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The purpose of the study was to establish the physico-mechanical, digestibility, permeability and swell-
ing properties of chitosan/Kollicoat SR30D films as potential coatings for colonic drug delivery. Free films
containing different ratios of chitosan to Kollicoat SR30D were prepared by casting/solvent evaporation
method. The resultant mixed films were characterized in terms of puncture strength and elongation (%),
glass transition temperature, swellability, polymer miscibility, permeability, and digestibility under dif-
ferent media. The mixed films possessed good mechanical properties, which could be used as film-coat-
ing materials for drug delivery. The extent of digestion was directly proportional to the amount of
chitosan present within the film. No apparent miscibility was detected between the chitosan and Kolli-
coat SR30D, regardless of the film composition. The films were found to be susceptible to digestion by
bacterial or b-glucosidase enzymes in simulated colonic fluid (SCF). The SCF with rat cecal bacterial
enzymes had a more profound hydrolytic activity than that with b-glucosidase enzyme for the digestion
of chitosan within the mixed films. Overall, the results indicated that such chitosan/Kollicoat SR30D films
had potential as a coating system for drug delivery to the colon.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The colon is a potential site for targeted drug delivery. In terms
of local treatment diseases, such as ulcerative colitis, Crohn’s dis-
ease, colon cancer, and amebiasis, would benefit from targeted
drug delivery. Delivery of a drug molecule directly to its site of ac-
tion may allow a reduction in dose, and consequently a reduction
in potential systemic side effects, which are a major issue in the
treatment of these conditions [1]. Various approaches used for tar-
geting the drugs to the colon include time-, pressure- and pH-, and
enzyme-based systems [2]. Minor variation in pH between the
small intestine and the colon makes the pH-dependent systems
less specific, in terms of targeted release in the colon [3]. A major
limitation with the time-based system is that in vivo variation of
the small intestinal transit time may lead to drug release in the
small intestine or in the terminal part of the colon. Pressure-
dependent systems hold some promise, but currently little is
known about the luminal pressures of different regions of gastroin-
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testinal (GI) tract, and at present the commercial manufacturing
methods have some unresolved issues to be addressed [4]. Micro-
biota-activated delivery systems are considered to be preferable
and promising, since the abrupt increase of the bacteria population
and associated enzymatic activities in ascending colon represents a
non-continuous event independent of GI transit time and pH [5–7].
Recently, a study by McConnell et al. [8] also showed that microbi-
ally triggered drug delivery to the colon was more site-specific
than pH-responsive drug delivery. Questions concerning the in-
ter-individual variation, the influence of disease state, diet, age,
and concomitant drug administration (particularly antibiotics),
may be raised. However, an extensive growth of anaerobic micro-
organisms is observed in the colon. In contrast, the microbiota of
the upper GI tract is not as prominent, and consists mainly of aer-
obic microorganisms. These colonic microbiota produce a large
number of hydrolytic [9] as well as reductive enzymes [10] (such
as azoreductase, b-glucosidase, b-galactosidase, b-xylosidase, a-
arabinosidase, nitroreductase, azareductase, deaminase, and urea
dehydroxylase), which can potentially be utilized for colonic drug
delivery. The reductase enzyme releases other polysaccharidases
such as glucosidases; glycosidases are released by colonic microbi-
ota, which are responsible for the degradation of polysaccharides
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[11,12]. Hence, drug delivery systems based on polysaccharide can
be used for colonic drug delivery.

Chitosan (CS) is a functional linear polymer derived from chitin,
the most abundant natural polysaccharide on the earth after cellu-
lose, and it is not digested in the upper GI tract by human digestive
enzymes [13,14]. Chitosan is a copolymer consisting of 2-amino-2-
deoxy-D-glucose and 2-acetamido-2-deoxy-D-glucose units linked
with b-(1 ? 4) bonds. Chourasia and Jain’s report [15] and a recent
study by McConnell et al. [16] indicated that chitosan was suscepti-
ble to glycosidic hydrolysis by microbial enzymes in the colon since
it possesses glycosidic linkages similar to those of other enzymati-
cally depolymerised polysaccharide. The main properties favoring
the use of chitosan in various pharmaceutical preparations include
its biological inertness [17], biodegradability [18], bioadhesive prop-
erties [19], and its good film-forming properties [20,21]. Being dis-
solved in gastric acid, chitosan is not able to shield its drug load
effectively during its passage through the upper GI tract in colonic
drug delivery. An ideal approach is to modify the solubility while still
retaining its biodegradability. To overcome the problem of dissolu-
tion of chitosan in the gastric acid, many approaches have been eval-
uated with the aim to create an effective colon drug delivery system,
such as an enteric layer over the chitosan [22]. Among these ap-
proaches, the combination of water-insoluble polymers as film-
coating materials appears especially promising [23]. However, no
suitable hydrophobic polymer has been selected to combine with
chitosan as a film-coating material for colonic drug delivery until
now. The reason is that chitosan can only be dissolved in acidic con-
ditions, and most of the water-insoluble film-coating materials are
not dissolved or stable in an acidic medium (e.g., ethylcellulose,
Surelease�, Aquacoat, Eudragit� RL and RS). Other film-coating
materials, such as Eudragit� L, S and FS, will form interpolyelectro-
lyte complexes with chitosan in an aqueous medium [24–26], which
are not suitable to be utilized as film-coating materials for pellets,
tablets or other dosage forms.

Kollicoat SR30D is an aqueous dispersion composed of 27%
polyvinyl acetate (PVAc), and 2.5% povidone functions as a pore
former. With adequate plasticizing, the formed PVAc film has been
shown to possess unique physical and mechanical properties such
as enormous flexibility, rendering the film-coated pellets com-
pressible without rupture [27]. Secondly, PVAc-based matrix and
film-coated products were demonstrated to release drugs in a
pH-independent fashion [28,29]. Additionally, Kollicoat SR30D
has a lower viscosity, lower minimum film formation temperature
(18 �C) and suitable pH value (4.5) when compared to other com-
mercially available aqueous dispersions [30].

Chitosan is a weak base with a pK value of the D-glucosamine
residue of about 6.2–7.0 [31], and therefore, it is soluble in the
aqueous dispersions of PVAc. Both chitosan and Kollicoat SR30D
have a good film-forming ability. Thus, chitosan/Kollicoat SR30D
could form a good film-coating material for pellets, tablets or other
dosage forms and specifically for delivery of the drug to the colon.
To the best of our knowledge, this is the only scientific report
describing the water-insoluble polymers blended with the polysac-
charide chitosan as film-coating materials for colonic drug deliv-
ery, which have no interaction or interpolyelectrolyte between
them.

The purpose of the study was to prepare and characterize the
properties of the chitosan/kollocoatSR30D mixed films for colonic
drug delivery. The mechanical properties, digestibility properties,
permeability and swelling characteristics in simulated gastric and
intestinal media, and water vapor transmission (WVT) were evalu-
ated. Further, glass transition temperature (Tg) and thermal prop-
erties were also investigated. Differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA) and Fourier transform
infrared (FTIR) spectrometry analysis were carried out for this
purpose.
2. Materials and methods

2.1. Materials

Kollicoat SR30D was a gift from BASF (Ludwigshafen, Germany).
Chitosan (molecular weight of 45 kDa, 85% degree of deacetyla-
tion) was obtained from Luyang Chemical Co., Ltd. (Rongcheng,
China); b-glucosidase enzyme was from Yusen Bio., Ltd. (Shanghai,
China). 5-FU was obtained as a gift sample from Shijiazhuang No. 4
Pharmaceutical Co., Ltd. (ShiJiaZhuang, China). All chemicals were
of analytical grade.

2.2. Preparation of free films

Chitosan solutions (2.5 wt.%) were prepared by dissolving chito-
san in 0.5% acetic acid solution at ambient temperature with stir-
ring overnight. The pH value of the solution was adjusted to 4.0–
4.5 before use. Then, predetermined amounts of Kollicoat SR30D
were added to this solution with stirring. The following Kollicoat
SR30D (KC): chitosan (CS) blend ratios were investigated: 100:0,
90:10, 80:20, 70:30 and 60:40 (w/w). Final dispersion was stirred
by using a magnetic stirrer for 24 h and then poured into Teflon
plates. Volume of suspension was 15 ml in each plate, and subse-
quent controlled drying was done (24 h at 30–35 �C in an oven).
The films obtained were carefully removed from the substrate
and macroscopically examined for the presence of air bubbles
and cracks, transparency, and flexibility. Then, the films were cut
with a scalpel to different special pieces for various tests. The
thickness of the films was measured at five different places by
using a micrometer (Shanghai Precision Instruments Co., Ltd., Chi-
na), and the average thickness of 130–150 lm was selected.

2.3. Mechanical testing of the films

The mechanical properties of the films in the dry or wet state
were evaluated by puncture test using an Instron Model 4201 uni-
versal testing apparatus, which was described by Bodmeier and
Paeratakul [32]. A stainless puncturing probe with a spherical
end (diameter 5 mm) was driven through the dry film with a speed
of 4 mm/min. Dry or wet film specimens were positioned in the
film holder between the two mounting plates followed by tighten-
ing of the holding screws to prevent slippage of the films. The wet
films were carefully blotted to remove water from the film surface
prior to the mounting. The load at break and the maximum dis-
placement of the film samples were measured, and then converted
to puncture strength (MPa) and elongation at puncture (%). The
puncture strength and % elongation were calculated using the fol-
lowing equations:

Puncture strength ¼ F
Acs

ð1Þ

where F is the load required for puncture and Acs is the cross-sec-
tional area of the edge of the dry film located in the path of cylindri-
cal opening of the film holder (Acs = 2rd, where r is the radius of the
hole and d is the thickness of the film).

Elongation ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ D2 � r

p

r
� 100 ð2Þ

where r is the radius of the film exposed in the cylindrical hole of
the film holder and D is the displacement of the probe from the
point of contact to the point of film puncture.

2.4. Water vapor transmission test

Water vapor permeation of the free films was determined gravi-
metrically in triplicate. The permeability cups were 2.0 cm in diam-
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eter. The inside of the cup was filled with 10 ml of distilled water, and
the film was subsequently attached to the cup with a-cyanoacrylate
adhesive Super Glue (Shantou, China). The cup with the film was
then weighed and stored in a desiccator filled with silica gel. After
24, 48, 72, 96, and 120 h of storage the cups were reweighed in order
to determine the permeated amount of water (mass loss), and the
profile of mass change was plotted versus time for each free film.
WVT was calculated using the following equation [33]:

WVT ¼ g � 24
t � A

ð3Þ

where g represents mass loss, t is the time (measured in hours dur-
ing which the weight loss occurred), and A is the exposed area of the
film.

2.5. Swelling experiments

Firstly, a piece of 1 cm2 of each free film was dried in an oven at
50 �C for 24 h. Then, the dried film was accurately weighed and im-
mersed in a flask of dissolution test containing 250 ml of different
media at 37 �C. At specific intervals, the swollen sample was with-
drawn from the medium and weighed after the removal of excess
surface water by light blotting with a filter paper. During the first
10 min, intervals of sampling were 1 min. Sampling time was grad-
ually increased after this period until 3 h. The swelling behavior of
the films was calculated as follows [34]:

Is ð%Þ ¼
Ms �Mi

Mi
� 100 ð4Þ

where Is is the swelling index, Ms is the film mass after a certain
swelling period, and Mi is the dry film mass. Swelling tests were sep-
arately carried out in simulated gastric fluid (SGF), simulated intes-
tinal fluid (SIF) with pH 6.8 and also simulated colonic fluid (SCF)
with the addition of rat cecal contents (4%, w/w) [35] or b-glucosi-
dase enzyme (4%, w/w) [36] to the media with pH 6.8 or 5.0, respec-
tively. Three parallel measurements were performed in each case.

2.6. Drug permeability

Permeability of the model drug across the polymeric films was
determined in horizontal side-by-side diffusion cell (diffusion area
0.95 cm2) at 37 �C. Different experimental conditions were set up
to examine the permeability of the drug through polymer films.
The initial concentration of the drug in the donor compartment
was 12 lg/ml (saturated solution). Both the donor and acceptor
compartments were composed of SGF, SIF and SCF with rat cecal
contents (4%, w/w) or b-glucosidase enzyme (4%, w/w). The drug
concentrations in the sample were analyzed by high-performance
liquid chromatography (HPLC) assay [35].

When the stationary state was achieved, the permeability coeffi-
cientofthestudieddrugwasobtainedbythefollowingformula[37]:

2PS
V

t ¼ �In
ðCo � 2CaÞ

Co
ð5Þ

where P is the permeability coefficient, S is the surface area of the
film through which diffusion takes place, V is the volume of the
acceptor or donor compartment, t denotes time, C0 is the initial con-
centration of 5-FU in the donor compartment, and C is the concen-
tration of caffeine in the acceptor compartment. P can be calculated
from a plot of – ln (C0�2Ca)/C0 vs. time. Three parallel measure-
ments were performed in each case.

2.7. Digestion of free films

Films were cut into strips of 1 � 1 cm size, accurately weighed
and placed individually into glass dropping bottle (250 ml). In the
presence of a continuous supply of CO2, these bottles were placed
into the control PBS or simulated colonic medium with rat cecal con-
tents (8%, w/w) or b-glucosidase enzyme (8%, w/w) (40 ml medium
per bottle) and subsequently sealed with lid, and these were posi-
tioned onto a rocking platform operated at 100 rpm/min. After
24 h, the films were removed, washed thoroughly with deionised
water and dried in an oven at 50 �C overnight. The percentage film
weight loss was calculated according to the following formula [16]:

Wdð%Þ ¼
W0 �Wt

W0
� 100 ð6Þ

where Wd is % film digestion, W0 is the original weight of the film,
and Wt is the weight after time t (24 h).

2.8. Glass transition temperature

The Tg’s of the films chitosan/Kollicoat SR30D were measured by a
differential scanning calorimeter, Perkin-Elmer 7 DSC (Perkin-El-
mer, USA), with an intracooler and nitrogen purge. Each film sample
consisted of 8 mg of small discs piled into a 50 ll aluminum sample
pan with a pierced lid to allow evaporation of volatile materials and,
at the same time, to avoid sample expansion and warping of the sam-
ple pan. The sample was first heated from 0 to 200 �C at a rate of
10 �C/min, and then cooled back to 0 �C at a rate of 20 �C/min. This
step was designed to remove moderately bound moisture and sol-
vent residue so that the endotherm would not obscure the glass tran-
sition. The sample was then reheated at a rate of 10 �C/min until the
Tg passed. The Tg for each film was determined from the midpoint of a
small endothermic rise of the pre and post-transition baselines using
six parallel thermograms. The method was similar to the one de-
scribed by Okhamafe and York [38].

2.9. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of chitosan/Kollicoat SR30D was
performed using a thermogravimetric analyzer (Pyris6 TGA, Per-
kin-Elmer, USA). TGA was performed with a 7–10 mg sample in
aluminum pans under a dynamic nitrogen atmosphere. The exper-
iments were run at a heating rate of 10 �C/min.

2.10. Fourier transform infrared (FTIR) spectroscopy

About 2% (w/w) of films of chitosan/Kollicoat SR30D blend, with
respect to the potassium bromide (KBr) disc, were mixed with dry
KBr (FTIR grade, Aldrich, Germany). The mixture was ground into a
fine powder using an agate mortar before compressing into a disc.
Each disc was scanned at a resolution of 4 cm�1 over a wave num-
ber region of 400–4000 cm�1 using a FTIR spectrometer (Spectrum
100 FTIR System, Perkin-Elmer, USA) coupled to a personal com-
puter with AssureID software packages. The characteristic peaks
of IR transmission spectra were recorded.

2.11. Statistical analysis

All the experiments were done in triplicate. The results were ex-
pressed as mean ± standard deviation. One-way analysis of vari-
ance was performed to assess the significance of the differences
among the data. Tukey–Kramer post-hoc test was used to compare
the means of different treatment data. Results with p < 0.05 were
considered statistically significant.

3. Results and discussions

3.1. Mechanical properties of free films

Polymer films must be mechanically strong such that they do
not break or fracture during processing, packaging, shipping, and



Table 1
Mechanical properties of different chitosan (CS)/Kollicoat SR30D(KC) films in the dry
and wet state (data represent mean ± SD, n = 3).

Film Puncture strength, MPa Elongation, %

Dry Wet Dry Wet

Kollicoat 100% 6.34 ± 0.37 6.01 ± 0.61 186.35 ± 35.71 234.64 ± 42.35
KC:CS = 90:10 5.67 ± 0.15 5.01 ± 0.23 156.64 ± 30.50 214.32 ± 19.64
KC:CS = 80:20 5.01 ± 0.42 4.64 ± 0.33 134.35 ± 10.22 201.75 ± 31.25
KC:CS = 70:30 4.75 ± 0.31 4.51 ± 0.46 110.32 ± 24.32 196.36 ± 26.54
KC:CS = 60:40 4.67 ± 0.21 4.13 ± 0.43 98.64 ± 43.57 172.31 ± 27.68
KC:CS = 50:50 4.34 ± 0.51 3.89 ± 0.37 86.67 ± 37.35 164.35 ± 33.21
Chitosan 100% 2.07 ± 1.23 1.12 ± 0.95 52.35 ± 22.97 69.57 ± 16.46
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Fig. 1. Profiles of water vapor transmission through free films containing Kollicoat
SR30D (KC)/chitosan (CS) Error bars indicate SD (n = 3).

Table 2
Water vapor transmission of chitosan(CS)/Kollicoat SR30D(KC) films (data represent
mean ± SD, n = 3).

Formulation Mass change (mg/h) WVT (mean ± SD; n = 3, g/24 h m2)

Kollicoat SR30D 100% 1.91 ± 0.10 1.46 ± 0.08
KC:CS = 90:10 3.10 ± 0.23 2.37 ± 0.17
KC:CS = 80:20 3.21 ± 0.13 2.45 ± 0.10
KC:CS = 70:30 3.27 ± 0.25 2.50 ± 0.19
KC:CS = 60:40 3.78 ± 0.09 2.89 ± 0.07
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storage [39]. The puncture strength and elongation of dry and wet
polymeric films were determined by puncture test, and the results
are shown in Table 1. In dry state, films prepared from Kollicoat
SR30D showed a higher puncture strength and an elongation value
when compared to other aqueous colloidal polymethacrylate dis-
persions (Surelease, Aquacoat, Eudragit RL 30D and RS 30D) [32].
It meant that Kollicoat SR30D had good mechanical properties,
which was suitable to be used as film-coating materials for drug
delivery. In wet state, the puncture strength of Kollicoat SR30D
films decreased and elongation (%) increased due to the hydropho-
bic character of Kollicoat SR30D; however, the difference in the
puncture strength was not significant (P > 0.05). The hydration of
the polymer and the resulting interference of water with the inter-
chain hydrogen bonding were responsible for the decrease in punc-
ture strength and for the increase in flexibility [32].

In the case of the mixed polymeric films, there was a gradual
decrease in the puncture strength and elongation values with an
increase in the concentration of chitosan within the film. Macleod
and his coworkers [40] reported that polysaccharides pectin could
reduce ethylcellulose chain deformation capacity by affecting poly-
mer chain mobility; in addition, the presence of polysaccharides
amylose could alter the structure of the ethylcellulose films, result-
ing them to become weaker and softer [41]; these might be appli-
cable to chitosan too. Furthermore, there were investigations
which indicated that HPMC, polysaccharides amylose and pectin
appeared as isolated domains in the insoluble polymer films and
thus made the film more brittle and decreased the elongation,
thereby indicating that the two polymers were incompatible
[40–42]. Thus, it is speculated that chitosan would also be distrib-
Table 4
Permeability of different chitosan(CS)/Kollicoat SR30D(KC) films to 5-FU (data represent m

Formulation Permeability coefficients, P (�10�6 cm/s)

SGF SIF

Kollicoat SR30D = 100% 1.124 ± 0.027 1.079 ± 0.037
KC:CS = 90:10 1.519 ± 0.116 1.234 ± 0.037
KC:CS = 80:20 1.825 ± 0.267 1.343 ± 0.169
KC:CS = 70:30 2.067 ± 0.354 1.456 ± 0.467
KC:CS = 60:40 2.279 ± 0.311 1.537 ± 0.269

Table 3
Swelling index (Is) of chitosan (CS)/Kollicoat SR30D (KC) free films in SGF, SIF, and SCF in pre

Formulation Maximum swelling index (%)

SGF SIF

Kollicoat SR30D 100% 28.83 ± 1.37 26.94 ± 2.03
KC:CS = 90:10 50.35 ± 2.67 42.50 ± 3.75
KC:CS = 80:20 71.19 ± 3.75 60.99 ± 3.97
KC:CS = 70:30 88.23 ± 3.57 74.25 ± 4.29
KC:CS = 60:40 122.34 ± 6.37 95.68 ± 5.37
uted in the films as an isolated domain, which decreased the punc-
ture strength and increased the elongation values. In wet state, the
elongation (%) of the mixed films increased more rapidly than Kol-
licoat SR30D films per se. The explanation for it was that the exist-
ing of chitosan would increase the water uptake of the mixed films,
and then the water functioned as a plasticizer, which caused a de-
crease in the intermolecular forces along the polymer chains
resulting in a decrease in puncture strength, and reduction in the
brittleness of polymeric materials [32]. Although the increasing
ean ± SD, n = 3).

SCF (rat cecal contents) SCF (b-glucosidase enzyme)

1.141 ± 0.121 1.103 ± 0.101
2.015 ± 0.218 1.722 ± 0.192
2.735 ± 0.128 2.267 ± 0.137
3.328 ± 0.334 2.627 ± 0.345
4.025 ± 0.687 3.256 ± 0.675

sence of rat cecal contents or b-glucosidase enzyme (data represent mean ± SD, n = 3).

SCF (rat cecal contents) SCF (b-glucosidase enzyme)

29.03 ± 1.68 28.55 ± 1.05
57.36 ± 1.69 52.67 ± 2.01
97.18 ± 1.08 85.65 ± 3.57

114.27 ± 2.07 100.59 ± 3.28
153.08 ± 1.24 135.08 ± 1.06
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chitosan concentration within the films had an adverse effect on
the puncture strength and elongation, the mixed films still pos-
sessed good flexibility.
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Fig. 2. Permeability profiles of free films containing Kollicoat SR30D (KC)/chitosan
(CS) in control media (A) and simulated colonic contents (B, rat cecal contents; C,
b-glucosidase enzyme) for 5-FU. Error bars indicate SD (n = 3).
3.2. WVT experiments

According to Fig. 1, the rate of water vapor permeation was con-
stant for the free films containing chitosan and Kollicoat SR30D.
Table 2 lists the results of WVT experiments for all the formula-
tions. An increase in WVT was found for the following series: KC:
CS 50:50 > KC: CS 60:40 > KC: CS 70:30 > KC: CS 80:20 > KC: CS
90:10. The results demonstrated that WVT was affected by the
composition of the film. An increase in polysaccharide concentra-
tion significantly influences (P < 0.05) WVT with the addition of
chitosan. It is well known that increasing the hydrophilic nature
of a polymer membrane induces water vapor tendency, and as a re-
sult increases water vapor permeation. Chitosan has good hydro-
philic characteristics. So, the incorporation of chitosan into a
Kollicoat SR30D film would engender an increase in hydrophilicity,
and then the WVT increased.

3.3. Swelling test

The results of swelling experiments are listed in Table 3. Formu-
lations containing Kollicoat SR30D and chitosan had low swelling
index in SIF. Swelling index in SGF and SIF increased with the addi-
tion of chitosan (P < 0.05), which was due to the hygroscopic char-
acteristics of polysaccharides chitosan and the higher water uptake
of polymer. Swelling index was higher in SGF than in SIF, because
the amino-group (ANH2) in chitosan was protonated and dissolved
in acid environments. Compared with the swelling index in SIF and
SGF, swelling of the free films in SCF significantly increased with
the addition of chitosan (P < 0.05). Langer and Peppas [43] have
shown that an increase in swelling for polysaccharide materials
after degradation indicated bulk degradation. Thus, this is due to
the presence of rat cecal bacterial or b-glucosidase enzymes con-
Kollicoat SR30D

KC:CS=90:10

KC:CS=80:20

KC:CS=70:30

KC:CS=60:40

KC:CS=50:50

CS

Control -glucosidase enzyme

Rat cecal contents

0 20 40 60 80 100

Fig. 3. Percentage remaining of different Kollicoat SR30D (KC)/chitosan (CS) films
after 24 h incubation in simulated colonic fluids (b-glucosidase enzyme or rat cecal
contents) and control media. Error bars indicate SD (n = 3).
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tained in the media, which could diffuse into the polymeric chains
[5], hydrolyze the glycosidic linkages within the chitosan, and re-
duce the network density and finally increased swelling. On the
other hand, the swelling index in SCF in the presence of rat cecal
bacterial enzyme was relatively higher than that obtained in the
presence of b-glucosidase enzyme. It was reported that rat cecal
contents contained more than one bacterial enzyme (including
bacteroides, bifidobacteria and enterobacteria) that could degrade
chitosan [7,44,45]. In fact, even with simple linear one-component
polysaccharides, more than one bacterial enzyme is usually in-
volved in its degradation or breakdown [46]. It was reported that
increasing swelling index of the crosslinked chitosan film would
result in a better accessibility of the b-(1 ? 4) bonds in the colon
[16]. Thus swelling and hydration of the composite film were nec-
essary and important before enzymatic breakdown occurred. Films
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Fig. 4. (A) DSC temperatures scan for chitosan film per se. (B). DSC temperatures
scan for Kollicoat SR30D film (A) and Kollicoat SR30D /chitosan mixed films
containing 20% (w/w) chitosan (B), 30% (w/w) chitosan (C) and 40% chitosan (D).
(C). Glass transition temperatures as a function of chitosan concentration for
Kollicoat SR30D films. Error bars indicate SD (n = 3).
containing the highest concentration of the most hydrophilic poly-
saccharide reached the highest degree of swelling.

3.4. Drug permeability

The dates of permeability of the drug in different media are
shown in Table 4 and Fig. 2(A–C). The permeability of the mixed
films remained relatively very low in SGF, as well as in SIF, as long
as the concentration of the chitosan added was low, indicating that
the insolubility of the film as given by Kollicoat SR30D was main-
tained. An increase in the amount of chitosan induced an increase
in diffusion. The results of the permeability agreed with the results
of the swelling, in which an increase in the chitosan content of the
film resulted in an increase in the drug permeability. Similar to the
results of the swelling experiment, permeability in SGF was higher
than in SIF for the mixed films since the chitosan was dissolved and
leached from the mixed films in low pH conditions. Though PVAc is
a water-insoluble polymer, the drug molecules were diffused in SIF
relatively easily, since povidone exists in Kollicoat SR30D films
which functions as a pore former. Lower permeability of the mixed
films in SGF and SIF than in SCF (P < 0.05) demonstrated the sus-
ceptibility of chitosan in these films to bacterial enzymes and deg-
radation in simulated colonic media. The addition of rat bacterial
enzymes or b-glucosidase enzyme to the phosphate buffer in-
creased the rate and extent of chitosan leaching from Kollicoat
SR30D films. The leaching of the large-molecular weight chitosan
creates aqueous channels or water-filled pores that allow the diffu-
sion of the drug molecules through the film. Thus, the permeability
in SCF was higher than that in SGF and SIF.

At the 0.05 level, the population means are not significant be-
tween rat cecal bacterial enzymes and b-glucosidase enzyme; the
drug permeability of the values in SCF with rat bacterial enzymes
was higher than that obtained from SCF with b-glucosidase enzyme.
Thus, it may be concluded that rat bacterial enzymes were more
effective at diffusing into the mixed films than were b-glucosidase
enzymes, enabling bulk degradation by the bacterial enzymes.

3.5. Digestion of the free film

The influence of chitosan concentration on the digestibility of
the mixed films is shown in Fig. 3. No weight loss of the Kollicoat
SR30D film per se was observed in SCF and control medium, indi-
cating that it could not be degraded by the bacterial enzymes in the
large intestine; however, more than 80% weight loss of the chito-
san films per se was observed, which indicated that chitosan could
be digested in SCF. Thus, a greater proportion of the digested film
was observed for the blended chitosan/Kollicoat SR30D films with
Fig. 5. Thermogravimetric analysis of (a) chitosan, (b) Kollicoat SR30D, and
Kollicoat SR30D/chitosan blend (c, 8:2 ratio; d, 7:3 ratio; e, 6:4 ratio).
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a higher chitosan content. In contrast, very little weight loss, and
hence digestion, was noted in any of the free films after 24 h incu-
bation in the control buffer medium. When chitosan concentration
was only 10%, low proportion of the digested film was observed.
This was the reason that the presence of the increased levels of
insoluble polymers could lead to less accessibility to enzymatic at-
tack as the chitosan no longer forms a continuous network
throughout the film.

Similar to the results of swelling and permeability, the propor-
tion of the mixed films being digested in SCF with rat bacterial en-
zymes was higher than that obtained from SCF with b-glucosidase
enzyme due to a better accessibility of degradable bonds of chito-
san to rat cecal microbial enzymes.

3.6. Glass transition temperature

One of the most common polymer properties determined for
the amorphous polymers is the glass transition temperature (Tg).
Tg values for Kollicoat SR30D and chitosan films were 46 and
150 �C, respectively (Figs. 4A–B). The addition of chitosan to Kolli-
coat SR30D would increase the Tg of the Kollicoat SR30D films
( Fig. 4C). However, no significant increase in Tg was observed,
which indicated that chitosan in Kollicoat SR30D films was poorly
miscible [47]. Poor miscibility of chitosan in Kollicoat SR30D films
suggested that chitosan was distributed as isolated domains in the
films, and the characteristics of chitosan within the mixed films are
Fig. 6. FTIR spectra of (A) chitosan, (B) PVAc, (C) physical mixture of PVA
likely to remain unchanged. Chitosan within the mixed films
should therefore remain recognizable to cecal and colonic bacterial
enzymes as a digestion substrate. On the other hand, low Tg was
also beneficial to the film-coating process.

3.7. Thermogravimetric analysis (TGA)

Fig. 5 shows the results of thermogravimetric analysis (TGA) of
chitosan, Kollicoat SR30D and chitosan/Kollicoat SR30D-blended
films. The pure chitosan film showed the first thermal event cen-
tered at 50 �C, which was related to the evaporation of an unbound
water. The second thermal event for chitosan was observed at
about 350 �C. The initial decomposition temperature of chitosan/
Kollicoat SR30D-blended films was at about 280 �C, whereas the
initial decomposition was at about 300 �C for Kollicoat SR30D film.
Although there was no significant effect of chitosan on initial
decomposition temperature, the maximum decomposition tem-
perature of Kollicoat SR30D shifted significantly from about
425 �C to about 330 �C after the films were added with chitosan.
The wt.% loss increased with the increasing chitosan content in
the blended films. From the results shown in Fig. 5, it could be con-
cluded that the thermal stability of the blended films decreases
with an increasing chitosan content. The degradation profile of
the chitosan/Kollicoat SR30D-blended films consisted of the events
typical for Kollicoat SR30D, indicating on their immiscibility in the
blend.
c and chitosan (7:3 ratio) and (D) PVAc /chitosan blend (7:3 ratio).
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3.8. Fourier transform infrared (FTIR) spectroscopy

As seen from Fig. 6, the characteristic absorption peaks of chito-
san appeared at 3367.63, 2883.53, 1664.35, 1598.96, 1382.98 and
1091.61 cm�1, respectively, denoting stretching vibration of AOH,
ACH2A, AC@CA, ANH2 and ACAO. The characteristic absorption
peaks of Kollicoat SR30D appeared at 1739.48 and 1245.65 cm�1

corresponding to AC@OA and ACAOA stretching vibration. In
the physical mixture and blend of chitosan/Kollicoat SR30D film
spectrum, the characteristic peaks of both Kollicoat SR30D and
chitosan could be observed, and the spectrum could be regarded
as a simple superimposition of that of Kollicoat SR30D and chito-
san. It indicated that there were no significant interactions be-
tween the chitosan and Kollicoat SR30D. Although chitosan was
dissolved and ANH3+ and ANH2 would exist in pH values of 4.0–
4.5, there was no free COO� that was dissociated from PVAc. Thus,
no interaction was observed between the chitosan and Kollicoat
SR30D. Additionally, no interaction between them would make
chitosan randomly distributed throughout the structure of the
mixed films. Degrading enzymes attacking the polysaccharides
are commonly classified according to whether they cleave a sus-
ceptible glycosidic bond situated at a terminal residue in a chain
and successively release monomer units from the chain end (exo-
activity) or they depolymerize polysaccharides by an apparently
random splitting of interior glycosidic bonds (endoactivity). Thus,
no interaction between them would cause less hindrance to the
accessibility of the enzyme to the active site; the characteristics
of being digested by cecal and colonic bacterial enzymes were
not altered since the proposed hydrolysis site (the b [1,4] link)
was not affected.

4. Conclusion

The study showed that chitosan/Kollicoat SR30D films could be
successfully prepared by casting/solvent evaporation method, and
the mixed films possessed good mechanical properties which could
be used as film-coating materials for drug delivery. The examina-
tion of the FTIR, Tg and TGA properties of the mixed film revealed
that the chitosan and Kollicoat SR30D were not miscible in the
blend. The results indicated that the mixed films exhibited a higher
swelling ratio in SGF and SIF and its swellability tended to increase
in SCF. The mixed films were susceptible to rat bacterial enzymes,
and better accessible to bacterial enzymes contained in the cecal
contents than to b-glucosidase enzymes. The SCF with rat cecal
bacterial enzymes was more effective than that with b-glucosidase
enzyme for the digestion of chitosan within the films. The extent of
digestion correlated with the amount of chitosan present within
the film. The application of such chitosan/Kollicoat SR30D films
as coatings to oral dosage forms could direct solid dosage forms
to the large intestine, where the component of the polysaccharide
chitosan, incorporated into the mixed film, would be digested. This
digestion would allow the delivery of the drug(s) present in the
dosage form. Furthermore, chitosan/Kollicoat SR30D film-coated
pellets/tablets for the colonic drug delivery are currently in pro-
gress; and concerning the effect of osmotic pressure built by con-
tact with water in the core of the dosage form on the drug
release; and when a water-soluble drug is incorporated into the
coated dosage forms, the osmotic pressure may cause the (micro)
rupturing of the polymeric films, therefore further research using
in vitro experiments is needed to prove the colonic drug delivery.
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