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Abstract

Cassava starch films containing 25 and 50 % (in the polymer blend) of bovine gelatin
were obtained using glycerol (30 %) as plasticizer. Film formulations were also
obtained with 15 % of lipid (blend of fatty acid-glycerol esters). Microstructural and
physical (optical, barrier and mechanical) properties were analysed in order to compare
blend films with neat starch or gelatin films. The incorporation of gelatin and lipids to
glycerol-plasticized cassava starch films notably affected their physical properties,
while they showed polymer-phase separation and a lipid-dispersed phase. Gelatine
incorporation gave rise to harder films with greater resistance to break and extensibility,
while the lipids decreased film hardness and resistance but enhanced the stretchability,
especially in films with 50 % gelatin content. Likewise, lipids improved water barrier
properties of the films, but they impaired the oxygen permeability at the same time as
they decreased the film gloss and transparency. After 5 weeks of storage, all the films
became harder and more resistant to break, especially those which did not contain
lipids, which enhanced the films’ extensibility during storage. Cassava starch films with
50 % gelatine, both with and without lipids, exhibited very adequate properties for food

coating or packaging.

Keywords: Starch, gelatin, physical properties, microstructure, storage.
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1. Introduction.

In the last few years, the aim of many studies has been to obtain starch-based
biodegradable materials for the purpose of substituting, at least partially, synthetic
petroleum-based polymers (Ali, Rahman, Ibrahim & Kasmani, 2013; Dastidar &
Netravali, 2013; Lopez, Castillo, Garcia, Villar & Barbosa, 2015; Pelissari, Grossman,
Yamashita & Pineda, 2009). Starch is readily available from renewable sources and has
a great ability to form transparent, tasteless, odorless films with very good oxygen
barrier properties, which is very useful for food preservation. However, starch films
exhibit some drawbacks derived from their great sensitivity to water and to
retrogradation phenomena, which affect the film’s mechanical properties (matrices
become too brittle) and barrier capacity (Cano, Jiménez, Chafer, Gonzélez & Chiralt,
2014; Jiménez, Fabra, Talens & Chiralt, 2012a; Jiménez, Fabra, Talens & Chiralt,
2013a). Different strategies have been considered as a means of overcoming these
problems. Among them: the plasma or chemical modification of starch (Bastos, Santos,
da Silva & Simdo, 2009; Zhou, Ren, Tong, Xie & Liu, 2009), the addition of
hydrophobic compounds (Jiménez et al., 2012a; Jiménez et al., 2013a) as well as the
formation of composites with other polymers or reinforcement materials (Nasri-
Nasrabadi, Behzad & Bagheri, 2014; Ortega-Toro, Jiménez, Talens & Chiralt, 2014a).
The chemical modification of starches includes not only the modification of starch
chains via chemical reactions, but also crosslinking in combination with other polymers,
such as PVA, or between amylose and amylopectin chains (Liu, Dong, Men, Jiang,
Tong & Zhou, 2012; Reddy & Yang, 2010) by means of the formation of covalent
bonds between polymer chains. Hydrophobic compounds may also be added to improve
the characteristics of starch-based materials. These compounds include both molecular

lipids and hydrophobic polymers, such as polycaprolactone or poly(lactic acid).
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However, the lack of polymer compatibility (due to their different polarity) may give
rise to phase separation, as observed in PCL-starch blend films, which has a negative
impact on film properties (Kweon, Kawasaki, Nakayama, & Aiba, 2003). In some
cases, lipid materials have been observed to affect the crystallinity of the matrix through
the formation of V-type crystalline forms of the lipid-amylose complexes. Besides the
formation of these crystalline structures, lipids promoted the films brittleness,
negatively affecting the mechanical response of the material (Jiménez, Fabra, Talens &
Chiralt, 2013b; Ortega-Toro, Jiménez, Talens & Chiralt, 2014b). In starch composite
films with other polymers, the inhibition of starch crystallization and retrogradation was
deduced for sodium caseinate and HPMC (Jiménez, Fabra, Talens & Chiralt, 2012bc).

Starch-gelatin blend films have also been studied by other authors, who reported good
interactions of gelatin with polysaccharide matrices when the protein predominates in
the system (Al-Hassan & Norziah, 2012; Lee, Shim & Lee, 2004; Pérez-Gago &
Krochta, 2001; Pranoto, Lee & Park, 2007). These blends may offer advantages in terms
of oxygen and water vapor barrier properties, mechanical behavior and optical
parameters (Averous & Boquillon, 2004; Wang, Rakotonirainy & Padua, 2003). Even
though gelatin may improve the performance of starch-based materials, both polymers
are highly hydrophilic. In this sense, the addition of hydrophobic materials may be
considered a means of reducing the water sensitivity of the material. Ma, Tang, Yin,
Yang, Wang, Liu & Wei (2012) reported that olive oil was able to reduce the water
vapour permeability of fish gelatin films when added at 5-20 % (w/w). Meanwhile,
Pérez-Mateos, Montero & Gémez-Guillén (2009) and Andreuccetti, Carvalho, Galicia-
Garcia, Martinez-Bustos & Grosso (2011) reported that sunflower oil and lecithin
(amphiphilic compound) significantly reduced the solubility in water of cod and pig

gelatin films, respectively. In addition, barrier and mechanical properties of gelatin
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films have been improved by the addition of laponite at-different-concentrations and
transglutaminase (Li, Liu, Ye, Wang & Wang, 2015; Wang, Liu, Ye, Wang & Li,
2015).

Although different studies have recently been published on starch-gelatin blend films
(Fakhouri, Costa, Yamashita & Martelli 2013; Al-Hassan & Norziah, 2012), there are
no studies into the influence of hydrophobic substances, such as fatty acids or fatty
acids esters (obtained from the esterification of an alcohol with different fatty acids), on
these blend films. Previous studies in films with similar features, such as sodium
caseinate-starch films containing oleic acid and/or a-tocopherol, revealed an
improvement of the film stretchability by lipid addition (Jiménez et al., 2013a).

This work analyzes different microstructural and physical properties of films based on
different blends of cassava starch and bovine gelatin, with and without lipids (mono-
and di-glyceride of fatty acids: E471), after 1 and 5 weeks of storage at 25°C and 53%

relative humidity.

2. Materials and methods

2.1. Raw materials

Cassava starch, used to obtain film-forming dispersions, was produced by Asia CO.,
LDT (Kalasin, Thailand) and purchased from Quimidroga S.A. (Barcelona, Spain).
Bovine skin type A gelatin (Bloom 220-240°), used in combination with starch, was
supplied by Sancho de Borja, S.L. (Zaragoza, Spain). Mono- and diglycerides of fatty
acids (E471) were obtained from Cargill (Barcelona, Spain), while glycerol, used as

plasticizer, was provided by Panreac Quimica S.A. (Barcelona, Spain).

The amylose-amylopectin ratio of cassava starch was determined in triplicate, by using

an amylose/amylopectin assay procedure enzymatic kit (Megazyme International
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Ireland, Bray Business Park, Bray, Co. Wicklow, Ireland). Cassava starch contains an

amylose content of 9.28% (g/100g), with an amylose:amylopectin ratio of 1:9.78.

2.2. Preparation of film-forming dispersions

The film-forming dispersions were prepared from a 2% polymer suspension (w/w),
using different ratios of cassava starch (S) and gelatin (G). The proportions (%) of
starch:gelatin were 0:100, 50:50, 75:25 and 100:0, respectively. Every formulation
contained glycerol as plasticizer (a polymer:glycerol ratio of 1:0.25). Furthermore, four
more formulations were prepared by adding 15 % (w/w) of mono- and di-esters of
glycerol and fatty acids (E471). So, eight film formulations were considered, with and
without a lipid fraction. Sample codes were represented by the starch (S) gelatin (G)

ratio in the films. When they contained glycerol ester, “e” was added in the code.

Firstly, starch and gelatin dispersions were prepared separately. Starch aqueous
dispersions were maintained at 95°C for 30 min to induce starch gelatinization.
Meanwhile, gelatin was dissolved in water at 40 °C. Then, the glycerol was added to the
dispersions, which were mixed by magnetic stirring prior to homogenization. This
process was carried out by using a rotor-stator homogenizer (Ultraturrax D125, Janke
and Kunkel, Germany) at 13,500 rpm for 1 min and 20,500 rpm for 3 min at 95 °C
under vacuum in agreement with previous studies (Jiménez et al., 2012abc; Cano et al.,
2014). For formulations containing lipids, these were added prior to the homogenization

step.

Controlled volumes of film-forming aqueous dispersions (equivalent to 1.5 g of solids)
were cast into leveled Teflon® casting plates (15 cm diameter) and dried at 25°C and

45% RH for 48 h. Then, they were peeled intact from the plates and conditioned at 53%
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RH and 25°C in a chamber with magnesium nitrate-6-hydrate saturated solution
(Panreac Quimica, S.A., Barcelona, Spain). All the films were analyzed after one or five

storage weeks, according to previous studies (Jiménez et al., 2012abc).

2.3. Characterization of the films

2.3.1. Microstructure

The microstructural analysis of the films was carried out by using a scanning electron
microscope (SEM), JEOL model JSM-5410 (Japan). Prior to testing, films were
equilibrated in desiccators with P2Os (theoretical relative humidity in the dessicator 0
%) in order to remove any water present in samples. SEM observations were carried out
by considering the surfaces and cross sections of film samples. Films were frozen in
liquid nitrogen, and then cryofractured to observe the cross section. Samples were fixed
on copper stubs, gold coated to make them conductive (for 1.5 minutes) and observed
directly with an accelerating voltage of 10 KV. Surface and cross section images were

captured from the different film samples after 1 and 5 weeks of storage.

2.3.2. Thickness

Film thickness, used in different analyses, was measured with a Palmer digital

micrometer to the nearest 0.0025 mm at 6 random positions.

2.3.3. Water vapor permeability

The water vapor permeability (WVP) of films was determined following the gravimetric

method ASTM E96-95 (1995) for a 53-100% relative humidity gradient at 25°C by
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using Payne permeabilty cups (Payne, Elcometer SPRL, Hermelle/s Argenteau,
Belgium) of 3.5 cm diameter. The RH of the cabinet was held at a constant 53-100%
using oversaturated solutions of Mg(NOz)2 and distilled water, respectively. The weight
of the cup was measured every 2 h using an analytical balance (x 0.00001 g). The water
vapor transmission (WVTR) was determined from the slope obtained from the
regression analysis of weight loss data versus time, once the steady state had been
reached, divided by the film area. The reported results represent the mean values of at

least four samples.

2.3.4. Oxygen permeability

The oxygen permeability (OP) of the films was analyzed in film samples (50 cm?) by
using an Oxtran system (Mocon, Minneapolis, USA), following the standard method
(ASTM D3985-05, 2002) at 53% RH and 25°C. Films were exposed to pure nitrogen
flow on one side and pure oxygen flow on the other side. OP was calculated by dividing
the oxygen transmission rate by the difference in oxygen partial pressure between the
two sides of the film, and multiplying by the average film thickness. At least two

replicates per formulation were taken.

2.3.5. Mechanical behavior

The mechanical properties were measured using a universal test machine (TA.XT plus
model, Stable Micro Systems, Haslemere, England) and following the ASTM standard
method D882 (ASTM, 2001). Equilibrated samples (8 per formulation) were mounted
in the film-extension grips (model A/TG, Stable Micro System, Haslemere, England) of

the testing machine and stretched at a rate of 50 mm-min‘* until breaking. The relative
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humidity of the environment was held at nearly 53% during the tests, which were

performed at 25 °C.

The force-distance data obtained in the test were transformed into stress-strain curves,
which allow the mechanical parameters to be calculated: elastic modulus (EM), tensile

strength at break (TS) and elongation at break (expressed as percentage: E).

2.3.6. Optical properties

The transparency of the films was determined by applying the Kubelka-Munk theory
(Hutchings, 1999) for multiple scattering to the reflection spectra. The surface
reflectance spectra of the films were determined from 400 to 700 nm with a
spectrocolorimeter CM-3600d (Minolta Co., Tokyo, Japan) on both white and black
backgrounds. As the light passes through the film, it is partially absorbed and scattered,
which is quantified by the absorption (K) and the scattering (S) coefficients. Internal
transmittance (Ti) of the films was quantified using eq 1. In this equation, RO is the
reflectance of the film on an ideal black background. Parameters a and b were
calculated by egs 2 and 3, where R is the reflectance of the sample layer backed by a
known reflectance Rg. Measurements were taken in triplicate for each sample on the

free film surface during its drying.

_ [ _ 2 K2 .
Ti=y(@-Ro)"—b Equation 1

1 R,-R+R, i
a=—R+— Equation 2
2 RoR,
b= (a2 —1)12

Equation 3
The gloss of the films was measured at a 60° incidence angle, using a flat surface gloss

meter (Multi.Gloss 268, Minolta, Germany), according to the ASTM standard D-523
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(ASTM, 1999). Three films of each formulation were measured over a black matte
standard plate. Results were expressed as gloss units, relative to a highly polished

surface of standard black glass with a gloss value close to 100.

2.3.7. Statistical analysis
The analysis of data was performed through the analysis of variance (ANOVA) using
the Statgraphics Plus 5.1. software (ManugisticsCorp., Rockville, MD). Fisher’s least

significant difference (LSD) procedure was used at the 95% confidence level.

3. Results

3.1. Microstructure

The microstructure of films, which depends on the interactions between film
components and drying conditions, seriously affects the physical properties of the final
materials. Thus, film microstructure can be well correlated with their barrier,
mechanical and optical properties.

Figures 1 and 2 show the micrographs corresponding to the surfaces and cross-sections
of every studied film, respectively. The images corresponding to pure cassava starch
film were similar to those obtained by Chen, Kuo & Lai (2009), who observed
continuous, smooth surfaces. The presence of micro-cracks may be due to the electron
beam during observation, as explained by Jiménez et al. (2012c). The water present in
the films was eliminated prior to observation, thus giving rise to a brittle matrix, in
agreement with the observed structure. Net starch films were homogeneous, as can be
observed in both cross-section and surface images, which indicates that starch granules

were totally disrupted during heating.
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The pure gelatin film was also quite homogeneous, with a relatively smooth surface, as
observed by Ahmad, Benjakul, Prodpran & Agustini (2012). Nevertheless, the presence
of round zones on the gelatin film surface and inside the gelatin matrix can be observed,
which can be attributed to the reorganization of protein chains during drying. These
chains tend to aggregate through helical forms, forming fibrous structures similar to
those of collagen. In this sense, Chambi & Grosso (2006) found that gelatin films
presented a fibrous structure, characteristic of collagen fibrils. This phenomenon occurs
because of the protein chain interweave recovering the native conformation of collagen
(triple helices). Composite films (75S-25G and 50S-50G) exhibited heterogeneous
structures in both surface and cross-section images. Round formations are also observed
on the surface of these films, while in film cross-sections, fibrous regions appear, both
of which are related with the gelatin chain conformation and association. These results
demonstrate that, although starch and gelatin seem to be macroscopically compatible
due to their similar hydrophilic character, phase separation occurs, leading to two
phases: a starch-rich one and a gelatin-rich one.

Lipid addition significantly affected the film microstructure leading to heterogeneous
matrices, thus indicating the lack of lipid phase integration in the matrix at the
concentration used. This effect was more marked in blend films, as can be observed in
the corresponding micrographs, where lipid droplets interrupt the polymer matrix. In
gelatin-containing films with lipid (75S-25Ge, 50S-50Ge and 0S-100Ge), the surfaces
showed both small lipid droplets and rounded gelatin formations, which indicates that
the helical association of gelatin also takes place for these blends. The lack of
miscibility between polymers and lipid components provoked creaming phenomena
during the film’s drying step, giving rise to the presence of large hydrophobic particles

on the film’s surface, as previously described for other films containing lipids
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(Monedero, Fabra, Talens & Chiralt, 2010). Bertan, Tanada-Palmu, Siani & Grosso
(2005) studied the effect of triacetin incorporation in gelatin matrices and also observed
that the integration of lipids in the protein matrix was not homogeneous. They also
reported more than one glass transition by differential scanning calorimetry, thus
indicating that phase separation occurred. Wongsasulak, Toovidhya, Bhumiratana,
Hongsprabhas, McClements & Weiss (2006) also found a heterogeneous structure in
egg albumen-cassava starch films containing sunflower oil, where the polymers were

not integrated well-enough to form a continuous matrix and oil was in a separate phase.

3.2. Optical properties

The gloss and the transparency of films, which are directly related with their
microstructure, are the most relevant optical properties with which to describe the
impact of a film after this is applied on a coated product (Hutchings, 1999). Gloss is
directly related with the surface roughness, whereas transparency depends on the
internal microstructure of the matrix and the distribution of the components. Table 1
shows the values of gloss (60°) and internal transmittance (480 nm) of starch-gelatin
films containing, or not, fatty acid esters. At a wavelength of 480 nm, the greatest
differences among films were observed in the spectral distribution of internal
transmittance.

All the films may be considered transparent, as deduced from the Ti values which
ranged between 84 and 87 %. High Ti values were related with a marked structural
homogeneity and more transparent films (Villalobos, Chanona, Hernandez, Gutiérrez &
Chiralt, 2005). Neat starch films were the most transparent, regardless of the storage

time, coinciding with the more homogeneous structure observed in Figures 1 and 2.
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Lipid addition contributed to a decrease in the transparency of starch-gelatin films
regardless of the polymer ratio, which was coherent with the microstructural
observations. Lipid components, which were not compatible with hydrophilic polymers,
remain in a dispersed phase, promoting the light dispersion and leading to a lower
degree of transparency. Similar results were also observed by Jiménez et al. (2012a) for
corn starch films containing fatty acids.

The transparency of stored films significantly decreased in most of the cases, and was
more marked in the pure starch film. This effect has previously been reported in corn
starch films containing fatty acids (Jiménez et al., 2012a). The reduction in the
transparency was related with the increase in the starch crystallinity or retrogradation
phenomenon, both leading to the increase in the number of hydrogen bonds in the
polymer network (Gutiérrez, Tapia, Pérez & Fama, 2015). This leads to changes in the
refractive index in the matrix, thus promoting light dispersion.

Film gloss (Table 1) was greatly influenced by film composition. In this sense, at the
initial time, the films were glossier as the gelatin content increased, with the net gelatin
film being the glossiest. However, this effect was not found when the fatty acid esters
were added. This can be due to the presence of lipid particles on the film surface (Figure
1) which contributes to increase the surface roughness, thus decreasing the gloss and
masking the glossiness effect of gelatin. In fact, lipid incorporation significantly (p <
0.05) decreased the film gloss in every case. As previously commented on, lipid
coalescence and creaming during the film drying step lead to migration of droplets to
the film-air interface, thus increasing the surface heterogeneity. So, values of the optical
parameters are coherent with the previously described film microstructure (SEM

images).
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The effect of storage time on gloss values depended on the film formulation. While in
pure starch films, gloss did not significantly change after ageing, in the other cases films
gloss decreased, mainly in films without lipids. These results could be attributed to the
progressive reorganization of gelatin chains, which would have a relevant effect at

surface level.

3.3. Barrier properties

3.3.1. Water vapour permeability

The values of the water vapour permeability (WVP) and moisture content (Xw) of the
studied films stored for 1 or 5 weeks under controlled conditions are shown in Table 2.
The moisture of films ranged from 7.7 to 11 %, with no notable changes taking place
during film storage in most cases. The moisture content increased when gelatin was
added and decreased when the films contained lipids, in agreement with the different
water affinity of both components and the higher water affinity of gelatin in comparison
with starch (Al-Hassan & Norziah, 2012).

At initial time, films without esters (including composites) did not show significant
differences in their WVP values. This result is coherent with that reported in previous
studies into  starch blend  films  with  sodium caseinate  and
hydroxypropylmethylcellulose, where no significant modifications of the WVP of
starch were observed (Jiménez et al., 2012bc). On the contrary, Jongjareonrak,
Benjakul, Visessanguan & Tanaka (2006) reported that higher WVP was found in
gelatin films containing a greater protein content, which agrees with the greater
hydrophilic character of gelatin. Al-Hassan & Norziah (2012) did not find any

significant differences in the WVP for sago starch films with different ratios of
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gelatin,either. So, the water vapour permeability is highly dependent not only on the
composition of the matrices but also on the interactions between components.

Lipid addition generally decreased the WVP of the studied films in agreement with its
more hydrophobic character, as has also been observed in previous studies (Bertan et
al., 2005; Jiménez et al., 2012a; Ma et al., 2012). The greatest reduction in the WVP
corresponded to the net starch film (100S-0Ge), probably due to the development of
interactions between starch and lipid hydrophobic chains. These interactions involve the
establishment of hydrogen bonds between the polymer chains (Gutiérrez, Tapia, Pérez
& Fam4, 2015), and give rise to the formation of V-type crystalline structures in which
helical conformations of amylose and amylopectin entrap the lipid hydrophobic chains
(Jiménez et al., 2012a; 2013b). Previous studies pointed out that an improvement in the
water vapour barrier properties can take place as a result of interactions between
different components (Gontard, Duchez, Cuq & Guilbert, 1994; Yang & Paulson, 2000)
The effect of film ageing on the water vapour barrier capacity of films was different,
depending on the film formulation. In fact, while the WVP of pure starch films without
lipids increased with time, the WVP of lipid-containing films significantly decreased (p
< 0.05). This could be related with structural changes in the polymeric matrix, which led

to an increase in the tortuosity factor for water transfer in films with lipids.

3.3.2. Oxygen permeability

The oxygen permeability values of films are shown in Table 2. The OP of net gelatin
films (0S-100G) was significantly higher than that of starch films (100S-0G). Indeed,
the OP increased when the gelatin content rose, as previously observed for other

polymers in combination with starch (Jiménez et al., 2012bc). As expected, lipid
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addition increased the OP values due to the higher degree of oxygen solubility in the
hydrophobic regions of the matrices (lipid droplets).

Film storage contributed to a decrease in the oxygen permeability of films, probably due
to the progress of the chain aggregations and the increase in the matrix compactness.
For films containing starch, the promotion of the oxygen barrier was related to the
increase in crystallinity, since crystallites increase the ability of the matrix against
oxygen transfer due to the fact that they may be considered impermeable to oxygen

transfer (Shen, Wu, Chen & Zhao, 2010).

3.4. Tensile properties

Figure 3 shows the typical stress-Hencky strain curves for the films containing, or not,
lipids and stored for 1 and 5 weeks under controlled conditions. The curves at initial
time showed that gelatin (with and without lipid) gave rise to more resistant and flexible
films in comparison with net starch films, as deduced from the curves. The values of
elastic modulus (EM), tensile strength (TS) and elongation at break (E) of films are
shown in Table 3. These parameters are related with the arrangement of different film
components in the matrix, observed in SEM micrographs, and cohesion forces in the
matrix, and are normally used to describe the mechanical performance of the films
(McHugh & Krochta, 1994). The values obtained for net starch (100S-0G) and net
gelatin films (0S-100G) were similar to those obtained by Al-Hassan & Norziah (2012)
and Chambi & Groso (2006), respectively.

In contrast with that reported by Al-Hassan & Norziah (2012), in lipid-free starch-
gelatin films, the values of all mechanical parameters increased as the gelatin content
rose, due to the high mechanical resistance of this material. In fact, the conformation

and arrangement of protein chains in the matrix led to strong interchain forces close to
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the collagen structure (Chambi & Grosso, 2006), which enhances its mechanical
performance. Pranoto et al. (2007) also reported that polysaccharides, such as starch,
may interweave with gelatin, thus increasing the mechanical resistance of the material.
The values of EM and TS of lipid containing films were lower than those of lipid-free
films. This can be explained by the microstructural features shown in Figure 2, where
the interruption of the polymer matrix continuity by lipid droplets can be observed.
These discontinuities, as well as the possible weakening of the interchain forces in the
presence of lipid compounds, decrease the cohesion forces of the matrix and so its
mechanical resistance, as previously reported by other authors (Jiménez et al., 2012a;
Schmidt, Porto, Laurindo & Menegalli, 2013). Likewise, lipid addition increased the
values of elongation at break of the films, this being significant when the gelatin ratio
increased (up to 50%). The increase in the film extensibility for protein-starch matrices
by lipid addition has been previously observed and it was attributed to the lipid
plasticizing effect (Jiménez et al. 2013a). So, lipid had a plasticizing effect in gelatin-
starch films, probably due to the orientation of the functional groups in the matrix,
favoring lipid-polymer interactions and weakening the polymer chain attraction forces.
This effect implies a softening of the polymer network and facilitates the slippage of the
chains during the film stretching, increasing the extensibility. This effect was more
remarkable at the initial control time.

Except for the net starch film containing lipid, all films became stiffer and less
stretchable as they aged, thus indicating that chain rearrangement continued during
storage. Protein chains tend to aggregate through helical structures, while amylopectin
and amylose chains progressively aggregate though the formation of hydrogen bonds
(Cano et al. 2014). In films containing lipids, similar but less marked tendency was

observed. The mechanical behaviour of pure starch film with lipid (100S-0Ge) after 5
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weeks storage is remarkable. Contrary to that previously observed by Jiménez et al.
(2012a) when analysing corn starch containing fatty acids, this film exhibited a greater
extensibility (p < 0.05) in comparison with the initial value. This unexpected value
could be due to the low amylose content of cassava starch, which has the ability to form
helical complexes with lipids. Free (non complexed) lipid molecules could
progressively be released to lubricate the starch matrix, thus allowing the polymer
chains to slip more easily during the tensile test. The way cassava starch was observed
to behave could indicate that the low amylose content, as well as the interactions
between the starch chains and the lipid molecules, plays a relevant role in the

mechanical performance of the films.

4. Conclusion

The incorporation of bovine gelatin and lipids (blend of mono- and di-glycerides of
fatty acids) to glycerol plasticized cassava starch notably affected the physical
properties of starch films, while they exhibited polymer phase separation and a lipid
dispersed phase. The mechanical properties of polymer blend films were significantly
better than those of pure starch films. Gelatin incorporation gave rise to harder films
with a higher resistance to break and greater extensibility, while lipids decreased the
film hardness and resistance but enhanced the stretchability, especially in films with 50
% gelatin. Likewise, lipids improved the water barrier properties of the films, but they
impaired oxygen permeability at the same time as they decreased the film gloss and
transparency. After 5 weeks of storage, all the films became harder and more resistant to
break, especially those that did not contain lipids. Lipids enhanced the film extensibility

during storage. Cassava starch films with 50 % gelatin, both with and without lipids,
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exhibited very adequate properties for food coating or packaging although more studies

with real food systems are needed in order to design ready-to-market materials.
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Figure captions

Figure 1. SEM images of the surfaces of starch-gelatin films, containing or not lipids
(mono and di-glycerides of fatty acids).

Figure 2. SEM micrographs of the cross-sections of the studied starch-gelatin films,
containing or not lipids.

Figure 3. Stress-Hencky strain curves for the starch-gelatin films equilibrated for 1 or 5
weeks at 25 °C and 53 % RH. A and B correspond to 1 week of storage and C and D

correspond to 5 weeks of storage.
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Table 1. Optical properties of starch-gelatin based films stored for both 1 week (initial
time) and 5 weeks (final time). S (starch). G (gelatin). e (E471). Mean values and

standard deviation.

Tiagonm (%0) Gloss 60°
Sample 1 week 5 weeks 1 week 5 weeks
100S-0G 87.1+ 0.3@00) 85.80 + 0.08®M@) 18 + 5N 16 + 4@
100S-0Ge 84.86 + 0.09©OMM) 84.66 + 0.120)M) 11 + 200 16 + 200
75S-25G 85.8 + 0.3 85.8 + 0.2@00M 24.6 +1.8000 [ 9.6+ 0.8

755-25Ge | 84.243 +0.002@0® 83.98 + 0.07HMM 11.3 £ 0.9€0N) 7.4 +0.800O

50S-50G 85.80 £ 0.0400® | 8454 +0.15CIWQ 37 + 4000 15 + 3@
50S-50Ge 84.6 % 0.2 83.7 £ 0.200@ 14+ 20000 | 10.7 +0.300@
0S-100G 85.5 % 0.2000 84.7 +0.2000 75 + 15@0Q) 32 + 300
0S-100Ge 83.6 + 01600 82.79 £ 009901 | 10,0 £0200® | 8.7+ 0.3

@€ Different superscripts within the same column indicate significant differences among formulations (p <
0.05).

*y Different superscripts for a same starch-gelatin ratio indicate significant differences among
formulations (p < 0.05) due to lipid addition (E471).

1-2 Different superscripts within the same line indicate significant differences among formulations stored
for different times (p < 0.05).



Table 2. Barrier properties (WVP: water vapour permeability and OP: oxygen permeability), humidity and thickness of the films after storage for

1 or 5 weeks. Mean values and standard deviation.

WVP (g-mm-KPa*h1m-?) OP 102 (cm®mt.seg™-Pa?) Xw (% w.b.) Thickness (um)
Sample 1 week 5 weeks 1 week 5 weeks 1 week 5 weeks 1 week 5 weeks
100S-0G | 5.4 +0.40900) | 6.8+ 0.5@®@ | 0,395 +0.002@®1 | 0.253 +0.00130X0@ | 8.8+ 0.7@NMD | 7.6+0.200@ | 75+ 4@QO 65 + 4@
100S-0Ge | 2.7+0.300® | 1.9+04@0@ | 25100100 2.0 + 0.300O 7.7 £0.8001 | 8.6+ 0800 | 76 + 4@ 74 + 4@00)
755-25G | 6.2 +0.7CO0D | 6.4 +0.5(00Q) | 0,49 +0.09@W 0.38 +0.02@NN0M | 8.9 +1,1@N0D | g8+ 0,30 67 + 5001 71 + 600
7558-25Ge | 6.4+ 0.8@00D | 52 +0,2€00@ | 1,330 +0.007COM® | 0,600 + 0.0020DM) | 85 +0,5E)ND | 80+ 0.6@INW 70 £ 6ONM 74 + 400)@)
50S-50G | 5.9 +0.40cdN® | 6,0+ 0.6EN0W | 0,52 +0.09@N0D | (0.270 + 0.001@)NE@ 10 £ 20900 | 10.8 + 1.3@N) 74 + 300 68 + 39X
50S-50Ge | 5.2 +0.2000)® 0 ‘;’g(g(j(z) 1.520 + 0.005@0® | 0.860 + 0.003CIN@ | 9.9+ 0.4@NW | 93 +0.600D | 71+ 2001 60 + 200
0S-100G | 6.3+0.50®) | 554+ 040X | 0.75+0.060®0 | 0.487 +0.001E90@ | 10.9 + 1,900 [ 17 + 050D 66 + 300 68 + 400
0S-100Ge | 5.3+0.2000® | 48+05000 | 188+0.07@O0W | 0975+ 0.00100@ | 9.9+ 07690 | 10.6 + 0.600D | 75+ 3E@ND 72 + 40

&9 Different superscripts within the same column indicate significant differences among formulations (p < 0.05).
*¥ Different superscripts for a same starch-gelatin ratio indicate significant differences among formulations (p < 0.05) due to lipid addition (E471).
-2 Different superscripts within the same line indicate significant differences among formulations stored for different times (p < 0.05).




Table 3. Mechanical properties of starch-gelatin based films, containing or not mono- and di-glycerides of fatty acids, both stored for 1 or 5

weeks. Mean values and standard deviation.

EM (Mpa) TS (MPa) E (%)
Sample 1 week 5 weeks 1 week 5 weeks 1 week 5 weeks
100S-0G | 131 + 31ENMM | 770 + 17100@) | 4.1 + 0,700 | 13 + 2000 | 45+ 0,900 | 1.9+0.6600
100S-0Ge | 73 + 1700 26+ 700Q@ | 2.2+ 05000 | 1.9+ 03000 | @+ 20N 28 + 5@0®
755-25G | 354 + 51000 | 724 +5700@ | 112 + 146000 | 16 +300@ | 15+ 10900 | 2.4 +0.500@
75S5-25Ge | 191 + 22@0O) | 544 + §8OM@ 7 + 100 10 + 3@ 17 + 3OO 2.2 +(0.800Q
50S-50G | 627 + 54000 | 812 + 119®XQ@ | 24 + 2©XQ) 30 + 30X 14 + 4DX@) 12 + 30X0@
50S-50Ge | 271 + 46001 | 392 + 58@MQ@ | 16 + 2@MQ 16 + 200 30 + 4@ 18 + 70X
0S-100G | 703 +23@W® | 1119 + 87@X@ | 37 + 2@ 46 + 5@ 19 + 20X 8 + 20X
0S-100Ge | 336 + 28D | 599 + 350M@ | 28 + 5LV 31 + 3K 31 + 5@ 17 + 400




	2.3. Characterization of the films

