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The objective of this work is to study the effect of the rapeseed oil content on the phys-
ical properties of whey protein emulsion films. For this purpose, whey protein films with
the addition of 0, 1, 2 and 3 % of rapeseed oil, and glycerol as a plasticizer were obtained
by the casting method. Film-forming emulsions were evaluated and compared using light
scattering granulometry. The Sauter mean diameters (d,) of lipid droplets in film-forming
solutions showed an increasing trend when increasing the oil volume fractions. The inclu-
sion of rapeseed oil enhanced the hydrophobic character of whey protein films, reducing
moisture content and film solubility in water. All emulsified films showed high lightness
(L*~90). Parameter a* decreased and parameter b* and total colour difference (AE) increased
with the increase of the volume fractions of oil. These results were consistent with visual
observations; control films were transparent and those containing oil opaque. Water va-
pour sorption experimental data at the full range of water activity values from 0.11 to 0.93
were well described with Peleg’s equation (R%>0.99). The tensile strength, Young’s modulus
and elongation at break increased with the increase of rapeseed oil volume fraction, which
could be explained by interactions between lipids and the protein matrix. These results re-
vealed that rapeseed oil has enormous potential to be incorporated into whey protein to
make edible film or coating for some food products. The mechanical resistance decreased
with the addition of the lipids, and the opacity and soluble matter content increased.
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Introduction

Biopolymers from various natural resources such as
proteins and polysaccharides have been considered at-
tractive alternatives for non-biodegradable petroleum-
-based materials (1). Proteins are similar to polysaccha-
rides in their ability to form films characterized by
mechanical and barrier properties. They are abundant, re-
newable, environmentally friendly, and biodegradable,
and could be an alternative resource of bioplastics in
packaging applications. Edible films and coatings can
also help to maintain moisture, thereby improving shelf

life of coated products based on their good film-forming
capacities.

Protein-based edible films have interesting proper-
ties, and various materials have been tested including
wheat gluten (2), whey protein (3), soya protein (4), casein
(6), collagen (6), gelatin (7), corn zein (8), egg white pro-
teins (9), quinoa (10), myofibrillar proteins (11) and other
proteins (12). Milk proteins, such as whey proteins, have
special properties that make them highly suitable for ob-
taining edible films. Their excellent nutritional value and
numerous functional properties such as solubility in wa-

*Corresponding author: Phone: +48 22 59 37 579; Fax: +48 22 59 37 576; E-mail: sabina_galus@sggw.pl



S. GALUS and ]. KADZINSKA: Whey Protein Film with Rapeseed Oil, Food Technol. Biotechnol. 54 (1) 78-89 (2016) 79

ter and ability to act as emulsifiers are important factors
for the formation of edible films.

Whey proteins are edible, biodegradable, originating
from the waste stream from the cheese industry, with in-
teresting mechanical properties (13,14). The film-forming
properties of whey proteins enable the production of
transparent, flexible, colourless and odourless edible
films. Such films are usually obtained by casting and dry-
ing of aqueous whey protein isolates (15).

Proteins, as well as polysaccharides, form films with
good mechanical properties but they are poor moisture
barriers, because of their hydrophilic nature. Lipids can
be incorporated into a hydrocolloid matrix either by the
formation of bilayer films or dispersing a lipid in the hy-
drocolloid aqueous solution to obtain an emulsified film
that requires only one film-forming emulsion casting and
a single drying process (1,16). Generally, lipids act as a
good moisture barrier (17) and also induce development
of a heterogeneous film structure featuring discontinui-
ties in the polymer network (5). Therefore, hydrocolloid-
-lipid composite films have good water vapour barrier ca-
pacity and the properties of the films have been reported
to be dependent on the type and quantity of components.

Lipids of different types (fats and oils) have been suc-
cessfully incorporated into protein-based edible films. Ma
et al. (1) prepared gelatin films with olive oil incorporated
by the microfluidic emulsification technique, having good
water and ultraviolet light barrier properties. Barrier, op-
tical and mechanical properties of soya protein-based ed-
ible films were modified with lactic acid and oil (soybean
and olive oil) (18) or oleic acid and beeswax mixtures (19).
Improved mechanical properties of composite sodium ca-
seinate films modified with tung oil addition were ob-
tained by Pereda et al. (20). Protein and lipid ingredients
may interact favourably, resulting in edible films with im-
proved structural and functional properties.

Properties of protein-lipid composite edible films de-
pend not only on the compounds used in the polymer
matrix but also on their compatibility and preparation
techniques. In literature, there is little information about
using rapeseed oil in preparation of edible films or coat-
ings. Furthermore, a previous study (21) concerning whey
protein films modified with the emulsion of rapeseed oil
showed that the emulsion structure in the film-forming
solution changed significantly during drying, with the oc-
currence of oil creaming and coalescence. The film thick-
ness decreased significantly with the emulsion present in
the film-forming solution. Thus, the objective of this work
is to obtain whey protein isolate/rapeseed oil-emulsified
films with constant film thickness, but without preparing
and mixing two solutions (film-forming and rapeseed oil
emulsion). The effects of rapeseed oil content on lipid
droplet distribution, film solubility in water, swelling in-
dex, sorption, optical and mechanical properties were
measured. In addition, the effect of temperature on mois-
ture sorption isotherms was analyzed and film micro-
structure was monitored.

Materials and Methods

Materials

A BiPro whey protein isolate (~90 % protein) was ob-
tained from Davisco Foods International Inc. (La Sueur,

MN, USA). Rapeseed oil was supplied by a local shop
and was produced by ZP Kruszwica S.A. (Kruszwica, Po-
land). Anhydrous glycerol, phosphorous pentoxide and
thymol were purchased from POCH S.A. (Gliwice, Po-
land). Salts to prepare saturated solutions to control the
water activity (a,) for the determination of water vapour
sorption isotherms, including lithium chloride, potassium
acetate, magnesium chloride, potassium carbonate, mag-
nesium nitrate, sodium bromide, sodium chloride and
potassium chloride were supplied by POCH S.A.

Preparation of film-forming emulsions

Film-forming solutions were prepared according to
the modified method described in a previous study (21)
by slowly dissolving 8 % (by mass) whey protein isolate
in distilled water under constant magnetic stirring (RTC
basic IKAMAG™; IKA, Staufen, Germany) at 250 rpm for
10 min. The pH value of the solutions was 7 and it did not
need to be adjusted. No additional salts were added. Sub-
sequently, the solutions were heated on a magnetic plate
at (80+1) °C for 30 min to denature the whey protein, then
they were cooled down to room temperature and 50 %
(by mass) glycerol was added to plasticize the films.
Rapeseed oil at 1, 2 or 3 % volume fraction was homoge-
nized with whey protein isolate solution at 13 500 rpm
with Ultra Turrax (IKA Yellowline DI25 basic, IKA) for 6
min to give the emulsions. The film-forming solutions
were prepared and used immediately every time they
were required.

Particle size measurements

Film-forming solution structure was determined by
laser light scattering granulometry using a Malvern Mas-
tersizer Hydro 2000 SM instrument (Malvern Instruments
Ltd., Worcestershire, UK) at room temperature. Repro-
ducibility was tested by carrying out three measurements
of each replicate. The measured Sauter mean diameter d,
is the diameter of a hypothetical spherical particle that
represents the total number of particles in the sample. It
also represents the average size based on the specific sur-
face per unit of volume. This mean particle diameter is
defined according to Kokoszka et al. (21) as follows:

dy=>n.d’ | Y nd* 1/

where 1, is the number of droplets in each size class and 4,
is the droplet diameter. The specific surface corresponds
to the developed area of dispersed oil globules normal-
ized by the volume of lipid phase, expressed in m?/mL.

Film preparation

Film-forming emulsions were poured onto a series of
Petri dishes. To control film thickness, the volume of each
film-forming suspension poured onto a plate with surface
area of 148 cm?was the same, 15 mL. The film-forming
suspensions were dried at (25+1) °C and (50£1) % relative
humidity (RH) in a ventilated chamber (model KBF 720;
Binder, Tuttlingen, Germany) for 24 h. The dried suspen-
sions formed easily detachable films with the final thick-
ness of (70+5) um. Then, the films were peeled off and
conditioned again at (53+1) % RH and (25+1) °C for 48 h
prior to testing.
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Film thickness measurement

Film thickness was measured with an electronic
gauge model Ultrametr A400 (Metrison Sp. z.0.0., Mosci-
ska, Poland) with a precision of 1 um. The electronic
gauge was calibrated at 74 and 139 um using standards
prior to film thickness measurements. Five thickness mea-
surements of each film were taken, one of the centre and
four around the perimeter, and the average was used in
the calculations (22).

Determination of moisture content

Moisture content was determined by the mass loss of
1 g of film after 24 h of oven drying at (105+1) °C, and ex-
pressed as the percentage of initial film mass loss during
drying (23). Three repetitive analysis of each film were
made and the results were expressed as mean valuesstan-
dard deviation.

Film solubility in water

To determine the water resistance of whey protein
films with incorporated rapeseed oil, water solubility of
each film was measured in at least five repetitions accord-
ing to the method of Rhim ef al. (23). Five randomly se-
lected samples (20 mmx20 mm) of each type of film were
first dried at (105+1) °C for 24 h to determine initial dry
matter. The film specimens were placed in a 50-mL beaker
containing 30 mL of distilled water. After sealing the bea-
ker mouth with aluminum foil, the beakers were placed
in an environmental chamber at 25 °C for 24 h with occa-
sional gentle stirring. Unsolubilized dry matter was de-
termined by removing the film pieces from the beakers,
gently rinsing them with distilled water, and then oven
drying at (105+1) °C for 24 h. The amount of dry matter
dispersed in water after 24 h of immersion was obtained
by subtracting the mass of undispersed dry matter from
the mass of the initial dry matter and expressed in per-
centage.

Determination of swelling index

The swelling index of films was determined using the
modified method described by Cao et al. (24). The films
were cut into pieces of 20 mmx20 mm, air-dried and
weighed. They were then immersed in distilled water for
2 min at 25 °C. Wet samples were wiped with filter paper
to remove excess liquid and weighed. The amount of ab-
sorbed water was calculated by subtracting the initial
mass of air-dried films from the mass of the wet samples
and expressed in percentage. The measurement was re-
peated at least five times for each type of film and was
expressed as mean valuetstandard deviation.

Opacity

Films were cut into rectangular pieces 1 cmx4 cm and
directly placed in a UV/Vis Helios Gamma spectropho-
tometer test cell (Thermo Fisher Scientific, Waltham, MA,
USA) using an empty test cell as the reference. The opaci-
ty of the films was calculated by the following equation
(25):

Opacity=Ag /6 12/

where Ay . is the value of absorbance at 600 nm and 6 is
the film thickness in mm. The measurements were repeat-
ed at least five times.

Colour determination

Colour of films on the surface was determined with a
colourimeter model CR-300 (Konica Minolta, Tokyo, Ja-
pan) using the CIELab colour parameters. L*, a* and b*
values were averaged from ten readings across for each
sample and total colour difference (AE) was calculated ac-
cording to the following equation (26):

AE=(AL*Y+(Aa*)+(Ab*) 13/

where AL* Aa* and Ab* are the differentials between a
sample colour parameter and the colour parameter of a
standard (L*=91.5, a*=1.01, b*=—2.20) used as the film back-
ground.

Water vapour sorption isotherms

Film samples (20 mmx20 mm) were pre-dried for 7
days over phosphorous pentoxide (P,O;) to reduce the
initial moisture content. Then they were placed in sepa-
rate desiccators to obtain the desired water activities from
0.114 to 0.934 at 5 and 25 °C (27) using the following satu-
rated salt solutions: LiCl, CH,COOK, MgCl, K,CO,,
Mg(NO;),, NaBr, NaCl and KCl. The samples were re-
moved from the desiccators and weighed after incubation
for 10 days (preliminary experiments determined that the
samples reached a constant mass after approx. 7 days).
Equilibrium moisture content was calculated from the in-
crease in the mass of the dried sample after equilibration
at a given RH. Under the above conditions, a period of 7
days was sufficient to establish moisture equilibrium.
Thymol as a fungistatic substance was used in desiccators
with water activity above 0.75 to avoid microbial growth.
Adsorption tests were done in triplicate at 5 and 25 °C.
The experimental moisture sorption data were averaged
and fitted using Peleg’s equation (28) as follows:

w=A-a®+C-al 14/

where w is the equilibrium moisture content expressed in
g of water per g of dry mass, and A-D are the equation
constants at the water activity a,. Peleg’s equation param-
eters were calculated using the program TableCurve 2D v.
3 for Windows (Jandel Scientific Software, San Rafael,
CA, USA).

Determination of mechanical properties

Tensile strength (TS), Young’s modulus (YM) and
elongation at break (¢,) of the films 25 mmx=100 mm in
size were determined using a Texture Analyzer TA-XT2i
(Stable Microsystems, Haslemere, UK) according to the
ASTM standard method D882-02 (29). The film specimens
were mounted in the self-tightening roller grips of the
testing machine and stretched at the rate of 1 mm/s until
breaking. The initial distance of separation was adjusted
to 50 mm (22). The analysis was made at ambient temper-
ature and relative humidity of (50+5) %. At least ten repli-
cates of each film formulation were tested. YM was evalu-
ated as the slope of the initial linear portion of stress-strain
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curves. The TS and ¢, were calculated according to the
following equations (10):

TS=F/A, /5/

where F (in N) is the maximum force at rupture of the
film and A; (in mm?) is the initial cross-sectional area of
the films, and

e,=[(~1)/1;1-100 16/

where [;is the final distance at elongation at break (in mm)
and [; is the initial distance between the grips.

Scanning electron microscopy

Film microstructure was observed under a scanning
electron microscope (Quanta 200; FEI, Brno, Czech Re-
public). A 5 mmx5 mm sample was fixed on the support
using silver paste at an angle of 90° to the surface, which
allowed observation of the cross section of the film (22).
Films were observed at a magnification of 500x (surfaces)
and 1500x (cross sections).

Statistical analysis

Statistical analysis was performed with STATISTICA
v. 10.0 software (StatSoft Inc., Tulsa, OK, USA). The analy-
sis of variance (ANOVA) was performed with post hoc
Tukey’s test to detect significant differences in film prop-
erties. The significance level used was 0.05. The adequacy
of the fitted Peleg’s equation was evaluated by determin-
ing the coefficient R? using the following equation:

R=3" (w,~w,)/ > (0-0,) 171

where 7 is the number of observations, w, is the predicted
moisture content), w, is average water content and w, is
experimental water content, all expressed in g of water
per g of dry mass.

Results and Discussion

Lipid incorporation is hindered at high oil contents
(30) and the formation of the stable emulsion films often
requires addition of emulsifier agents, e.g. arabic gum.
Thus, whey protein films were prepared with 0, 1, 2 and
3 % of rapeseed oil, which is less than the literature find-
ings for other hydrocolloid films with the volume fraction
of up to 20 % of liquid oil (1,20,31,32). Oil types that are
liquid at room temperature favour both the reduction of
the droplet size during emulsification and the roundness
of the droplets. The low lipid content favoured its incor-
poration in the protein dispersion (33). Films prepared
with oil were more flexible and stretchable than control
films, probably due to the plasticizing effect of rapeseed
oil. Similar behaviour was observed by other authors
(31,34) working with protein films incorporated with lip-
ids.

Particle size distribution

The particle size of the lipid droplets distributed in
the dried emulsified films is important in understanding
their functional properties (35) and has been previously
reported (1,21). The film-forming solutions produced by

whey protein with 1, 2 and 3 % of rapeseed oil showed a
bimodal particle size distribution, and two maxima oc-
curred close to 1.66 and 8.71 um in the volume distribu-
tion (Fig. 1). The two maxima shifted towards lower lipid
droplet size in film-forming solution containing 3 % of
rapeseed oil in comparison with the two other solutions.
The particle size distribution of the film-forming solu-
tions was dependent on the rapeseed oil volume fraction.
Bimodal particle size distribution and droplet size rang-
ing from 0 to 11 pm were observed by Ma et al. (1) in gela-
tin film-forming solutions with olive oil. Atarés et al. (33)
observed wide and multimodal lipid droplet distribution
in sodium caseinate solution incorporated with cinnamon
and ginger essential oils. Some of the small dispersed lip-
id particles may be susceptible to flocculation due to the
incomplete coating on the interfacial surface with the sta-
bilizing polymer (whey protein), with subsequent forma-
tion of a big lipid droplet peak (1). The bigger lipid parti-
cles in protein solution may also be attributed to the
self-aggregation of the protein (36). Pérez-Gago and Kro-
chta (30) used light scattering analysis to obtain the size
distribution of whey protein isolate solution without lipid
addition as a function of pH. They observed that the par-
ticle size distribution for pure whey protein solution was
very similar to that for the same solution incorporated
with beeswax at pH=5, indicating that the particle size of
emulsions was probably due to protein aggregation.
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Fig. 1. Particle size distribution in whey protein film-forming
emulsions with different volume fraction of rapeseed oil (—1
Yo, e 2 % and ---- 3 %)

Table 1 shows the results of Sauter mean diameter (d;,)
of the film-forming emulsions. The oil droplet diameter
increased with increasing rapeseed oil content, which was
also observed when testing carrageenan films with lipids
(35) and films incorporated with essential oils based on
sodium caseinate (33) and chitosan (37,38). This tendency
is in contrast with the results obtained in a previous study
when rapeseed oil was added to whey protein solution as
a separate emulsion (21). Similarly, a reduction tendency
after increasing the amount of oil was observed by Ma et
al. (1) in gelatin films containing olive oil at higher vol-
ume fractions (5-20 %). Increasing Sauter mean diameter
(dy,) of film-forming solutions after increasing the volume
fraction of oil may be linked to the different balance of
interaction forces between the solvent and protein, and
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Table 1. Sauter mean diameter of oil particles (d;,), moisture content, film solubility in water, and swelling index of whey protein

films with different volume fractions of rapeseed oil

¢(rapeseed oil)/% dyp/um w(water)/% Film solubility in water/% Swelling index/%
0 - (17.9+£1.4)2 (42.4+0.2) (51.60+0.01)
1 (1.96x0.06)" (17.5+1.6)* (40.9+0.3)® (55.30+0.01)¢
2 (2.07£0.01)° (17.2+0.6)° (40.7£0.2) (53.30£0.01)°
3 (2.42+0.03) (16.8+0.5)° (37.4+1.7) (52.400.01)

The results are expressed as mean values with standard deviations. Different letters in superscript within the same column indicate

significant differences between the films (p<0.05)

solvent and rapeseed oil components as a function of oil-
-to-protein ratio (33). Therefore, the lipid droplet size and
distribution in hydrocolloid film-forming solutions may
depend on lipid type and amount. The droplet size of
rapeseed oil in the emulsions was in the range of 1.96—
2.42 um. These values are higher than those obtained in
whey protein with soya oil solution, 0.017-0.37 pm (31),
and similar to those observed for other film-forming solu-
tions containing vegetable oils, e.g. gelatin with olive oil,
0.36-6.6 pm (1), or hydroxypropyl methylcellulose with
sunflower oil, 1.5-14.5 pm (39).

Film solubility

Resistance of edible films to water is desirable if the
film is to be used for the preservation of intermediate- or
high-moisture foods. A film with poor water resistance
will dissolve quickly causing an increase in the diffusion
of the components from the surface to the bulk of the
food, resulting in a low protective effect at the food sur-
face (40). Potential application may require water insolu-
bility to enhance product integrity and water resistance.
In some cases film water solubility before the consump-
tion of the product might be beneficial (41).

Whey protein films with rapeseed oil did not dissolve
and did not have visual loss in integrity or break apart
after they were immersed into water and dried for 24 h.
This is due to the highly stable protein network. The water
solubility of pure whey protein film was 42.4 % and was
reduced to 37.4 % when 3 % of rapeseed oil were added
(Table 1). These values are similar to other pure edible
biopolymer films or those containing lipids, as follows:
13.6-34.4 % of whey protein and beeswax films dried at
25 °C (42), 42.3-69.9 % of galactomannan and chitosan
films (43), 22.4-39.4 % of whey protein and beeswax films
dried at 5 °C (44), and 27.5-43.1 % of cassava starch films
containing carnauba wax and stearic acid (45). The rela-
tively low solubility of whey protein films in water has
been previously reported and could be explained by the
high interaction and presence of intermolecular disul-
phide bonds as a result of the heat treatment (46). Pérez-
-Gago et al. (41) confirmed that native protein films are
soluble in water, but the films obtained from denatured
whey protein solution are relatively insoluble. Increasing
the volume fraction of rapeseed oil in the films increases
the resistance of films to water. This means that the addi-
tion of a hydrophobic substance to the film formulation
produces films with high water resistance. All films con-
tain glycerol and its plasticizing effect might interact with
water and interrupt the film network with hydrogen

bonds, reducing the cohesiveness of whey protein matrix
and increasing solubility in water. However, rapeseed oil
incorporation to whey protein matrix plasticized with
glycerol caused the decrease in water solubility indicating
that lipid compounds may interact also with glycerol,
therefore limit film affinity to water. On the other hand,
films containing oil have more irregular microstructure in
which oil droplets are dispersed and have impact on film
hydrophobicity. Previous works have reported that the
solubility of biodegradable films is influenced by the
plasticizer type and its volume fraction used in the film-
-forming solutions (47). Razavi et al. (48) noticed that in-
creasing the volume fraction of plasticizers (glycerol or
sorbitol) from 40 to 100 % affected an increase of water
solubility in sage seed gum films. Similar observations
were found by Ahmadi et al. (49) in psyllium seed films
plasticized with glycerol at the volume fraction from 15 to
35 %.

Swelling capacity of films

Swelling capacity of edible films indicates their bio-
degradation and applicability in packaging food with
high water content such as peeled fruits (43). The effect of
rapeseed oil addition on the swelling index is shown in
Table 1. The high value of swelling is due to the hydro-
philic characteristic of whey protein films. Nevertheless,
from our observation, all films did not break even after
the swelling index study, which is the result of film water
resistance. During the swelling index study, it was no-
ticed that the films in contact with water started softening
before an increase in swelling, which then began to de-
crease when the film started to dissolve. With the addi-
tion of 1 % of rapeseed oil the values of the swelling index
of whey films increased from 51.60 to 55.30 % and de-
creased to 52.40 % when increasing the volume fraction of
oil to 3 %. The higher degree of swelling of the film with
the addition of oil may be related to the modification of
microstructure during drying. Lipid droplets change the
internal structure of films, leading to migration of water
molecules, and with increasing volume fraction of lipids,
the swelling decreases because of their hydrophobic char-
acter. The high volume fraction of oil changes the proper-
ties of the films, decreasing the affinity for water. Di Pier-
ro et al. (50) also reported that the degree of swelling of a
polymeric material strongly depends on the amount and
nature of intermolecular chain interactions. The decrease
of the values of swelling index or film solubility in whey
protein films with the addition of oil can be explained by
the diminution of the hydrophilic portion of the film
(43,51), which reduces its affinity for water molecules.
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Colour and opacity of films

The transparency of edible films is a key to good ac-
ceptance by consumers since it has a direct impact on the
appearance of the coated product (22,52). The transpar-
ency of emulsion-based films is related to their internal
structure, which is affected by the oil volume fraction and
droplet size distribution in film-forming emulsions and
its rearrangement during drying (53). Solvent evapora-
tion during drying induces changes in the emulsion struc-
ture by destabilization phenomena such as creaming, ag-
gregation and/or coalescence, which have an important
role in the optical properties of emulsion-based edible
films (39). Thus, to better understand optical properties of
whey protein films with rapeseed oil, colour parameters
L*, a*, b* and film opacity were analyzed, and total colour
difference (AE) caused by lipid addition was determined.
Table 2 shows the values of these optical parameters of all
studied films. As can be observed, all the films have high
lightness (L* parameter) values, which remained fairly
constant, with a slight decrease after the addition of rape-
seed oil. These values are similar to those obtained for
other emulsified edible films based on soya protein
(33,54,55) or gelatin (56). A decrease in lightness values
with the addition of lipid was also reported by Pereda et
al. (20) for caseinate and tung oil edible films. The pres-
ence of rapeseed oil in whey protein matrix increased the
green tone. Then, the parameter a4* decreased and b* in-
creased. Values of total colour difference (AE) increased
significantly from 1.6 to 3.4 when increasing the volume
fraction of rapeseed oil. These results were consistent
with visual observations. The tendency of increasing val-
ues of total colour difference was obtained in soya protein
or caseinate films containing vegetable oil (18,20), but the
values were higher, probably due to the higher fraction of
added oil (520 % on dry basis). Similar observations
were made in other protein films modified by the addi-
tion of different hydrophobic substances (19,57). Taking
into account that the colour parameters were obtained on
a standard white plate, the decrease of L* and increase of
AE values with respect to the control film reflect the de-
crease of transparency. Thus, the addition of the rapeseed
oil contributes to the intensification of the colour of whey
protein films, which is associated with its volume frac-
tion. The investigated emulsified films were noticeably
milky in comparison with pure whey films, which were
transparent. Therefore, colour parameters should be taken
into consideration since sensory aspects of coated prod-
ucts play an important role in consumer acceptability.

The emulsified films were much more opaque than
control whey films, as can be observed by opacity values
presented in Table 2. Droplets dispersed in the whey pro-
tein matrix affect the transparency by preventing light
transmission through the film (32). Opacity values in-
creased from 0.52 to 4.6 mm™ with the increase of rape-
seed oil content. The increase in opacity of films depend-
ing on the increasing content of lipids has been widely
reported in the literature (1,18,20,31,32,58). Villalobos et
al. (53) and Monedero et al. (19) pointed out that the pres-
ence of a dispersed, non-miscible phase promotes opacity
as a function of the differences in the refractive index of
the phases and the concentration and particle size of the
dispersed phase. According to Vargas et al. (59) the differ-
ent transparency level should be linked to the internal
structure development during drying when many chang-
es occur. At the same time, the viscosity of the continuous
phase increases, leading to creaming and coalescence
during solvent evaporation.

Sorption isotherms of films

Fig. 2 shows the sorption isotherm plots (experimen-
tal points and Peleg’s fitted equation) of whey protein
films where the influence of the volume fraction of rape-
seed oil and temperature on the moisture content and wa-
ter activity can be observed. All curves were of similar
shape, which is common for high-protein food absorbing
a relatively small amount of water at low and a large
amount of water at high a,. This shape of isotherms is
characteristic for most biopolymer materials based on
proteins, such as whey protein (60), sodium caseinate (61),
soya protein (62) or gelatin (63).The equilibrium moisture
contents of analyzed films increased slowly up to the
a,=0.50, after which a small increase in humidity led to a
large increase in equilibrium moisture content at constant
temperature. This increase could be attributed to the fact
that at low a,, water is absorbed at the strongest binding
sites of the surface of the solid. As a, increases, the mate-
rial swells, opening new sites for water to bind, resulting
in the upswing of the profile. This behaviour was also ob-
served by other researchers (62,64-66). The addition of a
plasticizer provides more active sites by exposing its hy-
drophilic hydroxyl groups on which water molecules can
be adsorbed (67). Preparation of continuous whey protein
films without a plasticizer was impossible; thus, all ana-
lyzed films contain glycerol, which as a hygroscopic sub-
stance affects moisture sorption isotherms. The incorpo-
ration of glycerol into protein films could improve their
hydroscopic nature. This can be attributed to the effect of

Table 2. Opacity, L* a* and b* colour parameters, and total colour difference (AE) of whey protein films with different volume frac-

tions of rapeseed oil

¢(rapeseed oil)/% Opacity/mm™ L* a* b* AE
0 (0.52+0.01)° (90.8+0.1) (0.910.03)° (-0.70.2)¢ (1.620.2)*
1 (2.5£0.3)° (89.9+0.2) (0.95+0.06)° (-0.1x0.2)? (2.6£0.2)°
2 (3.8+0.5) (89.9+0.2) (0.81x0.07) (-0.4+0.2) (3.0£0.2)°
3 (4.6+1.3)4 (89.5+0.2)° (0.9:0.1)° (-0.2¢0.2) (3.4+0.2)°

The results are expressed as mean values with standard deviations. Different letters in superscript within the same column indicate

significant differences between the films (p<0.05)
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Fig. 2. Moisture sorption isotherms of whey protein films with different volume fractions of rapeseed oil, namely 0 % (®), 1 % (2), 2 %
(©), and 3 % (O) at: a) 5 °C and b) 25 °C. Experimental points and Peleg’s fitted equation (lines)

solvent at determined a, values, when low-molecular-
-mass polar solutes are present (61).

The addition of rapeseed oil to whey protein films re-
duced the water sorption only at 4,>0.8 and 25 °C. It was
observed that increasing the level of lipids decreased the
equilibrium moisture content of the analyzed films. This
is due to the hydrophobic nature of the rapeseed oil in-
corporated into whey protein films, which are mainly hy-
drophilic and have a higher water sorption capacity. The
moisture content of whey films decreased due to the in-
clusion of rapeseed oil (Table 1), which was also reported
for gelatin films with olive oil (1), quinoa protein and chi-
tosan films with sunflower oil (10), and pistachio globulin
protein films with fatty acids (68). Sorption isotherms
with lower equilibrium moisture content caused by the
presence of different lipids were observed in caseinate
films (69), pullulan films (66), agar or cassava starch films
(70), and alginate or carrageenan films (17). The incorpo-
ration of lipids reduces moisture sorption because lipids
correspond to a fraction of solids with small water uptake
capacity (69). Whey protein films were found to be sensi-
tive to environmental humidity at high a,, values (>0.8).
The addition of rapeseed oil could reduce this effect,
which is important considering the application of the
films on the food surface and its storage time and tem-
perature.

The effect of temperature on moisture sorption is of
great importance since food products are not composed
of an ideal mixture and their water activity changes with
temperature (71). At constant a,, equilibrium moisture
contents of analyzed whey protein films incorporated
with rapeseed oil remained constant and did not change
with an increase in temperature (Fig. 2). A decrease in
equilibrium moisture content with an increase of temper-
ature was reported in the literature for soya protein and
cassava starch composite films (71), corn starch films (27)
as well as for methylcellulose and ethylcellulose films
(72). This behaviour may be explained by considering ex-
citation state of molecules. As the temperature increases,

the water molecules are activated due to an increase in
their energy level, causing them to become less stable and
to break away from the water-binding site of the food ma-
terial, thus decreasing the monolayer water content (73).
Usually, an increase in temperature causes a slight de-
crease in the solubility and an increase in the diffusion of
water vapour through edible films (27).

Moisture sorption is used to determine the stability
of the food material during storage and it depends on
their chemical composition and structure (74). Water
sorption isotherm equations are useful for predicting wa-
ter sorption properties of biopolymer films and provide
information about the driving potential for moisture mi-
gration. There are several mathematical models to de-
scribe water sorption isotherms of food materials. To be
successful, any modelling equation should give as good a
fit as possible to experimental data over a range of a,,
using the minimum of adjustable parameters (60). In more
recent years, the Guggenheim-Anderson-de Boer (GAB)
isotherm equation has been widely used to describe the
water sorption behaviour of hydrocolloid films (60,64,
66,75). This model was also used to fit experimental data
for the complete a,, range with unsatisfactory results (data
not shown). Parameters of the GAB equation did not fulfil
the conditions presented by Lewicki (76). It has been
shown that the GAB model describes well sigmoidal type
isotherms when the parameters are maintained within
the following limits: 0.24<k<1 and 5.67<c<e, where k and
¢ are GAB constants related to monolayer and multilayer
properties, respectively. Outside these ranges the iso-
therm is either no longer sigmoidal or the monolayer ca-
pacity is estimated with an error larger than +15.5 %. Pe-
leg’s equation (28) has four adjustable parameters (A, B, C
and D), so it is expected to generally give a better fit than
others. The high coefficient of determination (R*>0.998)
confirmed the good fit of Peleg’s equation to the experi-
mental data (Table 3). Peleg’s equation has been widely
used to describe sorption isotherms for many products.
Lewicki (77) applied this model to describe sorption iso-
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Table 3. Peleg’s equation parameters and determination coefficient (R?) obtained from moisture sorption isotherms of whey protein

films with the addition of rapeseed oil at different temperatures

t/°C
¢(rapeseed oil)/% 5 25
A B C D R? A B C D R?
0 1.288 37.69 0.422 3.417 0.998 2.932 18.73 0.417 2.666 0.999
1 1.097 33.38 0.419 3.446 0.999 18.180 29.53 0.354 2.316 0.999
2 2.664 40.99 0.347 2.977 0.998 22.173 31.24 0.310 2.178 0.999
3 2.013 39.82 0.332 2.857 0.998 1.763 15.13 0.282 2.112 0.999

therms for 27 products. He demonstrated that the highest
probability of fitting experimental data with the minimum
mean relative error is guaranteed by Peleg’s model. This
model has also been used to describe sorption isotherms
of whey films (60) as well as of other hydrocolloid films,
e.g. cassava flour films (78), pectin films (79) and alginate
and pectin blend films (22).

Mechanical properties of films

Mechanical properties of edible films are important
to ensure that the film has adequate mechanical strength
and integrity during transportation, handling and storage
of foods coated with them (40). Tensile strength indicates
the maximum tensile stress that the film can sustain,
Young’s modulus is a measure of the stiffness of the film,
and elongation at break is the maximum change in length
of a test specimen before breaking (32). Table 4 shows the
tensile parameters of whey protein films with rapeseed
oil. The addition of oil had a significant effect (p<0.01) on
the increase of tensile strength values and elongation at
break; the greater the content of lipids, the higher the val-
ues of parameters. Lower values of Young’s modulus
were observed when 1 or 2 % of oil was added and the
highest value was reached with the highest oil volume
fraction (3 %). This means that incorporation of a relative-
ly low amount (1-3 %) of liquid lipids into the whey pro-
tein matrix leads to more compact structure, with increas-
ing continuities within the protein network. This effect
can be attributed to the development of discontinuities in
the polymer network resulting from the lipid addition.
Furthermore, the increase in elongation can probably be
attributed to the plasticizing effect of oil in the protein
matrix. An increase in elongation at break of whey films
modified with the addition of soya oil was previously re-
ported (31,80). The increase in all tensile parameters of

Table 4. Tensile strength (TS), Young’s modulus (YM) and elon-
gation at break (¢,,) of whey protein films with different volume
fractions of rapeseed oil

@(rapeseed 0il)/%  TS/MPa YM/MPa &/ %
0 (4.9+0.7) (23.64.5)°  (34.44.6)
1 (4.3+0.5) (16.9+1.9)° (43.7+8.3)°
2 (5.9 £0.2) (20.1£3.7)* (45.9+3.3)°
3 (6.3+0.3)¢ (31.55.6) (73.1+4.4)

The results are expressed as mean values with standard
deviations. Different letters in superscript within the same
column indicate significant differences between the films (p<0.05)

emulsified films based on gelatin and olive oil (1) or chi-
tosan and olive oil was previously reported (32). The au-
thors explained those observations by the strong interac-
tion between the polymer and the lipid particles as a
crosslinking effect, which decreased the free volume and
the molecular mobility of the polymer.

In general, films containing lipids lack the structural
integrity of protein or polysaccharide films (81). There-
fore, incorporation of lipids into hydrophilic protein films
in an effort to decrease their barrier properties can nega-
tively affect film strength, which was confirmed by tensile
strength measurements. Most authors found that the in-
clusion of different lipids including waxes (42,82) and an
acetylated monoglyceride (83) impaired the mechanical
properties of emulsion films in comparison with the con-
trol whey protein films. Nevertheless, differences in ten-
sile parameters of emulsified films depend strongly on
the lipid type and film composition.

Film microstructure

All films were flexible and easy to handle, without
pores or cracks. Control film was transparent and those
containing rapeseed oil were opaque. Small losses of lip-
ids after the removal of the films from the plate were ob-
served. The appearance of both sides of the film was dif-
ferent, with an oily upper surface and a dry, shiny lower
surface. Similar observations were observed in the litera-
ture for biopolymer films containing lipids (21,31,58). Fig.
3 shows scanning electron micrographs of the upper sur-
face and cross section of the films of both control and
rapeseed oil-containing films. Emulsion films had a rough
and uneven surface, whereas in the absence of rapeseed
oil, whey protein film had a smooth, homogeneous sur-
face. These structural discontinuities in lipid-containing
films were due to the lack of miscibility of the compo-
nents. The protein matrix seems to be interrupted by oil
droplets. Both surface and cross section micrographs of
the emulsion films showed that the dispersed lipid phase
creamed, forming an apparent bilayer structure with
most lipid droplets on the upper surface of the films. It
has also been demonstrated that emulsion-based film
structure depends on the lipid content. An increasing
amount of rapeseed oil droplets resulted in a larger lipid
layer on the evaporation front, leading to an increase in
the roughness of the film structure. This difference could
affect some surface-related properties of the films, such as
water adsorption or optical parameters. The aggregation
of oil droplets during film drying is obvious in micro-
graphs. Furthermore, irregular lipid masses embedded on
the film surface occurred when films contained 1 and 2 %
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2) b) 0 d)

Fig. 3. Scanning electron micrographs of the surface (magnification 500, upper row) and cross sections (magnification 1500x, bottom
row) of whey protein films with different volume fractions of rapeseed oil: a) 0 %, b) 1 %, ¢) 2 % and d) 3 %

of rapeseed oil, whose droplet size was bigger according
to particle size measurement. Aggregation and coales-
cence phenomena start immediately after homogeniza-
tion in the absence of emulsifiers and occur during drying
of emulsified solutions (35). Formation of lipid droplets
and their development during film drying entail the in-
terruption of the polymer matrix, increasing the internal
heterogeneity and surface roughness of the film (53,61).
Whey proteins play a great role in the stabilization of the
emulsion by formation of a stabilizing layer around fat
droplets. This indicates that whey protein should be able
to form a protective film around fat droplets during ho-
mogenization, and long-term emulsion stability is con-
ferred by homogeneous fat distribution within the film.
However, a creaming effect was observed in this study
caused by migration of a lipid fraction towards the evapo-
ration surface of the film. Similar observations were re-
ported for other biopolymer films containing lipids
(1,39,61,70). This increasing surface hydrophobicity due
to the presence of lipid globules can enhance moisture
sorption and water vapour mobility by increasing the po-
larity of the films. Therefore, composite films made from
both hydrocolloids and lipids may have advantages con-
nected with selective migration of water molecules or ac-
tive compounds when they are used as a coating on food
products.

Conclusions

Whey protein emulsion films incorporated with rape-
seed oil at low volume fractions were successfully pre-
pared and characterized. The presence of rapeseed oil
leads to changes in the structure of protein films that in-
fluence the water affinity of the films, changing their
properties. Thus, water solubility is expected to be a de-
creasing function of temperature. It should be noted that
moisture content at higher water activity values (a,,>0.6)
starts to increase exponentially, producing film structural
changes that allow a facilitated water transport phenom-
enon. At constant a,, equilibrium moisture contents of
analyzed whey protein films incorporated with rapeseed
oil remained constant and did not change with an in-
crease in temperature. A different internal arrangement
was observed in the cross section of films as a function of

film composition. Experiments showed that the change in
the composition of whey protein films with rapeseed oil
would not affect greatly the appearance of food products
when in use. Addition of rapeseed oil could reduce mois-
ture sensitivity, which would be especially important in
the application of the films for the protection of products
with high moisture content.
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