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Several different hydrocolloids, such as starch, have been proposed as suitable base materials (matrices)
for edible films in food packaging. Edible films from native and modified starch plasticized with glycerol
were developed. Starches were obtained from dark cush-cush yam (Dioscorea trifida) and cassava
(Manihot esculenta C.) from Venezuela, and chemically modified by cross-linking with sodium trimeta-
phosphate. The uniaxial tensile, microstructural and barrier properties of the films were then evaluated

Keywords: to determine their potential as a replacement for existing synthetic materials used in the food industry.
gtr?)rscs}jlinking The structure of the materials showed that the gelatinization process of cush-cush yam films was poorer
Edible film than that of cassava. The glycerol—starch interaction (glycerol-amylose) was stronger in the films
Structure composed of modified starches and was more marked in cassava based films. All the films studied

exhibited promising mechanical properties, with those derived from cush-cush yams showing the
highest Young's modulus and resistivity values. Cassava based edible films and films derived from
modified starch from both sources showed maximum flexibility, reinforcing the idea that the glycerol
—starch interactions are stronger in these materials. Crosslinked films tended to be more permeable to
water vapor due to their hydrophilic characteristics. The properties observed in these biodegradable
materials highlight their potential as food packaging materials, thus enabling the replacement of syn-
thetic materials that contaminate the environment.

Uniaxial tensile strength

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Starch stands out as a potential biopolymer matrix for the
manufacture of edible plastics due to its ubiquitous, cheap and
biodegradable nature. Tropical roots and tubers are valuable sour-
ces of amylaceous materials from which starch-based edible films
and coatings could be produced. Several studies have focused on
the properties and manufacture of starch-based films derived from
various botanical sources, showing that roots and tubers are
promissory for these purposes (Gonzalez & Pérez, 2003; Pérez,
Borneo, Melito, & Tovar, 1999; Pérez, Gibert, Rolland-Sabaté, et al.,
2011; Pérez, Gibert, Sabate, et al., 2011; Pérez, Schultz, & Pacheco,
2005; Pérez, Segovia, Tapia, & Schroeder, 2012; Tapia et al., 2012).
In particular, white and purple Dioscorea trifida has been reported
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as a new waxy yam starch with promising properties (Pérez, Gibert,
Sabate, et al., 2011). However, the films made from this starch
should be investigated more thoroughly due to its waxy nature
(Tapia et al., 2012). Cassava starch has been extensively studied for
its renewability, low cost, biodegradability and wide availability
(Matos & Pérez, 2003; Pérez, Breene, & Bahanasey, 1998; Sivoli,
Pérez, Rodriguez, De Abrisqueta, & Raymundez, 2005). In recent
years native starches from tropical crops have been used to prepare
edible films (Garcia, Martino, & Zaritzky, 2000) as coatings for the
protection and enhancement of fruit products (Hernandez, Emaldi,
& Tovar, 2008; Rojas-Grati, Tapia, & Martin-Belloso, 2007). The
amylaceous components are naturally packed in crystalline regions
to form the granular semi-crystalline structure of the starch. As the
waxy starches contain low amylose within the starch granule, this
produces a higher relationship of crystallinity between amylo-
pectin and amylose, easily producing a plastic structure.

The modification of starch by cross linking (Matos & Pérez,
2003; Sivoli et al., 2005) can improve the functional properties
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not only of starch, but also of edible starch-based coatings, films
and foams. Starch can be chemically modified by cross-linking
with sodium trimetaphosphate which improves its functional
properties leading to higher paste clarity and consistency, stability
during freeze—thaw cycles and the ability to form an emulsion due
to its polar nature (Lim & Seib, 1993; Whistler & Paschall, 1967;
Wurburg, 1986). Similarly, cassava starch phosphated has very
high viscosity and low cohesiveness (Moorthy, 1994). Despite the
large amount of research done on starch based films the ultra-
structure and the mechanical properties of cross-linked thermo-
plastic starch materials has been little studied (Jiménez, Fabra,
Talens, & Chiralt, 2012).

The aim of this study was to evaluate the ultrastructure, uniaxial
tensile strength, water vapor permeability and color properties of
edible films prepared from native and cross-linked cush-cush yam
and cassava starches.

2. Experimental
2.1. Materials

Native starch from dark purple cush-cush yam (D. trifida) was
obtained from a variety from the Venezuelan Amazon (12 + 3%
apparent amylose) and cassava starch by extracting the starch from
a variety of cassava (Manihot esculenta C.) (21 + 3% apparent
amylose) on sale at a local market in Caracas, Venezuela (Gutiérrez,
Pérez, Guzman, Tapia, & Fama, 2014). The extraction of the starch
from the cush-cush yam and cassava tubers was carried out using
the methodology described by Pérez, Bahnassay, and Breene
(1993), obtaining in both cases a yield of approximately 30%
(Gutiérrez, Pérez, et al.,, 2014). Modified starches were prepared
from native starches by cross-linking method (phosphating of the
starches). The apparent amylose content of the modified dark
purple cush-cush yam starch and the cassava starch was ~11% and
~22%, respectively (Gutiérrez, Pérez, et al.,, 2014). The degrees of
substitution (DS) of the starches were: 0.0006 + 0.0002% and
0.017 + 0.009% for native and modified dark purple cush-cush yam,
respectively, and 0.0015 + 0.0002% and 0.008 + 0.001% for native
and modified cassava, respectively (Gutiérrez, Pérez, et al., 2014).
Glycerol from Prolabo, Sweden, was employed as plasticizer in the
formation of the films.

2.2. Preparation of the modified starch

Phosphate-modified starch was prepared using sodium trime-
taphosphate, following the methodology described by Kerr &
Cleveland (1959), modified by Lim and Seib (1993). The maximum
concentration of the modifying agent allowed by the FDA for
starches intended for the food industry (3% W/W of sodium trime-
taphosphate with respect to the weight of the starch) was used.

2.3. Film formation

Edible films were prepared from a film forming solution (FFS)
made by mixing 2% W/V of starch and 1.9% W/V of glycerol in
distilled water. The solution was then heated in a water bath with
constant stirring at 90 °C for 30 min to ensure starch gelatinization
(Hernandez, 2006). The gel was then degassed by applying a vac-
uum for 30 min, poured into stainless steel trays 40 x 30 cm, and
dried in a Mitchell dehydrator (Model 645 159) for 24 h at 45° C.
The resulting thermoplastic starch films: native cush-cush yam
(TPS-NY), phosphated cush-cush yam (TPS-PY), native cassava (TPS-
NC) and phosphated cassava (TPS-PC) were then carefully removed
from the casting molds. Before characterization, the films were
conditioned at ~57% relative humidity (RH) for a week.

2.4. Characterization

2.4.1. Light microscopy

Small pieces (2 cm x 1 cm) of each film were mounted onto
glass slides, examined using an optical microscope (Olympus
BX60M, Japan) at 50x and photographed with a video camera
imaging system (Olympus IMAGE RS). At least three microphoto-
graphs of each system were taken.

2.4.2. Scanning electron microscopy (SEM)

The films were cryofractured by immersion in liquid nitrogen,
mounted on bronze stubs and sputter coated with a thin layer of
gold for 35 s. The fracture surface of each material was then
analyzed using a Philips XL series 30 (Holanda) scanning electron
microscopy (SEM).

2.4.3. Determination of film thickness

The thickness (e) of the films was determined following the
methodology described by Rojas-Graii, Raybaudi-Massilia, et al.
(2007) and Rojas-Graii, Tapia, Rodriguez, Carmona, and Martin-
Belloso (2007). A digital micrometer (Micromaster®) with an ac-
curacy of 0.001 mm was used. For each film a total of 18 mea-
surements were taken at several randomly selected points and the
mean thickness calculated. The results were used for the determi-
nation of water vapor permeability and tensile properties.

2.4.4. Water vapor permeability (WVP)

Water vapor permeability was measured following ASTM E96-
00 (1999) and the correction method described by Gennadios,
Weller, and Gooding (1994). Circular acrylic cells containing
pieces of film (exposed area ~15.2 cm?) were introduced into des-
iccators at ambient temperature with a relative humidity of ~50%.

WVP values were calculated as:

Gxe
WVP = & RH x (% A 1
where G is the mass gained, e the thickness of the film, S the
saturated vapor pressure at 25 °C, RH the relative humidity, t time,
and A the exposed area of each sample.
All assays were performed in triplicate, reporting the average
and standard error in each case.

2.4.5. Color

The following color parameters of the films: L*, (where L* = 0
indicates black and L* = 100 white), a* (position between red and
green) where negative values indicate green while positive values
indicate magenta, and b* (position between yellow and blue) where
negative values indicate blue and positive values indicate yellow,
were measured according to the standard test method (ASTM D-
1925, 1995) using a Macbeth® colorimeter (Color-Eye 2445
model, illuminant D65 and 10° observer) standardized with a white
reference plate (L* = 93.52, a* = —0.81 and b* = 1.58). Color dif-
ferences (AE), as measured by the magnitude of the resultant vector
of the three components: brightness difference, AL, red-green
chromaticity difference, Aa, and yellow-blue chromaticity differ-
ence, Ab (Valencia Rodriguez, 2001), were calculated by the
following equation:

AE = /Aa? + Ab2 + AL2 (2)

where Aa = a; — a, Ab = b;j — b,y and AL = L; — L. The index i is the
reference value of each parameter.

The yellowness index (YI) which, as its name suggests, de-
termines the degree of yellowness of a substance, was calculated
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according to ASTM D-1925 (MacFarlane, MacFarlane, & Billmeyer,
1936), using the CIELAB scale:

VI — 100(1277)}57 10672) (3)

2.4.6. Uniaxial tensile strength

At least ten pieces of each film, with an effective length of 10 mm
and width 0.5 mm, were cut. Tests were performed at ambient
temperature (25 °C) with an Instron dynamometer (Instron Ltd.,
High Wycombe, UK) (5 Lbs) at 0.02 in/s, according to ISO 527-2. The
stress-strain behavior of the films was calculated from the force-
—time curves. Young's modulus (E), maximum stress (o), strain at
break (ep) and toughness (T) were reported.

The elastic modulus was determined from the slope of the linear
regression of the stress-strain curves where the maximum stress
value is the maximum point of each curve, and the strain at break
corresponds to the maximum elongation of the samples before
rupture. Toughness was determined as the area under the stress-
strain curves.

At least 10 trials for each film system were performed. The mean
and standard error are reported. An analysis of variance at a sig-
nificance level of 5% (p = 0.05) was then performed. This is to
determine possible statistically significant differences between the
results obtained.

3. Results and discussion
3.1. Light microscopy observations
Fig. 1 shows the images of the films observed by optical mi-

croscopy. TPS-NY and TPS-PY (Fig. 1 a and b) contained small
fragments identified as starch granules that failed to complete

disruption during the heating process, thus suggesting that cush-
cush yam starches need higher temperatures to complete gelati-
nization (Gutiérrez, Pérez, et al., 2014). This was not observed for
cassava starch-films (Fig. 1 ¢ and d) which gelatinized at lower
temperatures, completely disrupting the grains (Gutiérrez, Pérez,
et al., 2014).

The incomplete disruption of the cush-cush yam grains resulted
in a weaker interaction between the glycerol and starch. In contrast,
the glycerol blocked the rearrangement of the starch segments in
the cassava films, resulting in a stronger glycerol—starch interac-
tion. The crystalline particles present may act as nuclei for inducing
the recrystallization of amylaceous macromolecules during cooling
and storage, producing brittle films (Garcia, Famd, Dufresne,
Aranguren, & Goyanes, 2009). These results are relevant to the
discussion of the mechanical properties of TPS-NY and TPS-PY.

As regards to the phosphated starches, the stronger interaction
between the gelatinized starch and the glycerol was observed. This
inhibited the re-crystallization of the starch, producing less grainy
films (Gutiérrez, 2013).

3.2. Scanning electron microscopy (SEM)

Fig. 2 shows the SEM images of the cryo-fracture surfaces of the
different films. It can be seen that the films produced are non-
porous. All the systems presented a compact structure, but this
was far more marked in the films made from cassava starch (Fig. 2c
and d), where the white strokes or lines that divide the dark areas
seem to form dark regions closer (Kalab, 2011). Similar structures
have been reported in cassava starch-protein films by Saavedra and
Algecira (2010) and by Garcia et al. (2009) in their study of cassava-
glycerol films. The pattern is probably produced by the high
amount of amylose present in cassava starch systems (Miles,
Morris, & Ring, 1985; Miles, Morris, Orford, & Ring, 1985; Noel,
Ring, & Whittman, 1992).

Fig. 1. Optical micrographs of the films based on: (a) native cush-cush yam (TPS-NY), (b) phosphatized cush-cush yam (TPS-PY), (c) native cassava (TPS-NC) and (d) phosphatized
cassava (TPS-PC). At 50x of magnification. Red arrows indicate starch granules with incomplete disruption within edible films. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. SEM micrographs of the cryogenic fracture surface of the films based on: (a) native cush-cush yam (TPS-NY), (b) phosphatized cush-cush yam (TPS-PY), (c) native cassava

(TPS-NC) and (d) phosphatized cassava (TPS-PC). At 10 kx of magnification.

3.3. Thickness

Thickness is an important characteristic of coatings because it
affects barrier properties such as WVP and other gases. As the films
studied are hydrophilic, thickness particularly affects water vapor
permeability due to differences between the water vapor pressure
and the buildup of moisture on the film—air interface (Melian,
2006).

Table 1 shows the thicknesses of the different systems studied. It
can be observed that the modified cush-cush yam starch films were
~45% thicker than TPS-NY films. Pérez et al. (2012) reported a sig-
nificant increase in the thickness of cross-linked starch-based films
derived from D. trifida. Crosslinking apparently strengthens the
internal bonds of the starch grains. The addition of phosphate
groups also produces starch granules with a higher molar volume,
which is manifested by an increase in their size (Gutiérrez, Pérez,
et al., 2014; Sivoli et al., 2005). This factor, together with a greater
interaction between the starch and the plasticizer during gelatini-
zation, could result in thicker films (Gutiérrez, Morales, Tapia,
Pérez, & Fama, 2014). These interactions appear to become less
relevant when the amylose content in the starch is increased,

however, no statistically significant differences were observed in
the thicknesses of the systems derived from cassava starch.

Thus, it seems that the high degree of substitution observed for
the crosslinked cush-cush yam starch (Gutiérrez, Pérez, et al., 2014)
has a positive effect on the glycerol—starch interactions that occur
during the gelatinization process.

3.4. Water vapor permeability (WVP)

Water vapor permeability (WVP) is one of the most important
properties of edible films, since one of the main functions of food
packaging is to prevent or reduce the transfer of moisture from the
surrounding environment to the food. WVP can be used to predict
the loss or gain of water in the food covered by the film. WVP is
affected by numerous factors such as the thickness of the films, ay,
humidity and the relative proportions of the components used in
their formulation, among others.

Coatings and edible films made from polysaccharides are char-
acterized by their limited capacity to prevent the transfer of water
vapor due to their hydrophilic nature (Garcia, Martino, & Zaritzky,
1998; Kester & Fennema, 1986; Mc Hugh & Krochta, 1994).

Table 1

Thickness (e), water vapor permeability (WVP) and color parameters of the different films.
Parameter TPS-NY TPS-PY TPS-NC TPS-PC
e (mm) 0.12 £ 0.01? 0.17 + 0.02° 0.17 + 0.02° 0.16 + 0.03%°
WVP (x10'! g/m s Pa) 1.8 +04% 34120 2.1+02° 2.7 +0.1°
L 16.48 + 0.04° 19.48 + 0.03¢ 11.0 £ 0.1° 7.16 + 0.09°
a 0.0 +0.17 -0.1+0.12 0.0 +0.4? —03 +04°
b —09+0.1° —0.7 £ 0.1° -2.7+03° -23+02°
Color differences (AE) 77.11 + 0.04° 74.10 + 0.03? 82.7 + 0.1° 86.5 + 0.1¢
Whiteness index (WI) 16.47 + 0.04° 19.48 + 0.03¢ 109 + 0.1° 7.13 = 0.09°
Yellow index (YI) —5.43 + 0.022 —3.82 + 0.02° —20.25 + 0.02° —21.38 + 0.02¢

Equal letters in the same row indicate no statistically significant differences (p < 0.05).
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The WVP values for the systems studied are given in Table 1. No
statistically significant differences (p < 0.05) were observed be-
tween TPS-NY and TPS-PY, however, the films derived from the
latter showed slightly higher WVP values. Pérez et al. (2012) found
similar patterns in the WVP of films made from native and modified
white D. trifida starch.

Phosphated cassava starch film showed significantly higher
WVP values in compared to films derived from native cassava
starch. This effect is probably due to an increase in the acquired
hydrophilicity by crosslinking (Gutiérrez, Morales, et al., 2014;
Pérez et al., 2012). Considering the hydrophilic nature of these
films, it was expected that the water vapor barrier would be
weakened in the systems made from modified starches (Gutiérrez,
Morales, et al., 2014; Kester & Fennema, 1986; Tapia et al., 2008).

Mali, Grossmann, Garcia, Martino, and Zaritzk (2004) reported
that the WVP of films derived from yam starch was affected by their
thickness and concentrations of glycerol and starch. Mc Hugh,
Avena-Bustillos., and Krochta (1993), studied the effect of thick-
ness on the WVP of hydrophilic films. These authors concluded that
an increase in the thickness of the film increases resistance to water
transfer and consequently the equilibrium partial pressure of water
on the inner surface of the films. Thus, in hydrophilic films water
vapor permeability is positively correlated with film thickness, due
to the changing conditions in the partial pressure of water vapor on
the inside of the films. Thus, the lowest value of WVP observed for
TPS-NY films could be explained by the fact that this was the
thinnest of the film systems studied.

The water vapor permeability of cush-cush yam films was not
significantly different to that of cassava derived films, however,
cush-cush yam films tended to be less permeable. Garcia et al.
(2009) reported that the WVP of waxy starch films tended to be
lower than that of films made from cassava; however, the wide
dispersion of their results revealed that any differences were not
significant. In our study, despite the fact that there were no sig-
nificant differences between the thicknesses of TPS-NY and TPS-PC,
there was a slight tendency towards an increase in the WVP of
thicker edible films.

3.5. Color

Table 1 shows the results of the color parameters of the films
studied. The TPS-PY film had a higher value of L compared to that of
TPS-NY indicating that it tends to be whiter than the native cush-
cush yam film. The opposite was observed for the cassava starch
films: TPS-NC films exhibited higher values of L compared to TPS-PC
films. However, overall, the lightness values for the systems made
from cassava starch were whiter than those made from cush-cush
yam starch. Nevertheless, it is important to note that all the films
were fairly transparent according to their L values. Kim and Lee
(2002) found that crosslinking altered the lightness of potato
starch derived films, which is consistent with the findings of the
present study.

All the films showed a values of around zero. Despite there being
no significant differences observed (p < 0.05) for this parameter,
the films derived from modified starches showed a slight tendency
towards negative values, indicating that they tended towards a
green color.

The parameter b indicates a tendency towards a blue coloration.
This effect was more marked in cassava films (lower negative b
values). No significant differences were observed between native
and crosslinked starch films (p < 0.05).

The greatest differences in the color of the films, AE, were
observed in the films made from cassava starch, reinforcing the idea
that these films are whiter. This could be due to the higher amounts

of amylose present in cassava starch compared to yam starch
(Gutiérrez, Pérez, et al., 2014).

The results of the yellowness index, Yl, were consistent with
those of the b parameter, being negative in all cases. The most
negative values of Yl were obtained for cassava starch films, indi-
cating a lower degree of yellowness of this material.

3.6. Uniaxial tensile strength

The stress-strain curves of each film system studied are shown
in Fig. 3. A small linear zone was observed followed by a nonlinear
zone until breaking point, regardless of the starch used. A more
marked brittle behavior was found for cush-cush yam starch films,
accompanied by the highest Young's modulus and maximum stress
values (Table 2). Similar results were reported by Tapia et al. (2012)
for films made from D. trifida white starch. On the other hand, other
authors (Alves, Mali, Beleia, & Grossmann, 2007; Lourdin, Valle, &
Colonna, 1995) have reported the opposite, concluding that both
Young's modulus and tensile strength, increase linearly with the
amount of amylose. In our study, the increases in these parameters
observed in TPS-NY and TPS-PY could be attributed to the starch
grains present in these materials (Fig. 1 a and b). Generally, the
permanence of crystalline particles act as nuclei for inducing the
recrystallization (retrogradation) of starch macromolecules (Mina,
Valadez, Herrera-Franco, & Toledano, 2009) leading to a more
fragile material (Garcia et al., 2009). Stiffness caused by retrogra-
dation is a typical phenomenon of moisture plasticization. During
gelatinization the water acts as a plasticizer resulting in a weaker
glycerol—starch interaction. Gutiérrez (2013) recently reported that
starch based films derived from cush-cush yam show moisture
plasticization. As mentioned above, glycerol interacts more
strongly with cassava than with cush-cush yam starch, probably
due to the formation of hydrogen bonds between the glycerol and
amylose molecules. This glycerol—amylose interaction would
weaken the intra and intermolecular interactions between starch
macromolecules leading to an increase in the movement and
rearrangement of their chains and thus in the flexibility of TPS-NC
and TPS-PC. This results in an increase in the strain at break values
of cassava films; while decreased the maximum tensile strength
(Hu, Chen, & Gao, 2009).

On the other hand, a stronger glycerol—amylose interaction
limits the possible interaction between water and glycerol or
starch, enabling that the water vapor to pass more easily through

2.0 (a)

(b)

e %

Fig. 3. Stress (¢) — strain (&) curves of the films based on: (a) native cush-cush yam
(TPS-NY), (b) phosphatized cush-cush yam (TPS-PY), (c) native cassava (TPS-NC) and
(d) phosphatized cassava (TPS-PC).
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Table 2
Parameters of the uniaxial tensile strength tests: Young's modulus (E), maximum
stress (o), strain at break (ep) and toughness (T).

Sample E (MPa) om (MPa) e (%) [+2] T (x10° J/m3)
TPS-NY 139 + 0.6¢ 1.88 + 0.08° 19° 22+01°
TPS-PY 8.5 + 0.7 1.21 + 0.06" 24P 1.9+ 012
TPS-NC 6.2 +04° 1.16 + 0.05" 38¢ 3.1 +02¢
TPS-PC 39+03° 0.95 + 0.02° 40° 25+0.1¢

Equal letters in the same column indicate no statistically significant difference
(p < 0.05).

the films. This could explain the tendency of the WVP to increase in
cassava starch films (Table 1).

Saavedra and Algecira (2010) proposed that cassava starch-
protein films have higher elasticity values due to their more
compact structure. This agrees with our results in which the SEM
images we obtained for the cassava based films (Fig. 2) correspond
to the greater elasticity observed.

The modification of both starches by crosslinking produced
stronger hydrogen bonds between the phosphated starch and the
plasticizer, thus leading to a decrease in Young's modulus,
maximum stress and toughness, and an increase in the strain at
break, consequently increasing the elasticity of the films (Table 2).
According to Mina et al. (2009), these results indicate that glycerol
plays a more effective role during the plasticization of the modified
starch than during that of the native starch. This effect was more
notable in cush-cush yam films, possibly because the crosslinking of
cush-cush yam starch results in a higher degree of substitution than
cassava starch (Gutiérrez, Pérez, et al., 2014) producing stronger
starch—plasticizer interactions. In cassava films, the strain at break
increased slightly in crosslinked starch films, but this difference
was not significant (p < 0.05) (Gutiérrez, Pérez, et al., 2014).

Romero-Bastidas et al. (2005) studied the physicochemical and
microstructural characteristics of edible films based on unconven-
tional starch sources (banana, okenia, wild plant and mango). These
authors suggested that differences in the structure of the starches
due to the source material play an important role in the mechanical
properties of coatings, and furthermore, that the smaller the sizes
of the starch granules the poorer their physical properties for the
manufacture of edible films. This is consistent with previous ob-
servations made by these authors of optical micrographs of all the
starches used (Gutiérrez, Pérez, et al., 2014).

The mechanical properties of both types of film show that they
could both be considered as coatings depending on the particular
requirements of the product to be coated. Cush-cush yam starch
based materials are recommended for coverings when a greater
resistance is needed, and cassava starch based films for more
flexible coatings.

4. Conclusions

The effects of different sources of starch and their chemical
modification on the structure, tensile strength, water vapor
permeability and color properties of biodegradable edible films
were investigated.

The structure of films derived from cush-cush yam based films,
in contrast to those made from cassava, contained small starch
granules indicating that this starch did not have a complete
disruption during the heating process, suggesting that cush-cush
yam starches require higher temperatures for gelatinization. The
incomplete disruption of the cush-cush yam granules resulted in a
weaker interaction between the glycerol and the amylose mole-
cules. Modification of the starches by crosslinking resulted in
thicker, less grainy films indicating a strengthening of the glycer-
ol—starch interaction.

No holes were observed in any of the films produced, but cush-
cush yam systems tended to be less yellow and more transparent.

The water vapor permeability of films made from the cross-
linked starches showed a tendency to increase due to their greater
hydrophilicity after modification.

Cush-cush yam starch films were found to be brittle compared to
cassava-based films, and also showed the highest Young's modulus
and maximum stress values. In contrast, a flexible behavior was
observed in the cassava films indicating a decrease in the intra and
intermolecular interactions between starch macromolecules that
increase the movement and rearrangement of their chains. A greater
flexibility was also observed in modified starch films compared to
native systems, suggesting that crosslinking results in an increase in
the number of hydrogen bonds between the phosphate groups of
modified starches and glycerol. These findings suggest that films
derived from cassava have stronger glycerol—starch interaction that
those made from cush-cush yam and that this interaction can be
further strengthened by crosslinking.

Finally, the physicochemical properties evaluated in this study
demonstrate the high potential of biodegradable films as packaging
materials in the food industry, always considering the character-
istics of the product to be packaged and the packaging re-
quirements. Cush-cush yam starch based materials are
recommended for coatings where greater resistance is required and
cassava starch films for more flexible packaging.
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