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ABSTRACT: A pH-sensitive gel was prepared by polyelectrolyte complex formation
between dextran sulfate and chitosan. When the complex gel contained more amino
groups than sulfate groups, it shrank pronouncedly at around pH 7 in NaCl solutions
of various concentrations, probably because of the deionization of protonated amino
groups remaining free from electrostatic interaction with the sulfate groups. Using the
complex gel loaded with dextran by absorption, releasing behaviors were studied under
various conditions. It was shown that shrinking of the complex gel had a promotion
effect on the release of dextran. In 170 mM NaCl solution, the complex gel released
dextran more rapidly at pH 8 than at pH 2, because the degree of shrinking was greater
at pH 8. Thus, the promotion effect of the complex gel on the release of dextran was pH
dependent, though the release rates at the two pHs became closer as the average
molecular weight of dextran loaded was lowered. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 81: 667–674, 2001
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INTRODUCTION

Polymer gels with weakly ionizable functional
groups are known to undergo volume change in
response to environmental pH changes.1–3 This is
due to the variation in ionization degree of the
functional groups fixed on the polymer chains,
and has been explained quantitatively on the ba-
sis of Donnan equilibrium.4 The volume change of
pH-sensitive polymer gels is of interest from the
viewpoint of controlled release of drugs. Two
modes are known for the modulation of release
rate by the volume change of polymer gels used as

drug carriers. One is the promotion of drug re-
lease through the squeezing effect caused by
shrinking of carrier gels.5 The other is the sup-
pression of drug release due to dense shell forma-
tion as a result of shrinking of carrier gels.6 If a
polymer gel is designed to shrink in the vicinity of
neutral pH, it may be used as a drug carrier for
oral delivery because the gastrointestinal tract
has a pH variation across the neutral pH. For
such an oral application, not only the perfor-
mance of volume change but also the safety to the
human body should be taken into consideration.
From this context, natural polymers may be pre-
ferred as the gel material, although most of the
published works on pH-sensitive polymer gels
have featured synthetic polymers so far.

Polyelectrolyte complex formation is a way to
prepare pH-sensitive complex gels from natural
polymers.7–9 Previously we showed that a poly-
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electrolyte complex gel prepared from dextran
sulfate and chitosan changed its volume pro-
nouncedly in the vicinity of pH 10.9 Chitosan,
having amino groups, acts as a polycation at low
pHs and hence forms a polyelectrolyte complex
with a polyanion, dextran sulfate. The net charge
on the polymer chains is an essential factor de-
termining the volume of a polyelectrolyte complex
gel.10 The complex gel with equivalent numbers of
amino and sulfate groups has no net charge at
acidic pHs. In a range of alkaline pH, the net
charge becomes negative due to the change in
ionization degree of the amino groups. This
makes the complex gel swell. The volume of the
complex gel in the most swollen state was about
300 times as large as that in the shrunken state.
However, the volume change occurred only in an
alkaline pH range.

In this article, we report a dextran sulfate/
chitosan complex gel (DS/CH gel) which shrank
pronouncedly in the vicinity of neutral pH under
various ionic strengths. Such a complex gel was
available by selecting an appropriate molar ratio
of amino group to sulfate group. Furthermore,
release experiments were performed at different
pHs using the DS/CH gel loaded with a model
substance, dextran, to discuss the effect of the
shrinking on the release rate.

EXPERIMENTAL

Materials

Chitosan (Chitosan 8B) was a product of Katoki-
chi Co., Ltd. (Kagawa, Japan). Degree of N-acet-
ylation of the chitosan was 18.1%. Viscosity of
0.5% solution of the chitosan in 0.2M acetic acid
was 0.257 Pa z s at 20°C. Dextran sulfate sodium
salt (average molecular weight: 5 3 105) was pur-
chased from Pharmacia Biotech (Uppsala, Swe-
den). Dextran preparations with different aver-
age molecular weights (11,000, 67,000, and
200,000–300,000) were purchased from Sigma
Chemical Co. (St. Louis, MO) or Wako Pure
Chemical Industries Ltd. (Osaka, Japan). Other
materials were of reagent grade.

Preparation of Polyelectrolyte Complex Gel Beads

Chitosan and dextran sulfate were dissolved in
2% acetic acid and deionized water, respectively.
To avoid the aggregation of the two oppositely
charged polyelectrolytes, one-tenth part of NaCl
was added to each solution. Both solutions were

heated in boiling water to decrease their viscosity,
and then mixed with each other. In most cases,
final concentrations of chitosan and dextran sul-
fate were 2.25 and 1.5%, respectively. This com-
position corresponds to a molar ratio of sulfate
group to amino group (referred to as S/N ratio
hereafter) of 0.70. In some preparations, the final
concentration of dextran sulfate was varied to
change the S/N ratio of the mixture. The mixture
was centrifuged at 3000 rpm for 10 min to remove
air bubbles, and dropped into a toluene/chloro-
form (5 : 3) mixture kept at 0°C. Droplets formed
in the solvent mixture were carefully transferred
into a large volume of deionized water. The drop-
lets gelled during this desalting process. The
spherical gel beads thus obtained were further
rinsed in deionized water for at least 2 days. The
diameter of the gel beads was about 4 mm.

Swelling Experiments

Swelling experiments were performed in NaCl
solutions of different concentrations. In a 50-mL
tissue culture flask, a DS/CH gel bead was im-
mersed in 30 mL of a NaCl solution, pH of which
was preliminarily adjusted to a specified value by
adding dilute NaOH or HCl solution. The flask
was purged with N2 gas, sealed to avoid the dis-
solution of CO2, and incubated at 30°C. At appro-
priate intervals, the diameter of the gel, d, was
measured until the size of the gel ceased to
change. The equilibrium swelling ratio was de-
fined as the ratio of the equilibrium volume to the
initial one, and calculated as (de/di)

3, where de
and di are the equilibrium and initial diameters,
respectively.

Estimation of pH Values Inside the Complex
Gel Beads

Information on pH inside a DS/CH gel bead is
important to understand its swelling equilibrium.
Here the internal pH values at swelling equilibria
were estimated by the method described in our
previous article.9

In a polyelectrolyte complex gel having sulfate
and amino groups, the charge balance equation is
as follows:

O
i

ZiCi
G 2 aSCS

G/X 1 aNCN
G/X 5 0 (1)

where Ci
G is the concentration of mobile ion i in

the gel, Zi, the charge on ion i, CS
G and CN

G, the
initial concentrations of sulfate and amino groups
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in the gel, respectively, aS and aN, degrees of
ionization of sulfate and amino groups, respec-
tively, and X, the equilibrium swelling ratio. The
degree of ionization of sulfate groups, aS, can be
assumed as unity unless pH is extremely low. The
degree of ionization of amino groups, aN, is re-
lated to the dissociation constant of protonated
amino groups, KN, as follows:

KN 5 CH
G~1 2 aN!/aN (2)

where CH
G is the concentration of proton (hydro-

nium ion) in the gel. Assuming the Donnan po-
tential created by the fixed charge of those func-
tional groups, mobile ions are distributed be-
tween the gel and the external solution as
described in the following equation.

Ci
G/Ci

S 5 KZi (3)

where Ci
S is the concentration of mobile ion i in

the solution. The Donnan ratio, K, which depends
on such external conditions as pH and ionic
strength, is identical for all ion species. Activity
coefficients of ions are assumed to be unity for
simplicity in eq. (3). Using eqs. (2) and (3), eq. (1)
can be expressed in terms of the external concen-
trations of mobile ion species as follows:

O
i

ZiKZiCi
S 2 CS

G/X 1 KCH
S CN

G /$~KCH
S 1 KN!X% 5 0

(4)

We obtained the value of Donnan ratio, K, from
eq. (4) with experimental values for Ci

S, CS
G, CN

G,
and X. In the calculation, we assumed that the
dissociation constant of protonated amino groups
in DS/CH gel was equal to that of protonated
amino groups in chitosan, and hence pKN 5 2log
KN 5 6.3.11 With the value of K obtained, the
value of pH inside the gel was calculated as 2log
CH

G 5 2log(KCH
S ).

Release Experiments

To load the DS/CH gel beads with dextran, 2 g of
the gel beads were immersed in 10 mL of an
aqueous solution of 1% dextran at 30°C for 24 h.
About 1 g of the dextran-loaded gel beads thus
obtained were weighed and put into a test solu-
tion at 30°C. As the test solution, 170 mM NaCl
solution containing either 10 mM HCl (pH 2) or
20 mM Tris-HCl (pH 8) was used. In some exper-
iments, NaCl solutions of different concentrations
were also used as the test solution without pH

adjustment. The suspension of the gel beads was
incubated at 30°C with continuous stirring. Small
portions of the solution (0.1 mL each) were with-
drawn at appropriate intervals during the incu-
bation to measure the concentration of dextran by
the phenol-sulfuric acid method. After 24 h of the
incubation, the weight of the gel beads was mea-
sured again. The ratio of the final weight to the
initial one, we/wi, was taken as a measure of the
volume change of the gel beads during the release
experiment.

RESULTS AND DISCUSSION

Swelling Characteristics of DS/CH Gel Beads

Figure 1 shows a typical course of volume change
observed for a DS/CH gel bead (S/N 5 0.70). In
this case, the gel bead shrank in 170 mM NaCl
solution, pH of which was adjusted to 8. Although
a major part of the volume change occurred in a
few hours from the beginning, it took no less than
24 h for the gel bead to reach an equilibrium
state.

Figure 2 shows pH dependence of the equilib-
rium swelling ratio of the DS/CH gel (S/N 5 0.70).
In the absence of NaCl, the DS/CH gel swelled at
around pH 10 and shrank at pHs between 6 and
9. No volume change was observed at pHs below 4
and above 10.5. When NaCl concentration in-
creased, the equilibrium swelling ratio at pHs
below 4 decreased because of the increase in os-
motic pressure of the ambient solution. The equi-
librium swelling ratio at around pH 10 also de-

Figure 1 Shrinking of a DS/CH gel bead (S/N 5 0.70)
immersed in 170 mM NaCl solution at pH 8. The initial
diameter of the gel bead was 4.2 mm.
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creased with the increase in NaCl concentration
of the ambient solution. However, the equilibrium
volume of the DS/CH gel was significantly small
in the range of pH between 6 and 9 even in 170
mM NaCl solution.

Figure 3 shows the effect of the S/N ratio on the
equilibrium swelling ratio in 10 mM NaCl solu-
tion at pH 7. DS/CH gels with excess sulfate
groups (S/N . 1) showed little volume change at
pH 7. Considerable shrinking was observed only
for the DS/CH gel with excess amino groups.
Thus, the shrinking in a neutral pH region can be
ascribed to the presence of excess amino groups in
DS/CH gels.

Assuming the Donnan equilibrium, the pH
value inside the DS/CH gel (S/N 5 0.70) was
estimated for each swelling experiment per-
formed in 10 mM NaCl. The results are shown in
Figure 4 as a function of external pH. In general,
the internal pH value increased with the increase

Figure 2 Effect of pH on the equilibrium swelling
ratio of the DS/CH gel (S/N 5 0.70) under different
NaCl concentrations.

Figure 3 Effect of the S/N ratio on the equilibrium
swelling ratio at pH 7 in the presence of 10 mM NaCl.

Figure 4 Values of internal pH estimated for the
DS/CH gel (S/N 5 0.70) immersed in 10 mM NaCl
solutions of various pH values. The broken line repre-
sents the value of pKN (6.3), where KN is the dissocia-
tion constant for protonated amino groups of chitosan.
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in the external pH value. However, the increase
in internal pH was much more gradual in the
range of external pH between 6 to 7.4 than in any
other pH ranges. Furthermore, the internal pH
values in this range of external pH were very
close to 6.3, the pKN value for protonated amino
groups of chitosan. This suggests that the neu-
tralization of protonated amino groups in the
DS/CH gel occurred in this pH range.

Considering the above results, mechanism of
pH-sensitive swelling of the DS/CH gel with ex-
cess amino groups is explained as illustrated in
Figure 5. In the initial state, the sulfate groups in
the DS/CH gel are negatively charged and bound
electrostatically to protonated amino groups. Be-
cause the DS/CH gel has more amino groups than
sulfate groups, part of the protonated amino
groups remain free from electrostatic interaction
with sulfate groups. Thus, the DS/CH gel has net
positive charge initially. The presence of counte-
rions for the excess protonated amino groups con-
tributes to osmotic pressure of the DS/CH gel and
keeps it in a swollen state. When the DS/CH gel is
immersed in a solution of neutral pH, the proton-
ated amino groups remaining free from electro-
static interaction with sulfate groups are deion-
ized because their pKN value is 6.3.11 Thus, the
net charge decreases, which makes the DS/CH gel
shrink. The protonated amino groups bound elec-
trostatically to the sulfate groups may be hard to
be deionized because of the presence of negatively
charged sulfate groups in their close neighbor-
hood. At higher pHs, even those protonated amino
groups can get deionized. Thus, the DS/CH gel
becomes negatively charged and swells in a solu-
tion of low ionic strength at alkaline pHs.

The DS/CH gel prepared in this study shrank
in the vicinity of the neutral pH. The point for

obtaining such a complex gel is to make the molar
concentration of the amino group higher than
that of the sulfate group. A polyelectrolyte com-
plex can also be obtained by spontaneous precip-
itation if solutions of oppositely charged polyelec-
trolytes are mixed without any salt addition.
However, it is difficult to control the complex com-
position by the precipitation method. The prepa-
ration procedure used in this study has an advan-
tage to obtaining polyelectrolyte complexes with
desired compositions.

Release of Dextran from DS/CH Gel Beads

We used the DS/CH gel at an S/N ratio of 0.70 for
the release experiments because it shrank pro-
nouncedly in the vicinity of neutral pH. To study
the effect of shrinking of the DS/CH gel on the
release of substances loaded, release experiments
in aqueous NaCl solutions of different concentra-
tions were performed without a pH adjustment.
As a model substance, dextran with the average
molecular weight of 67,000 was loaded by im-
mersing the gel beads in an aqueous solution of
the dextran. At the end of the loading, concentra-
tions of the dextran inside and outside the gel
beads were almost equal (data not shown), sug-
gesting that there was no specific interaction be-
tween the dextran and the DS/CH gel. Figure 6
shows the courses of the dextran release from the
DS/CH gel immersed in NaCl solutions of differ-
ent concentrations. The release of dextran be-

Figure 5 Mechanism for swelling and shrinking of
the DS/CH gel with excess amino groups.

Figure 6 Release profiles of dextran (MW 67,000)
from the DS/CH gel (S/N 5 0.70) immersed in aqueous
NaCl solutions of different concentrations. NaCl con-
centrations: E, 0 mM; F, 1.7 mM; h, 17 mM; ■, 170
mM. The dotted curves represent the calculated results
with eq. (5) fitted to the initial part of each set of
experimental data.
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came more rapid with the increase in NaCl con-
centration. Ratios of gel weights before and after
the release experiment, we/wi, are listed in Table
I to show the degrees of shrinking. No shrinking
was observed during the release experiment in
the absence of NaCl. A high NaCl concentration
resulted in a high degree of shrinking because of
a high osmotic pressure. Thus, shrinking of the
DS/CH gel promoted the release of dextran.

To compare the release rates, a diffusion equa-
tion was tried to fit the experimental results. Dif-
fusion of a solute from sphere of a constant radius
r into a well-stirred ambient solution can be de-
scribed by the following equation.12

Ct

C`
5 1 2 O

n51

` 6a~a 1 1!

9 1 9a 1 a2qn
2 expS2Dqn

2
t
r2D

(5)

where Ct and C` are the concentrations of solute
in the ambient solution at time t and at equilib-
rium, respectively, a, the ratio of the amount of
solute in the ambient solution to that in the gel at
equilibrium, D, diffusion coefficient in the gel,
and qn, the nth positive root of the following equa-
tion.

tan qn 5
3qn

3 1 aqn
2 (6)

The dotted curves illustrated in Figure 6 repre-
sent the calculated results with eq. (5) using the
best-fit values of apparent diffusion coefficient, D.
Equation (5) did not fit the entire profile of the
experimental data, especially at high NaCl con-
centrations, probably because of shrinking of the
gel beads. Using the initial parts of the experi-

mental data (Ct/C` , 0.8), the best-fit values of
D were obtained as listed in Table I. Taking the
initial mean radius of the gel beads as the value

Figure 7 Release profiles of dextrans with different
average molecular weights from the DS/CH gel (S/N
5 0.70) immersed in 170 mM NaCl solutions at pH 2
(F) and at pH 8 (E). The dotted curves represent the
calculated results with eq. (5) fitted to the initial part of
each set of experimental data.

Table I Apparent Diffusion Coefficients of
Dextran (MW 67,000) Released from the
DS/CH Gel (S/N 5 0.70) under Various
NaCl Concentrations

NaCl [mM] we/wi
a [2]

Apparent
Diffusion Coefficient,

D [10210 m2/s]

0 1.03 0.16
1.7 0.86 0.29

17 0.51 0.70
170 0.31 1.2

a we/wi represents the ratio of the final weight of the gel
beads to the initial one.
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of r, the initial courses of dextran release were
well approximated by eq. (5) despite of decreasing
radius of the gel beads. In the final stage of the
release courses, deviation between the experi-
mental and calculated values was observed espe-
cially at high NaCl concentrations, indicating re-
tardation of dextran diffusion in the gel beads.
This was probably due to formation of dense layer
through shrinking. According to a correlation re-
ported in literature,13 the diffusion coefficient of
dextran in water at 30°C is estimated to be 0.44
3 10210 m2/s assuming the molecular weight to be
67,000. It is reasonable that the value of D in the
absence of NaCl was smaller than this value,
considering the effect of steric hindrance of a gel
matrix. As shown in Table I, the value of D in-
creased with the increase in NaCl concentration
and in the shrinking degree. The value of D in the
presence of 170 mM NaCl was about eight times
as large as that in the absence of NaCl. Thus, the
shrinking of the DS/CH gel was shown to have a
promotion effect on the release of dextran.

Release experiments using the DS/CH gel (S/N
5 0.70) were performed at different pHs in the
presence of 170 mM NaCl. Figure 7 shows the
courses of release experiments for dextrans with
different average molecular weights performed at
pHs 2 and 8. The dotted curves illustrated in
Figure 7 represent the calculated results with eq.
(5) fitted to the initial parts of experimental data.
The initial mean radius of the gel beads was
taken as the value of r in each experiment. The
values of D obtained are listed in Table II to-
gether with the values of we/wi at the both pHs.
Although the DS/CH gel shrank at the both pHs
due to high osmotic pressure of the ambient solu-
tion, the degree of shrinking was higher at pH 8
than at pH 2. For the dextran with an average
molecular weight of 67,000, the values of D at the
both pHs exceeded 0.16 3 10210 m2/s, the D value
obtained for gel beads immersed in deionized wa-
ter (Table I). Thus, the shrinking of the DS/CH
gel promoted the release of dextran at the both

pHs. The release profiles at the two pHs were
similar for the dextran with an average molecular
weight of 11,000. However, the dextrans with
higher average molecular weights were released
more rapidly at pH 8 than at pH 2 in accordance
with the degree of shrinking. The difference be-
tween D values at the two pHs became larger,
although not drastically, as the average molecu-
lar weight of the dextran increased. Thus, for
dextrans with high average molecular weights,
the promotion effect caused by shrinking of the
DS/CH gel was larger at pH 8 than at pH 2.

As can be seen from Table II, the D value was
approximately constant at pH 8 irrespective of
average molecular weight of dextran, whereas the
D value obtained at pH 2 decreased with increas-
ing average molecular weight. This suggests that
the promotion effect caused by shrinking of the
DS/CH gel was dominant in the kinetics of dex-
tran release at pH 8. Contribution of molecular
diffusion may be significant at pH 2, especially for
the dextran with an average molecular weight of
11,000. According to a correlation reported in lit-
erature,13 the diffusion coefficient of dextran in
water at 30°C is estimated to be 1.1 3 10210 m2/s
assuming the molecular weight to be 11,000. This
value of the diffusion coefficient amounts to a half
of the D value obtained at pH 2, suggesting sig-
nificance of molecular diffusion in the release ki-
netics of dextran with an average molecular
weight of 11,000.

CONCLUSIONS

A DS/CH gel containing more amino groups than
sulfate groups was shown to shrink in the vicinity
of neutral pH. The shrinking behavior was well
characterized in terms of Donnan equilibrium.
The analysis indicated that the shrinking in the
vicinity of neutral pH was ascribed to the deion-
ization of the protonated amino groups remaining
free from electrostatic interaction with the sulfate

Table II Apparent Diffusion Coefficients of Dextrans with Different Average Molecular Weights
Released from the DS/CH Gel (S/N 5 0.70) Immersed in 170 mM NaCl Solution at pHs 2 and 8

pH we/wi
a [2]

Apparent Diffusion Coefficient, D [10210 m2/s]

MW 11,000 MW 67,000 MW 200,000–300,000

2 0.28 2.2 1.7 1.2
8 0.11 2.6 2.8 2.6

a we/wi represents the ratio of the final weight of the gel beads to the initial one.
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groups. Shrinking of the DS/CH gel beads had a
promotion effect on the release of dextran, which
had been loaded into the gel beads by absorption.
The promotion effect was pH dependent for dex-
trans with high molecular weights: the release
was more rapid at pH 8 than at pH 2 because of
the higher degree of shrinking at pH 8. However,
the release rates at the two pHs became closer
as the average molecular weight of dextran was
lowered.
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