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The objective of this work was to investigate the effect of zein and film formulation on mechanical and structural properties of
native (FNS), and oxidized with 2.5% (FOSA) and 3.5% (FOSB) banana starch.The oxidized starch showed differences from native
starch due to the oxidation process, showing a decrease in lipids, proteins, and amylose. The increase of the sodium hypochlorite
increased the content of carbonyl and carboxyl groups in the ranges 0.015–0.028% and 0.022–0.031%, respectively.The filmobtained
from FOSB displayed the highest tensile strength (5.05MPa) and satisfactory elongation value (27.1%). The zein addition caused
a decrease in these mechanical properties, as well as a significant decrease in water vapour permeability (WVP). However, films
from FOSA and FOSB showed higher permeability than that of the native starch.The addition of glycerol and the level of oxidation
increased the films moisture. Micrographs showed that, during the oxidation process, impurities were largely eliminated from the
starch granule, noting more homogeneous structures both in granules and films.

1. Introduction

There is currently a revival of worldwide interest in the use
of biopolymers for applications in which synthetic polymers
have traditionally been the materials of choice. Materials of
interest include different synthetic or biosynthetic polymers
[1, 2], as well as plant based polymers such as polysaccharides,
starch, and cellulose, which represent the most characteristic
family of these natural polymers [3–6]. In the polymer field,
interest in starch, a well-known hydrocolloid biopolymer,
has been recently renewed due to its abundance, low-cost,
biodegradability, and the possibility of processing, using
conventional polymer processing equipment [7–9].

Starch is produced from various sources in the form of
granules and is mainly isolated from cereal grains such as
maize, wheat, rice, and sorghum although tubers such as
potato, cassava, sweet potato, and sago are also used, and
it can be found in leaves legume seeds and fruits as well. It
is composed of amylose, a linear polymer (poly-𝛼-1,4-D-
glucopyranoside), which is distributed mostly in the starch
granule amorphous domains (lamella), with small amounts

in the semicrystalline granule ring and amylopectin (poly-
𝛼-1,4-D-glucopyranoside and 𝛼-1,6-D-glucopyranoside),
a branched polymer that gives place to the crystalline
lamella [10, 11]. The relative amounts and molar masses
of amylose and amylopectin vary with the starch source,
yielding materials of different mechanical properties and
biodegradability [12, 13]. Native banana starch has the
potential to be a commodity starch because of its specific
properties and its potential production from low-cost, cull
bananas. Green banana pulp contains up to 70–80% starch
on a dry weight basis, a percentage comparable to that in
the endosperm of corn grain and the pulp of white potato
[14].

However, the strong hydrophilicity and poor mechanical
properties of the materials based on starch prevent its
application in the plastic products. As a result, it is logical to
chemicallymodify starch to improve its properties for certain
applications. Starch oxidation is an alternative to improve
starch properties, this reaction is widely used in many
industries, particularly in applications where film forma-
tion and adhesion properties are desired [15]. Oxidized
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starch is widely used in industries to provide surface sizing
and coating property [16]. Although the main outlets for
oxidized starch are in the paper and textile industries, its
application in the food industry is increasing because of its
low viscosity, high stability, and high transparency, excellent
film-forming, and binding properties [16, 17]. Nevertheless,
its application as a kind of package material in the food
industries, especially as an edible film, offers a large space
needed to fulfill. Hydroxyl groups on starch molecules are
first oxidized to carbonyl groups and then to carboxyl
groups [18].Therefore, the numbers of carboxyl and carbonyl
groups on oxidized starch indicate the level of oxidation
and affect its properties [19]. Various natural biodegrad-
able polymers, such as protein and polysaccharides-based
edible films, can potentially serve as coating materials for
environmentally friendly packing [5]. Food proteins have
been widely applied. Corn zein, an alcoholic-soluble protein,
has been used as a good renewable and biodegradable
material for package film forming, coatings, and plastics
applications [20]. It has excellent film forming properties
and can be used for fabrication of biodegradable films.
Therefore, the most promising application of zein appears to
be for biodegradable films and coatings for packaging appli-
cations. These films are formed by drying alcoholic aqueous
dispersions.

In this study, the aim was to investigate the influence
of zein and film formulation (polymer, casting solvent, and
additives) on mechanical and structural properties of oxi-
dized banana starch edible films.

2. Experimental

2.1. Materials. Commercial hard green (unripe) banana
fruits were purchased from the local market in Cuautla,
Morelos, Mexico. All commercially available chemical
reagents were of reagent grade and used as received without
further purification.

2.2. Isolation of Starch. Banana fruits were peeled and cut into
5 cm slices and immersed immediately in citric acid solution
(0.3%w/v) to prevent oxidation of the fruit and macerated
(3.6 kg fruit: 6 L citric acid solution) at low speed for 2min
in a laboratory blender (L1-3, Inter Instruments, Mexico).
The slurry was sieved in an electric sifter (RMU Testing
Equipment, Bergamo, Italy) using standard Tyler sieves (W.S.
Tyler, Mentor, OH, USA) with mesh numbers 40, 100, 200,
270, and 325, washed thoroughly with distilled water until it
was clean. Then, the remaining was centrifuged three times
in a batch centrifuge (GEAWestfalia Separator Group, Oelde,
Germany). The white starch sediments were dried in a spray
dryer (GEA Niro, Copenhagen, Denmark), with an inlet
temperature of 130 to 150∘C, the solids concentration in the
feeding linewas 30% to 40% (w/v), and the outlet temperature
was 70 to 80∘C. The powder obtained was ground to pass
through a US 100 sieve (W.S. Tyler, Mentor, OH, USA) and
stored at room temperature in a glass container.

2.3. General Oxidation Procedure. Hypochlorite-oxidized
banana starch was prepared according to the method of
Y.-J. Wang and L. Wang [19] in alkaline medium:
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Banana starch slurry containing 35% (w/w) dry solids was
prepared and the pH was adjusted to 9.5 with 2N NaOH
solution. The temperature of the slurry was maintained at
35∘Cand sodiumhypochlorite (2.5% and 3.5% active chlorine
based on starch; oxidations A and B, resp.) was manually
added by dropwise over a period of 30min with stirring.
During the addition of reagent and the course of reaction,
the pH of the slurry was maintained at 9.5 with 1N NaOH
solution. The reaction was terminated by the addition of
distilled water and the pHwas adjusted to 7.0 with 1NH

2
SO
4

solution.The sample was thoroughly washed three times with
excess distilled water and then dried at 50∘C for 48 h in an
oven. Finally, dry-milling and sieving (100mesh) were used
to obtain the hypochlorite-oxidized banana starch.

2.4. Starch Content. Total starch content (TSC) was analyzed
according to Goñi and Valent́ın-Gamazo [21]. The sample
(50mg) was dispersed in 3mL of distilled water and mixed
with 3mL of 4M KOH and the mixture was intensively
stirred with a magnetic bar for 30min at room tempera-
ture. The dispersed sample was then subjected to hydrolysis
treatment with amyloglucosidase (14 units/mg of protein)
(Roche, Indianapolis, IN, USA) and subsequently incubated
(60∘C, 45min, pH 4.75). Released glucose was assessed using
a glucose oxidase/peroxidase assay (Sera-Pak Plus, Bayer,
Mexico). Total starch content was calculated as glucose (mg)
× 0.9; potato starch was used as a reference. The amylose
content of the isolated starches was expressed as the apparent
amylose and total amylose content using the method of
Hoover and Ratnayake [22].

2.5. Scanning Electron Microscopy (SEM). The granule mor-
phology of starch and edible films samples was observed by
JSM-100 scanning electron microscopy (SEM) instrument
(JEOL Ltd., Tokyo, Japan) after coating with gold film under
vacuum [23].

2.6. Determination of Carbonyl Content. The carbonyl con-
tent of the oxidized starcheswas determined by the procedure
of Y.-J. Wang and L. Wang [19]. A dry sample (4 g) was dis-
persed in distilled water (100mL) and the slurry was heated
to boiling for 20min to make it completely gelatinized. The
cooled solution was adjusted to a pH value of 3.2 with 0.1M
HCl aqueous solutions, and then 10mL of hydroxylamine
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chloride (HMC)was added (HMC, 25 g; 100mL 0.5MNaOH
diluted to 500mL). After this, the sample was placed in a
water bath at 40∘C for 4 h under constant agitation.The excess
HMCwas back-titrated to a pH value of 3.2 with 0.1MHCl. A
blank test was performedwith native starch. All samples were
tested three times and the coefficient of variation was 1%.The
carbonyl content given by (1) was calculated as

%Carbonyl

=

[(blank (mL) − sample (mL)) × 0.1 × 0.028]
sample weight (g)

× 100,

(2)

where 0.1 = molarity of HCl and 0.028 = conversion factor
from chemical equivalent to grams of carbonyl (28) and
conversion from liters to mL (1/1000).

2.7. Determination of Carboxyl Content. Thecarboxyl content
of starch was determined following the Chattopadhyay et al.
method [24] with some modifications. Briefly, starch sample
(2 g) was accurately weighed and suspended in 25mL of
distilled water and transferred to a 500mL beaker, and the
volume was adjusted to 300mL with distilled water. The
starch slurry was heated in a boiling water bath with continu-
ous stirring for 15min to ensure complete gelatinization. The
hot sample was immediately titrated with 0.1 N NaOH using
phenolphthalein as indicator. A blank determination was run
on the original sample in the same manner. The carboxyl
content of the sample was calculated using the following
relationship:

acidity meq.
starch (100 g)

=

[(sample (mL) − blank (mL)) × 0.1 × 100]
sample weight (g)

,

%Carboxyl =
acidity meq.
starch (100 g)

× 0.045,

(3)

where 0.1 is normality of NaOH and 0.045 is the conversion
factor from meq to grams of carboxyl.

2.8. Preparation of Starch Films. The edible films (EF) were
prepared by the casting method, using a defined concentra-
tion of native or oxidized banana starch (4%w/w dry solids),
glycerol (2%w/wof starch), and zein (1.5 and 0.5 gwere added
to 15mL ethanol) [25]. The EFs were produced by slowly
dispersing starch using glycerol as plasticizer.The suspension
was preheated from 30 to 95∘C for 10min in water bath under
agitation, to gelatinize starch and homogenize the solution,
and then it was cooled down to 65∘C, followed by the addition
of zein and making the solution up to a final mass of 100 g
with water. The film-forming suspension was heated up with
continuousmixing at 95∘C for 10min inwater bath, according
to Mali et al. [25].Themixtures were cast on glass plates (12.7
× 3.2 × 125mm) and dried at 65∘C for 5 h in an oven with
circulating air. Films were peeled off and conditioned at 25∘C
and 57% relative humidity (RH).

2.9. Mechanical Analysis. The mechanical properties includ-
ed the tensile strength (TS) and percent of elongation at
break (%E). Stress-strain mechanical properties of the films
were evaluated by using a TA-XT2i Texture Analyzer (Stable
Microsystems, Haslernere, UK), equipped with a 25 kg load
cell, according to the conditions set by ASTM 882-09method
[26]. At least five specimens, with a size of 600 × 10mm, were
cut from each kind of edible films. Before characterization,
all film samples were conditioned at 25∘C and 57% RH (a
saturated NaBr solution) relative saturation humidity (RH)
for 72 h, and the thickness of the samples was measured
with a micrometer (Mitutoyo, Tokyo, Japan) before test.
Measurements were taken at ten different positions for each
sample and the average value of these determinations was
calculated. This average value was used to calculate the
cross-sectional area of the samples (the area is equal to the
thickness multiplied by the width of each sample). Initial grip
separation was 40mm and cross-head speed was 5mm/min.
The tensile strength was calculated by dividing the applied
force needed to break a sample, by the cross-sectional area.
Percent elongation at break was expressed as percentage of
change of the original length of a specimen between grips at
break.

2.10.WaterVapor Permeability. Thewater vapor permeability
(WVP) was evaluated using the modified ASTM E 96-95
desiccant method, also known as “the test cell” [27]. Since
in a previous work, films permeability did not reach the
equilibrium even at 30 days storage [28], and it was decided
to do this test at 30 and 60 days after films production.
The films were previously equilibrated for at least five days
in a desiccator at 57% RH using a saturated NaBr solution.
A circular opening with an area of 0.005439m2 on the
permeation cell was covered thoroughly with a film of the
same shape and area. Dried silica was placed into the cell,
making it almost exempt of moisture (about 0% RH). An
atmosphere of 75%RHwas obtainedwith a saturated solution
of NaCl out of the permeation cell. Every hour, the gain
in weight was monitored until no further variations were
observed. Once the permeation tests were done, the film
thicknesses were measured at ten different points using a
digital micrometer (Mitutoyo, Tokyo, Japan) and theWVP in
g Pa−1 s−1m−1 was calculated using the following equation:

WVP = [ WVTR
𝑆 (𝑅
1
− 𝑅
2
)

] 𝑑, (4)

whereWVTR is the water vapor transmission rate, calculated
from the slope of the straight line (g/s), obtained from the
graphic weight gain (g) versus time (s), and divided by the
cell area (m2). 𝑆 is the saturated water vapor pressure at the
test temperature (25∘C), 𝑅

1
is the relative humidity (RH) of

the desiccator, 𝑅
2
is the relative humidity of the permeation

cell, and 𝑑 is the film thickness (m).

2.11. Statistical Analysis. One-way analysis of variance at a
significance level of 𝛼 = 0.05 was applied to the data. In case
of significance, the Tukey multiple comparison method was
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Figure 1: SEM micrographs of granules of banana starch. Native starch (a) oxidized with 2.5% (b) and 3.5% (c) active chlorine (scale bar:
10.0 𝜇m).

applied.TheSigmaStat ver. 2.01 (Systat Software Inc., San Jose,
Calif., USA) statistical program was used.

3. Results and Discussion

3.1. Characterization of Starches. Total starch content for the
plantain samples (87.33%) was greater than that reported by
Garćıa-Tejeda et al. [28], of 85.04% and lower than the one
reported by Jiménez-Vera et al. [29] of 96.92%.These slightly
different values are probably due to the starch extraction
method, since themethodology used in this studywas carried
out at pilot level. This decrease may also be attributed to
the starch hydrolysis and depolymerisation, as well as to
the oxidation and subsequent leaching out during native
starch modification, of pigments, lipids (which are usually
forming complexes with amylose inside the starch granule),
and proteins [19]. This, in turn, might result in a decrease
in the capacity to form iodine complexes. Kuakpetoon and
Wang [30] found that the oxidation reaction led to a decrease
of the apparent amylose content from 32.74 to 14.44%, which
was due to the mentioned starch depolymerisation, since the
small or short chains, produced during the oxidation process,
were not able to form complexes with iodine [31].

3.2. Morphological Studies of the Starch. The variation of the
shape of starch granules depends on the botanical source,
and they are found in the nature in different shapes and sizes
[32]. Figure 1 shows the micrographs at a 2500x resolution of
NS granules, where it is observed that these have oval and
elongated shapes, with an average length of 10𝜇m wide and
40 𝜇m length.These lengths were smaller than those reported
by Garćıa-Tejeda et al. [28], between 13 and 60 𝜇m. It may be
observed that NS (Figure 1(a)) is surrounded by residual cells
and presumably bits of proteins and pigments [33].

These impurities were partially eliminated during the
oxidation process (Figures 1(b) and 1(c)). The starch func-
tionality in the elaboration of films depends on the shape
and the size of the granule, a size of large granule which
originates films with greater extensibility, and consequently
with low resistance to deformation [34, 35]. The distribution
of starch granule size is one of themost important factors that
determines many final products [36].

3.3. Content of Carbonyl and Carboxyl Groups. The content
of carbonyl groups in sample A was 0.015% and 0.028%
for sample B. The values of carboxyl groups increased from
0.022% (sample A) to 0.031% (sample B). Y.-J. Wang and
L. Wang [19] and Garrido et al. [37] reported carboxyl
contents of 0.114 and 0.44%, respectively, in starches oxidized
with 2% of active chlorine. There is a significant difference
between findings in this study (0.022% with 2.5% of active
chlorine) and those reported by these authors. This pattern
may be directly related to molecular fragmentation during
the oxidative treatment [38] and the reaction conditions in
which carbonyl or carboxyl groups are selectively formed
by oxidation of the groups at certain positions on glycosidic
rings [39]. Kuakpetoon and Wang [30] studied four types
of corn starches; the common or normal (25% amylose,
75% amylopectin), the waxy (99% amylopectin), and high
amylose (50% and 70%). These authors reported that the
hypochlorite is consumed by the depolymerisation of the
starch that contained more amylose. The oxidation was
observed in high amylose starches and waxy starches, since
they presented carboxyl groups. It was found that as the
concentration of active chlorine increases, the content of
carbonyl and carboxyl groups increases as well, presenting
an increase in the carboxyl groups for the waxy starch from
0.152 to 0.162%, and for the common starch from 0.046 to
0.096%, at two different concentrations of NaOCl (0.8 and
5%, resp.). These results were attributed to the structural dif-
ferences of starches and to the hydroxyl groups of the starch
molecule that were partially oxidized to carbonyl groups.
They explained that the oxidation of the starch granule is
performed first in the starch amorphous lamella, that is, on
the amylose domain; producing both carbonyl and carboxyl
groups in the starch structure, increasing depolymerization,
and favoring hydrogen bonding formation.

Y.-J. Wang and L. Wang [19] worked with two types of
corn starch: the waxy and the normal one, using a level of
oxidation of 0.5% of active chlorine to determine the degree
of substitution of carbonyl and carboxyl groups, obtaining,
as a result, 0.022% of carbonyl groups and 0.014% of carboxyl
groups for the normal starch. For the concentration of 1.5%
of active chlorine, they reported values for the normal starch
of 0.041% of carboxyl groups and 0.040% for the waxy
starch. They pointed out that the content of carboxyl groups
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Figure 2: Mechanical properties of films obtained from native (FNS) and oxidized starch at 2.5% (FOSA) and 3.5% (FOSB) active chlorine.

increases for the normal and waxy corn starch using the
different concentrations of 0.05%, 1.0%, and 1.5% of active
chlorine.

3.4. Mechanical Properties. After 30 days of storage, the
mechanical properties were evaluated in the films FNS,
FOSA, and FOSB, obtaining results of tensile strength (TS)
and percentage of elongation (%E) presented in Figure 2.
Figure 2(a) shows that the films FOSA and FOSB present a
significant (𝑃 < 0.05) increase in the value of TS in com-
parison with the film FNS. This difference is attributed to
zein monomers that are highly prone to associate to obtain
excellent film-forming properties; thus, it would be expected
that zein subunits were highly subjected to the formation of
intermolecular cross-linked species [40], providing a higher
structural integrity in the polymeric matrix, thereby, increas-
ing tensile strength [41]. In fact, tensile strength is influenced
by intermolecular association in the polymermatrix, which is
oftenweakened by incorporation of a plasticizer, whichworks
by spacing the chains of the polymer, allowing the chains
to move more flexibly and thus making the plastics softer
[42]. In addition, Zamudio-Flores et al. [41] also observed an
increase of TS for the films elaborated with oxidized starch
at 0.05% (M1), 1.0% (M2), and 1.5% (M3) of active chlorine,
water, and glycerol, obtaining a value of 5.5MPa of tensile
strength for the film M1, 6.85MPa for the film M2; and 8.39
for the film M3, respectively, while, for the film from native
starch, the TS was 4.66MPa. These authors [41] concluded
that the increase of tensile strength was due to the presence
of carbonyl and carboxyl groups formed in the oxidation
process, providing the polymer matrix with a more compact
structure. Analyzing the results referred in this study in
comparisonwith those reported byGillgren and Stading [43],
it is shown that the zein had a significant effect on the results
of TS in the films, providing them with important physical
features, such as an increase in flexibility and visually less
brittle films than the native starch film. Another important
factor, which may cause the zein used in the preparation of
films, is high TS compared to other protein-based films, as
reported by Ghanbarzadeh and Oromiehi [44].

Parris and Coffin [45], who elaborated films with zein,
using two types of solvent, ethanol and acetone, showed

a value of TS of 14.4MPa in films prepared with acetone,
whereas the film prepared in ethanol showed a smaller value
of 10.9MPa. They concluded that the acetone forms stronger
but less flexible films compared to those prepared in ethanol.

The%E in the films is also a very important characteristic,
since it provides a flexibility index and shows the film
capacity to absorb large amounts of energy before breaking.
Figure 2(b) shows that films FNS, FOSA, and FOSB had
significant differences (𝑃 < 0.05) over the %E. Values ranged
from 17.92 ± 0.86 to 27.10 ± 0.66, with higher elongations
at break for samples from oxidized starch, and this may be
due to the fact that, according to the oxidation method used,
their hydroxyl groups were partially oxidized to aldehyde or
ketone groups, enhancing their starch hydrophilicity at low
concentrations, as suggested in earlier and recent works that
used sodium hypochlorite [46, 47] and providing starch with
new functionality. This phenomenon indicated the critical
content of the greatest interaction of the starch polymer
chain.

The increasing%E of the banana starch filmswith increas-
ing concentrations of active chlorine is likely attributable
to the formation of intermolecular interaction between the
hydroxyl group of the amylose and amylopectin molecules
and the carboxyl group of the oxidized starch [48]. On the
other hand, during the processing and drying of the com-
posite films, the original hydrogen bonds formed between
starch molecules could be replaced by new hydrogen bonds,
formed between the hydroxyl groups in starchmolecules and
the hydroxyl and carboxyl groups in the oxidized starch [49].

3.5. Water Vapour Permeability (WVP). As stated in the
methods section, trying to find an equilibrium state, the
WVP determination was made at 30 and 60 days of the films
storage. The film FNS, at 30 days of storage, presented a
WVP of 16.23 × 10−11 g Pa−1 s−1m−1, which was significantly
different (𝛼 = 0.05) from the one at 60 days of storage, of
14.35 × 10−11 g Pa−1 s−1m−1 (Figure 3). The reasons for this
variation might be due to a change in structure, because of
film thickness, or through a change in crystallinity, which can
alter the films structure [50]. The crystalline phase is usually
assumed to be impermeable. High crystalline structure may
provide more dense and compact structure which contains
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Figure 3: Water vapour permeability of films obtained from native
(FNS) and oxidized starch at 2.5% (FOSA) and 3.5% (FOSB) active
chlorine.

less free volume for water molecule migrations, so that WVP
decreases as time passes out [51].

The value of WVP of films FOSA and FOSB increased
when the gelatinized starch was oxidized, and this might
be because of the already mentioned hydrophilicity of the
modified starch that would increase as its hydroxyl groups
were oxidized to aldehyde or ketone groups [47]. Also,
glycerol addition contributed to WVP due to reduction of
the film hydrophobicity, as a result of the addition of a polar
compound (carbonyl group) and besides due to the fact that
glycerol works as a spacer between protein chains, decreasing
intermolecular forces and allowing for a greater mobility of
the protein chains [52, 53].

The film FNS showed a WVP value of 16.23 ×
10−11 g Pa−1 s−1m−1 in comparison with 21.54 ×
10−11 g Pa−1 s−1m−1 for film FOSB. Values are significantly
different (𝛼 = 0.05) from those evaluated at 60 days. These
values are comparable to those reported by other researches
in studies carried out with films made of starch, glycerol, and
zein. Zamudio-Flores et al. [41] made films with oxidized
starch and glycerol, obtaining, as a result, an increase ofWVP
from 61.03 × 10−11 g Pa−1 s−1m−1 to 140.60−11 g Pa−1 s−1m−1
for the films elaborated with oxidized starch at 0.05% and
1.5% of active chlorine; he concluded that this increase is due
to the augment of active chlorine in the oxidation.

Yamada et al. [54] demonstrated that the solvent where
the film is prepared can affect itsWVP, observing that ethanol
increases these barrier properties compared to acetone.There
are also other important factors that affect (increase or
decrease) the WVP of films, such as the degree of polymer
crystallinity, the presence of a plasticizer during its elabora-
tion, and the size and shape of the molecule, as well as the
thickness and the presence of pores, cracks, or fractures [55].

The vapour transport through the polymer also increases,
based on the relative humidity, which brings as a consequence
the swelling of the material and, therefore, the permeability
increases rapidly [55, 56].

3.6. Morphology of Films. Figure 4 shows the micrographs
(1000x) of the surface of the films; the sample FNS shows
fractures and small air bubbles, with white dots (directed
by an arrow in Figure 4(a)); this can be associated with
the fact that the zein was not completely dissolved, which
affects and makes the surface of the film less homoge-
nous in comparison with the FOSA, in which only small
white dots are distinguished as indicated by the arrow in
Figure 4(b). The film FOSB shows a smooth surface that
can be associated with a greater integrity of the structure
or with a greater compaction of starch; therefore, it can
be said that the oxidation favored the glycerol to pene-
trate more easily into the granules (directed by arrows in
Figure 4(c)).

In the views of cross-sectional cut (Figure 5), a few
nongelatinized starch granules are observed in films NSF
(directed by arrows in Figure 5(a)), in comparison with the
film FOSA and FOSB (directed by arrows in Figures 5(b) and
5(c)) in which although some roughness is noticed in the film
surface, nongelatinized starch granules are absent, suggesting
that the oxidation process favored a more homogeneous
and plasticized structure. Besides, an overall “withish” view
in an oxidation level fashion is observed in films from
modified starches, possibly because of a higher interaction
with glycerol, being consistent with what has beenmentioned
above. Similar results have been found by Alanı́s-López et al.
[57].

4. Conclusions

Oxidation of native banana starch was achieved with the
use of sodium hypochlorite (NaOCl) at two concentrations
of active chlorine: 2.5% (FOSA) and 3.5% (FOSB), which
were used to obtain films. In their chemical composition, the
oxidized starch showed differences from native starch due
to the treatment to which it was subjected, and it caused
elimination of lipids and proteins and a decrease in apparent
amylose, which might well be the main oxidation target. The
addition of glycerol and the increasing level of oxidation
increased the films moisture.

Films, made with oxidized starch, showed improved
tensile properties and fracture elongation percentage, with
respect to those of the native starch.The amount of zein used
caused a decrease in these mechanical properties, as well as a
significant decrease in water vapour permeability. Films from
FOSA and FOSB showed higher permeability than that of the
native starch. It was observed in themicrographs that, during
the oxidation process, impurities were largely eliminated
from the starch granule, notingmore homogeneous structure
in oxidized specimens.
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Figure 4: SEM micrographs (1000X) of the surface of the films; FNS (a), FOSA (b), and FOSB (c) (scale bar: 10.0 𝜇m).

(a) (b)

(c)

Figure 5: SEM micrographs (1000X) of views of cross-sectional cut of the films; FNS (a), FOSA (b), and FOSB (c) (scale bar: 10.0 𝜇m).
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