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Abstract

The increasing use of natural biodegradable polymers to preserve foods is a consequence of the concern of society with
sustainability. Starch stands out amongst the natural polymers due to its great availability on a worldwide scale, high extraction
yield and nutritional value, low cost, biodegradability and biocompatibility. Apart from the traditional sources, various others
exist with extraction potential. The objective of this study was to identify films from different non-traditional starch sources
with properties revealing their potential to be applied as coating for fruits and vegetables. The biodegradable films were
prepared with three starch concentrations (2, 3 and 3.5%) for each of the following sources: cassava, yam, jackfruit seed and
mango kernel. The starches from the sources studied are promising ingredients for the formulation of films, presenting good
physical, optical (such as transparency) and mechanical characteristics, principally tensile strength whose maximum value was
36.63 MPa. Increases in starch concentration directly influenced the thickness, water vapor permeability, tensile strength and
puncture force. The films with the greatest potentials for use according to their characteristics were 3% cassava, 3% yam, 3.5%

jackfruit seed and 2% mango.

Keywords: water vapor permeability; mechanical properties; optical properties.

Practical Application: Films from starch sources with appropriate characteristics to apply to fresh products.

1 Introduction

Most polymers used to manufacture packaging materials are
petroleum-based and are therefore not biodegradable, causing a
great impact on the environment when discarded (Arfat et al.,
2017). This reality encourages the use of natural biodegradable
polymers for food packaging (Priyadarshi et al., 2018).

The development of edible and/or biodegradable films is
an alternative for the total or partial substitution of synthetic
polymers in the manufacture of packaging, a use which is
coherent with concerns for environmental conservation and
a healthier life style (Dick et al., 2015). The polymers from
renewable sources most used to form films are polysaccharides
and proteins (Fernandes et al., 2020; Han, 2014), and of the
polysaccharides starch stands out for its film-forming properties,
great availability, high extraction yield and nutritional value,
low cost, biodegradability, biocompatibility and for being edible
(Shah et al., 2016).

The starch must be heated to form a filmogenic solution,
since starch granules are not soluble in cold water, even though
they absorb a certain amount of cold water and swell. With the
increase in temperature, so the starch granules vibrate intensely,
breaking intermolecular bonds, establishing hydrogen bonds
with the water, and causing a decrease in the number and
size of crystalline regions. Thus, the viscosity of the solution

increases considerably, since, due to swelling, the granules stick
to one another and, with agitation, acquire a gelatinous aspect
(Corke et al., 2016).

Various sources are available for starch extraction, corn,
wheat, rice and potato being the most common (Bagheri et al.,
201; Caballero et al., 2015; Ee et al., 2020; Santoso et al., 2019).
Apart from these sources, one could mention cassava (Manihot
esculenta Crantz), which has great dietary importance,
mainly in Africa and South America, as well as various other
non-traditional sources with the potential for extraction and
use as biodegradable films or coverings, due to their high yield,
starch content and good chemical composition. Since they show
these characteristics, yam (Dioscorea spp.), jackfruit (Artocarpus
heterophyllus Lam.) seeds and mango (Mangifera indica L.)
kernels are considered potential sources of this polysaccharide
(Falade & Ayetigbo, 2015; Guimaraes et al., 2017; Madruga et al.,
2014; Torres-Ledn et al., 2018).

Nevertheless, the highly hydrophilic character makes
the starch films a poor water vapor barrier. Besides, starch
undergoes a process of retrogradation, implying in variations
of its mechanical properties with time (Li et al., 2015). The
addition of a plasticizing agent such as glycerol can avoid such
problem (Gutiérrez et al., 2015).
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The ideal characteristics of a food packaging film include
reduced moisture transference, good mechanical resistance,
proper elasticity, transparency and avoiding interference with
the appearance of the product (Gutiérrez etal., 2015). The study
of the barrier properties and of the optical and mechanical
characteristics of the films formed as from non-traditional starch
sources in different concentrations, will support the identification
of materials for the development of new biodegradable structures.
Also, the need to include any additives to improve the adhesion
and stability of the matrix will be identified.

The objective of this study was to identify films made from
different non-traditional starch sources with properties revealing
their potential to be applied as coating for fruits and vegetables.

2 Materials and methods

The starches were extracted from cassava, yam (Dioscorea
cayennensis Lam.), mango kernel and jackfruit seed. The cassava
and yam were obtained in the local market, in Petrolina-PE, Brazil.
The mango kernels were donated by the fruit pulp company
Valle Fruit and the jackfruit seeds were collected in a rural zone
in the municipality of Areia-PB, Brazil. To obtain the starches,
the raw materials were peeled, washed under running water and
immersed in a 50 ppm sodium hypochlorite solution for 10 min.
They were then finely grounded in an industrial blender. The
grounded mass was suspended in water and filtered through a
cotton cloth. The starch was separated from the water suspension
by decantation (12 hours) at ambient temperature (25 °C 2 °C).
The suspension was centrifuged twice at 1100 rpm for 5 min at
25 °C. The starch was purified by freeze-drying for 24 hours.

The biodegradable starch films were prepared in three
concentrations: 2, 3 and 3.5% v/w. To prepare the filmogenic
solutions, the cassava starch was heated to 70 °C (Azerédo et al.,
2016), the jackfruit seed and mango kernel starches to 85°C
(Bharti et al., 2019; Madruga et al., 2014) and the yam starch to
90 °C (Gutiérrez et al., 2015), all for 15 minutes with constant
magnetic stirring. Following, glycerol was added at a concentration
of 1%, as proposed by Rodrigues et al. (2018), and the suspension
was homogenized at 10,000 rpm for 5 minutes. The films were
formed on 25 x 15 cm Teflon plates and allowed to dry by casting
for 48 h at 24 °C and 50% RH.

The films were characterized with respect to: thickness,
water solubility, water vapor permeability, color, transparency,
tensile strength, elasticity and puncture force.

The thicknesses of the films were determined using a
micrometer (Mitutoyo, Model MDC-25M, MFG, Japan), reporting
the mean values in pm of five measurements taken at random.

The water solubility was determined as the percent of the
film dry matter soluble in water according to Hafsa et al. (2016).
Samples of 2 cm? of known moisture content were weighed,
placed in 50 mL of distilled water and shaken for 24 hours at
25° C. The film was then removed and the samples dried in an
oven at 105°C to constant weight. The percent solubility was
calculated using the following Equation 1:

_ initial mass - final mass

Water solubility (%)= X 100 M

initial mass
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The water vapor permeability (WVP) was determined
according to ASTM E96-00 (American Society for Testing and
Materials, 2000) with some modifications. The films, in the form
of disks, were placed in a cell containing water on the inside, the
position of the membrane guaranteeing that any loss of water
occurred exclusively by passing through the film. The cells were
placed in a desiccator in a conditioned air room with controlled
relative humidity and weighed every 24 hours for 7 consecutive
days using an analytical balance. The analyses were carried out
with 4 repetitions for each type of film. The permeability was
calculated in kg mm Pa' h' m~ using the following Equation 2:

WVP= rate of loss x thickness ®)

saturation pressure X area

The color characterization was carried out using a colorimeter
(Konica Minolta, CR 400, Japan) with the CIELAB system
represented by: L (luminosity), chromaticity a* (-a green, +a
red) and chromaticity b* (-b blue, +b yellow). Five readings were
taken for each film, determining the total color difference (AE)
using the means of the standards L, a* and b* in the Equation 3:

AE= [ (L - Ly)* + (a* —ag)? + (b* —b)> |~ 3)

Where the values for L, a* and b* were the measurements
taken for the films and L, a  and b, correspond to the white
standard (L = 94.38; a* = -0.71; b *= 3.9) (Goyeneche et al.,
2014; Pires et al., 2013).

Film transparency was determined in a UV-Vis spectrophotometer
(Varian, model Carry 50 Bio, UV-Vis, Mulgrave VIC, Australia).
The film samples were fixed in the cuvette such that the light beam
passed through the film. The transparency was determined at 600
nm in triplicate (Han & Floros, 1997) and the values, expressed
in percentage, calculated from the following Equation 4:

Abs (600 nm)

4)
Thickness ¢

Transparency (%)=
The mechanical properties were determined by tensile
tests (tensile strength and elasticity) using a DL (Digital Line)
universal test machine (EMIC). The measurements were carried
out according to the standard method of the American Society
for Tests and Materials D882-97 (American Society for Testing
and Materials, 1997). The specimen used was 25 mm wide and
115 mm long, the space between the claws was adjusted to 60 mm,
the velocity was 1.0 mm s and five repetitions were made.

The puncture force was determined using an electronic
texturometer (Extralab TAXT Plus, Stable Micro Systems, Surrey,
United Kingdom), the films being fixed to two acrylic plates
where the diameter of the opening was 60 mm, and perforated
with a 6 mm diameter tip, moving perpendicularly at a velocity
of 1 mm s™ according to Gontard et al. (1994).

The data were submitted to an analysis of variance and the
mean values compared using Tukey’s test (p < 0.05). The principal
components analysis was used to correlate the variables that most
differed between the films, Jolliffe’s criterion (Jolliffe, 1972) to
establish the importance of the variables in each component and
the cluster analysis to group the more similar films according
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to the variables. The analyses were carried out using the JMP
10.0.0 software.

3 Results and discussion

The film thicknesses varied from 54 to 92 um, the thickest
ones being those made with 3.5% yam or mango kernel starches
(Table 1). In general, the higher the starch concentration, the
thicker the film, independent of the starch source, increasing by
almost 50% when the concentration increased from 2 to 3.5%. A
similar response tendency was mentioned by Santoso et al (2019)
evaluating corn starch-based edible film added with gambier
(Uncaria gambir) powder filtrate. Wang et al. (2017), studying starch
extracted from normal, waxy and high amylose content corns,
also reported an increase in film thickness as the carbohydrate
concentration increased. The increase in thickness is due mainly
to the larger amount of mass which, with a greater number of
granules, gives a larger surface area, improving the interaction
with the plasticizer.

Thickness is an important characteristic of films since it is
linked to the barrier properties such as WVP and permeability
to O, and CO,. Since starch-based films are hydrophilic, the
thickness may particularly influence the WVP, due to the
difference between the water vapor pressure and the moisture
accumulation at the film interface (Gutiérrez et al., 2015).

Water solubility varied from 11.56 to 24.96%, the highest
values being found for all concentrations of cassava starch and
the 2% jackfruit seed starch (Table 1). These values were smaller
or similar to those reported in the literature. Silva et al. (2019)
reported values of 10-23% for cassava-based films and Moosavian &
Mohammadi Nafchi (2017) found values of 22 to 32% for cassava-
based films containing mint. On the other hand, Luchese et al.
(2018) reported solubilities of from 13.7 to 26.5% for films based

on potato, wheat, cassava and corn. However, there is no ideal
value for solubility, since it depends on the application or way in
which the film will be used (Pelissari et al., 2013). For example,
films used to protect foods with high water activity and those used
to avoid exudation from fresh or frozen products, have distinct
solubilities. Studying the addition of green banana biomass in a
processed food, Pivetta et al. (2020) concluded that it provided an
increase in moisture and water activity due to its water retention
capacity related to the high content of resistant starch.

The start of dissolution can be explained by the fact that the
solvent molecules, on being absorbed by the polymers, penetrate
the macromolecular network, forcing the polymeric chains to
separate. This loosening of the polymer structure occurs due to
the liberation of components from the matrix to the environment
after a certain exposure period (Priyadarshi et al., 2018).

The WVP was greater for the mango kernel and yam starches,
differing from the other sources (Table 1). In general, the starch
concentration did not influence the WVP and it should be noted
that films from the sources presenting the thickest films (mango
kernel and yam) also showed the highest WVP. Gutiérrez et al.
(2015) pointed out that thicker films increased the resistance
to water transfer and the partial pressure at equilibrium of the
water at the internal surface of the films.

This is the most important property of biodegradable films
due to its relationship with deteriorative reactions, affecting the
shelflife of the product. From this property one can estimate how
much water will be lost or gained from foods covered with this
film, since the higher the WVP the easier it is for water molecules
to diffuse in the polysaccharide network (Dick et al., 2015).

The values observed in this study are lower than those
reported by other authors (Gutiérrez et al., 2015; Dick et al., 2015).
However, several factors, including the source of hydrocolloid

Table 1. Physical and optical characteristics of the films based on different concentrations of cassava (CS), jackfruit seed (JS), mango kernel

(MKS) and yam (YS) starches*.

Water vapor

Total color

. Thickness Water . . Transparenc
Film (um) solubility (%) permeability L a* b* difference (E;)) 4
(Kg mm Pa' h”' m?) (AE)

CS2% 54f 26.38 3.45x 10710b¢ 93.872 -0.51¢ 4.09¢ 0.20¢ 3.35f

CS 3% 70d 24.03%¢ 3.19 x 10°10b¢ 93.46% -0.62% 4.29%f 0.56¢ 2.742
CS 3.5% 74¢d 24.96% 3.14 x 10710b¢ 93.61% -0.60°% 4.13%f 0.34¢ 2.14

JS 2% 60" 24.85%® 3.03x1010¢ 93.76% -0.55%f 4.44cde 0.38¢ 3.57¢
JS 3% 76b<d 18.38b<¢ 3.21 x 10710b¢ 93.30° -0.61f% 4.78¢ 0.98¢ 2.29!

JS 3.5% 89 16.76 4.39x 10°1°b 93.812 -0.52¢ 4.57¢ 0.45¢ 1.62%
MKS 2% 714 12.48¢ 16.4x 10°1°2 91.94¢ -0.658 8.17° 12.08° 7.35¢
MKS 3% 872be 16.54¢ 14.4 x 10102 91.76° -1.210 10.282 24.112 8.942

MKS 3.5% 902 15.99¢ 15.8 x 10°1°2 91.74¢ -1.321 10.522 25.682 7.620

YS 2% 649 18.61°¢ 11.3x 10102 93.67% -0.332 3.98¢ 0.34¢ 6.03¢

YS 3% 85%b¢ 12.37¢ 15.6 x 10°1°2 93.88¢ -0.41 3.92f 0.18¢ 3.008
YS 3.5% 920 11.56¢ 13.2x 10102 93.74% -0.44" 3.94f 0.25¢ 2.14

*Means followed by the same lowercase letter in the column do not differ from each other using Tukeys's test (p < 0.05).
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and its proportion, the reduced thickness, the difference in the
proportion of the plasticizer and the differences in the test procedure,
can affect WVP. Furthermore, Fernandes et al. (2020) reported
that the addition of oligosaccharides, as xylooligosaccharide and
galactooligosaccharide, decreased WVP, measured in a whey
protein-based film. This effect is usually verified for films added
with hydrophobic compounds, like lipids and waxes.

Compounds, as catechins and glycerol, containing
high numbers of hydroxyl (OH) groups cause edible film
to have hydrophilic property which in turn affect the
increase of water vapor transmission rate of edible film.
Also, increase of free space amongst polymers and increase
of polymers mobility are a consequence of high numbers
of OH (Santoso et al., 2019).

The color of biodegradable films is important for consumer
acceptance. According to the values found for luminosity (L), a*,
b*, the color difference (AE) and transparency (T), the mango
kernel starch films, independent of their concentration, present
a yellower color than the other films, characterized by a lower
value for L, higher value for b*, higher AE and greater value for
T (Table 1). For the last variable, the higher the value the more
opaque was the film.

The differences in color can be attributed to small amounts
of other materials in the starch, such as proteins, fibers, sugars,
latex, pigments, lipids and minerals, which are not removed
during the extraction. These other constituents can also cause
chemical changes in the starch, making film formation difficult
(Falade & Ayetigbo, 2015; Pelissari et al., 2013).

According to Priyadarshi et al. (2018), transparency is
another important property of films for food packaging since
consumers want the product to be visible. In the present study
the transparency varied from 1.62 (highly transparent) to 8.94.
These values are close to those reported by Ramos et al. (2013),
who observed values of 3.05, 1.67 and 1.51, respectively, for low
density polyethylene (LDPE) films, oriented polypropylene
(OPP) and polyethylene.

The mechanical properties are important characteristics
in the packaging development process, since the material must
show resistance to mechanical stress, maintaining its integrity
during transport, handling and storage (Priyadarshi et al., 2018).
Table 2 shows the mechanical characteristics of tensile strength
(TS), elasticity (E) and puncture force (PF).

The tensile strength measures the deformation of the
sample when a force is applied at a constant rate. The greatest
tensile strength was found for the 3.5% yam starch, with a
mean value of 36.63 MPa (Table 2). This greater value obtained
for the yam starch could be related to its amylose content,
since amylose has more stable bonds and hence the potential
to form stronger films (Lopez & Garcia, 2012). In general,
the tensile strength increased with the starch concentration
in the present study.

The mean values observed, from 6.64 to 36.63 MPa, are
within the ranges reported by other authors for starch-based
films. Lopez & Garcia (2012) mentioned values of 31.8 MPa for
corn starch, 36.7 MPa for jacatupe (Pachyrhizus ahipa (Wedd.)
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Table 2. Mechanical properties of tensile strength, elasticity and puncture
force of films based on cassava (CS), jackfruit seed (JS), mango kernel
(MKS) and yam (YS) starches'.

Film Tensn(l;I s;:;ngth Elasticity (%) Punct(uNr§ force
CS 2% 11.19¢ 5.01¢ 5.40"
CS 3% 24.30¢ 5.09¢ 10.90%

CS3.5% 28.15%¢ 6.62¢ 15.65%
1S 2% 6.64¢ 26.79 8.76¢

JS 3% 24.20¢ 5.73¢ 15.58
JS 3.5% 33.83% 6.61¢ 17.67%

MKS 2% 10.544 16.26° 3.73f
MKS 3% 23.50¢ 5.22¢ 8.92¢
MKS 3.5% 33.02% 7.76¢ 14.52b

YS 2% 22.08¢ 9.50 9.72¢
YS 3% 26.83% 6.39¢ 13.18«
YS 3.5% 36.63* 10.74 ¢ 17.03*

*Means followed by the same lowercase letter in the column do not differ from each other
using Tukeys’s test (p < 0.05).

Parodi) starch and 29.7 MPa for cassava starch. Ortega-Toro et al.
(2014) reported values of 8.4 — 24.3 MPa for corn starch with
different glycerol concentrations, and Pelissari et al. (2013)
observed values of 19.3 MPa for banana starch. Compared
to synthetic films, this range is within the values reported
by Chambi & Grosso (2011) who reported values of 23 to 28
MPa for low density polyethylene, whereas Polat et al. (2018),
studying metallic nano particles, mentioned tensile strength
values between 15.36 and 18.99 MPa. The values found for
the biodegradable films were close to those of the synthetic
films, showing the potential of starch for this end, presenting
the necessary resistance for handling of the packaging without
predisposing the food product to damage.

Besides, additives can improve mechanical properties of
films. An example is the addition of prebiotic components.
According to Fernandes et al. (2020), at concentrations greater
than 20% to the films, these components led to a significant
decrease in tensile strength and an increase in elongation to
break and thickness values.

The elasticity increased from the original length of the
sample to the breaking point, with practically no difference
between the films, except for the 2% jackfruit seed starch, which
presented 26.79% (Table 2). As the films became more elastic,
their resistance to traction decreased and, consequently, their
integrity decreased. Thus, the best choice for films would be
those presenting moderate elasticity.

Pivetta et al. (2020) mentioned that higher percentage of
starch result in lower elasticity. Specifically, amylose content in
starch granules has a significant impact on the physicochemical,
thermal and rheological properties (Ee et al., 2020). In addition,
Santoso et al. (2019) emphasized that the trapped hydroxyl (OH)
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Table 3. Autovectors of the two principal components (PC1, PC2) for
the variables analyzed in the biodegradable films based on cassava,
jackfruit seed, mango kernel and yam starches’.

Variable Autovector
PC1 PC2

Tensile strength 0.079 0.535
Elasticity -0.044 -0.298
Puncture force -0.056 0.512
Thickness 0.229 0.452
Lightness -0.404 0.118
*a -0.366 0.029
*b 0.413 -0.094
Total color difference (AE) 0.415 -0.066
Water vapor permeability (WVP) 0.326 0.066
Water solubility -0.231 -0.263
Transparency 0.367 -0.238
Eigenvalue 5.445 3.166
Accumulated variability (%) 49.49 78.27

*The values of the autovectors in bold indicate those important to explain the differences
between the treatments.

groups can result in cohesive power decrease of edible film matrix
which in turn affect the elasticity of edible film.

According to Table 2 the most resistant films as evaluated by
the perforation force were 3.5% cassava starch (15.65 N), 3 and
3.5% jackfruit seed starch (15.58 and 17.67 N) and 3.5% yam
starch (17.03 N). In general, an increase in starch concentration
resulted in a greater force to perforate the film, independent
of the starch source, the values showing the same behavior as
tensile stress. All the 3 and 3.5% starch concentration films
showed higher values than those reported by other authors.
Araujo-Farro etal. (2010) reported 7.1 N for quinoa starch, while
Andrade-Mahecha (2009) reported 8 N for arrowroot starch
and Pelissari et al. (2013) 6 N for banana starch. Moreover, a
study about amylose cross-linked variants from rice starch in
processed food showed a softer texture compared to the use of
the native starch (Bagheri et al., 2018).

Both the transparency and the mechanical properties of the
films from the four starch sources are similar to those reported
for commercial films derived from petroleum, indicating their
potential use. Of the differences between the films based on
cassava starch, jackfruit seed starch, mango kernel starch and
yam starch with respect to the variables analyzed, 78.27% were
explained by two of the principal components (Table 3). For
component 1, the variables presenting the greatest importance
to explain the differences between the films were L, a*, b¥,
AE, WVP and transparency (T). For component 2 the most
important variables were TS, PF and thickness. Thus, the
variables that did not present relevance to explain the differences
between the biodegradable films were the elasticity (E) and
solubility, since these presented low autovectors for all the
principal components.
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Figure 1. Autovectors assembled into three groups according to the
variables analyzed in the biodegradable films based on cassava, jackfruit
seed, mango kernel and yam starches. 1 = 2% cassava starch; 2 = 3%
cassava starch; 3 = 3.5% cassava starch; 4 = 2% jackfruit seed starch;
5 = 3% jackfruit seed starch; 6= 3.5% jackfruit seed starch; 7 = 2%
mango kernel starch; 8 = 3% mango kernel starch; 9 = 3.5% mango
kernel starch; 10 = 2% yam starch; 11 = 3% yam starch; 12 = 3.5% yam
starch. TS = tensile strength, E = elasticity, PF = puncture force,
Th = thickness, L = lightness, AE = total color difference, WVP = water
vapor permeability, WS= water solubility, T = transparency.

As from the similarities between the biodegradable films,
the cluster analysis separated them into 3 groups (Figure 1). In
the first group the films 2% CS, 3% CS, 3.5% CS, 2% JS and 2%
YS were separated from the others since they presented greater
luminosity, higher values for the color component a* and greater
solubility. In group 2 the films 3.5% JS, 3% YS and 3.5% YS were
associated since they presented greater values for the perforation
force, greater tensile strength and were thicker. Group 3 consisted
of films made from all concentrations of mango kernel starch since
they presented greater water vapor permeability, a greater color
difference in relation to the standard (AE), higher values for the
color component b* and greater transparency values, indicating
less transparent films.

4 Conclusions

The non-traditional jackfruit seed, mango kernel and yam
starches were shown to be of promise for film formulation similar
to cassava, presenting good physical, optical and mechanical
characteristics. The starch concentration used affected the film
characteristics, greater concentrations increasing the thickness,
water vapor permeability, tensile stress and puncture force.
Considering all the characteristics studied, the films with greatest
potential for each starch source were 3% cassava starch, 3.5%
jackfruit seed starch, 2% mango starch and 3% yam starch.
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