the samples were diluted 10 times by deionized
water. The SBF solution was measured with the samples. The
phosphorous 214 nm spectral line was utilized for the mea-
surements. The calibration was performed using calibration
solution prepared from 1,000 mg/L stock solution (Merck).

Evaluation of in vivo bioactivity of glass-ceramics
Surgical procedure

Adult male New Zealand white rabbits weighing about 3 kg
were used as the animal model. Three animals were used for
each glass-ceramic sample. Animals were anesthetized with
a cocktail of 5 mL of ketamine (100 mg/cc) + 2.5 mL of
xylazine (20 mg/cc), administered intramuscularly (IM) at
dose of 1 mL/kg body weight. The animals were also given
an intramuscular prophylactic dose of penicillin G
(25,000 U/kg) to reduce the risk of infection. The surgical
site was shaved and prepared with a solution of betadine
(Povidone—iodine) and alcohol. Under the sterile surgical
conditions, the skin over the anteromedical aspect of each
femoral diaphysis was incised and the skin and periosteum
was retracted so that the femur bone can be exposed. A mid-
shaft femoral cortical bone defect (6 mm in diameter) was
created in the anteromedical aspect of each femur using a
low-speed dental burr under continuous rinsing by cold
physiologic saline solution to minimize heat related dam-
age, and to remove all the bone particles. The bone marrow
chamber was evacuated by repeated washings with saline
solution through a syringe introduced into the defect space.
The surgical site was packed with gauze until bleeding
subsided. Immediately following, the granules of prepared
glass-ceramic (0.300-0.600 mm) were placed in sufficient
amounts to fill the holes, then the periosteum muscle and
skin were sutured in layer, some holes were left empty as
control. After 6 weeks post surgery, the animals were sac-
rificed and the bone segments containing the defects were
bisected and fixed in 4% phosphate-buffered formaldehyde
solution (pH 7.2) for 24 h.

Histological method

The specimens were decalcified in 10% ethylene diamine
tetra acetic acid solution (EDTA), pH 7.4 for 14 days. The
specimens were dehydrated in serial alcohol solutions and
mounted in paraffin, cut cross sectional into slices of 4 pm
thickness and stained with hematoxylin-eosin. The samples
were examined under light microscope at different mag-
nifications.
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Results
Characterization of bioglass-ceramic samples
Differential thermal analysis

Differential thermal analysis results are shown in Fig. 1 for
phosphate bioglasses. The results reveal that the nucleation
and crystallization temperatures increase with the increase
of TiO, content for the phosphate bioglasses. The nucle-
ation and crystallization temperatures for the samples are
shown in Table 2.

X-ray diffraction results for bioglass-ceramics

Figure 2 shows the X-ray diffraction patterns for the phos-
phate bioglass-ceramic samples. The X-ray diffraction pat-
terns of the reference sample P1, which contains no TiO,,
shows the presence of the following crystalline phases:

a) Calcium pyrophosphate fS-Ca,P,O; (card number:
9-346)

b) Sodium metaphosphate NaPOj (card number: 2-776)

¢) Calcium metaphosphate [-Ca(POs), (card number:
17-500)

d) Sodium pyrophosphate Na,P,O; (card number: 10-187)

e) Sodium calcium phosphate Na,Ca(POj3)¢ (card num-
ber: 25-0811)

Careful inspection of the diffraction patterns indicates
that the peak intensities of the crystalline phases show that
calcium pyrophosphate is the main crystalline phase, then
both sodium metaphosphate and calcium metaphosphate are
found in considerable amounts while sodium pyrophosphate
and sodium calcium phosphate are found in small amounts.

The evolution of the X-ray peaks with the increase of
TiO, content from sample P2 to sample P6 reveals that the
crystalline phases of sodium metaphosphate and calcium
metaphosphate decrease with the increase of TiO, content
except in sample P5 where the peak intensities of the so-
dium metaphosphate phase are still high as in sample P1.
The peak intensities of the crystalline phase of sodium
calcium phosphate are disappeared in all the samples
containing TiO, (P2-P6). The peak intensities of crystal-
line sodium pyrophosphate phase become very weak in the
samples (P2-P6). With the increase of the TiO, content, a
new phase is formed beginning from sample P2 with small
peak intensities and continues to grow. The new phase is
attributed to sodium titanium phosphate NasTi(POy,); (card
number: 39-178). The peak intensities of the new-formed
phase reach their maximum values in the sample P5, and
then they slightly decrease in the sample P6.

Scanning electron microscope investigations

Figure 2 shows the micrographs of the phosphate bioglass-
ceramic samples. The morphological structure varies with
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Fig. 1 Differential thermal analysis curves for the phosphate bioglass samples at a heating rate of 10 °C/min
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Table 2 Nucleation and crystallization Peaks for the phosphate
bioglasses

Sample Nucleation Crystallization
Temperature (°C) Temperature (°C)
Pl 364 461
P2 371 479
P3 375 500
P4 380 502
P5 384 509
P6 386 511

the composition of the samples. All the samples show al-
most complete crystallization. The base glass-ceramic
sample P1 shows rounded crystals of the diameter 10 pm.
Increasing the TiO, content causes gradual decrease in the
dimension of the crystals.

Corrosion results (elemental concentration analysis)

The elemental concentration analysis data obtained after the
immersion in the simulated body fluid of phosphate bioglass-
ceramics for prolonged times can be outlined as follows:
Figure 3 reveals the phosphorous ion concentration
estimated after the immersion of the phosphate glass-

Fig. 2 Scanning electron
micrographs for the bioglass-
ceramic samples at
magnification 1,000x

ceramic samples for different reaction times. It is obvious
that after 3 h of immersion, the phosphorous ion concen-
tration sharply increases for all studied samples and with
prolonged times the quantity estimated is shown to ap-
proach the double after 72 h and approaches almost satu-
ration afterwards.

Figure 4 reveals the sodium ions concentration esti-
mated for phosphate bioglass-ceramic samples after the
immersion for prolonged times in SBF at 37 °C. The
amount of released sodium ions progressively increases
with time of immersion and the differences between the
various bioglass-ceramic samples are small.

Figure 5 reveals the estimated calcium ions concentra-
tion released from phosphate bioglass-ceramic samples
after the immersion in SBF for prolonged times at 37 °C.
The bioglass-ceramics show peculiar behavior by showing
a high increase of the amounts released until reaching 6 h
of immersion. Further immersion, reveals a slower rate of
decrease in the amounts of calcium ions.

Histological results of in vivo bioactivity of bioglass-
ceramic samples.

Figure 6 shows a histological section of a critical size bone
defect created in a rabbit femur and grafted with P1

@ Springer
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Fig. 6 Histological section of a critical size bone defect created in
the rabbit femur and grafted with P1 particles 6 weeks post surgery,
new bone tissue (nb) was seen filling the inter-space between the P1
particles. The in-growing bone was observed in close contact with the
particles, without an intervening fibrous tissue layer. Furthermore, no
sign of inflammatory cell infiltration at the implantation site were
seen. Moreover, bone formation was also found on the surface of P1
particles as indicated by arrows (Hematoxylin—eosin stain), original
magnification 40x

particles. New bone tissue with osteocyte embeded in la-
cuna is seen filling the inter-space between the P1 particles.
The in-growing bone is observed in close contact with the
particles, without an intervening fibrous tissue layer. Fur-
thermore, the newly formed bone is barely distinguishable
from the host bone and no sign of inflammatory cell
infiltration at the implantation site are seen. Moreover,
bone formation is also found on the surface of P1 particles,

Fig. 7 A magnified image for the area inside the box in Fig. 6,
showing one P1 particle which is surrounded completely by new bone
(nb) with osteocyte (Oc) embeded in lacuna. In addition, several
blood vessels (Bv) filled with red blood cells were seen throughout
the regenerated bone and in close contact with P1 particle. This
indicate that the regenerated bone is highly vascularized. Further-
more, bone formation was also seen on the surface of P1 particle as
indicated by arrow. (Hematoxylin—eosin stain), original magnifica-
tion 200x
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as shown in Fig. 7. In addition, several blood vessels filled
with red blood cells are seen throughout the regenerated
bone and in close contact with P1 particle . This indicates
that the regenerated bone is highly vascularized and it is
very well supplied with blood, which contains oxygen,
fresh tissue fluid, nutrients and growth factors needed for
the bone regeneration, as shown in Fig. 7.

Figure 8 shows histological section of a critical size
bone defect created in a rabbit femur and grafted with P2
particles. New bone tissue with osteocyte embeded in la-
cuna is seen filling the inter-space between the P2 particles.
The in-growing bone is observed in close contact with the
particles, without an intervening fibrous tissue layer. Fur-
thermore, the entrances to the osseous defect are almost
entirely closed after 6 weeks and the newly formed bone is
barely distinguishable from the host bone, no sign of
inflammatory cell infiltration at the implantation site are
seen. Moreover, bone formation is also found on the sur-
face of P2 particles as shown in Figs. 9—11. In addition, a
developing osteon is also seen on the surface of P2 particle
which possesses a central haversian canal passing through
P2 particle and lining with osteoblast, this canal is also
containing blood vessels (Fig. 10). This result suggests that
osteoclast is mediating material resorption to form a new
resorption tunnel or canal which passes through the grafted
material, this process is followed by bone apposition by
osteoblasts that start building up a new osteon within the
tunnel. As a result of these two processes P2 will gradually
be resorbed and became replaced by new bone, this is very
similar to normal bone remodeling.

Figure 12 shows a histological section of a critical size
bone defect created in a rabbit femur and grafted with P3

Fig. 8 Histological section of a critical size bone defect created in
the rabbit femur and grafted with P2 particles 6 weeks post surgery,
new bone tissue (nb) was seen filling the inter-space between the P2
particles. The in-growing bone was observed in close contact with the
particles, without an intervening fibrous tissue layer. Furthermore, no
sign of inflammatory cell infiltration at the implantation site were
seen. Moreover, bone formation was also found on the surface of P2
particles as indicated by arrows. (Hematoxin—eosin stain), original
magnification 40x

Fig. 9 A magnified image for the area inside the red box in Fig. 8,
showing bone formation on the surface of P2 particle as indicated by
arrows (Hematoxylin—eosin stain), original magnification 100x

Fig. 10 A magnified image for the area inside the black box in
Fig. 8, showing one P2 particle which is surrounded by new bone (nb)
with osteocyte (Oc) embeded in lacuna. Furthermore, a developing
osteon (Os) was also seen on the surface of P2 particle as indicated by
arrow which possesses a central haversian canal (Hc), the canal is
lined by osteoblasts (Ob), and it contain small blood vessels (Bv),
(Hematoxylin—eosin stain), original magnification 400x

particles. New bone tissue with osteocyte embeded in la-
cuna is seen filling the inter-space between the P3 particles.
The in-growing bone is observed in close contact with the
particles, without an intervening fibrous tissue layer. Fur-
thermore, the newly formed bone is barely distinguishable
from the host bone and no sign of inflammatory cell
infiltration at the implantation site are seen. In addition, the
entrances to the osseous defect are almost entirely closed
after six weeks as seen in Fig. 12. Moreover, no bone
formation is observed on the surface of P3 particles as in
the case of P1 and P2 (Fig. 13). The same features were
found to be repeated with the samples P4, P5, and P6.

Control sample

Figure 14 shows a histological section of a critical size
bone defect created in a rabbit femur of control group (left
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Fig. 11 A magnified image for the area inside the yellow box in
Fig. 8, showing P2 particle which is surrounded completely by new
bone (nb). Furthermore, bone formation is also found on the surface
of P2 particle as indicated by arrow. (Hematoxylin—eosin stain),
original magnification 400x

Fig. 13 A magnified image for the area inside the box in Fig. 12,
showing one P3 particle which is surrounded completely by new bone
(nb) with osteocyte (Oc) embeded in lacuna. (Hematoxylin—eosin
stain), original magnification 200x

Fig. 12 Histological section of a critical size bone defect created in
the rabbit femur and grafted with P3 particles 6 weeks post surgery,
new bone tissue (nb) was seen filling the inter-space between the P3
particles. The in-growing bone was observed in close contact with the
particles, without an intervening fibrous tissue layer. Furthermore, no
sign of inflammatory cell infiltration at the implantation site were
seen. Moreover, Small cracks were observed in some particles, as
indicated by arrows. (Hematoxylin—eosin stain), original magnifica-
tion 40x

empty with no material). Fibrous connective tissue is seen
filling the whole area of bone defect. For all the grafted
material used, the regeneration of bone in the defect is
superior to that for the control empty defect.

Discussion
Differential thermal analysis measurements
Titanium oxide was assumed to form in phosphate glasses

either TiOs5 or TiOg structural units [23]. The addition of
TiO, to P,0s—CaO-Na,O glass system leads to an increase

@ Springer

Fig. 14 Histological section of a critical size bone defect created in
the rabbit femur of controlled group 6 weeks post surgery. Fibrous
connective tissue was seen filling the whole area of bone defect.
(Hematoxylin-eosin stain), original magnification 40x

in glass transition temperature (), which can be inter-
preted by assuming that the titanate polyhedra form some
new interconnections within the basic phosphate structural
network. The higher bonding in the structural network re-
sults in the increase of T, values [24]. It was assumed that,
when titanium cations substitute for sodium ions, —P—
0°"...Ti°* bonds are formed with a strong covalent Ti—O
bond than Na—O because the titanium electronegativity is
larger than that of sodium [25].

From the previous considered assumptions, the increase
of nucleation and crystallization temperatures with the
addition of TiO; (as shown in Fig. 1) can be related to the
higher bonding in the structural network of the glass sys-
tem introduced by the incorporation of Ti—O bonds.
However, the increase in nucleation and crystallization
temperatures with the additions of TiO, is not linear as
shown in Table 2. This trend indicates that the behavior of
TiO, inside the glass network is not the same at progressive
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additions. This can be related to the possible different Ti—O
groups with the increase of TiO, content. It seems that at
first titanium groups may act as former oxide (TiOs)
strengthening the network and with further addition of
TiO,, the titanium oxide enters as (TiOg) which is probably
acting as modifier oxide (TiOg).

X-ray diffraction and scanning electron microscope
measurements

The X-ray diffraction pattern of the reference sample P1
(as shown in Fig. 15) indicates that the calcium pyro-
phosphate (f-Ca,P,0;) is the predominant phase in the
phosphate glass-ceramics. Many authors studied the crys-
tallization of the system P,Os—CaO-Na,O. They reported
that the calcium pyrophosphate phase (f-Ca,P,0;) was
formed in the glass-ceramics derived from the phosphate
invert glass systems with P,O5 content less than 50 mol%
[15, 26-29].

The glasses of the system P,Os—CaO-Na,O have both
Q’ (PO,) and Q' (PO3) phosphate groups. The fraction of
Q' groups increases proportionally to the content of the
network-modifying oxides while the fraction of the Q?
groups decreases [30]. The amount of the network-modi-
fying oxides (Na,O and CaO) in the present system is

o0

P3 *

Intensity (a. w.)

20 (degree)

55 mol%, which means that the fraction of pyrophosphate
groups Q' is high. The crystallization of this system is
expected to produce also pyrophosphate and metaphos-
phate crystalline phases as described in the results. Franks
et al. [6] reported that the sodium metaphosphate NaPO5
and sodium calcium metaphosphate Na,Ca(POj3)¢ phases
were formed in the P,05—CaO-Na,O glass system with
P,Os content of 45 mol%. If the Na,O content is high,
sodium metaphosphate (NaPOs) is the major phase and if
the CaO content is high, sodium calcium metaphosphate
Na,Ca(POs)¢ is the major phase and at the intermediate
compositional region the two phases are both precipitated.
It seems from the results in this work that both phases are
really precipitated but not as the major phases. However,
the sodium metaphosphate NaPOj3; phase was believed to be
formed with relatively high amount after the major phase
of calcium pyrophosphate (f-Ca,P>0-). The sodium cal-
cium metaphosphate Na,Ca(POs3)s phase was formed with
little amount. This is consistent with the author results
where, in this work N,O content is 31 mol% and CaO
content is 24 mol%.

The effect of TiO, addition on the crystallization pro-
cess (as shown in Fig. 15) was very obvious even with the
addition of 0.5 mol% TiO,. First, the peaks of the sodium
calcium metaphosphate Na,Ca(PO3)¢ phase were disap-
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Fig. 15 X-ray diffraction patterns of the phosphate bioglass-ceramics samples [O: f-Ca,P,04, A: NaPOs, [I: f-Ca(POs),, A: Na,P,0,, V:

Na4Ca(PO3)6, L Na5 Ti (PO4)3]
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peared. Also, the peaks of the sodium metaphosphate
NaPO; phase were lowered and new peaks of the sodium
titanium phosphate NasTi(PO,); phase were distinguished.
This effect may be correlated with the depolymerization
effect of TiO, on the metaphosphate network [24].

The depolymerization of the metaphosphate by TiO,, is
also reflected on the infrared absorption spectra of the
phosphate glasses. The incorporation of titanium into a new
crystalline phase does not inhibit the decrease of sodium
metaphosphate NaPO3 phase except in sample P5. The X-ray
diffraction pattern of sample P5 reveals that the peaks of the
NaPOj phase are still high. The new titanium phase in sample
P5 possesses also high intensity peaks which, indicate that
titanium is consumed nearly inside this phase. So, the
metaphosphate phase (NaPOs) is shown to increase again.

The images of the scanning electron microscope (shown
in Fig. 2) show that the addition of the TiO, resulted in the
morphological structure variations between the samples.
These results indicate that TiO, has a pronounced effect on
the crystallization process because the addition of even
small quantities of TiO, to the base glass resulted in
obvious variation of the surface texture. X-ray diffraction
results indicate the effect of TiO, on the crystalline phases
formed in the glass-ceramics which is reflected on the
surface texture of the samples. By increasing the TiO,
content, the intensity of the precipitated crystalline phases
changed, where the NaPO;, -Ca(POs), phases decreased
while the other Na,P,0O;, NasCa(POs3)s phases nearly dis-
appeared and a new sodium titanium phosphate NasTi(-
PQO,); phase was resolved.

Corrosion studies

First, it can be assumed that the dissolution of the phos-
phate glasses must be considered to explain the behavior of
the glassy phase and the crystalline phosphate phases to-
wards the action of aqueous solutions (i.e., SBF). Bunker
et al. [31] showed that the phosphate glass dissolves con-
gruently or uniformly which means that the dissolution
products in the solution have identical composition with
that of the bulk glass. The dissolution process was assumed
to be divided into two kinetic periods according to the
profiles of dissolved amount, g versus time, #, e.g., a
decelerating dissolution period of g o< "% and a uniform
dissolution period of g o< . They showed that the hydro-
lysis of the linear polymeric phosphates exhibits clear pH
dependence. Hydrolysis is believed to be accelerated in
acids, with a fractional dependence on [H'].

Phosphate glasses dissolve in aqueous media in the
following two interdependent steps [32]:

(1) Hydration reaction: the glass exchanges its sodium
ions with the hydrogen ions in water to carry out

@ Springer

Na-H ion exchange reaction, resulting in the forma-
tion of a hydrated layer on the glass surface at the
glass-water interface.

(2) Network breakage: under the attack of hydrogen ions
and water molecules, the P-O-P bonds in hydrated
layer break up and result in the destruction of the
glass network and the release of chains of phosphates
with different degree of polymerization into the
solution.

The glass ceramic samples consist of both crystalline
phases and residual glassy phase. The corrosion of such
glass-ceramic samples can be explained by considering the
solubility properties of both the crystalline phases and the
glassy phase. Lin et al. [33] studied the degradation of f-
Ca,P,0; calcium pyrophosphate in distilled water and
found that it is stable and inert. Antonucci et al. [34] re-
ported that calcium metaphosphate [-Ca(POs), is ex-
tremely insoluble in aqueous solutions, even in acidified
aqueous media. On the other hand, sodium metaphosphate
NaPOs, and sodium pyrophosphate Na,P,0; were reported
to dissolve easily in aqueous media [35]. The quite high
chemical durability of calcium metaphosphate phase can be
explained by considering its structure. For calcium meta-
phosphate f-Ca(POs),, the polymeric structure shows the
covalently bound POj; units which are structurally linked
through P-O-P bonds to form long metaphosphate chains.
These chains are ionically bound to calcium between
chains. Therefore, the divalent cations can serve as ionic
cross-links between the nonbridging oxygens of two dif-
ferent chains. The formation of such cross-links explains
the quite high chemical durability.

The X-ray diffraction data are known to provide accu-
rate information of the crystalline phases and their evolu-
tion inside the glass-ceramic samples. Using these data and
the solubility properties of the different phases, the deg-
radation behavior of the glass-ceramic samples can thus be
understood and explained. It is obvious that the effective
crystalline phase in the dissolution process is sodium
metaphosphate NaPO5; phase because it is found in all the
samples with considerable amounts (as seen from X-ray
diffraction data). Also, the residual glassy phase must be
taken into consideration.

For the phosphorous ions release from the phosphate
bioglass-ceramic samples shown in Fig. 3, the fast release
of the phosphorous ions at the early times of immersion
indicates that the sodium metaphosphate crystalline phase
and the residual glassy phase found on the surface dissolved
rapidly into the SBF solution. Also, it is obvious that the
release of phosphorous ions from the samples P1 and P5 are
the highest. This can be explained by considering the
crystalline phases composition of the samples which are
revealed by X-ray diffraction measurements. The high



J Mater Sci: Mater Med (2008) 19:1097-1108

1107

release of phosphorous ions from sample P1 is due to the
absence of titanium, so the sodium metaphosphate NaPO5
crystalline phase is found with high amount. Also, the X-ray
diffraction results showed that the relative amount of the
sodium metaphosphate NaPO; crystalline phase in sample
PS5 is higher than that of the rest of the samples containing
titanium. Thus, the increase of the sodium metaphosphate
phase obviously results in the increase of the release of the
phosphorous ions from sample P5.

For the release of sodium ions from the samples shown
in Fig. 4, the progressive increase of the released sodium
ions indicates that the crystalline phases containing sodium
ions seem to dissolve constantly. Also the data of the re-
lease of calcium ions shown in Fig. 5 indicate that the
calcium ions may be released at the beginning from the
residual glassy phase then reach to a maximum.

In vivo bioactivity of bioglass-ceramic samples

The bonding mechanism of calcium phosphate glass-
ceramics to bone appears to be very different from the
bonding of the silicate bioactive glasses. Neo et al. [21]
reported that the resorbable calcium phosphate ceramics
like tricalcium phosphate make direct contact with the
bone, and no apatite layer was present at the interface. The
surfaces of the implants become rough due to degradation,
and bone grow into the finest surface irregularities. So, they
suggested that the bonding strength was considered to be
mainly attributable to mechanical interlocking. Kitsugi et
al. [36] studied the bonding mechanism of four calcium
phosphate ceramics to bone. The ceramics included cal-
cium pyrophosphate (f-Ca,P,05), which is the main
crystalline phase in the present work. The results of Kitsugi
et al. [36] revealed that collagen fibers were not observed
at the bone-ceramic interface. Neither chemical bonding
nor mechanical bonding by interlocking between bone and
ceramics was described by morphological observation
using transmission electron microscopy.

The histological observations for the samples revealed
the following features:

1) The result from sample P1 (shown in Figs. 6 and 7)
which contains no titanium dioxide, shows bone
growth between the particles and also on the surface of
the particles. This result can be explained by referring
to the presence of calcium pyrophosphate (f-Ca,P,0-)
as the main phase, which is considered as a high
bioactive material [36, 37].

2) The result from sample P2 (shown in Figs. 8—11) with
0.5 mol% TiO, added to its parent glass shows bone
growth between the particles and on the surface of the
particles like sample P1 but with advanced stages of
bone growth which means that the sample P2 is rela-

tively more bioactive than sample P1. The effect of the
addition of 0.5 mol% TiO, on the crystallization pro-
cess may be the reason. The NaPOj, p-Ca(POs),
phases decreased and the other phases Na,P,0,, Na,.
Ca(PO;)¢ nearly disappeared and a new phase Nas.
Ti(PO4); appeared with very small amount. The
relative decrease of the other phases which was found
in the sample P1 may be the reason for the improve-
ment the bioactivity of the sample P2.

3) By increasing the percentage of TiO, in the other
samples P3-P6, the results (shown in Figs. 12 and 13)
showed bone growth between the particles only. This
means that the addition of 1 mol% TiO, or more to the
parent phosphate glass P1 will be expected to decrease
the bioactivity. This observation can be explained by
the observed increase of the chemical durability of the
samples caused by the introduction of TiO,. However
the sample P5 with 2 mol% TiO, showed high release
of phosphorous ions like the sample P1 and the amount
of crystalline NaPO; phase in the sample is considered
high. The histological results for this sample P5 show
that the bone growth was better than that of the samples
P3, P4, and P6. However, there is no bone growth on
the surface of the particles of the sample P5 like the
sample P1 and P2. It can thus be concluded from these
results that the degradation of the samples is not only
the important factor for the bioactivity but the com-
position of the phosphate glass-ceramics also plays an
important role for the bone growth on the material. The
low content of TiO, in the sample P2 has no negative
effect on its bioactivity as indicated from the in vivo
results. At the same time, the action of TiO, in sample
P2 on the crystallization process seems to improve the
bioactivity of the sample.

Conclusion

The bioactivity of the glass-ceramic samples differs by the
amount of TiO, added to the parent glass. The addition of
0.5 mol% TiO, gave an increased bioactivity due to the
action of TiO, on the crystallization process, where the
other crystalline phases than the calcium pyrophosphate
crystalline phase are decreased. By the addition of 1, 1.5,
2.5 mol% TiO,, the bioactivity decreased due to the in-
crease of the chemical durability. By the addition of
2 mol% TiO,, the degradation increased due to the increase
of the sodium metaphosphate phase (NaPO3). However, the
bioactivity of the sample was still low in relative to the
base sample (without addition of TiO,). This means that
the degradation is not the only important factor for the
bioactivity but the presence of other crystalline phases than
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bioactive calcium pyrophosphate crystalline phase can af-
fect the bioactivity. A main conclusion is that the calcium
pyrophosphate crystalline phase induces the bone growth
without need for chemical bonding.
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