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A protein concentrate (PC) was obtained from Grouper fish skin and it was used to prepare films with different amounts of sorbitol
and glycerol as plasticizers. The best performing films regarding resistance were then modified with various concentrations of CaCl,,
CaSO, (calcium salts), and glucono-§-lactone (GDL) with the purpose of improving their mechanical and barrier properties. These
films were characterized by determining their mechanical properties and permeability to water vapor and oxygen. Formulations
with 5% (w/v) protein and 75% sorbitol and 4% (w/v) protein with a mixture of 15% glycerol and 15% sorbitol produced adequate
films. Calcium salts and GDL increased the tensile fracture stress but reduced the fracture strain and decreased water vapor
permeability compared with control films. The films prepared represent an attractive alternative for being used as food packaging

materials.

1. Introduction

Biodegradable films are an attractive development for the
food industry. Their use is associated with the broad range
of properties they possess. Such properties are helpful to
keep food in optimum conditions during transport and
storage and constitute an interesting answer to the demand
of consumers for higher quality and long-shelf life products,
while reducing disposable packaging material and increasing
recyclability [1]. The extensive list of biodegradable film
ingredients available allows targeting a broad range of poten-
tial functional properties [2].

A biodegradable film is defined as a thin continuous layer
made from biodegradable materials [3], that is, materials that
can be degraded by enzyme action of living organisms, such
as bacteria, yeast, and fungi [4]. Some critical conditions such
as abundance and availability of raw materials are needed
to make the production of biodegradable polymers feasible.
Protein is one resource that meets these characteristics [5].
Proteins, polysaccharides, and lipids have been used as
film-forming materials. However, proteins have been widely
chosen because they are abundant, are available in plant and
animal sources, and form stable networks [6]. Also, protein
films are better than those prepared with polysaccharides

because proteins are composed of 20 different amino acids,
and they have a particular structure which offers a broad
range of functional properties [7].

Fish skin is a good source of inexpensive collagen, which
is the main support protein that constitutes the structures
of the body of animals, vertebrates, and invertebrates and is
concentrated in specialized connective tissues: skin, tendon,
and bone [8]. Castafieda [9] studied the properties of fish skin
proteins demonstrating that it is useful to form biodegradable
films. The results obtained revealed the films with 5% protein
concentrate (PC) and 75% sorbitol (plasticizer) to present the
best structural characteristics, and although they exhibited
acceptable mechanical properties, their barrier properties to
moisture migration were not good. Water vapor loss is one
of the more severe problems in food preservation, and it can
cause adverse effects on texture, nutritive value, scalability,
and integrity of food products.

Several properties of fish skin films, such as mechani-
cal properties, permeability, light absorption, transparency,
antimicrobial activity, and antioxidant ability, are influenced
by the addition of active substances [10]. For example, Park
and collaborators [11] modified biodegradable soy films,
adding CaCl, and CaSO, (calcium salts) and glucono-6-
lactone (GDL). They concluded that calcium salts and GDL



reduced the water vapor permeability and improved their
mechanical properties. Also, Zactiti and Kieckbusch [12]
added calcium salts to alginate films and observed lower elon-
gation, higher tensile strength, and a considerable reduction
in water solubility and water vapor permeability.

In Mexico around 11300 tons of Grouper fish (Epinephelus
marginatus) are captured per year [13], signifying one of the
major domestic fisheries. Grouper is consumed as fresh and
frozen fillet, and the skin, which is about 10% of the weight of
the fish, is not used as a commercial product; this means that
about 1300 tons of skin of this fishery are discarded. Fish skins
are a major by-product of fishing and aquaculture. Thus, the
fish skin could provide a valuable source of protein [14]. Many
fish skin films produced from fish-processing coproducts
have been studied, such as the skins of cuttlefish [15], blue
shark [14], bigeye snapper, and brownstripe red snapper [6],
showing, in general, poor mechanical properties and high
water vapor permeability which are the main drawbacks for
applications. Therefore, the aim of the present work was
to study film formation from collagen fractions extracted
from the skin of Grouper fish (Epinephelus marginatus) using
plasticizers and different concentrations of calcium salts and
glucono-8-lactone and to evaluate the effect on its mechanical
and barrier properties.

2. Materials and Methods

2.1. Compositional Analysis of Grouper Fish Skin. The skin
of Grouper fish (Epinephelus marginatus) was obtained from
a local market in Mexico City. The skin of three different
batches, each one with three replicas, was analyzed for
moisture, fat, and total crude protein content. Assays were
done using AOAC methods [16]: moisture in a vacuum
oven (931.04); fat, goldfish (920.85); and total crude protein,
Kjeldahl (981.10).

2.2. Protein Concentrate. Protein was extracted from fresh
fish skin according to the procedure of Batista [17], with some
modifications. The skin was cut into small pieces, soaked
in 0.IM NaOH (pH 12 + 0.5) with skin to water ratio of
1:10 (w/v), respectively, and the mixture was stirred 120 min
at 45°C. After this time, the suspension was centrifuged
(Beckman J2 centrifuge J2-mark M2) 15min at 4°C and
5000 rpm, and the supernatant was recovered. At this point,
the protein content expressed as total crude protein, and
soluble protein was determined in the supernatant, while the
residue, composed of milled skin and scales, was examined
for total crude protein (Kjeldahl AOAC 981.10). One milliliter
of 10% sodium hexametaphosphate was added to 50 mL of
supernatant, pH was adjusted to 2.5 with 2M HCI, and
the liquid was kept two hours in refrigeration for complete
precipitation of proteins. After this, proteins were separated
by centrifugation at 5000 rpm for 15 minutes. The residue
constitutes the protein concentrate (PC); its amount of total
crude and soluble proteins was determined and the PC pellet
was frozen until further needed. This PC was used for film
formation. The yield of protein extraction was determined
in every one of the extracted fractions from measurements
of total crude protein and soluble protein [18]. Fish skin
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and protein concentrate were weighed and the volume of
supernatants was measured.

2.3. Molecular Weight of Extracted Proteins. The protein
fractions in the concentrate were separated by sodium dodec-
ylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
according to Laemmli [19]. A 10% polyacrylamide gel was
used for high molecular weights (36-200 kDa Sigma Marker
Sigma) and a 12% gel for low molecular weights (20-66 kDa
Sigma Marker). The solution, with 1 and 2 mg/mL PC (pH
12+0.1), was mixed with buffer ina1:1 (v/v) ratio and heated
for 3 min in boiling water. Gels were loaded with the treated
sample (20 mL) and with molecular weight markers (4 mL)
and were run in an electrophoresis chamber (Bio-Rad) at 100
volts for 90-120 min. After this, gels were stained overnight
with Coomassie blue solution and washed with a 10:10:80%
(v/v/v) methanol/acetic acid/water solution. The washed gels
were scanned in a densitometer (Bio-Rad, Model GS700) and
the molecular weights of the separate bands were determined
with the Quantity-One software (Bio-Rad).

2.4. Solubility of the Protein Concentrates at Different pH. The
variation of solubility with pH was determined following the
method of Saeed and Cheryan [20]. The pH of twelve aqueous
solutions (10 mL) with 3% (w/v) PC was adjusted (Thermo
Electron Corporation, USA) to values in the range of 1.0
to 12.0 with 1.0 N HCI and NaOH. Protein solutions were
stirred for 30 min. Solutions were then centrifuged (Labtronic
Scientific, Model H-1650) at 2500 rpm for 15 min and the PC
of the supernatant was determined using Lowry’s method
[18].

2.5. Protein Concentrate Films. Films were prepared follow-
ing the method of Sobral and collaborators [21]. Five grams
of protein concentrate (PC) was dispersed in 100 mL distilled
water under continuous stirring and pH was adjusted to
11.5 + 0.2 with 1.0N NaOH. Sorbitol and glycerol were
added to different films, in concentrations of 50 and 75%
(w/w) referred to the total amount of protein in the PC.
An additional formulation included 4% (w/v) PC, with a
mixture of 15% (w/w) glycerol and 15% (w/w) sorbitol [22].
The formulations were identified as 5PC-50G, 5PC-75G, 5PC-
508, 5PC-75S, and 4PC-15G/15S, where the first part indicates
the concentration of PC and the second one the concentration
of plasticizer. Different solutions were stirred for 10 min and
then heated to 70°C for 20 min in a water bath. After this
time, the solutions were filtered and sonicated (Branson 3510,
Bransonic® ultrasonic) for 15 min. Finally, 50 mL of solution
was poured into Teflon-covered pans 12cm in diameter
and dried at room temperature for approximately 48 hours
(Table 1).

Films were considered adequate when they were easily
detached manually from the container surface, nonsticky and
flexible enough to handling. Then, these selected films were
modified to improve their mechanical properties, permeabil-
ity to water vapor and oxygen. The modification was done by
adding CaCl,, CaSO, (calcium salts), and glucono-d-lactone
(GDL) in concentrations of 0.1, 0.2, and 0.3% (w/w), of the
amount of total protein in the PC [11]. The salts were added
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TABLE 1: Films formulations.

Protein
Identification concentrate Plasticizer
(%)

5PC-50G 5 50% glycerol
5PC-75G 5 75% glycerol
5PC-50S 5 50% sorbitol
5PC-75S 5 75% sorbitol
4PC-15G/15S 4 15% glycerol + 15% sorbitol

TABLE 2: Modified films.

Protein

Identification  concentrate Plasticizer Modified
(%) salts
5PC-758 5 75% sorbitol 0.1% CaCl,
5PC-758 5 75% sorbitol 0.2% CaCl,
5PC-75S 5 75% sorbitol 0.3% CacCl,
5PC-758 5 75% sorbitol 0.05% CaSO,
5PC-758 5 75% sorbitol 0.1% CaSO,
5PC-758 5 75% sorbitol 0.2% CaSO,
5PC-75S 5 75% sorbitol 0.3% CaSO,
5PC-75S 5 75% sorbitol 0.1% GDL
5PC-75S 5 75% sorbitol 0.2% GDL
5PC-75S 5 75% sorbitol 0.3% GDL
0,
4PC-15G/155 4 o A)g?(’fririi’éf 0.05% CaSO,
0,
4PC-15G/155 4 o bgi}(l)clr(leyl;(t)(l)l+ 0.1% GDL

after the plasticizer; a salt solution of known concentration
was added depending on the amount of protein present
(Table 2). Modified and unmodified films were analyzed. The
latter are designated as the control.

2.6. Water Vapor Permeability. Water vapor permeability
(WVP) was determined according to the ASTM E96-95
method [23]. This is a gravimetric procedure in which the
amount of water adsorbed by anhydrous calcium chloride
is determined. Acrylic cells, previously taken to constant
weight, were used. A known amount of desiccant (ca. 35g)
was placed in the cell leaving a head space of about 1 cm. The
films were fixed to the rim of the cell with a pressing ring
leaving a known area for water vapor transmission. Cells were
placed in a chamber with a relative air humidity of 62+2% and
maintained at room temperature (=23 + 2°C). The increment
of mass and temperature of each cell was recorded every 24 h
for five days. Determinations were done in triplicate.

2.7. Oxygen Permeability. Oxygen permeability was deter-
mined in a stainless steel cell (CSI-135 Permeability Tester)
according to the ASTM D1434-82 method [24]. The oxygen
transmission coefficient was obtained by monitoring the
change in volume generated by the transfer of oxygen through
the film as a result of an applied differential gas pressure.

The cell was operated at a manometric pressure of 4 psi
(27571Pa), 293.25 K, and a barometric pressure of 77994 Pa.

2.8. Mechanical Resistance. Before testing the films for
mechanical resistance they were first conditioned at 62 + 2%
relative humidity and 23+2°C for 48 h. Relative humidity was
generated with a saturated solution of Mg(NO,),-6H,0O and
measured with a hygrometer (Oakton, Japon). Measurements
were made with a testing machine (Sintech 1/S, MTS, USA)
using a load cell of 100N according to the ASTM D 882
method [25]. Film strips 8cm long and 1cm wide were
examined. Their average thickness was measured with a
micrometer (Mitutoyo, Japan) on both ends and in the middle
of the strip. Strips were stretched at 250 mm/min until they
broke up. Force-time data were transformed into true stress,
(1) or, and Hencky strain, (2) ey. Youngs modulus was
determined from the slope of the linear portion of o, versus
&y plot:

(1) True stress (or): op = 0(1 +e),
(2) Hencky (g17): € = In(1 + e).

In these equations o is the nominal stress and e is the Cauchy
strain.

2.9. Statistical Analysis. All experiments were carried out in
triplicate. Statistics on an entirely randomized design were
determined with the SPSS 10.0 for Windows procedure.
Differences were considered to be statistically significant at
p <0.05.

3. Results and Discussion

3.1. Yield of Protein Concentrate. The extraction process did
not include a purification step to obtain an entirely pure
protein concentrate. Hence, yields of total protein, 63.81%,
and soluble protein, 45.33%, in the concentrate were small.
Impurities in the concentrate can include salts normally
present in the skin and sodium hexametaphosphate used
to make precipitation easier; such impurities were possibly
solubilized and precipitated together with proteins. The
average composition of the three different batches was on
a dry basis: 65.21 + 2.85% moisture, 6.3 + 0.18% fat, and
76.51 + 4.54% total crude protein.

3.2. Molecular Weight of Protein Fractions. Protein patterns
of the protein concentrate separated with 10 and 12% poly-
acrylamide (Figure 1) shows low and high molecular weight
(MW) proteins. Bands between 31 and 66 kDa are visible;
five of them show high intensity, with MW in the range of
33-48 kDa (Figure 1(a)); bands below 30 kDa separated with
12% polyacrylamide are shown in Figure 1(b). Proteins with
MW below 23 kDa are not clearly observed and those present
in high concentration are in the range of 31-48 kDa. Several
bands >48kDa are also visible, being the brightest for 58-
60, 71, 95, and 194kDa. The well-defined high molecular
weight bands in Figure 1(b) correspond to 95 and 194 kDa,
although their concentration is lower than those of the low
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FIGURE 1: Protein fractions in the concentrate from SDS-PAGE with (a) a low molecular marker and 10% polyacrylamide and (b) a high
molecular weight marker and 12% polyacrylamide, stained with Coomassie blue. PC: protein concentrate in a 1 mg/mL solution.

molecular weight proteins. Several authors have character-
ized fish gelatin extracted from various fish species, showing
similar protein patterns. Norziah et al. [26] characterized
fish gelatin extracted from residues of surimi production and
obtained two bands of similar molecular weights, identified
as a-collagen (100kDa) and f-collagen (200kDa). The S
component is formed when two simple collagen strands («
units) are cross-linked to each other by covalent bonds.
Limpisophon et al. [14] also identified these two bands as «
and f collagen in characterizing gelatin extracted from blue
shark (Prionace glauca).

3.3. Solubility of the Protein Concentrates for Different pH.
Protein solubility depends on pH; above or below the iso-
electric point (pI) the net charge is negative or positive,
respectively, and water molecules can interact with these
charges thereby contributing to solubility. Figure 2 shows the
change in solubility of the fish skin protein content of two
batches as a function of pH in the range of 1to 12. Both batches
show a similar trend with no statistical difference, within
the pl in the range of 2 to 4 pH units. As pH increases, the
solubility of the protein concentrates increases because there
are more negative charges enabling electrostatic repulsion
with the solvent. The maximum solubility, 43.17%, occurred
at pH 11 and 12. The purpose of knowing the solubility of the
PC was to set the pH for film preparation. The pH 11.5 was
chosen for film development considering the obtained data.

In other studies [27] collagen extracted from bigeye
snapper skin with acid and pepsin exhibited the maximum
solubility between pH values of 4 and 5, respectively. Also,
Kittiphattanabawon et al. [28] observed that the maximum
solubility of acid extracted collagen from big eye snapper skin
was between pH 2 and pH 5. Likewise, the results in collagen
obtained from chicken by-products show that the maximum
collagen solubility was at pH 2.
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FIGURE 2: Solubility of the protein concentrates of Grouper skin
batches for different pH.

3.4. Films Characteristics. Different formulations were tested
to evaluate the effect of plasticizer type and concentration on
film formation. Low molecular weight plasticizers incorpo-
rate easier into the protein matrix and in consequence they
have a good performance on film formation [29]. The films
of formulation 5PC-50G firmly adhered to the pan surface
and broke up quickly. Formulation 5PC-75G produced films
that could not be adequately formed because the plasticizer
concentration was excessive; films remained moist for several
days and could not be detached from the pan surface. Formu-
lation 4PC-15G/15S produced films that were easily separated
from the container surface but were less flexible than those
with 5PC-75S. This behavior is attributed to the lower
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FIGURE 3: Water vapor permeability of unmodified and modified
films prepared with formulations 5PC-75S and 4PC-15G/15S. Note:
values in a column with different letters are significantly different at
p < 0.05.

concentration of plasticizer. Films prepared 5PC-50S were
brittle, stiff, and therefore unsuitable for subsequent analyses.
Films with the best forming characteristics were 5PC-75S
and 4PC-15G/15S. Film flexibility is mainly determined by
protein-protein and protein-water interactions and may be
controlled by the concentration and type of plasticizer, which
reduces the intermolecular interactions between adjacent
protein chains. As a consequence, chain mobility increases
and films become flexible preventing rupture during handling
and storage [30]. Our results show that it is possible to
obtain films from Grouper fish skin proteins and that the
incorporation of different kind of plasticizers into fish skin
films resulted in more or less film flexibility and moisture.

Film formation has been proven with proteins extracted
from different species of fish including Atlantic sardine
(Sardina pilchardus) [31], red snapper (Lutjanus vitta) [6], and
Nile tilapia (Oreochromis niloticus) [30].

3.5. Water Vapor Permeability. Figure 3 shows the effect of
calcium salts and GDL on WVP of 5PC-75S and 4PC-
15G/15S films. Each modifier produced a different effect.
The addition of calcium chloride (CaCl,) decreased WVP
of films; the higher the salt concentration, the lower the
WVP. For 5PC-75S the WVP of the control film was reduced
from 0.164 ng/Pa-s-m to 0.094 ng/Pa-s-m, that is, almost 42%
when 0.3% CaCl, was added. Calcium sulfate (CaSO,) had
a greater impact on WVP than calcium chloride; the WVP
of the control film was reduced to 0.070 ng/Pa-s:m, that is,
around 57%, for 0.3% CaSO,. However, the effect of calcium
sulfate was opposite to that of calcium chloride as lower
concentrations of the former resulted in lower WVP. The
addition of CaSO, concentrations as low as 0.05% resulted in
a WVP of 0.024 ng/Pa-s-m, which represents a reduction of
almost 85% regarding that of the control. This suggests that
the concentration of calcium chloride should be increased
if a WVP similar to that with calcium sulfate wants to be
obtained. Park et al. [11] reported statistically significant

reductions in WVP of soy protein films modified with CaSO,.
However, films modified with CaCl, did not show significant
decreases relative to control films. The authors explained
that negative charges given by carboxyl groups (-COO™-)
predominated on the protein chain and their interaction
with divalent cations Ca®* resulted in a more stable network.
These ionic interactions not only reduce the mobility of
protein segments but also increase their hydrophobicity as the
interaction between Ca** and the negatively charged carboxyl
groups prevents cations to interact with the water decreas-
ing the solubility of proteins and thus WVP through the
polymer.

The Hofmeister series can explain the difference between
the effect caused by CaCl, and CaSO, on the WVP in our
films as protein-protein interactions and protein crystalliza-
tion are some of the physical behaviors that obey this series
[32]. The series was originally developed as a measure of the
efficiency of various anions to precipitate globular proteins.
The effect of ions is usually related to their position in the
series; SO,> > HPO,* > CH,COO™ > CI, which shows
that the sulfate ion results in increased protein stability
and lower solubility, as a result of greater protein-protein
attraction, than the chloride ion [33]. The more significant
effect caused by CaSO, in comparison with CaCl, on WVP
of the protein films can be attributed to the fact that the
SO,* ion is a better sequestrant of solvent water molecules
and hence prevents the formation of hydrogen bonds on pro-
teins surface. Therefore, effective protein-protein interactions
occur that result in lower solubility and less water diffusion
through the protein network.

The addition of glucono-3-lactone (GDL) also reduced
the WVP on 5PC-75S control films. WVP values were 0.034,
0.032, and 0.031 ng/Pa-s-m for 0.1, 0.2, and 0.3%, respectively,
without being significantly different (Figure 3). GDL is a
cyclic ester, gradually hydrolyzed in water to gluconic acid
forms widely used in the food industry as acidulants [34].
The observed decrease in WVP of films modified with GDL
may be due to an increased hydrophobicity and hence a
reduction in solubility attributed to the charged carboxyl
groups that adversely reduce the action of protons produced
by GDL [11]. Therefore, the neutralized protein molecules
can aggregate due to a decreased electrostatic repulsion and
prevent carboxyl groups to interact with the water. The 5PC-
75S films that exhibited the lower WVP were those modified
with 0.05% CaSO, and 0.1, 0.2, and 0.3% GDL. However,
the WVP values of the latter were not significantly different.
Figure 3 also shows the WVP of 4PC-15G/15S control films
and films modified with 0.05% CaSO, and 0.1% GDL, which
were the modifiers and concentrations with the greater effect
on the WVP of 5PC-75S films. The WVP of 4PC-15G/15S
control films was 0.158 ng/Pa-s-m. Although it is lower than
for 5PC-75S control films, there is not a significant difference
between the two formulations because, even if the formu-
lation 4PC-15G/15S had a lower concentration of protein, it
also contains a smaller amount of plasticizers. Therefore, it is
possible to assume that similar interactions occurred in films
of both formulations. The WVP of the 4PC-15G/15S modified
films significantly in comparison with their control. Calcium
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FIGURE 4: Fracture stresses (a) and Hencky strain (b) of films prepared with formulations 5PC-75S and 4PC-15G/15S.Note: values in a column

with different letters are significantly different at p < 0.05.

sulfate reduced WVP to 0.053 ng/Pa-s:m and GDL reduced it
to 0.033 ng/Pa-s-m, which represent reductions of around 66
and 79%, respectively, regarding the control.

Comparing the results of all the films analyzed the
formulation 5PC-75S with 0.05% CaSO, and with different
concentrations of GDL produced films with the best barrier
against water vapor transmission, regardless of the concentra-
tion of protein and plasticizer. On the other side, the WVP of
the unmodified films were of the same order of magnitude as
those of protein films from other fish species. For example,
the WVP of films made of skin proteins of Alaskan pink
salmon was 0.169 ng/Pa-s-m [35], which is very similar to
0.164 ng/Pa-s-m for our 5PC-75S control film. However, our
values for films modified with CaSO, and GDL are lower
by one or two orders of magnitude compared with films
based on other protein concentrates, or synthetic polymers
except polyester, which is still lower by one or two orders
of magnitude, compared to the modified films in this study.
These modifications are promising because modified films are
expected to provide greater resistance to water transmission
to the matrix they are covering, than films made up only of
protein and plasticizer.

3.6. Oxygen Permeability. The stability of foods is affected by
the presence or absence of oxygen. This gas affects the shelf
life of foods because it participates in oxidation reactions,
microorganism growth, changes in color, and respiration of
fruits and vegetables [36]. Therefore, the oxygen permeability
of protein films is essential for establishing their functionality
as food protectants. Polymers containing groups that can
self-associate by hydrogen or ionic bonds, such as proteins,
produce films with excellent properties against oxygen per-
meability [37]. The average oxygen permeability of PC films
of Grouper fish was 1.09 x 10~'7 mol-mm/mm?-s-Pa. This
corresponds to 3.27 x 107 cm3-cm/cm2~s-cmHg or 32.7 £
0.79 barrers (1 barrer = 1071° cm3-cm-cm_2-s_1-cmHg_1). The
oxygen permeability of low density polyethylene at 298 K is
2.20 barrers [38]. This oxygen permeability is 15-fold lower

than that of PC films of Grouper fish. Polymers with oxygen
permeability below 38.9 cm® - um/m?-d-kPa (0.060 barrers) at
23°C are considered good barriers to oxygen [39]. In general,
protein-based films are considered good oxygen barriers.
Oxygen permeabilities reported for films of various proteins
are lower than 38.9 cm? - [/tm/mz-dkPa [35].

3.7. Mechanical Properties. The mechanical properties of the
films provide an indication of their integrity under stresses
associated with processing, handling, and storage. Figure 4(a)
shows the fracture stresses of unmodified (control) and
modified 5PC-75S and 4PC-15G/15S films. The addition of
0.2 and 0.3% calcium chloride (CaCl,) to 5PC-75S films
increased their fracture stress from 1.6 MPa, for the control,
to around 7.3 MPa. The addition of 0.1% of this salt was not
sufficient for obtaining a tensile fracture stress significantly
different from that of the control and this also occurred for
0.2 and 0.3% CaSO,. On the contrary, the addition of 0.05
and 0.1% of this salt increased the fracture stress to about
5.0 MPa, which is lower than the increase with 0.2 and 0.3%
calcium chloride. Therefore, low concentrations of calcium
sulfate were sufficient to make films resistant to fracture
upon stretching. Films modified with 0.1, 0.2, and 0.3% GDL
showed fracture stresses between 11.7 and 17.8 MPa, which
represents a significant increase over the 1.6 MPa for the
control. These high values suggest the existence of greater
protein interaction in modified films as compared with the
control and those modified with calcium salts. According to
Park et al. [11] GDL promotes protein aggregation because
hydrophobicity is increased and solubility decreases, so films
become more resistant but less flexible. The fracture stress of
unmodified 4PC-15G/15S films was 20.7 MPa, which suggests
a greater chain-chain interaction between proteins as the
plasticizer concentration was lower than for unmodified
5PC-75S films. The addition of 0.05% CaSO, and 0.1% GDL
to 4PC-15G/15S films also improved the resistance of these
materials to stretching. The fracture stresses of 5PC-75S films
with 0.2% GDL and 4PC-15G/15S films with 0.05% CaSO,
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FIGURE 5: Young’s modulus (a) and elongation percentage (b) of films prepared with formulations 5PC-75S and 4PC-15G/15S. Note: values in

a column with different letters are significantly different at p < 0.05.

were not significantly different. The same happened between
5PC-75S and 4PC-15G/15S films with 0.1 GDL.

The strain is given by a pure number, because it compares
the shape of the material before and after deforming it. It is
an important feature, because if a material can be stretched
considerably before breaking up, this is an indication that it
can withstand the applied load. Figure 4(b) shows the trend
of fracture strain, expressed as Hencky strain, for the two
formulations of modified and unmodified films. In general,
the addition of increasing concentrations of calcium salts
and GDL resulted in significant reduction in fracture strain,
with 0.3% GDL being the most noteworthy. The same trend
was observed for 4PC-15G/15S films, but with a significant
decrease in the control compared to the control of 5PC-75S
films.

Young’s modulus is the slope of the linear part of the
stress-strain curve. It indicates the resistance of the material
to deformation which is related to its stiffness. Figure 5(a)
shows Young’s modulus for modified and unmodified 5PC-
758 and 4PC-15G/15S films. Films modified with GDL were
the most rigid of all the series according to their Young’s
modulus (Figure 5(a)) and fracture stress, regardless of the
formulation. However, they did not withstand large defor-
mations before breaking up because being more rigid due
to increased interactions between polypeptides chains, they
are more susceptible to deformation because of the reduced
mobility of protein chains. This was the case, for example,
for 4PC-15G/15S films modified with GDL and CaSO,. The
fracture strains for 5PC-75S films modified with 0.1 and 0.2%
CaCl, were 1.16 and 1.10, respectively, because protein chains
show more mobility.

The latter exhibited more resistance to deformation;
189 069 MPa for 0.1% GDL and 126 930 and 126 871 MPa for
control and 0.05% CaSO,, respectively, without significant
difference between both of them. These films also showed
high fracture stresses, and this is again attributed to the lower
concentration of plasticizer, which made them stiffer. In the
case of 5PC-75S films modified with calcium salts, Young’s
modulus did not change considerably in comparison with

the control. However, the film modified with 0.05% CaSO,,
which had a lower WVP, exhibited the greatest Young’s
modulus, 27.4 MPa, in comparison with the control and films
modified with calcium salts. This behavior confirms the
presence of an increased cross-linking between proteins in
the formulation. Therefore, these films were less elastic than
those modified with calcium sulfate and calcium chloride.
Elongation is another way of expressing the flexibility
of films to traction. Figure 5(b) shows the percentage of
elongation for the unmodified and modified formulations.
5PC-75S films can stretch over 100% of their original length,
while a maximum elongation of about 232% was observed
for films modified with 0.1 and 0.2% calcium chloride. The
percentage of elongation for 4PC-15G/15S modified with 0.1%
GDL and 0.05% CaSO, was about 34.4%, while that for the
control film was 88.5%. The 4PC-15G/15S and 5PC-75S films
modified with GDL showed high fracture stress and Young’s
modulus, and therefore less percentage of elongation.

4. Conclusions

It was possible to produce films with proteins obtained from
the skin of Grouper fish using an adequate proportion of PC
and plasticizers. This means that proteins can form ordered
three-dimensional networks capable of interacting with the
plasticizer and water. The extraction yield of the protein
concentrate from different batches is small. 5PC-75S films
showed the best physical properties. Film formation was
also possible with less protein, that is, 4% and a mixture
of equal amounts of sorbitol and glycerol as plasticizers.
The addition of different concentrations of calcium chloride,
calcium sulfate, and GDL modifies mechanical and barrier
properties differently and to different extents. Permeability
to oxygen was not detected over a period of 24 hours. This
result could be convenient to retard chemical, physical, and
microbiological degradation in foods and offers an alternative
to the use of a biodegradable packaging. Protein films of
Grouper fish skin were better barriers to water vapor and
oxygen compared with protein films from other natural



sources. Traction tests evidenced the greater resistance of
films modified with GDL, which were less deformable and
resistant to physical changes during handling. In general, the
5PC-75S formulation exhibits a high stretching capacity than
4PC-15G/15S. Films modified with GDL and CaSO, represent
a significant advance in film technology based on proteins.
The lack of oxygen permeability significantly reduced WVP
and acceptable mechanical properties compared to other
proteins are attractive properties for the materials studied
here.
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