Carbohydrate Polymers 102 (2014) 846-851

journal homepage: www.elsevier.com/locate/carbpol

Contents lists available at ScienceDirect

Carbohydrate Polymers

Mineralization of hydroxyapatite upon a unique xanthan gum
hydrogel by an alternate soaking process

4 =
@ CrossMark

Hironori Izawa®*, Shoji Nishino?, Hiroyuki Maeda?, Kohei Morita?, Shinsuke Ifuku?,
Minoru Morimoto?, Hiroyuki Saimoto?, Jun-ichi Kadokawa-¢

a Graduate School of Engineering, Tottori University, 4-101 Koyama-Minami, Tottori 680-8550, Japan
b Graduate School of Science and Engineering, Kagoshima University, 1-21-40 Korimoto, Kagoshima 890-0065, Japan
¢ Research Center for Environmentally Friendly Materials Engineering, Muroran Institute of Technology, 27-1 Mizumoto-cho, Muroran,

Hokkaido 050-8585, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 12 July 2013

Received in revised form 22 October 2013
Accepted 28 October 2013

Available online 5 November 2013

We previously reported a xanthan gum (Xan) hydrogel showing excellent mechanical properties. Miner-
alization of hydroxyapatite (Hap) upon the Xan hydrogel would provide a unique biomaterial applicable
for bone tissue engineering. Here, we show the mineralization of Hap upon the Xan hydrogel by means
of an alternate soaking process. Hap was gradually grown upon the Xan-matrix surface with increasing

number of soaking cycles due to the ionic interactions between calcium cations and carboxyl groups.
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Interestingly, the mineralization induced a microstructure change in the gel-matrix from a layered struc-
ture to a porous structure. The mechanical properties of the resulting Hap-Xan composite hydrogels
were further investigated by a tensile test, where the Hap—Xan composite hydrogel with an appropriate
amount of Hap (Xan/Hap =2.7) was capable of approximately 370% elongation.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Biomineralization is a widespread phenomenon in nature lead-
ing to the formation of a variety of solid inorganic structures by liv-
ing organisms (Arias & Fernandez, 2008), in which finely scaled and
highly controlled inorganic precipitates are generated in organic
matrixes through self-assembled bottom-up processes under mild
conditions (Calvert & Rieke, 1996). These biologically produced
biominerals are inorganic-organic hybrid composites showing
interesting properties, including controlled hierarchical structures
and remodeling or repair mechanisms that remain to be developed
into a practical engineering process (Dujardin & Mann, 2002; Heuer
etal., 1992; Mann, 2000). Thus, biomimetic mineralization has been
emerging as an active area of recent research for the design of new
materials and devices in various fields (Colfen, 2007).

Hydroxyapatite (Hap) (Ca19(PO4)s(OH),) is the inorganic com-
ponent of hard tissues of vertebrate. Hap exhibits excellent
biocompatibility with various kinds of cells and tissues (Okada &
Furuzono, 2012). The Hap-polymer composite, mimicking the com-
position and structure of mineralized tissues, provides excellent
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mechanical properties in addition to favorable biological proper-
ties, making it an ideal candidate for tissue engineering as well
as orthopedic and dental applications (Sun, Zhou, & Lee, 2011).
Anionic polysaccharides such as alginate, hyaluronic acid, and
chondroitin sulfate are potential optimal templates for the mineral-
ization of Hap because their anionic surface can bind Ca2* ions and
can control crystal nucleation and growth by lowering the interfa-
cial energy between the crystal and the surface (Arias & Fernandez,
2008).Therefore, various Hap-composited materials have been pre-
pared by using anionic polysaccharides for biomedical applications,
including bone tissue engineering (Chen, Ushida, & Tateishi, 2002;
Du, Song, Cui, Yang, & Li, 2011; Green et al., 2005; Shi, Zhang, Qi, &
Cao, 2012; Shi, Zhang, Yang, & Tang, 2009; Zhong & Chu, 2012).
Xanthan gum (Xan), which is a water-soluble anionic polysac-
charide produced by Xanthomonas campestris, is a useful food
hydrocolloid (Jansson, Kenne, & Lindberg, 1975). It has a cellulose
main-chain ((1/4)-B-glucan) with trisaccharide anionic sidechains
attached to alternate glucose units in the main-chain (Melton,
Mindt, Rees, & Sanderson, 1976). Xan has been widely used in a
broad range of industries as a rheological control agent in aqueous
systems and as a stabilizer for emulsions and suspensions (Rosalam
& England, 2006). In general, an aqueous dispersion of Xan exhibits
only weak gel-like behavior in the presence of a sufficient amount
of inorganic salt because it is a micro-gel with a double-helix
conformation (Alistair, Glyn, & Peter, 2006). We have discovered,
however, that Xan can be converted to a Xan hydrogel with
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Fig. 1. Preparation of the Xan hydrogel with BMIMCI.

excellent mechanical properties by means of a gelation process
with 1-butyl-3-methylimidazolium chloride (BMIMCI) (Fig. 1)
(Izawa & Kadokawa, 2010; Izawa, Kaneko, & Kadokawa, 2009).
When Xan is heated at 100 °C in BMIMCI, the double-helix confor-
mation of Xan is disentangled, resulting in dissolution. Subsequent
cooling of the Xan/BMIMCI solution to room temperature then
induces gelation. The Xan/BMIMCI gel was soaked in a large
volume of pure water to create the Xan hydrogel, in which the
double-helix conformation of Xan was restored in response to the
high ionic strength (Camesano & Wilkinson, 2001). Although the
chemical structure of Xan did not change during the gelling pro-
cess, the Xan hydrogel was surprisingly capable of approximately
500% strain in the tensile test (Izawa & Kadokawa, 2010). Such a
polysaccharide hydrogel having both a tough and elastic nature
is quite rare. In addition, the Xan hydrogel can potentially serve
as an organic template for biomimetic mineralization because
Xan has carboxyl groups in its residue. The mineralization of Hap
upon a Xan-matrix surface would provide a high performance
Hap-composited hydrogel applicable to bone tissue engineering.
Here we show the mineralization of Hap upon the Xan hydrogel.
The Xan hydrogel prepared by using BMIMCI was subjected to an
alternate soaking process (Taguchi, Kishida, & Akashi, 1998). The
resulting Hap—Xan composite hydrogel was evaluated by infrared
spectroscopy (IR), X-ray diffraction spectroscopy (XRD), scanning
electron microscopy (SEM), and energy-dispersive X-ray spectrom-
etry (EDX) analyses. The mechanical properties of the Hap-Xan
composite hydrogel were further investigated by tensile test.

2. Experiments
2.1. Materials

BMIMCI was purchased from Sigma-Aldrich Japan (Tokyo,
Japan). Xan (viscosity; 1785 cps, 1wt.% solution in 1wt.% KCl
aq., 20°C) was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Commercial products of Xan have a moisture con-
tent of ca. 11% and an ash content of 6-9% (Alistair et al., 2006). The
molecular weights of the Xan samples are generally 2-50 x 106 Da
(Alistairetal.,2006). Other reagents were used as commercial grade
without further purification.

2.2. Preparation of the Xan hydrogel

Xan (0.10g, i.e., 9.1 wt.%) was added to BMIMCI (1.00g) and
stirred for 3 min at 100 °C to create a homogeneous solution. After
the solution was continuously heated at 100°C for 12 h without
stirring to completely dissolve Xan, it was kept at room temper-
ature for 30 min to give a xanthan/BMIMCI gel. The Xan/BMIMCI
gel was compressed at 100°C for 10 min by hot-pressing with a
0.5 mm thick spacer to create a film gel. The Xan/BMIMCI gel film
was soaked in pure water (100 mL) at 5 °C for 12 h. The Xan hydro-
gel was picked up from the water and was subsequently soaked in

0.5 M CaCl, aqueous solution (10mL) at 5°C for 12 h, followed by
soaking in pure water (100mL) for 12h at 5°C.

2.3. Preparation of the Hap—Xan composite hydrogel

Conditions for the alternate soaking process were utilized
as reported previously (Ngiam, Liao, Patil, Cheng, Chan, &
Ramakrishna, 2009). The Xan hydrogel was first soaked in 0.3 M
Na,HPO4 aqueous solution (10 mL) at 37°C for 1h, followed by
soaking in pure water (100 mL) for 1 h at room temperature. Next,
the Xan hydrogel was soaked in 0.5M CaCl, aqueous solution
(10mL) at 37 °Cfor 1 h, followed by soaking in pure water (100 mL)
for 1h at room temperature. This alternate soaking cycle was
repeated for 5 or 10 cycles.

2.4. Measurements

Infrared spectra of the samples were recorded with an FT-
IR spectrophotometer (Spectrum 65, Perkin-Elmer Japan Co., Ltd.,
Japan) equipped with an ATR attachment. X-ray diffraction pro-
files were obtained with Ni-filtered CuKwo from an X-ray generator
(UltimaIV, Rigaku, Japan) operating at 40 kV and 30 mA. The diffrac-
tion profile was detected using an X-ray goniometer scanning from
10° to 60°. For field emission scanning electron microscopic (FE-
SEM) observation, the sample was coated with an approximately
2 nm layer of Pt by an ion sputter coater and observed by FE-SEM
(JSM-6700F; JEOL, Ltd., Japan), equipped with energy dispersive X-
ray microanalyzer (JED-2200, JEOL Ltd., Japan), operating at 2.0 kV.
EDX spectrum was measured without Pt-coating. Tensile strengths
and Young’s moduli were measured by a universal testing instru-
ment (AG-10KNX, Shimadzu, Japan) for samples 50 mm long and
10 mm wide at a cross head speed of 1 mm min~! with a gage length
of 30 mm.

3. Results and discussion
3.1. Preparation of the Hap—Xan composite hydrogel

The Xan/BMIMCI gel (9.1 wt.%) was prepared by the previously
reported method (Fig. 2a) (Izawa & Kadokawa, 2010). When the Xan
hydrogel was subjected to the alternate soaking process, the Xan
hydrogel was allowed to reach equilibrium in the solutions. Film
shape enabled equilibration with a shorter soaking time because of
the larger contact area to water. The Xan/BMIMCI gel was therefore
processed into a gel film (ca 0.5mm thick) by hot-pressing. The
Xan/BMIMCI film gel was subsequently converted to a Xan hydrogel
by soaking in a large volume of pure water. The hydrogel was ion-
exchanged to Ca%*. Residual salt in the Xan hydrogel was removed
by soaking in a large volume of pure water.

Next, mineralization of Hap upon the Xan hydrogel by the alter-
nate soaking process was investigated (Fig. 2b). The Xan hydrogel
gradually turned white with soaking cycles of increasing length
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Fig. 2. Preparation of the Hap-Xan composite hydrogel by the alternate soaking process. Schematic image of preparation of the Xan hydrogel (Ca?*) (a) and the alternate

soaking process (b). Hydrogel weight during the alternate soaking process (c).

due to the mineralization of Hap. Interestingly, the weights of the
hydrogels were reversibly changed during the alternate soaking
process (Fig. 2c). When the hydrogel was soaked in pure water,
it immediately swelled, whereas the swollen volume after soak-
ing in CaCl, aqueous solution was much smaller than that after
soaking in Na,HPO4 aqueous solution due to the ionic crosslink-
ing of Ca2*. In contrast, the swollen hydrogel immediately shrunk
in Na,HPO4 and CaCl; aqueous solution. This behavior is similar to
previously reported swelling-shrinking behavior of the Xan hydro-
gel (Izawa & Kadokawa, 2010). As described in the introduction, the
conformation of Xan is reversibly changed from a double-helix to a
single chain in response to a high or low ionic strength (Camesano
& Wilkinson, 2001), which caused reversible swelling-shrinking
behavior of the Xan hydrogel (Izawa & Kadokawa, 2010). In addi-
tion, the weight of the initial Xan hydrogel (Ca2* form) after soaking
in pure water in the first cycle increased to ca 1.5 times after 10
cycles. It is thought that this increase was caused by a reduction in
the quantity of the double-helix part in the Xan-matrix as described
hereinafter.

3.2. Analysis of the Hap—Xan composite hydrogel

IR and XRD analyses of lyophilized-composite hydrogels were
investigated to confirm the production of Hap. Fig. 3a shows
the IR spectra of the lyophilized-Xan hydrogel (blank) and the
Hap-Xan composite hydrogel obtained by 5- or 10-cycles (a so-
called 5- or 10-cycle gel, respectively). The absorption peaks due
to PO,43~ for Hap are shown at 570cm~!, 603 cm~?, 962 cm!, and
1045 cm™! (Tas, 2000). Although the absorption peaks at 962 cm™!
and 1045 cm~! were overlapped with those of Xan, the absorp-
tion peaks at 570cm~! and 603 cm~! (pointed by arrows) were
clearly observed in the 5- and 10-cycle gels, which is suggestive of
the production of Hap. Fig. 3b shows XRD patterns of blank and 5-
and 10-cycle gels. In the spectrum of the blank, the broad diffrac-
tion peak corresponding to the double-helix conformation of Xan
was only observed at around 20° (Alistair et al., 2006; Millane &
Narasaiah, 1990; Moorhouse, Walkinshaw, & Arnott, 1977). In con-
trast, in those of the 5- and 10-cycle gels, distinct diffraction peaks
were observed at 25.9°, 28.3°, 33.5°, 38.9°, 46.3°, 49.3°, and 53.2°
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(pointed by arrows) in agreement with the reported diffraction
peaks for Hap (Tas, 2000), indicating production of Hap upon the
Xan hydrogel. On the other hand, the broad diffraction peak due to
the double-helix conformation of Xan gradually disappeared with
increases in the number of soaking cycles, suggesting that the min-
eralization of Hap upon the Xan hydrogel involves a reduction of
the double-helix part of the Xan-matrix. This result is consistent
with the aforementioned swelling behavior being dependent on the
soaking cycles because the decreasing quantity of the double-helix
part presenting as a junction zone allows water absorption. The rea-
son for the reduction in the double-helix part is thought to be that
Hap-deposited Xan single chains cannot restore the double-helix
conformation because of the hindrance of Hap (Fig. 3c).

Fig. 4 shows SEM images of the cross-sections of the lyophilized
hydrogels. A multi-layered structure was observed in the blank
(Fig. 4a), whereas the microstructure was dramatically changed
after mineralization. In the 5-cycle gel, a porous structure com-
posed of nano-flakes was observed (Fig. 4b). The nano-flakes were

grown by further soaking up to 10 cycles (Fig. 4c). To confirm
the composition of the nano-flakes, EDX analysis was investigated
(Fig. 4f). In the EDX spectrum, the presence of Ca, P, and O was
observed, suggesting that the nano-flakes were definitely Hap. In
addition, the Ca/P atomic ratio was estimated to be 1.65, which
was slightly lower than the theoretical Ca/P atomic ratio of Hap
(Ca19(PO4)g(0OH)3; 1.67). The chemical formula estimated from the
Ca/P ratio was (Cagg(HPO4)o.1(PO4)s5.9(0OH), ), which was classified
as calcium-deficient Hap (Okada & Furuzono, 2012). Note that SEM
images of the Hap—Xan composite hydrogel surface are almost the
same as the aforementioned cross-sectional images, indicating that
the Hap-Xan composite hydrogels were completely equilibrated
during the alternate soaking process.

Although Hap was observed in the SEM analysis of the 5- and
10-cycle gels, the Xan-matrix was not recognized. We supposed
that the Xan-matrix was completely hidden behind the Hap-flakes.
SEM analysis of a 1-cycle gel with a Xan/Hap ratio of 15.4 was there-
fore carried out (Fig. 4d). Interestingly, a structure change from a

Energy (keV)

Fig. 4. SEM images of blank (a), 5-cycle gel (b), 10-cycle gel (c), 1-cycle gel (d), and the swelled-10-cycle gel (e). EDX spectrum of the 5-cycle gel (f).
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Fig. 5. Stress-strain curves (a) and Young’s moduli (b) of blank (i), 5- (ii) and 10-cycle gels (iii). An image of the elongated-10 cycle gel (c).

layered to a porous structure was observed at this stage, indicat-
ing that the microstructure change was induced even by the slight
nucleation and was caused by the morphology change of the Xan-
matrix due to mineralization. SEM analysis of the swelling-gel (Na*
form) obtained after soaking in pure water during the 10th cycle
was further investigated (Fig. 4e), with nano-fibrils (ca 10 nm) of
Xan being observed on the space between the Hap-flakes. This
result suggests that the Xan-matrix was completely adhering to
the Hap-surface through ionic interactions in the case of the Ca2*
form, and it therefore was not observed in the SEM analysis.

The Hap contents of the 5- and 10-cycle gels were estimated by
the difference in the weight of the dried-blank and dried-5- and
10-cycle gels, respectively. The Hap contents of the 5- and 10-cycle
gels were 1.9% and 4.8%, respectively, which was clearly depend-
ent on the number of soaking cycles. This result is consistent with
the results in the SEM analysis where the Hap amount of the 10-
cycle gel was obviously greater than that of the 5-cycle gel. The
water content was estimated by the difference in the weight of the
hydrogel and that of the dried-material. The water contents of the
5-and 10-cycle gels were 93.0% and 91.2%, respectively, which were
higher than that of the blank (89.9%). The result is probably due to
the decreased quantity of the double-helix part in the Xan-matrix,
as mentioned above.

3.3. Mechanical properties of the Hap—Xan composite hydrogel

Fig. 5a shows the stress-strain curves of the blank and 5- and
10-cycle gels under tensile mode. The fracture stress and strain
of the blank were 99.8 kPa and 471.3%, respectively. These val-
ues were similar to those reported previously (Izawa et al., 2009).
Unfortunately, however, those of the 5- and 10-cycle gels were
reduced to 68.9 kPa and 376.4% and 59.8 kPa and 204.8%, respec-
tively. This reduction in mechanical strength was probably caused
by the decreased quantity of the double-helix part, as the pres-
ence of a junction point generally enhances the gel strength (Kuo
& Ma, 2008). On the other hand, Young’s modulus was increased
with increasing amounts of Hap, with values for the 5- and 10-cycle
gels being 1.1 or 1.6 times that of the blank, respectively (Fig. 5b).
Thus, it is supposed that the fracture stress of the Hap-Xan com-
posite hydrogel depends on the quantity of the double-helix part
of the Xan-matrix. In contrast, increasing amounts of Hap slightly
enhance the Young’s modulus. It should be noted that although
mechanical strength was reduced by the mineralization as com-
pared to the blank, the strength remained high, as shown in Fig. 5c.
Typical polysaccharide gels do not show such elasticity.

4. Conclusion

In this study, Hap was successfully mineralized upon the Xan
hydrogel by the alternate soaking process, where the Xan-matrix

worked as a scaffold due to the presence of carboxyl groups. The
content of Hap in the Hap-Xan composite hydrogel was clearly
dependent on the soaking cycles. Interestingly, the mineraliza-
tion of Hap induced a microstructure change of the Xan hydrogel
from a layered structure to a porous structure. In addition, the
double-helix part of the Xan hydrogel decreased with increases in
the number of soaking cycles because the produced-Hap avoided
restoration of the double-helix conformation. Furthermore, the
mechanical properties of the Hap-Xan composite hydrogel were
investigated by the tensile test. Although the mechanical strength
of the Hap-Xan composite hydrogel was reduced with increasing
the number of soaking cycles, the mechanical strength remained
high even after 5 or 10 cycles, which allowed for approximately
380 and 200% elongation, respectively. There have previously been
no reports of such elastic Hap-composited hydrogels. This Hap-Xan
composite hydrogel showing unique mechanical properties would
be a powerful tool for a scaffold material for bone tissue engineer-
ing (Chenetal.,2002). In addition, the Hap—Xan composite material
is applicable for use as a force-responsive material in mechanobio-
chemistry (Brantley, Bailey, Wiggins, Keatinge-Clay, & Bielawski,
2013) to provide new scientific knowledge.
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