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Chitosan was treated with NaBO3s under a homogeneous condition in which it was previously dissolved in
an aqueous acetic acid solution. Different molecular weight chitosan samples were obtained, depending upon
the reaction conditions, NaBOjs concentration, reaction temperature, and reaction time. The performance of
chitosan hydrogel for use in a sustained-release drug was investigated while focusing on the swelling properties
of chitosan coated on a drug. Theophylline was used as a model drug to be released. Theophylline tablets were
coated with respective chitosan samples, and then tested for the drug release rate. Each drug release obeyed
zero-order or near zero-order kinetics, due to a reservoir system comprising a saturated theophylline solution
and a chitosan hydrogel wall. The release rate of theophylline decreased with increasing the amount of coated
chitosan, which affects the permeability of the drug, and increased with decreasing the molecular weight of
coated chitosan, which affects the degree of hydration of the gel. A lag time effect was observed when higher
molecular weight chitosan was coated. These experimental results were interpreted in terms of the degree of
hydration of chitosan hydrogel and Fick’s law of diffusion.

Chitin (poly- 8(1—4)- N-acetyl- D-glucosamine) has
been regarded as being a potential resource, since it is a
useful aminopolysaccharide analogous to cellulose struc-
turally, and is naturally abundant, especially in the cu-
ticle of marine crustacean. Deacetylation of chitin by al-
kaline hydrolysis yields chitosan, which is one of the few
natural cationic polyelectrolytes. Chitin, chitosan, and
their derivatives have found a wide variety of applica-
tions in both industrial and medical fields.»? In partic-
ular, they are suitable for biomedical and pharmaceuti-
cal applications, since chitin and chitosan have bio-com-
patibilities and bio-degradabilities.>~® Furthermore,
the control of drug delivery has recently been of interest
in basic and applied fields as a new approach to achieve
improved drug therapies.”—® The author has previously
reported on the transport of alkali metal ions through
membranes made of chitosan derivatives,'°~'? and also
reported on membranes that change the permeability of
ions and low molecular weight molecules according to
stimulation, such as pH and redox reagents.!*—%)

In the present study chitosan was adopted as a coat-
ing material for drugs on account of its excellent bio-
compatibilities, membrane-forming abilities, and water
permeabilities. Chitosan was degraded by a treatment
with NaBOj3, and each degradation product was char-
acterized prior to the drug release experiment. The ef-
fects of the molecular weight, amount, and acetylation
of coated chitosan upon the sustained-release of theo-
phylline were investigated. Further, the drug release
rate could be explained in terms of the degree of hydra-
tion of chitosan hydrogel and Fick’s law of diffusion.

Experimental

Materials. Chitosan was purchased from Tokyo Kasei
Kogyo Co., Ltd., Tokyo and used after purification (Mp:
1.7x10%; degree of acetylation: 14%). Methanol, acetone,
acetic anhydride, and pyridine were distilled just before use.

The other reagents were used as received.

Degradation of Chitosan. Purified chitosan (1.5 g)
was dissolved in 5% aqueous acetic acid (60 cm?) in a round-
bottom flask; aqueous NaBQOj3 solution in a predetermined
concentration (100 cm®) was then added. After stirring for a
given time and at a given temperature, the reaction mixture
was cooled and 1 moldm~3 KOH solution was added up to
pH 10—11. The obtained precipitate was centrifuged, and
washed well with a water-methanol (1:1) mixture. Finally,
it was washed with acetone and dried under vacuum at room
temperature.

Characterization of Chitosan. The molecular weight
was determined by viscometry,'® and the degree of acetyl-
ation was determined by spectrophotometry.!” Each chi-
tosan sample with a different molecular weight was par-
tially acetylated and its water-solubility was tested accord-
ing to a method reported by Kurita et al.'® IR spectra were
recorded on a Hitachi 270-50 spectrophotometer.

Preparation of Theophylline Tablet Coated with
Chitosan.  Two w/v% solutions of untreated chitosan,
chitosan treated with 0.01 w/v% NaBOs at 30 °C, and chi-
tosan treated with 0.01 w/v% NaBOs3 at 50 °C were made
by dissolution in 5% acetic acid solutions under agitation.
The resulting solutions were allowed to filter with a sintered
glass filter. The theophylline tablets, which were made from
the theophylline powder (10 mg) in a pellet molding appa-
ratus (Hitachi PD-2, 2.5 ¢) under a vacuum at 0.6 ton (ram
area: 33.18 cm?), were dipped into these chitosan solutions
and coated. The theophylline tablets coated with chitosan
were dried at 30 °C. After washing with acetone, they were
further dried under vacuum at 40 °C for 1 d. The constancy
of the thickness of coated chitosan was checked by measur-
ing the dimensions. The acetylation of chitosan coated on a
theophylline tablet was attempted with acetic anhydride in
acetone.

Measurement of Drug Release Rate. Drug release
experiments were carried out by the rotating-basket method
in 400 cm?® of a phosphate buffer solution (pH 7.4) contain-
ing 0.9 w/v% NaCl at 37 °C. To monitor the theophylline
released at the desired intervals a programmed measure-
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ment system was used which comprised a spectrophotometer
(Hitachi U-2000) connected to a flow cell and a computer
(Fig. 1). The theophylline concentration was determined
based on the absorbance at 272 nm. After measuring the
release rate, hollow, cylindrical chitosan hydrogel that re-
mained intact was recovered. It was weighed, dried under
vacuum at 40 °C, and weighed again; these weights were
used to determine the degree of hydration.

Determination of the Diffusion Coefficient of
Theophylline. A 2 w/v% solution of chitosan was made
by dissolving in a 5% aqueous acetic acid. The resulting
solution was poured onto a clean, flat PTFE plate. The
poured chitosan solution and plate were put in an incubator
thermostated at 30 °C. The obtained chitosan membrane
was washed with acetone and dried under vacuum at 40 °C
for 1 d. The permeation of theophylline was measured at 37
°C using a diffusion cell with two chambers. Each chamber
had a volume of 25.0 cm® and an effective permeation area
of 4.0 cm®. Both chamber solutions were well-stirred. At
proper intervals, the absorbance at 272 nm of the donor and
receiver side solutions were measured and the permeability
coefficient was evaluated from Fick’s first law of diffusion.!®
The diffusion coefficient was determined by dividing the per-
meability coefficient by the degree of hydration.

Results and Discussion

Chitosan was adopted as a coating material for drugs
by considering its excellent bio-compatibilities, mem-
brane-forming abilities, and water permeabilities. Be-
cause raw chitosan contained impurities, it was purified
three times and characterized with regard to the molec-
ular weight and degree of acetylation. As a result, the
viscosity-average molecular weight was 1.7x10%, and
the degree of acetylation was 14%.

. A number of reports concerning the degradation of
chitosan are available; NaBO3 was used in this study.!?
However, degradation was not performed smoothly un-
der the heterogeneous condition in which pulverized chi-
tosan was only suspended in an aqueous NaBOj so-
lution. It was then conducted under a homogeneous
condition using aqueous acetic acid in which chitosan
had been previously dissolved. Under this homoge-
neous condition, the chitosan main chain is thought to
be cleaved randomly. Table 1 shows the dependence of
the molecular weight of the degradation products on the
reaction conditions, along with the degree of acetylation
and water-solubility of partially acetylated derivatives
at pH 8.9. Chitosan was degraded ranging in molecular
weight from 1.2x108 to 2.4x10%. It is strongly depen-
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Fig. 1. Flow diagram of a programmed sampling sys-
tem for the determination of the amount of theo-
phylline released.
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dent on the NaBOj3 concentration, reaction tempera-
ture, and reaction time. The IR spectra of the degrada-
tion products are similar to that of untreated chitosan,
except for absorption at 1710 cm~!, which is based on
the carboxyl group, as shown in Fig. 2. The absorption
at 1710 cmn~! is clearly observed in the IR spectrum of
a highly degraded product, suggesting that the chitosan
main chain is oxidatively cleaved at the acetal moiety.

As for the solubility of partially acetylated chitosan,
no water-soluble derivative was obtained from chitosan
with a molecular weight above 1x108. This is at-
tributable to the fact that high molecular weight chi-
tosan became gelled when poured into pyridine to ace-
tylate with acetic anhydride. On the contrary, chitosan
which was degraded to a molecular weight below 5x 103
was randomly acetylated up to about 50% to produce
water-soluble chitosan,?® though it was acetylated un-
der the same reaction condition as mentioned above.

Membranes were fabricated from different molecular
weight chitosan samples thus obtained, and the degree
of hydration was measured. The results are summarized
in Table 2. As can be seen, the lower was the molecu-
lar weight, the higher was the degree of hydration. It
is probable that the lower is the molecular weight, the
stronger is the electrostatic repulsion, since degraded
chitosan has a carboxyl group, as described above. In
addition, acetylation decreases the degree of hydration
of each chitosan membrane, though it is reported that
highly N-acetylated chitosan was more swollen than low
N-acetylated chitosan.?) This result can be due to a re-
duction of the hydrophilicity by acetylation of the hy-
droxyl group as well as the amino group, since in this
study acetylation was carried out in nonaqueous ace-
tone.??) Figure 3 shows the IR spectra of acetylated
chitosan derivatives. Absorption of the ester carbon-
yl group at 1740 cm~! was observed in addition to the
amide group at 1660 and 1560 cm ™! for each spectrum.
Changes in the degree of hydration of chitosan mem-
branes suggest that the permeability properties of chi-
tosan are dependent on its molecular weight and the
degree of acetylation, since the diffusion coefficient of
solute, D, is related to the degree of hydration, H, as
follows:??

1
lnD=lnDo—a(ﬁ—1). (1)

Here, Dy is the diffusion coefficient at H=1 and a is a
constant concerning the free volume, respectively.
Tanaka et al. previously reported that in a spheri-
cal gel the surface adjacent to water swells and relaxes
immediately, and inside the polymer chains are slowly
hydrated.?® The swelling of a theophylline tablet coated
with chitosan in this study may be assumed to be of a
spherical shape, since the difference in the relaxation
time between a spherical gel and a cylindrical gel of
equal length and diameter is small.? Figure 4 shows
swelling curves of theophylline tablets coated with 2.4,
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Table 1. Degradation Conditions and Properties of Degradation Products

Degradation conditions

Degree of Absorbance Acetylated derivative

1809

NaBOs Temperature Time M,  acetylation at 600 nm® Degree of Absorbance
concentration °C h % acetylation at 600 nm®
w/v% %
0.01 r.t. 1 1.2x10° 15 0.231 —b) —b)
0.01 30 1 1.1x10° 14 0.097 —b —b)
0.01 50 1 4.9x10° 15 0.075 41 0.010
0.05 50 1 3.4x10° 14 0.082 40 0.007
0.2 50 1 2.5x10° 14 0.113 43 0.009
0.5 50 1 2.2x10° 14 0.125 40 0.006
1.0 50 1 1.8x10° 16 0.147 44 0.007
2.0 50 1 1.6x10° 16 0.139 51 0.007
Sat. 50 1 6.9x10* 15 0.175 47 0.005
Sat. 50 2 3.3x10* 14 0.236 46 0.006
Sat. 50 4  2.4x10* 12 0.212 44 0.007

a) Concentrations were 0.025 w/v% at pH 8.9
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Fig. 2. IR spectra of untreated chitosan and degra-

dation products. A: Untreated chitosan, B: chitosan
treated with 0.01 w/v% NaBOg for 1 h at 30 °C, C:
chitosan treated with 0.01 w/v% NaBOs3 for 1 h at 50
°C, D: chitosan treated with 0.2 w/v% NaBQOs for 1 h
at 50 °C, E: chitosan treated with 2.0 w/v% NaBOs
for 1 h at 50 °C, F: chitosan treated with saturated
NaBO3 solution for 1 h at 50 °C.

6.6, and 8.0 mg of chitosan, respectively, in a phos-
phate buffer solution. The swelling of chitosan gel read-

. b) Sample was insoluble in aqueous acetic acid.

Table 2. Degree of Hydration of Chitosan and Ace-
tylated Chitosan

Sample code Chitosan Acetylated chitosan
A 0.78 0.69
B 0.80 0.71
C 0.82 0.65

Sample codes correspond to those in Figs. 2 and 3.

ily reaches equilibrium. Chitosan gel seems to have a
rather small relaxation time. Therefore, the relaxation
of chitosan coated on drugs is not expected to cause any
latent period of drug release.

Figures 5, 6, and 7 show the drug release profiles
of theophylline tablets coated with different molecu-
lar weight chitosan. All of the cases required a long
time to release completely, as compared to an uncoated
tablet; the larger was the amount of coated chitosan,
the longer was the complete release time. The slope of
the curve in the case of low molecular weight chitosan
is larger than that in the case of high molecular weight
chitosan. This can be due to a larger hydration degree
of low molecular weight chitosan than high molecular
weight chitosan. In addition, when untreated chitosan
was used, the lag time effect could be clearly observed.
This lag time seems to result from the low dissolution
rate of a theophylline tablet, since the relaxation of the
chitosan gel network is too rapid to govern the change
in the permeability of theophylline, as described above.

Accordingly, the flux of theophylline can be estimated
on the basis of Fick’s second law of diffusion, assuming
the diffusion coefficient of theophylline to be indepen-
dent of its concentration:

Oc d%c

5% = Pazz (2)
The internal theophylline concentration gradually in-
creases and reaches the saturated concentration (0.0108
gem™3). To simplify the discussion, we assume that
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Fig. 3. IR spectra of acetylated chitosan. A: Acetyl-

ated derivative of untreated chitosan, B: acetylated
derivative of chitosan treated with 0.01 w/v% NaBOgs
for 1 h at 30 °C, C: acetylated derivative of chitosan
treated with 0.01 w/v% NaBOg for 1 h at 50 °C.
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Fig. 4. Swelling curves of chitosan coated on theo-

phylline tablets. O: 2.5 mg, A: 6.6 mg, (: 8.0 mg.

the theophylline concentration in the internal solution
increases linearly with time as ¢;,= Kt, and remains con-
stant, ¢, =Csat, at t>tsat, Where ¢y, is the theophylline
concentration in the internal solution, K is the constant,
and t is the time, respectively. At the initial condition,
¢(z,0)=0, and the boundary conditions, ¢(0,t)=SKt
and ¢(/,t)=0 (Fig. 8), we obtain

sat) = SKG= ){t_

(0 <t < tsat) 3)
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Fig. 5. Release profiles of theophylline tablets coated
with untreated chitosan. @: Uncoated, O: 1.2 mg,
A: 3.1 mg, O0: 4.5 mg. The broken lines represent
simulation curves using ¢, =0.0108 gcm™3; the solid
lines represent simulation curves using the maximum
flux of theophylline.
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Fig. 6. Release profiles of theophylline tablets coated

with chitosan treated with 0.01 w/v% NaBOs for 1
h at 30 °C. @: Uncoated, O: 1.6 mg, A: 3.0 mg, [J:
6.0 mg. The solid lines represent simulation curves
using the maximum flux of theophylline.
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X eXp ( Dt } (tsat < t)a (4)
1=1X,
1
xX¥=_—_.
and T
Here, ¢ is the theophylline concentration in the
membrane, S the partition coefficient of theo-

phylline between the chitosan hydrogel and solution
(approximately §=H??), | the thickness of swollen
chitosan hydrogel, §y the thickness of chitosan before
swelling, and X3 the expansion coefficient of chitosan,
respectively. The flux of theophylline at the gel surface,
Jz=1, is written as follows:



June, 1993]

100 @@ - ===y —===-0 -0~ -=dy -y~ O~ D= === = smmom oo
° [¢] a
B a o
- ° A
¥
A
i o]
T
v SO
£
£
&
1 1 1
[} 10 20 30
Time / h

Fig. 7. Release profiles of theophylline tablets coated
with chitosan treated with 0.01 w/v% NaBOs for 1
h at 50 °C. @: Uncoated, O: 1.0 mg, A: 3.1 mg, [:
6.0 mg. The solid lines represent simulation curves
using the maximum flux of theophylline.
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Fig. 8. Schematic representation of the concentration
of theophylline in the membrane.
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X exp <_ "l;r Dt) } (0 < t < tsat) (5)

o) 2.2
_ DSt {1+22(_1)nexp (_%Dt)}
n=1
(tsat < t). (6)
Dy and a of Eq. 1 were experimentally estimated with
a flat membrane, according to a previously reported
method.’® As a result, Dy=4.2x107% cm?s~! and a=

2.38. Finally, the mass of theophylline released, M, is
expressed as follows:

2t ~ 60t 360D

2l4 o=} (_l)n n27r2
+D71'4 7;1 i exp | — 2 Dt
0<t<tear) (7)

ADSK {1 P & T4
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ADSCqn 22 & (=1)"

2,2
X exp (—%—Dt)} (taat < 1), (8)
and A= AoX?,

where A is the diffusion area of swollen chitosan hy-
drogel, and Ay is the inner surface area before swelling
(0.21 cm?), respectively. Therefore,

ADScqat 1 2 T4
M = t - "tsa - O~ e ——
‘ I { 5%~ 6D " 360Dtom;

2l4 © (—1)" 2,2
+ Z ( n4) €xXp (_thsat

D7I'4tsat n=1 l2

2l2 [ (_1)n n27r2
o e P\~ Db

2l2 ) (_l)n n27r2

To determine the value of K, t,: should be estimated.
When i, is large, the fourth, fifth, sixth, and seventh
terms on the right-hand side are negligible, and we ob-
tain

_ ADScsat 1 I’
Mt == f (t §tsat - 6—D) . (10)

Extrapolation of the linear plot of Eq. 10 to the inter-
cept shows the lag time, #,4, is

l2
tsat = 2 <tlag - gﬁ) . (11)

Substituting the lag time in Eq. 11 yields t,¢. Thus,
the theophylline release profile can be simulated by a
numerical method using Egs. 9 and 11. Figure 5 shows
a simulation of the theophylline release profiles in the
case of untreated chitosan. The slope of the calculated
curve is somewhat larger than that of the experimental
data. The internal theophylline concentration seems to
be greatly affected by the dissolution rate. This point
should be further investigated using another drug form
with a high dissolution rate. In Figs. 5, 6, and 7, curves
calculated from the maximum flux of theophylline are
also plotted. They are linear at the latter half of drug
release, since the internal theophylline concentrations
are supposed to be saturated and constant up to the
end of release. Experimental data are apart from the
linear plots at the latter half of drug release, particu-
larly in the case of low molecular weight chitosan. It is
suggested that in the case of low molecular weight chi-
tosan the rate-determining step is not permeation, but
the dissolution of theophylline, due to the low dissolu-
tion rate of a theophylline tablet in a calm environment
wrapped into chitosan hydrogel. Then, to decrease the
diffusion coefficient further, acetylation of coated chi-
tosan was attempted. However, the drug release rate
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and release behavior remained unchanged, since acetyl-
ation was not successfully achieved, but differed from
the membrane case.

In conclusion, chitosan hydrogel seems to be suitable
for sustained-release drug. Untreated high molecular
weight chitosan has a rather low water permeability,
and exhibits a lag time effect in drug release. On the
other hand, NaBOj-treated chitosan is highly swollen,
and has a high degree of hydration and high perme-
ability of the drug. In this case, however, dissolution
of drug is the rate-determining step, and release of the
drug does not obey zero-order kinetics. Therefore, ap-
propriately NaBOg-treated chitosan has a favorable de-
gree of hydration and a favorable permeability of the
drug; its use meets the requirement for zero-order drug
release.
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