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a b s t r a c t

Locust bean gum synergistic interactions with whey proteins are widely described in terms of functional
properties. The aim of this work is to assess how these interactions affect whey protein-based film
properties. Blended films were manufactured using whey protein isolate (WPI), four different concen-
trations levels of locust bean gum (LBG) and two different thermal treatments. A rheological study was
performed to assess interaction between WPI and LBG. The influence of glycerol on WPI/LBG interactions
was also verified. Barrier, mechanical, and optical properties, as well as microstructure, solubility and
moisture sorption behavior of films were evaluated. The results show that interaction between WPI and
LBG and more severe heat treatments provide stronger, more flexible and less soluble films with lower
permeability to carbon dioxide and oxygen and lower transparency. These findings suggest that the
addition of locust bean gum to WPI can be used to tune the properties of WPI-based edible films to meet
specific food packaging and edible coating needs.

© 2015 Published by Elsevier Ltd.
1. Introduction

Plastics have been increasingly used as packaging materials all
over the world. However, due to their non-biodegradability, the
interest in packaging from biodegradable biopolymers has been
growing in the last years. Proteins (such as caseinates, gelatin, whey
protein) and polysaccharides (starch, chitosan, galactomannans
and pectin) are biopolymers widely studied because they usually
present good adherence to fruits and vegetables surfaces and good
barrier properties to gases such as oxygen and carbonic gas (Han &
Gennadios, 2005). These biopolymers are presented as possible
substitutes in petrochemical-based packaging for specific
applications.

Whey protein isolates and concentrates result from the
amento de Engenharia Quí-
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industrial separation of the protein fraction fromwhey and are by-
products of cheese manufacture with excellent functional proper-
ties. The functionality and performance of edible films depends on
their barrier and mechanical properties (Cerqueira et al., 2011).
Edible films from whey protein isolates have shown good oxygen
and aroma barriers but generally show poor mechanical properties
(Hong & Krochta, 2006; P�erez-Gago & Krochta, 2002). A minimal
content of plasticizer like glycerol is needed to reduce brittleness of
the protein-based films, increasing extensibility of film (Gounga,
Xu, & Wang, 2007; Ozdemir & Floros, 2008). Kokoszka,
Debeaufort, Lenart, and Voilley (2010) studied the influence of
different glycerol concentrations (30, 40 and 60% (w/w), of WPI) in
films from whey protein isolate (WPI) and observed that film bar-
rier properties are better with 40% (w/w, of WPI) of glycerol. Whey
proteins have an amphiphilic character. This feature allows them to
interact with different kind of molecules. It is thus possible to
modify the functional properties of whey proteins by the addition
of other components, such as polysaccharides (Rocha, Teixeira,
Hilliou, Sampaio, & Gonçalves, 2009). In contrast to casein, WPI is
a globular proteinwith hydrophobic and thiol groups located inside
the globular structure. The denaturation, caused by heat treatment,
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opens the globular structure of protein, exposes sulfhydryl and
hydrophobic groups that can interact with other molecules and
form strong covalent dissulfide intermolecular bonds (Nicolai,
Britten, & Schmitt, 2011).

Galactomannans are heterogeneous polysaccharides commonly
used in the food industry, mostly obtained from the endosperm of
dicotyledonous seeds of numerous plants. Galactomannans present
the advantage of forming viscous solutions at relatively low con-
centration and being little affected by pH, heat and ionic strength
(Cerqueira et al., 2011; Dakia, Blecker, Robert, Wathelet, & Paquot,
2008; Goycoolea, Morris, & Gidley, 1995; Sittikijyothin, Torres, &
Gonçalves, 2005). Locust bean gum (LBG) is a kind of gal-
actomannan, also known as carob gum, found in the endosperm of
fruit pod of the carob tree, compatiblewith others gums, thickening
agents and proteins, usually used to increase the elasticity and
strength of the gel (Barak &Mudgil, 2014; Fernandes, Gonçalves, &
Doublier, 1991; Gonçalves, Sittikijyothin, Silva, & Lefebvre, 2004).
LBG is partially soluble in water at ambient temperature, however
the heat is necessary to achieve best water binding capacity (Maier,
Anderson, Karl, Magnuson, & Whistler, 1993; Pollard & Fischer,
2006).

Edible films from LBG present high water vapor permeability
and elongation-at break values range similar to cellophane films,
being indicated by some authors as alternatives to synthetic ma-
terials (Bozdemir & Tutas, 2003; Cerqueira, Souza, Teixeira, &
Vicente, 2012).

Mixtures of whey protein and anionic polysaccharides had
presented positive effects on functional properties of gels (Baeza,
Sanchez, Pilosof, & Patino, 2005; Beaulieu, Turgeon, & Doublier,
2001; Ibanoglu, 2002; Ibanoglu, 2005; Neirynck et al., 2007; Sun,
Gunasekaran, & Richards, 2007). Interaction between whey pro-
teins and galactomannans have also been referred. For instance,
Rocha et al. (2009) found interaction between whey protein
concentrate (WPC) and locust bean gum (LBG) at pH 7.0 and
observed that a small amount of LBG in the presence of salt leads to
a big enhancement in the gel strength. Several authors have been
studied blends of proteins and polysaccharides as edible film
forming agents in order to increase the mechanicals and barrier
properties (Arvanitoyannis & Biliaderis, 1998; Arvanitoyannis,
Psomiadou, & Nakayama, 1996; Arvanitoyannis, Psomiadou,
Nakayama, Aiba, & Yamamoto, 1997; Lee, Park, Lee, & Choi, 2003;
Os�es et al., 2009). However, though several authors have studied
edible films containing WPI with promising results (e.g. Pierro,
Sorrentino, Mariniello, Valeria, & Porta, 2011; Pereira, Souza,
Cerqueira, Teixeira, & Vicente, 2010; Ramos, Fernandes, Silva,
Pintado, & Malcata, 2012; Seydim & Sarikus, 2006), few have re-
ported on polysaccharide/whey protein blended films (e.g. Brindle
& Krochta, 2008; Coughlan, Shaw, Kerry, & Kerry, 2004; Yoo &
Krochta, 2011) and, to best of our knowledge, no investigation
was performed about properties of edible films containingWPI and
locust bean gum.

This study aims to evaluate the effect of LBG addition on barrier,
optical and mechanical properties, microstructure, solubility and
sorption isotherms of whey protein isolate (WPI) films. A pre-
liminary rheological study was performed at pH 7.0 to assess if the
WPI/LBG interactions persist upon the addition of glycerol (the
most common plasticizer used in the WPI-based film formulation).
Films were prepared without or with two different LBG amounts
and two different thermal treatments, at pH 7.0.

2. Materials and methods

2.1. Materials

Whey Protein Isolate (WPI), LACPRODAN DI-9224, kindly
supplied by Arla Foods Ingredients (Viby, Denmark), was used as
the protein source. This isolate contains a minimum of 93.5% total
protein content (74% a-lactoglobulin, 18% b-lactalbumin and 6%
bovine serum albumin), maximum content of 0.2% lactose and fat,
approximately 0.5% sodium, 1% of potassium and 0.1% calcium, as
specified by Arla Foods Ingredients.

Locust bean gum (LBG) (>75% galactomannan content) was
kindly supplied by Danisco Portugal (Faro, Portugal).

Glycerol was supplied by Merck (Germany) and other chemicals
were supplied by Sigma, Co (St. Louis MO, USA).

2.2. WPI/LBG solutions

The stock solution of 1% (w/w) LBG was prepared by stirring the
appropriate amount of dry LBG powder dispersed in distilled water
for 1 h, at room temperature. After that, the solution was heated
with stirring, for 30 min at 80 �C. After cooling, the non-dissolved
material was removed by centrifugation at 20,000 g for 30 min.
The final concentration was determined from dry matter content.

WPI mixed solutions were prepared by weighing the appro-
priate amount of WPI powder, adding the required amounts of LBG
stock solution, glycerol (used as plasticizer) and NaCl solution (20%
w/w) to a final salt concentration of approximately 50 mM to
ensure constant ionic strength, and completing to the final volume
with distilled water. The mixtures were stirred again during 2 h, at
room temperature. The pH was then adjusted to 7.0 with NaOH 1M
and the solution was stirred for 2 h more.

2.3. Rheological measurements

The films can be formed through different mechanisms
including coacervation and gelation followed by solvent evapora-
tion. WPI denaturate upon heating and gel which is the usual
mechanism used for producing WPI films through solvent casting.
Flow would interfere with the gelling mechanism and would
impose severe damage to the sample. Therefore, small amplitude
oscillation tests were chosen to study the gel formation process,
which is important for the film formation. Mixtures of WPI (10% w/
w) and LBG (0, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5% w/w) were prepared
for rheological characterization with or without glycerol as plasti-
cizer. For the mixtures with plasticizer, glycerol was added until a
final concentration of 4% (w/w) in the solution. Measurements
were performed with a controlled stress rheometer AR-G2 (TA In-
struments, New Castle, USA) fitted with parallel-plate geometry
(40 mm diameter, gap 800 mm). The mixture was poured onto the
plate of the rheometer and covered with paraffin oil to prevent
water loss. Samples were heated to 80 �C, at the rate of 2 �C/min,
equilibrated for 3 h at 80 �C and cooled from 80 �C to 20 �C with the
same rate of 2 �C/min. Mixtures were then equilibrated for 30 min
at 20 �C to obtain non time dependent dynamic shear modules.
Frequency of 1 Hz was maintained constant and all experiments
were performed in the linear viscoelastic region (previously tested)
using a target strain of 0.5%.

The experiments were carried out in triplicate with the results
reported as the measurements averages.

2.4. Film preparation

Solutions were prepared as described above, being the final
concentrations in the film forming solutions 5% (w/w) for WPI and
2% (w/w) for glycerol. Four different LBG concentration (0, 0.025,
0.05% and 0.1%) were tested. After the 4 h stirring period, the
mixtures were heated to denature the protein fraction. Two
different heat treatments were used: 1) the mixtures were heated
until 75 �C and immediately cooled back to room temperature; 2)
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the mixtures were heated until 75 �C, kept at 75 �C for 10 min and
then cooled back to room temperature.

Filmswere formed by pouring 28 g of each film forming solution
over disposable polyethylene Petri dishes (8.6 cm in diameter).
Films were dried in a climate chamber (KBF115, Binder) for 12 h at
50 ± 1% relative humidity (RH) and 35 ± 2 �C. Afterward, the dried
films were equilibrated in desiccator at 53% relative humidity (RH)
and 25 �C for one week in order to carry out the analyses.

2.5. Characterization of WPI þ LBG films

2.5.1. Film thickness
The thickness of the films was measured at 10 different points

for each film using a digital micrometer (Mitutoyo, Japan).

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

break (E), were measured with a texture analyzer (TA.XT2, Stable
Micro Systems, Surrey, UK) equipped with tensile test attachments
following the guidelines 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
eight times for each type of film. The tests were performed at 25 �C.

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

performed gravimetrically based on ASTM E96-95 method (ASTM
E96-95, 1995). The film was sealed on the top of a permeation
cell containing calcium chloride (2% RH), placed in a desiccator at
25 �C containing water (100% RH) and a miniature fan inside (for
constant air circulation). The cells was weighed at intervals of 1 h
during 9 h using a balancewith a resolution of 0.01mg. The slope of
weight gain versus time was obtained by linear regression. Three
replicates were performed for each film formulation. The WVP was
estimated using regression analysis from Eq. (1) as described in
literature (McHugh, Avena-Bustillos, & Krochta, 1993):

WVP ¼ Dm$x
A$Dt$DP

(1)

where Dm is the weight gain (g) of the test cell, x is the film
thickness (m), A is the permeation area (0.005524 m2), Dt is dura-
tion (s), DP is the difference of the water vapor partial pressure at
20 �C (2337 Pa) across the two sides of the film.

2.5.4. Water solubility
Solubility (S) is defined as the content of dry matter solubilized

after 24 h (Cerqueira et al., 2012). The film solubility in water was
determined according to the method reported in the literature
(Cuq, Gontard, Cuq, & Guilbert, 1996). Disks (2 cm diameter) cut
from the dried films were weighted (W0) on a Sartorius BP211D
balance (Sartorius AG, Germany) and immersed in 50 mL of water
at 25 �C, with agitation (60 rpm). After 24 h, disks were taken out
and dried in an oven at 105 �C until constant weight (Wf). The
solubility was determined according to Eq. (2).

S ¼ W0 �Wf

W0
� 100 (2)

2.5.5. Oxygen and carbon dioxide permeability measurement
Oxygen permeability (O2P) and carbon dioxide permeability

(CO2P) were determined based on ASTM D3985-02 standard test
method (ASTM D3985-02, 2002). The films were sealed between
two chambers and the exposed-film areawas 0.0046m2. Oxygen or
carbon dioxide was purged into the lower chamber, while nitrogen
was purged into the upper chamber. The flow rate was controlled to
maintain the pressure constant (1 atm) in both chambers. Nitrogen
acted as a carrier for the O2 (or the CO2) crossing the film. The
values for O2P and CO2P were determined by gas chromatography
(Chrompack 9001, Middelburg, Netherlands) at 110 �C and with a
molecular sieve 5 Å 80/100 mesh 1 m � 1/800 � 2 mm column to
separate O2, and a Porapak Q 80/100 mesh 2 m � 1/800 � 2 mm SS
column to separate CO2, using a thermal conductivity detector at a
110 �C. Heliumwas used as carrier gas. Amixture containing 10% (v/
v) CO2, 20% (v/v) O2, and 70% (v/v) N2 was used as the standard for
calibration. Three replicates were obtained for each formulation.
For each replicate three measurements were taken, after the
achievement of the stationary state.

2.5.6. Moisture sorption isotherms
Sorption isotherms were plotted for pieces of films

(30 � 30 mm), based on the static gravimetrical methods proposed
by Jowitt et al. (1987). Eight saturated aqueous salt solutions were
prepared corresponding to water activity intervals between 0.11
and 0.90 (LiCl e 0.11; MgCl2 e 0.33; Mg (NO3)2 e 0.53; NaBr e 0.58;
SrCl2 e 0.71; NaCl e 0.75; KCl e 0.84; BaCl2 e 0.90) and placed in
small jars. Duplicate samples were weighed for each value of water
activity and placed on tripods into the jars, which were then tightly
closed and placed in a temperature-controlled chambermaintained
at 25 �C. Samples were weighed periodically until they reached
constant weight. Dry weights of the samples were determined by
the gravimetric method, in triplicate, drying to constant weight in a
vacuum oven at 60 �C. For the mathematical description of sorption
isotherms the Guggenheim-Anderson-de-Boer (GAB) model (Eq.
(3)) (Van den Berg & Bruin, 1981) was adjusted to the experimental
data using the non-linear regression module of Statistica 7.0 soft-
ware (Statsoft, Tulsa, OK, USA).

X ¼ Xm:C:K:aw
ð1� K:awÞð1� K:aw þ C:K:awÞ (3)

where, aw e water activity, dimensionless; X e equilibrium mois-
ture content (% dry basis); Xm e moisture content of monolayer (%
dry basis) (water content corresponding to saturation of all primary
adsorption sites by one water molecule); Ce Guggenheim constant
and K e corrective constant (Van den Berg & Bruin, 1981).

The goodness of fit of the models was evaluated using the
regression coefficient (R2). For each setting, the Residual Root Mean
Squares (RRMS) were calculated, defined by:

RRMSð%Þ ¼ 100

(
1=ðn� p� 1Þ

Xn
1

h�
xexp � xcalc

�.
xexp

i2)1=2

(4)

where xexp � xcalc is the residual [the difference between the
experimental (xexp) and calculated (xcalc) values]; n is the number of
observations, or residuals; p is the number of the fitting parameters
and (n � p) defines the degrees of freedom (Daniel & Wood, 1980).

2.5.7. Optical properties
The visible and ultraviolet (UV) light barrier properties of the

dried films were measured using an UVevisible Unicam spec-
trometer model Helios Alpha. WPI films were cut into pieces
(4 � 1 cm) and attached to a quartz colorimetric cell. Wavelengths
from 190 to 700 nm were selected to measure transmittance and
absorbance.

2.5.8. Microstructure
Film microstructures were studied by Scanning Electron



Fig. 1. Rheological parameters of whey protein isolate (WPI) aqueous gels with
different concentrations of LBG and with (G0 , C; G00 ,:; d, -) or without (G0 , B; G00 ,
D; d, ▫) glycerol.
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Microscopy (SEM) at CEMUP, Porto, Portugal. The dried samples
were coated with a sputtered AuePd thin film and analyzed in a
Type FEI Quanta 400 FEG SEM under high vacuum using an accel-
erating voltage of 5 kV and working distances (WD) between 9.5
and 10.5 mm.

2.5.9. Statistical analyses
All statistical analyses on the films' properties were made using

the Statistica software version 7.0 (StatSoft, Inc, Tulsa, USA). Anal-
ysis of variance (ANOVA) was performed for each property. Statis-
tical significant differences were analyzed a posteriori with the
Tukey test. The significance level was defined as p � 0.05, for all
tests.

3. Results and discussion

3.1. Rheological measurements

No reliable results were achieved at 5% WPI due to the low
viscosity of the samples and the higher syneresis of the weak gel
formed. In addition, films are manufactured by evaporation and
concentration of the film forming solutions and the properties of a
more concentrated mixture are more likely to reproduce the
behavior of the film.

The final relevant rheological parameters storage moduli or
elastic moduli (G0), loss or viscous moduli (G00) and loss angle (d)
were measured and are shown in Fig. 1.

Storage moduli of WPI gels, obtained in the present study
(G0 ¼ 8077 ± 766 Pa without glycerol; G0 ¼ 8107 ± 1428 Pa with
glycerol), were ~40 times higher than storage moduli of WPC gels
(G0 ¼ 204 ± 33 Pawithout glycerol) obtained by Rocha et al. (2009).
Both studies were performed in pH 7.0, with addition of NaCl to
ensure constant ionic strength. This large difference between the
results of these two studies can be related to the compositions of
WPI and WPC. WPI used in this experiment presented protein
content above 90% (w/w), while WPC used by Rocha et al. (2009)
had 82% (w/w) protein content, on a dry weight basis. Besides
their distinct protein contents, WPI and WPC differed also in the
levels of other constituents such as lactose, minerals and lipids.
These differences may influence markedly the intermolecular
bonds in the manufactured gels, resulting in high differences in
their storage moduli.

LBG and glycerol addition modified the gelation behavior of
WPI. Though the overall pattern of the viscoelastic moduli with the
temperature ramps followed the same behavior, the final values
were significantly different. In the absence of plasticizer (glycerol),
G0 tends to increase with LBG concentration until 0.3%. For higher
LBG concentrations, the gelation ability is impaired and G0 de-
creases rapidly. In the presence of plasticizer, G0 tends to increase
with LBG concentration until 0.2% and presents higher value than it
was observed in the gels without glycerol, for the same LBG con-
tent. For LBG concentrations higher than 0.2%, the gelation ability is
impaired and G0 decreases rapidly. For 0.3% LBG, although, it is
possible observe that elastic moduli reduces in gels with plasticizer
but enhance slightly in the absence of the glycerol. Loss moduli
trends are similar to storage moduli trends, both with and without
glycerol. Thus, it seems that the presence of glycerol shifted the
maximum synergy to lower LBG concentrations (from 0.3 to 0.2%).

Higher G0 values denote an improvement of the gel strength and
indicate the existence of the synergy between WPI and LBG. Rocha
et al. (2009) also observed that addition of small amounts of LBG
increased G0 of the gels containing 10% (w/w) of whey protein
concentrated (WPC) without plasticizer. In that published work, the
authors verified that mixtures with 0.1% (w/w) of LBG presented the
highest G0 value and ascribed the result to phase separation that
occurs in this kind of system. The phase separation can lead to a raise
in protein concentration in the continuous protein-enriched phase,
increasing the elastic response of the network. For higher LBG con-
centrations, the phase separation overcomes the effect of the protein
concentration, and gelation is impaired. WPC has higher amounts of
contaminants (such as lactose) thanWPI that can compete with LBG
or have a similar effect. This may justify the fact that optimum LBG
amount found for maximum elastic modulus (G0) was significantly
higher in the present work with WPI.

The attractive forces present in WPI with 0.2% LBG could have
also increased due to the glycerol addition in the gel.
Chantrapornchai and McClements (2002) observed that glycerol
increased the storage moduli of the 10% (w/w) WPI gels. However,
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in this work, no significant differences were observed without LBG.
Generally, plasticizers act interrupting intermolecular forces,
reducing the rigidity of the gels structure and, hence, reducing
storagemoduli. On the other hand, lower plasticizer concentrations
can produce an antiplasticization effect, interacting with the poly-
mer and increasing G0 value (Sothornvit& Krochta, 2005). Probably
LBG can be considered to behave similarly to a plasticizer in this
king of gels. The antiplasticization effect is present in concentra-
tions until 0.3% in gels without glycerol. However, when glycerol is
added, the overall plasticizer concentration increases, and the
maximum synergy is shifted to lower LBG concentrations.

This behavior is reflected in the value of the loss angle. However,
the minimumvalue in this case seems to be around 0.1%, though no
significant differences are observed between 0 and 0.2% LBG indi-
cating a similar viscoelastic behavior. For LBG concentrations
higher than 0.2%, the viscous character increases. Rocha et al.
(2009) also did not find significant changes in tand of WPC gels
with 0.1% (w/w) LBG.

Furthermore, the values with glycerol are consistently slightly
higher than the values without glycerol, indicating the presence of
glycerol slightly decreases the solid character of the gel samples.
3.2. Mechanical properties

Tensile strength (TS) and elongation-at-break (EB) of WPI films
were analyzed for three different LBG contents and two different
thermal treatments. The results are shown in Table 1.

As expected, the time of thermal treatment significantly
improved the mechanical properties of WPI films, increasing both
of TS and EB. In the case of EB, this effect was stronger in the
presence of LBG. When the protein is heated, its structure becomes
more mobile. Covalent disulphide bonds are formed among poly-
peptide chains, increasing the chain length and forming a stable
network (Totosaus, Montejano, Salazar, & Guerrero, 2002; Nicolai
et al., 2011). Thus, an increase in the TS of ca. 50% was achieved,
leading to final TS near 3.5 MPa, in accordance with the 1e14 MPa
value reported, depending on the film-making method, glycerol
concentration (30%e50% of the whey protein) and environmental
testing conditions (Brindle & Krochta, 2008; McHugh & Krochta,
1994; Ramos et al., 2013; Ustunol & Mert, 2004). This improve-
ment has been formerly reported. For instance, P�erez-Gago and
Krochta (1999) described that aqueous solutions containing 5%
WPI heated at 90 �C for 30 min in pH 7.0 with addition of glycerol
(70:30, WPI:Glycerol) provides films 2.2 times stronger and
approximately 6 times more resistant to deformation in compari-
son with films formed with non-heated WPI.

Phase incompatibility often leads to poorer mechanical prop-
erties when no specific interactions are present. However,
improved mechanical properties are expected when interaction
between the different components are described (Brindle &
Krochta, 2008). Though the presence of low amounts of LBG does
Table 1
Values of water solubility, film's thickness, tensile strength (TS) and elongation-at-bre
treatment.

Treatment Thermal treatment (until 75 �C)

Solubility (%) Thickness (mm) TS (MPa) EB (%)

5% WPI 62.04 ± 0.74a,A 0.26 ± 0.062a,A 2.34 ± 0.33a,A 11.04 ±
5% WPI þ 0.025% LBG 73.51 ± 1.64b,A 0.28 ± 0.013a,A 2.66 ± 0.46a,A 10.92 ±
5% WPI þ 0.05% LBG 69.70 ± 0.38c,A 0.29 ± 0.019a,A 2.35 ± 0.28a,A 9.68 ±
5% WPI þ 0.1% LBG 62.37 ± 0.89a,A 0.29 ± 0.06a,A 2.78 ± 0.29a,A 19.25 ±

Mean ± SD.
Means with the same capital letter, for the same response variable, in the same line did
Means with the same lower case letter, in the same column, did not differ significantly
not seem to have a significant effect on the film's tensile strength
(p < 0.05), elongation at break is significantly improved for the
films, providing higher capacity of the film to extend before
breaking. It was verified that elongation at break of WPI film
increased with the LBG concentration, being that 0.1% LBG addition
in the formulation resulted in films 2.3 times more deformable.
Whey protein films are formed through a combination of disulfide
bonds, hydrophobic interactions and hydrogen bonds. The nature
of these bonds generally leads to very brittle films (Sothornvit &
Krochta, 2001). The incorporation of a plasticizer tends to in-
crease polymer chain mobility, thus allowing higher deformations
but generally decreasing films' tensile strength. It will position
between the biopolymer chains within the polymer network,
increasing the mobility by increasing the intermolecular spacing
(Wihodo & Moraru, 2013). LBG seems to have a similar plasticizing
effect, since elongation capacity was enhanced. Nevertheless, ten-
sile strength was not impaired with LBG addition. A probable phase
separation between WPI and LBG will lead to an enriched phase in
protein and an enriched phase in LBG. For LBG concentrations low
enough, this phase separation will still allow to form a continuous
protein network by the protein enriched-phase. As the protein
concentration increased in this phase (it was excluded from the
other phase), this network is stronger than the original, without
LBG. Similar behavior was observed by Rocha et al. (2009) in gels
constituted of WPC þ LBG. On the other hand, an enriched phase in
LBG would be responsible by the plasticizing effect. Hence, an ex-
pected decrease in the tensile strength due to this plasticizer effect
may have been compensated for the strengthening of the protein
network detected by rheology results.
3.3. Solubility and water sorption isotherms

The values obtained of solubility for whey protein isolate films
with and without addition of LBG are presented in Table 1.

Solubility of WPI films decreased with time of thermal treat-
ment indicating that the greater the cross-linking effect in the
matrix the less soluble is the film (Table 1). According to Pelegrine
and Gasparetto (2005), proteineprotein irreversible binding reduce
water interaction in solutions reducing the solubility of the films.
Heat denaturation enables the formation of intermolecular irre-
versible disulfide bonds, which are among the strongest intermo-
lecular bonds. For shorter times, this exposuremay not be complete
and hydrogen bonding and hydrophobic intermolecular in-
teractions may still have a strong contribution to the film forma-
tion, leading to more soluble films (Floris, Bodnar, Weinbreck, &
Alting, 2008). This behavior is also in accordance with the results
found by P�erez-Gago and Krochta (2001).

LBG addition also decreased solubility in thermally treated films
for 10min. However in films with thermal treatment until 75 �C the
solubility increased with polysaccharide addition. This result also
confirm that time of heating was not enough to establish enough
ak (EB) for WPI and WPI/LBG films, with glycerol, submitted to different thermal

Thermal treatment (75 �C/10 min)

Solubility (%) Thickness (mm) TS (MPa) EB (%)

1.63a,A 59.97 ± 0.19a,B 0.29 ± 0.025a,A 3.53 ± 0.27a,B 13.89 ± 4.41a,A

2.33a,A 54.52 ± 0.39b,B 0.28 ± 0.017a,A 3.26 ± 0.23a,B 18.56 ± 3.61ab,B

2.41a,A 55.16 ± 1.92b,B 0.29 ± 0.019a,A 3.65 ± 0.39a,B 23.16 ± 5.68b,B

8.23b,A 56.74 ± 0.39b,B 0.28 ± 0.03a,A 3.63 ± 0.33a,B 32.09 ± 6.74c,B

not differ significantly at p � 0.05, according to the Tukey test.
at p � 0.05, according to the Tukey test.



Table 2
Parameters of GABmodel fit to experimental data of sorption isotherms ofWPI films,
with glycerol and with or without thermal treatment time and LBG addition.

C K Xm R2 RQMR

5% WPI 2.43 0.954 0.139 0.998 1.38%
5% WPI þ 0.025% LBG 4.19 0.959 0.129 0.997 1.46%
5% WPI þ 0.05% LBG 2.14 0.922 0.158 0.998 1.28%
5% WPI þ 0.1% LBG 7.01 0.992 0.115 0.998 1.27%
5% WPI (75 �C/10 min) 1.75 0.957 0.139 0.998 1.22%
5% WPI þ 0.025% LBG (75 �C/10 min) 0.63 0.816 0.329 0.989 2.64%
5% WPI þ 0.05% LBG (75 �C/10 min) 3.13 0.942 0.139 0.991 1.78%
5% WPI þ 0.1% LBG (75 �C/10 min) 12.19 0.987 0.111 0.989 1.78%
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disulfide bonds and that hydrophobic interactions and hydrogen
bonding still play the dominant role. LBG is water soluble and,
unless other phenomena are involved, it is likely to increase film
water solubility.

The decrease in solubility observed with addition of LBG to
thermally treated films is probably related to the increase in the
thermal cross-linking effect. Rocha et al. (2009) analyzed the
microstructure of whey protein concentrate (WPC) þ LBG gels and
observed phase-separation with LBG promoting protein aggrega-
tion. The protein concentration in the protein-enriched phase was
probably higher, leading to a stronger network with more disulfide
bonds. A similar mechanism seems to occur also in WPI films with
the LBG addition resulting in reduced film solubility. Though these
films are still partially soluble, their solubility can be further
decreased by chemical modification of the residual accessible thiol
groups (by blocking or copper-catalyzed oxidation (Floris et al.,
2008)).

The sorption isotherms of WPI films with or without LBG, ob-
tained experimentally, are presented in Fig. 2.

The treatment time and the addition of LBG to WPI films barely
changed the amount of moisture adsorbed per mass of dry solids.
All curves showed that the films undergo considerable changes
with the relative humidity of the environment adsorbing large
amounts of water at high relative humidity and small amounts at
low relative humidity (Fig. 2).

The results of nonlinear regression analysis of experimental data
with the GAB model presented in Table 2 showed high correlation
coefficients (R2 � 0.99) suggesting that the model adequately fits
the experimental data.
3.4. Oxygen, carbon dioxide and water vapor permeabilities

Oxygen permeability (O2P), carbon dioxide permeability (CO2P)
and water vapor permeability (WVP) of WPI films with or without
LBG are shown in Table 3.

Though, for all samples, WVP's were always higher for the
stronger heat treatment, the WVP values shown in Table 3 indicate
that thermal treatments affected significantly WVP of films only
with 0.05 and 0.1% LBG. These results are also consistent with
P�erez-Gago, Nadaud, and Krochta (1999) that also verified that
thermal treatment had no significant effect on WVP of 5 and 10%
WPI films made at pH 7.0. Furthermore, for the strongest heat
treatment, when the disulfide bonds are fully established, WVP
seems to be consistently higher for films with LBG. For milder heat
treatments, the hydrophilic nature of WPI and LBG is more similar,
which can justify the absence of differences in the WVP. For
instance, Jim�enez, Fabra, Talens, and Chiralt (2012) also verified that
the inclusion of hydroxyproprylmethylcellulose in starch-based
Fig. 2. Experimental values of equilibrium moisture content (dry basis), as a function
of water activity for different films formulations.
films led to films with similar WVP due to the similar hydrophilic
character. For the stronger heat treatment, the interactions be-
tween the protein molecules in the film network are stronger.
Furthermore, these protein intermolecular interactions are of hy-
drophobic nature or through disulfide bonds. This will probably
leave the hydrophilic LBGmolecules more available to interact with
the water vapor molecules.

A significant reduction in oxygen and carbon dioxide perme-
ability was observed with the thermal treatment. The lowest values
were observed in films heated for 10 min. These results are
consistent with the results found by other authors for different heat
treatments or degrees of cross-linking of whey proteins. In fact,
P�erez-Gago and Krochta (2001) also found a tendency for decrease
of O2P with the heat treatment. Ustunol and Mert (2004) and Yoo
and Krochta (2011) found an increase in the WVP and decrease in
O2P when a crosslinking agent was added to the WPI.

The reduction of oxygen and carbon dioxide permeability with
LBG addition observed in Table 3, confirms that LBG improved the
intermolecular attractions between polymeric chains, increasing
structural cohesion of WPI films and hampering the penetration of
gas molecules. This reduction has been observed in both thermal
treatments indicating that the synergy occurred for different de-
grees of cross-linking of WPI. The lowest oxygen permeability
values were observed in films with 0.1% LBG.

The presence of the polysaccharide seems to decrease the
overall film hydrophobicity, allowing higher affinity towards water
and, thus, higher water vapor permeabilities. In contrast, carbon
dioxide and oxygen permeabilities decrease reinforcing this less
apolar character. Oxygen is a non-polar molecule with a very low
affinity towards water. It is expected to absorb to a greater extent in
less polar polymers and have an inverse behavior when compared
to water. CO2 has usually a behavior similar to O2, though slightly
less marked (O2 is more apolar). Thus, for highly hydrophilic films
such as polysaccharide- or protein-based films, WVP is usually
quite high while O2P and CO2P are usually remarkably low (e.g.
Wihodo & Moraru, 2013) being the former lower than the last.
Nevertheless, even though the composition and the nature of each
components are important, the interactions between the different
components of the film matrices exercise also strong influence on
the resulting WVP and O2P (Acosta, Jim�enez, Ch�afer, Gonz�alez-
Martínez, & Chiralt, 2015). Therefore, the addition of a more hy-
drophilic compound does not always result in a strong increase of
the WVP. For instance, Acosta et al. (2015) did not find significant
differences with the addition of gelatin to starch, even though
gelatin alone is highly hydrophilic.

This higher oxygen and carbon dioxide barrier promoted by LBG
addition can help in improving food quality and extending food
shelf life, e.g. reducing oxidative browning in minimally processed
products or protecting foods against oxygen during storage in
environment with low relative humidity. Silva, Garcia, Amado, and
Mauro (2015) verified that coating from 5% WPI þ 0.05% LBG þ 2%
glycerol was an effective barrier to oxygen because it reduced the
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losses of ascorbic acid of pineapple slices during drying at 60 �C in
comparison with non-coated samples.
3.5. Optical properties

Transmittance and absorbance of WPI films with and without
LBG at different wavelengths are presented in Figs. 3 and 4,
respectively.

Transmittance of WPI films with a stronger heat treatment
clearly decreased in the visible range region (350e800 nm) with
LBG addition, thereby reducing the transparency of the films
(Fig. 3). However, films with a milder heat treatment only showed
their transparency affected with the addition of at least 0.05% LBG
(Fig. 3). Furthermore, for the absorbance normalized by the film
thickness, this difference was only visible for the filmwith 0.1% LBG
(Table 3). Transparency depends on the microstructure of the films
(Acosta et al., 2015) and the results are in accordance with the SEM
analyses discussed below, which show an increase in the hetero-
geneity of the films' structure with the increase of the LBG con-
centration. Furthermore, these differences are also more evident in
the SEM pictures for the strongest heat treatment. Phase separation
due to thermodynamic incompatibility between polysaccharide
and protein can slightly enhance the turbidity of the system due to
differences in the light dispersion within the different phases. This
can diminish the transparency of WPI films. According to Jim�enez
et al. (2012), optical properties are influenced by the structural
arrangement of the biopolymer molecules. Phase separation can
lead to discontinuities in the refractive index thus affecting trans-
parency. Yoo and Krochta (2011) also observed reduction in trans-
parency of WPI films with the addition of polysaccharides that
show incompatibility with whey proteins. WPI-based films are
Fig. 3. Transmittance of WPI films without (A) and with (B) thermal treatment time
sweep and LBG addition at different wavelengths.



Fig. 4. Absorbance of WPI films without (A) and with (B) thermal treatment time
sweep and LBG addition at different wavelengths.

K.S. Silva et al. / Food Hydrocolloids 54 (2016) 179e188186
usually transparent and colorless (e.g. Brindle & Krochta, 2008). In
two phase systems with a continuous matrix and dispersed do-
mains with different viscosities, light refracts from these domains
causing a translucent appearance (Brindle & Krochta, 2008) and
decreasing transparency.

Depending on the application, a higher transparency may be
desirable from the consumer's point of view, but an increased
barrier may be beneficial for the preservation of the food. WPI films
presented a higher barrier property to light, in the visible range,
with time of thermal treatment and with LBG addition, as shown in
Fig. 5. Structure of the WPI (5%)/LBG films (surface) with 2% glycerol (w/w): a) 0% L
absorbance spectra (Fig. 4). Differences between films' thickness
did not influence this result, as observed in Table 3, being that the
increased structural cohesion of films due to a higher cross-linking
effect with thermal treatment and LBG addition was the determi-
nant factor to increase barrier properties of WPI films.

In the UV range, WPI films generally hold excellent barrier
properties due to the high content of aromatic amino-acids, being
able to impair UV light induced lipid oxidation (Ramos et al., 2013).
This property was not affected by the presence of a small amount of
LBG (Fig. 4). The increase in barrier properties to light and the
reduction in oxygen permeabilitymakeWPI-based films with LBG a
good alternative to protect food against oxidative reactions.

3.6. Integrated evaluation of WPI/LBG film properties based on the
microstructure analysis

Fig. 5 shows the structure of WPI films with 4% glycerol (w/w),
different LBG concentrations and two different thermal treatments.
Differences were not clearly visible between the two heat
treatments.

The heterogeneity of the films' structure increases with the in-
crease of the LBG concentration. A “ridge and valley” structure
seems to be present in films with 0.05% LBG (Fig. 5c) and in films
with 0.1% LBG (Fig. 5d), as described for other plasticized protein
films. This “ridges and valleys” structure has been described to be
related to more ductile materials (Wihodo & Moraru, 2013).
Smoother microstructures are usually related to more glassy and
brittle materials.

In Fig. 5c and d, it is possible to observe that the biphasic
character is reinforced in the presence of a small amount of LBG.
This is consistent with the fact that the majority of polysaccharide/
protein mixed systems present thermodynamic incompatibility
with segregative phase separation, being that each phase is
enriched in one of the biopolymers (e.g. Grinberg & Tolstoguzov,
1997). A thicker continuous protein network seems to be formed
and the intervals probably correspond to LBG/glycerol enriched-
domains, acting as fillers. Protein is apparently more aggregated
and pores (LBG-enriched domains) are larger than for films without
LBG. For whey protein gels, this segregative phase-separation has
been described to locally increase the protein concentration. For
BG; b) 0.025% LBG; c) 0.05% LBG; d) 0.1% LBG; 1: until 75 �C; 2: 75 �C/10 min.
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very lowamounts of LBG (ca. 0.1%), the LBG enriched domains act as
fillers to reinforce the gel structure without affecting the connec-
tivity, leading to an increase in the elastic response (Rocha et al.,
2009). Apparently, the same happens in the LBG/WPI films. This
reinforces what has been written above for the mechanical
properties.

These larger pores may be responsible for the WVP increase, as
it is likely that water vapor moves along the films through these
highly hydrophilic domains. On the contrary, O2 and CO2 affinity for
these domains is reduced and it should be easier for them to move
along the protein network (Anker, Stading, & Hermansson, 2000).
Therefore, as the protein network is reinforced in the presence of
LBG, O2 and CO2 permeabilities are reduced, as it is more difficult to
pass through a more compact structure.

As already mentioned, whey protein films are usually very
brittle and need a significant amount of a plasticizer to reduce their
brittleness. In order to reduce this need, partial hydrolysis of whey
proteins has been suggested (Sothornvit & Krochta, 2000). The
addition of a very small amount of LBG seems to be as effective and
much easier to perform.

4. Conclusions

The inclusion of LBG resulted in more flexible WPI-based films,
with higher permeability to water and with improved O2, CO2 and
light barrier properties making them a good alternative to protect
food against oxidative reaction. The severity of the thermal treat-
ment was important to form a stable network with higher cross-
linking effect in the matrix, higher molecular interactions and,
consequently, stronger and less soluble films with improved barrier
properties to carbon dioxide, oxygen and light. Films made from
solutions with 5%WPI þ 0.1% LBG þ 2% glycerol, heated at 75 �C for
10 min presented the lower oxygen permeability (more than 50%
decrease when compared with the filmwith no LBG, with the same
thermal treatment). Thus the addition of LBG to WPI films can be
useful e.g. to reduce oxidative browning in minimally processed
products or to protect foods against oxygen during storage in
environment with low relative humidity. Moreover, this combina-
tion can be used as effective vector to carry and deliver nutraceu-
tical compounds sensitive to oxygen.

Interaction between WPI and LBG strongly influence film
properties and it is thus possible to tune the properties of edible
films from WPI adding different amounts of LBG and/or using
different thermal treatments.
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