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Highlights

¢ Native and hydrolyzed cassava starch/yerba mate extract films were made by
extrusion
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e Hydrolyzed starch needed less specific energy to gelatinize in the extrusion

process
e Film with native starch-10 wt.% of extract was more hydrophobic and tensile
resistant
e Hydrolyzed starch with 20 wt.% of extract film showed the highest tensile
toughness
e Incorporation of yerba mate extract led to active and smart biodegradable
materials
Abstract

Native or hydrolyzed starch and yerba mate extract (10 wt.% or 20 wt.%) films
prepared by extrusion and compression molding were investigated. Native starch
material (TPNS) exhibited lower water vapor permeability and higher Young’s
Modulus (E) compared to hydrolyzed starch matrix (TPHS) but decreases in strain at
break (e,) and toughness (T). The incorporation of 10 wt.% of extract in TPNS led to
greater E and &, and it resulted the most hydrophobic material. Conversely, TPHS with
20 wt.% of additive resulted the film with the highest &, and T, indicating a plasticizing
effect of the extract in this concentration and system. All materials disintegrated after 10
weeks of burial, contributing to waste reduction. Biofilms containing yerba mate extract
showed antioxidant activity and color changes in different pH, indicating their
promising role as active and smart packaging for food, in accordance with the new

trends for biodegradable and functional packaging.

Keywords: Active/smart films; modified starch; yerba mate extract;

extrusion/compression molding; physicochemical properties; biodegradability.

1. Introduction



Over the last decades, contamination has become a global concern and conventional
petroleum-based plastics are an important issue with regards waste management. The
food packaging industry is the main plastic demander as it accounts for about half of all
used worldwide packaging (de Oliveira & de Melo, 2019), generating high amounts of
waste. Due to this problem, the packaging industry has promoted the development of
new biodegradable, non-toxic and edible materials. New trends are focused on replacing
conventional plastics by biodegradable polymers such as starch, cellulose, alginates and
vegetal proteins (Cazon, Velazquez, Ramirez, & Véazquez, 2017; Gonzalez-Seligra,
Eloy-Moura, Fam4, Druzian, & Goyanes, 2016; Mishra, Sabu, & Tiwari, 2018; Ochoa-
Yepes, Medina-Jaramillo, Guz, & Fama4, 2018). Biopolymers based on starch represent
an attractive option owing to their low cost, availability and capability of forming
thermoplastic films that easily degrade when exposed to specific environmental
conditions and bacteria or fungal action (Garcia, Fama, D’ Accorso, & Goyanes, 2015;
Ghanbarzadeh, Almasi, & Entezami, 2011; Raigond et al., 2019.). However, the
biodegradable nature of starch-based materials for packaging was not enough to
generate interest among consumers or the industry for commercialization. Therefore,
the development of functional materials intended for packaging became attractive to
satisfy the needs of modern society.

Functional systems can be categorized into two general groups: active packaging, which
actively and deliberately modify the product or the environment it contains during
storage, transportation, and even usage to improve the safety and quality of food, and
intelligent or smart packaging, which inform the consumer about the kinetic changes
related to the quality of the food or the environment it contains, to minimize losses and
ensure high quality and safety (Jafarizadeh-Malmiri, Sayyar, Anarjan, & Berenjian,

2019). Intelligent packaging needs to be easy to interpret, quick, reliable, sensitive, safe,



and most importantly cheap, for the visual determination of pH changes, which have
been successfully used to evaluate food quality status (Yam, Takhistov, & Miltz, 2005;
Yucel, 2016).

In this context, starch-based films result attractive because they can be enriched by the
addition of antioxidants, antimicrobials, nutrients and color change indicator
components to produce active and intelligent packaging, increasing the shelf life of food
(Gutiérrez, Gonzalez-Seligra, Medina-Jaramillo, Fam4, & Goyanes, 2017; Hernandez-
Mufioz et al., 2019; Silvestre, Duraccio, & Cimmino, 2011). Particularly, the use of
antioxidants from natural resources is preferred to avoid synthetic additives, which are
associated with negative effects on human health.

Yerba mate (llex paraguariensis) is a plant rich in polyphenols content, mainly
flavonoids and xanthines (Heck & De Mejia, 2007) which has antioxidant, anti-
inflammatory and anti-mutagenic properties (Bracesco, Sanchez, Contreras, Menini, &
Gugliucci, 2011). The relevant antioxidant and plasticizing effects of yerba mate extract
on cassava starch biofilms have been already evaluated in samples obtained by casting
(Knapp et al., 2019; Machado, Nunes, Pereira, & Druzian, 2012; Medina-Jaramillo,
Gonzélez-Seligra, Goyanes, Bernal, & Famé, 2015; Medina-Jaramillo, Gutiérrez,
Goyanes, Bernal, & Fama, 2016). Additionally, it has been evidenced that anthocyanins
(which form part of flavonoids), change their color when exposed to mediums with
different pH (Shahid, Islam, & Mohammad, 2013; Veiga-Santos, Ditchfield, & Tadini,
2011).

Nowadays, most research about biodegradable polymers based materials are focused on
casting as manufacturing method (Carissimi, Flores, & Rech, 2018; Feng et al., 2018;
Pessanha, Farias, Carvalho, & Godoy, 2018). This is a laboratory scale methodology

that implies economical equipment and limited space. However, it allows the production



of small quantities in a long time process, resulting inconvenient for plastic companies,
which search for industrial production (large-scale) and without having to invest in new
equipment. Consequently, the need to produce with standard equipment used in the
manufacture of synthetic polymers triggered the implementation of the extrusion
technique to fabricate thermoplastic starch based materials (Guaras, Luduefia, &
Alvarez, 2017; Ochoa-Yepes et al., 2018; Pelissari, Yamashita, & Grossmann, 2011).
Nevertheless, the extrusion of starch-based materials is much more complex than that of
conventional plastics due to the existence of various transitions during processing such
as gelatinization, melting, decomposition and recrystallization (Li et al., 2011). Hence,
different chemical modifications of starch have been investigated leading to
improvements in processability and a decrease in retrogradation of thermoplastic starch-
based films (BeMiller, 2018; Dai, Zhang, & Cheng, 2019; Ogunsona, Ojogbo, &
Mekonnen, 2018).

A highly relevant chemical process used for the modification of starch, is acid
hydrolysis. In a first rapid stage it erodes the amorphous regions of starch granules,
breaking a-D-(1,4) glycosidic linkages then a-D-(1,6) glycosidic linkages, leading to a
polysaccharide with lower molecular weight (Pratiwi, Faridah, & Lioe, 2018). This
facilitates the extrusion process, suggesting that hydrolyzed starch could be a feasible
alternative to obtain homogeneous films using less process energy.

There is limited research on the effect of acid hydrolysis of starch grains on the
properties of thermoplastic films obtained by extrusion and so far, no results are
reported in the literature relating the use of this technique together with natural
antioxidants to produce active and smart packaging.

The aim of this work was to demonstrate that the use of yerba mate extract in starch-

based materials processed by extrusion could generate active and intelligent



biodegradable films of scalable production for its implementation in the food packaging
market. In this sense, antioxidant activity, changes in color, as well as morphology,
physicochemical properties and biodegradability of films from native and hydrolyzed
cassava starch with yerba mate extract obtained by extrusion followed by compression

molding were investigated.

2. Materials and Methods

2.1 Materials

Native cassava starch (with 18 wt.% amylose and 82 wt.% amylopectin, and 1x108
g/mol molecular weight) and acid hydrolyzed cassava starch (1.5x10° g/mol molecular
weight) were provided by Cooperativa Agricola e Industrial San Alberto Ltda.
(Misiones, Argentina). Yerba mate (llex paraguariensis) leaves, at the stage of post-
drying process and before being subjected to grinding and quality selection, were
supplied by Establecimiento Las Marias (Corrientes, Argentina). Analytical grade

glycerol was purchased from Drogquimar S.R.L. (Buenos Aires, Argentina).

2.2 Preparation of yerba mate extract

The extract of yerba mate was obtained from infusion following the procedure of
Medina-Jaramillo et al. (2015) with modifications and using the quantities suggested by
de AR Oliveira, de Oliveira, da Conceigdo, & Leles (2016).

Yerba mate leaves (100 g) and distilled water (500 mL) were heated at 100 °C for 40

minutes using a magnetic stirrer. The obtained extract was filtered (mesh of ~ 20 um),



cooled at room temperature (~ 25 °C) and kept in dark containers under refrigeration (4
°C) until further use. The resultant solids in the extract were around 1.2 g/100 mL

(AOAC, 1995).

2.3 Films formation

Films were obtained by extrusion followed by compression molding according to the
methodology reported by Gonzélez-Seligra, Guz, Ochoa-Yepes, Goyanes, & Fama
(2017) with some modifications. In a first stage, different systems were prepared by
incorporating cassava starch (60 wt.%) to a mixture of glycerol (20 wt.%) and distilled
water with the desired yerba mate extract concentration (Table 1), and manually mixing
it until complete absorption of the liquid phase into the starch. Afterwards, all mixes

were stored 24 h in sealed containers before extrusion (Wang & Ryu, 2013).

To obtain the films, the systems were processed using a co-rotating twin-screw extruder
(Nanjing Kerke Extrusion Equipment Co., Ltd., China) with a screw diameter (D) of 16
mm, a length to diameter ratio (L/D) of 40 and a cylindrical die of 4 mm. The screw
speed was 80 rpm (with feeding rate of ~ 12 g/min) and the temperature profile was set
at 90°C/100°C/110°C/120°C/120°C/130°C/130°C/140°C/130°C/120°C from the
feeding zone to the die zone. The threads obtained after extrusion were stabilized during
4 weeks in a conditioned desiccator at 56.7% RH (saturated NaBr) (Fama, Goyanes, &
Gerschenson, 2007). Then, films were prepared by compression molding using a
hydraulic press with temperature control following the procedure of Gilfillan,

Moghaddam, Bartley, & Doherty (2016) with modifications. Pieces of ~ 4 g of the



threads were placed between polytetrafluoroethylene (PTFE) sheets in the press at 120
°C for 15 min at ~ 680 kPa and then 15 min at ~ 3.4 MPa.
The developed films with thickness of 0.25 + 0.05 mm were stored for 7 days at room

temperature in a desiccator at 56.7% RH (saturated NaBr), before being characterized.

2.4 Characterizations

Films™ characterizations were carried out after 4 weeks of conditioning at 56.7% RH

(NaBr) and room temperature.

2.4.1 Polyphenols content and antioxidant activity

Total polyphenols content (TPC) of the films with yerba mate extract was determined
by the Folin—Ciocalteu methodology, following Singleton, Orthofer, & Lamuela-
Raventds (1999). To prepare the samples, 400 mg of each film were separately
immersed in beakers with 15 mL of distilled water in constant agitation during 24 h at
room temperature. Then, 400 uL of the dispersion was mixed with 2 mL of Folin-
Ciocalteu reagent (1:10 diluted) and 1.6 mL of sodium carbonate (7% w/v). After 30
min dark reaction, absorbance was measured at 760 nm using a spectrophotometer
(Shimadzu UV-1800, Japan).

Results were derived from a calibration curve of gallic acid (10-150 mg/L) and
expressed in mg gallic acid equivalents (GAE) per gram of film (mg GAE/g). The
polyphenols content of the yerba mate extract was studied following the same
methodology but using 400 pL of the extract to generate the reaction and the results

were expressed in mg gallic acid equivalents per gram of extract (mg GAE/Q).
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The possibility of generating materials for packaging with antioxidant properties can be
very useful due to the deleterious role of free radicals in food products. Considering that
phenolic compounds are important plant constituents with redox properties, the
antioxidant activity of films with yerba mate extract was determined using 1,1-
diphenyl-2-picrylhydrazyl (DPPHe) reagent as a free radical, according to the method
described by Estevez-Areco, Guz, Fam4, Candal, & Goyanes (2019). Films were cut
into strips of 500 mg and each sample was immersed in 25 mL of acidic (3% acetic acid
v/v), hydrophilic (ethanol 10% v/v) or lipophilic (ethanol 50% v/v) food simulants
during 24 h at room temperature in constant agitation at 100 rpm. Then, an aliquot of
100 pL of each simulant was mixed with 3.9 mL of DPPHe* in methanol (25 mg/L).
After 30 min of reaction, the absorbance was measured at 516 nm using a
spectrophotometer (Shimadzu UV-1800) and the percent inhibition (%l) of hydroxyl

radical DPPHe was calculated as:

Abs,,_Absg
Absy,

%I = ( ) x 100 1)

where Absy is the absorbance of the white (DPPHe+) and Abss the absorbance of the
sample. Inhibition of DPPH free radicals was compared with a Trolox calibration curve
(180-1077 uM), and antioxidant activity was expressed as uM Trolox equivalent per
gram of film (uM TE/g).

Similarly, the antioxidant activity of the yerba mate extract was determined using a
dilution of the extract in distilled water in a relation 1:250 and results were expressed as
(uM TE/g) (Delgado, Galleano, Afion, & Tironi, 2015).

Tests were performed at least 3 times for each sample and the average values were

taken.

2.4.2 Fourier transform infrared spectroscopy (FTIR) analysis
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Absorbance spectra of yerba mate extract and all films were obtained using a FT/IR-
4100 spectrophotometer (Jasco Inc., Japan) with attenuated total reflection (ATR).
Spectra were recorded between 4000-400 cm™ with a resolution of 2 cm™ and the
average of 64 scans were normalized before analysis. The extract was analyzed after
being dried in an oven at 110 °C for 20 h, until the complete evaporation of its water
content.

Tests were done by triplicate and no-significant differences were observed.

2.4.3 Morphological characterization

The morphology of the films was evaluated by field emission scanning electron
microscopy (FE-SEM, Zeiss Supra 40) of the cryogenic fracture surfaces of the
different systems. Samples were cryo-fractured, placed in metal tapes and sputter-

coated with platinum (15 s, 0.06 mbar of Ar) before SEM observations.

2.4.4 Susceptibility to water

2.4.4.1 Moisture content (MC)

Moisture content of all films (MC) was determined through the gravimetric method
proposed by the AOAC (1995) with modifications (Morales, Candal, Faméa, Goyanes, &
Rubiolo, 2015). Pieces of each material (~ 0.5 g) were weighted (m;) and then placed in
an oven at 100 °C for 24 h. After that, the samples were weighted again (mf). Moisture

content (%) was calculated as:
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Mc =" % 100 )

mi

The results presented are the mean value of 3 sampling units taken from different films.

2.4.4.2 Solubility in water (S)

Water solubility values (S) for the films were obtained following the method described
by Gontard, Duchez, Cuq, & Guilbert (1994) with some modifications. Disks of 2 cm of
diameter were placed in an oven at 100 °C for 24 h and then weighted to obtain the
initial dry mass (mg;). Subsequently, these dried disks were immersed in 50 mL of
distilled water at 25 °C for 24 h, and after that, they were dried at 100 °C for 24 h to

obtain the final dry mass (mg;). Water solubility (%) was determined using equation

(3):

S :wxloo (3)

msi

The mean value and standard deviation of 3 replicates of each system are reported.

2.4.4.3 Water vapor permeability (WVP)

Modified ASTM E96-00 procedure (Fama, Rojo, Bernal, & Goyanes, 2012) was used to
measure the water vapor permeability (WPV) of all films. Samples were placed into
circular acrylic cells with an exposed circular area of 3.7x10* m?, containing CaCl, as
desiccant. Each film sample was sealed over the circular area of the cell and stored at
room temperature in desiccators containing NaCl (75% RH). Cells were weighted every
24 h for 7 days, until constant mass. Changes in the weight were plotted as a function of

time. WVP (g/msPa) was calculated using equation (4):
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= AxSR— Ry ()

Where G(g/s) is the slope of the plotted curve, e(m) is the film thickness, A(m?) is the
test area, S(Pa) is the saturation vapor pressure of water at room temperature, R, is the
relative humidity at the desiccator expressed as a fraction and R, is the relative
humidity at the acrylic cell expressed as a fraction.

The results shown are the mean value and standard deviation of 3 replicates of each

system.

2.4.4.4 Contact angle ()

Contact angle (8) measurement is an indicative of the hydrophobicity of polymeric
materials. Higher the & value, higher the sample surface hydrophobicity (Pearoval,
Debeaufort, Despera, & Voilley, 2002). Contact angle measurements were carried out at
room temperature using a Microview USB Digital Microscope coupled with an image
analysis software (Analysis Software 220x 2.0 MP) following the methodology
described by Guz, Fam4, Candal, & Goyanes (2017). A drop of distilled water (2 pL)
was placed on the surface of each material and immediately photographed. The contact
angle was determined as the angle formed by the intersection of the liquid-solid line
(drop of water-surface of the film) and the liquid-steam (tangent on the boundary of the
drop).

The mean value of 6 measurements are reported.

2.4.5 Mechanical properties

2.4.5.1 Thickness measurement
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The thickness value was obtained as a mean of the measurement of at least 10 random
positions on the films using a micrometer Micromaster IP54 (TESA-Capasystem) (1 um

resolution).

2.4.5.2 Uniaxial tensile tests

Uniaxial tensile tests were performed in an Instron dynamometer 5985 at 5 mm/min at
room temperature. Samples were cut according to ASTM D882-02 (2002), with 35 mm
of effective length and 5 mm of width. Nominal stress(o)-strain(&) curves were recorded
and Young’s modulus (E), tensile strength (ov), strain at break (&), and tensile
toughness (T) values were obtained from these curves.

At least 10 samples were tested for each system and the average values are reported.

2.4.6 Stability in acidic and alkaline solutions

The stability and color change of the films in different food simulants (acidic and
alkaline solutions) were evaluated in order to determine the possibility of using them as
smart packaging. Pieces of each system (16 mm of diameter) were immersed in
containers with 10 mL of standard solutions of hydrochloric acid (pH = 3) and sodium
hydroxide (pH = 12). The containers were sealed and kept at 25 °C. As it was an
accelerated assay, changes in the appearance of the samples immediately 4 min (T;) and

24 h (T,) after immersion were recorded with a Motorola camera of 12 MP.

2.4.7 Biodegradability in vegetable compost
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Biodegradability of all films was qualitatively evaluated at room temperature by
disintegration assays according to 1SO 20200 (2015). Samples of each system (20 mm x
20 mm) were weighed and then buried in plastic trays of 10 x 20 x 5 cm (length x
length x height) filled with vegetable compost (soil), ensuring that the samples were at a
depth of around 1 cm. The humidity of soil was controlled by spraying with water once

a day. Samples were carefully taken out once a week and photographed.

2.4.8 Data processing and statistical analysis

Data analysis was carried out using two-way ANOVA with 95% confidence level (p <
0.05) and Tukey post-hoc test. The results are reported as the mean and standard

deviation, and for comparison “T” test was applied.

3. Results and discussion

3.1. Total polyphenols content and antioxidant activity

Table 2 shows the total polyphenols content of the developed films. Considering that
the total polyphenols content of the yerba mate extract was (17 + 1) mg GAE/qg, it
should be noted that the films retained the 100% of the polyphenols contained in the
extract before being processed. In addition, for both types of starch, the polyphenols
content increases with the extract content, as was expected. When the extract content in

TPNS-Y20 and TPHS-Y20 was twice that of TPNS-Y 10 and TPHS-Y 10, respectively,
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the polyphenols content was duplicated. No significant differences between the results

of TPNS and TPHS for 10 wt.%, neither for 20 wt.% of extract were observed.

The antioxidant activity of the developed films in different media is also shown in table
2. Biofilms with higher content of yerba mate extract showed higher antioxidant activity
in all food simulants. For TPNS-Y20 and TPHS-Y20 it was nearly twice that of TPNS-
Y10 and TPHS-Y10, respectively. Significant differences in the antioxidant activity of
the same material in different simulants were found, indicating that the polyphenols
activity depends on the medium. For every developed film, the higher antioxidant
activity was observed in lipophilic medium. According to the literature, this behavior is
possibly due to the presence of lipophilic components of the yerba mate extract such as

tocopherols (Souza et al., 2015).

3.2 Fourier transform infrared spectroscopy (FTIR) analysis

Fig. 1 shows main normalized ATR-FTIR spectra of dried yerba mate extract and the
different developed films. Fig. 1B is the magnification of Fig. 1A in the region from
900 cm ™t to 1100 cm . As regards the extract, the broad band observed in the region
from 3600 cm™ to 3000 cm™* can be associated to the vibration of OH and acid and
alcohols groups present in Chlorogenic acid, Saponins, and primary amines of
Theobromine and Caffeine that are contained in the extract (Medina-Jaramillo et al.,
2015; Silverstein, Webster, Kiemle, & Bryce, 2014). The absorption peak at around
2922 cm is due to a stretching vibration of aliphatic CH, and the bands observed
between 1800 cm™* and 1500 cm™* correspond to the carbonyl group of esters, amides,

acids and other compounds such as Xanthines and Saponins, existing in yerba mate
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(Marcelo, Pozebon, & Ferrdo, 2015). The bands in the regions between 1500 cm™ and
1000 cm™! are related to the stretching vibration of the C-O (Schneider et al., 2018).
Films exhibited the typical behavior of thermoplastic starch based materials (Pereira Jr,
de Arruda, & Stefani, 2015; Warren, Gidley, & Flanagan, 2016). They showed the
significant absorption peak at 3600-3000 cm* corresponding to O-H stretching, a
double peak at 3000-2800 cm™ associated to C-H stretching, bands at 1150-1100 cm ™t
(C-0, C-C and C-O-H stretching), a double peak at 1100-990 cm™* (C-O-H bending),

and the bands at ~ 930 cm™, 860 cm™ and 760 cm* (vibrations of glycosidic ring).

It is noted that the intensity of the band around 3300 cm™ resulted slightly higher in
TPHS compared to TPNS. This peak is strongly related to available and not-available
OH groups (Grace & Liew, 2016) thus, the higher intensity may indicate the presence of
more OH groups in the hydrolyzed starch matrix. This behavior is a consequence of the
hydrolysis process that breaks the starch chains leading to a larger number of the
extreme of chains with OH (Gonzélez-Seligra et al., 2016). Chemical modification of
starch did not significantly modify the other mentioned peaks.

The films prepared with native starch and yerba mate extract (TPNS-Y10 and TPNS-
Y20) presented slightly higher intensity in the peak at ~ 3300 cm™ with respect to
TPNS, that can be due to components present in yerba mate such as Chlorogenic acid,
Saponins, Theobromine and Caffeine (Silverstein et al., 2014), and/or OH groups of the
extract, which contribute to the amount of OH in those films. In the case of the
materials prepared with hydrolyzed starch and yerba mate extract (TPHS-Y 10 and
TPHS-Y20), no significant differences with respect to TPHS were observed at this
band. No significant changes were observed in the band at around 1638 cm™ related to

the stretching and bending vibration of hydrogen bonding O-H groups of the water
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(Minakawa, Faria-Tischer, & Mali, 2019; Qin, Liu, Jiang, Xiong, & Sun, 2016),
contrary to the observations of Medina-Jaramillo et al. (2015) in starch-extract films
prepared by casting. This is expectable taking into account that casting involves higher
amount of water than extrusion. During extrusion, the interactions between starch-
glycerol and yerba mate extract were not enough to alter infrared spectra. The effect of
yerba mate extract incorporation was observed in the range from 1050 cm™ to 1020 cm-
! as there was an increase in peak intensity around 1022 cm™ in the films containing the
extract (Fig. 1B). The band at about 1040 cm of yerba mate extract curve, which is
related to polyphenols (Garcia et al., 2019), seemed to overlap with that corresponding
to C-O-H vibrations of starch (at ~1022 cm™), according to the observations of Estevez-
Areco et al. (2019) in starch-rosemary extract films. This behavior can be attributed to

the presence of yerba mate extract polyphenols.

3.3 Morphological analysis by SEM

Cryogenic fracture surface micrographs (FE-SEM) of the films are presented in Fig. 2.

The native starch film (TPNS) exhibited a smooth surface without holes or cracks but
with not well-dispersed broken starch grains of micrometric size (smaller than 2 um),
which seemed to be not-agglomerated (Fig. 2a). Different authors observed partly
melted starch granules in extruded films, concluding that incomplete starch
gelatinization occurred after extrusion and compression molding processes. These
results indicate that the shear strength necessary to gelatinize the starch was insufficient

(Pushpadass, Marx, Wehling, & Hanna, 2008).
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The film with hydrolyzed starch (TPHS) also presented a smooth surface without holes
but with lower density of broken starch granules than the TPNS film (Fig. 2b),
suggesting that the chemical modification led to better starch gelatinization during
extrusion and indicating that less specific mechanical and thermal energy was necessary
to gelatinize the starch. This behavior can be attributed to the short chains of the
hydrolyzed starch (lower molecular weight) that make it easier to process as they
generate a more open network, so the diffusion of water molecules is faster, facilitating
gelatinization (Gonzélez-Seligra et al., 2016).

The incorporation of yerba mate extract on native starch films contributed to the starch
gelatinization. In particular, in the case of the film with 10 wt.% of the extract (TPNS-
Y 10), a smooth surface without holes and with only few broken starch granules smaller
than 1 pum was observed (Fig. 2c). This material also showed oriented lines that may
indicate a strong interaction possibly between the additive and the starch (Ochoa-Yepes,
Di Giorgio, Goyanes, Mauri, & Fama, 2019).

When 20 wt.% of the extract was incorporated (TPNS-Y20), a rough cryo-fractured
surface was observed without broken starch grains or holes (Fig. 2e). This type of
surface is typical of a plasticized material (Garcia, Ribba, Dufresne, Aranguren, &
Goyanes, 2011). All the evaluated films were made with the same amount of plasticizer
and therefore, the change in the material’s morphology would suggest that the extract
incorporated in larger concentrations in the native starch matrix would be acting as a
plasticizer (Medina-Jaramillo et al., 2015). In addition, oriented lines were observed,
which may indicate that the increment in the amount of extract led to more interactions.
Therefore, the addition of yerba mate extract to native starch favors its gelatinization by

reducing the mechanical and thermal energy required during extrusion.
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The effect of yerba mate extract on hydrolyzed starch films did not eliminate broken
starch grains as they still appeared in TPHS-Y10 (Fig. 2d) and, although in a lesser

extent, in TPHS-Y20 (Fig. 2f).

3.3 Susceptibility to water

Results of the susceptibility to water assays performed on the different films are

reported in Table 3.

Moisture content of TPNS was in accordance with the values reported in the literature
for starch films made by extrusion (Gutiérrez, Toro-Marquez, Merino, & Mendieta,
2018; Ochoa-Yepes et al., 2019), while solubility resulted higher and WVP lower than
those reported by other authors (Gonzéalez-Seligra et al., 2017). Considering that water
vapor permeability of a film in the packaging industry is related to its capability to
control the water vapor transmission (WVT) between a product and the environment, a
lower value of WVP is advantageous as it implies a limitation on WVT, preserving the
shelf life of the product. It is well known that permeability depends on the solubility and
diffusivity of water in the polymeric matrix. A decrease in WVP value of TPNS with
respect to those reported in the literature could be due to the interruption in the diffusion
path created by the broken starch grains distributed in the polymeric matrix observed in
SEM micrographs (Fig. 2a). The tortuous path formed is capable of reducing the
diffusion rate of molecules through the film, leading to a decrease of water permeability

(Slavutsky, Bertuzzi, Armada, Garcia, & Ochoa, 2014).
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Hydrolyzed starch matrix exhibited increases in all the susceptibility to water values
compared to those of TPNS. The increment in S is consistent to observations made by
other authors who related this behavior with the hydrolysis process (Luchese, Frick,
Patzer, Spada, & Tessaro, 2015; Wang & Copeland, 2015; Wang, Thruong, & Wang,
2003). As reported in the literature, higher values of MC in TPHS could be due to the
hydrolysis process, which breaks the starch chains, generating additional extremes of
chains and therefore producing a more open packing and more free OH that facilitates
the absorption of water (Gonzalez-Seligra et al., 2016). The increase in WVP can be
attributed to this fact and to the slightly lower number of broken grains in TPHS
compared to TPNS detected in SEM micrographs. Furthermore, susceptibility to water
behavior of TPHS is consistent to the lower value of the contact angle with respect to
that of TPNS (Fig. 3), indicating that the chemical modification hydrophilized the
modified films surface.

The incorporation of 10 wt.% yerba mate extract in native starch films (TPNS-Y10) led
to an increasing trend of MC and S values but without significant differences. However,
there was a slight decrease of WVP in near 15%. This could be attributed to the fact that
although there are almost no broken grains in TPNS-Y 10, which would lead to an
increase in permeability, the great interaction between the extract and the starch
suggested by SEM analysis, could have made water molecules move through a tortuous
path when diffused across the polymer matrix (Slavutsky et al., 2014), leading to a
decrease in WVP. In native starch films containing 20 wt.% (TPNS-Y20) no significant
differences in MC and S values were detected but a slight increasing trend of the MC
value was observed, while WVP value increased in almost 47%. SEM analysis for this
material revealed a different morphology with respect to TPNS and TPNS-Y10 and

similar to a highly plasticized starch-based material. According to the literature, an
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increment in the content of the plasticizer in starch films leads to an increase in WVP
(Chillo et al., 2008; Guo et al., 2012; Pushpadass et al., 2008). Therefore, yerba mate
extract in the highest concentration incorporated into cassava native starch matrix could
be acting as a plasticizer, as it was reported by Reis et al. (2015).

For modified starch films, no significant differences were found in both MC and water
solubility, while WVP slightly increased with the incorporation of yerba mate extract, as
it resulted higher in almost 28% in TPHS-Y10 and 10% in TPHS-Y20.

Although the presence of broken grains in these materials may cause a tortuous path for
the water molecules and therefore diminish WVP, the increment in the values of WVP
could be explained by the plasticizing effect of the extract. As the same amount
incorporated in other samples is now distributed in the region without grains, the
concentration of extract is higher there and may act as plasticizer.

In order to evaluate the effect of both the starch modification and the extract
incorporation in the hydrophilicity of the films, the contact angle (0) between a drop of
water and the surface of a film (angle of deposition) was measured (Fig. 3). It is well
known that wettability is strongly influenced by the contact angle and it is greatly
related to the hydrophobicity of the film (Abreu et al., 2015; Vogler, 1998). Higher ¢
indicates less hydrophilicity.

Although the contact angle values for native starch film (60 + 5°) and for modified
starch sample (56 + 4°) did not present significant differences, an increasing trend of the
values for TPNS compared to those for TPHS was observed, indicating more
hydrophabicity in the native starch film. This is consistent with susceptibility to water
behavior, as it presented slightly lower values of MC and water solubility than TPHS.
The presence of less availability OH groups leads to a lower affinity to the aqueous

medium, then to a more hydrophobic material (Ochoa-Yepes et al., 2019).
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For native starch films, the incorporation of 10 wt.% of yerba mate extract did not
change significantly the contact angle with respect to TPNS, being 62 * 4°, while the
addition of 20 wt.% of the extract provoked a decrease in 8 of almost 40%, indicating a
more hydrophilic surface for TPNS-Y20. This behavior accords with the hypothesis that
the extract can act as a plasticizer when incorporated in this concentration in the native
starch matrix. In the case of films processed with hydrolyzed starch, the incorporation
of both concentrations of yerba mate extract led to a decrease of the values of 6,
indicating higher hydrophilicity with respect to TPHS, and being consistent with WVP
values (Table 3). Particularly, the lowest value of 8 corresponds to TPHS-Y 20, probably
due to the effect of the extract acting as plasticizer, being a consequence of the higher

concentration in the zones without broken grains in the sample.

3.4 Mechanical behavior

Tensile parameters values for all systems investigated are presented in Table 4. Films
obtained from native starch (TPNS) presented higher modulus and stress at break values
but lower strain at break values than similarly prepared thermoplastic starch films
reported in the literature (Gonzéalez-Seligra et al., 2017; Ochoa-Yepes et al., 2019). This
behavior could be attributed to the presence of broken starch grains as it was observed
in SEM micrographs (Fig. 2a). On the one hand, starch grains have a rigid structure and
could act as reinforcement (Li et al., 2011), contributing to the material mechanical
strength (Gutiérrez, Tapia, Pérez, & Fama, 2015; Sun, Liu, Ji, Hou, & Dong, 2017). On
the other hand, the presence of grains could lead to a material with smaller strain at

break as a result of premature failure.
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Modified starch films showed a decrease in the E value and presented higher ¢, value
than TPNS, indicating more flexibility. TPHS have less broken grains than TPNS and
also slightly more water content. Although the mechanical behavior could be affected
by both factors, the difference in morphology has probably a higher effect than the
change in humidity which is also very slight. Furthermore, strain at break in TPHS
resulted higher because the probability of cracks is smaller as there are less broken
grains. Tensile toughness for TPHS is higher than TPNS, due to the increase in the
strain at break. Therefore, the use of the hydrolyzed starch led to a more flexible
material with also higher tensile toughness.

The effect of the incorporation of yerba mate extract was different, depending on the
amount introduced and the type of starch. For TPNS-Y10, both E and ¢, presented a
slight trend to increase compared to TPNS, as expectable considering the trends
observed in WC and hydrophobicity behavior of those films, as well as the decrease in
the number of broken starch grains and therefore in the probability of cracks.
Additionally, morphological analysis indicates the presence of a great interaction
between starch and the extract, which leads to increments in those parameters. In TPNS-
Y20, a decrease in E and an increase in g, are clearly observed, confirming the
plasticizing effect of the extract. These results are consistent with the morphology
observed in the SEM micrographs. In both cases, tensile toughness was higher than in
TPNS. In TPNS-Y10, this was a result of the increase in E and ¢, while in TPNS-Y20
depended on the increase in ¢, as it was more relevant than the decrease in E.

The incorporation of yerba mate extract in modified starch films caused an increment in
E without significant changes in g, regardless of the concentration used. Considering

that SEM micrographs showed in TPHS-Y 10 and TPHS-Y20 broken grains as in TPHS,
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higher values of E could be attributed to a good interaction between the extract and
starch. Since hydrolysis acidic modification led to a starch with a higher number of
short chains, it can be expected that more interactions occur between the extract and
modified starch than with the native starch. Strain at break for TPHS-Y 10 and TPHS
showed no significant differences, whereas on of TPHS-Y 20 increased in nearly 15%,
possibly due to the great interaction between the extract and matrix components and the
effect of the yerba mate extract, already observed by other authors, which led to
improvements in flexibility (Knapp et al., 2019). Tensile toughness in TPHS-Y 10
presents no significant differences with TPHS while in TPHS-Y 20, it increased in 33%
with respect to TPHS, due to the significant increase in e,

Higher T values are remarkable as tensile toughness is one of the key mechanical
properties of bio-based packaging films, and mechanical integrity is important for
protection and tampering resistance of food packaging, ensuring safety and high quality

of the products for the consumer (Briassoulis & Giannoulis, 2018).

3.5 Stability in acidic or alkaline solutions

Since food packaging industries produce coatings for products with a wide range of pH
(such as meat, cheese and fruits), it is essential to evaluate films’ stability and color
change in different food simulants (acidic and alkaline solutions) to determine whether
they could be used as smart packaging.

Images of the different films in air and after immersion in an acidic or alkaline medium
are presented in Fig. 4. As it was an accelerated assay, the response to different pH was

photographed 4 min and 24 h after being immersed (T; and T, respectively).
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Initially, all samples had a diameter of ~ 16 mm and presented slight increments of
diameter after being immersed in the solutions.

In native starch based films at T;, the broadening was between 15-25% in acidic or
alkaline media. For hydrolyzed starch samples, the increase resulted of around 30% in
acidic solution. In alkaline medium, TPHS widened about 40%, while TPHS-Y10 and
TPHS-Y20 around 30% and 25%, respectively, indicating that the extract limited the
swelling of hydrolyzed starch films in those media. It is notorious that all films
remained unbroken at T;.

After 24 hours (T,) in acidic medium, samples were practically not widened with
respect to T, (no significant changes in diameter were observed) and were whole,
showing stability at pH = 3 until the end of the measurements. This behavior is very
important considering the possible use of the films in contact with acidic foods like
most of fruits and meats in the market. In alkaline medium, the samples prepared with
native starch, independently of the addition of the extract, began to disintegrate, while

the films based on hydrolyzed starch remained whole.

With respect to the films’ color, all systems exhibited a slightly whiter color during the
test in the acidic solution. After being immersed in the alkaline medium, films without
yerba mate extract did not show any change in color, while films containing extract
notoriously did, as it can be seen at T;. All samples exhibited a yellow-orange-brown
tone at T; , although for TPHS-Y 10 and TPHS-Y 20 it was lighter. According to the
literature, the change in the color of the samples with the extract could be attributed to
the anthocyanins (Shahid et al., 2013; Veiga-Santos et al., 2011) derived from cyanidin
components of yerba mate (Ricco, Wagner, Giberti, & Gurni, 1995). Color changes in

the films containing yerba mate extract when the pH varies are relevant since these
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systems could be used as food coatings, indicating the pH and therefore the quality of
coated food, similarly as an intelligent packaging (Yoshida, Maciel, Mendonga, &
Franco, 2014). During storage, several food products suffer changes in pH due to their
normal metabolic processes or as a consequence of bacterial contamination (Ma, Du, &
Wang, 2017). For example, the growth in the population of Pseudomonas in chicken
breast fillets investigated by Wang et al. (2017) led to an increase in pH value.
Furthermore, an increase in pH due to the endogenous and microbial enzymes produced
during the storage of meat products was reported (Barrientos, Chabela, Montejano, &
Guerrero Legarreta, 2006).

Finally, after 24 hours (T,), the four systems containing the extract almost returned to
their original tone, leaving a different color in the solution, thus indicating the total

extract release in this medium.

3.6 Biodegradability in vegetal compost

The macroscopic appearance of the films as a function of the time of burial in vegetable
compost was analyzed from the photographs shown in Figure 5. Weight values for the

films could not be accurately obtained as residual soil affected weight measurements.

After 2 weeks of burial, all systems presented changes in their tonality. Films made
from modified starch exhibited holes and more marked breakdowns than those based on
native starch. After 4 weeks, native starch films started exhibiting breakdowns more
evidently while TPHS, TPHS-Y 10 and TPHS-Y 20 already showed much more
breakage, indicating that they had degraded faster than samples made from native

starch. This behavior is clearly observed from the images taken after 8 weeks of burial,
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when the films containing the hydrolyzed starch were almost completely degraded as
TPNS, TPNS-Y10 and TPNS-Y20 did so only after 10 weeks.

The faster biodegradability of hydrolyzed starch based films is consistent with the
results of water solubility and hydrophobicity of these samples. Water solubility is a
determining factor for the biodegradability of films (Raigond et al., 2019) and higher
water solubility leads to faster biodegradation. On the other hand, the lower molecular
weight of hydrolyzed starch could lead to earlier degradation in compost. It is known
that microorganisms break down starch chains into smaller units of sugars that are
eventually converted to glucose, which is the individual basic unit (Azahari, Othman, &
Ismail, 2011). For a lower molecular weight starch (with shorter chains), this process
occurs in less time, thus the faster biodegradability of hydrolyzed starch materials was
expectable.

Results from biodegradability assays indicated that for both types of starch, there was
no contrast between films with and without yerba mate extract. The main differences
between films were attributed to the type of starch. Finally, all films demonstrated to be
biodegradable in vegetable compost, being degraded almost completely after ten weeks.
This phenomenon, which occurs in the materials based on starch prepared by extrusion
and subsequent compression molding, and persists with the incorporation of the natural
extract of yerba mate, generates a great attraction for their implementation towards

cleaner alternatives.

4. Conclusions

Films of native or hydrolyzed starch containing two concentrations of yerba mate

extract (10 wt.% and 20 wt.%) were developed. Native starch matrix exhibited a smooth
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surface without holes or cracks but with not well-dispersed broken starch grains, while
TPHS presented a lower density of broken starch granules, suggesting that the chemical
modification led to better starch gelatinization during extrusion and indicating that less
specific mechanical and thermal energy were necessary to gelatinize the starch. TPNS
showed decreases in water solubility, moisture content and water vapor permeability
values compared with those of hydrolyzed starch TPHS and it resulted hydrophobic. In
addition, the matrix from native starch presented higher modulus and stress at break
values than TPHS and those reported in the literature, while modified starch sample
showed lower E and higher ¢, indicating more flexibility. The incorporation of yerba
mate extract led to active and smart biodegradable materials. The extract polyphenols
remained in the starch films and were then released in different media, showing them as
active materials. In addition, yerba mate extract led to changes in the color of the films
when exposed to different pH media, leading to intelligent materials. The extract
incorporation of 10 wt.% in native starch films was evidenced by a reduction in the
density of broken starch granules and the appearance of oriented lines, indicating a
strong interaction possibly between the additive and the starch. These films resulted the
most hydrophobic material and showed a decrease in WVP and a trend to increase in
both E and ¢,. When 20 wt.% of yerba mate extract was added (TPNS-Y20), a rough
cryo-fractured surface typical of a plasticized material was observed. As expectable, a
decrease in E and an increase in &, were observed, confirming the plasticizing effect of
the extract. TPNS-Y20 resulted the most hydrophilic material. The incorporation of
yerba mate extract in hydrolyzed starch films caused a slight increase in WVP and in E,
without significant changes in g;,, regardless of the concentration used. Tensile
toughness only showed significant differences compared to TPHS when 20 wt.% of the

extract was incorporated (TPHS-Y20), as it increased in a 33%. Results from
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biodegradability assays revealed that after 10 weeks of burial, all films were
disintegrated, showing no contrast between films with and without yerba mate extract.
This investigation showed that biofilms developed with yerba mate extract are
promising active and smart materials to replace the use of conventional plastic in food

packaging, not only to reduce waste but also to improve the shelf life of food.
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region.
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Figure 2. Cryogenic fracture surface micrographs (FE-SEM) of the films: a) TPNS, b)

TPHS, c) TPNS-Y10, d) TPHS-Y10, e) TPNS-Y20 and f) TPHS-Y20.
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TPHS-Y20

Figure 3. Drop of water deposited on the surface of the films and contact angle (6). The

error of the measurements was less than 9% in all cases.
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Figure 4. Stability at different pH values for all the developed films, 4 min (T;) and 24

h (T,) after immersion.
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Figure 5. Macroscopic appearance of degradation in soil of all the systems.
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Table 1. Nomenclature of the films and the concentrations of distilled water and yerba

mate extract in the different systems before extrusion.

Nomenclature | Water (wt.%0) | Yerba mate extract (wt.%)
TPNS 20 0

TPNS-Y10 10 10

TPNS-Y20 0 20

TPHS 20 0

TPHS-Y 10 10 10

TPHS-Y20 0 20

wt.%: percentage of the component’s weight/total weight of the system. Weight

measurements were determined with an error of less than 1%.

Table 2. Total polyphenols content (TPC) and antioxidant activity of the films with

yerba mate extract in different media.

samples '[I;Pg 2(]mg GAE/g) | Antioxidant activity (uM TE/g)
Acidic Hydrophilic | Lipophilic
TPNS-Y10 | 1.92 88+1.2° [17.9+22° |[223+1.1°
TPNS-Y20 | 3.6° 15.8+1.8° [295+3.1° [444+25°
TPHS-Y10 | 1.62 71+09° |[123+27° [19.9+2.3°
TPHS-Y20 | 3.4° 145+1.6° [21.6+3.0° |41.7+3.2°

abed Different letters in the same column indicate significant differences (p < 0.05).
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Table 3. Water vapor permeability (WVP), moisture content (MC) and water solubility

(S) of the films.

Film WVP (x101°g/smPa) | MC (%)[* 1] S (%)[+ 2]
TPNS 5.5+ 0.5% 20° 352
TPNS-Y10 | 4.6 +0.4° 223b 373b
TPNS-Y20 |8.1+0.5°¢ 223b 352

TPHS 7.5+0.8 23P 41bc
TPHS-Y10 |9.6+0.8¢ 223P 44°
TPHS-Y20 |8.3+0.6°¢ 212b 41b¢

abed Different letters in the same column represent significant differences (p < 0.05).

Table 4. Young’s modulus (E), stress at break (},), strain at break (&), and tensile

toughness (T) of the developed films.

Film E (MPa) | g, (MPa) g (%) T (MJIm?3)
TPNS 58 + 42 2.8+0.22 60 +6%  [1.27 +0.12
TPNS-Y10 | 63+3*° |3.0+0.2%" |65+4°2 1.51 +0.10°
TPNS-Y20 |42 +2° 29+0.1° 74 +3°¢  |155+0.10°
TPHS 50 + 3¢ 31+0.2%0 |70 +£5% [155+0.12°
TPHS-Y10 | 69 +4° 32+0.2%0 | 63+5° 1.60 + 0.15°
TPHS-Y20 | 62 +4% [32+0.1° 80+3°  [2.00+0.15°

abe Different letters in the same column represent significant differences (P < 0.05).



