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ABSTRACT: Assessment was made of the feasibility of forming hydroxyapatite on/in naturally occurring swollen 
biodegradable chitosan hydrogels through an alternate soaking process. This study focused on the effects of crosslinking 
and swelling on hydroxyapatite formation. Two chitosan solutions (1.75 wt% and 1.5 wt%) were prepared at various glu
taraldehyde (GA) feed to obtain appropriate network structures. The amount of hydroxyapatite formed increased with 
swelling and decrease in crosslinking density. The hydrogel prepared from the 1.75 wt% chitosan solution showed more 
hydroxyapatite formed on/in the swollen chitosan hydrogel matrix than the 1.5 wt% chitosan solution hydrogel at the 
same GA feed and/or swelling. The swelling of the chitosan-hydroxyapatite composites was smaller than that of the chi
tosan hydrogel. The three-dimensional structure of the hydroxyapatite composite could be controlled by manipulating 
certain parameters ofthe starting chitosan hydrogel. 
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Biological and biomedical applications of polymeric 
materials have increased recently. As biomedical mate
rial, calcium phosphate is considered bioactive and to 
have good osteoconductive properties.1 The most widely 
occurring biological calcium phosphate is hydroxyapa
tite. Hydroxyapatite, the main inorganic component of 
bones and teeth, is one of the most biocompatible inor
ganic materials, with biomedical applications. Applica
tions are limited as hard tissues. Several investigators 
have studied implant materials for replacement of the 
hard tissues, such as titanium and titanium alloy coated 
with apatite.2- 3 There is little research on soft implant 
materials for soft tissue adhesion. Therefore, several hy
drogel-hydroxyapatite composites were prepared and 
evaluated as novel implantable materials that contact 
soft tissue. 

Several techniques have been investigated to produce 
apatite crystal deposition on a substrate, such as ther
mal sprayed and plasma sprayed coating,4 - 7 precipita
tion,8 and soaking in simulated body fluid. 9 From a his
torical point of view, the biomimetic process, the so
called "Kokubo Method" was first developed by Kokubo 
et al.10 - 11 We developed an alternate soaking process12 

with great potential to form calcium phosphate on/in 
biomaterials over a short period of time. Many studies 
have investigated bone-like hydroxyapatite formation 
on/in various polymer materials. Taguchi et al. focused 
on hydroxyapatite formation on/in polyvinyl alcohol hy
drogels13-15 and hydrophilic polymer grafted films16 us
ing an alternate soaking process. 

Chitosan, a naturally occurring polysaccharide ob
tained by deacetylation of chitin, is excellent for bio
medical application17 because of its biodegradability and 
biocompatibility. Chitosan has the ability to swell in 
water into soft rubbery consistency, resembling living 
tissue. A swollen chitosan hydrogel, which acts as an 
electrically positive polymeric matrix, should thus in
duce hydroxyapatite formation on/in the chitosan net-

tTo whom all correspondence should be addressed. 

work by an alternate soaking process. Several bioactive 
molecules such as drugs and proteins can be covalently 
or electrostatically conjugated. To develop a bone mimic 
material, the preparation and characterization of a posi
tively charged, chitosan hydrogel-hydroxyapatite com
posite was studied. The effects of swelling of the chitosan 
hydrogels on hydroxyapatite formation were studied us
ing an alternate soaking process. 

EXPERIMENTAL 

Materials 
Chitosan 500 with molecular weight of 1200000 (de

termined by high performance liquid chromatography 
(HPLC) using acetate buffer as the mobile phase and 
calibrated with a pullulan strandard) and disodium hy
drogenphosphate (Na2HP04) were purchased from Wako 
Pure Chemical Industries, Ltd., Osaka, Japan. Tris(hy
droxymethyl)aminomethane (Tris) was from Sigma 
Chemical Co., Steinheim, Germany. Glutaraldehyde 
(GA) and calcium chloride (CaCl2) were supplied from 
Nacali Tesque Inc., Kyoto, Japan. All these chemicals 
were used without further purification. 

Chitosan Hydrogel Preparation 
Glutaraldehyde (GA) is an effective crosslinking re

agent for producing a gel from an aqueous chitosan solu
tion.18 Chitosan solutions of 1.5% and 1. 75% by weight 
were prepared in 0.5% by volume acetic acid. A 120-240 

aliquot of a 25% glutaraldehyde aqueous solution 
was added to 15 mL chitosan solution as summarized in 
Table I. Chitosan solutions of 1.5% and 1.75% by weight 
seemed suitable concentrations in a preliminary study. 
Chitosan hydrogels cannot form under 1.5% by weight, 
even in the presence of high crosslinking concentration. 
If the chitosan concentration is over 1.75% by weight, a 
chitosan hydrogel will form very rapidly after adding the 
crosslinking agent without control over the three dimen
sional structure, thus making it difficult to prepare disk 
shaped hydrogels. The mixture was poured into a mold 
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Table I. Comparison of swelling of chitosan hydrogel with that of chitosan-hydroxyapatite composite 

Chitosan concentration 
GAfeed Avg. diameter of swollen Swelling of chitosan-

Swelling of chitosan gel )lL mL _, chitosan gel I mm hydroxyapatite composite 

1.5 wt% 8 23 
10 19 
12 17 
14 16 
16 12 

1.75 wt% 8 23 
10 18 
12 15 
14 13 
16 11 

which had a silicone rubber spacer of 1 mm thickness 
sandwiched between glass plates. The crosslinking reac
tion was allowed to proceed in the mold at room tem
perature for 24 h. A clear, amber hydrogel was formed 
with high glutaraldehyde content. The chitosan hydrogel 
was punched out into 10 mm disks, and swollen in dis
tilled water at room temperature for 2 days. The swollen 
chitosan hydrogels were kept in distilled water at room 
temperature until use. 

Swelling of the chitosan hydrogel may be calculated 
from the following equation: 

SR = W-W0 

Wo 
(1) 

where SR is the swelling ratio, W weight of the swollen 
chitosan hydrogels, and W0 is the weight ofthe dry chi to
san hydrogel. 

Hydroxyapatite Formation on I in the Swollen Chitosan 
Hydrogel 

The hydroxyapatite formation on/in the swollen chito
san hydrogel was achieved by an alternate soaking proc
ess according to our previous study, 12 by alternate im
mersion into two aqueous solution containing calcium 
and phosphate ions as shown in Figure 1. The swollen 
chitosan hydrogel disk was first immersed in 10 mL 
CaCl2 (200 mM)/ Tris-HCl (pH 7.4) aqueous solution at 
37oC for 2 h, followed by rinsing at 37°C with distilled 
water. Mter rinsing, the calcium-laden swollen chitosan 
hydrogel fulfilled was immersed in Na2HP04 (120 mM) 
aqueous solution at 37oC for 2 hand washed by a similar 
process. This alternate soaking was repeated 5 times to 
allow the formation of hydroxyapatite on/in the hydro
gels. The chitosan-hydroxyapatite composite was freeze
dried. %hydroxyapatite is obtained as, 

%HAp= Wap,d- Wo X 100 
Wo 

(2) 

where %HAp percentage of hydroxyapatite in the swol
len chitosan hydrogel, Wap,d weight of dried chitosan-hy
droxyapatite composites, and W0, weight of chitosan hy
drogel in a dry state. 
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Figure 1. Experimental procedure for obtaining hydroxyapatite. 

Swelling of the Chitosan -Hydroxyapatite Composites 
Swelling of the chitosan-hydroxyapatite composites 

was studied in comparison to the chitosan hydrogels and 
was calculated as follows: 

SR = Wap,w- Wo 
ap Wo (3) 

where SRap is the swelling ratio of chitosan-hydroxyapa
tite composites, Wap,w wet weight of the chitosan-hy
droxyapatite composite, and W0, dry weight of the swol
len chitosan hydrogel. 

X-Ray Diffraction Analysis 
X-Ray diffraction was measured by a RIGAKU Geiger

flex 2013. Cu-Ka (A,= 0.154 nm) was used as the X-Ray 
source, and operated at 30 kV, 15 rnA, and scan speed of 
2° min - 1 at 500 cps. The dried sample was placed on the 
glass slide specimen holder for examination at incident 
angles 2 e of 15-55°. 

RESULTS AND DISCUSSION 

The wet method is usable for mass production of small 
crystalline or non-crystalline hydroxyapatite powder. 19 

Hydroxyapatite was formed on/in a swollen chitosan hy
drogel by our alternate soaking process. The reaction in
volves salt formation between calcium and phosphate 
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ions. The chemical formula is as follows: 19 

10 CaCI2 +6 Na2HP04+2 H20-
Ca10(P04)s(0Hh+ 12 NaCI +8 HCI 

Chitosan Hydrogel Preparation 
Glutaraldehyde, an effective crosslinking agent for the 

functional amine group of chitosan, was added to the 
chitosan aqueous solution at various feeds to vary 
crosslinked A chitosan hydrogel disk with 
a 10 mm diameter and 1 mm thickness was prepared 
with 96% conversion, and swollen in distilled water for 2 
days. The color of the hydrogels was yellow to brown, de
pending on the amount of glutaraldehyde. Water mole
cules slowly dispersed into the chitosan network, and 
Figure 2 shows the swelling of cationic chitosan hydro
gels after reaching equilibrium. The hydrogels expanded 
more at lower glutaraldehyde feed. The hydrogel ex
panded by electric repulsion of remaining ammonium 
ions that can absorb several hundreds times their 
weight in water when measured against the original 
weight of the hydrogel. Figure 3 shows the degree of 
swelling of the chitosan hydrogels in distilled water plot
ted as a function of crosslinking agent feed. Swelling of 
the chitosan hydrogels decreased parabolically by in
creasing the GA feed. This may be due to the effects of 
remaining ammonium groups after crosslinking. There 
are many excess ammonium groups left over in lower 
GA feed, which may attract water molecules around 
them and thus swell the gel. 

Hydroxyapatite Formation on I in the Swollen Chitosan 
Hydrogels 

Positive charge of the chitosan was important in de
ciding the soaking extent of calcium and phosphate solu
tions. If the swollen, cationic, chitosan disk-shaped hy
drogel is first immersed in anionic phosphate solution, 
phosphate ions surround the ammonium ions in the chi
tosan by ionic interaction and do not react with the cal
cium ions. The swollen chitosan hydrogels thus shrink. 
Hydroxyapatite forms in small amounts (data not shown 
here). In comparison to our previous study/4 the amount 
of hydroxyapatite formed on/in the poly(vinyl alcohol) 
(PVA) hydrogels (nonionic polymer) using the soaking 
order ofCa2+ was similar to that using the 
Ca2+ soaking order. Therefore, in this study, the swollen 
chitosan hydrogel disks were first immersed in calcium 
chloride solution. The calcium ions displace free water 
molecules, and repulse each other to give enough space 
to react with phosphate ions. The chitosan network 
gradually shrank and enclosed calcium ions inside. The 
hydrogel disks were washed with distilled water to get 
rid of excess calcium ions before soaking in disodium hy
drogenphosphate solution. Initially, the hydroxyapatite 
formed only on the surface of the swollen chitosan hy
drogels. The resulting hydroxyapatite deposits seemed 
to function as nucleating particles to induce calcium and 
phosphate ions to enter the swollen chitosan hydrogels 
for the next alternate cycle. The hydroxyapatite was 
completely dispersed throughout the swollen chitosan 
hydrogel after 5 cycles. Figure 4 shows a cross section 
and top surface of the compos
ite after 1 cycle and 5 cycles. 
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Figure 2. Appearance of swollen chitosan hydrogel at various 
crosslinking agent feeds in most expanded state. 
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Figure 3. Relationship between glutaraldehyde feed and swel
ling of chitosan hydrogel, (a) 1. 75 wt%, (b) 1.5 wt%. 
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Figure 4. Microscopic observation of 
composite after 1 and 5 cycles alternate soakings: Top surface and 
cross section pictures at magnification X 100. 
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Figure 5. Appearance of chitosan-hydroxyapatite composite af
ter 5 alternate soakings. 

Figure 5 shows the appearance of the chitosan-hy
droxyapatite composites after 5 calcifications. From the 
photographs, it is clear that an inorganic substance, pos-
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sibly the hydroxyapatite, has formed on/in the swollen 
chitosan hydrogels. The size of the chitosan-hydroxya
patite composite returned to approximately 7-9 mm in 
diameter, which is comparable to the chitosan hydrogels 
(10 mm diameter) before swelling in water. The conden
sation of swollen hydrogels may result from change in 
the ionic concentration and subsequent reduction in the 
osmotic swelling pressure inside the hydrogels. These 
results suggest that the three dimensional shape of the 
hydroxyapatite composites is controlled by the starting 
shape of the chitosan hydrogel. This method can be ap
plied to bone-like materials in various shapes. The swel
ling of chitosan-hydroxyapatite composite is dramati
cally less than that of the chitosan hydrogels, as shown 
in Table I. The water adsorption capacity of the chitosan 
-hydroxyapatite composites is minimized by high %hy
droxyapatite formation, and this is a major advantage in 
implanting bone-like chitosan-hydroxyapatite compos
ites into humans or animal bodies without changing 
their structure. 

Effect of the Swelling Ratio on the Quantity of Hydroxya
patite 

Figure 6 shows the amount of hydroxyapatite formed 
on/in the swollen hydrogels as a function of swelling of 
the hydrogel. The swollen hydrogel with higher swelling 
(i.e., a lower degree of cross-linking) had a larger %hy
droxyapatite deposited in the chitosan matrix, possibly 
because the swollen hydrogel can facilitate the diffusion 
of Ca2+ and P043 - ions into the chitosan network. The 
higher the chitosan concentration, the greater the 
amount of hydroxyapatite. The amount of hydroxyapa
tite with respect to swelling was evaluated to examine 
the equilibrium between hydroxyapatite formation and 
swelling. 1.75 wt% and 1.5 wt% swollen chitosan hydro
gels showed plateaus in the amount of hydroxyapatite 
formed after swelling of around 200% and 300%, respec
tively. There must be a critical chitosan concentration 
and cross-linking density for the most effective hy
droxyapatite formation using this alternate soaking 
process. Overly high cross-linking density leads to hard 
and brittle hydrogels, resulting in a compact network 
which inhibits hydroxyapatite formation. 

X-Ray Diffraction Analysis 
The formation of hydroxyapatites on/in the swollen 

chitosan hydrogels was measured based on X-Ray dif
fraction. To evaluate the chitosan matrix related to hy
droxyapatite formation, diffraction of chitosan hy
drogel and composites was examined as shown in Figure 
7. Hydroxyapatite-appropriate peaks were observed at 
26° and 32°, and chitosan hydrogels at 1211L mL -I GA 
feed showed broad peaks at 22°. X-Rays of hydroxyapa
tite overlapped the chitosan peaks, and thus the hy
droxyapatite forms over the surface of the swollen chi to
san hydrogel. In the case of low GA feed hydrogel, i.e., 
high swelling for the chitosan hydrogel, Ca2+and P043 -

ions diffuse into the network easily and X-Ray peaks of 
hydroxyapatite are clearly observed. X-Rays of hy
droxyapatite may be observed after 5 alternate soakings, 
which implies that hydroxyapatite forms within a short 
period of time in vitro at high quantities. 
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Figure 6. Effects of swelling (SR) of chitosan hydrogels on 
amount of hydroxyapatite after 5 soakings, (a) 1.75 wt%, (b) 1.5 
wt%. 
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Figure 7. X-Ray diffraction of hydroxyapatite formed on/in the 
swollen chitosan hydrogels. 

CONCLUSION 

Chitosan was used to produce a cationic polymeric hy
drogel for obtaining hydroxyapatite-organic polymer 
composite material. Soaking order was fixed to start 
with calcium solution, which was controlled by the cat
ionic charge of the chitosan matrices. The hydroxyapa
tite formed on/in the hydrogels over a short period of 
time by alternately immersion in calcium chloride and 
disodium hydrogenphosphate solution at body tempera
ture (37°C). The three-dimensional shape of the chitosan 
-hydroxyapatite composite can be controlled by chang
ing the shape of the starting chitosan hydrogels. 
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