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Abstract pH and ionic sensitive interpenetrating polymer
network (IPN) complex films based on chitosan (CS) and
carboxymethyl chitosan (CM-CS) were prepared by using
glutaraldehyde as crosslinking agent. Its structure was
characterized by FT-IR, which indicated that the IPN was
formed. The films were studied by swelling, weight loss
with time, and release of coenzyme A (CoA). It was found
that the IPN films were sensitive to pH and ionic strength of
the medium. The cumulative release rate of CoA decreased
with CoA loading content, ionic strength or crosslinking
agent increasing. The composition of the IPN films and pH
of release medium also had significant effect on the release
of CoA. The differences in the rates and amounts of
released CoA may be attributed to the swelling behavior,
the degradation of films, and interaction between drug
molecule and polymer matrix. These results suggested CS/
CM-CS IPN films could be used as drug delivery carrier.

Keywords Chitosan - Biomaterials - pH and ionic sensitive -
IPN complex films - Drug delivery systems

Introduction

New controlled drug delivery systems in response to
changes in environmental conditions, e.g., temperature
[1-3], pH [4-6], exposure to ultraviolet [7], visible
radiation [8], electric field [9, 10], and in the presence of
certain chemicals [11, 12], are being explored. Biodegrad-
able polymers have been used extensively in biomedical
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areas in the form of sutures, wound covering materials,
artificial skin, and for the controlled release of drugs [13,
14]. Natural polymers have become more and more
important for their rich resources and low costs, especially
for their unique properties, such as nontoxicity, degrad-
ability, and good biological compatibility [15]. Among
these polymers, chitosan (CS) has been receiving increasing
attention in the pharmaceutical field for a wide range of drug
delivery applications [16—19]. CS contains a large number of
hydroxyl and amino groups, and it can thus be modified by
various chemical reactions to prepare a series of CS
derivatives as nontoxic biocompatible biomaterials [20-24].

Carboxymethyl chitosan (CM-CS), a natural amphoteric
polyelectrolyte derived from CS has already been exten-
sively used in a wide range of biomedical applications, such
as wound dressings, artificial bone and skin, bacteriostatic
agent, and blood anticoagulants, due to its unique chemical,
physical, and biological properties, especially its excellent
biocompatibility [25-27]. It has also demonstrated good pH
and ion sensitivity in aqueous solution due to abundant —
COOH and —NH, groups [28].

Recently, the use of complexation of oppositely charged
macromolecules to prepare CS complexes as controlled
drug release formulations, especially for peptide and protein
drug delivery, has attracted much attention, as this process
is simple, feasible, and can usually be performed under
mild conditions [29, 30]. In these systems, it was found that
some of the polymer complexes could show pH sensitivity
and ion sensitivity due to the dissociation of two compo-
nents in the complexes. With respect to the excellent film-
forming properties of CS, many new and original film
materials have been achieved [31, 32]. Drug loaded film is
one of the applications for those films in the pharmaceutical
technology. In this paper, a series of CS/CM-CS IPN
complex films were synthesized by using glutaraldehyde as
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crosslinking agent. CS/CM-CS complex films are also
novel film materials and have not previously been reported
to be used as drug release carriers. To use these films in
several controlled release applications, it is necessary to
have an overall understanding of their properties in drug
controlled release. Thus, using coenzyme A (CoA) as a
model drug, we studied some of the influential factors,
which primarily included the component ratio of CS and
CM-CS, the loaded amount of CoA, the pH and ionic
strength of the release medium, and the crosslinking agent
on CS/CM-CS drug loaded films.

Experimental
Materials

Chitosan (CS) was obtained from Tokyo Kasei Kogyo. The
degree of deacetylation was 0.85 as measured by elemental
analysis [33]. CM-CS with 0.77 degree of substitution as
determined by potentiometric titration [34] was prepared
according to the literature method [35]. CoA was purchased
from Aldrich. Glutaraldehyde was purchased from Chem-
ical Reagent (Shanghai, China). All other chemicals used
were of analytical grade, without further purification.

Preparation of drug-loaded complex IPN films

CS/CM-CS drug-loaded films were produced by a casting/
solvent evaporation technique. CS was dissolved in a 2%
(w/v) acetic acid water solution to prepare a 4% (w/v) CS
solution, and the 4% (w/v) CM-CS solution was achieved
by dissolving CM-CS in distilled water. These two kinds of
solutions were then blended in fixed ratios, from which five
kinds of mixed solutions were obtained. The mass ratios of
CS to CM-CS of these five blended solutions were 100:0,
70:30, 50:50, 30:70, and 0:100, respectively. CoA (0.2 g)
was dissolved in 50 ml of each of these five solutions. The
solutions were thoroughly mixed by continuous stirring.
Glutaraldehyde, used as crosslinking agent, was added into
the blended solution at the amount of 0.01 mole per
glucosamine unit of CS. After adding glutaraldehyde, the
solutions were sonicated to get rid of air bubbles before
casting onto the clean dry Teflon plate at room temperature.
The films were dried in a vacuum oven for 3 days at 30 °C
to a constant weight. The thickness of the films was kept
between 25-30 mm. Thus, a series of CS/CM-CS drug-
loaded films with CoA were produced and designated as
Al, A2, A3, A4, and AS.

By the above method, 0.1 or 0.3 g CoA was dissolved in
the mixed solution of CS and CM-CS, at a mass ratio of CS
to CM-CS of 50:50, thus producing drug-loaded films B1
and B2, respectively.
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For different concentration of crosslinking agent sam-
ples, the 0.2 g CoA loaded blend films with 50% CS
content containing glutaraldehyde concentrations of 0.001,
0.05, and 0.5 mole per glucosamine unit were prepared, and
they were coded as C1, C2, and C3.

Characterization

The IPN films were immersed in pH 2.1 solution for 12 h,
and then, they were dried in vacuum oven. The IR spectra
of the vacuum-dried IPN films were recorded using KBr
pellets on AVATAR-360FT-IR at a resolution of 4 cm ™.

Swelling and degradation studies

The swelling ratio (SR) was determined by immersing the
dry IPN films in aqueous solution of the desired pH or ionic
strength in sealed containers. After regular periods of time,
they were removed from the aqueous solution, after the
removal of excess surface water with filter paper, weighed
and returned to the same container until a swollen
equilibrium was reached. The time for the IPN films to
reach equilibrium was 48 h in the tested solution. SR was
calculated from the equation SR = (W — Wy) /Wy, where
W, and Wy represented the weights of the swollen and dry
state samples, respectively. The pH of the external solution
was adjusted according to literature values [36].

The crosslinked CS/CM-CS IPN complex films were
expected to undergo degradation by the hydrolysis of the
amino/imine bonds. This process was accompanied with
macroscopic changes in the appearance of the films, including
changes in the physical mechanical properties of the poly-
meric films, deformation or structural disintegration, weight
loss, and the eventual loss of functions. Hence, hydrolytic
degradation [37] of the films (A1-A5 and C1-C3) was
studied under physiological conditions. The IPN complex
films were placed in 100 ml solution of pH 2.1 and 7.4 at
37 °C under unstirred conditions, and the hydrolytic
degradation of the films was determined by the following
equation: weightloss (%) = (W, — W;)/ W, x 100%, where
W, was an initial weight of the films and W, was a weight of
the vacuum-dried films after immersion for 72 h. In these
solutions, the concentration of NaCl was 0.01 mol/l.

In vitro drug release

The release experiments were performed in a glass
apparatus at 37 °C under unstirred conditions in acidic
(pH 2.1) and basic (pH 7.4) solution and under different
ionic strength solutions. The release medium of CoA from
the films was phosphate buffer solution (PBS, pH=7.4 or
2.1). The ionic strength of the buffer solution was carefully
adjusted to a constant level by adding an appropriate
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amount of NaCl. The films (0.1 g) containing a known
amount of CoA were added to the release medium (100 ml).
At a time interval, 1 ml sample was withdrawn and assayed
for the amount of released CoA as a function of time. The
amount of CoA released was determined by UV spectro-
photometer (UV-540, US) at 260 nm using a calibration
curve constructed from a series of CoA solution with
standard concentrations. The results were expressed as
cumulative release (amount of released CoA from the films/
all amount of loaded CoA in the films x100%). The
experiments were done in triplicate.

Results and discussion
FTIR spectrum of IPN films

The IR spectrum of CS, CM-CS, and IPN CS/CM-CS film
(sample A3) at pH 2.1 values were shown as curves a, b,
and c in Fig. 1. Curve a showed signals of non-modified CS
at 1,647 and 1,590 cm ' for the C-O stretching (amide) and
N-H bending (amine), respectively. The spectrum of CM-
CS (curve b) was similar to that of the original CS (curve
a), while a new peak appeared at 1,718 cm ', which was
assigned to the carbonyl groups on the side chains.
Compared to the IR spectrum of CS (a) and CM-CS (b),
curve ¢ had a new peak appearing around 1,635 cm '
corresponding to the formation of the C=N groups by
imine reaction between amino groups of CS with aldehydic
groups of glutaraldehyde, which demonstrated that the
crosslinking reaction occurred in the IPN films. The peak
around 1,519 cm ' was attributed to —NHJ in pH 2.1
values. In addition, curve c¢ having all the characteristic
peaks of curves a and b, the peak corresponding to —OH
and —NH, groups at around 3,418 cm ! became broader,
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Fig. 1 IR spectrum of CS (a), CM-CS (b), and sample A3 (c) at
pH 2.1 value
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indicating strong hydrogen bond formed in this polymer
system. All the above characterization showed that we
synthesized the IPN films.

Effect of crosslinking agent concentration on the SR
of the IPN films

Effect of crosslinking agent on the SR for sample A3 and
C1-C3 was shown in Table 1. It was found that the SR of
the complex films decreased with the glutaraldehyde
concentration increasing. The crosslinking density was
increased with an increase in glutaraldehyde concentration.
The hydrophilicity of the polymer network decreased, and
it was difficult for water to invade into the polymer matrix,
so the SR decreased. We can tune the glutaraldehyde
concentration to prepare IPN films with approximate SR.

Effect of different blend composition on SR at pH 2.1
and 7.4 values solution

Effect of pH on SR at 37 °C for sample A1-A5 was studied
in this experiment, and the results were shown in Fig. 2. It
was found that at pH 2.1 solution, the highest values of SR
were obtained for sample Al, and the SR of the IPN films
tended to decrease with the CS content decreasing. In basic
medium (pH=7.4), the tendency was opposite. The rule
was that the higher the CM-CS content, the higher SR was
observed. This can be explained by the electrostatic
repulsion and H-bond between the groups in the IPN
network. Generally, the swelling process of the film
involves protonation and deprotonation of amino/imine
and —COOH groups in the film and mechanical relaxation
of coiled polymeric chains. Although protonation takes
place in a very short time, the overall process is much more
complex [38]. The pKa of CS is 6.3-6.5, indicating that CS
tends to protonate in acidic solution. In an acidic medium
(pH=2.1), the amino groups of CS are protonated, resulting
in the hydrogen bonds between CS and CM-CS being
broken and the network dissociating [35]. The electrostatic
repulsion between —NH; makes the films further swell. At
alkaline medium (pH=7.4), the —COOH groups are
negatively charged, the electrostatic repulsion between —
COO" and decreasing H-bond between —COOH and —OH,
—NH, lead the film swell. So at pH 7.4 solutions, the SR of
the films increased with the CM-CS content increasing.

Effect of ionic strength on SR at different pH values
solution

Figure 3 shows SR in various aqueous NaCl concentrations
for sample A3 at 37 °C. These films were prepared with
constant amount of 0.01 mole glutaraldehyde per glucos-
amine unit of CS. In Fig. 3, it was found that as ionic
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Table 1 Influence of crosslinking agent concentration on swelling ratio and percent weight loss of the films at different pH values solution

pH Swelling ratio

Weight loss (%)*

Sample code

Sample code

Cl A3 C2 C3 Cl A3 C2 C3
2.1 20.2 13.6 12.1 8.0 35.743.0 26.4+2.7 214423 18.6£2.5
7.4 6.49 5.47 3.14 1.26 19.6+2.1 15.4£1.7 12.2+1.6 10.6£1.8

*The average value from three experiments.

strength increased, the gels shrank accordingly. The driving
force for the swelling and shrinking of film is the difference
between the concentration of free ions inside and outside
the film according to the Donnan equilibrium [39]. When
the concentration of mobile ions inside the film is lower
than that in surrounding condition, the osmotic pressure in
the surrounding causes the film to shrink; otherwise, a large
osmotic pressure inside the film causes the film to swell. As
the concentration of NaCl was increasing, the exterior
osmotic pressure increased, and interior osmotic pressure of
the IPN films was the same. The exterior osmotic pressure
was larger than that in the IPN films, so SR of the IPN films
decreased with the concentration of NaCl increasing.

Drug release study
Effect of the amount of drug loaded on CoA release

To study the effect of drug loading content on CoA release,
IPN films A3, BI, and B2 with different drug loading
content were studied. The pH 2.1 values solutions with the
same ionic strength were used as the release medium. From
Fig. 4, we can conclude that the release pattern of the
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Fig. 2 Influence of pH on SR of different blend composition samples,
acid: blank, pH 2.1; hatched, pH 7.4
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higher drug loading content film has been found to be
similar to that of the film with a lower loading content of
CoA. The cumulative release of CoA from the film is
decreased with increasing CoA loading content. However,
the total amount of CoA released is found to be more from
higher loaded film in comparison to lower loaded films.
This result agrees well with the literature [40].

Effect of composition ratio and time on CoA release
at pH 2.1 and 7.4 solutions

The effect of blend composition on CoA release at pH 2.1
and 7.4 values solution is shown in Figs. 5 and 6,
respectively. Samples A1-A5 were used in this study. It
was found that the maximum release of CoA was observed
for sample Al, and the lowest release amount of CoA was
sample AS. This could be explained by the term of swelling
behavior of the IPN films. As shown in Fig. 2, it was found
that the CS film showed the maximum SR. It is known that
for film delivery systems, the release of the drug is
controlled by the swelling behavior of the film. The
swelling of the carrier increases the aqueous solvent content
within the polymer matrix, enabling the drug to diffuse
through the swollen network into the external environment.
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Fig. 3 Influence of ionic strength on SR of sample A3 at different
concentration NaCl solution, acid: blank, pH 2.1; hatched, pH 7.4



Colloid Polym Sci (2008) 286:175-181 179

100 100
X 1 e 1 —u—A1
o 804 o 804 e A2
n n —A—A3
8 1 8 1 —v— A4
@ 60 o 60 —e—A5
o o
p ] p ]
2 40 = 40+
x ] © ]
3 S
g 20 g 20
O 1 O 4

0 0-

— T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80
Time(h)

Fig. 4 Influence of the amount of drug loaded on CoA release at

pH 2.1values solution

The pH of the release medium also has significant effect
on CoA release. As shown in Figs. 5 and 6, there is a burst
release initially for the first hour in both acidic and basic
medium, followed by an almost constant release of CoA
from the matrix for the studied period of 72 h. It is noticed
that CoA release is pH dependent. This can be explained
considering the rate of diffusion from the swollen film in
acidic and basic solution. For sample Al, A2, A3, and A4
in basic medium (pH 7.4), there is a limited swelling of the
film (see Fig. 2), which inhibits the diffusion of drug at a
faster rate as it occurs in acidic medium (pH 2.1). Initially,
the magnitude of swelling of film in acidic medium is very
high and gives rise to a significant burst effect through
uncontrolled diffusion but becomes almost constant due to
controlled diffusion at film equilibrium swelling. Sample
A5 contains more —COOH groups in the network, and SR
in alkaline condition (pH 7.4) is bigger than that in acid
solution (pH 2.1). Therefore, the release of CoA in pH 7.4
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Fig. 5 Effect of composition ratio and time on CoA release at pH 2.1
solution
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Fig. 6 Effect of composition ratio and time on CoA release at pH 7.4

solution

solution from sample A5 is bigger than that in pH 2.1
solution.

Besides the release of drug being controlled by the
swelling behavior of the carrier, drug release may also be
concerned with an erosion process. Table 2 shows the
weight losses of the IPN films under the studied conditions.
It was found that the weight loss of the films at pH 2.1
solutions was much higher than that in pH 7.4 solutions,
and the weight loss of Al to A5 in pH 2.1 solutions and A5
to Al in pH 7.4 solutions was decreased. This indicated
that drug released by an erosion process could also be
occurring in this system.

In Fig. 6, it was also found that the release of CoA from
the sample A5 (crosslinking CM-CS film) was very fast and
took the shortest time to reach equilibrium as compared
with the other samples. It may also relate to the fastest
swelling and the biggest SR in all these samples. In Fig. 6,
the cumulative release rate of CoA from all samples Al,
A2, and A3 were very low, except the limited SR in the
pH 7.4 solutions, drug—polymer interaction between CoA
and matrix may also play an important role. As CoA has
several polar groups, including a hydroxyl group, amino
group, and phosphoric group, which can interact with the
polymer matrix, so an interaction between CoA and the
polymer matrix may occur. As a result, the amount of CoA
released from the IPN films was only about 15-30%.

Effect of ionic strength on CoA release at different pH
values solution

The effect of ionic strength on CoA release was shown in
Fig. 7. Drug-loaded IPN films A3 were used in this
experiment as the release matrix. Adding appropriate
amounts of NaCl to the buffer solution with pH 2.1 and
7.4 produced the five different release medium. It was
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Table 2 Percent weight loss of

IPN CS/CM-CS films Weight ratio of CS to CM-CS Weight loss”
pH 2.1 pH 7.4
100:0 31.2+2.0 9.8+1.1
70:30 28.5+1.5 12.1+0.8
50:50 264+1.2 15.4£1.0
30:70 23.2+1.1 17.8+1.3
*The average value from three 0:100 21.0+1.1 22.7+1.4

experiments.

found that the highest amounts of CoA released from the
systems were observed at pH 2.1, and the cumulative
release rate of CoA decreased with the concentration of
NaCl increasing both at pH 2.1 and 7.4 values solution.
This was in good agreement with the results of swelling of
the IPN films shown in Fig. 3.

Effect of concentration of crosslinking agent on CoA
release

The effect of crosslinking agent concentration on CoA
release from the films was shown in Fig. 8. To study the
effect of the crosslinking concentration on CoA release,
films A3, C1-C3 were used in this study. It was found that
the amount of CoA released from the films decreased with
an increase of crosslinking concentration at pH 2.1 medi-
um. It could possibly be explained by the term of degree of
swelling (Table 1). The results revealed that the SR of the
CoA-loaded film decreased with increasing crosslinking
concentration. This was attributed to the swelling behavior
of the crosslinked network. At low concentrations of
crosslinking agent, the density of crosslinking was low,
which made the film swell extensively. While the mesh size
of the network became bigger, more CoA molecules were
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Fig. 7 Influence of ionic strength of the solution on CoA release for
sample A3, pH 2.1 (blank), pH 7.4 (hatched)
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able to penetrate to the external environment. On the other
hand, at high concentrations of crosslinking agent, the SR
was limited. Therefore, the mesh size of the network was
closer to the size of CoA, and CoA molecule had difficulty
penetrating to the external environment. In Table 1, it was
found that the degradation of the film also played an
important role in the release process. The rule was that the
lower the crosslinking concentration, the bigger weight loss
rate, and the degradation of the films accelerated CoA
release from the polymer network.

Conclusions

Biodegradable IPN complex films were successfully syn-
thesized in this paper. The swelling behavior study of the
IPN films demonstrated the pH and ionic-responsive nature
of the materials. Furthermore, the films’ composition, drug
loading content, and crosslinking agent concentration all
had relevant influence on the release property of the films.
Thus, we could control the drug release rate through
changing some influential factors of the drug-loaded films.
These results suggested that crosslinked CS/CM-CS IPN
films cloud be used as drug delivery systems.
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Fig. 8 Influence of crosslinking agent concentration on CoA release
at pH 2.1 value solution
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