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The influence of alginic acid, an anionic polysaccharide, on the
conversion of 13-93 bioactive glass to hydroxyapatite (HA) in
aqueous phosphate solution was investigated. Disks of 13-93
glass were immersed in phosphate-buffered saline (PBS) con-
taining 0–1 weight percent (wt%) alginic acid. HA was detected
on the glass surface by scanning electron microscopy, X-ray
diffraction, and Fourier transform infrared spectroscopy after
2 weeks in PBS containing 0.5 wt% alginic acid, compared with
6 weeks in PBS without alginic acid. In the presence of alginic
acid (0.5 wt%), the growth of the HA layer on the glass in-
creased almost linearly with time, at a rate that was approxi-
mately six times faster than that for the system without alginic
acid. The thickness of the HA layer increased with the concen-
tration of alginic acid (0–1 wt%). Chelation of the electron-
donating moieties of alginic acid polymer, such as carboxyls and
hydroxyls, to the leached cations from the bioactive glass, in
particular calcium ions, is suggested as a mechanism for the
enhanced corrosion of the glass and, hence, the enhanced con-
version to HA. The use of natural or synthetic polyelectrolytes
could provide a method for manipulating the conversion rate of
bioactive glass to HA.

I. Introduction

BIOACTIVE glass undergoes specific reactions when placed in
aqueous phosphate solution, leading to the formation of an

amorphous calcium phosphate (ACP) or crystalline hydrox-
yapatite (HA) phase on the surface of the glass.1–3 Formation
of this HA (or ACP) layer resulting from the reaction of bioac-
tive glass with physiological fluids is responsible for the devel-
opment of a strong bond with hard and soft tissue.1,4 The in
vitro bioactivity of the glass, measured by the rate at which it
reacts to form HA, can be controlled over a wide range, from
hours to months, by manipulating the glass composition.2,3,5

The in vitro bioactivity provides a measure of the bioactive po-
tential of the glass in vivo.6 In addition to composition, the con-
centration of the phosphate ions and the temperature of the
reacting solution also influence the conversion rate of a bioactive
glass to HA.

Several studies have described the kinetics and mechanisms
of converting bioactive glass to HA in aqueous phosphate so-
lution.2,3,5 Because of their lower chemical durability, some bo-
rate glasses react faster than the more widely studied silicate
bioactive glasses (such as the compositions designated 45S5 and
13-93). Partial or full replacement of SiO2 with B2O3 in these
silicate-based bioactive glasses results in a marked increase in the
conversion rate of the glass to HA in aqueous phosphate solu-
tion. Borate glasses with special compositions have been ob-

served to convert completely to HA within a few days, much
faster than silicate-based 45S5 and 13-93 bioactive glass.7,8

It is well established that an initial step in the conversion of
silicate-based 45S5 glass to HA is the formation of a SiO2-rich
gel layer (1�2 mm thick) on the glass surface by ion exchange
reactions.1,9 Further dissolution of ions such as Na1 and Ca21

from the glass and their diffusion through the SiO2-rich gel
layer, followed by reaction between Ca21 ions from the glass
and (PO4)

3� ions from the solution, leads to the precipitation
and growth of ACP on the SiO2-gel layer, which subsequently
converts to HA. The conversion reaction starts at the surface of
the glass and moves inward, and the product HA layer is sep-
arated from the unconverted glass by the SiO2-rich gel layer.
The mechanism of converting borate bioactive glass to HA is
similar to that for silicate bioactive glass but without the for-
mation of a SiO2-gel layer.

2,3

The corrosion of glass, in particular silicate-based glass,
in aqueous acidic media has received considerable attention
because of the widespread use of glass in commercial and in-
dustrial applications. The generally accepted mechanism of cor-
rosion is an ion exchange reaction in which metal ions (such as
Na1) at the glass surface are replaced by H1 ions from the acid
medium10:

� Si �O�NaþHþ !� Si �O�H þNaþ (1)

Originally it was presumed that the corrosion rate was related
to the acidic strength of the medium, expressed by the H1 con-
centration.10 However, later work showed that the anion of the
acid can also play a significant role, particularly if the anion can
form complex ions or insoluble species with the cations leached
out of the glass.11–15

Some silicate-based glasses (such as E-glass) are susceptible to
various degrees of corrosion by aqueous solutions of weak or-
ganic acids.13,14 Although most organic acids have little corro-
sive effect, oxalic acid and mesoxalic acid (2-oxopropanedioic
acid) are extremely corrosive. The proposed mechanism of cor-
rosion by organic acids involves ion exchange reactions between
cations at the glass surface and H1 ions (similar to that ex-
pressed by Eq. 1), which are accelerated by complex formation
of the leached cations with the anion associated with the organic
acid.13,14 This complex formation can be viewed as essentially
removing the leached cations (such as Na1) from the right hand
side of Eq. (1), which serves to drive the reaction to the right,
and thereby leading to faster corrosion. Chelation between the
electron-donating species of the organic acids, such as carboxyl
groups, and the leached cations has been proposed as the mech-
anism for complex formation.13,14

The extracellular environment16 in humans and animals
contains an abundance of proteins, such as collagen, poly-
mers of simple sugars (polysaccharides), and other polymeric
species which contain electron-donating species (such as car-
boxyls and hydroxyls), similar to those present in simple or-
ganic acids. Whereas these biological polymers might be
expected to influence the corrosion of bioactive glass in vivo
and, hence, the conversion of the glass to HA, the influence of
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polyanions species on bioactive glass conversion has not been
reported before.

The objective of the present work was to perform a model
study in vitro to evaluate how the presence of polyanions in a
dilute aqueous phosphate solution influenced the conversion of
a bioactive glass to HA. By comparing the conversion of the
glass in the presence of the polyanions with the conversion of a
similar system without the polyanions, new information relating
to the performance of bioactive glass in vivomight be developed.

The silicate-based glass designated 13-93 was selected as the
bioactive glass for this study based on our past work involving
the processing of this glass and its conversion to HA in aqueous
phosphate solution.17,18 This glass has a composition similar to
the widely studied 45S5 composition,19 but it has a higher SiO2

content which has the effect of reducing its rate of conversion to
HA when compared with 45S5 bioactive glass. The glass is also
approved for in vivo use in the United States and elsewhere.
Alginic acid, (C6H8O6)n, a linear polymer of mannuronic (M)
and guluronic (G) acids, was selected as a model polysaccharide
to provide the source of the polyanions. Alginic acid has been
widely investigated in environmental, industrial, and food tech-
nologies due to its strong cation binding capacity.20–22 The elec-
tron donating moieties of the alginic acid, such as �COOH and
�OH groups chelate aqueous cations such as Ca21 at interme-
diate to high pH values (B4–12).20

II. Experimental Procedure

(1) Starting Materials and Solutions

Bioactive glass with the 13-93 composition (in wt%): 6Na2O,
12K2O, 5MgO, 20CaO, 4P2O5, and 53SiO2, was prepared by
melting a mixture of the appropriate quantities of analytical
grade Na2CO3, K2CO3, MgCO3, CaCO3, SiO2, and NaH2

PO4 � 2H2O in a Pt crucible in air for 2 h at 13001C. The mol-
ten glass was cast into graphite molds to form disks (10 mm in
diameter� 2 mm), which were annealed for 6 h at 5001C to re-
lieve thermal stresses. Following wet grinding with graded SiC
papers, and polishing with 0.05 mm Al2O3 paste, the disks were
cleaned by washing in ethanol in an ultrasonic bath and dried
in air.

Phosphate-buffered saline (PBS), used as the aqueous phos-
phate solution, was prepared by dissolving 8 g NaCl, 0.2 g KCl,
0.24 g KH2PO4, and 1.44 g Na2HPO4 in 1 L of distilled water.
Alginic acid (molecular weight5 150 kDa; Acros Organics, Fair
Lawn, NJ) was dissolved in the PBS to give solutions containing
0.25, 0.5, and 1.0 wt% alginic acid. The starting pH value of the
solutions was adjusted to 7.25 using 1M HCl or NaOH.

(2) Conversion of 13-93 Bioactive Glass to HA in PBS

Bioactive glass disks were individually suspended in sealed poly-
ethylene bottles containing 20 mL of PBS with or without
alginic acid. The ratio of the surface area of the disks to the
volume of the solution was equal to 0.1 cm�1. The system was
kept at 371C for up to 3 months. After various immersion times,
disks were removed from the PBS, rinsed twice with distilled
water, then twice with anhydrous ethanol, and dried at 901C.
Two disks were used for each immersion time.

(3) Characterization of Reacted 13-93 Glass Disks

The microstructure of the reacted layer on the surface of the
13-93 bioactive glass disks was observed using scanning electron
microscopy, SEM (S-4700, Hitachi, Tokyo, Japan). The samples
were sputtered-coated with Au/Pd before observation. Crystal-
line phases in the reacted layer were detected using thin-film X-
ray diffraction (XRD, Model PW3040/60; Philips, Almelo, the
Netherlands) at a scanning rate of 1.81/min in the 2y range 10–
801 (CuKa radiation; l5 0.15406 nm). Compositional analysis
of the as-prepared glass and the reacted glass disks was per-
formed using Fourier transform infrared reflectance spectros-

copy, FT-IRRS (Model 1760-X, Perkin Elmer, Norwalk, CT) in
the range of 400–4000 cm�1.

Following the XRD and FT-IRRS analyses, cross sections of
the disks were prepared and observed in the SEM to determine
the thickness of the reacted layer on the glass disks as a function
of immersion time. The disks were mounted in epoxy resin,
ground with SiC paper, and polished with Al2O3 paste (0.05 mm)
before observation in SEM. The thickness of the reacted layer
(average7standard deviation) for a given reaction time was de-
termined from at least five measurements of the cross section.
X-ray mapping by energy-dispersive microanalysis in the SEM
(Hitachi; S-4700) was used to determine the spatial distribution
of Ca, P, Si, and Na in the polished cross section.

(4) Chemical Analysis of the Reaction Solution

The concentrations of Na, K, and Ca ions in PBS with or with-
out alginic acid were measured as a function of immersion time
of the 13-93 glass disks (2 and 4 weeks) using inductively cou-
pled plasma optical emission spectrometry (ICP-OES, Optima
2000DV; Perkin Elmer, Waltham, MA). The concentrations of
these ions in the starting PBS (with or without alginic acid) were
also determined, and they were subtracted to obtain the con-
centrations of the ions leached out of the glass.

III. Results

(1) Microstructure of the Surface of the Reaction Product

SEM images of the 13-93 bioactive glass surfaces after immer-
sion for 2, 4, and 6 weeks in PBS without alginic acid or with
0.5 wt% alginic acid are shown in Fig. 1. When compared with
the as-prepared glass surface before immersion (Fig. 1(b), inset),
the surface of the disk immersed for 2 weeks in PBS showed little
change in morphology (Fig. 1(a)). After 4 weeks of immersion,
crack-like voids, presumably due to capillary-induced drying
stresses, were observed but no marked change in morphology
occurred (Fig. 1(c)). However, after 6 weeks of immersion, a
noticeable morphological change was visible, with the surface
consisting of fine, nearly spherical particles of size 30–50 nm
(Fig. 1(e)). In the presence of alginic acid, a noticeable change in
the surface morphology was obvious for immersion times as
short as 2 weeks (Fig. 1(b)). This microstructure formed after
2 weeks of immersion in the presence of alginic acid was similar
to the microstructure of the surface layer formed after 6 weeks
of immersion in PBS without alginic acid (Fig. 1(e)). Beyond
2 weeks of immersion in PBS containing alginic acid, the reacted
layer consisted of fine elongated particles of length 1–2 mm (Figs.
1(d) and (f )), which are not unlike the fine, needle-like crystals
characteristic of HA formed by precipitation from solution.

(2) Crystalline Phases Detected by XRD

Figure 2 shows thin-film XRD patterns of the as-prepared glass
and the glass disks after immersion times of 2, 4, and 6 weeks in
PBS with or without alginic acid. The as-prepared glass showed
a broad band centered at B301 2y, typical of amorphous glass.
For the glass disks that were immersed in the PBS solution
without alginic acid (Fig. 2(a)), diffraction peaks indicative of a
crystalline phase were detected after 6 weeks, but not for im-
mersion times of 2 or 4 weeks. The diffraction peaks in the XRD
pattern (6 weeks of immersion) corresponded to the major peaks
of a standard HA (JCPDS 72-1243).

In the presence of alginic acid, the XRD patterns contained
diffraction peaks after only 2 weeks of immersion (Fig. 2(b)).
The peaks corresponded to the major peaks of a standard HA,
and increased in intensity with immersion time. These XRD re-
sults are in general agreement with the SEM observations
(Fig. 1), which showed little change in the surface morphology
of the glass disks until after 6 weeks of immersion in PBS, but
marked changes in the surface morphology after only 2 weeks in
PBS containing alginic acid.
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(3) Infrared Analysis of Composition

FT-IRRS spectra of the as-prepared 13-93 bioactive glass
(Fig. 3) showed resonances at 1050 and 440 cm�1 attributed
to the stretching and rocking vibration modes of Si�O�Si in the

glass network, as well as a resonance at 940 cm�1 corresponding
to vibration modes of Si�O nonbridging oxygen bonded to cat-
ions such as Ca21, Na1, and K1 in the glass network. The
spectra of the glass disks that were immersed in PBS (Fig. 3(a))

Fig. 1. Scanning electron microscopy images of the surfaces of 13-93 bioactive glass disks after immersion in phosphate-buffered saline (PBS) (left)
and PBS containing 0.5 wt% alginic acid (right) for 2, 4, and 6 weeks (top to bottom). The inset in (b) shows the surface of the as-prepared (unreacted)
glass disk.

Fig. 2. Thin-film X-ray diffraction (XRD) patterns of 13-93 bioactive glass immersed in (a) PBS and (b) PBS with 0.5 wt% alginic acid for the times
shown. XRD patterns of the as-prepared (unreacted) glass, and the peak positions of a reference hydroxyapatite (JCPDS 72-1243) are also shown.
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showed resonances at 560 and 606 cm�1, characteristic of HA,9

for an immersion time of 6 weeks but not for immersion times of
2 or 4 weeks. On the other hand, these resonances characteristic
of HA were clearly visible in the spectra for disks immersed for
only 2 weeks in PBS containing alginic acid (Fig. 3(b)). These
FT-IRRS observations are in agreement with the thin-filmXRD
data (Fig. 2), which showed the presence of HA after only 2
weeks of immersion in PBS containing alginic acid, but not until
6 weeks in PBS (without alginic acid).

(4) Kinetics of HA Growth on 13-93 Bioactive Glass Disks

Figure 4 shows the thickness of the reacted layer on the 13-93
bioactive glass disk as a function of immersion time in PBS and
in PBS with 0.5 wt% alginic acid. Based on the SEM, thin-film
XRD, and FT-IRRS data described earlier, the reacted layer
can be taken to be HA. In PBS, a measurable HA layer was not
observed on the glass surface until 42 days of immersion, but
subsequently the thickness of the layer increased toB3 mm after
90 days. In the presence of alginic acid, the thickness of the HA
layer increased far more rapidly as a function of immersion time.
The thickness of the HA layer increased almost linearly with
reaction time, reaching a value of B20 mm after 90 days. Over
the 90-day period, the average growth rate of the HA layer in
PBS with alginic acid was B6 times faster than that in PBS
without alginic acid. Figure 4 also shows that, for a given

immersion time (28 days), the thickness of the HA layer in-
creased with alginic acid concentration in the range 0.25�1.0
wt% used in these experiments.

(5) Microstructure and Microchemistry of the Cross Section
of the Reaction Product

SEM images of the cross sections of 13-93 bioactive glass disks
immersed for 90 days in PBS and in PBS containing 0.5 wt%
alginic acid are shown in Fig. 5. Three phases are apparent in
each cross section: (1) a surface layer which is presumably HA
based on the XRD and FT-IRRS data already described, (2) an
intermediate SiO2-rich layer, and (3) the remainder of the glass
substrate, consisting presumably of unconverted glass. (Figure
5(b) shows, in addition, an epoxy layer between the SiO2-rich
layer and the unconverted glass. This epoxy layer resulted from
delamination of the SiO2-rich layer from the unconverted glass,
and infiltration of epoxy resin during the sample preparation.)

It is clear that the thickness of the HA layer (B20 mm) formed
in PBS containing alginic acid (Fig. 5(b)) is far larger than the
HA layer thickness (B3 mm) formed in PBS without alginic acid
(Fig. 5(a)). The thickness of the SiO2-rich layer (5–10 mm) for the
sample reacted in PBS with alginic acid is also far larger than the
value (B1 mm) for the sample reacted in PBS without alginic
acid. Furthermore, the converted layer, consisting of the HA
and SiO2-rich gel, had a variable thickness (Fig. 5(c)). This vari-
able thickness cannot be attributed to surface roughness of the
as-prepared glass, because the glass was polished with a suspen-
sion of 0.05-mm-Al2O3 particles, and SEM showed a flat
featureless surface (Fig. 1(b), inset).

Figure 6 shows an SEM image of a cross-section of 13-93
bioactive glass immersed for 90 days in PBS containing 0.5 wt%
alginic acid, and X-ray maps of the Ca, P, and Si concentrations
across the cross-section. (The cross-section in Fig. 6(a) was
obtained simply by grinding, with no subsequent polishing, so
the surface of the section was not as flat as that in Fig. 5(b)).
The higher concentrations of Ca and especially P in the surface
(reacted) layer (Figs. 6(a) and (b)), when compared with the
concentrations of these elements in the unconverted glass, com-
plement the XRD and FT-IRRS results which showed that the
reacted layer consisted of HA. The intermediate layer, separat-
ing the HA product from the unconverted glass, is almost de-
void of Ca and P but has a higher Si concentration than the
unconverted glass (Fig. 6(c)). This layer is presumably a SiO2-
rich layer which has been observed to form by ion exchange
reactions during the initial step of converting silicate-based bio-
active glass to HA.1–3

(6) Ionic concentration in reaction solution

Table I shows data for the concentrations of Na, K, and Ca ions
leached out of the glass into the PBS (with or without alginic

Fig. 3. Fourier transform infrared reflectance spectroscopy spectra of 13-93 glass immersed in (a) phosphate-buffered saline (PBS) and (b) PBS with
0.5 wt% alginic acid for the times shown.

Fig. 4. Thickness of the hydroxyapatite (HA) layer formed on 13-93
glass as a function of immersion time in phosphate-buffered saline (PBS)
(0 wt%) and in PBS containing 0.5 wt% alginic acid. The thickness of
the HA layer as a function of alginic acid concentration for an immer-
sion time of 28 days is also shown.
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acid) for immersion times of 2 and 4 weeks. The presence of
alginic acid in the PBS had no effect on the Na concentration at
2 weeks, whereas there was an increase of only B25% at 4
weeks. For both immersion times, the concentration of K was

markedly smaller than that of Na, and the presence of alginic
acid produced a decrease ofB30%, when compared with the K
concentration in the PBS (without alginic acid). The concentra-
tion of Ca, while much smaller than those for Na and K, was

Fig. 5. Scanning electron microscopy images of the cross section of 13-93 bioactive glass immersed for 90 days in (a) phosphate-buffered saline (PBS),
and in PBS containing 0.5 wt% alginic acid, (b) high magnification, (c) low magnification. The epoxy layer in (b) resulted from delamination of the
HA/SiO2 layer and infiltration of the epoxy during sample preparation.

Fig. 6. (a) Secondary electron image of the cross section of 13-93 bioactive glass immersed for 90 days in PBS containing 0.5 wt% alginic acid, and
X-ray maps of the same cross section showing (b) Ca(K), (c) P(K), and (d) Si(K) distribution.
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increased by 5–10 times by the presence of alginic acid in
the PBS.

IV. Discussion

The kinetic data, coupled with the structural and compositional
data, clearly indicate that the presence of alginic acid markedly
accelerated the conversion of 13-93 bioactive glass to HA in an
aqueous phosphate solution (PBS). The thickness of the HA
layer formed on the surface of the glass grew linearly with time
and approximately six times faster in the presence of alginic acid
(0.5 wt%). The HA layer thickness also increased with increas-
ing alginic acid concentration in the range 0�1 wt%.

Based on a mechanism similar to that described earlier for the
corrosion of silicate E-glass in aqueous solution of organic ac-
ids,13,14 and the generally accepted mechanism of converting
silicate bioactive glass to HA in aqueous phosphate solution,1–3

a sequence of reactions is proposed for the enhanced conversion
of silicate 13-93 bioactive glass to HA in the presence of alginic
acid (Fig. 7).

As described by Hench23 for the conversion of silicate 45S5
bioactive glass in aqueous phosphate solution (without alginic
acid), rapid ion exchange of Na1 or K1 with H1 (or H3O

1)
from solution (similar to that expressed by Eq. 1), followed by a
series of reactions, leads to the formation of a SiO2-rich layer on
the glass surface. These reactions include loss of soluble SiO2 to
the solution in the form of Si(OH)4 that results from breaking of
Si�O�Si bonds, and the formation of Si�OH groups (silanols)
at the glass–solution interface, which are followed by conden-
sation and polymerization. Migration of Ca21 ions through the
SiO2-rich layer, and reaction with the (PO4)

3� ions from the
solution leads to the formation of a HA layer on top of the SiO2-
rich layer (Fig. 7(a)). Precipitation of HA is favored because of
its low-solubility product in aqueous media.

The conversion of 13-93 bioactive glass to HA in the presence
of alginic acid, as proposed here (Fig. 7(b)), occurs essentially by
the same generally accepted mechanism for the conversion of
silicate-based bioactive glass to HA, except that the conversion
is faster because of chelation. Following the formation of the
SiO2-rich layer on the surface of the glass, chelation of the elec-
tron donating moieties of the alginic acid, such as �COOH and
�OH groups, with aqueous cations, in particular Ca21 ions,
leads to faster dissolution. Subsequent reaction of the Ca21 ions
with (PO4)

3� ions from the PBS leads to faster formation of HA.
For immersion times of 2 and 4 weeks, the concentrations of Na
and K leached from the glass into the PBS (Table I), are not
markedly influenced by the presence of alginic acid. Apparently,
the dissolution of Na and K from the glass is rapid enough, so
the presence of the alginic acid has little effect. On the other
hand, the concentration of Ca in the PBS, while small, shows a
marked increase in the presence of alginic acid.

SEM observations (Fig. 5) indicate that both the HA layer
and the SiO2-rich layer formed in the presence of alginic acid are
far thicker than the respective layers formed in the system with-
out alginic acid. Presumably, the thicker SiO2-rich layer in the
system containing alginic acid also results from the faster cor-
rosion rate of the glass. Another interesting observation is that
while it might appear flat at the macroscopic level, the surface
has an undulating geometry at the microscopic level (Figs. 5(b)
and (c)). Furthermore, the converted layer, consisting of HA
and SiO2-rich gel, has a variable thickness. Presumably, the
conversion of this glass to HA does not proceed uniformly in-
ward from the surface, as is commonly assumed for the conver-
sion of silicate and borate bioactive glass.

The present results have important consequences for the use
of bioactive glass in biomedical applications. First, addition of
certain polyanions to aqueous phosphate solution could provide
a method for controlling the in vitro bioactivity of bioactive
glass. In some applications, it may be desirable to partially con-
vert the bioactive glass to HA before implantation, so the ability
to control the conversion rate could be useful. The availability of
a HA surface immediately upon implantation could enhance
protein and cell interaction with the surface,1 which could lead
to more rapid tissue formation and integration of the implant
with surrounding tissue. When exposed to an aqueous phos-
phate solution, such as the body fluid, some bioactive glasses,
such as 45S5 bioactive glass, produce a rapid increase in the lo-
cal pH, as a result of the conversion to HA, which can be toxic
to cells. Partial conversion of the bioactive glass to HA before
implantation can markedly ameliorate the rapid increase in pH.

Second, the in vitro bioactivity of a bioactive glass determined
in an aqueous phosphate solution (such as a simulated body
fluid, SBF) may not be an accurate indicator of the bioactive
potential of the glass in vivo. As outlined earlier, the extracellular
matrix in humans and animals contains an abundance of pro-
teins, polysaccharides, and other polymeric species, which con-
tain electron-donating species (such as carboxyls and
hydroxyls), similar to those present in alginic acid. Based on
the results of the present work, some of these polyanion species
in vivo could also be expected to have a marked effect on the
conversion rate, leading to much faster conversion rates in vivo.
In fact, thicker HA layers have been observed to form on 13-93
bioactive glass scaffolds implanted in subcutaneous pockets in
the dorsum of rats, when compared with similar scaffolds placed
in a SBF in vitro.

V. Conclusions

The presence of an anionic polysaccharide, alginic acid, in aque-
ous phosphate solution (PBS) accelerated the conversion of bio-
active glass (13-93) to HA.With 0.5 wt% alginic acid in PBS, the
average conversion rate to HA was approximately six times
faster than in PBS without alginic acid. The conversion rate to
HA also increased with increasing alginic acid concentration in
the range 0�1.0 wt%. Enhanced corrosion of the glass, due to

Table I. Concentrations of Na, K, and Ca (mg/L) in Phos-
phate-Buffered Saline (PBS) and in PBS Containing 0.5 wt%
Alginic acid (PBS–AA), Resulting from Immersion of 13-93

Bioactive Glass Disks for 2 and 4 Weeks

Ion

Immersion time5 2 weeks Immersion time5 4 weeks

PBS PBS–AA PBS PBS–AA

Na1 1080710 1060740 106075 1280710
K1 10874 7473 12375 9574
Ca21 1.570.2 15.270.2 2.070.1 10.170.2

Fig. 7. Schematic diagrams showing main steps in (a) generally ac-
cepted mechanism of converting silicate bioactive glass in PBS, and
(b) proposed mechanism for converting silicate bioactive glass to HA in
PBS containing alginic acid.
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chelation of the electron-donating moieties of alginic acid, such
as carboxyls and hydroxyls, to the leached cations from the
glass, particularly calcium ions, is suggested as a mechanism for
the enhanced conversion to HA. The addition of polyanions to
aqueous phosphate solution provides a method for controlling
the in vitro bioactivity of bioactive glass.
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