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Abstract Previously, we reported the preparation of
high-crystalline hydrogels from a-chitin nanofibers by
a simple NaOH treatment at low temperatures. In the
present study, mild conditions were applied to both o-
chitin powder and nanofibers to make hydrogels using
calcium chloride dehydrate-saturated methanol (Ca
solvent). Interestingly, nanofibrillation of powder
occurred during the treatment. Compared with the
powder, here, both wet chitin nanofiber (WChNF) and
methanol-treated chitin nanofiber (MChNF) sheets
could easily form into hydrogels at room temperature
without the reflux conditions. In this system, water
was an important factor in limiting the destruction of
chitin crystalline structures caused by calcium ions.
This was evident in the WChNF-based hydrogel,
which exhibited higher crystallinity and retained its
original continuous nanofiber network structure. Fi-
nally, we examined the tensile properties of samples
prepared from NaOH solution and Ca solvent in the
wet state. Although the hydrogel made from Ca
solvent was not formed via interdigitation, the
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WChNF-based one exhibited considerably high ten-
sile strength at around 1.3 MPa, which was close to the

NaOH/ethanol-treated sample (tensile strength:
1.8 MPa).
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Introduction

Chitin, one of the most abundant natural polysaccha-
rides, consists of N-acetylglucosamine residues which
have an acetamido group on the C2 position of D-
glucose unit (Tokura et al. 1979). Because of strong
inter- and intra-hydrogen bonding through the ac-
etamide groups and hydroxyl groups, chitin has poor
reactivity and processability, and its utilization is
limited. Hydrogels are water-swollen polymeric ma-
terials that maintain three-dimensional networks, with
the ability to absorb and retain a significant amount of
water. There are two major types of hydrogels,
synthetic and natural, depending on their origin.
Chitin hydrogels, a kind of natural origin, and are
considered to be one of the most promising materials
because of their nontoxicity, biocompatibility and
biodegradability (Lee et al. 1997; Nata et al. 2012). In
previous researches, the main solvents used for
preparing chitin hydrogels were chlorohydrins/inor-
ganic acid, LiCI/DMAc, strong alkali solutions and
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NaOH/urea, etc. (Chakrabarty and Shahi 2014; Hu
et al. 2007). Recently, calcium chloride dehydrate-
saturated methanol system was found to be appropri-
ate for preparing hydrogels under mild conditions
(Tamura et al. 2006a; Nagahama et al. 2008). With this
mild solvent system, molecular mass degradation can
be avoided (Tamura et al. 2006b).

Poor mechanical properties have long been a
problem for hydrogels owing to their high water
content and soft structure. Many studies have attempt-
ed to overcome this shortcoming by using specific
solvents or adding cross-linking agents and so on (Lee
et al. 1997; Nagahama et al. 2008). For example, by
mixing with GIcNAc and heating, the prepared
hydrogel showed stronger mechanical properties be-
cause of the crosslinking effect by Maillard reaction
(Nagahama et al. 2008). Via a solution pre-gelation
method involving the blending of cellulose, hydrogel
membranes with improved strength were obtained
(Wu et al. 2010). However, these methods were either
too complex or needing special conditions. Further-
more, few studies to date have been devoted to
employing easy interactions to increase the tensile
strengths of pure-chitin hydrogels, particularly those
in the water-swollen state (Tokura et al. 1979; Kim
and Lee 1995; Tamura et al. 2011).

Compared with powder, nanofibers have shown
unique advantages in forming high-performance hy-
drogels, such as large surface area and entanglement
(Abe and Yano 2012). Previously, we reported the
preparation of high-crystalline interdigitated hydro-
gels based on a-chitin nanofibers using 20 wt% NaOH
solutions (Chen et al. 2014). However, this method
was relatively high in energy consumption because of
the use of low temperatures. As a continuation and
improvement to our previous work, we attempt to find
an easier method to develop chitin nanofiber-based
hydrogels under mild condition and evaluate their
tensile properties.

Experimental
Materials
Commercial o-chitin powder from crab shells was

purchased from Nacalai Tesque, Inc. and the degree of
acetylation of the chitin was around 96 %. It was used
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without any further purification. All other chemicals
were of laboratory grade and used as received.

Nanofibrillation of a-chitin powder

Chitin powders were dispersed in distilled water at a
solid content of 0.8 wt%. Several drops of acetic acid
were added to adjust the pH to 3 in order to facilitate
fibrillation (Fan et al. 2008; Ifuku et al. 2009). The
suspension was stirred overnight at room temperature
and then passed through a grinder (MKCAG6-2; Masuko
Corp., Japan) twice at 1500 rpm. The grinding treatment
was performed with a clearance gauge of —2.5 (corre-
sponding to a 0.25 pm shift) from the zero position,
which was determined as the point of slight contact
between the two grinding stones (Abe et al. 2007).

Preparation of a-chitin hydrogel

Chitin powder (2 g) was added into 100 ml methanol
saturated with calcium chloride dehydrate and re-
fluxed overnight till forming transparent solution (Lee
et al. 1997). Part of the chitin solution was removed
into a mold and carefully washed with water to prepare
a solid gel.

To prepare a sheet, chitin nanofiber suspension was
diluted to 0.1 wt% with distilled water followed by
vacuum-filtration using a polytetrafluoroethylene
membrane filter. Afterwards, it was directly immersed
into 100 ml saturated CaCl,-2H,O/CH;OH solution
(850 g/L) for 12 h at room temperature and washed
with plenty of water. One of the resulting wet sheets
was dehydrated by solvent exchange (using methanol)
for several days and then set into Ca solvent using the
above procedure.

X-ray diffraction analysis

X-ray diffraction (XRD) measurements were conducted
on a Rigaku X-ray diffractometer (UltraX 18HF; Rigaku
Corp., Tokyo) with Cu-Ko radiation at 40 kV and
300 mA. Diffractograms were recorded in the range
from 5° to 40°, at a scanning rate of 1°/min. The samples
were freeze-dried and then pressed into sheets before
testing. The crystalline index (Crl) was determined as:
Crl110 = (110 — Iam) x 100/1110, where 1110 is the
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maximum intensity around 19.4°, and Iam is the intensity
of amorphous diffraction at 16° (Nata et al. 2012).

Morphology

The morphological features of chitin samples were
characterized using a field emission scanning electron
microscope (FE-SEM). The freeze-dried samples were
prepared by slowly dehydrating using ethanol (twice,
1 h each) followed by acetone (twice, 1 h each) t-butyl
alcohol (twice, 1 h each) and then freeze-dried. The
prepared samples were coated with platinum by an ion
sputter coater and observed with an FE-SEM (JSM-
6700F; JEOL Ltd., Tokyo, Japan) operating at 1.5 kV.

Mechanical properties

Test specimens of 35 mm X 5 mm in size were
carefully cut from the hydrogel sheets and investigated
using a universal material-testing machine (model
3365; Instron Corp., Canton, MA) at a crosshead speed
of 10 mm/min. Tensile strength and fracture strain
were reported as the average value from measure-
ments of at least five specimens.

Degree of acetylation

The C, H, N contents of chitin samples were
determined by elemental analysis. The degree of
acetylation (DA) was calculated from the C and N
content using the following equation (Lavall et al.
2007):

(C/N) - 5.15
1.72

DA =

x 100

Swelling degree and shrinkage

The swelling degree in the hydrogel was defined as the
ratio of swollen gel mass to dry gel mass after oven-
dring at 110 °C for 12 h. The shrinkage rate was
determined based on the diameter of the original
sample.

Results and discussion

As reported, gelation of chitin could be achieved using
calcium chloride dehydrate-saturated methanol (Ca
solvent) (Lee et al. 1997; Nagahama et al. 2008;
Tokura et al. 1996). This system is mild in comparison
with the conventional solvent systems involving
concentrated alcoholates or copper ammonium solu-
tions (Hirano 2002).

Under these mild conditions, we prepared a 2 wt%
chitin solution at the reflux temperature; the sample is
shown in Fig. la. After washing with plenty of water,
the transparent chitin solution turned into a white gel
(DA 95 %) with a solid content of 3.5 % (Fig. 1b).
Interestingly, under large magnification, part of the
sample remained nanofiber network structure with an
average width of 20 nm (Fig. 1c). However, we also
observed typical regenerated morphology with co-
agulated masses in the same sample (Fig. 1d). The
reaction mechanism could be explained as follows: Of
the alkaline earth metal-alcohol solutions tested, the
calcium chloride dihydrate-saturated methanol was
the only effective solvent for chitin. In this system,
calcium ions attack acetamide groups on the surface of
the chitin molecular chains. The chelate formation

Fig. 1 Photographs of a chitin solution from powder; b chitin gel from powder; ¢, d surface morphology of the powder-based gel
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between calcium ions and acetamide groups was the
main force to the destruction of the strong intra- and
inter-molecular hydrogen bonding network (Tokura
et al. 1996), leading to the surface dissolution first.
Later, calcium chloride can easily permeates into the
inner chitin molecules and breaks the inside rigid
crystalline structure. With this mild solvent system,
molecular mass degradation can be avoided (Tamura
et al. 2006a). This phenomenon suggested that
nanofibrillation of chitin probably occurred initially
when treated in Ca solvent and then gradually
dissolved fully as the reaction proceeded. Conse-
quently, we considered the interesting possibility of
preparing nanofiber-based hydrogels directly from the
powder form without mechanical nanofibrillation by
controlling reaction conditions such as the time and
temperature. However, the prepared samples in this
study unfortunately showed partially dissolved mor-
phology and we have not yet found optimum condi-
tions for preparing good nanofiber-based hydrogels.

X-ray diffraction results (Fig. 2) indicated that the
treated sample maintained stable structures of o-
chitin, because two broad crystalline reflections at 9.5°
and 19.4° were observed in the 20 range of 5-40°
which indexed as (020) and (110) (Wada and Saito
2001). The reduction in crystallinity was caused by the
partial dissolution of chitin as well as the generation of
some amorphous chitin (Iwamoto et al. 2007).

In our previous study, we prepared interdigitated
chitin nanofiber-based hydrogels with the assistance
of cold ethanol at low temperatures. The nanofiber-

Crystallinity:

—— pwder-based hydrogel
—-—-chitin powder

Intensity (a.u.)

2 0 (deg.)

Fig. 2 XRD patterns of original chitin powder and powder-
based hydrogel prepared under mild conditions
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based samples showed improved properties over
powder-based one (Chen et al. 2014). Thus, here, we
also attempt to use chitin nanofibers as the base
material to make hydrogel using Ca solvent under
mild condition.

First, a wet chitin nanofiber sheet (WChNF)
prepared by vacuum filtration was immersed in Ca
solvent for 12 h. Surprisingly, a tough hydrogel was
directly formed without any other treatment. During
the reaction, color of the sheet became semi-trans-
parent with 10 % shrinkage but turned back to white
after washing (Fig. 3a). To verify the sample obtained
was a real hydrogel, we prepared chitin nanofiber
suspension and carefully poured Ca solvent into the
beaker. Subsequently, the suspensions floated on the
top of the solution regardless of the calcium concen-
tration. After washing with plenty of water, it turned
into a solid gel (DA 92 %) with a water content of
92 wt% (Fig. 3b).

According to Tamura’s report (2006a), the amount
of water in this system is the main factor affecting the
reaction. It means that water may influence the
formation of hydrogels. Therefore, the prepared chitin
nanofiber sheet was completely dehydrated by solvent
exchange using methanol. Afterwards, it was im-
mersed in Ca solvent at room temperature without
stirring. During this process, colour of the sheet
quickly changed from white to transparent and could
be took out owing to the high fiber content (Fig. 4). As
the reaction proceeded, the sheet became soft and
easily broken. After washing, it exhibited ap-
proximately 15 % shrinkage and turned into a white
hydrogel (DA 90 %) because of the removal of
calcium ions and methanol.

Figure 5 shows the morphology of chitin nanofiber
sheet before (a) and after (b, ¢) Ca solvent treatment.
Interestingly, the WChNF-based hydrogel retained a
fine nanofiber network structure similar to that of the
original chitin nanofiber. The only difference seems to
be the increase in fiber diameter from 20 to 50 nm due
to aggregation and surface entanglement during the
reaction. However, surface of the MChNF-based
hydrogel exhibited typical regenerated morphology
with porous structure and forming coagulation without
any nanofiber shape. This implies that compared with
powder, nanofibers with a much larger surface area
could be directly and quickly dissolved in Ca solvent,
without passing through the nanofibrillation process
before fully dissolved.
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Fig. 4 Dehydrated chitin nanofiber (MChNF) sheet a before and b during Ca solvent treatment

In XRD studies (Fig. 5d), the obtained WChNF gel
showed excellently high crystallinity, similar to the
untreated sample due to the well-preserved of original
chitin structure. In addition, as reported, calcium ions
interacted only weakly with the polymer. Therefore,
during the removal of calcium chloride and methanol
using water for washing, the recrystallization of
GlcNAc groups occurred and caused a mild reduction
in crystallinity (Tamura et al. 2006b). On the other
hand, crystallinity of the methanol-saturated nanofiber
sheet (MChNF) decreased from 92 to 84 % after Ca
solvent treatment because of the full regeneration
of chitin, and the subsequent destruction of the
crystalline structure (Tamura et al. 2006a, b; Tokura
et al. 1996).

Combining with these results, the only difference
between the two samples was the presence of water.
Thus, it implied that in this Ca system, water was a
dominate factor that could limit the destruction from
calcium ions and lead to preservation of the nanofiber
structure and form a high-crystalline, tough hydrogel.

Moreover, compared with chitin powder, gelation
using nanofibers as base material could be conducted
under static conditions without reflux or sustained
stirring. Also, by using this method, we can prepare
not only sheet gel, but also free-shaped gel under this
mild condition as the Fig. 3b showed.

Figure 6 showed the tensile performance of chitin
nanofiber-based hydrogels prepared by different meth-
ods. All samples maintained the same swelling degree

@ Springer
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Fig. 5 FE-SEM images of
chitin nanofiber sheet (a),
WChNF-based hydrogel
(b), MChNF-based hydrogel
(c) and the corresponding
X-ray diffraction profiles
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Fig. 6 Tensile stress—strain curves of hydrogels prepared in
NaOH solution and Ca solvent

of around 12.5. Obviously, the nanofiber sample treated
with 20 wt% NaOH and ethanol exhibited the highest
tensile strength in excess of 1.8 MPa, because it was
formed via interdigitation which could give excellent
mechanical properties (Abe et al. 2006; Chen et al.
2014). The WChNF-based hydrogel prepared from Ca
solvent also showed considerable tensile strength
around 1.3 MPa, despite being made under mild
conditions. Both of these two samples retained high
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crystallinity and well-preserved nanofiber network
structure, that lead to high mechanical properties. In
contrast, the remaining two gels were much weaker due
to serious damage to the chitin structure. These
observations are consistent with previous studies in
which regenerated chitin hydrogels were always quite
fragile with poor mechanical properties (Nagahama
et al. 2008; Tamura et al. 2011; Chen et al. 2014).
Here, we conclude that chitin hydrogels could be
prepared from both powder and nanofibers under mild
conditions. However, compared with powder-based
hydrogels with random structures, using nanofibers as
base materials showed some characteristics: (1) both
ChNF-based hydrogels could be prepared easily at
room temperature without the assistance of stirring
and reflux conditions; (2) ChNF-based hydrogels can
directly retain the sheet shape without casting process
which is convenient for tensile testing; (3) by vacuum
filtration, ChNF sheets form with a planar-oriented
layer structure, that also leads to the high tensile
strength of hydrogels. In fact, even the ChNF-based
regenerated gel shows better mechanical properties
compared with the gel made from powder. However,
this study showed an interesting possibility, that is,
chitin nanofiber-based hydrogel may be directly
prepared from chitin powder without any nano-
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fibrillation treatment by controlling some conditions
during the reaction.

Additionally, as mentioned, the most common
regenerated pure-chitin hydrogels showed poor me-
chanical performance especially in the wet state,
which greatly limited their application (Lee et al.
1997; Kim et al. Kim and Lee 1995). Recently, the
common methods for improving hydrogels’ me-
chanical strength include the addition of chemicals,
such as crosslinking agents and application of
chemical modification and so on (Tamura et al.
2011; Huang et al. 2008; Ifuku et al. Ifuku and
Saimoto 2012), which are relatively difficult and
high-cost. Therefore, preparation of high strength
chitin hydrogels at room temperature is quite mean-
ingful. Combined with our previous study (Chen
et al. 2014), we have found two methods for
preparing high tensile performance chitin nanofiber-
based hydrogels without the use of any specific
solvents or cross-linking agents.

Conclusions

In this study, both a-chitin powder and nanofibers could
be made into hydrogels using calcium chloride dehy-
drate-saturated methanol. This system is mild in
comparison with the conventional methods involving
concentrated alcoholates or copper ammonium solu-
tions. During the reaction of chitin powder in Ca solvent
at reflux conditions, dissolution seems occur after the
nanofibrillation. However, similar with our previous
study, this method is energy-intensive. For improve-
ment, WChNF and ChNF sheets were treated in Ca
solvent and then prepared hydrogels at room tem-
perature. XRD and FE-SEM results indicated that the
water inside the nanofiber sheet was the main factor for
preserving the original nanofiber network structure and
reducing the loss of crystallinity. Unlike conventional
regenerated hydrogels, both chitin hydrogels prepared
from 20 wt% NaOH solutions (1.8 MPa) and Ca
solvent (1.3 MPa) showed high tensile properties in
the wet state. Although recently there have been a few
reports on the modification of the mechanical perfor-
mance of chitin hydrogels (Lee et al. 1997; Kim et al.
Kim and Lee 1995; Nagahama et al. 2008), the method
here was relatively easier without use of any specific
solvents or cross-linking agents and can be conducted at
room temperature. In the present study, we focused on

the preparation of high wet-strength chitin nanofiber-
based hydrogels in two ways. As the next step, detailed
reaction mechanisms for these processes will be
studied. We hope these high wet-strength chitin hydro-
gels are useful in expanding the application area of
natural materials.
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