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Chitosan packaging films containing different bioactive compounds (a peptide fraction from whey pro-
tein concentrate (WPC) hydrolysate, glycomacropeptide (GMP) and lactoferrin) were produced and their
mechanical and barrier properties were evaluated. The molecular weight of protein-based compounds
was determined using SDS–PAGE. The addition of GMP and lactoferrin to chitosan film caused a signifi-
cant reduction of tensile strength and the elongation-at-break significantly increased with the incorpo-
ration of lactoferrin. The addition of protein-based compounds also affected gas permeability: a
significant decrease in water vapor permeability was observed with the incorporation of lactoferrin; oxy-
gen permeability significantly decreased with the addition of GMP and lactoferrin and carbon dioxide
permeability significantly decreased with the incorporation of all of the protein-based compounds. Such
results were related with film’s hydrophilicity and crystallinity.

This manuscript contributes to the establishment of an approach to optimize edible films performance
based on physico-chemical properties, aiming at a higher benefit for the consumer.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction Edible films and coatings made from carbohydrates generally
Nowadays, packaging plays a decisive role in the improvement
of the shelf life of food products and new packaging materials de-
rived from renewable sources are being developed (Lin and Zhao,
2007). The potential of edible films to control gas transfer and to
improve food quality, has received increasing attention from
researchers and industry, possibly due to their numerous advanta-
ges over non-biodegradable plastic packaging films (Srinivasa
et al., 2007). An edible coating or film has been defined as a thin,
continuous layer of edible material formed or placed on or be-
tween foods or food components (Bravin et al., 2006). Besides act-
ing as protective barriers, edible films can be used as carriers of
bioactive compounds, thus enhancing the functional properties of
the food product by promoting health benefits.

In order to diminish film fragility and increase film flexibility
and manageability, plasticizers are added into film formation. They
reduce the intermolecular forces and increase mobility of polymer
chains, thereby improving flexibility and extensibility of the film.
On the other hand, plasticizers generally increase water vapor
and solute permeability of the film (Gontard et al., 1993; Sobral
et al., 2001).
ll rights reserved.
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nte).
exhibits lower moisture barriers due to their hydrophilicity (Hie-
menz and Rajagopalan, 1997). To improve moisture barrier charac-
teristics, hydrophobic compounds such as surfactants could be
added to hydrophilic materials. Surfactants could also be used to
reduce surface tension of the solution, improving the wettability
and adhesion of the coating (Ribeiro et al., 2007; Rodríguez et al.,
2006). Chitosan is a natural polymer obtained by deacetylation of
chitin, which is the major constituent of the exoskeleton of crusta-
ceans. Chitosan has been proved to be nontoxic, biodegradable,
biocompatible and has intrinsic antimicrobial activity, inhibiting
the growth of a wide variety of bacteria (Helander et al., 2001;
Shahidi et al., 1999). In addition, chitosan is an excellent edible film
component due to its film-forming capacity and good mechanical
properties and can form transparent films, which may find applica-
tion in a variety of packaging needs (Srinivasa et al., 2002). Chito-
san films have a low permeability to gases (CO2 and O2) (Hosokawa
et al., 1990) however they are highly permeable to water vapor. In
order to improve water barrier properties of chitosan films, various
compounds are frequently incorporated (Park and Zhao, 2004; Var-
gas et al., 2009).

Chitosan-based films have also been claimed as effective carri-
ers of many functional ingredients, such as antimicrobial agents
and antioxidants to improve quality of food (Durango et al.,
2006; Pranoto et al., 2005). A great number works have studied
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the influence and the behavior of bioactive compounds on films
(Min et al., 2010; Sebti and Coma, 2002; Seol et al., 2009). However,
the incorporation of milk proteins with functional properties in
edible films is underexplored, just a few works reported the use
of these bioactive compounds in edible films (e.g. lactoferrin incor-
porated in chitosan films (Brown et al., 2008) and nisaplin in gela-
tin films (Min et al., 2010). Such proteins are usually only
commercially available as impure mixtures, which may difficult
identifying the role of the active compound on changes of film
functionality for industrial applications. A diverse range of biolog-
ical activities can be found in many milk proteins, namely: the
hydrolysates produced from whey protein concentrate (WPC)
show antihypertensive properties (Mullally et al., 1997); glyco-
macropeptide (GMP), a peptide derived from k-casein, exhibits
antibacterial activity, modulates the immune systems responses
and regulates the blood circulation (Thomä-Worringer et al.,
2006); or lactoferrin, a glycoprotein that displays antimicrobial,
anti-inflammatory and anticancer activities (González-Chávez
et al., 2009).

The development of active packaging systems, particularly
those exhibiting antimicrobial properties, is a long studied theme
(see, e.g. Cai et al., 2010; Martins et al., 2010; Pranoto et al.,
2005). However, other important features of such systems, like
the impact on films functionality or the release of active compo-
nents from films, is less studied. The aim of the work reported in
this paper is to analyze the effect of the incorporation of peptides
and proteins of different molecular weights on the mechanical,
thermal and barrier properties of chitosan-based films, together
with chemical characteristics.
2. Materials and methods

2.1. Bioactive compounds

In this work, different bioactive compounds were incorporated
into chitosan films: a peptide fraction hydrolyzed from whey pro-
tein concentrate (WPC), glycomacropeptide (GMP) and lactoferrin.
The peptide fraction was obtained from hydrolysis of WPC (80% wt
of protein, Arla Foods, Denmark) performed based on the method-
ology described by Ferreira et al. (2007). The generated hydroly-
sates were subjected to a dialysis using tubular dialysis
membrane having defined molecular weight cut-off value of
1.0 kDa (Cellu-Sep H1, Membrane filtration products, USA). Com-
mercial GMP and lactoferrin were obtained from Davisco Food
International, Inc. (Le Sueur) and DMV International (USA),
respectively.

To determine peptides molecular weight, sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS–PAGE) was per-
formed using 4–20% polyacrylamide gels containing 0.1% SDS and
Tris–glycine buffer containing 0.1% SDS, at a constant current of
10 mA in a Mini-Protean Tetra Cell (Bio-Rad, San Francisco). Pro-
tein samples (2.5 mg/ml) mixed with sample buffer containing
10% (w/v) of SDS were boiled for 5 min prior to electrophoresis.
An aliquot (5 ll) of molecular weight standards (Precision Plus Pro-
tein all blue standards, Bio-Rad), ranging from 10 to 250 kDa, was
also loaded onto the same gel. Proteins were visualized with Coo-
massie Blue R-250 (Sigma, USA).
2.2. Preparation of chitosan films incorporating bioactive compounds

Chitosan edible films were prepared by dissolving 2% (w/v) of
chitosan (90% deacetylation, Aqua Premier Co., Thailand) in a 1%
lactic acid (Acros Organics, Belgium) solution and stirred, at room
temperature, until chitosan was completely dissolved. Glycerol at
1% (w/v) (Panreac, Spain) and Tween 80 at 0.2% (w/v) (Acros
Organics, Belgium) were added as a plasticizer and as a surfactant,
respectively. The addition of glycerol and Tween 80 was based in
reported chitosan-based films formulations (Casariego et al.,
2008; Cerqueira et al., 2009a). The pH of the film forming solution
was 4.5.

Bioactive compounds were incorporated into chitosan films
forming solutions at a concentration of 1% (dry basis). In order to
obtain films with a similar thickness, a constant amount (28 ml)
of the chitosan solutions was casted in 8.5 cm diameter Petri dish
and dried in an oven at 35 �C, overnight. The films were stored at
20 �C (controlled by laboratory air conditioning system) and 53%
RH (obtained by equilibration in a desiccator with a saturated salt
solution of Mg(NO3)2, under vacuum), until further use.

2.3. Characterization of chitosan films incorporating bioactive
compounds

2.3.1. Film thickness
The thickness of the produced protein-containing films was

measured using a digital micrometer (Mitutoyo, Japan). For each
produced sample, six determinations were made at random
positions.

2.3.2. Confocal laser scanning microscopy
A confocal laser scanning microscope (Olympus Fluoview, FV

1000, Germany) was used to visualize the proteins incorporated
into chitosan films in green fluorescence mode (488 nm). Proteins
were labeled with Fluorescein isothiocyanate (FITC) (Fluka,
Germany).

2.3.3. Moisture content and water solubility
To determine the moisture content (MC) of films, approxi-

mately 50 mg of film were dried at 105 �C during 24 h (until the
equilibrium weight was attained). The weight loss of the sample
was determined, and MC was calculated as the percentage of water
removed from the system. The film solubility in water was deter-
mined according to the method reported in literature (Cuq et al.,
1996).

Three replicates were obtained for each sample.

2.3.4. Mechanical and thermal properties
Mechanical properties, tensile strength (TS) and elongation-at-

break (E), were measured with an Instron Universal Testing Ma-
chine (Model 4500, Instron Corporation, USA) following the guide-
lines of ASTM D882-91 (ASTM D882-91, 1991) standard method.
The initial grip separation was set at 30 mm and the crosshead
speed was set at 5 mm min�1. Tests were replicated nine times
for each sample.

Films’ thermal properties were obtained through using Differ-
ential Scanning Calorimetry (DSC). Measurements were performed
with a Shimadzu DSC-50 (Shimadzu Corporation, Kyoto, Japan).
Scans ranged from 20 to 250 �C with 10 �C min�1 temperature in-
crease. Melting temperature (Tm) and specific enthalpy (Dhm) were
determined. Two replicates were obtained for each sample.

2.3.5. Water vapor permeability measurement
The measurement of water vapor permeability (WVP) was

determined gravimetrically based on the ASTM E96-92 (ASTM
E96-92, 1990) method and following Cerqueira et al. (2009b).

The WVP was estimated using regression analysis from Eq. (1) –
adapted from literature (Sobral et al., 2001):

wx
ADp

¼WAP� t ð1Þ

where x is the average thickness of edible films, A is the permeation
area (0.005524 m2). DP is the difference of partial vapor pressure of
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the atmosphere (2337 Pa at 20 �C) and w as the weight loss. Two
replicates were obtained for each sample.

2.3.6. Oxygen and carbon dioxide permeability
Oxygen permeability (O2P) and carbon dioxide permeability

(CO2P) were determined based on the ASTM D3985-02 (ASTM
D3985-02, 2002) method described by Cerqueira et al. (2009b).

O2P was measured at 20 ± 2 �C and 50 ± 1% RH using an O2 sen-
sor (Mettler-Toledo, Switzerland). In the case of, CO2P was deter-
mined by gas chromatography (Chrompack 9001, Middelburg,
Netherlands) with a column Porapak Q 80/100 mesh 2 m � 1/
800 � 2 mm SS to separate the CO2 and with a column molecular
sieve 5A 80/100 mesh 1 m � 1/800 � 2 mm to separate the O2 fol-
lowed by a thermal conductivity detector (TCD) at 110 �C. Helium
at23 mL min�1 was used as carrier gas. A mixture containing 10%
CO2, 20% O2, and 70% N2 was used as the standard for calibration.
Two replicates were obtained for each sample, in each case (O2P
and CO2P). For each replicate three measurements were taken.

2.3.7. FTIR analysis
Infrared (IR) spectra were recorded using ATR regime using a

Perkin–Elmer 16 PC spectrometer (Perkin–Elmer, Boston, USA) in
the wave number region 600–4000 cm�1 using 16 scans at a
1 cm�1 of resolution. Before film analysis, an open bean back-
ground spectrum of clean crystal was recorded. Data analysis of
each film was performed with Peak Fit 4.12 (SYSTAT Software
Inc., Richmond, CA, USA) program. Spectra of films have been
deconvoluted with the second derivative method with a smoothing
filter set at 20%.

2.3.8. Statistical analysis
The statistical analyses of the data were performed using Anal-

ysis of Variance (ANOVA), Tukey mean comparison test (p < 0.05)
and regression analysis (EXCEL 2007 and SigmaStat, trial version,
2003, USA).

3. Results and discussion

3.1. Characterization of bioactive proteins and peptides weight

The bioactive proteins and peptides were examined using SDS–
PAGE and the protein profiles are shown in Fig. 1, which shows the
proteins separated by SDS–PAGE (Laemmli, 1970). Lane 1 contains
the protein fragment of the digested WPC (fraction subjected to a
Fig. 1. SDS–PAGE patterns of: (M) molecular mass protein standards, (1) WPC
hydrolysate (peptide fraction), (2) GMP, (3) lactoferrin.
separation through a membrane dialysis). Most of the peptides
fraction exhibits molecular weights smaller than 10 kDa. The pep-
tide fraction SDS–PAGE band profiles also show the minor presence
of other proteins located between 60 and 75 kDa that are non-
hydrolyzed proteins (probably Bovine Serum Albumin (BSA)) that
appear not to be efficiently separated through the dialysis process.

The analysis of GMP by SDS–PAGE (lane 2) gave minor and ma-
jor broad bands. The major irregular band had a mass of 15–
20 kDa, corresponding to aggregated forms of GMP; whereas a
minor band was located between 50 and 75 kDa, corresponding
to the presence of other proteins reflecting its low purity. Farías
et al. (2010) also reported the existence of other proteins, such as
b-lactoglobulin and a-lactalbumin, in a partially purified GMP, lo-
cated immediately following the major GMP band.

Lactoferrin was also identified by SDS–Page as a band of 79 kDa
(lane 3). The electrophoresis profile of lactoferrin revealed the
presence of other proteins bands such as b-casein (35 kDa), reflect-
ing the non-purity of lactoferrin sample (Lindmark-Månsson et al.,
2005).

These results allowed determining the average molecular
weights of the protein-based compounds: 8.91, 20.12 and
80.79 kDa for peptide fraction from the hydrolysate of WPC, GMP
and lactoferrin, respectively.

3.2. Films morphology

The combination of the principles of confocal laser scanning
microscopy allows visualizing the morphological structure of the
films, mainly the distribution of the constituents in the filmogenic
matrix. Confocal laser scanning microscopy images of chitosan ma-
trix and of the chitosan film with the bioactive compounds are
shown in Fig. 2.

Chitosan matrix (Fig. 2A) did not show fluorescence, whereas
FITC-labeled proteins emitted fluorescence. This allowed visualiz-
ing protein distribution in the matrix (Fig. 2B–D). This CLSM
images lead to conclude that GMP and lactoferrin are homoge-
neously distributed in chitosan films, while the peptide fraction
Fig. 2. Micrographs obtained by confocal laser scanning microscopy of the films:
(A) chitosan film, (B) chitosan film with WPC hydrolysate + FITC, (C) chitosan film
with GMP + FITC and (D) chitosan film with lactoferrin + FITC.



114 A.I. Bourbon et al. / Journal of Food Engineering 106 (2011) 111–118
seems to be non-uniformly distributed in the chitosan matrix. Film
thickness was only affected by lactoferrin incorporation, as clearly
shown by the results in Table 1.

In order to evaluate the effect of a possible electrostatic com-
plex formation between the added bioactive compounds and chito-
san matrix in films morphology, zeta potential measurements were
carried out. The film forming solution (chitosan + glycerol + Tween
80) exhibit a zeta potential of 68.3 mV and the peptide fraction,
GMP and lactoferrin solutions exhibit zeta potentials of �29.9,
�18.7 and 31.8 mV, respectively. These results suggest that an
electrostatic interaction can occur between the film forming solu-
tion and the peptide fraction or GMP, although no correlation was
found between this behavior and films’ morphology results.

3.3. Moisture content and water solubility

The amount of water present in films provides an indication of
the films hydrophilicity, being the more hydrophilic films those
that present the highest values of moisture content (Table 1). These
are in agreement with the results obtained for the same chitosan
concentrations reported in literature (Casariego et al., 2009). Incor-
porating bioactive compounds in chitosan films led to an increase
of moisture content. This increase was significant for films incorpo-
rated with the hydrolysate of WPC and GMP (p < 0.05). These
differences are possibly related with the hydrophilicity of the
different peptides. Although hydrophilicity of WPC hydrolysate
was not characterized, literature reports that GMP is highly
hydrophilic (Keogh et al., 2010), while lactoferrin presents both
hydrophobic and hydrophilic areas in its conformation (Lu et al.,
2005).

The increase of moisture content in the films with bioactive
compounds may also be related with the increase of charged mol-
ecules, which present a higher ability to adsorb water (Anker et al.,
1999).

Water solubility is another parameter that gives indication of
the film’s water affinity. The water solubility obtained for the
chitosan film (Table 1) agrees well with results reported in litera-
ture (Souza et al., 2009). Table 1 also shows that solubility in-
creases for films with protein-based compounds, however such
increase is not significant (p > 0.05).

3.4. Mechanical and thermal properties

The intended use of edible coatings or films requires a clear
understanding of mechanical properties such as tensile strength
(TS) and elongation-at-break (E). These parameters relate mechan-
ical properties of films to their chemical structures and depend
Table 1
Hydrophilicity, gas barrier, mechanical and thermal properties of chitosan edible films – e

Film composition Film
thickness
(mm)
(df > 50)

Hydrophilicity Mechanical and

Moisture
content (%)
(df = 2)

Solubility
(%)
(df = 2)

TS
(Mpa)
(df = 8)

E (%)
(df = 8

Chitosan 0.174a

(±0.009)
12.72a

(±1.04)sd
42.05a

(±3.46)sd
11.58a

(±1.20)
69.84a

(±4.08
Chitosan + WPC

fraction
0.186a

(±0.007)
15.53b

(±0.39)sd
47.11a

(±3.11)sd
7.36ab

(±2.03)
75.77a

(±8.28
Chitosan + GMP 0.177a

(±0.006)
14.63b

(±0.49)sd
45.39a

(±4.17)sd
7.90b

(±0.97)
72.42a

(±7.09
Chitosan + lactoferrin 0.147b

(±0.002)
14.11ab

(±0.59)sd
43.89a

(±3.33)sd
2.17c

(±0.57)
100.78
(±9.90

Values are presented as mean ± 95% confidence interval (except sd, which indicates ±stan
different (p < 0.05). df indicates statistical analysis degrees of freedom and nd indicates
strongly on film composition. The interaction of proteins, hydrocol-
loids and other additives including water, plasticizers and bioac-
tive compounds plays an important role in TS and E of edible
films (Sivarooban et al., 2008). TS indicates the maximum tensile
stress that the film can sustain and E is the maximum change in
length of a test specimen before it breaks.

TS and E values obtained for the different chitosan-based films
are shown in Table 1. Chitosan film without bioactive compounds
exhibit a TS value (11.58 MPa) close to the value obtained by Srin-
ivasa et al. (2007) (14.14 MPa) for chitosan films with glycerol as a
plasticizer. Addition of GMP and lactoferrin to chitosan films led to
a significant reduction (p < 0.05) of TS from 11.58 to 7.90 and
2.17 MPa, respectively, while the addition of the peptide fraction
from the WPC hydrolysate did not show a significant effect
(p > 0.05). The incorporation of GMP and lactoferrin into chitosan
films probably weakens the interactions between chitosan mole-
cules and may lead to a disruption of three-dimensional structure
of the film. Furthermore, it is notorious that the increase of the
molecular weight of the protein based compounds incorporated re-
sults in a higher reduction of TS. This may be attributed to the
higher disarrangement in the matrix interactions caused by the
highest molecular weight compounds.

Similar results were obtained when whey proteins were added
to chitosan films. The increase of whey protein concentration de-
creased TS, with values ranging between 15 and 2 MPa (Di Pierro
et al., 2006). Also for soy protein films it was observed that the
addition of nisin resulted in lower values of TS (from 8.80 to
5.11 MPa, respectively) (Sivarooban et al., 2008).

Concerning the E values, it was observed that the chitosan film
without bioactive compounds shows a higher E (69.84%) than the
one obtained by Ziani et al. (2008) (52.5%) for chitosan films also
with a plasticizer (glycerol) and a surfactant (Tween 20) incorpo-
rated. This difference may be related with the higher concentration
of glycerol used in this work, once glycerol decreases intermolecu-
lar attraction of chitosan chains, increasing the polymer mobility
and consequently the films’ elongation.

The incorporation of low and medium molecular weight pro-
teins (peptide fraction from the hydrolysate from WPC and GMP,
respectively) into chitosan film did not significantly affect
(p > 0.05) the E values (69.84–73.64% and 72.42%, respectively).
However, the addition of the higher molecular weight protein (lac-
toferrin) showed a significant effect (p < 0.05) on this parameter.
When E is considered, the effects of peptides and their molecular
weight on chitosan film properties were more evident. This behav-
ior can be explained by the plasticizer effect of lactoferrin that in-
serts in the chitosan matrix increasing the free volume of the
chitosan chains that leads to higher values of E and to the decrease
ffect of incorporation of bioactive compounds.

Thermal properties Gas barrier properties

)
Tm

(�C)
Dhm

(J g�1)
WVP
(g Pa�1 s�1 m�1)
(df = 10)

PO2

(g m Pa�1 s�1 m�2)
(df = 7)

PCO2

(g m Pa�1 s�1 m�2)
(df = 6)

)
194.1
(±nd)

20.74
(±nd)

1.64 � 10�10 a

(±1.85 � 10�11)
5.17 � 10�14 a

(±4.06 � 10�15)
5.86 � 10�13 a

±1.09 � 10�13

)
190.7
(±nd)

29.61
(±nd)

1.40 � 10�10 ab

(±1.60 � 10�11)
4.38 � 10�14 ab

(±4.71 � 10�15)
9.86 � 10�14 b

±1.91 � 10�14

)
198.6
(±nd)

26.26
(±nd)

1.30 � 10�10 abc

(±2.09 � 10�11)
2.80 � 10�14 c

(±3.86 � 10�15)
1.04 � 10�13 b

±2.93 � 10�14

b

)
196.0
(±nd)

40.26
(±nd)

1.16 � 10�10c

(±9.13 � 10�12)
1.23 � 10�14 d

(±3.08 � 10�15)
8.54 � 10�14 b

±3.16 � 10�14

dard deviation). Values followed by different superscript letters (a–d) are significantly
value not determined.
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of TS. A similar behavior was observed when small peptides were
added to gelatin films (Giménez et al., 2009). Similar results were
previously observed by other authors (Martins et al., 2010; Pranoto
et al., 2005). Also for pullulan films, it has been shown that the
addition of rice protein leads to the increase of E values (Shih,
1996). E measures the films ability to stretch, which means that
the incorporation of higher molecular weight proteins into chito-
san films results in more stretchable films.

Mechanical behavior of polymeric matrices is also dependent
on crystallinity. The crystallinity of a polymer is associated with
the enthalpy of melting (hm) obtained e.g. by DSC (Souza et al.,
2010; Sperling, 2006). Chitosan film without protein-based com-
pounds shows a hm value very similar to the one obtained by Souza
et al. (2010) (Table 1). Also it was observed an increase of specific
melting enthalpy (hm) with addition of protein-based compounds
to the films. This indicates an increase on crystallinity of films that
can be associated with more breakable (lower TS) and elastic
(higher E) films (Ziani et al., 2008).

This increase in film crystallinity may also affect the film mor-
phology previously described. It can be observed (Table 1) that
chitosan films containing lactoferrin showed the lower thickness
and the higher specific melting enthalpy. Typically, in a crystal lat-
tice structure molecules are oriented while amorphous structures
present a more random orientation (Hartel, 2001), which may led
to a more ‘‘tightly packed’’, thinner structure in crystals.

Also, the lower crystallinity observed in chitosan films incorpo-
rating peptide fraction or GMP is possibly related with the electro-
static interactions which occur between these protein-based
compounds and the chitosan matrix, causing a decrease of the
binding sites available for crystal formation.

3.5. Gas barrier properties

3.5.1. Water vapor permeability
Water vapor permeability (WVP) is an important parameter

commonly considered in food packaging that comprises sorption,
diffusion and adsorption. WVP should be as low as possible since
one of the main objectives of the use of an edible film is to retard
moisture transfer between the food and the environment (Gontard
et al., 1992). The interactions between polymer and water mole-
cules are fundamental to evaluate water permeation through a
film, which usually occurs through the hydrophilic part of the film
(Sangaj and Malshe, 2004). The relation between hydrophilic and
hydrophobic portions is an important factor in WVP determina-
tion. WVP values obtained for the films studied in this work are
shown in Table 1. Chitosan film without bioactive compounds
incorporated exhibit a WVP value similar to the one obtained by
other authors (Ziani et al., 2008). The addition of low and medium
molecular weight compounds (peptide fraction from WPC hydroly-
sate and from GMP) to chitosan films did not significantly
(p > 0.05) influence WVP. However, a significant decrease was ob-
served in WVP with the incorporation of the highest molecular
weight protein (lactoferrin). The same behavior was observed by
Martins et al. (2010) with the incorporation of a bioactive peptide
(nisin) in films of galactomannan. Also for chitosan films it has
been shown that the incorporation of soybean trypsin inhibitor ex-
tract lead to a decrease of WVP values (Zhang et al., 2009).

Compounds with high hydrogen bonding generate films that
are susceptible to water vapor, while compounds with hydropho-
bic groups make excellent barriers to moisture (Souza et al.,
2009). The primary sequence of lactoferrin reveals the presence
of many short peptide stretches that are either hydrophobic or
hydrophilic (Lu et al., 2005), therefore the decrease of WVP caused
by lactoferrin incorporation might be due to the dominance effect
of hydrophobic groups present in the lactoferrin molecule. Table 1
also shows that chitosan films with lactoferrin present the lowest
value of moisture content when compared with other protein-
based films.

The decrease of gas permeabilities can be also related with film
crystallinity. The mass transfer of gas in a semi-crystalline polymer
is primarily a function of the amorphous phase, because the crystal
line phase is usually assumed to be impermeable. As the percent
crystallinity of a polymer increases, the gas permeability decreases
(Miller and Krochta, 1997). As previously discussed, Table 1 shows
that the energy of melting (hm) increases for chitosan films with
protein-based materials. Therefore the decrease of WVP in the
presence of protein-based materials can be associated with the in-
crease of the crystallinity of the chitosan films. Chitosan films con-
taining lactoferrin present the highest value of hm and
simultaneously the lowest value of WVP (p < 0.05). Similar results
were observed for chitosan films where the increase of crystallinity
lead to a decrease of WVP (Ziani et al., 2008).
3.5.2. Oxygen permeability and carbon dioxide permeability
Oxygen permeability (O2P) of food packaging materials is of

great importance for food preservation, since oxygen is the key fac-
tor that might originate oxidation, which initiates several deterio-
ration reactions (Sothornvit and Pitak, 2007). By nature,
polysaccharide films offer a good oxygen barrier, since their hydro-
gen-bonded network structure is tightly packed and arranged (Cer-
queira et al., 2009b; Martins et al., 2010). Also the measurement of
permeability of edible films to carbon dioxide provides important
information for the development of edible films, especially for
the design of modified atmosphere packaging (McMillin, 2008). Re-
sults from O2P are presented in Table 1. The O2P value obtained for
chitosan film without bioactive compounds is in the range of val-
ues reported by other authors (Caner et al., 1998). This property
is affected by the type of acids and plasticizers concentrations used
in chitosan film formulations (Sathivel et al., 2007). It can be ob-
served that the addition of GMP and lactoferrin (from the proteins
used in this study, the ones with intermediate and high molecular
weight) significantly decreased (p < 0.05) the values of O2P. How-
ever, this effect was not observed with the addition of the lowest
molecular weight system (whey protein hydrosylate). The decrease
in O2P originated by GMP and lactoferrin addition is possibly due
to the high molecular weight exhibited by these two protein-based
compounds. Also, as previously discussed, gas permeabilities can
be related with the crystallinity of the films and it is known that
the increase of crystallinity leads to a decrease of O2P and CO2P
(Miller and Krochta, 1997). However, it can be observed that for
chitosan films containing WPC hydrolysate the expected O2P de-
crease was not observed. This behavior can be explained by the
non-uniform distribution of the peptide fraction in the chitosan
matrix (Fig. 2b). Similar results were observed for other chitosan
films where the increase of crystallinity lead to a decrease of gas
permeability (Souza et al., 2009, 2010).

Table 1 also shows carbon dioxide permeability (CO2P) for
chitosan-based films. The CO2P value obtained for chitosan film
without bioactive compounds incorporated is in agreement with
the results reported by other authors (Fajardo et al., 2010). It was
observed that the addition of protein-based compounds into chito-
san films significantly decrease (p < 0.05) CO2P. However, no statis-
tical difference (p > 0.05) was observed between samples with
peptides/proteins of different molecular weight. The low diffusiv-
ity of CO2 through chitosan films with proteins incorporated may
be explained by the distribution of the protein molecules in the
chitosan matrix that causes a decrease of the number of pores, thus
decreasing CO2P. Similar results were obtained when whey protein
was added to chitosan films; for lower values of protein content
both O2 and CO2 permeability decreased when compared with
chitosan films without protein (Di Pierro et al., 2006).
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Fig. 3. Spectra of Fourier Transform Infrared (FTIR) for chitosan edible films; (–)
chitosan film, ( ) chitosan film incorporated with WPC hydrolysate, (—) chitosan
film incorporated with GMP, ( ) chitosan film incorporated with lactoferrin.

Table 2
List of centroids, fractional areas and assignments of bands between 1500 and
1700 cm�1 for chitosan edible films.

Assignment Film Centroid % Area

Amide II Chitosan film 1534 21.94
Chitosan film + peptide fraction 1534 21.17
Chitosan film + GMP 1533 18.22
Chitosan film + lactoferrin 1535 18.27

NH Chitosan film 1583 57.74
Chitosan film + peptide fraction 1581 56.18
Chitosan film + GMP 1580 56.21
Chitosan film + lactoferrin 1581 60.42

Amide I Chitosan film 1650 20.32
Chitosan film + peptide fraction 1648 22.64
Chitosan film + GMP 1648 25.57
Chitosan film + lactoferrin 1649 21.32
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The values obtained for CO2P where higher when compared
with those of O2P, which is normally attributed to the solubility
of these gases in water. CO2 is more soluble than O2, leading to fas-
ter gas diffusion, therefore increasing its permeability (Mujica-Paz
and Gontard, 1997). CO2/O2permselectivity, defined as the ratio be-
tween CO2 and O2 permeabilities, have a great implication in the
design of packaging films for food applications (Al-Ati and Hotch-
kiss, 2003; Park and Chinnan, 1995; Wu et al., 2009). Commercial
packaging films have CO2/O2permselectivities ranging from 4 to 8
(Al-Ati and Hotchkiss, 2003). A higher ratio indicates less CO2 accu-
mulation and vice versa. The CO2/O2permselectivity obtained in
this work ranges between 11 and 2. The highest values were ob-
tained for chitosan films and for chitosan films containing lactofer-
rin (11 and 7, respectively). For films containing WPC peptide
fraction and GMP the values were 2 and 4, respectively.

3.6. FTIR analyses

FTIR analyses were used to evaluate possible chemical interac-
tions between the polymeric film and the bioactive agents incorpo-
rated in it. Fig. 3 represents the FTIR profile obtained for chitosan
films incorporated with different bioactive compounds.

All spectra show similar patterns with absorption peaks at 3330
and 967–1195 cm�1, which corresponds to stretching of OH and
NH bonds and to stretching of CO bonds, respectively (Pranoto
et al., 2005). Absorption peaks at 2877 cm�1 (C–H stretching) and
at 1600 cm�1 (amine groups (–NH2)) were also observed. In addi-
tion, the residual lactic acid is evident at 1710 cm�1, corresponding
to carbonyl vibration of the carboxylic acid. This peak is a conse-
quence of the low volatility of lactic acid (Lawrie et al., 2007).

The interactions between chitosan and proteins are represented
by amide I band (between 1600 and 1700 cm�1), amide II (around
1536 cm�1) and by NH and CO deformations (1580–1490 and
1700–1630 cm�1 range, respectively) (Pranoto et al., 2005; Silva
et al., 2007). In order to achieve a complete comparison of the
interaction between chitosan matrix and the bioactive compounds,
a deconvolution of the FTIR spectra (between 1500 and 1700 cm�1)
for the different films was performed.

The shift of the bands corresponding to the interactions be-
tween chitosan and proteins has been previously reported (Cai
et al., 2010; Silva et al., 2007). Silva et al. (2007) observed a shift
of NH and CO deformation bands from 1584 to 1536 cm�1 and
from 1650 to 1630 cm�1, respectively, associated with the incorpo-
ration of soy protein in chitosan films. On the other hand, Cai et al.
(2010) observed that the incorporation of nisin into a complex
with chitosan shifted the place of OH band (from 3438 to
3417 cm�1) and the absorbance bands of asymmetrical and sym-
metrical COO– vibrations (from 1566 and 1415 cm�1 to 1547 and
1384 cm�1, respectively).

In this work the differences observed were of a much lower
magnitude (Table 2) and further studies are needed in order to
determine their significance. However, these shifts suggest a spe-
cific chemical interaction occurring between functional groups of
protein-based bioactive compounds and active groups of the chito-
san film.

The interactions between protein-based compounds and the
chitosan matrix are also reflected in the area of the bands, which
is a measurement of the extent of such interactions. In all cases
bioactive compounds addition lead to changes of that area, reflect-
ing different intensities of the chemical bonds established in these
materials. These differences may influence the films properties
previously described. Specifically, for amide I band the incorpora-
tion of bioactive compounds, which affected the hydrophilicity of
the samples (Table 1), also resulted in the increase of the% area.
This relationship has been observed in gelatin films (Yakimets
et al., 2007).
4. Conclusions

Chitosan-based films were used as a matrix for the incorpora-
tion of bioactive compounds with different molecular weights.
Overall, the incorporation of protein-based compounds in chitosan
films resulted in the decrease of the gas permeabilities and TS and
in the increase of E. Films’ hydrophilicity and crystallinity were
successfully related with mechanical and barrier properties. FTIR
analyses suggest different intensities of the chemical interaction
occurring between functional groups of protein-based bioactive
compounds and active groups of chitosan films; these observations
are in line with the main results of this work.

The films produced present values of WVP and E in the order of
those of cellophane films, TS (for some cases) and O2P values in the
order of high-density polyethylene (Han and Gennadios, 2005).
These results suggest a high potential of these films to be used as
active packaging materials, and further studies must be developed
in order to access bioactivity and behavior along shelf-life.
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