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The study of the physicochemical and functional properties of chitosan films cross-linked with genipin
and poly(N-vinyl-2-pyrrolidone) (PVP) was performed in this work. Cross-linked films were prepared by
casting method from acetic acid solutions. The structure and physical properties of the films were ana-
lyzed by infrared spectroscopy (FT-IR), nuclear magnetic resonance spectroscopy ('>*C NMR), differential
scanning calorimetry (DSC) and mechanical testings. Propranolol hydrochloride was used like a model
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Cross-linking compared with the degree of cross-linking, mechanical properties and swelling index.

Genipin There was an appropriate balance of hydrophilicity, mechanical properties and diffusion by the incor-

Poly(N-vinyl-2-pyrrolidone) poration of PVP into the networks cross-linked with genipin. The combination of both cross-linkers allows

Films obtaining a soft and tough material potentially applicable as a controlled release. This research represents
the first report where both cross-linkers, chemical and ionic agents, are used for obtaining films.

These studies suggest that the chitosan films prepared here are promising drug delivery systems for

buccal application, with thermal stability and acceptable mechanical properties. Buccal films may be

preferred in terms of flexibility and comfort.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Natural polymers represent a promising alternative as
biodegradable and renewable materials. Chitosan has recently
attracted much attention from researchers worldwide [1-5]. It
is soluble in aqueous acidic media because of amino groups; its
viscous solutions can be used to produce gels in various forms, e.g.
beads, membranes, coatings and fibers [6-9].

Chitosan has been used in a broad range of applications in the
fields of food, agriculture, water and waste treatment, cosmet-
ics, material science, biotechnology, drugs and biopharmaceuticals,
and more recently in gene therapy [10,11]. In addition, it is one of
the materials mostly studied for drug delivery. It has been used
for its good biocompatibility, film-forming availability, biodegrad-
ability to harmless products, non-toxicity, physiological inertness
and hydrophilicity [12-14]. The biodegradability [ 15] and bioadhe-
sivity [16] of chitosan are useful properties in formulations of oral
drug delivery devices. The positive charge of chitosan generated
under physiological conditions was found to be responsible for its
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enhanced bioadhesivity and site-specific applications in controlled
delivery systems [17-20].

However, it is necessary to obtain cross-linked chitosan to
improve the mechanical properties and get a material with poten-
tial applications in controlled release of drugs. Biodegradable
polymers such as chitosan need to be cross-linked in order to mod-
ulate their general properties and last long enough to be used in
drug delivery [21]. Modification of chitosan through its blending
and cross-linking with other polymers is convenient and effec-
tive for improving its physical properties in practical applications.
Various reagents, including glutaraldehyde and epoxy compounds,
have been used as cross-linkers for chitosan [22-26]. The most
common synthetic chemicals used as cross-linking reagents are
glutaraldehyde, formaldehyde and dialdehyde starch [27-31].
However, most of these cross-linking agents are chemically syn-
thesized and subject to the problems caused by physiological
toxicity. Other cross-linkers such as genipin [9,32,33], glyoxal
[34-36], and polymers such as poly(N-vinyl-2-pyrrolidone) (PVP)
[35] have been used for their possible applications in the biomedical
field.

The use of genipin as a cross-linking agent gave rise to improve-
ments in the mechanical properties and stability of films in water
[9,37]. Genipin [38,39] is a particularly non-toxic cross-linker and
an effective naturally occurring cross-linking agent which can react
spontaneously with amino acids or proteins to form dark blue pig-
ments [40-42].
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Usually, covalent cross-linking exhibits good mechanical prop-
erties, but covalently cross-linked hydrogels would not necessarily
be the best choice. Ionically cross-linked chitosan hydrogels offer
more possibilities as drug delivery systems compared to covalently
cross-linked hydrogels.

Blend films of chitosan and other polymers which improve its
mechanical properties have been shown to be suitable for medi-
cal purposes. Chitosan and poly(ethylene oxide) (PEO) blends have
been reported to be used in the preparation of membranes for
haemodialysis [43] and semi-IPNs for pH-sensitive drug delivery
[44]. In some cases, chitosan/PEO blend films were unstable since
they partly dissolved in distilled water after having been immersed
for some time. Blend films of PVP and chitosan may be used as a
biomaterial for biomedical applications [45]. PVP is an ionic cross-
linker which forms hydrogen bonds between amino and hydroxyl
groups. In addition, it has been demonstrated that the addition of
PVP was beneficial for the thermal stability of chitosan; however,
it proved to have lessened strength performance [46]. Therefore,
these blend films are limited in use and application. Much research
has then been conducted to overcome such undesirable properties
by the cross-linking method [47]. In order to obtain cross-linked
chitosan hydrogels, some instances of applied genipin and PVP have
beenreported [48].Generally, in medical and pharmaceutical appli-
cations, chitosan is used as a component in hydrogels. The study of
hydrogels composed of chitosan alone has proved to be somewhat
limited by their poor tensile strength, poor elasticity due to their
intrinsic chain rigidity, and lack of an efficient drug delivery control.
Yet, cross-linked chitosan films could be applied in the biomedi-
cal area, for example as buccal drug delivery. Buccal films may be
preferred in terms of flexibility and comfort; they can also circum-
vent the relatively short residence time of oral gels on the mucosa,
since gels are easily washed away and removed by saliva. More-
over, the films are able to protect the wound surface, reducing pain
and helping to treat oral diseases more effectively [49].

However, chitosan film has not yet been largely investigated as
buccal drug delivery. Ideally, buccal films should be flexible, elastic,
soft but strong enough to withstand breakage caused by stress from
mouth activities.

The aims of this study were to synthesize cross-linked chi-
tosan as potential buccal drug delivery agents; they also involved
evaluating the effects of physical and chemical cross-linking of chi-
tosan films in the mechanical properties, index and rate of swelling
in water, and controlled release of the products obtained. Hence,
chemical structure, swelling studies, thermal analysis and mechan-
ical properties of the films yielded were researched.

The highlights in this research relate to the fact that it repre-
sents the first report where both cross-linkers, chemical and ionic
agents, are used for obtaining films. In this study, the synthesis and
properties of cross-linked chitosan films with different amounts of
PVP and genipin cross-linker agents were studied. In addition, pro-
pranolol hydrochloride was used as the model drug to determine
the behavior of drug release from these films.

2. Experimental
2.1. Reagents

The following chemicals were purchased and used: low molec-
ular weight chitosan (Ch) (Aldrich); genipin (Gen) 98% (Wako);
propranolol hydrochloride (PH) 99% (Aldrich); amine-acetic acid
98% (Anedra); ninhydrin (Anedra); sodium phosphate dibasic
anhydrous (p.a. Cicarelli); sodium phosphate monobasic monohy-
drate (p.a. Cicarelli); poly vinyl pyrrolidone (PVP) (Todo Droga);
sodium hydroxide beads (p.a. Cicarelli); glacial acetic acid analytical

grade (Anedra). Solvents: absolute ethyl alcohol (Anedra); acetone
(Taurus); milli-Q water.

2.2. Preparation and characterization of cross-linked chitosan
films

Cross-linked chitosan films with different ratios of genipin were
prepared. The ratios of genipin/chitosan studied were 0.10, 1.00,
and 3.25%, w/w, and a constant proportion of PVP/chitosan (18%,
w/w) was used.

All chitosan films were prepared by the casting method: around
1 g of chitosan were added to 45 mL of acetic acid (1.5%, v/v) and
homogenized for 24 h at room temperature. Afterwards, different
volumes of a genipin solution prepared in purified water (0.5%, w/v)
were added to the chitosan solutions. After 2 h of stirring at room
temperature, the solutions started to turn light blue and became
increasingly viscous. They were immediately cast into Petri dishes
(9 cm diameter) and dried to constant weight at room temperature.
After 1 day, the cross-linked chitosan films became dark blue.

Cross-linked films with genipin and PVP were also prepared
according to the above description. After adding the genipin solu-
tion, the corresponding mass of PVP (PVP/chitosan 18%, w/w) was
added to the corresponding mixture under constant stirring. The
films were carefully removed from the Petri dishes and analyzed by
IR and '3C NMR spectroscopy. They were also characterized by dif-
ferential scanning calorimetry, mechanical properties and swelling
studies. IR spectra were recorded on a Nicolet 5-SXC spectrometer,
and Nuclear Magnetic Resonance Spectra (NMR) were obtained in
CDCl3 or D50 using a Bruker 400 MHz NMR.

Chitosan-propranolol hydrochloride-loaded films were subse-
quently produced following the previously described steps. The
model drug was added to the corresponding mixtures under con-
stant stirring. Finally, the dried films were washed with water and
ethanol to remove excess drugs. The films prepared were condi-
tioned during 48 h at 25°C and 45% relative humidity (RH) before
measuring their properties.

2.3. Ninhydrin assay

Ninhydrin-based monitoring systems are among the most
widely used for the quantitative determination of the amino acid
content of proteins. Ninhydrin reacts with primary amines to form
a colored complex known as Ruhemann’s purple [50]. This reac-
tion can also be used to measure the amount of free primary amino
groups attached to an insoluble support.

The ninhydrin solution in ethanol (0.02 M) was freshly pre-
pared on the day of the assays. For each assay, 1 mL of reagent
was added to 0.002 g of the cross-linked chitosan films in a glass
tube with 3 mL of water, and the mixtures were heated in boiling
water for 10 min to allow the reaction to proceed. The absorbance of
each solution was measured in a UV spectrophotometer (Shimadzu
AEU-210) at 570 nm. The calibration curve was made using known
amounts of glycine. The molar extinction coefficient calculated was
4233.62M-Tcm™1.

2.4. Swelling studies

The water sorption capacity of the cross-linked chitosan films
was determined by swelling the films in buffer of pH 7 at room
temperature. A known weight (200 mg) of each film was placed
in the medium for 7 h, which is the appropriate dosage time. The
swollen films were collected at different times, after having been
superficially dried with tissue paper and weighed immediately on
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Table 1
Quantities used for the film preparation and cross-linking percentages obtained.

Film Ch(g) PVP (g) Genipin 0.5% p/v (mL) Cross-linking (%)
Ch-PVP 18% 0.8185 0.1405 - 93.17
Ch-Gen 0.10% 1.0034 - 0.2 34.12
Ch-Gen 1.00% 1.0014 - 2.0 58.36
Ch-Gen 3.25% 1.0028 - 6.6 66.47
Ch-Gen 0.10%-PVP 18% 0.8034 0.1465 0.2 44.33
Ch-Gen 1.00%-PVP 18% 0.7969 0.1445 1.6 66.37
Ch-Gen 3.25%-PVP 18% 0.8080 0.1430 52 78.95

an analytical balance. The percentage swelling (Esw ) of the chitosan
cross-linked films in the medium was calculated using Eq. (1):
W,

Esw = WZ (1)
where W, denotes the weight of the cross-linked chitosan films
at equilibrium swelling, and W, is the initial weight of the cross-
linked chitosan films. Each swelling experiment was repeated
twice, and the average value was taken as the Egy, value.

2.5. Thermal analysis

Differential scanning calorimetry or DSC measurements were
taken using a Mettler Toledo DSC 823E (Facultad de Ciencias
Agropecuarias, UNC) on samples with a mass of about 2 mg, at a
heating rate of 10°Cmin~!, and at a testing temperature ranging
from 40 to 360°C.

2.6. Mechanical properties

Tensile strength and elongation at break were determined from
the stress-strain curves for each sample (16 x 67 mm) according
to ASTM D882-02. An Instron Universal Testing Machine (model
3342, Norwood, MA, USA) equipped with a 500 N capacity cell was
used with an initial grip separation of 35 mm and crosshead speed
of 0.1 mms~!. Each mechanical testing was performed in triplicate.

2.7. Invitro release

Drug-loaded films (50 mg, 10%, w/w)with a similar exposed area
(1cm?) were soaked within a suitable volume (50 mL) of a disso-
lution medium (phosphate buffer solution, PBS) in glass vessels.
These vessels were incubated at 37°C with magnetic stirring at
100rpm by 7 h. At appropriate time intervals, 2 mL of the solution
were withdrawn from the glass vessels and the amount of pro-
pranolol hydrochloride released from the drug-loaded films was
evaluated by UV spectrophotometry at 289 nm. An equal volume
(2mL) of the same dissolution medium was added back to keep
a constant volume. The medium for the controlled release studies
was a typical pH 7 phosphate buffer solution (PBS).

Experimental points were next approximated with
Korsmeyer-Peppas and Gallagher-Corrigan models that have
the following equations, respectively,

fr=axth (2)

fe = fmax x (1 — ehx ) + (fmax —fv)

X(ekzxt—kz Xtmax/‘l + ekzxt—kz xtmax) (3)

where f; is the fraction of drug released in t time; a is a constant
incorporating structural and geometric dosage form; nis therelease
exponent indicating the drug release mechanism; fmax is the max-
imum fraction of drug released during process; f;, is the fraction
of drug released during first stage — the burst effect; k; is the first
order kinetic constant [h — 1] (1st stage of release); k; is the kinetic

constant for second stage of release process — matrix degradation;
and tmax is the time to maximum drug release rate.

In each case, maximum drug concentration in release medium
was achieved within 7 h. Thus the scope of approximation was
limited to the values of time in the range of (0-7h). Correlation
coefficient R? was chosen to define the approximation accuracy of
an individual model. Acceptable correlation was achieved when R?
values were equal to 0.970 or higher [51].

2.8. Statistical analysis

Data for each test were statistically analyzed. The analysis of
variance (ANOVA) was used to evaluate the significance in the dif-
ference between means. Turkey test was used for comparing mean
values. Differences between means were considered significant
when p < 0.05.

3. Results

3.1. Preparation and characterization of cross-linked chitosan

film

Cross-linked films were prepared using chitosan as the base
matrix and genipin and PVP as cross-linkers (Fig. 1). The films were
prepared using different ratios of genipin/chitosan (Ch-Gen) and
PVP (Ch-Gen-PVP). Genipin is known to cross-link only chemically
the amino groups of the chitosan chains [41] and PVP is physically
entangled in the chitosan network.

Table 1 shows the variation in the degree of cross-linking at
different ratios of genipin to chitosan (film Ch-Gen 0.10%, Ch-Gen
1.00%, Ch-Gen 3.25%) and the degree of cross-linking at a constant
concentration of PVP (film Ch-Gen 0.10%-PVP, Ch-Gen 1.00%-PVP;
Ch-Gen 3.25%-PVP).

Native chitosan (85% degree of deacetylation) was employed as
blank and the degree of cross-linking (DC) of samples was calcu-
lated following Eq. (4):

[(NHN reactive)ges, — (NHN reactive)gyeq]
X

DC = i
(NHN reactive)gesh

100 (4)
where “fresh” is the mole fraction of free NH, in the non-cross-
linked sample and “fixed” is the mole fraction of free NH, remaining
in cross-linked samples. Three samples of each type of films were
evaluated.

It can be observed that DC increases with an increasing con-
centration of genipin. The same behavior was also described in the
literature for isolated soy protein film [37]. The addition of PVP
to the chitosan-genipin films again increased the degree of cross-
linking, because of the ease of formation of the hydrogen bridge
between the two polymers. The cross-linked chitosan-genipin
films are colored in different shades of blue, depending on their
degree of cross-linking (Fig. 2). This change in color results from
the formation of cross-linked chitosan derivatives by the reaction
of genipin with primary amines of chitosan. The dark blue colored
films are those (Ch-Gen-3.25% and Ch-Gen 3.25%-PVP) whose
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Fig. 1. Reaction scheme between Ch (a) and Gen (c); Ch and PVP (b) and Ch, Gen and PVP.

cross-linking densities were the highest on the basis of ninhidryn
assays.

FT-IR spectra of cross-linked films were recorded (Fig. 3A and
B).

After the cross-linking reaction, the signal corresponding to
the ester group of genipin disappeared, whereas the amide band
at 1640cm~! appeared, thus suggesting that the carboxymethyl

group of genipin reacted with the amino groups of chitosan to
form a secondary amide. For films prepared in higher concentra-
tions of genipin, adsorption was observed to relatively increase at
1640 cm~! while it decreased at 1567 cm~! [52,8].

Two wide bands can be seen in the IR spectrum in Fig. 3B. At
1653 cm~! the C=0 stretching vibration of PVP overlaps with the
band corresponding to the C=0 vibration of the amide group of the
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Fig. 2. Photographs of the cross-linked films: Ch-Gen 0.1% (A), Ch-Gen 1% (B),
Ch-Gen 3.25%(C)and Ch-Gen 0.1%-PVP (D), Ch-Gen 1%-PVP (E), Ch-Gen 3.25%-PVP
(F).

product. At 1559cm~! there is also an overlapping between the
H—N—H vibration of chitosan and the band corresponding to the
N—H vibration of the amide group.

Fig. 4 shows the 13C NMR spectrum of Ch-Gen-0.10% cross-
linked film swollen in D,0. 13C NMR signals of original chitosan
are reported in the literature [52].

At 23.0ppm the resonance signal of alkyl group or ali-
cyclic hydrocarbons in the cross-linked chitosan network would
be attributed to the Ch-Gen linkage. The resonance signal at
170.5 ppm, ascribed to the ester group of genipin, disappeared in
the film spectrum. The resonance which appeared at 181.3 ppm
could be attributed to the amide group from the reaction between
the amino groups of chitosan and the ester groups of genipin. The
upfield chemical shift of chitosan C-1 at 99.3 ppm could result from
the ring current of heterocyclic aromatics bound to C-2 [52].

3.2. Swelling studies
Fig. 5(A and B) depicts the degree of film swelling in buffer
phosphate pH 7.0.

Maximum swelling was reached with formulations containing
a low proportion of genipin. The addition of PVP reduced slightly
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Fig. 4. '>C NMR spectrum of Ch-Gen-0.10% cross-linked film recorded in D,0.

the extent of film swelling. Such behavior from chitosan/PVP films
may be explained by the fact that strong intermolecular inter-
actions between chitosan and PVP molecules result in shorter
intermolecular distances forming a more compact network. The
effect produced by genipin was clearly seen. These results were
consistent with those of the cross-linking degree. Cross-linked
networks are more rigid and less expandable. In addition, the
swelling rate was faster for Ch-Gen-PVP films than for Ch-Gen
films. For instance, Ch-Gen-PVP films achieved maximum/plateau
in swelling at approximately 2 min, while chitosan-genipin films
did so at about 10 min. PVP is physically entangled in the chitosan
network but is more hydrophilic than genipin.

The swelling state of the polymer was reported to be crucial for
its bioadhesive behavior [41,37]. Adhesion occurs shortly after the
beginning of swelling but will increase with the degree of hydra-
tion up to a point where overhydration leads to disentanglement
at the polymeric/tissue interface. Genipin—-PVP combination could
be right for preventing overhydration of the films.

3.3. Thermal analysis

Thermal behavior of the films was analyzed by differential scan-
ning calorimetry (DSC). Chitosan, genipin and PVP possess polar
groups, thus water is adsorbed onto the polymers while hydrogen
bonds are formed. A weak exothermic peak in DSC at around 80°C
corresponds to the loss of adsorbed water and volatile compounds
in the films [53,54]. In addition, DSC shows an exothermic peak at
around 160°C representing the most important loss of absorbed
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Fig. 3. FT-IR spectra of cross-linked films. Ch-Gen 3.25% (A) and Ch-Gen 3.25%-PVP (B).
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Fig. 5. Swelling studies of cross-linked films in buffer phosphate pH 6.7. Ch-Gen (A)
and Ch-Gen-PVP (B).

water temperature of polymeric materials. The onset tempera-
ture of films thermo-oxidative degradation is observed at around
300°C. These peaks have been reported in other studies [55] as
degradations, including saccharide rings, dehydratation, depoly-
merisation and decomposition, and deacetylated and acetylated
chitosan units. Fig. 6 compares all decomposition temperatures; it
can be seen that the modification of chitosan with genipin and PVP
slightly increased the stability of the films relative to pure chitosan
(Table 2).

3.4. Mechanical properties

In addition to the important parameter of mucoadhesion
strength and residence time of buccal films, the mechanical prop-
erties play a crucial role in the physical integrity of the dosage form.
Several values can be obtained from a regular stress-strain curve;
however, the tensile strength and the elongation at break prove
most relevant to the study of buccal films. Desired mechanical
properties will vary depending on the formulation goals.

Table 2
Differential scanning calorimetry (DSC) measurements for cross-linked films.
Film Peak temperature (°C)
Ch 289
Ch-Gen 0.1% 286
Ch-PVP 18% 290
Ch-Gen 0.1%-PVP 295

1.0
0.8+
0.6+
0.4
- Ch-Gen 0.1%
- Ch-Gen 1.0%
- 4+ Ch-Gen 3.25%
Ch-Gen 0.1%-PVP
- Ch-Gen 1.0%-PVP
Ch-Gen 3.25%-PVP
0.0 T T T 1
0 2 4 6 8

Time (h)

Fig. 6. In vitro release of propranolol hydrochloride from cross-linked films in pH
7.0 buffer phosphate approximated with Gallagher-Corrigan models (-).

A soft and tough polymer is characterized by a moderate tensile
strength and elongation at break. Its condition is suggested for a
suitable buccal film.

As shown in Table 3, the mechanical performance of films
changed with the cross-linking presence. The Ch-PVP 18% film
showed same fracture stress and elongation that control film
(chitosan without cross-linker). The cross-linked films with small
amounts of Gen (0.1% and 1%) were ductile-like and the tensile
strength and elongation at break became higher than those of the
control film.

Moreover, the addition of PVP to genipin-containing films
resulted in a decrease of the elongation at break and an increase
of the tensile strength. Analyzing the elongation properties, it was
observed that the values of Ch-Gen films with small amounts of
genipin are higher than those of the control film. These values
increased with increasing genipin content, probably due to the fact
that small genipin additions break some intrinsic matrix interac-
tions forming more expansible networks.

When the amount of genipin added in cross-linked films
increased to 3.25%, a different trend was observed. The tensile
strength and elongation at break of these films drastically decrease.
In high cross-linking densities (produced by the large amount of
cross-linker) there are restrictions in the movement between the
chitosan chains and this becomes in a too brittle and fragile mate-
rial. Macroscopically, this effect could be seen as the opposite of the
plasticizers action.

Table 3
Thickness, elongation at break (%) and tensile strength (MPa) of cross-linked films.

Film Thickness (jpm) Elongation at Tensile strength
break (%) (MPa)

Ch 64.9 1.54 + 0.2€ 50.2 + 4.0°
Ch-PVP 67.2 1.76 + 0.158¢ 48.8 + 247
Ch-Gen 0.10% 54.0 2.76 + 0.124 69.4 + 548
Ch-Gen 0.10%-PVP  60.5 2.46 + 0.224 71.8 +2.28
Ch-Gen 1.00% 53.4 246 + 0324 79.9 + 2.985¢
Ch-Gen 1.00%-PVP  58.17 2.28 £ 0.1178 85.8 £ 3.7¢
Ch-Gen 3.25% 50.11 1.81 + 0.328¢ 68.5 + 6.78
Ch-Gen 3.25%-PVP  44.87 1.36 +£ 0.2€ 494 + 450

Any two means in the same column followed by the same letter are not significantly
(P> 0.05) different according to Turkey test.
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Table 4

Analysis of Korsmeyer-Peppas and Gallagher-Corrigan models parameters values for films.

Films Korsmeyer-Peppas model Gallagher-Corrigan model
n Rz fb kl fmax kZ tmax RZ

Ch-Gen 0.1% 1.15 0.992 0.72 0.44 0.83 228 1.82 0.9961
Ch-Gen 1.0% 0.62 0.963 0.16 4.03 0.63 1.55 3.21 0.9984
Ch-Gen 3.25% 0.87 0.997 0.54 0.30 0.76 235 1.46 0.9962
Ch-PVP-Gen 0.1% 230 0.745 0.71 0.48 0.95 102.9 0.50 0.9969
Ch-PVP-Gen 1.0% 0.53 0.998 0.27 0.45 0.64 135.2 1.76 0.9895
Ch-PVP-Gen 3.25% 0.62 0.992 0.29 0.27 0.83 18.0 2.97 0.9964

In the first moments of the traction test, chains should arrange
in order to provide the best possible resistance to tensile stress. If
these chains are unable to minimally arrange, the tensile strength
will be lower so the material will break.

Probably, this could be the reason why at the time of the tensile
test, the sample breaks easily observing low elongation and tensile
forces. The same behavior was described in the literature for the
elongation at break of soy protein films [37].

It is important to state that, by combining both cross-linkers, it
is possible to obtain a soft and tough material.

3.5. Invitro release

The films were loaded with 50 mg of propranolol hydrochlo-
ride, a slightly water soluble drug. Fig. 6 shows the release values
obtained.

Experimental data were firstly approximated with
Korsmeyer-Peppas and Gallagher-Corrigan models (Table 4).
Correlation coefficient RZ was chosen to define the approximation
accuracy of an individual model. Acceptable correlation was
achieved for all films, with the exception of Ch-Gen 1% and
Ch-Gen 0.1%-PVP films. Korsmeyer-Peppas model may be used to
describe the Fickian and non-Fickian release behavior of swelling-
controlled release systems which swell to a moderate equilibrium
degree of swelling and are prepared by incorporation of a drug in
a hydrophilic, initially glassy polymer. The diffusional exponent,
n, is an important indicator of the different release mechanisms
[51,56,57]. If the n value is 0.5, the release mechanism follows
Fickian diffusion (indicating diffusion-controlled drug release);
0.5<n<1 (superposition of both phenomena), the value indicates
anomalous transport mechanism; n=1 is used for case-II transport
(indicating relaxation/erosion-controlled drug release); and n>1is
used for super case-II transport (indicating drug release controlled
by polymer relaxation for cross-linked films). As mentioned in
Table 4, n values of the films indicate that the drug release of
Ch-Gen 0.1% film follows super case II transport and the others
follow anomalous transport mechanism.

Ch-Gen 1% and Ch-Gen 0.1%-PVP films fit the
Gallagher-Corrigan model [51,58,59]. The kinetic profile of
this model is described as initial “burst effect” of a drug non-bound
to the drug matrix and following slow release determined by the
matrix erosion. One can observe that the model approximates
experimental points very well (RZ =0.975-0.999). The parameters
of the first release stage (k) are not significantly different from
each other. However, f;, values can be found to slightly increase;
the second release stage rate constant values (ky) are highly
increased with PVP additions. The time maximum drug release
rate (tmax) is lowest in most of Ch-PVP films, (Fig. 6). According
the above results, the incorporation of PVP affects the process of
drug release. In steady state, Ch-Gen-PVP films released higher
percentages of drug than Ch-Gen films with equal percentages
of genipin. Propranolol hydrochloride was released during 7h,
80%, 60.5% and 70% of the total for Ch-Gen 0.1%; Ch-Gen 1.0%
and Ch-Gen 3.25%, respectively. Addition of 18% PVP increases

this release to 87.5%, 67.5 and 75% for Ch-Gen 0.1%-PVP, Ch-Gen
1.0%-PVP and Ch-Gen 3.25%-PVP, respectively.

This behavior could arise from the strong interaction between
chitosan and PVP chains by the formation of hydrogen bonds.
Moreover, due to the hydrophobicity of propranolol hydrochloride,
possible interactions between the drug and the polymeric network
are weaker, facilitating their removal from the network. It is clearly
observed that in the Ch-Gen 0.1%-PVP film, the drug can easily dif-
fuse inside the film during a particularly short time (approx 3 min).

This film has enough free amino and hydroxyl groups to form a
significant amount of hydrogen bond with the solvent and a high
degree of swelling. These last factors contribute to eliminating drug
from the network.

Ch-Gen 0.1% and Ch-Gen 0.1%-PVP films show burst effect (k;
value same); by contrast, the k; value for the last film is higher than
that of Ch-Gen 0.1%. The fastest drug displacement and release for
the Ch-Gen 0.1%-PVP film could be attributed to favorable inter-
actions between water and network.

4. Discussion

Fig. 7A exhibits the variation in the swelling with the percent-
age of genipin of the networks. It is possible to observe that the
swelling index is affected by the degree of cross-linking and the
incorporation of PVP into the networks. Therefore, the diffusion
of water into the polymer network occurs at a lower rate which, in
turn, causes an inadequate polymer swelling when density of cross-
linking increases. Ch-PVP 18% film was of a rigid nature according
to mechanical properties; its swelling index was the lowest [60].

In addition, the percentage of genipin and the incorporation of
PVP into the network influence the process of drug release (Fig. 7B).

It is hence interesting to conduct a comparative analysis of
release rates and of the swelling index of the different networks.
The comparison of the films with 0.1 and 1.0% genipin (Ch-Gen
0.1%,Ch-Gen 1.0% and Ch-Gen 0.1%-PVP, Ch-Gen 1.0%-PVP) shows
that the rate of release decreases with the increasing degree of
cross-linking. In the Ch-Gen 1.0% film, the diffusion of the drug
within the network is hindered and its release is minor.

By increasing the percentage of genipin (3.25%), the degree of
cross-linking is higher; Ch-Gen 3.25%-PVP is a particularly rigid
network. The swelling index decreases but the rate of propra-
nolol hydrochloride release in the balance increases. The degree
of swelling directly relates to the formation of hydrogen bonds
between water and amino and hydroxyl groups free of polymeric
networks. By increasing the cross-linking, the network has few
sites available to interact with water. The genipin is cross-linked
covalently to chitosan chains and it can react with itself to form
oligomers. These oligomers may then be reacting with chitosan
amino groups; the cross-linked network has greater distances
between the chains. The diffusion of the drug and its release are
favored.

Incorporation of PVP into the chitosan cross-linked films
increases the release drug [48]. According to the fitting with the
theoretical equations, the incorporation of PVP increases the rate of
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Fig.7. Analysis of swelling index vs percentage of genipin for the cross-linking films
(A). Analysis of drug release with incorporation of PVP into the cross-linked chitosan
with genipin (B).

erosion/relaxation process because Ch-Gen-PVP films have a value
of ko higher than that of Ch-Gen films.

5. Conclusion

In this research the synthesis of cross-linked chitosan films were
performed. The material was evaluated as potential buccal drug
delivery agent evaluating the effects of physical and chemical cross-
linking in mechanical and thermal properties, rate of swelling in
water, and controlled release of the products obtained.

According to ours results, the best properties were obtained for
the Ch-Gen 0.10% and Ch-Gen 0.10%-PVP films because the drug
release was 80% within a period of 7 h, which is an optimal dosing
period. In addition, the thermal and mechanical properties of these
films were adequate.

Cross-linked films with genipin and PVP could have potential
applications in drug release in the oral mucosa. They could repre-
sent a friendly material used by patients with oral lesions.

Acknowledgments

The authors gratefully acknowledge the financial assistance of
FONCYT, CONICET, and SECYT of UNC. A. Aldana and A. Gonzalez
thank CONICET for the fellowships awarded.

References

[1] Y. Zhang, M. Huo, J. Zhou, D. Yu, Y. Wu, Carbohydrate Polymers 77 (2009)
231-238.

[2] S.B.Lin, Y.C. Lin, H. Chen, Food Chemistry 116 (2009) 47-53.

[3] T. Adali, E. Yilmaz, Carbohydrate Polymers 77 (2009) 136-141.

[4] ES. Abdou, K.S.A. Nagy, M.Z. Elsabee, Bioresource Technology 99 (2008)
1359-1367.

[5] F.A. Al Sagheer, M.A. Al-Sughayer, S. Muslim, M.Z. Elsabee, Carbohydrate Poly-
mers 77 (2009) 410-419.

[6] D. Enescu, V. Hamciuc, R. Ardeleanu, M. Cristea, A. loanid, C.V. Harabagiu, B.C.
Simionescy, Carbohydrate Polymers 76 (2009) 268-278.

[7] G. Shi, Y. Chen, C. Wan, X. Yu, T. Feng, Y. Ding, Applied Surface Science 255
(2008) 422-425.

[8] F.L. Mi, H.W. Sung, S.S. Shyu, Carbohydrate Polymers 48 (2002) 61-72.

[9] J.Jin, M. Song, D.J. Hourston, Biomacromolecules 5 (2004) 162-168.

[10] K.V.H. Prashanth, R.N. Tharanathan, Trends in Food Science & Technology 18
(2007) 117-131.

[11] M. Rinaudo, Polymer Science 31 (2006) 603-632.

[12] B. Krajewska, Enzyme and Microbial Technology 35 (2004) 126-139.

[13] L. Qian, X. Yang, Talanta 68 (2006) 721-727.

[14] D. Odaci, S. Timur, A. Telefoncu, Sensors and Actuators B 134 (2008) 89-94.

[15] D. Koga, Advances in Chitin Science 3 (1998) 16-23.

[16] S. Miyazaki, A. Nakayama, M. Oda, M. Takada, D. Attwood, Biological & Phar-
maceutical Bulletin 17 (1994) 745-747.

[17] S. Senel, M.J. Kremer, S. Kas, P.W. Wertz, A.A. Hincal, C.A. Squier, Biomaterials
21 (2000) 2067-2071.

[18] P. He, S.S. Davis, L. lllum, International Journal of Pharmaceutics 166 (1998)
75-88.

[19] P. Aksungur, A. Sungur, S. Unal, A.B. Iskit, C.A. Squier, S. Senel, Journal of Con-
trolled Release 98 (2004) 269-279.

[20] K.C. Gupta, F.H. Jabrail, Carbohydrate Research 341 (2006) 744-756.

[21] K. Lewandowska, Thermochimica Acta 517 (2011) 90-97.

[22] X.Z Shu, K. Zhu, International Journal of Pharmaceutics 201 (2005) 51-58.

[23] F.L.Mi,S.S.Shyu, Y.B. Wu, S.T. Lee Shyong, ].Y.R.N Huang, Biomaterials 22 (2001)
165-173.

[24] F.L. Mi, HW. Sung, S.S. Shy, C.C. Su, C.K. Peng, Polymer 40 (2003) 6521-6530.

[25] Y. Nishioka, S. Kyotani, M. Okamura, M. Miyazaki, K. Okazaki, S. Ohnishi, Y.
Yamamoto, K. Ito, Chemical & Pharmaceutical Bulletin 38 (1990) 2871-2873.

[26] J. Akbuga, NJ. Bergisadi, Microencapsulation 13 (1996) 161-168.

[27] K.I. Draget, Polymer Networks 4 (1996) 143-151.

[28] V.T.Favere,R.Laus, M.C.M. Laranjeira, A.O. Martins, R.C. Pedrosa, Environmental
Technology 25 (2004) 861-866.

[29] C. Airoldi, O.A.C Monteiro, Journal of Applied Polymer Science 77 (2005)
797-804.

[30] A.S. Aly, Angewandte Makromolekulare Chemie 259 (1998) 13-18.

[31] K.C. Gupta, M.N.V. Ravi Kumar, Biomaterials 21 (2000) 1115-1119.

[32] F.L. Mi, HW. Sung, S.SJ. Shyu, Journal of Polymer Science Part A: Polymer
Chemistry 38 (2000) 2804-2814.

[33] F.L. Mi, Y.C. Tan, H.F. Liang, H.W. Sung, Biomaterials 23 (2002) 81-191.

[34] M.N.Khalid, L. Ho, J.L. Agnely, J.L. Grossiord, G. Couarraze, STP Pharma Sciences
9(1999) 359-364.

[35] E.M. Abdelrazek, I.S. Elashmawi, S. Labeeb, Physica B405 (2010) 2021-2027.

[36] Q. Yang, F. Dou, B. Liong, Q. Shen, Carbohydrate Polymers 59 (2005) 205-210.

[37] A. Gonzélez, M.C. Strumia, C.I. Alvarez Igarzabal, Journal of Food Engineering
106 (2011) 331-338.

[38] Y. Zhang, Y. Yang, T. Guo, Carbohydrate Polymers 83 (2011) 44, 2016-2021.

[39] S.L. Trevor, M.F. Butler, S. Adams, P.R. Laity, ]J.C. Burley, R.E. Cameron, Crystal
Growth and Design 8 (5) (2008) 1748-1753.

[40] T.H. Tsai, J. Westly, T.F. Lee, C.F. Chem, Journal of Liquid Chromatography 17
(1994) 2199.

[41] S. Fujikawa, Y. Fukui, K. Koga, Biotechnology Letters 9 (1987) 697-702.

[42] R. Touyama, Y. Takeda, K. Inoue, L. Kawamura, M. Yatsuzuka, T. Ikumoto, T.
Shingu, T. Yokoi, H. Inouye, Chemical & Pharmaceutical Bulletin 42 (1994)
668-673.

[43] M.M. Amiji, Biomaterials 16 (1995) 593-599.

[44] V.R. Patel, M.M. Amiji, ACS Symposium Series 627 (1996) 209-211.

[45] S. Demirci, A. Alaslan, T. Caykara, Applied Surface Science 255 (2009)
5979-5983.

[46] ].T Yeh, C.L. Chen, K.S. Huang, Y.H. Nien, ].L. Chen, P.Z. Huang, Journal of Applied
Polymer Science 101 (2) (2006) 885-891.

[47] K.Suknuntha, V. Tantishaijakul, V. Vao-Soongenrn, Y. Espidel, T. Cosgrove, Jour-
nal of Polymer Science Part B: Polymer Physics 46 (12) (2008) 1258-1264.

[48] J.R. Khurma, D.R. Rohindra, A.V. Nand, Polymer Bulletin 54 (2005) 195-204.

[49] C.L.Silva,].C. Pereira, A. Ramalho, A.A.C.C. Pais, ].J.S. Sousa, Journal of Membrane
Science 320 (2008) 268-279.

[50] M.M. Leane, R. Nankervis, A. Smith, L. Illum, International Journal of Pharma-
ceutics 271 (2004) 241-249.

[51] M.M. Jacek Balcerzak, Progress on Chemistry and Application of Chitin and its
Derivatives, vol. XV, Polish Chitin Society, Lodz, Poland, 2010.

[52] F.L. Mi, H.W. Sung, S.S. Shyu, Journal of Polymer Science Part A: Polymer Chem-
istry 38 (2000) 2804-2814.

[53] T.C. Coelho, R. Laus, A.S. Mangrich, V.T. de Favere, M.C.M. Laranjeira, Reactive
and Functional Polymers 67 (2007) 468-475.

[54] S.K. Liao, C.C. Hung, Macromolecular Research 12 (2004) 466-473.

[55] D.ES. Santos, C.G.T. Neto, J.L.C. Fonseca, M.R. Pereira, Journal of Membrane
Science 325 (2008) 362-370.

[56] M.-W. Lee, Tzi-Peng Yang, Hsiu-Hui Peng, Jia-Wei Chen, Carbohydrate Polymers
87 (2012) 1749-1755.

[57] J.Siepmann, N.A. Peppas, Advanced Drug Delivery Reviews 48 (2001) 139-157.

[58] K.M. Gallagher, O.I. Corrigan, Journal of Controlled Release 69 (2000)
261-272.

[59] Ee Ying Yip, Jianjun Wang, Chi-Hwa Wang, Biomaterials 24 (2003)
1977-1987.

[60] J. Bergera, M. Reista, .M. Mayeraf, O. Feltb, N.A. Peppasc, R. Gurnyb, European
Journal of Pharmaceutics and Biopharmaceutics 57 (2004) 19-34.



