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Sustained insulin release with biodegradation of chitosan
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Abstract

Chitosan (CS) gel beads were prepared with chelated copper (II) ions as a vehicle for the delivery of peptide and protein drugs.
Insulin, which is a model of peptide and protein drugs, was scarcely released from the CS gel beads in vitro, presumably due to
the nature of interactions occurring between insulin, CS and the copper (II) ions. The efficacy of insulin released from the CS
gel beads was confirmed by implantation into diabetic mice. A consistent reduction in blood glucose level was observed in vivo
due to insulin release as the CS gel beads were degraded. Control over insulin release was achieved by altering the properties of
the CS. Thus, CS gel beads are promising as a biocompatible and biodegradable vehicle by which peptide and protein drugs can
be delivered.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Peptide and protein drugs are potent therapeutic
gents. DNA technology has led to an increase in

he number of peptide and protein drugs available for
harmaceutical use. However, these drugs have low
tability and their absorption is limited. In addition,
t is difficult to control the release of peptide and pro-
ein drugs from a vehicle due to their high solubility in
ater. Therefore, numerous attempts have been made
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to develop delivery vehicles capable of improving
stability and absorption of peptide and protein drug
addition to enabling their controlled release (Bernkop-
Schn̈urch and Walker, 2001). The development o
such peptide and protein drug delivery systems
be expected to improve the efficacy of medical tr
ments, to minimize side effects and to improve pat
compliance.

Chitosan (CS) is an abundant natural polysac
ride that is non-toxic, biocompatible and biodegrad
(Yomota et al., 1990; Tomihata and Ikada, 1997; On
and Machida, 1999). The use of CS as a material for
development of a drug delivery vehicle that enables
tained drug release has been investigated (Jameela an
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Jayakrishnan, 1995; Oungbho and Müller, 1997). In
addition, CS is a positively charged polymer. Positively
charged polymers are known to enhance the absorp-
tion of peptide and protein drugs by mucoadhesion to
gastric or nasal mucosa or by opening tight junctions
between epithelial cells (Senel et al., 2000; Tengam-
nuay et al., 2000; Thanou et al., 2001; Lubben et al.,
2001). Thus, CS possesses several properties indicat-
ing that it might be an ideal vehicle for the delivery of
peptide and protein drugs.

The preparation of vehicles for peptide and protein
drugs under mild conditions is desirable for preserv-
ing the pharmacological activity of the drugs. In our
previous work, we prepared CS gel beads in a 10%
glycine (pH 9.0) aqueous solution without the use of
any toxic cross-linking agent such as glutaraldehyde.
The prepared CS gel beads facilitated controlled drug
release (Kofuji et al., 2000). We also confirmed the
in vitro and in vivo drug release, and the biodegrada-
tive properties of the CS gel beads were observed to
vary depending on the CS species employed, particu-
larly with respect to the differences in the degree of
deacetylation of the CS species. The release of drug
from CS gel beads in vivo was controlled by the choice
of the CS species used or by modifying the properties
of CS (Kofuji et al., 2001; Kofuji et al., 2002). In the
previous study, drug release from the CS gel beads pre-
pared in 10% glycine (pH 9.0) aqueous solution was
governed by the diffusion of the drug from the matrix.
However, limitations on the controlled release of water-
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The primary aim of the present study is the develop-
ment of CS-based drug delivery vehicles that improve
the stability and absorption of peptide and protein drugs
as well as enable their controlled release. As a model
study, we investigated the possibility of achieving a
long-term sustained release of insulin from a CS and
copper (II) ion-based drug delivery vehicle (i.e., CS gel
beads). In addition, the efficacy of insulin released from
the CS gel beads was also confirmed by determining
the blood glucose levels after the CS gel beads were
implanted into subcutaneous air pouches (AP) on the
dorsal surfaces of diabetic mice.

2. Materials and methods

2.1. Materials

CS with varying degrees of deacetylation [70%
(7B), 82% (8B), 91% (9B) and 100% (10B)], as listed
in Table 1were purchased from Katokichi Co. Ltd.
(Japan). Copper (II) sulfate pentahydrate and strep-
tozotocin were purchased from Wako Pure Chemi-
cal Industries (Japan). Insulin from bovine pancreas
(28 U/mg) was purchased from Nacalai Tesque Inc.
(Japan). BCATM protein assay reagent was purchased
from Pierce Chemical Co. (USA). All the other chem-
icals were of reagent grade.

2.2. Preparation of the CS gel beads

d as
f M
s as
s 4.5)
o e CS.
F 5 g
o ix-
t One
g /w;
i in-
i ly
i n
b per-
a nta-
n ese
g or the
e

oluble drugs, such as insulin, from CS gel beads
xist and mechanisms besides the control of drug
usion are required to ensure control over drug rel
Kofuji et al., 2003).

On the other hand, it has also been demonstrate
S forms a chelate complex with metal ions. Am

he metal ions, copper ions, in particular, strongly in
ct with CS. (Rhazi et al., 2002). In addition, it is also
nown that insulin forms polymeric conformations
he presence of divalent metal ions such as zinc. T
etal ions have contributed to the stability of insu

Brange et al., 1987). Furthermore, insulin has be
bserved to interact with CS (Ferńandez-Urrusuno e
l., 1999; Ma et al., 2002). The use of preparatio

echniques that utilize the above mentioned prope
long with the control of CS biodegradation might o
ize the insulin-carrying ability of a CS-based deliv

ehicle.
CS gel beads for dissolution testing were prepare
ollows: CS (1–4%, w/w) was dissolved in 0.1–0.3
odium acetate buffer (pH 4.5). Insulin (2%, w/w) w
eparately suspended in sodium acetate buffer (pH
f the same concentration that was used to dissolv
ive grams of insulin suspension was dropped into
f CS solution with agitation. Subsequently, the m

ure was stirred overnight at room temperature.
ram of the mixture (CS concentration, 0.5–2%, w

nsulin concentration, 1%, w/w), theoretically conta
ng 10 mg (280 U) of insulin was then dropped slow
nto 20 ml of CuSO4 (20–40 mM) aqueous solutio
y using a pipette and left to stand at room tem
ture for 25 min. CS gel beads were formed spo
eously under the optimum CS concentration. Th
el beads were scooped up with a sieve and used f
xperiments.
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Table 1
Relationship between CS properties and gel bead formation

CS species Degree of deacetylation (%) Mwa (×104 Da) Concentration of acetate buffer (M) Concentration of CS (%)

0.5 1 1.5 2

7B 70 282.6 0.1 − + ++ ++
(66) (610) (8750) (34940)

8B 82 221.7 0.1 − + ++ ++
(52) (400) (3340) (33600)

9B 91 98.0 0.1 − + + +
(24) (170) (740) (1210)b

0.2 − + + +
(23) (160) (660) (2600)

10B 100 16.2 0.1 − + + +
(9) (25)b (21)b (18)b

0.3 − + + +
(10) (31) (109) (254)

Gel beads formation:− no gelation; + gelation; ++ CS solution could not be dropped into the preparative medium on account of high viscosity.
Degree of deacetylation was determined by colloidal titration. Mw: weight-average molecular weight. Values given in parenthesis represents
viscosity (mPa s) of CS solution determined at 37◦C using a B-type viscometer (Tokyokeiki).

a (Kofuji et al., 2003).
b CS was not dissolved completely.

2.3. Determination of the amount of Cu within the
CS gel beads

A single bead (weighing approximately 0.06 g) was
dissolved in 2 ml of 0.1 M sodium acetate buffer (pH
4.5) with 40 mg of ethylenediaminetetraacetic acid
(EDTA) and the volume was made up to 5 ml with
0.1 M sodium acetate buffer (pH 4.5). The absorbance
of the solution was determined using a spectropho-
tometer (Model 200-20, Hitachi Ltd., Japan) at 250 nm.
These values were corrected by simultaneously per-
forming a blank test to exclude the factors that may
influence the measurement.

2.4. Determination of the amount of insulin within
the CS gel beads

The amount of insulin within the CS gel beads was
calculated by deducting the amount of insulin detected
in the preparative medium after bead formation from
that of the initial CS solution to which the insulin was
added. Insulin was determined by the BCATM method
using protein assay regents. The absorbance of the
BCATM test solution was determined using a multi-
spectrophotometer (Viento, Dainippon Pharmaceutical
Co. Ltd., Japan) at 562 nm. These values were corrected
by the blank test that was performed simultaneously to

exclude the factors that may influence the measure-
ment.

2.5. Dissolution test

The release of insulin from various CS gel beads into
0.1 M sodium phosphate buffer (pH 7.2) or water was
determined. CS gel beads (weighing approximately
1 g) were added to 20 ml of dissolution medium in a
sample bottle (37◦C). A 25-�l aliquot of the solution
was periodically removed for analysis after agitation
and replaced with 25�l of the dissolution medium
(pre-warmed to 37◦C) in order to maintain a con-
stant volume. Insulin concentration in each sample was
determined by the BCATM method. All the dissolution
tests were performed in triplicate.

2.6. Preparation of diabetic mice

Diabetic mice were prepared as follows: Streptozo-
tocin (10 mg/ml) was dissolved in 0.1 M sodium citrate
buffer (pH 4.5). Streptozotocin (0.1 mg/g body weight)
was then injected intraperitonealy into the mice (ddy
strain, 6-week-old male). Blood was collected from the
tail vein and the blood glucose levels were determined
periodically using a blood glucose determination sys-
tem (Medisafereader, Terumo Co., Japan). When the
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blood glucose level did not increase after one injec-
tion of streptozotocin, mice were injected a second
time. These mice were utilized as diabetic mice when
blood glucose levels were greater than 300 mg/dl for
4 consecutive days. At the same time, air (3 ml) was
subcutaneously injected into the dorsal surface to form
AP. An oval AP was formed after an additional 1 ml of
air was injected at days 1 and 4. All research protocols
were approved by the committee for animal research at
Hokuriku University.

2.7. Evaluation of the efficacy of insulin released
from the CS gel beads

CS7B (1%) and CS9B (2%) gel beads with 0.1 M
sodium acetate buffer (pH 4.5) for implantation were
prepared as described above; however, the amount of
insulin was altered. A single bead retained approxi-
mately 20.0 U of insulin, which was selected in con-
sideration of a sustained release. A single bead or only
insulin suspension (0.1 U) was implanted into the AP
of mice under ether anesthesia 7 days after the first
air injection. Blood was collected from the tail vein
and glucose levels were periodically determined. The
biodegradation of the CS gel beads implanted into the
AP was assessed by direct observation inside the AP
with naked eyes.

2.8. Pharmacodynamic analysis
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comparison procedure afterF-test or Smirnov–Grubbs’
outlier test (α = 0.05).

3. Results and discussion

3.1. Preparation of the CS gel beads

The spontaneous formation of spherical CS gel
beads with diameters of approximately 5.0 mm was
observed when CS solution was dropped into�20 mM
CuSO4 aqueous solution. In particular,�40 mM of
CuSO4 concentration resulted in the formation of
tightly packed gel beads. All the CS gelated without any
leakage. This gelation is due, in large part, to chelation
between CS and copper (II) ions. It has been proposed
that CS binds to copper ions via four nitrogen ligands
in a square-planar geometry (Schlick, 1986). The ease
of preparation of CS gel beads was dependent on the
properties of the particular CS species employed. As
shown inTable 1, before the addition of CS into the
CuSO4 aqueous solution for the formation of spheri-
cal gel beads, the optimum CS concentration was 1%
for both CS7B and CS8B and 1–2% for CS9B and
CS10B, irrespective of the presence of insulin. Lower
concentrations of CS of low viscosity did not result in
the formation of spherical gel beads on account of the
rapid diffusion rate of CS solution in the preparative
medium. Higher concentrations could not be dropped
into the preparative medium by using a pipette due to
t olu-
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The areas under the reduction of blood gluc
oncentration–time curve (AUC) and the area un
he first moment curve (AUMC) after injection of t
nsulin suspension or CS gel beads retaining ins
ere calculated from 0 to 360 h by using the
ar trapezoidal rule. The area under the bas
blood glucose level: 600 mg/dl)-time from 0 to 36
AUCbase) was calculated. The extent of reduction
lood glucose levels (D) was assessed from the ra
f AUC/AUCbase. The mean residence times (MR
ere obtained from the ratio of AUMC/AUC. The m

mum blood glucose concentration times (Tmin) were
btained from experimental values.

.9. Statistical analysis

Data were represented as the mean± S.D. and wer
nalyzed statistically using Tukey–Kramer multi
he high viscosity of the resultant solution. The diss
ion of CS was aided by acetic acid, which forms a
ith some amino groups of CS. When the CS solu
ontaining acetic acid was dropped into CuSO4 aque-
us solution, CS-acetic acid salts dissociated rap

n the solution and copper ions chelated with CS.
mportant that bead formation occur rapidly after
s dropped into the preparative medium because
nables a more efficient drug encapsulation by inh

ng the escape of the drug into the medium. On
ther hand, 2% CS9B and 1–2% CS10B did not
olve completely in 0.1 M sodium acetate buffer (
.5) (Table 1). In order to achieve the dissolution
S at these concentrations, a greater amount of a
cid was required. A concurrent increase in visco
as observed with dissolution as greater amoun
cetic acid were added to these concentrations o
owever, the addition of acetic acid did not incre
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Fig. 1. Effect of CuSO4 concentration in preparative medium on
retention of Cu within CS gel beads. CS gel beads preparative condi-
tion: CS species, CS7B; CS concentration, 1%; sodium acetate buffer
concentration, 0.1 M. Data represent the mean± S.D. (n= 3).

the viscosity when soluble concentrations of CS that
did not require additional acetic acid for dissolution
were used. An optimum acetic acid concentration of
0.1 M was required for the formation of spherical gel
beads in the case of both CS7B and CS8B, 0.1–0.2 M
for CS9B and 0.1–0.3 M for CS10B. Under the condi-
tions of excess acetic acid (i.e., when the concentration
of acetic acid was above the optimal level), CS did not
form spherical gel beads even at high concentrations of
CuSO4.

3.2. Retention of Cu within the CS gel beads

Copper (II) ions in the preparative medium were
retained within the CS gel beads.Fig. 1 shows the
amount of Cu present in 1% CS7B gel beads. Reten-
tion within the CS gel beads was increased when greater
concentrations of CuSO4 were added in the preparative
medium. In this preparative condition, the retention of
Cu within the CS gel beads was not affected by the
temperature, within the range of room temperature. To
form tightly packed gel beads and minimize the influ-
ence of copper when the CS gel beads were implanted
into the body, 40 mM of CuSO4 was used in the prepar-
ative medium in future experiments. As shown inFig. 2,
the amount of Cu retained within the CS gel beads (CS
concentration, 1%; sodium acetate buffer concentra-
tion, 0.1 M; CuSO4 concentration, 40 mM) increased
with the increase in the degree of deacetylation of CS.
T ads
a ions
o ases

described above, the observed increase in Cu within the
CS gel beads can probably be attributed to the increase
in the number of amino groups of CS, since Cu ions are
incorporated into the CS gel beads on chelation with the
amino groups. On the other hand, altering the concen-
tration of sodium acetate buffer required to dissolve CS
had no effect on the Cu content within the CS gel beads.

3.3. Retention of insulin within the CS gel beads

The amount of insulin within the CS gel beads was
calculated by deducting the amount of insulin detected
in the preparative medium after bead formation from
that of the initial CS solution to which insulin was
added. When the CS solution containing insulin was
dropped into the preparative medium, the total amount
of insulin in the CS solution was always retained within
the CS gel beads, irrespective of the CS species, CS
concentration, or acetic acid concentration required to
dissolve CS. Variations in CuSO4 concentration also
did not reduce the retention of insulin below the max-
imal values. The values obtained by this method were
also confirmed to be identical to those determined
directly as a result of dissolution of the CS gel beads in
0.1 M sodium acetate buffer (pH 4.5) with EDTA. CS
is a positively charged polymer with a pKa of approx-
imately 6.2–6.5. After the addition of CS dissolved in
0.1 M acetate buffer (pH 4.5), the pH of the CuSO4
aqueous solution in which the beads were prepared was
a ugs
w m-
p , the
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he amount of Cu retained within the CS gel be
lso increased with increased initial CS concentrat
f CS9B and CS10B (data not shown). In both the c
pproximately 4.7. Therefore, peptide or protein dr
ith carboxyl groups might form electrostatic co
lexes with the amino groups of CS. Furthermore

ig. 2. Effect of CS species on retention of Cu within CS gel be
S gel beads preparative condition: CS concentration, 1%; so
cetate buffer concentration, 0.1 M; CuSO4 concentration in prepa
tive medium, 40 mM. Data represent the mean± S.D. (n= 3).
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Fig. 3. Effect of CuSO4 concentration in preparative medium on
release of insulin from CS gel beads. CuSO4 concentration in prepar-
ative medium: (�) 20 mM; (�) 40 mM. CS gel beads preparative
condition: CS species, CS7B; CS concentration, 1%; sodium acetate
buffer concentration, 0.1 M. Dissolution medium: 0.1 M phosphate
buffer (pH 7.2). Data represent the mean± S.D. (n= 3).

polymeric conformation of insulin induced by the cop-
per (II) ions might also play a role in insulin retention
(Brange et al., 1987).

3.4. Release of insulin from the CS gel beads

The dissolution of the insulin powder in the dis-
solution medium was immediate. In contrast, only a
small amount of insulin was released from the CS
gel beads even after incubation for 6 h in the dissolu-
tion medium (Figs. 3 and 4). Further release of insulin

Fig. 4. Effect of various CS species on release of insulin from CS gel
beads. CS gel beads preprative condition: CS species; (�) 7B; (�)
8B; ( ) 9B; ( ) 10B; CS concentration, 1%; sodium acetate buffer
concentration, 0.1 M; CuSO4 concentration in preparative medium,
40 mM. Dissolution medium: 0.1 M phosphate buffer (pH 7.2). Data
represent the mean± S.D. (n= 3).

Fig. 5. Effect of CS concentration and acetate buffer concentration
on the release of insulin from CS gel beads. CS gel beads prepar-
ative condition: (�) (CS concentration, 1%; sodium acetate buffer
concentration, 0.1 M); (�) (2%, 0.1 M); ( ) (2%, 0.2 M); ( ) (2%,
0.3 M); CuSO4 concentration in preparative medium, 40 mM. Disso-
lution medium: 0.1 M phosphate buffer (pH 7.2). Time of dissolution
test: after 2 days. Data represent the mean± S.D. (n= 3).

was not observed after 2 days. It was conjectured that
insulin, which did not interact with chitosan and cop-
per ions was diffused from the CS gel beads into the
dissolution medium and insulin, which interacted with
them was remained in the CS gel beads. This phe-
nomenon was observed, regardless of the dissolution
medium employed (0.1 M phosphate buffer with pH
7.2 or water); however, swelling of the CS gel beads
was observed in water possibly due to the absence of
an interaction between the amino groups of CS and
the anions in the dissolution medium. In addition, the
CS gel beads in both the dissolution mediums did not
disintegrate over time. Furthermore, the percentage of
insulin released from the CS gel beads was not influ-
enced by the amount of insulin retained within the
CS gel beads.Fig. 3 shows the percentage of insulin
released after 0.25, 1 and 2 days from 1% CS7B gel
beads prepared in 20 or 40 mM CuSO4 aqueous solu-
tion. The release of insulin was reduced on increasing
the concentration of CuSO4 in the preparative medium.
As shown inFig. 4, insulin release was also reduced by
the use of CS species with greater degrees of deacety-
lation.Fig. 5shows the percentage of insulin released
from 1 or 2% CS9B and CS10B gel beads after 2
days, indicating that insulin release was also inhibited
by the increased initial CS concentration. In contrast,
insulin release was accelerated by increasing the con-
centration of sodium acetate buffer required to dissolve
CS (Fig. 5). Fig. 6shows the relationship between the
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Fig. 6. Relationship between the percentages of insulin released after
0.25, 1 and 2 days from CS gel beads and the amount of Cu retained
within CS gel beads. CS was dissolved completely prior to being
added to the preparative medium: (�) 2 days (r2 = 0.9934); (�) 1 day
(r2 = 0.9934); (�) 0.25 day (r2 = 0.9303). CS did not dissolve com-
pletely prior to being added to the preparative medium: (©) 2 days
(r2 = 0.9531); (�) 1 day (r2 = 0.3662); (�) 0.25 day (r2 = 0.0768).
Dissolution medium: 0.1 M phosphate buffer (pH 7.2).r2: correla-
tion coefficients (subjected to least-squares fitting).

percentage of insulin released after 0.25, 1 and 2 days
from CS gel beads and the amount of Cu retained within
the CS gel matrix. The data points were subjected to
least-squares fitting. When the CS was dissolved com-
pletely prior to being added to the preparative medium,
an almost linear relationship was observed between the
percentage of insulin release and Cu retention within
the CS gel beads. Insulin release from CS gel beads was
inhibited by increased retention of Cu within the CS
gel beads. This indicates that the period of sustained
insulin release from CS gel beads correlated closely
with the extent of Cu retention within a CS gel bead.
It may be deduced that polymeric conformations of
insulin were formed on account of the copper (II) ions
(Brange et al., 1987) and the gelation of CS induced
by copper (II) ions was strengthened with the increase
in Cu retention within the CS gel beads. When CS was
not dissolved completely prior to being added to the
preparative medium, insulin release was inhibited to
an even greater extent (Fig. 6). It is conjectured that in
the case when CS is not completely dissolved, greater
number of free amino groups of CS chelated with cop-
per ions (Rhazi et al., 2002).

These results suggest that a diverse range of factors,
such as the improvement in stability by formation of
polymeric conformations of insulin with metal ion and
the enhanced interaction between insulin and CS by
metal ions, would play a role in the high retention and

sustained release of insulin from Cu-retaining CS gel
beads.

3.5. Evaluation of insulin activity

Blood glucose levels rose gradually and usually
exceeded 300 mg/dl 2 days after injection of strepto-
zotocin. Mice with blood glucose levels greater than
300 mg/dl for 4 consecutive days were utilized as dia-
betic mice. The average blood glucose level of the
diabetic mice just prior to injection of insulin or CS gel
beads was 593± 16 mg/dl. In our previous study, the
biodegradation of 100% deacetylated CS10B was not
observed (Kofuji et al., 1999). Therefore, to investigate
the efficacy of insulin released from the CS gel beads,
1% CS7B and 2% CS9B gel beads retaining insulin
were implanted into subcutaneous AP on the dorsal
surfaces of diabetic mice. The gel strengths determined
by the rheometer (RHEO TEX, Sun Scientific Co. Ltd.,
Japan) were 4000± 500 g/cm2 for 1% CS7B gel beads
and 8000± 1100 g/cm2 for 2% CS9B gel beads. Cu
retentions within the CS gel beads were approximately
30�mol/g gel beads for 1% CS7B gel beads to approx-
imately 40�mol/g gel beads for 2% CS9B gel beads.
Both the types of CS gel beads did not swell in the
AP. An insulin suspension (0.1 U) was injected into
the AP of mice under ether anesthesia. As shown in
Fig. 7blood glucose levels were immediately reduced
by the injection of the insulin suspension. However, the
blood glucose levels of all mice rose above 300 mg/dl
w in

F sus-
p
s ra-
t SO
c t the
m

ithin 8 h. In addition, injection of 0.15 U of insul

ig. 7. Profiles of blood glucose levels after injection of insulin
ension or implantation of CS gel beads retaining insulin. (�) Insulin
uspension; (©) 1% CS7B; (�) 2% CS9B. CS gel beads prepa
ive condition: sodium acetate buffer concentration, 0.1 M; Cu4
oncentration in preparative medium, 40 mM. Data represen
ean± S.D. (n= 4–8).
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Table 2
Pharmacodynamic parameters (blood glucose reducing effect) after injection of insulin suspension or implantation of CS gel beads retaining
insulin

AUC(0–360 h)(mg h/dl) D (%) MRT (h) Tmin (h)

Insulin suspension 2070± 750 1.0± 0.4 3.2± 0.6 2.3± 1.0
1%CS7B 24300± 4800a 11.2± 2.2a 74.3± 1.9a 24.0± 0.0
2%CS9B 97200± 20800a,b 45.0± 9.6a,b 163 ± 24a,b 140 ± 32a,b

CS gel beads preparative condition: sodium acetate buffer concentration, 0.1 M; CuSO4 concentration in preparative medium, 40 mM. Data
represent the mean± S.D. (n= 4–8).

a p< 0.05 significantly different from insulin suspension.
b p< 0.05 significantly different from CS7B gel beads.

into the AP induced hypoglycemia. In contrast, a grad-
ual decline in blood glucose levels was observed after
implantation of a single bead retaining insulin (approxi-
mately 20 U). This finding strongly suggests that there
was a release of insulin from the CS gel beads and
the activity of insulin was preserved. In addition, toler-
ance to implantation of CS gel beads containing such a
high dose of insulin indicates sustained release from the
CS gel beads. Initially, insulin was gradually released
after implantation of 1% CS7B gel beads; however,
a time-specific acceleration in biodegradation of the
1% CS7B gel beads also occurred. Some of the 1%
CS7B gel beads within the AP started degrading within
1 day and all of them had degraded within 2 days after
implantation. In addition, 2% CS9B gel beads were also
observed to cause a gradual reduction in blood glucose
levels despite the fact that insulin was scarcely released
from the CS gel beads in the in vitro condition (Fig. 5:
(�) (2%, 0.1 M)), in which the enzymatic degradation
of the CS gel beads was not observed on account of
the absence of enzymes. The 2% CS9B gel beads dis-
played a more gradual degradation as compared to the
1% CS7B gel beads. The biodegradation of 2% CS9B
gel beads continued for 2 weeks. Thus, the biodegra-
dation of CS gel beads was inhibited with the increase
in their degree of deacetylation, as observed in our pre-
vious study (Kofuji et al., 2002). In general, the in vivo
drug release from a vehicle is governed by the diffu-
sion of a drug from a vehicle and the biodegradation of
the vehicle. In a previous study (Kofuji et al., 2002), it
w drug
f e in
v tion
m d-
i hat
i s in
v am-

ined in this experiment, insulin release was strongly
governed by the biodegradation of the CS gel beads.

The pharmacodynamic parameters are summarized
in Table 2. The respective mean values of AUC of 1%
CS7B and 2% CS9B from 0 to 360 h were 12 and
47 times greater than that obtained after injection of
insulin suspension. Approximately 11 and 45% ofD
values were obtained after implantation of 1% CS7B
and 2% CS9B gel beads, respectively. Furthermore,
the respective values of MRT of 1% CS7B and 2%
CS9B were increased to 23 and 51 times that obtained
after the injection of insulin suspension. The increase
in the values ofTmin was also observed after implanta-
tion of both types of CS gel beads. These calculations
indicate that the use of the CS gel beads resulted in a
more prolonged continuous reduction in blood glucose
level than that obtained by the injection of insulin sus-
pension. Further, 2% CS9B beads, which exhibited a
slower CS biodegradation, resulted in a more prolonged
reduction in blood glucose levels than that obtained by
the use of 1% CS7B gel beads. Thus, the use of the CS
gel beads, which showed a biodegradation-dependent
drug release, resulted in a more prolonged continuous
release of insulin.

4. Conclusion

CS gel beads prepared by chelation with copper ions
were able to retain insulin and preserve its activity.
T CS
g se of
i by
t ged
c hen
C s that
e to
as demonstrated that the in vivo release rate of a
rom CS gel beads is very slow compared with th
itro diffusion rate because the amount of dissolu
edium in implantation site is little. Then, the fin

ng obtained in the in vitro experiment indicated t
nsulin was hardly diffused from the CS gel bead
ivo. Therefore, with regard to the CS gel beads ex
he use of metal ions to assist in the formation of
el beads enabled the long-term sustained relea

nsulin, since the release of insulin was controlled
he biodegradation of the CS gel beads. More prolon
ontrol of blood glucose levels could be observed w
S gel beads were prepared using a CS specie
xhibited slower CS biodegradation. The ability
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control drug release will allow the supply of required
doses of a drug and may prolong the duration of drug
activity as well as reduce the side effects of the drug.
Therefore, CS gel beads are a promising, biocompatible
and biodegradable vehicle for the delivery of peptide
and protein drugs capable of improving the stability
and their controlled release.
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Rhazi, M., Desbrìeres, J., Tolaimate, A., Rinaudo, M., Vottero,
P., Alagui, A., Meray, M.E., 2002. Influence of the nature of
the metal ions on the complexation with chitosan. Applica-
tion to the treatment of liquid waste. Eur. Polym. J. 38, 1523–
1530.

Schlick, S., 1986. Binding sites of Cu2+ in chitin chitosan. An elec-
tron spin resonance study. Macromolecules 19, 192–195.

Senel, S., Kremer, M.J., Kas, S., Wertz, P.W., Hincal, A.A., Squier,
C.A., 2000. Enhancing effect of chitosan on peptide drug delivery
across buccal mucosa. Biomaterials 21, 2067–2071.

Tengamnuay, P., Sahamethapat, A., Sailasuta, A., Mitra, A.K., 2000.
Chitosans as nasal absorption enhancers of peptides: comparison
between free amine chitosans and soluble salts. Int. J. Pharm. 197,
53–67.

T sorp-
rug

T of
18,

Y ation
icals.
ery vehicle: studies on the in vitro release of mitoxantrone
in vivo degradation of microspheres in rat muscle. Biomate
16, 769–775.

ofuji, K., Shibata, K., Murata, Y., Miyamoto, E., Kawashima,
1999. Preparation and drug retention of biodegradable chi
gel beads. Chem. Pharm. Bull. 47, 1494–1496.

ofuji, K., Ito, T., Murata, Y., Kawashima, S., 2000. The contro
release of a drug from biodegradable chitosan gel beads. C
Pharm. Bull. 48, 579–581.
hanou, M., Verhoef, J.C., Junginger, H.E., 2001. Oral drug ab
tion enhancement by chitosan and its derivatives. Adv. D
Deliv. Rev. 52, 117–126.

omihata, K., Ikada, Y., 1997. In vitro and in vivo degradation
films of chitin and its deacetylated derivatives. Biomaterials
567–575.

omota, C., Komuro, T., Kimura, T., 1990. Studies on the degrad
of chitosan films by lysozyme and release of loaded chem
Yakugaku Zasshi 110, 442–448.


	Sustained insulin release with biodegradation of chitosan gel beads prepared by copper ions
	Introduction
	Materials and methods
	Materials
	Preparation of the CS gel beads
	Determination of the amount of Cu within the CS gel beads
	Determination of the amount of insulin within the CS gel beads
	Dissolution test
	Preparation of diabetic mice
	Evaluation of the efficacy of insulin released from the CS gel beads
	Pharmacodynamic analysis
	Statistical analysis

	Results and discussion
	Preparation of the CS gel beads
	Retention of Cu within the CS gel beads
	Retention of insulin within the CS gel beads
	Release of insulin from the CS gel beads
	Evaluation of insulin activity

	Conclusion
	Acknowledgment
	References


