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Abstract

The aim of this paper was to investigate the electrostatic interactions between multivalent phosphates (phosphate (Phos), pyrophosphate
(Pyro) and tripolyphosphate (TPP)) and chitosan, as well as the influence of electrostatic interactions on the properties of chitosan films
ionically cross-linked by the above mentioned phosphates. The charge number of Phos was too low to interact with chitosan, while Pyro and
TPP with more negative charges showed a significant ability to ionically cross-link chitosan. Solution pH played an important role on the
charge numbers carried by Pyro, TPP and chitosan, especially for Pyro/chitosan. For instance, at pH less than 2.0 the interaction between
Pyro and chitosan disappeared, while for TPP/chitosan even in solutions at pH less than 0.5 it still existed. Media pH and ionic strength also
had a significant influence on the properties of cross-linked chitosan film with multivalent phosphates. Usually these films swelled and drug
was released quickly in acidic conditions (such as in simulated gastric fluid) while under neutral conditions (such as in simulated intestinal
fluid) they remained in a shrinkage state and drug was released slowly. Compared to TPP/chitosan films, Pyro/chitosan films exhibited much
better pH-sensitive swelling and controlled release properties due to their relatively weak electrostatic interaction. The same reasoning was
used to explain the significant acceleration of Pyro/chitosan film swelling and model drug release observed on adding sodium chloride. These

films may be promising for site-specific drug delivery in the stomach. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chitosan with excellent biodegradable and biocompatible
characteristics is a naturally occurring polysaccharide. Due
to its unique polymeric cationic character, gel and film
forming properties, chitosan has been extensively examined
in the pharmaceutical industry for its potential use in the
development of drug delivery systems [1-3].

Up to now, drug delivery formulations based on chitosan
(such as films, beads, microspheres, etc.) were usually
prepared by chemical cross-linking with glutaraldehyde,
etc. [2,4,5]. These formulations were exploited for oral
sustained drug delivery in the stomach due to their excellent
pH-sensitivity, as well as for intragastric-floating that was
used to prolong the retention of the formulations in the
stomach [6-9]. To improve the pH-sensitive performance,
blended chitosan films were prepared. For example, poly-
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ethylene oxide/chitosan film was reported to have excellent
pH-sensitivity [9-11].

However, the chemical cross-linking agents possibly
induce toxicity and other undesirable effects. To overcome
this disadvantage, reversible physical cross-linking by elec-
trostatic interactions was recently applied in the formulation
preparation [2,12]. Polyanions were used as components to
prepare chitosan films. For example, Yao et al. [13] reported
the preparation of pectin/chitosan films by dissolving this
polyelectrolyte complex in formic acid. Chu et al. [14]
prepared xanthan/chitosan complex films in the presence
of concentrated sodium chloride (ca. 0.5 M) and followed
by treatment at high temperature.

Compared to polyanions, the use of low molecular weight
anions to cross-link chitosan was found to be much simpler
and milder. For instance, polyphosphate only binds on the
surface of chitosan droplets [15], while tripolyphosphate
(TPP) can diffuse into chitosan droplets or films freely to
form ionically cross-linked chitosan beads or films [15-22].
Furthermore, strengthened TPP/chitosan beads and micro-
spheres were also prepared by developed procedures in our
laboratory using simple and mild conditions [23,24].
However, up to now very few types of anions were used
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to prepare chitosan formulations. Besides TPP and sulfate
[24-26], only citrate/chitosan films have been made utiliz-
ing the electrostatic interactions between citrate and chito-
san as reported by our laboratory recently [27]. These films
exhibited excellent pH-dependent controlled drug release
and are promising for stomach-specific drug delivery.

The properties of ionically cross-linked chitosan films
were seriously influenced by the electrostatic interactions
between anions and chitosan. Though TPP/chitosan
matrices have been widely used in the pharmaceutical
industry, the influence of the TPP/chitosan interaction on
the formulation properties has still not been clarified. And
as a result, some different phenomena have been reported
[15-17].

In this paper, we aimed to prepare cross-linked chitosan
films using other multivalent phosphates, i.e. phosphate
(Phos), pyrophosphate (Pyro) and TPP. The electrostatic
interactions of those phosphates with chitosan were inves-
tigated in view of the difference in their molecular struc-
tures, and the influence of electrostatic interactions on the
controlled drug release properties of these films was also
examined.

2. Materials and methods
2.1. Materials

Chitosan was obtained from Tianbao Chitosan Co. Ltd.
(Ningbao, China), and refined twice according to the litera-
ture [27]. The degree of deacetylation was 86% (evaluated
method referring to Ref. [28]); Mv was 460,000 (obtained
from viscosity measurements and the Mark—Houwink rela-
tionship [29]). Riboflavin (Mw 376.37) was purchased from
Aldrich (Milwaukee, USA). Coomassie brilliant blue R250
(BB, Mw 825) was purchased from Fluka A.G. (Switzer-
land) and used after sieving (less than 50 wm). Sodium
tripolyphosphate, sodium pyrophosphate and sodium phos-
phate (analytical grade) and other reagents were all
commercially available and used as received.

2.2. Turbidimetric titration

The interactions of Phos, Pyro and TPP with chitosan
were investigated by turbidimetric titration according to
the reported method [30,31]. Solutions of 1.0 g/l Phos
(Pyro or TPP) and 0.2 g/l chitosan were prepared at pH
1.5 (except for TPP/chitosan at pH 0.5). Titrant (0.01-0.2
M NaOH) was delivered by a microburette into the solution
with gentle stirring at 20 £ 0.2 °C, and pH was monitored
by a digital pH meter with a precision of =0.01. When the
pH of mixed solutions reached ca. 8.5, titrant (0.01-0.2 M
HCI) was added with a microburette to titrate back. Changes
in turbidity were monitored at 420 nm with a UV-Vis spec-
trophotometer and reported as 100 — %T which is linearly
proportional to the true turbidity for 7> 0.9. The time
interval between turbidity measurements was ca. 2 min.

2.3. Potentiometric titration

Potentiometric titration was performed according to the
method reported by Ikeda et al. [32] to evaluate the pH-
dependent ionization degree of chitosan. A 0.1% (w/v) chit-
osan solution was neutralized by adding 0.1 M NaOH at
20 + 0.2 °C with a microburette in a nitrogen atmosphere,
and the solution pH was monitored by a digital pH meter
with a precision of £0.01.

The pH-dependent charge numbers of TPP, Pyro and
Phos were calculated according to the reported pK, as
follows: TPP: pK; = 1, pK, = 2, pK3 = 2.79, pK,; = 6.47
and pKs = 9.24; Pyro: pK; = 1.52, pK, =2.36, pK; =
6.60 and pK, = 9.25; Phos: pK; = 2.12, pK, = 7.20 and
pK; = 12.36 [33].

2.4. Preparation of cross-linked chitosan films

Chitosan films were produced by a casting/solvent
evaporation technique. Chitosan solutions (4.0%, w/v)
containing model drug (BB or riboflavin 1.0% w/v) were
prepared by dissolving chitosan and model drug (or disper-
sing) in 4.0% (w/v) acetic acid. Then 40 ml of the above
solutions were sonicated, left to stand until the disappear-
ance of trapped air bubbles, and poured on a glass plate
(casting area: 10 X 10 cm?). The films were dried for 48 h
in an oven at 37 °C, then further dried under vacuum at room
temperature to constant weight. The dried films were cut
into 2 X 2 cm? test sections, and the thickness of drug loaded
films was determined to be ca. 100 pm.

Cross-linked chitosan films were prepared by soaking the
chitosan films (ca. 50 mg) in aqueous solution of TPP (or
Pyro, or Phos) (100 ml) at 4 °C. The cross-linking conditions
were: 1.0-10.0% (w/v) TPP (or Pyro or Phos); solution pH:
5.0-7.0; cross-linking time: 5 min to 4 h. The cross-linked
chitosan films formed were then washed with distilled
water, put on a glass plate and oven-dried at 37 °C for 48
h, and then dried under vacuum at room temperature to
constant weight.

The model drug loss during the cross-linking process was
determined by measuring the UV-Vis absorption, 590 nm
for BB, 444 nm for riboflavin. Usually more than 95% of the
model drug remained in the films.

2.5. Morphology observation

The surface and cross-sectional morphologies of cross-
linked chitosan films were examined using scanning elec-
tron microscopy (SEM, S-590, HITACHI). Cross-sectional
samples were prepared by fracturing films in liquid nitro-
gen. Prior to observation, samples were mounted on metal
grids, using double-sided adhesive tape, and coated by gold
under vacuum before observation.

2.6. Swelling ratio measurements

Cross-linked chitosan films (ca. 50 mg) were suspended
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in glass bottles containing 250 ml different media, and incu-
bated on a shaking water-bath at 37 °C, 50 rev./min. At the
appropriate time point, the films were taken out, the excess
water was carefully removed with filter paper from the film
surface, and the films were then weighed immediately. The
swelling ratio was calculated as W/W,, where W, was the
film weight at time # and W, was the film initial weight. The
media for swelling studies were described as follows. The
buffered solutions were HCI (pH 1.0, 1.5 and 2.0), 10 mM
acetic acid-sodium acetate (pH 3.5, 4.5 and 5.5), and 10 mM
Tris buffered solution (pH 6.5, 7.4, 8.5 and 9.5), and the
ionic strength of the above buffered solutions was carefully
adjusted to 0.145 M by adding an appropriate amount
sodium chloride. The sodium chloride solutions with differ-
ent concentrations (0, 0.9, 1.8, 3.6 and 5.0% w/v), and
enzyme free simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) (USP XXII) were also used for the test.

2.7. Drug release studies

The model drug release from chitosan films was
performed under the same conditions described in swelling
studies. At the appropriate time point, 4 ml solutions were
withdrawn and the drug content was determined by measur-
ing the UV-Vis absorption at 444 nm for riboflavin and 590
nm for BB. An equal volume of the same dissolution
medium was added to maintain a constant volume. In
some cases, chitosan leaching from the films was monitored
by the phenolic-sulfuric acid color reaction [34,35].

3. Results and discussion
3.1. The interaction between anions and chitosan

The electrostatic interactions between anions and chito-
san had an important influence on the properties of ionically
cross-linked chitosan. Though TPP/chitosan matrices have
been used in the pharmaceutical industry for many years, to
our knowledge little information concerning the interaction
between TPP and chitosan has been reported. Therefore, the
electrostatic interactions of TPP, Pyro and Phos with chit-
osan were investigated.

Sufficient charge numbers (or density) are necessary for
anions to cross-link chitosan by electrostatic force. TPP,
Pyro and Phos are multivalent anions with a similar struc-
ture and they carry a maximum of five, four and three nega-
tive charges, respectively. On the other hand, chitosan used
in our experiment is a weak polybase with a maximum of
thousands of positive charges (Fig. 1). However, the charge
number of the anions and chitosan are all mainly controlled
by solution pH (Fig. 2). With the decrease of solution pH
from neutral to acidic condition, the charge numbers of TPP,
Pyro and Phos all decreased accordingly. At the same solu-
tion pH, the charge numbers of anions were ranked in the
order TPP, Pyro and Phos. For example, at pH 4.0 the charge
numbers of TPP, Pyro and Phos were ca. 2.8, 2.2 and 0.99,
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Fig. 1. The structure of Phos, Pyro, TPP and chitosan.

respectively. For chitosan, the increase of solution pH (espe-
cially near the pK, of chitosan 6.3 [36]) resulted in the
decrease of the ionization degree of amine groups greatly,
and at pH higher than 7.5 less than 10% of the amine groups
were ionized (Fig. 2).

The difference in the molecular structure of TPP, Pyro
and Phos affected their interactions with chitosan signifi-
cantly. The turbidimetric titration of Phos/chitosan solution
revealed that obvious turbidity occurred only in neutral and
basic conditions (pH >7.0), which was caused by the poor
solubility of chitosan at this pH region. It indicated that the
charge number of Phos was too low to cross-link chitosan
through salt bonds.

On the other hand, obvious turbidity changes of TPP/
chitosan and Pyro/chitosan solutions were observed during
turbidimetric titration (Fig. 3), which was in accordance
with the pH-dependent charge number of TPP (or Pyro)
and chitosan (Fig. 2). In the low pH range (< ca. 1.2 for
TPP/chitosan and < ca. 3.2 for Pyro/chitosan), the solutions
were optically clear because of the low charge number of
TPP and Pyro. However, with pH increased to a certain
value (pHy, where phase separation had taken place, ca.
1.4 for TPP/chitosan solution and ca. 4.0 for Pyro/chitosan
solution), turbidity increased greatly and solutions began to
separate into two phases. It could be attributed to the signif-
icant charges of TPP, Pyros and chitosan in these pH
regions, and electrostatic interactions were strong enough
to cause the precipitation of TPP/chitosan and Pyro/chitosan
complexes. Further increase of solution pH over ca. 6.3 led
to the greatly decreased charge density of chitosan, and
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Fig. 2. The pH-dependent charge number of Phos, Pyro and TPP, and the
degree of ionization of chitosan.
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Fig. 3. The turbidity titration curves of Pyro/chitosan (square symbol
curves) (a) and TPP/chitosan (triplicate symbol curves) (b) solutions at
420 nm (1.0 g/l Pyro or TPP, 0.2 g/ chitosan). The solutions were first
titrated from low pH to high pH (solid symbol curves), and then titrated
back from high pH to low pH (open symbol curves). The line curves are the
turbidity titration curves of 0.2 g/1 chitosan alone: solid line: from low pH to
high pH; block line: from high pH to low pH.

hence a decrease in turbidity of both TPP/chitosan and Pyro/
chitosan solutions. However, the poor solubility of chitosan
in neutral and basic conditions interrupted the investigation
of electrostatic interaction, and there was still significant
turbidity even at solution pH higher than 8.0 where the
ionization degree of chitosan was extremely low (less than
0.05) (Fig. 2) and the electrostatic interactions between
anion and chitosan possibly absent.

However, the turbidity changes during turbidimetric
processes exhibited some irreversible characteristics, i.e.
once the complex precipitation occurred they could not be
dissociated at the pHy, and significant turbidity was still
observed at the pH region below pH,,. The critical solution
pH where complex precipitation dissociated was defined as
pHd,' (ca. 2.0 for Pyro/chitosan and less than 0.5 for TPP/
chitosan) (Fig. 3). Under the same conditions, a similar
result was also obtained in the case of citrate/chitosan solu-
tion, but it was not as serious as Pyro/chitosan and TPP/
chitosan solution. The pH gap between pHgand pH¢’ for
citrate/chitosan solution was only ca. 0.8 while it was ca.
2.0 for Pyro/chitosan and TPP/chitosan complexes could not
even dissociate in our experiments. We thought the high
charge density of Pyro and TPP was responsible for their

larger pH gaps between complexes formed and dissociated
[37].

Besides solution pH, ionic strength also played an impor-
tant role in electrostatic interactions. Fig. 4 shows the results
of turbidimetric titration with the co-existence of different
NaCl concentrations. Salt weakened the electrostatic inter-
action between Pyro and chitosan greatly. With the NaCl
concentration increasing from 0 to 0.15 M, pH, also
increased from ca. 4.0 to 5.2, and with 0.30 M NaCl the
turbidity change of Pyro/chitosan solution was similar to
that caused by the precipitation of chitosan alone and pH,,
moved to ca. 7.0 (Fig. 4a). As for TPP/chitosan solution, the
shielding effect of salt on electrostatic cross-linking was
much less. With NaCl concentrations of 0, 0.15, 0.30, and
0.60 M, the pHy, was ca. 1.2, 3.1, 3.9, and 4.4, and even with
NaCl concentrations as high as 1.0 M, electrostatic interac-
tion still could not be shielded (pH,, ca. 5.0) (Fig. 4b).

3.2. Morphology of anion cross-linked chitosan films

This was similar to citrate cross-linked chitosan films, the
bottom surface of Pyro/chitosan and TPP/chitosan films was
very smooth while the upper surface was relatively rough,
which was in accordance with the morphology of chitosan
films before cross-linking [27]. Pyro and TPP concentration,
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Fig. 4. The influence of NaCl concentration on the turbidity titration of
Pyro/chitosan (a) and TPP/chitosan (b) solutions at 420 nm (1.0 g/l Pyro or
TPP, 0.2 g/l chitosan).
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pH and cross-linking time had little effect on the surface
morphology of films. The cross-section of the Pyro/chitosan
and TPP/chitosan films was integral and dense (data not
shown).

However, the incorporation of model drugs in chitosan
films resulted in a significant change of the surface and
cross-section morphologies. For example, large pores were
observed on both the bottom and upper surfaces of ribofla-
vin loaded chitosan films, and the cross-section was very
loose while that of the blank chitosan films was quite dense
(Fig. 5a,b). This porous structure of drug loaded chitosan
film certainly facilitated the diffusion of Pyro and TPP into
the inside of films and seriously affected film properties.

3.3. Swelling and drug controlled release properties

3.3.1. pH-sensitivity

From Figs. 2 and 3, it could be seen that the degree of
ionization of Pyro, TPP and chitosan was mainly controlled
by solution pH, and the electrostatic interaction between
anions and chitosan was greatly influenced by solution
pH; hence Pyro/chitosan and TPP/chitosan films should
exhibit pH-dependent swelling, which is shown in Fig. 6.
In the case of Pyro/chitosan film, at pH 5.5 and 6.5, the
swelling ratio was very low (1.8-2.2) due to the significant
electrostatic attraction between Pyro and chitosan. The
decrease of pH weakened salt bonds and therefore facili-
tated film swelling (swelling ratio 2.9 at pH 4.5 and 4.0 at
pH 3.5). Moreover, when pH was less than 2.0, Pyro/chit-
osan film swelled more significantly and usually dissociated
within 24 h because very weak ionic cross-linking was
observed in this pH region as revealed by turbidimetric

(b)

Fig. 5. The cross-section morphology of chitosan films: (a) loaded with riboflavin (ca. 25% w/w); (b) blank.

titration (Fig. 3). On the other hand, the increase of pH
over 6.5 also should weaken salt bonds, and result in a larger
swelling ratio. However, at pH 7.4, 8.5 and 9.5 the films
were kept in a shrunken state (swelling ratio ca. 1.8-1.9). It
was reported that the swelling of polyelectrolyte complex
films (such as pectin/chitosan film) under weakly basic
conditions (pH 8-10) was very significant [13], mainly
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= 3.5
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Fig. 6. The equilibrium swelling ratio of riboflavin (ca. 25% w/w) loaded
Pyro/chitosan film and TPP/chitosan film in buffered solution with the same
ionic strength (0.145 M) at 37 °C (n = 3). The films were prepared with
5.0% (w/v) sodium pyrophosphate or tripolyphosphate (pH 5.0) and a
cross-linking time of 1.0 h. pH 1.0, 1.5 and 2.0 (HCI); pH 3.5, 4.5 and
5.5 (10 mM acetic acid-sodium acetate buffer); pH 6.5, 7.4, 8.5 and 9.5 (10
mM Tris-buffered solution).
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Fig. 7. The release of BB from Pyro/chitosan film (a) and TPP/chitosan film
(b) in buffered solution with the same ionic strength (0.145 M) at 37 °C
(n = 3). The films were prepared with 1.0% (w/v) sodium pyrophosphate or
sodium tripolyphosphate (pH 7.0) and a cross-linking time of 1.0 h. pH 1.0,
1.5 and 2.0 (HCI); pH 3.5, 4.5 and 5.5 (10 mM acetic acid-sodium acetate
buffer); pH 6.5, 7.4, 8.5 and 9.5 (10 mM Tris-buffered solution).

resulting from the dissociation of ionic cross-linking and the
repulsion between negative charged carboxylic groups. But
in our experiments, the dissociated Pyro at pH 8.5 or 9.5
may diffuse out from the films freely and no repulsive inter-
action between negatively charged groups existed inside the
films, as well as other factors such as the hydrogen-bonding
between amine groups of chitosan, attributed to the shrink-
age of films in this pH region. Similar results have also been
observed in the case of citrate cross-linked chitosan films
[27].

TPP/chitosan films exhibited similar pH-sensitive swel-
ling, but the swelling ratio was much smaller than that of
Pyro/chitosan films and the stability in acidic condition was
also much better because of the greater charge number of
TPP and hence the increased ability to interact with chitosan
(Fig. 6). Even when incubated in media with pH as low as
1.5, TPP/chitosan film still retained its integrity for more
than 48 h (swelling ratio ca. 2.8), but at pH 1.0 the equili-
brium swelling ratio of TPP/chitosan film could not be
determined due to the serious and rapid degradation of chit-
osan [38].

Cross-linking time and anion concentration had an effect
on the film swelling, and generally the prolongation of
cross-linking time and the increase of anion concentration
resulted in the decrease of the film swelling ratio. Chitosan

film morphology also played an important role on the film
swelling. Under the same conditions the swelling ratio of
drug loaded films was less than that of blank film because
the former had a porous structure that facilitated the diffu-
sion of anions into the inside of film to form more cross-
linking sites.

Fig. 7a,b shows the release of BB with poor water solu-
bility from Pyro and TPP cross-linked chitosan films in
buffered solution with different pH at the same ionic
strength (0.145 M), respectively. In the case of Pyro/chito-
san film, at pH 1.0 and 1.5, the films dissociated quickly (BB
release percent higher than 80% in 12 h), while at pH 2.0,
the release of BB was less than 50% in 12 h due to the
relatively weak electrostatic attractive force between Pyro
and chitosan (Fig. 3), and at pH 3.5, 4.5, 5.5, 6.5 and 7.5
little BB was released (Fig. 7a). As for TPP/chitosan film,
only at pH 1.0 did significant release of BB occur and the
release percentage in 24 h was less than 40% (Fig. 7b).

The leaching of chitosan from anion cross-linked chito-
san films also exhibited pH-sensitivity (data not shown),
which was in accordance with the pH-dependent BB release
(Fig. 7a,b). These results were in accordance with the char-
acteristics of electrostatic interaction between anions and
chitosan (Fig. 3), i.e. little chitosan leached due to the elec-
trostatic attractive force between anion and chitosan.

Fig. 8 shows the release of riboflavin from chitosan films
in SIF and SGF. The model drug release from Pyro/chitosan
exhibited excellent pH-sensitivity, and the drug release in
SGF was much faster than in SIF (in SGF riboflavin released
completely within 5 h while the release percent in SIF in 24
h was only ca. 23%). However, the pH-sensitive release of
riboflavin from TPP/chitosan film was poor, and the release
percentage in 24 h in SGF and SIF was ca. 40 and 20%,

100
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Fig. 8. The release curves of riboflavin in SGF and SIF from Pyro or TPP
cross-linked chitosan films at 37 °C (n = 3). The films were prepared with
5.0% (w/v) sodium pyrophosphate or sodium tripolyphosphate (pH 5.0) and
a cross-linking time of 1.0 h.
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respectively. This result was in accordance with our
previous discussion (Fig. 3).

However, some authors have reported that TPP/chitosan
matrices possessed much better pH-sensitivity than that
observed in our experiments [16]. We thought this disagree-
ment might be caused by the incomplete cross-linking of the
films. Turbidimetric titration had revealed that in SGF the
ionic cross-linking between TPP and chitosan could not
dissociate (Fig. 3) and therefore completely cross-linked
TPP/chitosan film should have excellent stability in SGF.
The result in Fig. 9 was in accordance with the above discus-
sion. The prolongation of the cross-linking time greatly
decreased the riboflavin release in SGF. With cross-linking
times of 5, 10, 15, 30 and 60 min, the riboflavin release
percentage in 24 h in SGF was 97, 86, 69, 51 and 40%,
while in SIF under the same conditions the release percen-
tage was always ca. 20-25%. Furthermore, with the same
cross-linking time, the increase of TPP concentration from
1.0 to 10.0 (w/v) improved the stability of TPP/chitosan film
in SGF because of the more rapid diffusion of TPP into the
film. These results indicated that with more cross-linked
sites formed (i.e. prolongation of cross-linking time or the
increase of TPP concentration) the pH-sensitivity of TPP/
chitosan weakened.

3.3.2. lonic strength effect

In turbidimetric titration, a shielding effect of salt on the
electrostatic force had been observed (Fig. 4). Fig. 10a,b
shows the influence of the sodium chloride concentration
on the swelling of Pyro/chitosan and TPP/chitosan films,
respectively. In accordance with the results of the turbidi-
metric titration (Fig. 4), more significant swelling occurred
in higher concentrations of sodium chloride solution, espe-
cially in the case of Pyro/chitosan film. However, the
increase of the NaCl concentration over 1.8% (w/v) caused
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Fig. 9. The influence of cross-linking time on the riboflavin release from
TPP cross-linked chitosan films in SGF at 37 °C (n = 3). The films were
prepared with 5.0% (w/v) sodium tripolyphosphate, pH 5.0.
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Fig. 10. The swelling curves of Pyro (a) and TPP (b) cross-linked chitosan
films in different concentration NaCl solutions at 37 °C (n = 4). The films
were prepared with 5.0% (w/v) sodium pyrophosphate or sodium tripoly-
phosphate (pH 5.0) and a cross-linking time of 1.0 h.

the decrease of the swelling ratio of Pyro/chitosan film, and
in 24 h with sodium chloride concentrations of 0, 0.9, 1.8,
3.6 and 5.0% (w/v) the swelling ratio was 1.5, 2.9, 7.2, 3.1
and 2.4, respectively (Fig. 10a). This retardation by the salt
of the film swelling was possibly related to the decrease of
osmotic pressure inside the film with the increase of the salt
concentration [39]. A similar phenomenon was observed in
the case of sulfate and citrate cross-linked chitosan film
(unpublished data). However, in the case of TPP/chitosan
film this did not occur, which may be related to the stronger
electrostatic interaction of TPP for chitosan, and the shield-
ing effect and the osmotic effect of the salt on film swelling
were compensated mutually. In agreement with that, the
acceleration by salt of the swelling ratio of TPP/chitosan
film was very slight, and in 24 h with sodium chloride
concentrations of 0, 0.9, 1.8, 3.6 and 5.0% (w/v) the swel-
ling ratio was 1.5, 1.8, 2.0, 2.1 and 2.1, respectively (Fig.
10b).

The model drug release from Pyro/chitosan and TPP/chit-
osan film also exhibited ionic strength-response similar to
film swelling behavior (Fig. 11a,b). In 24 h with sodium
chloride concentrations of 0, 0.9, 1.8, 3.6 and 5.0% (w/v)
the riboflavin release percent from Pyro/chitosan film was
14.7, 29.2, 41.7, 28.3 and 25.5%, respectively (Fig. 11a),
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Fig. 11. The release curves of riboflavin from Pyro (a) and TPP (b) cross-
linked chitosan films in different concentration NaCl solutions at 37 °C
(n = 4). The films were prepared with 5.0% (w/v) sodium pyrophosphate
or sodium tripolyphosphate (pH 5.0) and a cross-linking time of 1.0 h.

while in the case of TPP/chitosan film under the same condi-
tions, the value was 13.4, 16.3, 19.5, 21.7 and 26.4% (Fig.
11b).

4. Conclusions

The molecular structure of multivalent phosphate
strongly influenced the interactions with chitosan by salt
bonds. The greater number of negative charges of TPP
and Pyro resulted in their greater ability to ionically cross-
link chitosan, while a weakly electrostatic attractive inter-
action between Phos and chitosan was observed. Solution
pH played an important role in the charge numbers carried
by TPP, Pyro and chitosan, and hence affected their electro-
static interactions, especially in the case of Pyro/chitosan.
TPP and Pyro cross-linked chitosan films were prepared by
dipping chitosan films into TPP or Pyro solution. In agree-
ment with the electrostatic interaction between anions and
chitosan, solution pH and ionic strength significantly influ-
ence the film properties. These films swelled and drug was
released quickly in acidic conditions (such as in SGF) while
under neutral conditions (such as in SIF) they remained in a

shrunken state and drug was released slowly. Compared to
TPP/chitosan, Pyro/chitosan films exhibited much better
pH-sensitive swelling and drug controlled release properties
due to their relatively weak interactions. The same explana-
tion also accounted for the more significant acceleration
effect of sodium chloride on Pyro/chitosan film swelling
and drug release. These films are promising for use in
site-specific drug delivery in the stomach.

Acknowledgements

This work was supported by The National Natural
Science Foundation of China.

References

[1] K.D. Yao, T. Peng, Y.J. Yin, M.X. Xu, Microcapsules/microspheres
related to chitosan, JMS-Rev. Macromol. Chem. Phys. C35 (1995)
155-180.

[2] L. Illum, Chitosan and its use as a pharmaceutical excipient, Pharm.
Res. 15 (1998) 1326-1331.

[3] O. Felt, P. Buri, R. Gurny, Chitosan: a unique polysaccharide for drug
delivery, Drug Dev. Ind. Pharm. 24 (1998) 979-993.

[4] S. Nakatsuka, A.L. Andrady, Permeability of vitamin B-12 in chito-
san membranes: effect of cross-linking and blending with poly(vinyl
alcohol) on permeability, J. Appl. Polym. Sci. 44 (1992) 17-28.

[5] D. Thacharodi, K.P. Rao, Propranolol hydrochloride release behavior
of cross-linked chitosan membranes, J. Chem. Tech. Biotechnol. 58
(1993) 177-181.

[6] K. Inouye, Y. Machida, T. Sannan, T. Nagai, Buoyant sustained
release tablets based on chitosan, Drug Design Del. 2 (1988) 165-175.

[7] T. Chandy, C.P. Sharma, Chitosan matrix for oral sustained delivery
of ampicillin, Biomaterials 14 (1993) 939-944.

[8] K.C. Gupta, M.N.V. Ravi Kumar, Drug release behaviors of beads
and microgranules of chitosan, Biomaterials 21 (2000) 1115-1119.

[9] V.R. Patel, M.M. Amiji, Preparation and characterization of freeze-
dried chitosan—poly(ethylene oxide) hydrogels for site-specific anti-
biotic delivery in the stomach, Pharm. Res. 13 (1996) 588-593.

[10] K.D. Yao, T. Peng, M.F.A. Goosen, J.M. Min, Y.Y. He, pH-sensitiv-
ity of hydrogel based on complex forming chitosan: polyether inter-
penetrating polymer network, J. Appl. Polym. Sci. 48 (1993) 343—
354.

[11] N. Angelova, N. Manolova, I. Rashkov, V. Maximova, S. Bogdanova,
A. Domard, Preparation and properties of modified chitosan films for
drug release, J. Bioact. Compat. Polym. 10 (1995) 285-298.

[12] S. Dumitriu, E. Chornet, Inclusion and release of proteins from poly-
saccharide-based polyion complexes, Adv. Drug Del. Rev. 31 (1998)
223-246.

[13] K.D. Yao,J. Liu, G.X. Cheng, X.D. Lu, H.L. Tu, Swelling behavior of
pectin/chitosan complex films, J. Appl. Polym. Sci. 60 (1996) 279—
283.

[14] C.-H. Chu, T. Sakiyama, T. Yano, pH-sensitive swelling of a poly-
electrolyte complex gel prepared from xanthan and chitosan, Biosci.
Biotech. Biochem. 59 (1995) 717-719.

[15] F.-L. Mi, S.-S. Shyu, T.-B. Wong, S.-F. Jang, S.T. Lee, K.T. Lu,
Chitosan—polyelectrolyte complexation for the preparation of gel
beads and controlled release of anticancer drug. I. Effect of phosphor-
ous polyelectrolyte complex and enzymatic hydrolysis of polymer, J.
Appl. Polym. Sci. 74 (1999) 1868-1879.

[16] C. Remuiian-Lopez, R. Bodmeier, Mechanical, water uptake and
permeability properties of cross-linked chitosan glutamate and algi-
nate films, J. Control. Release 44 (1997) 215-225.



X.Z. Shu, K.J. Zhu / European Journal of Pharmaceutics and Biopharmaceutics 54 (2002) 235-243 243

[17] S. Shirashi, T. Imai, M. Otagiri, Controlled release of indomethacin
by chitosan-polyelectrolyte complex: optimization and in vivo/in
vitro evaluation, J. Control. Release 25 (1993) 217-225.

[18] C. Aral, J. Akbuga, Alternative approach to the preparation of chit-
osan beads, Int. J. Pharm. 168 (1998) 9-15.

[19] Z. Aydin, J. Akbuga, Chitosan beads for the delivery of salmon calci-
tonin: preparation and characteristics, Int. J. Pharm. 131 (1996) 101—
103.

[20] R. Bodmeier, K.H. Oh, Y. Pramar, Preparation and evaluation of
drug-containing chitosan beads, Drug Dev. Ind. Pharm. 15 (1989)
1475-1494.

[21] A.D. Sezer, J. Akbuga, Controlled release of piroxicam from chitosan
beads, Int. J. Pharm. 121 (1995) 113-116.

[22] Y. Kawashima, T. Handa, H. Takenaka, S.Y. Lin, Y. Ando, Novel
method for the preparation of controlled-release theophylline gran-
ules coated with a polyelectrolyte complex of sodium polyphosphate-
chitosan, J. Pharm. Sci. 74 (1985) 264-268.

[23] X.Z. Shu, K.J. Zhu, A novel approach to prepare tripolyphosphate/
chitosan complex beads for controlled release drug delivery, Int. J.
Pharm. 201 (2000) 51-58.

[24] X.Z. Shu, K.J. Zhu, Chitosan/gelatin microspheres prepared by modi-
fied emulsification and ionotropic gelation, J. Microencapsulation 18
(2001) 237-245.

[25] P. Calvo, C. Remunan-Lopez, J.L. Vila-Jata, M.J. Alonso, Chitosan
and chitosan:ethylene oxide-propylene oxide block copolymer nano-
particles as novel carriers for protein and vaccines, Pharm. Res. 14
(1997) 1431-1436.

[26] A. Berthold, K. Cremer, J. Kreuter, Preparation and characterization
of chitosan microspheres as drug carrier for prednisolone sodium
phosphate as model for anti-inflammatory drugs, J. Control. Release
39 (1996) 17-25.

[27] X.Z. Shu, K.J. Zhu, W.H. Song, Novel pH-sensitive citrate cross-
linked chitosan film for controlled drug release, Int. J. Pharm. 212
(2001) 19-28.

[28] E. Curotto, F. Aros, Quantitative determination of chitosan and the
percentage of free amino groups, Anal. Biochem. 211 (1993) 240-
241.

[29] W. Wang, S.Q. Bo, S.Q. Li, W. Qing, Determination of the Mark-
Houwink equation for chitosans with different degrees of deacetyla-
tion, Int. J. Biol. Macromol. 13 (1991) 281-285.

[30] J.M. Park, B.B. Muhoberac, P.L. Dubin, J. Xia, Effects of protein
charge heterogeneity in protein-polyelectrolyte complexation, Macro-
molecules 25 (1992) 290-295.

[31] K.W. Mattison, 1.J. Brittain, P.L. Dubin, Protein-polyelectrolyte
phase boundaries, Biotechnol. Prog. 11 (1995) 632-637.

[32] S. Ikeda, H. Kumagai, T. Sakiyama, C.-H. Chu, K. Nakamura,
Method for analyzing pH-sensitive swelling of amphoteric hydrogels
— application to a polyelectrolyte complex gel prepared from xanthan
and chitosan, Biosci. Biotech. Biochem. 59 (1995) 1422-1427.

[33] J.A. Dean (Ed.), Lange’s Handbook of Chemistry 13th Edition,
McGraw-Hill, New York, 1972, pp. 5-16-5-17.

[34] M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith, Colori-
metric method for determination of sugars and related substances,
Analyst. Chem. 28 (1956) 350-356.

[35] B. Thu, P. Bruheim, T. Espevik, O. Smidsrgd, P. Soon-Shiong, G.
Skjék-Brak, Alginate polycation microcapsules II. Some functional
properties, Biomaterials 17 (1997) 1069-1079.

[36] M. Yalpani, L.D. Hall, Some chemical and analytical aspects of poly-
saccharide modification. 3. Formation of branched-chain, soluble
chitosan derivatives, Macromolecules 17 (1984) 272-279.

[37] E. Tsuchida, K. Abe, Interactions between macromolecules in solu-
tion and intermacromolecular complexes, Adv. Polym. Sci. 145
(1982) 77-84.

[38] M. Hesagawa, A. Isogai, F. Onabe, Preparation of low-molecular-
weight chitosan using phosphoric acid, Carbohydr. Polym. (20)
(1993) 279-283.

[39] Y.-L. Yin, R.K. Prudhomme, Donnan equilibrium of mobile ions in
polyelectrolyte gels, Polym. Prepr. (32) (1992) 507-508.



