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a b s t r a c t

We have prepared anisotropic chitosan gels with birefringence by immersing a sandwiched chitosan in
aqueous acetic acid into aqueous sodium hydroxide. The gel forming process was traced under observa-
tion with crossed nicols and open nicols with and without litmus agent. The time courses of the gel front,
the birefringent layer and the pH-change layer agreed with each other fairly well. The early stage of the
vailable online 13 July 2010
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dynamics was expressed by a theory with an assumption of an OH− diffusion-limited process, whereas
the behavior in the late stage deviated from the theoretical one. The deviation results from the effect
of the outflow of protons, and the crossover of the two behaviors is attributed to the relaxation to the
thermal equilibrium.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

Chitosan hydrogels are used in a variety of fields and are
xpected to develop further as drug carriers, vascular grafts,
rtificial cartilages, wound dressings, scaffolds as well as food
dditives, biosensors and adsorbents of harmful materials (Berger
t al., 2004; Chen, 2008; Druly & Mooney, 2003; Peppas, Hilt,
hademhosseini, & Langer, 2006; Pilnik & Romboults, 1985). For
ach application, a variety of routes for preparation have been
eveloped and improved; For example, layer-by-layer assem-
ly for controlling blood coagulation (Sakaguchi, Serizawa, &
kashi, 2003), onion-like hydrogels for cell culture scaffolds

Ladet, David, & Domard, 2008). For the use of adsorbents and
ensors of harmful materials, birefringent hydrogels could have
n advantage in holding a large amount of harmful materi-
ls in the sizable interspace of the polymer network and of
etecting the materials sensitively by a change in birefrin-
ence.

Recent studies of dialysis of concentrated rodlike and semiflex-
ble polymer solutions showed that anisotropic gels are yielded

ith the dialysis of the polymer solutions into cross-linker solu-

ions (Dobashi, Furusawa, Kita, Minamisawa, & Yamamoto, 2007;
obashi, Nobe, Yoshihara, Yamamoto, & Konno, 2004; Maki et al.,
009). Chitosan aqueous solution is known to become a gel in alka-

ine solution without any chemical cross-linkers. Therefore, it is

∗ Corresponding author. Tel.: +81 277 30 1427; fax: +81 277 30 1427.
E-mail address: dobashi@chem-bio.gunma-u.ac.jp (T. Dobashi).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.07.004
interesting to study the difference of the dynamics for the systems
with cross-linkers and without cross-linkers, from both academic
interest and application. In this study, as a first step of the devel-
opment of anisotropic chitosan gels, we studied the gel forming
process.

2. Experimental

Chitosan (chitosan 300, the degree of de-acetylation > 80%) was
purchased from Wako Pure Chemicals, Co. Ltd., and the molecular
weight Mw was determined to be 1.1 × 106 by measuring the intrin-
sic viscosity of chitosan in 0.25 M acetic acid/0.25 M sodium acetate
with Mark-Houwink-Sakurada equation (Kasaai, Arul, & Charlet,
2000). Chitosan solution was prepared by dissolving the chitosan
in 2 wt% acetic acid of analytical grade at 2 wt%. 6 mL of the solu-
tion was extruded into 50 mL of 0.3 M NaOH to prepare a hydrogel
string, to examine the structure of hydrogels under crossed nicols,
as shown in Fig. 1(a). To analyze the dynamics of anisotropic gela-
tion, 200 �L of the chitosan solution was sandwiched between a
set of cover glasses with a diameter of 15 mm, and immersed into
40 mL of 0.3 M NaOH to prepare a chitosan gel film, as shown in
Fig. 1(c). The front lines of the turbid gel layer and the birefringent
layer were traced under observation with open nicols and crossed

nicols, respectively. To follow the pH change, a small amount of lit-
mus reagent was added in the chitosan solution, and the interface
between the pink zone (acidic) and sky blue zone (alkaline) was
traced in the course of gelation. All the experiments were done at
25 ◦C using a water bath.

dx.doi.org/10.1016/j.carbpol.2010.07.004
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:dobashi@chem-bio.gunma-u.ac.jp
dx.doi.org/10.1016/j.carbpol.2010.07.004
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weight and the degree of de-acetylation of chitosan and chitosan
concentration (Montembault, Viton, & Domard, 2005b). The syn-
chronization of the motion of the three front lines enables us to
examine the dynamics of the gel forming process by tracing one of
them. Then we tried to make an analysis for the gel front line based

Fig. 2. Time course of the distance from the edge of the cover glass to the interface
between the gel layer and the sol core observed under open nicols (gel thickness)
(©), to the interface between anisotropic layer and isotropic core observed under
ig. 1. The preparation procedure of chitosan hydrogel strings (a) and films (c). Th
d), respectively.

. Results and discussion

At the very initial process of immersion for preparing both
ydrogel strings and films, cross-links occur at the interface
etween the inner chitosan solution and the outer sodium hydrox-

de solution, and the resultant thin membrane plays the role of
emipermeable (dialysis) membrane: permeable to water and ions
nd impermeable to chitosan molecules. Fig. 1(b) shows the photo
mage after the complete gelation observed under crossed nicols.

e observe clear black cross-lines in the regions where two tubes
re superposed. Black cross-lines are also observed in the gel films,
s shown in Fig. 1(d). These images cannot be explained only by the
ifference of relative strength of birefringence between the outer
nd inner parts of the gel. This kind of image is consistent with
n orientation of domains such as polymer aggregates. Accord-
ng to the optics (Born & Wolf, 1974) based on the direction of
he vibration of the incident light against the sample, the images
nder crossed nicols for the sample are summarized as follows:
1) arranged with radial axis of symmetry; light transmits through
he string near the edge than near the center, (2) circumferentially
rranged; light transmits through the string near the center than
ear the edge, and (3) arranged along the string length; light trans-
its through any parts of the string, especially stronger near the

enter. As shown in Fig. 1(b) observed under the crossed nicols,
ore light transmits through the gel string near the edge, which

ndicates arrangement of (1), which is the same as the case of curd-
an, etc. In the latter, the direction of the symmetrical axis was
onfirmed by X-ray scattering. The average directions of chitosan
olecules or chitosan-rich domains of the strings and the films are

ssumed to be the same.
In the course of the gel forming process by means of the

andwich method, all the front lines of gelation, orientation and
H-change proceeds simultaneously, as shown in Fig. 2. The mech-
nism of the synchronization of the motion of the front lines could
e related to the gradient of the chemical potential of chitosan near

he boundary layer, but is not clear at this stage.

In the case of Curdlan solution and DNA solution studied previ-
usly, multivalent cations played the role of the cross-linkers and
he dynamics of gel forming process was limited by the diffusion
f the cations. In the case of chitosan, the immersing solution does
o images observed under crossed nicols for strings and films are shown in (b) and

not contain such cross-linkers. When the pH of chitosan solution is
high, the positive charges of chitosan molecules are neutralized and
undergoes coacervation-phase inversion, and chitosan gels. The
physical cross-links correspond to the formation of hydrophobic
interactions and hydrogen bonding between chain segments (for
example, Montembault, Viton, & Domard, 2005a). The threshold
pH required for chitosan gelation is known in the range between
pH 5 and pH 8, but depends on the condition such as the molecular
crossed nicols (birefringent layer thickness) (�), and to the interface between the
pink layer and the sky blue core colored by litmus agent (�) (high-pH layer thick-
ness) in the immersing process of 200 �l of chitosan solution (1 wt% chitosan in
1 wt% aqueous acetic acid with 0.05 g/dl litmus agent) in 40 mL of 0.3 M NaOH. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)



T. Dobashi et al. / Carbohydrate Po

F
g

o
T
a
A
d
i
t
o
c
b
t
i
t̃

y

w

y

K
o

D

w
m
r
i
t
d
t
t

a
t
c
i
t
c

j

w
p

�

ig. 3. Time course of gel thickness in a scaled plot. The diameters of the cover
lasses are 12 mm (�), 15 mm (�) and 18 mm (©).

n a theoretical consideration (Nobe, Dobashi, & Yamamoto, 2005).
he main assumptions and the theoretical results are summarized
s follows. The assumptions applied for the present system are (a)
ll OH− flowing into the inner chitosan solution are used to pro-
uce a gel layer. (b) The gel layer does not capture the OH− as a sink;

.e., all the OH− flowing into the gel layer arrive at the inner chi-
osan solution to keep a steady state. Under the above assumptions,
nly the motion of the boundary between the gel layer and the sol
ore is required to express the time course of gelation (the moving
oundary picture for the dynamics of gel formation). Expressing
he boundary motion in terms of the gel layer width x = x(t) and
ntroducing the scaled width x̃ = x/R and the scaled immersion time
= t/R2, we have:

˜(x̃) = Kt̃, (1)

here ỹ(x̃) is the universal function of x̃ given by:

˜(x̃) ≡ 1
2

(1 − x̃)2ln(1 − x̃) − 1
4

x̃2 + 1
2

x̃, (2)

is a constant related to the diffusion coefficient of OH− In the case
f dilute immersing solution, D̄OH is approximated as:

¯ OH ≈ �g

�s
K (3)

here �g, and �s are the OH− concentration required for gel for-
ation and the concentration of OH− in the immersing solution,

espectively. According to Eq. (1), we plotted the scaled function as
n Fig. 3. The early stage is expressed as a line, suggesting that it is
he OH−-diffusion-limited process, as assumed in the theory. The
eviation from the theory in the late stage should be attributed to
he relative proton transport from the inner chitosan solution into
he outer immersing solution.

Let us discuss the proton flow from the view point of the relax-
tion process of the proton concentration in the inner solution and
he deviation from the OH−-diffusion-limited picture. The proton
oncentration difference between the inner solution and the outer
mmersing solution at time t is denoted by C(t). Since the flux of
he proton flow j(t) is proportional to the gradient of the proton
oncentration, we have:

≈ �
C(t)
x(t)

(4)
here � is a positive constant. Then, the relaxation behavior of the
roton concentration in the inner solution is expressed as:

(R − x)2 dC(t)
dt

= −2�Rj = −2�R�
C(t)
x(t)

(5)
lymers 84 (2011) 709–712 711

The solution of the equation is obtained as:

C(t̃) = Cinexp(−2� ũ(t̃)) (6)

where Cin is the initial proton concentration difference and:

ũ(t̃) =
∫ t̃

0

1

x̃(t̃)(1 − x̃(t̃))2
dt̃ (7)

Note that the expression (6) is denoted only in terms of the scaled
variables. Hence, independently of the radius R, the time course of
the gel front line expressed in terms of the scaled variables sits on
a master curve. This scaling behavior agrees with the experimental
result shown in Fig. 3.

In the small x̃ region (thus, in the small t̃ region), x̃(1 − x̃)2 ≈ x̃

and x̃(t̃) ≈
√

2Kt̃ (see Eq. (2)), we have a stretched exponential type
relaxation behavior:

C(t̃) = Cinexp(−
√

t̃/�̃) (8)

where the characteristic scaled time �̃ is given by �̃ = K/(8� 2). This
expression leads to the following results;

(a) In the early stage t̃ < �̃, the proton concentration is regarded to
be equal to that at t̃ = 0 and the OH− concentration required for
gel formation is maintained constant. Hence, time development
of x̃ is well expressed by Eq. (2).

(b) In the late stage t̃ > �̃, the concentration rapidly decreases
and the OH− concentration required for gel formation also
decreases. Then, in this stage, the proton flow affects the gel
formation process and the time development of x̃ deviates from
the expression (2).

These results agree with the experimental data. From
Fig. 3, we could estimate �̃ and K as �̃ ≈ 1.0min/mm2 and
K ≈ 5.9 × 10−2 mm2/min. Then, we have � ≈ 8.6 × 10−2 mm2/min.
�̃ is proportional to K and K is proportional to �s from Eq. (3). Since
Eq. (2) holds in the time range t̃ < �̃, to obtain the proportional rela-
tionship between ỹ and t̃ in the whole experimental range, �̃ need
to be at least twice as large as the present case according to Fig. 3.
Therefore, we could estimate that when the NaOH concentration
in the immersing solution is larger than 0.6 M, the proton flow is
negligible in the gel formation process.

In conclusion, we could prepare an anisotropic chitosan
hydrogel film by a sandwich method. The pH change, gelation
and birefringence occurred simultaneously. The early stage was
explained well by a theory with the assumption of OH−-limited
diffusion process. The deviation form the theory in the late stage
was discussed on the basis of the relaxation phenomenon of the
proton concentration of the chitosan solution.
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