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CaCO3/chitin-whisker hybrids: formation of CaCO3

crystals in chitin-based liquid-crystalline suspension

Yuya Yamamoto, Tatsuya Nishimura, Tsuguyuki Saito and Takashi Kato

CaCO3/chitin-whisker hybrids were prepared using the liquid-crystalline suspension of the chitin whisker. Suspensions of chitin

nanowhiskers were obtained by acid hydrolysis of chitin powder. The suspension containing about 5wt% of whiskers exhibited

lyotropic liquid-crystalline behavior. The suspension was converted to a gel form when it was exposed to ammonium carbonate

vapor. CaCO3 crystals were formed for 30 days in chitin gels as templates. The nucleation of CaCO3 occurred in the liquid-

crystalline chitin matrix and the CaCO3 crystals deposited in the chitin gels to form hybrids with an interpenetrated three-

dimensional structure. Scanning electron microscopy image of the fractured sample of the hybrid showed that the gel matrix was

filled with CaCO3 crystals. Thermogravimetric analysis revealed that the composition of CaCO3/polymer/H2O is about 2:6:2 in

weight. This approach inspired by biomineralization may be useful for the development of inorganic/organic hybrid materials.
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INTRODUCTION

The process used by living organisms to produce inorganic/organic
hybrids is called biomineralization.1–3 Natural biominerals such as
bone, teeth and the nacre of the shell have high mechanical strength
and optical properties. In these biominerals, the properties are closely
related to their hierarchically ordered structures. For instance, the
nacre of the shell has a layered structure composed of about 95
wt% CaCO3 and about 5 wt % organic matrices.4–6 The layered
structure induces high mechanical strength and pearl luster. Another
type of biomineral that is softer than the nacre of the shell is
the exoskeleton of the crayfish.7 It is composed of about 50 wt%
CaCO3 and about 50 wt% organic macromolecules such as chitin and
proteins. In the exoskeleton, chitin fibers have a helical structure8,9

that is analogous to the cholesteric liquid-crystalline order. These
chitin fibers are complexed with proteins and CaCO3. These
natural biominerals offer ideas for new inorganic/organic hybrid
materials.10–16 A variety of calcium-based hybrid materials have been
reported.17–26 We previously reported that CaCO3 thin-film crystals
were formed on chitin matrices in the presence of acidic polymers.17–21

Moreover, oriented CaCO3 crystals were obtained in an oriented
chitin matrix.27 This result shows that the ordered matrix is important
for further structure control of inorganic/organic hybrid materials.
Our intention here is to use ordered chitin whiskers for the formation
of hybrids. Herein, we report on the formation of CaCO3 crystals/
chitin-whisker hybrids using the liquid-crystalline suspension of the
chitin whisker.

EXPERIMENTAL PROCEDURE

Chitin purification
Chitin (a-chitin from crab) was stirred at room temperature in 5% KOH

solution for several hours to remove the residual protein. Thereafter, the chitin

sample was bleached with NaClO2 aqueous containing sodium acetate buffer

for 6 h at 80 1C. The bleached sample was collected by centrifugation and

washed several times with deionized water.

Disintegration of chitin
Purified chitin was suspended in water at 0.1–0.3% concentrations. The chitin

slurry was adjusted to the pH value of 3 by the addition of several drops of

dilute hydrochloric acid. Ultrasonication was applied to the slurry for 2 min

using an ultrasonic homogenizer at 19.5 kHz and 300 W output power (7 mm

in the probe tip diameter, US-300T, Nihon seiki, Tokyo, Japan). The disin-

tegrated chitin was collected by filtration.

Acid hydrolysis of chitin
Suspensions of chitin nanowhiskers were prepared by acid hydrolysis of the

resultant chitin. The disintegrated chitin (5 g) was treated with 100 ml of 4 M

HCl solution at 104 1C for 90 min. The sample was then washed with distilled

water until the pH value of the supernatant solution increased to around 2. The

obtained suspension was then dialyzed against distilled water to adjust the pH

value of 3. The suspension was then concentrated by dialysis against saturated

polyethylene glycol (Mw¼20 000) solution.

Crystallization of CaCO3

Purified water obtained from an Auto pure WT100 purification system

(Yamato, Tokyo, Japan, relative resistivity: maximum 1.8�107Ocm) was used
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for the crystallization of CaCO3. Poly(acrylic acid) (Mw¼5000, 2.0�10�2 wt%)

was added to an aqueous solution of calcium chloride ([Ca2+]¼24 mM). The

solution was transferred to a vessel containing the chitin gel matrix. The vessel

was then placed in a closed desiccator, together with a vial of ammonium

carbonate for 30 days. The crystallization solution was changed every 3 days to

maintain the concentration of Ca2+ ion. An incubator (Fukushima, Osaka,

Japan) was used to maintain a constant crystallization temperature (5 1C).

Alternate soaking method
A chitin gel was alternatively soaked in two aqueous solutions containing

calcium chloride (24 mM) and sodium carbonate (24 mM). Each solution

contained poly(acrylic acid) (Mw¼5000) at a concentration of

2.0�10�2 wt%. The chitin gel matrix was immersed in 100 ml of CaCl2 aqueous

solution at 5 1C for 1 day, followed by rinsing with deionized water. The swollen

chitin gel containing Ca2+ ion was then immersed in Na2CO3 solution at 5 1C

for 1 day and washed with deionized water. The alternate soaking process was

repeated 10 times to form CaCO3 crystals.

Characterization
Polarizing optical microscopy images were taken with an Olympus BX51

polarizing optical microscope (Olympus, Tokyo, Japan). Scanning electron

microscopy (SEM) images were obtained using a Hitachi S-4700 field-emission

SEM (Hitachi, Tokyo, Japan) operated at 2 kV. Samples were coated with

platinum using a Hitachi E-1030 ion sputter. Energy dispersive X-ray analysis

was conducted with an EMAX-7000 energy dispersive X-ray spectroscope

(Horiba, Kyoto, Japan). Fourier transform infrared spectra were recorded on

a Jasco FT/IR-660Plus spectrometer (Jasco, Tokyo, Japan). Thermogravimetric

analysis was conducted with Thermo Plus TG 8120 thermogravimetic

equipment (Rigaku, Tokyo, Japan).

RESULTS AND DISCUSSION

Liquid-crystalline chitin suspensions were prepared by acid hydrolysis
of a-chitin according to the procedure proposed by Revol and
Marchessault.28–30 The isotropic and liquid-crystalline phases coex-
isted in the resultant suspension if the amount of the suspension was
5.3 wt%. The region of the liquid-crystalline phase increased with an
increase in the amount of suspensions. The suspension became
completely liquid crystalline when the amount was above 11.3 wt%.
The suspension was adjusted to the pH value of 3 to protonate the
amino groups on the surface of the chitin whiskers.

A fingerprint texture was observed with the polarizing optical
microscope at a concentration of 6.8 wt% (Supplementary Figure
S1), suggesting that the chitin suspension formed the chiral nematic
structure spontaneously. The spacing of the fringes that corresponds
to the half-pitch of cholesteric structure was approximately 20–30mm.
The rod-like character of the chitin crystallites was observed by TEM
analysis of the diluted chitin suspension (0.01 wt%). The length of the
rods ranged from 200 to 500 nm, with a width of 5–20 nm, giving
average aspect ratios of 15–20 (Supplementary Figure S1).

The suspension was converted to a gel form (Figure 1a), which was
used as a template for CaCO3 crystallization. When the casted
suspension was exposed to ammonium carbonate vapor, the sample
immediately converted to gel. The polarizing optical micrograph
image of the gel (Figure 1b) shows the fingerprint texture, indicating
that the cholesteric structure was preserved even after the suspension
was converted to gel.

The CaCO3 crystallization was induced by the slow diffusion of
ammonium carbonate vapor into calcium chloride solution. The gel
matrix was immersed in an aqueous solution of CaCl2 in the presence
of polyacrylic acid. We observed that spherical CaCO3 crystals were
formed in the matrix after 3 days. The laser Raman spectra of the
sample show that the spherical CaCO3 crystals were crystalline calcite
and no amorphous CaCO3 existed in this stage (Supplementary Figure

S2). These crystals gradually increased their sizes until the gel matrix
was filled with CaCO3 crystals. Figure 2 shows a photograph (a) and a
SEM image (b) of the fractured sample of the CaCO3/chitin gel hybrid
formed after immersing for 30 days, in which the crystals deposited
until the gel matrix was filled. The hybrid sample became turbid
because of the formation of CaCO3 crystals. The polarizing optical
microscope image of the sample shows that the crystals in the matrix
were polycrystalline. In the energy dispersive X-ray analysis mapping
and spectrum for calcium element on the cross-sectional fractured
surface of the obtained hybrid (Figure 3 and Supplementary
Figure S3), the color indicating the existence of calcium displays a
uniform spatial distribution on the cross-section, indicating that
CaCO3 filled the gel.

Figure 1 Photograph (a) and polarizing optical micrograph image (b) of the
cholesteric chitin gel.

Figure 2 Photograph (a) and scanning electron microscopy image (b) of the

mineralized chitin gel.

Figure 3 Energy dispersive X-ray analysis spectrum of the CaCO3/chitin

hybrid.
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The polymorph of CaCO3 crystals in the hybrid was examined with
Fourier transform infrared spectroscopy. It is revealed that the crystals
formed in the gel were calcite (Figure 4a). The X-ray diffraction mea-
surement shows that the crystal was calcite (Supplementary Figure S4).
The weight composition of the hybrid was analyzed by thermogravi-
metric analysis. The thermogravimetric curve of the hybrid shows a
three-step weight loss (Figure 4b). The weight loss around 200 1C
corresponded to dehydration. Organic components, chitin and poly-
acrylic acid decomposed between 300 and 600 1C. CaCO3 decomposed
at 600 1C to form CaO. These results show the composition of CaCO3/
polymer/H2O is 22:58:20 in weight.

To examine the effects of the gel matrix structure on crystallization,
CaCO3 was crystallized in the isotropic chitin gel. The isotropic phase
of the chitin suspension (1.9 wt%) was converted to a gel matrix as a
template for hybrid formation. Although some spherical crystals
deposited in the gel matrix, the matrix was not fully calcified. The
surface of the chitin crystallites served as a platform for CaCO3

crystallization. The density of the chitin crystallite for this isotropic
chitin gel was not enough for the CaCO3 crystallization.

We also attempted CaCO3 mineralization by an alternate soaking
method.31 The formation of chitin/mineral composite was not con-
firmed by SEM observation, although the infrared spectrum indicates
that some amounts of CaCO3 were formed (Figure 5). The SEM
picture shows that inside the matrix, only chitin whiskers exist and
CaCO3 crystals are not formed. The alternate soaking method requires
a longer time for ion diffusion into three-dimensional matrix.

The differences between the results of the vapor diffusion method
and the alternate soaking method can be explained on the basis of a
hypothesis on the aggregation-mediated pathway. This hypothesis
relates to the concept of amorphous calcium carbonate (ACC)

nanoparticles.32 It was reported that colloidal ACC nanoparticles
were generated in the solution by using the ammonium carbonate
diffusion method in the presence of highly concentrated acidic
polymers and calcium ion.33 The ACC nanoparticle is an effective
vehicle for transportation of CaCO3 to construct three-dimensional
interpenetrated hybrids.33 In recent years, it is widely recognized that
the aggregation-mediated pathway of mineralization is important to
understand biomineralization.34,35 It has been proposed that living
organisms also use ACC nanoparticles for storage, transportation and
mineralization of CaCO3 in their systems.36,37 In our present system,
the colloidal ACC nanoparticles may be formed in the crystallization
solution as previously reported.33 The ACC nanoparticles might
diffuse into the gel matrix because of the capillary force, eventually
transforming into calcite in the gel matrix to form three-dimensional
interpenetrated hybrid materials. In contrast, for the alternate soaking
method, it was insufficient to transport CaCO3 because only cation or
anion was supplied to the gel matrix. Crystals were formed at the
surface of the gel matrix, and the resultant crystals inhibited further
diffusion of ions.

CONCLUSION

We prepared CaCO3/chitin-whisker hybrids using chitin gel matrices
prepared from liquid-crystalline chitin suspensions. ACC nanoparti-
cles infiltrated into the gel matrix to form a three-dimensional
interpenetrated structure. This method may allow us to produce
hybrids with hierarchical structures by using highly ordered organic
templates. In the exoskeleton of the crayfish, the chitin has a helical
order similar to a chiral nematic liquid crystal and the ordered
structure contributes to its high mechanical strength. The hybrids
obtained here did not exhibit high mechanical strength because they

Figure 4 Infrared spectrum (a) and thermogravimetric analysis (b) of the

CaCO3/chitin hybrid. Figure 5 Photograph (a), scanning electron microscopy image (b) and

infrared spectrum (c) of the chitin gel after alternate soaking.
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consisted of whiskers with length shorter than fibers in the natural
exoskeleton. However, the concept shown in this study is beneficial for
the design of mechanically stable hybrid material. This approach may
also be useful for the development of highly functional materials such
as hybrids containing transition metals.38
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