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Protein-Based Films Cross-Linked with 1-Ethyl-3-(3-dimethylamino-propyl)
carbodiimide hydrochloride (EDC): Effects of the Cross-Linker and Film
Composition on the Permeation Rate of p-Hydroxyacetanilide as a Model Drug
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Filmes reticulados de gelatina (Gel), caseina (Cas) e a mistura Gel/Cas (1:1, m/m) foram
estudados em termos das propriedades térmicas, morfoldgicas e absor¢do de dgua e quanto ao
perfil de permeacao de p-hidroxiacetanilida (p-HAA ) como farmaco modelo. O grau de reticulacdo
por 1-etil-3-(3-cloridrato) dimetilaminopropil carbodiimida (EDC) foi de 90,6% para filmes de
Gel e cerca de 70% para filmes de Cas e misturas Gel/Cas (1:1, m/m). A total solubilidade dos
filmes ndo-reticulados foi reduzida para somente 21 - 22% apds reticulagdo com EDC. Apesar do
alto grau de reticulag@o, o intumescimento dos filmes de Gel (87,2%) foi praticamente o dobro
do determinado para filmes de Gel/Cas (1:1, m/m) e Cas. A taxa de permeagdo de p-HAA seguiu
a ordem Gel > Gel/Cas = Cas para filmes reticulados, ou seja, um comportamento consistente
com o maior intumescimento da Gel em relacdo aos outros dois sistemas estudados. Os menores
valores de permeacdo observados para filmes de Cas e Gel/Cas, sugerem que estes sistemas
podem ser utilizados para controlar a permeacao de farmacos. Considerando os diferentes modelos
matematicos aplicados, os sistemas estudados ndo mostraram um bom ajuste relativamente a
equagdo de primeira ordem e somente uma parcial correlacdo com as equacdes de ordem zero e
do modelo de Higuchi. No entanto, uma boa correlacéo (r>> 0,99) foi obtida utilizando a equacéo
da lei das poténcias (valores de n = 0,70 - 0,87), indicando que a permeacdo de p-HAA através
dos filmes foi controlada principalmente pelo mecanismo de difusdo.

Cross-linked films of gelatin (Gel), casein (Cas) and their (1:1, m/m) mixture (Gel/Cas) were
studied in terms of their thermal, morphological and water absorption properties and the permeation
profile of p-hydroxyacetanilide (p-HAA) as a model drug. The degrees of cross-linking by 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were 90.6% for Gel films and
approximately 70% for Cas and Gel/Cas films. The totally soluble non cross-linked films achieved
only 21 - 22% of solubility after cross-linking with EDC. Despite the high cross-linking degree, the
swelling of Gel films (87.2%) was practically twice that determined for Gel/Cas and Cas films. The
permeation rate of p-HAA followed the order Gel > Gel/Cas = Cas for cross-linked films, which is
consistent with the Gel film showing a greater swelling than the other two systems studied. Lower
permeation rates were observed for Cas and Gel/Cas films, suggesting that these could be used as
rate-controlling systems for drug permeation. For the different mathematical models applied, the
systems studied did not show a good fit with the first-order equation and only a partial fit with the
zero-order equation and Higuchi’s model. However, good correlations (r>> 0.99) were obtained
using the power law equation (n = 0.70 - 0.87), indicating that the p-HAA permeation through the
films was mainly controlled by a diffusion mechanism.
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Introduction abundance, biodegradability, relatively low cost and
filmogenic properties.' The main application of gelatin

Gelatin (Gel), which is obtained by partial degradation in recent decades has been in the food and pharmaceutical

of collagen, has been extensively studied due to its industries. More recently, its use was extended to the
biomedical field, mainly in hard and soft capsules,
*e-mail: vsoldi@qgmc.ufsc.br wound dressings and absorbent pads for surgical uses.®
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Casein (Cas) is a milk-based protein which can form
stable colloidal particles (micelles) and films due to its
open secondary structure.”® The secondary structure is
apparently associated with the high content of proline
which disrupts the o-helices and B-sheets, inducing, as
a consequence, an open and flexible conformation of
casein, facilitating film formation through intermolecular
hydrogen bonding, electrostatic bonds and hydrophobic
interactions.'” Four main casein fractions (o, o, 8, K)
are found in bovine milk, representing approximately 44,
13, 33 and 10% of casein, respectively.'' Considering their
nutritional qualities, casein colloidal particles are mainly
used for food applications, while casein films can be used
for the protection of food products.'

Gelatin has been preferentially mixed with polysaccharides
for different technological applications, and this approach
has been extensively studied in terms of the effect of
plasticizers and cross-linkers on the film properties.*'*!*
An alternative approach to modify protein film properties
is to use cross-linkers such as transglutaminase (TGase)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC). EDC has the advantages of not being
incorporated into the structure of the protein and not being
toxic in comparison with cross-linkers such as formaldehyde
and glutaraldehyde.” Chambi and Grosso evaluated the
mechanical properties, morphology and water vapor
permeability of gelatin and casein films cross-linked with
TGase.'® A synergistic effect on the Cas/Gel film properties,
mainly in a 75:25 (m/m) formulation, was observed by the
authors. The water barrier properties of fish gelatin/chitosan
films were studied by Kotodziejska and Piotrowskaand they
were not found to be affected by cross-linking with TGase
or EDC." The effectiveness of the cross-linking of gelatin/
chitosan films with EDC was compared to the reaction using
TGase. Modifications of fish gelatin and chitosan with TGase
allowed films with a low solubility in aqueous medium."
Gelatin/chitosan films have also been cross-linked with
EDC and plasticized with glycerol. The presence of glycerol
changed the mechanical properties and did not increase the
water vapor permeability.'3

The model drug used in this study (p-hydroxyacetanilide)
is an analgesic and antipyretic drug.'® In general,
p-hydroxyacetanilide is effective with ingested doses
ranging between 0.5 - 1.0 g every 3 or 4 h. Considering that
this causes inconvenience to the patient, many polymeric
systems have been tested as new ways to control the release
of different drugs.'*** Investigations have been carried out
in order to obtain an ideal model for drug delivery with high
specificity and activity without toxic effects.”> Along with
several drug delivery systems using membrane-controlled
diffusion, films and membranes for transdermal delivery
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have also been studied.”* In this context, drug delivery
systems using gelatin have received considerably more
attention than those using casein. For example, gelatin/
alginate films cross-linked with calcium were used to study
ciprofloxacin hydrochloride release. The authors suggested
that the drug release increased with the gelatin content in the
film due to pore formation.” Gelatin and chondroitin sulfate
hydrogels cross-linked with EDC and N-hydroxysuccinimide
had been evaluated in systems for the controlled delivery
of two proteins.”® In hydrogels based on chitosan/gelatin
cross-linked with glutaraldehyde, the release of levamisole,
cimetidine and chloramphenicol was evaluated.? In the case
of casein, microspheres cross-linked with glutaraldehyde
have been used for progesterone release .°

In this study, our particular interest was to analyze the
permeation rate of p-hydroxyacetanilide (a model drug)
through gelatin/caseins films cross-linked with 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC). The permeation behavior was evaluated considering
the thermal, mechanical, morphologic, and water
absorption properties of the cross-linked system. The
addition of casein and the treatment with the cross-linker
(EDC) were carried out because it is known that gelatin
films do not have the ideal water vapor barrier and water
absorption properties for many of the applications in the
food and pharmaceutical industries.'*?*3! In the context
of the application of this system as films which allow
p-hydroxyacetanilide permeation, parameters such as
swelling, water absorption, water vapor permeability and
film morphology are of particular importance.

Experimental
Materials

Gelatin type-B from bovine skin (225 Bloom)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (I) were purchased from Sigma-Aldrich.
Casein and p-hydroxyacetanilide (II) was purchased from
Acros Organics and a local market, respectively. Sodium
chloride and sodium sulfate used to control the relative
humidity (RH) over saturated salt solution (75 and 94%
RH, respectively) and sodium hydroxide used to adjust
the pH of the polymeric solutions were acquired from
Nuclear. Monosodium phosphate monohydrate (Synth),
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disodium phosphate heptahydrate (Reagen Quimibras),
sodium chloride and potassium chloride (Nuclear) were
used to prepare the buffer solutions.

Film preparation

Gelatin solution (3%, m/v) was prepared in distilled
and deionized water under magnetic stirring for 20 min at
room temperature and for a further 40 min at 55 + 5 °C.
A casein suspension (3%, m/v) was prepared in distilled
and deionized water under magnetic stirring for 30 min at
room temperature and for a further 270 min at 90 = 5 °C.
The pH of the casein solutions was adjusted to 9.0 with
the addition of NaOH (4 mol L") before film preparation.
Films of gelatin (Gel), casein (Cas) and 1:1(m/m) gelatin/
casein (Gel/Cas) were prepared. For the Gel/Cas film,
equal amounts of both polymeric solutions were mixed and
maintained at 55 = 5 °C for 25 min. For the cross-linking
treatment, EDC (40 mmol L') was added to the polymeric
solutions and maintained under magnetic stirring for 1 min
at room temperature. The resulting solutions were spread
over polystyrene dishes and the film formed by casting at
room temperature (60 = 5% RH) during 48 h. The films
were dried under vacuum for 24 h (room temperature) and
stored in a desiccator until analysis. The thickness of the
films were in the range 0.10 — 0.13 mm. The cross-linking
degree of the Gel, Cas and Gel/Cas films was determined
through the reaction of 2.4,6-trinitrobenzene sulfonic acid
(TNBS) with the primary amine groups of the proteins
according to the absorption spectroscopy method described
by Bubnis and Ofner.* The solution absorbance was
measured at 346 nm using a Perkin Elmer spectrometer
(Lambda 11/Bio).

Thermomechanical analysis

The glass transition temperature (Tg) was determined
by thermomechanical analysis using a Shimadzu TMA-50
analyzer. The samples were heated at a rate of 20 °C min',
from 25 °C to 120 °C to remove the adsorbed water on film
(holding the samples at this temperature for 10 min). After
cooling at room temperature, the samples were reheated at
10 °C min™! to 250 °C. Both heating events were carried
out under nitrogen flow at 50 mL min™'. The T, values
corresponded to the temperature at which the extrapolated
curves converged. The analysis was carried out in triplicate.

Scanning electron microscopy (SEM)

The films were observed under a Philips XL30 scanning
electron microscope. The cross-sections (fractured in liquid
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N,) were fixed in a metal support and metallized with a
fine gold layer.

Solubility and swelling measurement

Before the solubility or swelling measurements, the
Gel/Cas films (2 cm x 2 cm) were previously dry under
vacuum until constant weight. To determine the solubility or
swelling degree (SD) the crosslinked films were immersed
in 30 mL of distilled and deionized water. The films were
kept in water for 24 h to verify their solubility and were
subsequently dried under vacuum until constant mass.
For the SD measurements, the samples were removed
from the water, dried with absorbent paper and weighed.
The solubility and the SD were determined according to
equation 1, where

oy = W =W,)x100 (1

o

X is the solubility or the SD; W, is the mass of the sample in
time t and W is the mass of the dry sample. Measurements
were performed in triplicate.

Water vapor permeability

Water vapor permeability (WVP) of the films was
determined through the gravimetric method described in
the ASTM E-96-00.* This method is based on the increase
in weight of silica gel placed inside a Teflon® capsule. This
system was placed in a desiccator with 75 + 3% relative
humidity at 24 +2 °C for 3 days. All the films were dried in a
vacuum oven for 5 days before the experiments. The slope of
the linear plot between the weight loss and time was used to
calculate the WVP. Each system was measured in triplicate.

Mechanical properties

Nine centimeter-length film samples were prepared.
Tensile tests were performed at 25 °C using an EMIC DL
2000 analyzer (EMIC, Brazil), according to the ASTM
D882-95a for thin films. The films were kept at a relative
humidity (RH) of 94 + 3% prior to analysis. Tensile strength
at rupture, elongation and modulus of elasticity (Young’s
modulus) were determined from the stress-strain curves
considering at least eight analyses of each sample.

In vitro permeation studies and kinetic models

The p-hydroxyacetanilide calibration curve was
obtained through absorbance measurements of the drug
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solution (0.02 mg mL"' — 0.00125 mg mL™") at 244 nm in
a Perkin Elmer spectrometer (Lambda 11/Bio).

The p-hydroxyacetanilide permeation experiments
were carried out in a diffusion cell at 37 = 1 °C with
horizontal shaking. The cell consists of two compartments
(donor and receptor) with 7 mL volume each side and a
diffusion area of 6.8 cm?. The cross-linked films (0.10 —
0.13 mm thickness) were first kept in phosphate buffer
(pH 7.4) for 1 h at 37 £ 1 °C and later sandwiched
between the two compartments. Phosphate buffer was
used as the receptor side and phosphate buffer saturated
with the drug (20.4 mg mL™") was used as the donor side.
After pre-determined time intervals, samples (0.2 mL)
were collected at the receptor side, diluted to 25 mL and
the UV-Vis absorption analyzed at 244 nm Perkin Elmer
spectrometer (Lambda 11/Bio). After each analysis,
the total volume of the receptor side was replaced with
new phosphate buffer to avoid sink conditions. The
measurements were carried out in triplicate.

The diffusion process is based on Fick’s first Law
(equation 2), where Q, is the cumulative amount of
drug which permeated through a certain surface area of
membrane (obtained through the calibration curve), P
is the coefficient of permeability, C, and C, are the drug
concentrations in the donor (D) and receptor (R) side,
respectively, and 7 is time.**

Q,=PC,-Cyt ©))

Under sink conditions, equation 2 can be reduced to
equation 3. In this way, the permeability of the membrane
(P) is obtained from the slope of the linear region of the
plotof Q vst.

0 = PCt )

The diffusion coefficient (D) is related to the overall
flux (J) of the drug through the cross-section area of the
polymeric film (equation 4), where m is the amount of drug
permeated through the film, S is the cross-section area, t is
the time, c is the concentration and x is the film (barrier)
thickness. The negative sign on the right side of the equation
4 means that the diffusion occurs in the opposite direction
to the increase of concentration. This model has limitations
and can only be applied when the diffusion coefficient is
independent of concentration.®

dm _ ,_ _plde &)
S.dt dx

Four different equations were selected in order to
analyze the release profiles of the model drug:
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0,=0. —kt (5)
LnQ, = LnQ_—k,t (6)
Q,=k, 1" (7
Q =kr ®)

where Q and Q_are the amount of drug released at time ¢
and the drug load, respectively; kO, k " kh and k are the kinetic
constants associated with the drug/polymer system and n
is the release exponent which is associated with the drug
release mechanism and the shape of the polymeric matrix.
Q,/Q_ values lower than 0.6 were used for all the kinetic
models evaluated.

The zero order kinetics model (equation 5) is based
on the slow release of drugs from non-dissociated
pharmaceutical forms.*® On the other hand, if the release
of the drug follows an exponential (first-order kinetics,
equation 6), the mechanism is generally due to the diffusion
of the drug from the polymer matrix to the environment and
to the erosion of the polymer matrix.*” Another proposed
model is based on the Higuchi’s equation (equation 7),
in which the mechanism of the release is associated
with the Fick’s law and is dependent on the square root
of time. Finally, the power law model (equation 8) is
used to describe the mechanism of release associated
to the combination of diffusion and Case II processes,
which corresponds to Fickian and non-Fickian transport
mechanisms, respectively.*

Results and Discussion
Characterization of the cross-linked films

To investigate the permeation of p-hydroxyacetanilide
(a model drug) through the Gel, Cas and Gel/Cas films,
the first part of this study involved the determination of
different film parameters: cross-linking degree, solubility,
swelling, water vapour permeability and mechanical
properties.

The cross-linking degree in the films was evaluated
through the reaction of 2,4,6-trinitrobenzene sulfonic acid
(TNBS) with the free e-amino groups (primary groups) of
the proteins forming amide bonds.*? As observed in Table
1, the cross-linking degrees in the pure Gel and Cas films
were 90.6% and 69.6%, respectively.

For the Gel/Cas film the percentage of cross-linking
was 71.8%, which is very close to the value for the pure
Cas film. The presence of Cas in the films decreased the
percentage of cross-linking because less €-amino groups
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Table 1. Cross-linking degree, solubility and water absorption for the
three studied systems

Film Cross-linking ~ Solubility Swelling WVP®
degree (%) (%) (%)

Gel 90.6+22 21.7+£0.2 872+83 1.54+0.22

Gel/Cas 71.8+2.1 212+£57 418%£6.1 1.38%0.03

Cas 69.6+3.0 21.9+23 325+42 1.49+0.08

(DWater Vapor Permeability x 10" (g s m™! Pa') determined only at
24 +2°C.

are available in the protein chain. In fact, the cross-linking
with EDC (carboxylic groups) for both proteins (Gel and
Cas) occurs through a reaction with the free €-amino groups
present in the structure. In the case of gelatin, the reaction
occurs between EDC and the free e-amino groups of the
lysine, hydroxylysine, aspartic and glutamic acid residues.
According to the literature,* Gel has approximately 33
e-amino and 120 carboxylic groups in a chain with a
thousand aminoacids, which explains the higher degree
of cross-linking. In particular, lysine residues appear in
percentages of 2.8% in the Gel and ca. 2.6% and 1% in
the o, - and o,-casein, which are the most hydrophilic
fractions, suggesting that the Cas cross-linking degree
reflects, in part, in the structural differences between the
two proteins.

Considering that the non-cross-linked films were totally
soluble in water, the cross-linking efficiency for Gel, Cas
and Gel/Cas films were confirmed by the percentage of
solubility in water. As observed in Table 1, the solubility
of the cross-linked films was ca. 21%, suggesting that the
cross-linking process was efficient. Similar results have
been reported for unmodified fish-skin gelatin films which
are totally soluble in water at 25 °C. After cross-linking with
transglutaminase (TGase) (0.30 mg mL"') the solubility
decreased to 27%. At the same temperature and pH 6, the
solubility of fish-skin gelatin/chitosan films decreased from
65% (unmodified films) to 26% and 21% after cross-linking
with TGase and EDC, respectively.'?

The water absorption in the cross-linked polymeric
films was evaluated considering the swelling degree (SD)
and water vapor permeability (Table 1). The SD of the films
remained practically constant in the range from 5 to 66 h
of analysis. For this reason, Table 1 shows only the values
determined following an immersion time of 24 h.

The SD decreased with the casein content in the
cross-linked films. As observed in Table 1 the swelling
percentages were 87.2, 41.8 and 32.5% for Gel, Gel/Cas
and Cas, respectively. Besides the high cross-linking degree
of the Gel film (90.6%), the high SD suggests the formation
of a more hydrophilic structure in comparison to casein.
One interesting point is the fact that the Cas film, which
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had the lowest cross-linking degree, had the lowest SD.
At the same time, as was observed in relation to the cross-
linking degree, the SD for the Gel/Cas film was close to
that for the casein film, suggesting that Cas significantly
affected the Gel structure. The fact that the Gel film had
the highest cross-linking degree and SD indicates that
the treatment with EDC favored the exposure of the free
hydroxyl groups. This behavior seems reasonable if we
consider that EDC reacted with the amine groups of Gel
and not with the hydroxyl groups which are distributed
along the protein chain.*' The Gel film cross-linked with
2.5% of glutaraldeyde showed a SD of 110%.*

Nosignificantdifferences were observed in the water vapor
permeability (WVP) values (1.38 - 1.54 x 10"° g s m! Pa!)
for the three systems studied. These values were lower
than those determined by Rivero et al.'* for gelatin films
(3.32x10"°and5.16x 10°gs'm ' Pa™") with thickness ranging
between 210 and 410 um, respectively. Also, Piotrowska
et al.* showed that the WVP (7.33 x 10° g s' m! Pa)
determined for unmodified fish-skin gelatin films were not
significantly changed by cross-linking with TGase or EDC
(6.89 and 6.61 x 10'° g s' m! Pa!, respectively). These
values are very close to those determined for fish-gelatin/
chitosan films under the same conditions a WVP value of
14.05 x 10°g s''m! Pa’! for casein/gelatin (75/25, m/m)
films cross-linked using TGase, which is approximately ten
times higher than the values determined for similar systems
in our study. According to the WVP values reported in the
literature for similar systems and the parameters discussed
above, the Gel, Gel/Cas and Cas films studied here seem to
be appropriate for use as rate-controlling barriers for drug
delivery systems.

Glass transition temperature

The glass transition temperatures (Tg) for unmodified
(in the absence of crosslinker) and cross-linked Gel, Cas
and Gel/Cas films, are shown in Figure 1. For pure Gel and
Cas the experimental Tg values were 214.6 and 207.3 °C,
respectively. In the case of Gel, the T, was similar to the
value of 212 °C determined by Bhaskar ef al.® However,
for pure Cas the Tg value was higher than values reported
in the literature (144 °C).* Unmodified Gel/Cas mixtures
showed only one T, value which lay between those for the
pure components, indicating a certain miscibility. After
cross-linking with EDC, the Tg values for Gel and Cas
decreased to 145.2 and 192.9 °C, respectively. The greater
effect of EDC on the T, observed for Gel is in agreement with
the cross-linking degree (90.6%). As was observed for the
unmodified mixtures, only one temperature was determined
for cross-linked Gel/Cas mixtures, which was similar to that
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Figure 1. Glass transition temperatures for (O) non cross-linked and ((J)
cross-linked films of Gel, Cas and Gel/Cas.

for cross-linked Gel (ca. 140 °C), suggesting that, in this case,
the main factors affecting the Tg were the high percentages
of cross-linking and swelling of the Gel films. In general,
a decrease in T, due to the presence of plasticizer agents is
associated with an increase in the free volume between the
polymeric chains, increasing their mobility, and decreasing,
as a consequence, the intra- and intermolecular interactions
between the protein chains. In the case of Gel and Cas, the
cross-linking agent (EDC) had a similar effect, decreasing the
T, to ca. 140 °C. The partial miscibility (absence of strong
interactions between the two proteins and EDC) appears to
increase the mobility of the polymeric chains. This effect
has been associated with the denaturation of the tertiary
and quaternary structures in the proteins, decreasing the
polymeric chain rigidity. Similar behavior was observed by
Arvanitoyannis e al.? for gelatin/starch mixtures.

Scanning electron microscopy

In Figure 2, the SEM micrographs of cross-sections
of Gel, Cas and Gel/Cas films cross-linked with EDC are
shown. In the absence of cross-linker (not showed) both
films revealed a very smooth and dense matrix (surface and
cross-section). In the presence of EDC the morphologic
characteristics were quite different. The micrograph of the
Gel film cross-section (Figure 2A) showed a high density,
without porosity, and the matrix had lost its smoothness.
Along with a high density, a greater roughness was
observed for the Cas film cross-section (Figure 2C). The
observed differences may be associated with the different
behavior in terms of intermolecular interactions. The Cas
films are characterized by a low intermolecular order and
amphiphilic behavior, while gelatin is a fibrous protein with
strong intermolecular interactions. These characteristics
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Figure 2. Cross-section micrographs for cross-linked films of: (A) Gel,
(B) Gel/Cas, and (C) Cas.

may be associated with differences in terms of the main
amino-acids present in the protein structures. The Gel/
Cas films (Figure 2B) appeared to have a more fragile
structure (more similar to the Gel film) showing also a
lower roughness in comparison to the Cas films.

Mechanical properties
Tensile testing provides information on the strength

and elasticity of polymeric films or membranes. It is
suggested that strong and flexible polymeric membranes
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Table 2. Mechanical parameters of gelatin/casein membranes at RH 94%

Protein-Based Films Cross-Linked with 1-Ethyl-3-(3-dimethylamino-propyl)

J. Braz. Chem. Soc.

Gel/cas Uncrosslinked films Crosslinked films

(%, m/m) TS (MPa) E (%) YM (MPa) TS (MPa) E (%) YM (MPa)
100/0 33.3+£2.5 123£0.9 208.1+21.6 17.2+£1.7 150£1.9 131.1+12.1
50/50 505+1.7 149+0.2 176.2+13.6 303+1.8 21.3+1.8 432182

0/100 10.1£0.0 12.1£0.7 181.1 £10.1 10.7£1.0 39.1£7.5 30522

are particularly suited for applications such as transdermal
therapeutic systems.?$4°

The tensile strength (TS), elongation at break (E) and
Young modulus (YM) for Gel, Cas and Gel/Cas systems
determined at a relative humidity of 94% are shown in Table
2. The analysis of the values demonstrates a decrease of TS
and YM and an increase in E with the cross-linking process
(by EDC) for Gel, Cas (except for TS) and Gel/Cas systems.
The TS values obtained for uncross-linked and cross-linked
Gel/Cas films (50.5 and 30.3 MPa, respectively) were
higher than those obtained for the pure proteins, suggesting
a synergistic effect. In general, higher values of TS and YM
would be expected with a cross-linking process. However,
studies reported in the literature showed that gelation and
casting processes of gelatin are able to recover part of
the triple-helix structure of collagen (a more organized
structure), resulting in a fibrous morphology.'¢ In our case,
the cross-linking process contributed to the destabilization
of the protein network, decreasing the intramolecular
interactions between the polymers and, consequently, the
resistance of the material. Uncross-linked Gel presented the
highest value of YM (298.1 MPa), characterizing a more
rigid structure. Apparently, the EDC has destroyed the
o-helix structure of gelatin, increasing the film flexibility
(decrease of YM and increase of E). These results are in
agreement with the E values reported by Chiellini er al.*
for Gel cross-linked with glutaraldeyde.

The mechanical parameters suggested that the cross-
linking process increased the flexibility of the films which
favor their application in systems such as transdermal
delivery. The addition of Cas to the system also affected
the Gel structure, contributing, as a consequence, to the
increase in the flexibility of the films.

In vitro permeation of p-HAA

The permeation profiles of p-hydroxyacetanilide (model
drug) in gelatin/casein cross-linked films in buffer solution
pH 7.4 are shown in Figure 3. Both permeation profiles
fitted very well (r*> 0.99) with a first-order exponential
equation, indicating a good similarity in terms of the
permeation mechanism (as discussed below). According to
Figure 3, gelatin cross-linked films had a faster drug release,

suggesting a direct dependence on the swelling degree
(87.2%). In general, a swollen matrix has larger spaces
between the polymer chains, increasing, as a consequence,
the permeation. The swelling measurements for the Gel/
Cas cross-linked films are reported elsewhere. In the Gel
system, the p-HAA permeation equilibrium was reached
after 10 h. With the casein addition (1:1, m/m, Gel/Cas),
the permeation rate of the drug through the polymeric
membrane decreased, with equilibrium occurring only after
20 h of permeation. The values for the permeation rate or
flux (Q/1), determined from the slope of Q vs t plots, are
shown in Table 3. An increase in the gelatin percentage in
the film from 50 to 100% increased the rate of permeation
through the films (flux) from 8.9 to 15.6 mg cm™? h'. A
similar behaviour was observed for the permeability and
diffusion parameters. This result is to be expected, since the
cross-linked gelatin film showed 87.2% of swelling while
for casein this value was 32.5%.

The results in Figure 3 and Table 3 also indicate that
the drug permeation flux, permeability and diffusion
coefficients in Gel/Cas films were similar to that of Cas,
suggesting that Cas was able to modify the Gel properties.
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Figure 3. Permeation profiles of p-hydroxyacetanilide through: ([J)
Gel, (O) Gel/Cas, and (V) Cas films. Experiments carried out in buffer
solution (pH 7.4) at 37 °C.

The in vitro permeation profiles of Gel, Cas and Gel/
Cas were fitted according to zero- and first-order kinetics,
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Table 3. Release kinetics of Gel, Cas and Gel/Cas (1:1, m/m) films of p-hydroxyacetanilide considering the power law model (equation 8) and permeation

parameters

Films k(h") r’ Flux® P? D®
Gel 22.65+1.03 0.70 0.9953 15.6+£0.3 0.76 £0.12 3.24+0.23
Gel/Cas 11.02 £ 1.01 0.84 0.9992 8.9+0.2 044 £0.14 1.12+£0.20
Cas 9.12+1.02 0.87 0.9988 7.6+0.2 0.37+0.11 0.86 £0.16

OFlux (ug cm™ h™'); ®Permeability coefficient (cm h') x 103; ®@Diffusion coefficient (cm?*h) x 107.

Table 4. Release kinetics of Gel, Cas and Gel/Cas films of p-hydroxyacetanilide

Films Zero-order First-order Higuchi

k, (h™) 2 k, (h™) r? k, (h™) r’
Gel 9.18£0.91 0.9496 0.32+0.05 09111 33.52+1.47 0.9915
Gel/Cas 0.80£0.35 0.9854 0.33£0.05 0.9177 2246 £1.02 0.9888
Cas 6.10+£0.24 0.9915 0.30+0.04 09111 20.00 = 1.00 0.9866

and the Higuchi’s and power law models (Tables 3 and
4). The systems studied did not show a good fit with the
first-order equation (equation 6), but values for the Cas
(r> = 0.9915) and Gel/Cas films did partially fit the zero-
order equation (Equation 5) (12 = 0.9854) (Table 4). In
addition, for the Higuchi’s model (equation 7) the fit for
Gel was very good (r> = 0.9915) and for Cas and Gel/Cas
(r* > 0.98) it was reasonable. However, a good correlation
(r*>0.99) was obtained for all studied systems considering
the power law model (equation 8, results in Table 3).

The slope (n) values (0.70 < n = 0.87) obtained
using equation 8 indicated that a diffusion mechanism
predominated in the p-HAA permeation in all the studied
systems. Also, the kinetic constant (k), p-HAA flux,
permeability and diffusion coefficients were almost the
same for Cas and Gel/Cas films. However, following the
tendency observed in terms of the swelling behavior, these
values were around half those determined for Gel films.

Conclusions

The above investigations demonstrated that the rate
of p-hydroxyacetanilide permeation followed the order
Gel > Gel/Cas = Cas for the cross-linked films. The faster
drug permeation observed for the Gel film is in agreement
with it having the greatest degree of swelling of the three
systems studied. The presence of Cas in the 1:1 (m/m)
mixture decreased the rate of the model drug permeation,
suggesting that with appropriate mixtures of Gel and Cas it
should be possible to produce rate-controlling systems for
drug permeation. The permeation profiles for all systems
studied fitted the power law model very well (r>> 0.99),
with the n coefficient ranging from 0.70 to 0.87, indicating
that a diffusion mechanism predominated in the p-HAA

permeation. In addition to the above characteristics, it
was demonstrated through mechanical parameters that the
flexibility of the Gel/Cas films increased with the cross-
linking process and with the addition of casein, suggesting
their application in systems such as transdermal delivery.
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