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Chitosan-whey protein edible films with different protein concentrations were prepared in the absence or presence
of microbial transglutaminase as cross-linking agent. The films prepared in the presence of the enzyme showed
low solubility at a wide range of pH, a lower degree of swelling, and good biodegradability following protease
treatments. The presence of transglutaminase induced also an enhancement in film mechanical resistance and a
reduction in their deformability. Finally, the barrier efficiency toward oxygen and carbon dioxide was found to
be markedly improved in the cross-linked films which showed also a lower permeability to water vapor. Some
potential practical applications of transglutaminase-treated chitosan-whey protein films are suggested.

Introduction

The large majority of the polymers presently utilized are of
synthetic origin, their biocompatibility and biodegradability
being extremely limited with respect to the biopolymers such
as cellulose, chitin, chitosan, and their derivatives. Chitosan
[poly-â-(1-4)-2-amino-2-deoxy-D-glucose], a hydrophilic poly-
electrolyte prepared by N-deacetylation of chitin,1 has attracted
great attention since chitin is the second most abundant
polysaccharide existing in nature. Typically, chitosan is pro-
duced from wastes generated from crustacean processing
(shrimp and crabs), even though it is also possible to obtain it
from the chitin component of fungal cell walls.2 Chitosan shows
physical, chemical, and biological properties which have sug-
gested its use for several industrial, both biomedical and
biotechnological, applications.1-7 In fact, the high content of
primary amino groups, the high biocompatibility,8 and other
peculiar biological properties, such as wound healing and
antibacterial activity, confer to this biopolymer different potential
utilizations.4,9-13

Chitosan films are usually prepared by solvent evaporation,
chemical cross-linking, or physical interactions with other
compounds such as proteins.9,11-15 However, polymeric films
produced by physical methods often result in poor mechanical
and permeability properties when compared with those obtained
through chemical reactions. On the other hand, chemical cross-
linking agents frequently induce toxicity or confer other
undesirable effects to these materials. Therefore, the possibility
to use enzymatic methods both to prepare polymeric films and
to improve their features has been the object of extensive
studies.16

In a recent paper we examined the potential use of trans-
glutaminase as a biotechnological tool for preparing pectin-

soy protein films through an enzymatic cross-linking reaction.17

Transglutaminase (TGase, protein-glutamineγ-glutamyl trans-
ferase, E.C. 2.3.2.13) catalyzes the introduction ofε-(γ-
glutamyl)-lysine cross-links into proteins via an acyl transfer
reaction. Theγ-carboxamide group of glutamine serves as the
acyl donor, whereas theε-amino group of lysine acts as the
acyl acceptor.18 In addition, endoprotein reactive lysine may
be substituted by several compounds containing primary amino
groups, giving rise to a variety of protein-(γ-glutamyl) deriva-
tives.18,19 In this sense, TGase was previously and successfully
used to modify the biological activities of peptides and proteins
by covalently linking polyamines to their reactiveendo-
glutamine residues.20-28 Moreover, TGase was employed for
immobilizing enzymes,29,30 as well as for improving the
properties of several protein (such as casein, egg white, and
whey proteins) based films.31-33

Liquid whey, a byproduct of cheese manufacturing containing
proteins (R-lactoalbumin (R-LA), â-lactoglobulin (â-LG), whey
albumin (BSA), immunoglobulin (Ig), and macropeptide),
lactose, fat, and inorganic minerals, is produced in large
amounts, and its annual production is continuously rising. Even
though recycled in several ways, too much liquid whey is still
wasted in the environment, and consequently, there is a
significant interest in finding new applications to avoid the
pollution mostly due to the whey proteins.34 In the present study
we report the preparation, in the absence or presence of TGase,
of edible films constituted by chitosan and whey proteins
(CWP). Several properties of both types of film were also
analyzed and compared to those of the main films presently
utilized as packing materials and bioplastics.

Materials and Methods

Materials. Chitosan from lobster shells (degree of N-acetylation)
9.0%) was obtained by Professor R. A. A. Muzzarelli (Ancona
University, Italy).35 The enzymatic preparation, named ACTIVA WM
(product no. AJ301402, lot no. 00.02.03) and containingStreptoVer-
ticillium Ca2+-independent TGase, was obtained from Ajinomoto Co.
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(Japan). As indicated by the purchaser, WM product contains 1%
enzyme and 99% maltodextrins, the latter used as stabilizer. Spray-
dried whey from bovine milk (product no.W1500, lot no. 81K0279)
containing 19% w/w proteins (biuret) and 65% w/w lactose was
obtained from Sigma Chemical Co. (St. Louis, MO). All other chemicals
were analytical grade.

Film Making. A concentrated chitosan solution (2.5% w/v) was
prepared by adding chitosan (hydrochloride salt) to 0.1 M phosphate
buffer, pH 6.0, and stirring overnight. The whey solution (5% w/v)
was prepared by adding lyophilized milk whey to distilled water and
stirring up to complete solubilization. The protein concentration (2.7
mg/mL) was determined by Bradford’s method.36 TGase solution
(enzyme specific activity) 5.8 units/mL, as determined according to
Mariniello et al.17 where one unit of TGase was defined as the amount
of enzyme able to incorporate 0.8 pmol of [3H] spermidine into N,N-
dimethylated casein in 1 h at pH 8.0 and 37°C) was prepared by
dissolving 180 mg of ACTIVA WM in 1.0 mL of distilled water.

Film-forming solutions with different amounts of whey proteins
(0.125, 0.25, 0.37, 0.5, and 1.0 mg of protein/cm2) were prepared in
polystyrene Petri dishes (60 mm× 15 mm) by mixing 110 mg of
glycerol (δ ) 1.26 g mL-1), chitosan (9.2 mg/cm2 final concentration),
different amounts of whey proteins, and when present, TGase (22.5
units) ensuring that the enzyme was evenly dispersed throughout the
aqueous phase by gently mixing for 1 min. The solutions were deaerated
under vacuum, prior to casting films, to prevent pinholes formation,
then transferred into dishes, and finally left at 50°C overnight under
air circulation. The obtained films were peeled from the Petri dishes
and stored at 20°C in a desiccator (50% RH). The thickness of each
film was measured using a micrometer model HO62 with a sensitivity
of (2 µm (Metrocontrol Srl, Casoria (Na), Italy). Film strips were
placed between the jaws of the micrometer, and the gap was reduced
until the first indication of contact. Mean thickness (µm) of the films
were determined from the average of measurements at 10 locations.

Film Solubility. Film solubility was tested in buffered water
solutions. The procedure was similar to that described by Stuchell and
Krochta.37 Small pieces of films (20-25 mg) were dried at 70°C and
50 torr in a vacuum oven for 24 h and then weighed to the nearest
0.0001 g to determine the initial dry weight of the film. Each film
piece was incubated at 25°C for 24 h in a screw-top tube (150 mm×
15 mm) with 10 mL of 0.1 M acetate (pH 4.0), phosphate (pH 6.0), or
Tris-HCl (pH 8.0) buffer solutions. At the end of the incubation the
samples were poured onto Whatman no. 1 qualitative filter papers. The
nondissolved materials, taken off by the filters with 10 mL of distilled
water, were dried at 70°C and 50 torr in a vacuum oven for 24 h and
then weighed. The percentage of soluble matter was calculated as
follows:

Twenty microliters of each supernatant solution was also analyzed
by SDS-PAGE according to Laemmli.38

Film Swelling and Degradability Properties.The swelling studies
of CWP films were carried out by incubating the samples at 25°C in
solutions of 20 mM sodium phosphate buffer, pH 7.0, for a period of
6 h under continuous shaking. The films were removed at scheduled
times, gently dried on filter papers, and weighed by an analytical
balance. The degrees of swelling were calculated by using the following
equation

where Ws and W are the weight (g) of the swollen and dry films,
respectively.

Degradability studies were performed by first swelling the CWP films
at 25°C in solutions of 20 mM sodium phosphate buffer, pH 7.0, for
a period of 2 h under continuous shaking, and further treatment with
trypsin andR-chymotrypsin (1.0µg of protease/g film) during 20 h

under the same conditions. Aliquots (500µL) were removed from the
solutions at scheduled times, mixed with 500µL of 1.0 M NaOH, and
quantified forL-tyrosine with the Folin-Ciocalteau reagent.

Film Mechanical Properties. Two film mechanical properties, its
tensile strength and elongation to break, were measured by using an
Instron universal testing instrument model no. 4301 (Instron Engineering
Corp., Canton, MA). Film samples were cut, using a sharp razor blade,
into 10-11 mm wide and 100 mm length strips equilibrated overnight
at 50%( 5% RH and 23( 2 °C in an environmental chamber. Ten
samples of each film type were then tested. Tensile properties were
measured according to the ASTM (1991) Standard Method D882 using
Test Method A, the static weighing, constant rate-of-grip separation
test. The initial grip separation was 90 mm, and the crosshead speed
was 30 mm/min in a tension mode.

Film Permeability Properties. Water vapor permeability (WVP)
of films was evaluated by a gravimetric test according to ASTM E96
(1993) by means of a Fisher/Payne permeability cup (Carlo Erba, Italy)
as previously described.39 Three grams of silica gel were introduced in
each cup. The film samples having diameter of about 6 cm were put
on top of the cup and sealed by means of a top ring kept in place by
three tight clamps. The film area exposed to vapor transmission was
10 cm2. The cups containing silica gel were weighed and then placed
in a desiccator containing a saturated KCl solution which provided a
constant water activity at 25°C equal to 0.8434. The desiccator was
stored in a Heareus thermostated incubator at 25.0( 0.1 °C. Cups
were weighed at scheduled times, and the amount of water vapor
transmission rate through the film was estimated by the linear portion
of the diagram obtained by plotting the weight increment of the cup as
a function of time. It was assumed that the steady state was reached
once the regression analysis made by using the last four data points
resulted inr2 g 0.998. The WVP was calculated from the equation

where dm/dt is the slope of the cup weight versus time curve once
steady state was reached,X is the film thickness,A is the film exposed
area, and∆p is the water vapor pressure across the film. By assuming
that the vapor pressure inside the cup, due to the presence of silica
gel, can be taken equal to zero,∆p becomes equal to the vapor pressure
inside the desiccator and was calculated by multiplying water activity
and the water tension (P0) at 25°C (P0 ) 3167 kPa).

Permeability of films to oxygen (PO2) and carbon dioxide (PCO2) were
examined at 30°C by using a modified manometric standard method
using the equipment described by Di Pierro et al.39 The tests were
performed at 0% RH and a∆P of 100 kPa for every gas. Ten
independent tests for each film were performed.

Statistical Analysis. Microsoft Excel-2002 (Microsoft Co., Red-
mond, WA) was used for all statistical analyses. The data were subjected
to the analysis of variance, and the means were compared using
Student’st-test. Differences were considered to be significant atP <
0.05.

Results

Flexible, transparent, smooth in their surface, and slightly
yellowish films were obtained after drying the film-forming
solutions containing chitosan and whey proteins, both in the
presence and absence of TGase. The concentration of chitosan
in the films was kept constant at 9.2 mg/cm2, while protein
concentration varied from 0 to 1.0 mg/cm2. Moreover, the cross-
linking reaction catalyzed by TGase was performed at pH 6.0,
to facilitate the solubility of chitosan.

As reported in Figure 1, the thickness of the films increased
with the increase of the amount of whey proteins added, but
the presence of TGase in the film-forming solution significantly
reduced the entity of the thickness enhancement. CWP films
prepared in the presence of TGase were totally insoluble after

soluble matter (%)) (initial dry weight-
final dry weight)× 100/initial dry weight

degree of swelling) (Ws - W)/W

WVP ) X/(A∆p) dm/dt
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their incubation at 25°C for 24 h in water solutions buffered at
different values of pH. Conversely, about 88%, 55%, and 36%
of the initial components were released from the films prepared
in the absence of enzyme during their incubation at pH 4.0,
6.0, and 8.0, respectively, under the same experimental condi-
tions (data not shown). The higher resistance of CWP films
prepared with TGase was also confirmed by SDS-PAGE
analysis illustrated in Figure 2. In fact, a high amount of whey
proteins was released from the polymeric matrix after acidic
treatment of the films prepared in the absence of TGase (lane
3), whereas the enzyme-catalyzed cross-linking of whey proteins
significantly reduced the disruption of the film structure (lane
4). However, the remarkable resistance of CWP films prepared
in the presence of TGase to their disruption in water at different
pH values was unrelated to their resistance to the action of
proteolytic enzymes. In fact, when CWP films prepared with
TGase were incubated for 20 h at 25°C in the presence of two
different serine proteases, trypsin andR-chymotrypsin, a high
amount of soluble peptides was released from the film materials,
as revealed by the quantification ofL-tyrosine in the incubation
solution (Table 1). Statistically not significant differences were
detected when CWP films prepared in the absence of TGase
were subjected to proteolysis (data not shown).

Swelling kinetics of CWP films, evaluated in solutions of
20 mM sodium phosphate buffer, pH 7.0, at 25°C, indicated a
maximum degree of swelling for all types of films after 2 h
incubation (data not shown). Figure 3 shows the effect of protein
concentration on the maximum degree of swelling. In compari-
son with films made with only chitosan, those prepared by

mixing chitosan and whey proteins showed, at the equilibrium,
a degree of swelling decreasing with the increase of the protein
concentration. In addition, CWP films prepared in the presence
of TGase showed a significantly lower degree of swelling in
comparison with those prepared at low protein concentrations
in the absence of the enzyme.

Panel A of Figure 4 shows the effects of protein concentration
on the tensile strength of CWP films prepared both in the
presence and absence of TGase. In the absence of the enzyme
the addition of whey proteins significantly reduced the me-
chanical resistance of the films obtained with chitosan alone.
On the contrary, a marked improvement in the mechanical
resistance of CWP films was observed when they were prepared
in the presence of TGase. In fact, a progressive marked increase
of the tensile strength up to 0.25 mg of protein per cm2 of film
was observed. A further increase of the proteins provoked a
reduction of the tensile strength that, however, remained to
values significantly higher than those measured with pure
chitosan film.

The influence of the addition of different amounts of whey
proteins on the maximum elongation at break of the chitosan
films is shown in panel B of Figure 4. A marked decrease of
flexibility dependent on the increase in protein amount was
determined by analyzing the films prepared both in the presence
and absence of TGase, even though the effect resulted signifi-
cantly higher in the films obtained in the presence of the enzyme.

Finally, to investigate whether the cross-linking action of
TGase influenced also the barrier properties of CWP films, their
permeability to oxygen, carbon dioxide, and water vapor was
determined and compared to that exhibited by un-cross-linked

Figure 1. Influence of protein concentration on the thickness of CWP
films prepared in the absence (O) and presence (b) of TGase.

Figure 2. SDS-PAGE analysis (12%) of the protein solubilized from
CWP films prepared in the absence (lane 3) and presence (lane 4)
of TGase after their incubation for 24 h at 25 °C and pH 4.0. Molecular
weight (Precision Plus protein standards dual color, Bio-Rad Labo-
ratories, Inc.) and whey protein standards are reported in lane 1 and
lane 2, respectively.

Table 1. Amount of L-Tyrosine Released from CWP Films
Prepared in the Presence of TGase after Treatment with Serine
Proteases at pH 7.0 and 25 °C

L-tyrosine released (µmol/g of film)protein content in the films
(mg/cm2) trypsin R-chymotrypsin

0
0.125 0.96 ( 0.06 1.01 ( 0.05
0.25 1.02 ( 0.03 1.07 ( 0.07
0.37 1.29 ( 0.04 1.13 ( 0.05
0.5 1.45 ( 0.07 1.14 ( 0.06
1.0 1.60 ( 0.04 1.29 ( 0.05

Figure 3. Effect of protein concentration on the maximum degree of
swelling of CWP films, prepared in the absence (O) and presence
(b) of TGase, determined at 25 °C in 20 mM sodium phosphate buffer,
pH 7.0.

746 Biomacromolecules, Vol. 7, No. 3, 2006 Di Pierro et al.

CDV



materials. The addition of protein to the chitosan matrix slightly
decreased film permeability to oxygen, whereas the barrier
properties were greatly improved by the concurrent presence
of TGase (Figure 5, panel A). The low permeability exhibited
by CWP films containing 0.25-0.37 mg of whey protein per
cm2 is noteworthy. Similar film permeability behavior was
observed toward carbon dioxide for the materials prepared in
the presence of the enzyme (Figure 5, panel B). Conversely,
the CWP films prepared in the absence of TGase showed a
higher permeability toward CO2 in comparison with that of the
pure chitosan-based films. Finally, the addition of whey proteins
into the polysaccharide matrix increased its WVP, and this effect
was found slightly but significantly lower in materials prepared
in the presence of TGase (Figure 5, panel C). However, it should
be noted that films containing 0.125-0.37 mg of whey proteins
per cm2 prepared in the presence of the enzyme showed a barrier
activity against water vapor similar to that of films constituted
by chitosan only.

Discussion

In the present work we described the preparation of several
CWP films with different protein concentrations by casting the
polymeric solutions both in the presence and absence of the
enzyme TGase. Chitosan was selected as the macromolecular
matrix for its well-known film-forming and biodegradability
properties.8,9,11-15 The enzymatic formation of intermolecular
protein cross-linking in the films was catalyzed since whey
proteins are able to act as both acyl donor and acceptor substrates
of TGase.33 The production of these covalent cross-links was
supported by several experimental evidences, such as the
absence of whey protein native bands in the SDS-PAGE
profiles after incubation at pH 4.0 for 24 h of the film prepared
in the presence of enzyme, as well as by the higher degree of

packing of the latter as revealed by its lower thickness compared
to that of the film prepared in the absence of TGase.

All the CWP films showed good optical characteristics, and
the edible properties of the ones prepared in the presence of
TGase were demonstrated by their easy degradation with serine
proteases.

The suitable use of edible packaging strongly depends on
their favorable mechanical and barrier properties. Therefore, two
different mechanical properties, i.e., tensile strength and elonga-
tion to break, were investigated for CWP films cross-linked or
not by TGase. The tensile strength provides a measure of film
strength, whereas the elongation to break is an indicator of the
flexibility of the materials. The results of our experiments
indicated that the mechanical resistance of the chitosan films
was affected by adding whey proteins. This phenomenon should
not be associated with the plasticization of the materials with
the polypeptide structures, in agreement with the lower elastic
properties exhibited by these films compared to those constituted
by pure chitosan (Figure 4, panel B). Conversely, it might be
due to the disruption of the three-dimensional structure of the
chitosan film following the introduction of globular protein

Figure 4. Influence of protein concentration on the tensile strength
(A) and maximum elongation at break (B) of CWP films prepared in
the absence (O) and presence (b) of TGase.

Figure 5. Influence of protein concentration on the permeability to
oxygen (A), carbon dioxide (B), and water vapor (C) of CWP films
prepared in the absence (O) and presence (b) of TGase.
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structures into the polysaccharide matrix. But, the surprising
result was that the protein covalent cross-linking catalyzed by
TGase strongly improved CWP films’ mechanical resistance
and that this effect was markedly higher for the films containing
a low amount of whey protein. These data could be explained
with the possible TGase-catalyzed formation of intermolecular
linkages among active glutamine and lysine residues of the
different whey proteins. Such kind of covalent cross-linking
might reduce the intermolecular chain mobility of the chitosan
matrix, thus increasing the tensile strength and reducing the
extensibility of the films with lower protein concentration.

In this context, it should be noted that chitosan was not found
to be able to act as a TGase amino donor substrate during an
enzymatic assay of incorporation of the peptideN-CBZ-Glu-
Gly into the polymeric chain and visualization of the product
by 1H NMR analysis (data not shown). Therefore, our experi-
ment confirmed previous data of Chen et al. showing that TGase
was not able to cross-link acyl donor protein directly to chitosan
amino groups.40

As reported in Table 2, CWP film prepared in the presence
of the enzyme at 0.25 mg/cm2 possesses higher mechanical
resistance and lower flexibility with respect to several different
edible protein films previously studied as potential food packing
materials. On the other hand, when higher amounts of whey
protein were used, the TGase-mediated formation of high
molecular weight protein adducts into the film network could
disrupt the three-dimensional structure of the film, thus affecting
its mechanical characteristics. This explanation is supported by
the results obtained in the experiments of film swelling. It is
well-known that the maximum degree of swelling of a polymeric
material strongly depends on the amount and nature of the
intermolecular chain interactions.41 Our studies showed that the
maximum degree of intermolecular chain interactions was
obtained by using CWP films prepared in the presence of TGase
and containing 0.25 mg of protein per cm2. In fact, increasing
whey protein concentrations swelling properties resulted identi-
cal to those exhibited by the films prepared in the absence of
the enzyme.

Finally, we analyzed the barrier properties to the main
environmental gases of CWP films since they are important
characteristics to be considered for a packing material finalized
to increase the shelf life of foods.42 Our findings showed that
the permeability to oxygen and carbon dioxide of CWP films
containing 0.25-0.37 mg of whey protein per cm2 and prepared
in the presence of TGase was markedly low, this feature being
probably associated with the more compact structure of these
materials determined by the enzymatic cross-linking. It should
be noted, however, that a reverted permeability behavior, similar
to that observed in the mechanical and swelling experiments,
was detected by analyzing films containing highest amount of
proteins.

Concerning the WVP characteristics of the films prepared in
the presence or absence of TGase, it should be considered that
this property is supposed to be dependent on the number of
‘‘available” polar (-OH, -COOH, -NH2) groups that the
polymeric components possess.42 Thus, the increased WVP
showed by the chitosan-based materials after addition of
increasing amounts of whey proteins could be directly related
to the availability of new polar groups due to the higher content
of polypeptide structures. Consequently, the changes in the
hydrophilic properties of CWP films associated with the
disappearance of primary amino and amide groups and the
formation of less hydrophilic secondary amide linkages through
the TGase-catalyzed reaction (Scheme 1) should be the main
factor contributing to the lower WVP exhibited by these films,
in comparison with those prepared in the absence of enzyme.

Finally, the barrier properties of some synthetic (high-density
polyethylene), biodegradable (Mater-Bi), and edible (pectin-
soy flour protein) films were determined and compared to the
ones detected in the present study with the CWP films prepared
at 0.25 mg/cm2 (Table 3). The concurrent markedly low
permeability to oxygen, carbon dioxide, and water vapor
exhibited by the CWP films prepared in the presence of TGase
confer to these new bioplastics interesting potential practical
applications, taking into account that poor barrier abilities toward
the main environmental gases were considered so far to be the
major limitations to a wider use of both biodegradable and edible
films.43
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