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Abstract Bioactive glasses with controllable conversion
rates to hydroxyapatite (HA) may provide a novel class of
scaffold materials for bone tissue engineering. The objective
of the present work was to comprehensively characterize the
conversion of a silicate bioactive glass (45S5), a borate glass,
and two intermediate borosilicate glass compositions to HA
in a dilute phosphate solution at 37°C. The borate glass and
the borosilicate glasses were derived from the 45S5 glass by
fully or partially replacing the SiO, with B,O3. Higher B,0;
content produced a more rapid conversion of the glass to HA
and a lower pH value of the phosphate solution. Whereas
the borate glass was fully converted to HA in less than 4
days, the silicate (45S5) and borosilicate compositions were
only partially converted even after 70 days, and contained
residual SiO; in a Na-depleted core. The concentration of
Na™ in the phosphate solution increased with reaction time
whereas the PO,>~ concentration decreased, both reaching
final limiting values at a rate that increased with the B,03
content of the glass. However, the Ca?* concentration in the
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solution remained low, below the detection limit of atomic
absorption, throughout the reaction. Immersion of the glasses
in a mixed solution of K;HPO4 and K,CO3 produced a
carbonate-substituted HA but the presence of the K,COj3 had
little effect on the kinetics of conversion to HA. The kinet-
ics and mechanisms of the conversion process of the four
glasses to HA are compared and used to develop a model for
the process.

1. Introduction

Since the report of its bone-bonding properties in 1971 by
Hench et al. [1], the silicate-based bioactive glass codenamed
4585, and referred to as Bioglass®, with a typical com-
position of 45% SiO,, 24.5% Na,0, 24.5% CaO, and 6%
P,Os (by weight), has been of primary interest for biological
applications [2-5]. Later studies revealed that several
silicate-based glasses and glass-ceramics also have the abil-
ity to enhance bone formation and bond to surrounding tissue
[2-13]. Whereas the low chemical durability of some borate
glasses has been known for decades, it is only very recently
that the potential of borate glasses in biomedical applica-
tions has been explored [14—16]. A borate glass, designated
45S5B1, with the same composition as 45S5 glass but with
all the SiO, replaced with B, 03, was investigated by Richard
[17], who found that a hydroxyapatite (HA) layer formed on
the borate glass surface upon immersion in a K,HPO, solu-
tion at 37°C. Furthermore, the HA layer formed more rapidly
on the borate glass than on 45S5 glass. In a preliminary
in vivo experiment, 45S5B1 glass particles (partially re-
acted in K,HPO, solution to produce a HA surface layer)
were found to promote bone formation more rapidly than
4585 glass particles upon implantation into tibial defects in
rats [17]. A borate glass with a composition somewhat similar
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to 45S5B1 was recently found to support the growth and dif-
ferentiation of human mesenchymal stem cells [18].

The rapid conversion of borate glasses to HA at near body
temperature and its apparently favorable in vitro and in vivo
reaction to cells and tissues appear promising but a more de-
tailed characterization is required in order to assess the poten-
tial of borate glasses for biomedical applications. An impor-
tant characteristic of bioactive glasses is the time-dependent
modification of the surface, leading to the formation of a
HA layer that bonds to the surrounding tissue [19, 20]. It
has been suggested that the formation of a HA layer in vitro
is indicative of a material’s bioactive potential in vivo [21].
For 4555 bioactive glass, key steps in the conversion to HA
has been described by Hench [4, 5] but many details of the
chemical and structural changes that accompany the conver-
sion are not clear. It is well established that that an initial step
in the reaction is the formation of a SiO,-rich gel on the 45S5
glass surface by ion exchange reactions. Further dissolution
of ions from the glass and their diffusion through the SiO,-
rich gel layer, followed by the reaction between Ca’* ions
from the glass and PO, ions from the surrounding liquid,
leads to the growth of HA on the gel layer. The conversion
of borate glasses to HA appears to follow a process similar
to that for 45S5 glass, but without the formation of a SiO,-
rich layer [22]. However, details of the reaction kinetics and
mechanism, as well as the chemical and structural changes
occurring during the conversion are not clear.

The objective of the this work was to comprehensively
characterize the conversion of four glasses, a silicate bioac-
tive glass (45S5), a borate equivalent of 45S5 glass formed
by replacing all the SiO; in 45S5 glass with B,03, and two
intermediate borosilicate glass compositions, to HA in a di-
lute (0.02 M) K,HPOy solution at 37°C. Weight loss and pH
changes accompanying the conversion were measured, and
a variety of techniques were used to characterize the struc-
tural and chemical changes. The data were used to provide
additional insight into the kinetics and mechanisms of the
conversion of bioactive silicate glasses, borate glasses, and
intermediate borosilicate compositions to HA. The results are
applicable to the development of bioactive glasses that have
controllable conversion rates to HA, which may provide a
novel class of scaffold materials for bone tissue engineering.

2. Experimental

2.1. Preparation of glasses

Four different glass compositions were used in the experi-
ments. One was the silicate-based 4555 bioactive glass (des-
ignated in this work as 0B). Another glass (designated 3B), a

so-called borate equivalent of 45S5 glass which was studied
by Richard [17], had the same composition as 45S5 glass but
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with all the SiO, replaced with B,O3. The two remaining
glasses had intermediate borosilicate compositions between
0B and 3B, with 1/3 and 2/3 of the SiO, molar concentration
in 4555 replaced with B,O3 (designated 1B and 2B, respec-
tively). The compositions of these four glasses are given in
Table 1.

The glasses were prepared by melting the required quan-
tities of SiO, (Fused quartz; Particle Processing & Clas-
sifying Corp., Patterson, NJ), H3BO3, CaCO3;, Na,COs,
and NaH,PO4e2H,0 (Reagent grade; Fisher Scientific; St.
Louis, MO) in a platinum/rhodium crucible in air for 2 h at
1100°C for compositions 2B and 3B, at 1200°C for 1B, and at
1300°C for OB. The melt was stirred twice at the isothermal
temperature and quenched between two steel plates. Each
glass was crushed in a hardened steel mortar and pestle to
form particles, which were sieved through stainless steel
sieves to produce particles with three different size ranges
for the experiments: 150-300, 300-500, and 500-1000 pm.

2.2. Phosphate solution for conversion reaction

The phosphate solution used in the conversion of the glasses
to HA was prepared by dissolving K;HPO,4 (Reagent grade;
Fisher Scientific, St. Louis MO) in deionized water (pH =
5.5 £ 0.1) to give a solution with a 0.02 M concentration
of K,HPO, and with a pH value of 7.0 & 0.1. The K,HPO4
concentration was chosen on the basis of the quantities of
glass particles and solution used in the experiments (1 g
glass in 100 cm? solution), with the requirement that suf-
ficient PO,>~ ions would be available in the solution to react
with all the Ca* ions from the glass to form stoichiometric
HA [Cay(PO4)s(OH),]. In fact, the K;HPO4 concentration
was chosen to leave a small concentration (200-300 ppm) of
residual PO, ions in the solution if the conversion reaction
went to completion. This ensured that the Ca>* content of the
glass was the only compositional factor that could limit the
completion of the reaction. The pH of the starting solution
was adjusted to 7.0, which is approximately equal to that of
human body fluid, by adding a few drops of dilute HCL

In a separate set of experiments, the conversion of each
glass was carried out under the same conditions but in a mixed
solution containing 0.02 M K,;HPO, and 0.02 M K,CO;
(Fisher Scientific, St. Louis, MO) to study the formation of
HA containing CO52~ ions, since a carbonate-substituted HA
is more commonly found in human bone.

2.3. Weight loss and pH measurements

The conversion of silicate and borate glasses to HA in a
phosphate solution is accompanied by a decrease in the mass
of the glass, so weight loss measurements provide a useful
parameter for monitoring the kinetics of the conversion reac-
tion. A reaction system consisting of 1 g of glass in 100 cm?
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Table 1 Compositions of the

four glasses used in the Mole percent Weight percent

experiments Glass N2,0 CaO B,0; SiO, P,05 NaO CaO B,O03; SiO, P05
0B 244 269 0 461 26 245 245 0 450 6.0
1B 244 269 154 307 26 240 239 170 293 58
2B 244 269 307 154 26 234 234 331 144 57
3B 244 269 461 0 26 229 229 486 0 56

solution was used in all the conversion experiments. Prior
to the conversion process, the glass particles were washed
ultrasonically three times with deionized water, then twice
with ethanol, and dried overnight at 90°C. The mass of glass
particles was measured to an accuracy of + 0.01 mg and
placed in a cylindrical polyethylene container, the bottom of
which consisted of a nylon screen (mesh size = 5 um) to
permit circulation of the solution but to prevent loss of the
glass particles and reaction products from the container. The
cylinder containing the glass particles was suspended near
the center of the phosphate solution contained within a 125
cm?® polyethylene bottle, and the system was placed in an
oven at 37 £ 2°C. During the reaction process, the system
was removed from the oven at regular intervals and vibrated
for 30 s each time to prevent the glass particles from sticking
together.

Weight loss measurements were made after removing the
container with the glass particles from the phosphate solu-
tion, washing the particles three times with deionized water,
and drying for more than 12 h at 90°C. The weight loss was
taken as the difference between the initial (unreacted) mass
of particles and the mass at time 7.

The conversion of the glasses to HA in a phosphate so-
lution is also accompanied by changes in the ionic concen-
trations of the solution, resulting from dissolution of com-
ponents (e.g., Na,O, B,03, Si0,) from the glass into the so-
lution, and precipitation of PO,>~ from the solution to form
HA. These changes in ionic concentration influence the pH
of the solution, so the pH was also monitored during the con-
version reaction. After removing the glass particles from the
phosphate solution for the weight loss measurement at time
t (described above), the solution was cooled to room tem-
perature and its pH value was measured using a pH meter
(Accumet-AR25; Fisher Scientific, St Louis, MO).

2.4. Structural and chemical characterization of
the reacted glass

Structural and compositional changes in the glasses which
resulted from the reaction with the phosphate solution were
monitored using several techniques. Scanning electron mi-
croscopy (SEM) coupled with energy-dispersive X-ray anal-
ysis (EDS) in the SEM (Hitachi: S-4700) were used to inves-

tigate structural and compositional changes in the reacted
glass. Crystalline phases were detected by X-ray diffrac-
tion (XRD; Scintag 2000) using Cu K, radiation (A =
0.15406 nm) in a step-scan mode (0.05° per step) in the
range of 10-80° 260. Compositional analysis of the unre-
acted glasses and the reaction products was performed us-
ing X-ray fluorescence (XRF; XEPOS, Spectro Analytic,
Marbough, MA). Fourier transform infrared (FTIR) analysis
(Perkin Elmer 1760-X) of the reacted glasses was performed
in the wavenumber range of 400-4000 cm™' on disks pre-
pared from a mixture of 2 mg of the reacted glass with 150
mg of high-purity grade KBr. The spectra were corrected by
subtracting the KBr spectrum.

2.5. Chemical analysis of the reaction solution

Changes in the ionic concentrations of the phosphate solution
which resulted from the conversion reaction were measured
using atomic absorption (AA) spectroscopy (Perkin Elmer
Model 3100) and ion chromatography (IC; Dionex Series
4000i with conductivity detector). After a given time of re-
action between the glass and the phosphate solution, 1 cm?
of the solution was removed for analysis. The concentrations
of Na* and Ca* ions in the solution were measured using
AA, whereas the PO,3~ concentration was measured using
IC. The IC measurements were conducted by using 2.7 mM
Na;CO3 and 0.3 mM NaHCOs; as fluent through the col-
umn of the Dionex IonPac (AS12A; 4 mm) at a flow rate of
1.5 cm3/min with the isocratic program.

3. Results and discussion

3.1. Weight loss and pH changes during the conversion
reaction

Fig. 1 shows the fractional weight loss, AW, versus reaction
time, ¢, for particles (150-300 pm) of the four glass compo-
sitions during conversion to HA in 0.02 M K,;HPOy solution.
[AW = (W, - W)/ W,], where W, is the initial mass and W is
the mass at time #.) For each glass, AW increased with time,
eventually reaching a final limiting value, A W;,,. The attain-
ment of AWy, was taken as an indication of the completion
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Fig. 1 Weight loss versus time

during the conversion of silicate
(0B), borate (3B), and
borosilicate (1B, 2B) glass
particles (150-300 pm) to HA
in 0.02 M K,HPO, solution at
37°C.

Fractional weight loss (%)

of the reaction and the inverse of the time required to reach
AW;;,, was taken as a measure of the reaction rate. The data
showed that the reaction rate increased with increasing B,O3
content of the glass. The difference in reaction rate between
the OB and 3B glasses was very remarkable, with AW reach-
ing its limiting value in < 60 h for 3B, compared with > 600
h for OB. The value of AW}, did not increase systematically
with B, O3 content, being highest for 3B (~60%) and lowest
for 1B (~35%), with the values for OB and 2B being ap-
proximately the same (~40%). The particle size (150-300,
300-500, and 500-1000 pum) of the glass had only a weak
effect on the weight loss kinetics for the 2B and 3B glasses,
but as shown in Figs. 2(a) and 2(b), the particle size effect
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was significant for the OB and 1B glasses, particularly in the
earlier stages of the conversion.

Fig. 3 shows data for the pH of the phosphate solution as
a function of reaction time for the four glasses with a particle
size of 150-300 pm. The starting pH value of the solution was
7.0 for all four systems. The pH increased rapidly with time,
eventually reaching a nearly constant value. With increasing
B,0Oj3 content of the glass, the pH of the solution increased
more rapidly with time, reaching a final limiting value at a
shorter time, but the final limiting pH value was lower. For the
0B glass sample, a final pH value of 11.5 was reached after
~500 h, whereas it took only ~50 h to reach the final pH of
9.6 for the 3B glass. The data show that quite high pH values
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Fig. 2 Continued
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are reached when silicate and borate bioactive glasses are
converted to HA in a static or intermittently-stirred phosphate
solution. For each glass, the effect of particle size on the
solution pH was measured but the data indicated only a very
weak effect.

The increase in pH results from differences in the acidity
and basicity of the ionic species involved in the solution-
precipitation reactions that occur during the conversion pro-
cess. Components in the glass such as Na,O, SiO,, and
B,0; dissolve into the solution to form Nat, BO;>~, and
Si04*~ ions, whereas Ca%t ions from the glass react with
PO,4*~ from the solution to precipitate HA. The strongly basic
NaOH overwhelms the weak acidic tendency of B(OH); and
Si(OH)y4, so the pH increases. The rate of increase of the solu-

Fig. 3 pH of the phosphate

(b)

tion pH is controlled by the rate of the solution-precipitation
reactions during the conversion to HA. A higher B,O3 con-
tent gives a glass with lower chemical durability which reacts
faster with the solution, so the pH increases faster. The value
of the final, limiting pH is controlled by the acidity and ba-
sicity of the ions released into the solution as well as their
concentrations. When all the Na,O has dissolved, the solu-
tion should reach its final, limiting pH. Since B(OH); has
a stronger acidic tendency than Si(OH)y4, an increase in the
B,0O; content of the glass leads to a lower final pH.

During the conversion to HA, the reactions that lead to
weight loss of the glass are also the same reactions that con-
trol the pH of the solution, so it may be expected that the
weight loss and pH data would show approximately the same

solution versus time during the
conversion of glasses 0B, 1B,
2B, and 3B to HA in 0.02 M
K,;HPO, solution at 37°C.
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time dependence. The data in Fig. 4 show that this is indeed
so. The weight loss and pH curves have similar shapes, and
they both approach limiting values at approximately the same
time.

3.2. Structural and chemical changes in the glass
resulting from conversion to HA

XRD patterns of the final product of the four glasses, af-
ter reaction in the phosphate solution, are shown in Fig. 5.
The major peaks in the patterns corresponded to those of a
standard HA, Ca;o(PO4)s(OH), (JCPSD 72-1243), indicat-
ing the formation of HA during the reaction. The diffraction
peaks in the patterns of the reaction products were broad and
relatively weak in intensity when compared to those of the
standard, which may be an indication that the as-formed HA

Fig. 5 XRD patterns of the
products for the 0B, 1B, 2B, and
3B glasses, after reaction in 0.02

3B glass

Reaction time (h)

product had not fully crystallized or that the crystallite size
of the HA product was in the nanometer range, or a combi-
nation of both. The data also showed the formation of an HA
product for all four glasses, indicating that the presence of
SiO; or B, 03 did not affect the ability to form HA (although
the rate of formation is dependent on the composition, as
described above).

Fig. 6 shows FTIR spectra of the final products for the four
glasses after reaction in the phosphate solution, along with
the spectrum for acommercial HA powder (Ceramic Hydrox-
yapatite, Bio-Rad Labs., Hercules, CA). Whereas the spectra
for all four glasses showed the major resonances associated
with HA, at wavenumbers of 560 and 605 cm™' character-
istic of the P-O resonance in PO,3~ [23], minor differences
were also apparent. The peak at 870 cm™' in the spectra was
attributed to the P-O—H resonance in HPO,?~ [24], whereas
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Fig. 6 FTIR spectra of the
products for the OB, 1B, 2B, and
3B glasses, after reaction in 0.02
M K,;HPOj, solution at 37°C for
the times shown. For
comparison, the spectrum for a
commercial HA is also shown.

Absorption

2B glass

Commercial HAP

——
500

the peaks at 1414, 1550, and 1640 cm™! were attributed to the
C-O0 resonance in CO32~ [25]. The FTIR spectra therefore
indicated the presence of some HPO,2~ and CO32~ in the
HA formed from the glasses.

The HPO4?~ presumably substituted for PO4>~ groups in
the HA lattice, with a corresponding deficiency in Ca** to
maintain electroneutrality. The formation of a Ca-deficient
HA, reported to be kinetically more favorable than the forma-
tion of stoichiometric HA [26], would make the Ca/P atomic
ratio smaller than 1.67. In the present work, the reaction was
limited only by the availability of Ca** ions from the glass,
leading to conditions that are expected to be favorable for
the incorporation of HPO4?~ into the HA structure. Since the
present experiments were carried out in air, it is likely that
CO; from the atmosphere dissolved into the solution, giving
rise to the substitution of COs%™ into the lattice. While the
substitution of PO,4>~ in the HA lattice by CO3?~ is com-
monly observed [27, 28], it has been reported that CO;*~
can also substitute for OH™ when the HA is precipitated in a
solution containing CO;% ions [29].

The FTIR spectra in Fig. 5 show a resonance at 450 cm™!,
attributed to the Si—O bending vibration in Si04*~ [13], for
the products of the OB, 1B, and 2B glasses only, and not
for the product of the 3B glass, indicating the presence of
residual silicate species in the reaction products of the 0B,
1B, and 2B glasses.

SEM of the final reacted particles (deliberately broken to
reveal cross-sections) indicated that the HA reaction product
had a layered structure as shown for the 0B and 3B composi-
tions in Figs 7(a) and 7(c). Since these samples were identical
to those used in the weight loss experiments, the layers were
presumably caused by removing the samples from, and re-

T T
3000 3500 4000

Wavenumber (cm™)

T T T T T
1000 1500 2000 2500

inserting them into the solution at periodic intervals during
the weight loss experiments. Higher magnification micro-
graphs revealed that the HA product from all four glasses
consisted of a porous, fine-grained structure, with pore sizes
on the order of nanometers. Some differences in the mor-
phology of the HA product were also apparent, as shown in
Figs 7(b) and 7(d) for the OB and 3B glasses.

EDS analysis of the final reaction products indicated com-
positional differences that depended on the composition of
the initial glass (Table 2). For the 3B glass, the major oxide
components in the product were CaO and P,Os. The Ca/P
atomic ratio was 1.7, close to the value (1.67) for stoichio-
metric HA, indicating almost complete conversion of the 3B
glass to HA. In comparison, the reaction products for the 0B,
1B, and 2B glasses were composed predominantly of CaO,
Si0,, and P,Os. The concentration of B, O3, if any, could not
be accurately determined because of the insensitivity of this
technique for low atomic number elements. The data indi-
cated incomplete conversion of the 0B, 1B, and 2B glasses
to HA, with residual SiO; in the reaction product. For all
four glasses, no detectable amount of Na,O was found in the
reaction products.

Table 2 also gives the XRF data for the compositions of
the final products for the four glasses after reaction in the
phosphate solution. (The XRF data are in parentheses.) The
presence of B, O3, if any, could not be accurately determined
because of the insensitivity of XRF for low atomic number
elements. As found in the EDS analysis, for all four glasses,
there was no detectable amount of Na,O in the reaction prod-
ucts. For the 3B glass, the reaction product consisted only of
CaO and P,0s. The composition and the Ca/P atomic ratio
(1.7) were almost identical to those measured using EDS. The
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Fig. 7 SEM of the reaction products for the silicate OB glass (a) and

the borate 3B glass (c). The particles were deliberately broken to show
the internal structure. Higher magnification micrographs of the surfaces

reaction products for the OB, 1B, and 2B glasses contained
a significant fraction of residual SiO,, indicating incomplete
conversion to HA.

Itis seen from Table 2 that differences existed between the
XRF and EDS data for the reaction products of the 0B, 1B,
and 2B glasses. These products contain more than one phase,
and the differences between the EDS and XRF data result
largely from the methodology inherent to each technique.
XRF gives the overall composition of a representative sample

Table 2 EDS and XRF data for the compositions of the reaction prod-
ucts (in wt%) and the Ca/P atomic ratios, for the four glasses after
conversion to HA in a dilute phosphate solution. (The XRF data are in
parentheses.)

Glass  SiO, Ca0 P,0s Ca/P

0B 473(30.0)  32.8(452)  19.9(248)  2.1(2.3)
1B 34.6(383)  409(41.0)  245(20.7)  2.1(2.5)
2B 37.5(25.6)  362(48.1)  264(263)  1.8(2.3)
3B 0 (0) 57.3(573)  427(429)  17(1.7)

@ Springer
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of the reaction products for OB glass (b) and 3B glass (d), showing a
porous structure with fine pores.

of the product. On the other hand, the EDS data are an average
of several local compositions which are dependent on the
positions at which the analysis is performed.

The chemical data obtained from EDS and XRF of the re-
action products consistently show that the borate (3B) glass
was fully converted to HA, whereas the silicate (OB) and
borosilicate (1B and 2B) glasses were only partially con-
verted to HA, with an unconverted core containing a signifi-
cant amount of SiO, but no Na,O.

3.3. Ionic concentrations in the phosphate solution

For all four glass compositions, the Na™ concentration in
the phosphate solution increased with reaction time, due to
Na dissolution from the glass, and eventually reached a fi-
nal limiting value (Fig. 8). The initial rate of increase of
the Na™ concentration was dependent on the composition
of the glass, being more rapid for higher B,O; content of
the glass. Whereas the final limiting Na™ concentration was
only weakly dependent on the glass composition, the data
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Fig. 8 Sodium ion

2000

concentration versus reaction
time for the solutions resulting
from the conversion reactions
with glasses 0B, 1B, 2B, and 3B.
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indicated a small increase with decreasing B,O3 content of
the glass, presumably due to the slightly higher concentration
(by weight) of Na,O in the glass with increasing decreasing
B,0j3 content (see Table I). Assuming that all the Na,O in the
glass dissolved completely into the phosphate solution, the
theoretical Na™ concentration in the solution was calculated
to be 1700-1820 pg/cm?. The data indicated that the mea-
sured value was approximately equal to the theoretical value
for all four glasses, with the deviation from the theoretical
value being less than 8§%.

The AA data for the solution, along with the EDS and
XRF data of the reaction product consistently show that all
the Na in the glass dissolves into the solution during the
conversion process, regardless of the composition of the glass

Fig. 9 Phosphate ion

T
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and regardless of whether the glass was fully or partially
converted to HA.

Fig. 9 shows data for the time dependence of the PO,*~
concentration in the solution resulting from the reactions with
the four glasses. The concentration decreased with time, due
to reaction with Ca®* to precipitate HA, eventually reaching
a final limiting value. The initial rate at which the PO4*~
concentration decreased was found to depend on the B,0;
content of the glass, being most rapid for the 3B glass with
the highest B,O3 content. The initial HPO,2~ concentration
in the 0.02 M K,HPO, solution was 1930 wg/cm?® but only
part of the HPO4%~ was converted to PO,>~ at the starting
pH of 7.0. The measured PO4>~ concentration in the initial
solution was 850 pg/cm?. If the PO4>~ ions reacted with all

concentration versus reaction
time for the solutions resulting
from the conversion reactions
with OB, 1B, 2B, and 3B.
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Fig. 10 Weight loss versus 60
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the Ca%t ions from the glass to form stoichiometric HA, the
theoretical PO, concentration in the four final solutions
was calculated to be 230-350 pg/cm?. The measured final
concentrations were 300 pg/cm?® for the solution resulting
from the 3B glass reaction and ~400 pg/cm? for the solutions
from the OB, 1B, and 2B glass reactions.

For all four glasses, the Ca?* concentration in the solu-
tion throughout the reaction was below the detection limit
(<0.5 ppm) of the AA spectrometer. These data are in agree-
ment with the observations of Richard [17], who found
that K,HPOy solutions with a wide range of concentrations
(0.001-1 M) contained little Ca’>* after reacting with OB or
3B glasses. The presence of boron in the solutions could not
be accurately determined using the AA technique.

Reaction time (h)

3.4. Carbonate-substituted hydroxyapatite

To study the formation of a carbonate-substituted HA, the
four glasses were reacted in a mixed solution of 0.02 M
K,HPO,4 and 0.02 M K,COs;. Figs 10 and 11 show weight
loss and pH data for the 3B glass (particle size 150-300 pm).
For all four glasses, the data were almost identical to those for
the reaction in just the 0.02 M K,;HPO, solution, indicating
that the presence of K,COj at the present concentration in the
solution had little effect on the conversion reaction. Figs 12
and 13 indicate that a carbonate-substituted HA was formed
in the mixed solution. A comparison of these two spectra
with those in Figs. 5 and 6 (for the product formed in just
the K, HPOy, solution) showed no significant differences. It is

Fig. 11 pH of the solution
versus reaction time during 12.0 4
conversion of borate 3B glass to
HA in a mixed solution of 0.02 1
M K, HPOy and 0.02 M K,CO;3 11.04
at 37°C and in a solution of 0.02
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=]
K>COs. ® 100
S .
I
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—e—0.02 M K,PO, + 0.02 MK,CO,
w0 0.02 M K2P04
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Fig. 12 XRD patterns of the

products for OB, 1B, 2B, and 3B
glasses after reaction in a mixed
solution of 0.02 M K,HPO, and
0.02 M K,COj at 37°C. The

patterns are for the “as-formed”
HA. For comparison, the pattern
for a standard HA is also shown.

b 3B glass

2B glass

>
= 1B glass
)
c
()
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Commercial HAP

JCPSD 72-1243 Ca, (PO,)(OH),

likely that dissolution of CO, from the atmosphere into the
K,>HPO, solution provided a sufficiently high CO3>~ con-
centration to produce a carbonate-substituted HA, so adding
K>COj; (at 0.02 M concentration) to the solution had little
additional effect.

3.5. Mechanisms of glass conversion to hydroxyapatite

Upon immersion of the glasses into the phosphate solution,
dissolution of components such as Na,O, SiO,, and B,03
into the solution to form Nat, BO33~, and SiO4* ions, cou-

Fig. 13 FTIR patterns of
products for OB, 1B, 2B, and 3B
glasses after reaction in a mixed
solution of 0.02 M K,HPO,4 and
0.02 M K,COj at 37°C. For
comparison, the spectrum of a
commercial HA is also shown.

Si-0-Si

Absorption
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pled with reaction of Ca®* ions from the glass with PO,*~
from the solution to precipitate of HA on the glass, leads to
weight loss of the glass. Weight loss measurements there-
fore provide a convenient parameter to monitor the conver-
sion kinetics of the glasses to HA. The weight loss data in
Fig. 1 indicate that as the SiO; in the 0B glass is replaced with
B,03 to give the 1B, 2B, and 3B compositions, the rate of
conversion to HA increases. The more rapid conversion rate
with increasing B, O3 content results from structural changes
in the glass brought about by replacing SiO, with B,O3. Be-
cause of its three-fold coordination number, B cannot fully

H,0
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form a three-dimension network when compared to Si, so
therefore the borate glass has a lower chemical durability
and, hence, a faster dissolution rate.

If it is assumed that all the Na,O, B,O3, and SiO, in
the glass dissolves completely into solution, and that only
the CaO and P,0Os in the glass react with PO4>" ions in the
solution to form stoichiometric HA, the theoretical weight
loss, AWy, is calculated to be 56.1, 57.2, 58.2, and 59.2 wt%
for the 0B, 1B, 2B, and 3B glasses, respectively. Fig. 1 reveals
that for the borate (3B) glass, a composition that contains
no Si0,, the measured limiting weight loss, AWy, ~ 57.0
wt%, is close to AWy, indicating almost full conversion of
this glass to HA. Full conversion of the 3B glass is also
supported by chemical data obtained from EDS and XRF
(Table 2), which indicate that CaO and P,Os are the only
major components in the reaction product. Furthermore, the
Ca/P atomic ratio of the product, determined from both the
EDS and XRF data is 1.7, which is almost identical to the
value of 1.67 for stoichiometric HA.

For the silicate and borosilicate glasses, 0B, 1B, and 2B,
the measured AW, is well below the theoretical value AWy,
indicating the possibility of incomplete conversion to HA.
Evidence for incomplete conversion of these three glasses
to HA is also found from EDS, XRF, and FTIR data for
the reaction products. EDS and XRF indicate that, in addi-
tion to CaO and P,0s, SiO; is a major component of the
reaction products. Since HA contains only CaO and P,0Os,
the EDS and XRF data indicate the presence of an uncon-
verted, Si0,-containing mass in addition to HA. FTIR spectra
(Fig. 6) show Si—O bond resonance in the products of the 0B,
1B, and 2B glasses (but not in the 3B product), which also
indicates the presence of Si.

For the OB glass, the observed weight loss, AW;;,, = 40%,
and EDS, XRF, and AA data all indicate that Na,O is com-
pletely dissolved from the glass. Using these two observa-
tions, it is calculated that ~50 wt% of the glass has reacted to
form HA, leaving an unconverted core. Furthermore, based
on this 50 wt% conversion to HA, the calculated concentra-
tions of Si0,, Ca0, and P,Os are 38,41, and 21 wt%, respec-
tively, and the calculated Ca/P atomic ratio is 2.5. These cal-
culated values are not drastically different from the measured
values from the XRF data in Table 2. In practice, because of
the high pH of the solution and the increasing solubility of
silica at pH values above 9—-10 [30], some SiO, dissolution
from the unconverted core would be expected to occur, mak-
ing the actual SiO, content of the product somewhat lower
than the calculated value.

The data therefore strongly indicate that for the OB glass,
the reaction stops well before complete conversion of the
glass to HA. The glass—forming content of the 0B glass is
less than 50%, so the structure of the glass is not strong
enough to prevent the diffusion of Na™ in the structure. As a

@ Springer

result, Na™ dissolution apparently continues until almost all
the Na,O in the glass dissolves into the solution, leaving a
Na-depleted core, consisting of SiO,, CaO, and P,0Os.

For the borosilicate glass compositions (1B and 2B),
which contain significant amounts of B,O3, a problem is that
the B,O3 contents of the reaction products and the solutions
cannot be measured by the EDS, XRF, and AA techniques
used in this work. However, the data in Fig. 1 and Table 2
indicate that AW,;,, and the Ca/P atomic ratio for these two
glasses are not drastically different from the values for the 0B
glass. Further work is being performed to better understand
the conversion mechanisms in the 1B and 2B glasses, but
at this stage, it would be useful to assume a reaction model
similar to that described above for the OB glass and examine
the consequences arising from the B,0Os3.

Two extreme cases can be considered: (i) none of the B,O3
in the unconverted core dissolves into solution, and (ii) all
the B,O5 in the unconverted core dissolves. In the former
case, the weight loss and Ca/P atomic ratio would be ap-
proximately the same as the values determined for the OB
glass. However, the calculated SiO, content of the reaction
products (23 wt% for 1B, and 12 wt% for 2B) would be
well below the measured values (38.3 wt% and 25.6 wt%,
respectively). In the latter case, if all the B,O3 simply dis-
solves out of the unconverted core, calculated weight loss
and composition of the product are drastically different from
the measured values.

For the 1B and 2B glasses, a third possibility is that the
B,03; in the unconverted core dissolves completely or par-
tially into the solution but the dissolution of B, O3 is accompa-
nied by some compensating effect, such as the incorporation
of PO,*>™ or SiO4*™ ions (or both species) into the uncon-
verted core. For example, if charge balance is maintained in
the structure of the unconverted core, four BO3>~ units in
the structure of the unconverted core are exchanged for three
Si04*" units from the solution. In this case, assuming that
~50% of the glass is converted to HA, as found for the OB
glass, the calculated compositions of the product, particu-
larly the SiO; content, are not drastically different from the
XRF data in Table 2.

Based on the data obtained in this work, the mechanisms
by which the borate (3B) and silicate (0B) convert to HA in a
dilute phosphate solution are summarized in Fig. 14. For the
borate glass, dissolution of Na* (and presumably Ca?*) from
the glass into the solution occurs and at the same time the
B-0 network structure of the glass is attacked by phosphate
solution. Immediately, the PO, ions from the solution re-
act with Ca%* ions, leading to nucleation and growth of HA,
presumably at the more favorable Ca®* sites located on the
glass surface. The precipitated HA is highly porous, provid-
ing for easy ionic transport through it. The continuation of
the dissolution—precipitation reactions leads to thickening of
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Fig. 14 Schematic diagram
illustrating the mechanisms of
conversion of a borate (3B)
glass and 4585 silicate (OB)
glass to HA in a dilute
phosphate solution.
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the product layer from the surface of the particle inward.
For the borate glass, this process continues until the glass is
completely converted to HA.

For the silicate OB glass (45S5), the initial steps in the
conversion to HA are described by Hench [4, 5]. A porous
Si0,-rich gel layer forms and separates the growing HA layer
from the shrinking glass core. For the reaction to continue,
ions from the glass core must dissolve and diffuse through the
Si0,-rich layer. The data of this work show that, although the
initial PO4>~ concentration in the solution was sufficiently
high to react with all the Ca®* in the glass to form HA, the
reaction effectively stopped well before the complete conver-
sion to HA. The dissolution of SiO,-rich gel layer depended
on the pH value of the solution. At a certain pH value, the dis-
solution of the SiO;-rich layer stopped when the saturation
concentration of SiO4*~ in the solution was reached.

For the borosilicate glasses (1B and 2B), a process similar
to that described for the silicate OB glass may occur, but for
these two glasses, the consequences of the B, O3 in the uncon-
verted core are not very clear at present. The techniques used
in this work are not sensitive to B. Further work is in progress
to provide further insight into the conversion mechanisms.

4. Conclusion

Replacing the SiO; in the silicate-based 45S5 bioactive glass
with varying amounts of B,O3 produced glasses with con-

trollable conversion rates to HA upon immersion in a dilute
(0.02 M) K,HPOy solution at near body temperature. Higher
B,0j3 content of the glass produced a more rapid conver-
sion to HA, and a lower pH value of the phosphate solution.
Particles of a borate glass (3B) (150-300 pum) were fully
converted to HA in less than 4 days, whereas particles of
4585 glass (0B) and two intermediate borosilicate composi-
tions (1B and 2B), with the same size, were only partially
converted even after 70 days. The unconverted core of the
0B, 1B, and 2B glasses contained a significant concentra-
tion of residual SiO, but all the Na,O had dissolved. During
the conversion to HA, the weight loss of the glass and the
pH of the phosphate solution showed a similar dependence
on time, indicating that they were controlled by the same
processes. The structure and composition of the HA prod-
uct were not strongly dependent on the composition of the
glasses. The presence of a low concentration of CO3%~ ions
(0.02 M) in the phosphate solution produced a carbonate-
substituted HA but had no effect on the kinetics of conversion
to HA.
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