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Abstract The possibility of using phytic acid as a precur-
sor to synthesize CaO-P,05—Si0, glasses by sol-gel method
has been explored and the pseudo ternary phase diagram has
been established. It was shown that gel-glasses over a broader
range of compositions could be prepared compared to other
phosphorus precursors or melt-quenching method. Further-
more, phytic acid was found to assist calcium being incor-
porated into glass networks. In vitro tests in simulated body
fluid (SBF) were performed on the above gel-glasses and it
was found that they were bioactive over a much broader
compositional range especially at high phosphate content,
thus enabling one to design bioactive materials with various
degradation rates by adjusting the phosphate content.

1 Introduction

It has been around 40 years since bioactive glass was first
introduced in early 1970s by Hench et al. The first quater-
nary bioactive glass-45S5 Bioglass®, which is composed of
45% Si0,, 24.5% Ca0, 6% P,0s and 24.5% Na,O (mol%),
is known to develop an interfacial bond between the implant
and surrounding tissues [1]. This material was prepared by
melt-quenching method at temperatures between 1,300 and
1,450°C [2]. The rapid formation of hydroxyl carbonate
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apatite (HCA) exhibited by Bioglass® at the interface with
body fluids was attributed to the presence of Na,O and other
alkali ions in the glass network [3]. Studies by Ohtsuki [4]
and Hench et al. [1] also showed that melt-quenched glasses
with more than 60 mol% silica were biologically inactive.
In 1992, it was showed by Li et al. that CaO-P,05-Si0O,
ternary glass (60 mol% Si02, 36 mol% CaO and 4 mol%
P,Os-termed as 58S) produced by a sol-gel technique was
no less bioactive than the 45S5 Bioglass® [5]. It also showed
higher dissolution rate than 45S5 Bioglass® probably due to
its large specific surface area [6, 7]. Furthermore, by this sol—
gel route, the highest SiO, content for bioactive composition
can be increased from 60 mol% in those melt-quenched
glasses up to 85 mol% [5]. It was shown by Kokubo et al.
that phosphate in the glass was only to aid in the nucleation
of Ca—P phase on the surface but was not an essential con-
stituent because the surface could adsorb phosphate ions
from the body fluid and incorporate them into the HCA layer
[8-10]. Saravanapavan and Hench [11] then reported that
binary calcium silicate glasses produced by a sol-gel
method could be bioactive with SiO, content up to 90 mol%.
The binary gel-glass composed of 70 mol% SiO, and
30 mol% CaO (named as S70C30) appeared to be the most
bioactive compared to all the other binary glasses studied,
with a bioactivity no less than 58S and 45S5 [12].
Compared to melt-quenching method, sol-gel routes
generally offer low-temperature processing along with the
homogenous mixing of the reactants, leading to better
quality glasses with easily controlled morphologies [13, 14].
More importantly, from the above examples, one can see
that the bioactive compositional range can be significantly
altered when using sol-gel methods, for example, the SiO,
content can be dramatically increased. It was found that a
significant proportion of surface hydroxyl was present in the
sol-gel materials, which might be the reason for bioactivity
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in high SiO, content glasses [15]. In sol-gel method, dif-
ferent precursors may have different reactivity, thus affect-
ing the final structure and property of resultant gel-glasses
[16-20]. So far, in CaO-P,0s-SiO, ternary glasses, the
bioactive region has not exceeded the 20 mol% P,Os limit
for either melt-quenched or sol-gel derived materials
[4, 21]. Given the good biocompatibility and bioresorb-
ability of phosphate materials, increasing P,Os content in
bioactive materials certainly has many technical advantages,
e.g. better control on dissolution rates [22]. We envisage that
by choosing different phosphorus precursors, it is possible to
extend the bioactive composition of CaO-P,05-SiO, ter-
nary systems into higher P,Os content region.

In this study, phytic acid is used in the sol-gel synthesis,
and its influences on the glass forming and bioactivity of
the resultant CaO-P,05-Si0, gel-glasses will be exten-
sively examined. Phytic acid (inositol hexakisphosphate,
IP6) is non-toxic and has good solubility and stability in the
mixture of water and ethanol. In a previous study, we have
succeeded in preparing binary P,Os—SiO, materials with
high phosphate content (higher than 50 mol% P,0s) by a
sol-gel method with phytic acid as a precursor in a mixture
of water and ethanol [23]. Furthermore, it is worth men-
tioning that when calcium nitrate, the most common cal-
cium precursor, toxic calcium nitrate does not disappear
before calcined at 450°C or above[l5]. Given the high
affinity of calcium ions with phytic acid, we hope that
calcium can be incorporated into the phosphosilicate net-
work at relatively lower temperatures, thus overcoming this
long existing problem.

2 Materials and methods
2.1 Materials and synthesis route

The following precursors were used without further puri-
fication in the sol-gel preparation. Phytic acid (50 wt%
aqueous solution) was purchased from Sigma Aldrich.
Tetraethylorthosilicate (TEOS, > 99.0%) and Ca(NOj3),-
4H,0 were purchased from Sinopharm Chemical Reagent
Co., Ltd.

The sol—gel preparation is outlined in Scheme 1. Phytic
acid was firstly mixed with ethanol and water at ambient
temperature, then TEOS was added through a syringe
under magnetic stirring. After 1 h, Ca(NOj3),-4H,0 powder
was added under stirring until a transparent solution was
formed (the sol). The sols were sealed in polypropylene
containers and left to gel. The resultant gels were aged at
ambient temperature for 2 days then dried in an oven,
firstly at 60°C for 1 week and then at 120°C for another
2 weeks. The dry gels were further heated to 400°C to
obtain gel-glasses at a rate of 5°C min~' in air, and then
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dwelt at that temperature for 1 h. As all the processing
temperatures were far below the componential oxides’
boiling temperature, the resultant Ca—P-Si ratios were
almost identical to the initial reactant ratios, as confirmed
by elemental analysis. Thus in the following text, the gels
and gel-glasses are denoted in the form of componential
oxides as (CaO)4(P,05),(Si0,),, where X, y, and z are the
molar fractions of the corresponding oxides, respectively.

2.2 Thermogravimetric analysis (TGA)

Thermal gravimetric behaviors of these gels were mea-
sured on a TA Q-600 instrument. The samples (around
5 mg each) were placed in alumina crucibles and measured
under nitrogen flow at 20 ml min~'. Data were collected

from 50 to 800°C at a heating rate of 5°C min~".

2.3 X-ray diffraction study (XRD)

Samples for XRD measurements were finely powderised and
measured on a Rigaku (D/MAX 2500) instrument with Cu
Ko radiation (4 = 1.54A), operated at 40 kV and 200 mA.

The data were collected at 20 from 5 to 70° by 4°min~".

2.4 Scanning electron microscopy (SEM) and energy
disperse X-ray spectroscopy (EDXS)

Samples for SEM measurements were coated with a thin
layer of gold (Au) by sputtering (SCD 500) and then the
microstructures of the surface were observed on a Hitachi
(4,800) instrument coupled with EDXS at an acceleration
voltage of 15 kV.

2.5 Bioactivity test

Bioactivities were tested in vitro by reacting the samples
with simulated body fluid (SBF) at 36.5 4+ 0.5°C as

| Phitic acid+ethanol+H,0 |

[

Sol

Stirring

RT, gelling then aging for 2 days
Wet gel

60°C, 1 week; 120°C, 2 weeks

Calcinationat 400C

Gel-glass

Scheme 1 Flow diagram of the sol-gel preparation process
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described elsewhere [24]. Hydroxylapatite (HA) formation
was monitored by SEM, EDXS and XRD. SBF has almost
identical ion concentrations to those of the human blood
plasma (HBP) as shown in Table 1.

3 Results

Figure 1 shows the pseudo ternary phase diagram of the
sol-gel process; the gelling/non—gelling boundary is indi-
cated by a solid line. The gelling time varies substantially
with the initial sol compositions, from 1 day to 4 weeks.
Generally, the gelling rate increases with the decrease in
SiO, content; however, no gels were formed when silica
content was lower than c.a. 18 mol% within the experi-
mental timescale. The ratio between P,Os and CaO does
not affect the phase boundary too much.

Figure 2 shows TGA traces of representative gels, after
dried at 120°C. The weight losses for all samples are
similar. Two stages of weigh loss were observed: the first
one occurred between 200 and 250°C, which may be
associated with the removal of trapped solvent (water and
ethanol etc.). More weight loss commenced from the end of
first weight loss (~250°C) up to ~600°C, which is most
likely due to the loss of organic moieties by further con-
densation. The maximum weight loss rate takes place
between 300 and 400°C, thus the gels were further calcined
at 400°C to remove organic residuals; the weight loss
above that may due to the elimination of hydroxyls. It can
also be seen from Fig. 2 that the weight losses increase
with the increase in P,O5 content (from 25 to 56 mol%),
possibly reflecting a higher hydroxyl content associated
with the more hydroscopic phosphates. In general, the
dried gels showed overall weight losses around 20-30%
over the temperature range 50-800°C during the course of
TGA measurements.

As degradable biomedical materials for implants,
amorphous materials are desired because they are isotropic
thus do not produce fragments during the degradation
(fragmental pieces usually cause inflammation). XRD was
used to check the crystallographic features of these gels.
Firstly, the gels after dried at 120°C for 2 weeks were
examined. Generally, with the increase in CaO content the
samples become crystalline (Fig. 3). The crystalline phases
was identified as mainly CaPO5;(OH) (Fig. 3d) first, then

Tablel Ion concentrations of HBP and SBF

0.00
1.00

CaO

0.00 0.25 0.50 0.75

Fig. 1 Pseudo phase diagram of the phytic acid-TEOS-Ca(NOs;),
ternary mixtures. circle gelling; star non-gelling. The gelling/non-
gelling boundary is indicated by a solid line
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Fig. 2 The TGA traces of the calcium phosphosilicate gels. Top
(Ca0)0.25(5102)0.50(P205)0.25, middle (Ca0)g.26(S102)0.37(P205)0.37
bottom (Ca0)g 25 (5102)0.19(P205) 0.56

Ca(NO3),, the residual calcium precursor, with further
increasing CaO content. At a fixed CaO content, with the
increase in P,Os content, samples become amorphous
again (Fig. 4). Interestingly, with the decrease in P,Os
content, the major crystalline phases also turned from
CaPO5(OH) into Ca(NOs), (Fig. 4a — ¢). Detailed pseudo
phase diagram is shown in Fig. 5.

The as-obtained dried gels need to be further calcined in
order to produce gel-glasses. According to the TGA results,
400°C was chosen because most of the organic moieties
can be removed but no crystallization takes place at this

Ton concentration (mM)

Na™* K+ Mg>* Ca*t cl- HCO5~ HPO,*~ S0,
HBP 142.0 5.0 15 2.5 103.0 27.0 1.0 0.5
SBF 142.0 5.0 15 2.5 147.8 42 1.0 0.5
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Fig. 3 XRD spectra of representative CaO-SiO,-P,05 (P,05/SiO, =
0.4, molar ratio) samples after dried at 120°C for two weeks at different
CaO molar fractions. (a) 0.15; (b) 0.25; (c) 0.35; (d) 0.45; (e) 0.55

temperature. Since we are mainly interested in amorphous
materials, only those being amorphous at 120°C were
further calcined. As expected, all the amorphous gels
remained amorphous after calcination at 400°C (Fig. 6).
Thus in Fig. 5, the amorphous region can also be viewed as
the gel-glass formation region.

The as-formed gel-glasses were soaked in SBF to test their
bioactivity. Figure 7 gives the XRD spectra of three repre-
sentative gel-glasses covering different compositional
ranges, before and after reacting with SBF. For the sample
(Ca0)35(510,)0.54(P205)p.11, over the amorphous back-
ground, Bragg peaks of HA were evident after soaked in SBF
for 14 days, indicating excellent bioactivity. The XRD spectra
also showed an evolution of apatite formation upon reacting
with SBF for various spells. It is interesting to find that
although apatite signals increases with soaking time in SBF, it
does not change after 14 days (Fig. 8). Therefore, 14 days was
chosen as the critical time for apatite forming investigation.
For the sample (CaO)g,6(S10,)937(P2Os)o.37, both Bragg
peaks of HA and Ca(H,PO,), were detected after immersed
in SBF for 14 days; given the good biocompatibility of
Ca(H,PO,),, this sample could still be viewed as bioactive.
However, the sample (CaO)g 15(Si05)g.53(P205)0 3> remained
amorphous and almost unchanged after 14 days, indicating a
lack of bioactivity.

The surface morphology of gel-glass (Ca0)g 35(S102)0.54
(P,0s5)0.11 was also examined by SEM-EDXS (Fig. 9).
Before soaked in SBF, the micrograph showed a smooth
surface characteristic of a nonporous and homogeneous
gel. Also, EDXS confirmed Si, P and Ca as the main
componential constitutes. The micrograph of the glass after
14 days showed the monolith surface partially covered by a
layer of spherical particles. A higher magnification
micrograph (Fig. 9b, inset) revealed that these particles
were aggregates of numerous needle-shaped crystallites,
which are the characteristic of apatite phase grown over
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Fig. 4 XRD spectra of representative CaO-SiO,-P,05 (CaO = 0.55,
molar fraction) samples after dried at 120°C for 2 weeks at different
P,05/Si0; ratios. (a) 0.29; (b) 0.50; (¢) 0.67; (d) 1.0; (e) 2.0
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Q™

Fig. 5 Composition dependence of CaO-SiO,-P,05 gel crystalliza-
tion. The boundaries are illustrated by solid lines. circle amorphous;
filled black circle crystalline, star non-gelling

bioactive material surfaces. The EDXS analysis also indi-
cated that Ca and P contents increased (Ca/P ~ 1.67),
accompanied by a dramatic decrease in the concentration
of Si, supporting the development of an extended apatite
layer on the surface. Indeed, the Si content was so low,
indicating that the apatite layer was considerably thick.
Therefore, these SEM-EDXS results are also in good
agreement with the XRD results (Fig. 7b). In the region
where SiO, content is low while P,Os content is high,
samples dissolved severely in SBF (some samples even
dissolved within 10 min); therefore no further analysis of
apatite forming was performed on these samples. Gener-
ally, the overall dissolution rate increases with P,0s/SiO,
ratio. Interestingly, in the region where CaO molar fraction
is lower than 0.4 and P,Os molar fraction is between 0.25
and 0.4, the gel-glasses did not show any bioactivity even
after soaked in SBF for 6 weeks. Other gel-glasses all
showed bioactivity within 14 days soaked in SBF. The in



J Mater Sci: Mater Med (2011) 22:2685-2691

2689

m
o
O M TN Cy
>
=TT c
m\‘//\ 1
&
£ P2
- b

10 20 30 40 50 60 70
2-Theta(’)

Fig. 6 XRD spectra of representative CaO-P,05-SiO, gels dried at
120°C (with subscript 1) and the gel-glasses obtained from calcina-
tion at 400°C (Wlth subscript 2) (a) (Ca0)0_25(Si02)0_50(P205)0_25;
(0) (Ca0)o.15(5102)0.50(P205)0.35; (¢) (Ca0)o25(S102)0.62(P205)0.13;
(d) (Ca0)0.45(5102)0.14(P205)0.41
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Fig. 7 XRD spectra of three representative gel-glass before (with
subscript I) and after (with subscript 2) reacting with SBF for 14 days.
(@) (Ca0)026(5102)0.37(P205)037; () (Ca0)g35(Si02)0.54(P205)0.11;
(¢) (Ca0)0.15(S102)0.53(P205)0.32

3000 -

2500 -

2000 - 28d

1500 - 3d
1

4d

1000 -
500 -\.—1/\\"\% o
0d

10 20 30 40 50 60 70
2-Theta(°)

Intensity(CPS)

Fig. 8 The evolution of XRD spectra of gel-glass (CaO)
0.35(5102)0.54(P205)0.11 upon reacting with SBF for various spells

vitro behavior of the sol-gel derived CaO-P,0s-SiO,
samples is summarized in Fig. 10.

4 Discussion

In this study, it is apparent that the phosphorus precursor
(phytic acid) plays an important role in the production of
Ca0-Si0,-P,05 glasses by sol-gel method. Phytic acid
itself is non-toxic and the co-solvent has low toxicity,
making this preparation route very promising for biomedi-
cal applications [25]. It is clear that phytic acid can form
gels with TEOS and Ca(NOj),. The gelling rate increases
with P,05/SiO, (molar ratio), probably due to the self-
catalysis of phytic acid towards hydrolysis and condensa-
tion in sol-gel process [26]. As mentioned earlier, when
calcium nitrate was used as calcium precursor, high per-
centages of calcium nitrate were found in the dried gels
unless calcined at a temperature higher than 450°C [15].
With phytic acid involved, this situation had been largely
improved. Most of the dried gels were amorphous and no
calcium nitrate signals were detected by XRD even only
treated at 120°C (Fig. 6), which might be owing to the good
affinity of phytic acid to calcium ions, facilitating the
breaking down of calcium nitrate. However, from Figs. 3
and 4, one can see that at higher CaO content and lower
P,Os5 content, gels were crystalline, where calcium nitrate
signals were observed. This observation again supports the
key role of phytic acid in assisting calcium to enter the gel
network. A detailed study on the calcium local environment
on these samples is still undergoing in our group using Ca
k-edge XANES. The presence of crystalline CaPO3(OH) in
some compositions might be due to the reaction of phytic
acid with calcium nitrate. With the increase in P,O5 content
or decrease in CaO content, the crystalline phases disap-
peared, suggesting a possible stoichiometric event between
phytic acid and calcium nitrate. From the above observa-
tions, it is clear that phytic acid is a good phosphorus pre-
cursor, which not only enables the production of calcium
phosphosilicate gels over a wide composition range, but
also helps the incorporation of calcium into gel networks at
relatively low temperatures. The absence of toxic calcium
nitrate also opens a possibility for the dried gels to be used
directly as implants in some circumstances, thus some
thermally unstable active species (e.g. antibiotics) could be
loaded in the gels in situ. After calcined at 400°C, gel-
glasses were formed over a broad composition region, again
probably due to the good compatibility of phytic acid with
both Si and Ca precursors.

Besides the improvements in the sol-gel process and
glass forming of CaO-Si0,-P,0s, the gel-glasses derived
from phytic acid also showed bioactivity over a wider
composition range (Fig. 10) and better resistance to
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Fig. 9 SEM micrographs and
EDXS spectra of the gel-glass
(Ca0) 35(5i02)0.54(P205)0.11
before (a) and after (b) soaked
in SBF for 14 days

Q~ 00 02 04 0.6 0.8 10

Fig. 10 Composition dependence of the bioactive CaO-SiO,—P,0s
gel-glasses. Triangle HA formation, filled black circle no HA
formation, star dissolution

dissolution than previously reported similar materials pre-
pared by either melt-quenching or sol-gel methods from
other phosphorus precursors [4, 21]. Ohtsuki et al. [4]
studied the behavior of melt-quenched CaO-P,05-SiO,
ternary systems in detail. It was found that there were two
glass formation regions. Glasses containing no or a small
amount of P,Os, such as the composition of (CaQO)g 49
(8i02)0.60, (Ca0).48(P205)0.03(S102)p49 and (CaO)g¢;
(P205)0.00(S105)0.30 formed an apatite layer on their sur-
faces in SBF. Whereas glasses with high P,Os content
such as (Ca0)g.20(P205)0.40(Si02)0.40, (Ca0)g32(P205)0.50
(8102)9.18 and (Ca0)g.41(P205)0.44(S102)¢.15 were severely
dissolved in SBF and did not form HA. Other regions were
non-glass-forming region (see [4] for detail). The sol-gel
derived CaO-P,0s-SiO, when using other phosphorus
precursors showed different performances towards bioac-
tivity, notably in the shifting of bioactive region boundary
towards higher SiO, content, but still showing no obvious
change in the dependence on P,Os content [21]. On the
contrary, the sol-gel CaO-P,0s-SiO, ternary systems
studied in this work are very different from those previous
reports when reacting with SBF, notably in the decreased
dissolution rate and commence of bioactivity at high P,Os
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content. It is not clear at this stage for the reason of these
changes, but it might be related to the high affinity of phytic
acid with calcium ions, which may result in a calcium dis-
tribution mainly around phosphate tetrahedrons and an
effective increase of Ca/P ratio [27], or due to the presence of
octahedral silicate as shown in a previous study [23], which
might be more reactive towards hydrolysis. Further investi-
gation on the local environment of componential elements is
still undergoing with solid state MAS-NMR and X-ray
absorption spectroscopy. The bioactivity at high phosphate
content is especially interesting, which can facilitate the
designing of biomedical materials with controllable
degrading rate since phosphate glasses generally degrade
much faster than silicate glasses [22]. The degradation rate of
these gel—glasses shall be adjustable from a few days (high
phosphate content) to a few years (pure silicate), meeting
with the requirement of different terminal applications, such
as controlled drug release or bone replacement.

5 Conclusions

Phytic acid was used as the phosphorus precursor to pre-
pare CaO-Si0,—P,0s5 glasses by a sol-gel process. Phytic
acid showed good compatibility with both Si (TEOS) and
Ca precursors (calcium nitrate) in a mixture of low-toxic
ethanol and water. It was found that phytic acid helped
calcium to enter the gel network without the need of further
calcinations. The obtained gel-glasses showed bioactivity
at high phosphate content region compared to those made
from melt-quenching or sol-gel methods from other
phosphorus precursors. The commence of bioactivity at
high P,Os content provides better control over the overall
dissolution rate of CaO-P,05-SiO, ternary systems thus
meeting with the requirements of various terminal bio-
medical applications.
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