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a  b s  t  r  a  c  t

There is an increasing interest in the utilization of renewable resources for the production of food packaging. Among

the  biopolymers, starches from several sources are considered promising materials for this purpose, because they

are  biodegradable, inexpensive and available worldwide. Antioxidant food packaging films were produced by incor-

porating mango pulp and yerba mate extract into a cassava starch matrix. The bio-based films were used to pack

palm oil (maintained for 90 days of storage) under accelerated oxidation conditions (63% RH/30 ◦C) in order to simu-

late  a storage experiment. Palm oil packaged in these films exhibited a decreased oxidative process rate, which was

attributed to the yerba mate and mango pulp in a concentration-dependent fashion. The evolution of the peroxide

value  contents indicated that, in general, the films with high concentrations of additives improved palm oil stabil-

ity.  Mechanical, physical and barrier properties of the developed film indicated that the addition of these bioactive

compounds modified their properties significantly (p < 0.05).
©  2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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from petrochemicals are widely used due to their versatility,
1.  Introduction

Traditional food packages are passive barriers designed to
delay the adverse effects of the environment on the food prod-
uct. Active packaging allows packages to interact with food
and the environment and plays a dynamic role in food preser-

vation (Brody et al., 2008, 2010).
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In recent years, the development of biodegradable pack-
aging materials made from renewable natural resources (e.g.,
starch) has received increasing attention. Many  new food-
packaging concepts have been introduced to satisfy consumer
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mechanical properties andlow cost, but the accumulation of
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arge amounts of these conventional synthetic polymers can
ause environmental impacts (Brody et al., 2010; Jiménez et al.,
012).

Problems caused by the disposal of these plastics have
otivated the development, production and application of

iodegradable polymers. Alternatively, there is a growing
nterest in using biodegradable packaging made from renew-
ble sources, such as films made from starch (Müller et al.,
009).

Oxidation is one of the main mechanisms for the deterio-
ation and reduced shelf life of foods. In addition, oxidation
lters the taste (rancidity) and nutritional quality (loss of
itamins and essential fatty acids) of food and generates reac-
ive and toxic compounds that pose a danger to consumers
Lindley, 1998). Antioxidant packaging is an important type
f active packaging and represents a very promising food
reservation technique for extending food product shelf life

López-de-Dicastillo et al., 2012). The incorporation of antiox-
dants into biodegradable packaging films has become very
tudied because oxidation is one of the main causes of food
poilage (Souza et al., 2011; Pereira-de-Abreu et al., 2011).

The incorporation of synthetic antioxidants into packaging
aterials has recently received increased interest due to toxi-

ological concerns, prompting an increased interest in natural
ntioxidants (Bonilla et al., 2012). Phenolic acids, terpenes,
ocopherols, carotenoids and vitamins are important natu-
al antioxidants that have been proposed for incorporation
nto packaging to improve the oxidation stability of lipids and
o prolong the storage of products (Siripatrawan and Harte,
010; López-de-Dicastillo et al., 2012; Cavar and Maksimović,
012). Although many  materials with antioxidant activity have
een tested, few studies have used natural, edible compounds,
nd even fewer studies have evaluated how these compounds
ould be incorporated into bio-based films (Oussalah et al.,
004).

Phytochemical studies of the mango (Mangifera indica L.)
ave shown significant amounts of secondary metabolites
hat are common components of the human diet. These bioac-
ive constituents, including carotenoids, phenolic compounds
nd vitamin C, are present in fruits (Ribeiro et al., 2008) and
ndustrialized pulps (Kuskoski et al., 2006) and provide antiox-
dant protection due to their capacity to scavenge free radicals.

The antioxidants are classified into two types, primary and
econdary, depending on the mechanism used to halt the
egradation process. The combination of two antioxidants,
oth primaries or a primary and a secondary, can result in

 synergistic effect (Carelli et al., 2005). Studies have showed
robable synergistic effect between carotenoids and phenolic
ompounds (Mertz et al., 2009; Han et al., 2011). However, the
nderstanding of the molecular mechanisms underlying such
ynergistic effects, as well as the number of the studies, is still
imited.

Cassava starch active films containing mango and acerola
ulps as additives have already been developed and tested as
ackaging for palm oil by our research group (Souza et al.,
011). However, acerola pulp exhibited a pro-oxidant effect,
ikely due to its high concentration of vitamin C. Yerba mate
ontains high levels of phenolic compounds (Bravo et al., 2007)
hat can be used as a substitute for acerola pulp, increasing
he antioxidant effectiveness of active films. This replacement
s important because some of the biological properties of the
erba mate aqueous extract are attributed to the presence of

hese compounds, including antioxidant properties and pro-
ection lipid peroxidation (Murakami et al., 2011).
Yerba mate (Ilex paraguariensis,  St. Hil.) is a commercially
important plant from the subtropical region of South America.
It is composed of minerals, vitamins, alkaloids (methylxan-
thines), phenolic flavonoids (quercetin and rutin) and tannins.
The antioxidant properties of yerba mate mainly arise from its
phenolic compounds (Bravo et al., 2007).

This study aimed to investigate the antioxidant efficacy
and physical, barrier and mechanical property alterations
resulting from the incorporation of mango pulp and aqueous
yerba mate extract in cassava starch-based edible films using
a response surface methodology. The incorporation of these
derivatives into packaging produced with cassava starch has
great economic importance due to the added value of natural,
edible and commercial available raw materials.

2.  Materials  and  methods

2.1.  Materials

Cassava starch (Cargill Agrícola SA, Brazil), glycerol (Labsynth,
Brazil) and palm oil were obtained from ODELSA SA, Brazil.
Mango pulp, yerba mate (I. paraguariensis,  St. Hil.) and low-
density polyethylene (LDPE) films (0.040 mm thickness) were
purchased from local markets (Salvador, Bahia, Brazil).

2.2.  Characterization  of  additives

Mango pulp and yerba mate powder were characterized in
relation to their chemical composition. Phenolic compounds,
flavonoids and carotenoids were measured by UV spectropho-
tometry according to Roesler et al. (1999), Lee et al. (2003) and
Souza et al. (2012a), respectively. Moisture and total solids val-
ues were determined by gravimetric measure (AOAC, 2000).
The pH values were determined according to the analytical
standards (IAL, 1985). The contents of total, soluble and insol-
uble dietary fiber were analyzed by enzymatic-gravimetric
method (AOAC, 2000). Extraction of lipids was performed
according to Bligh and Dyer (1959). Fatty acids (FA) pro-
file were separated after hydrolysis and methylation, by gas
chromatography (Varian® model 3800), in capillary a column
(Elite-WAX 30 m × 0.32 mm × 0.25 mm),  and flame ionization
detector, the quantification was performed by area normaliza-
tion (Nascimento et al., 2013). Free sugars of aqueous solution
of mango pulp and yerba mate powder were separated by
HPLC-IR (PerkinElmer 200 series) using a Polypore Ca pre-
column (30 mm × 10 mm × 4.6 mm)  followed by a Polypore Ca
column (220 mm × 4.6 mm × 10 mm),  in an oven at 80 ◦C. The
mobile phase used was chromatographic grade water flowing
at 0.1 mL  min−1. The quantification was using a standard curve
(Assis et al., 2014).

2.3.  Preparation  of  biocomposite  films

Preliminary experiments were conducted to evaluate the max-
imum concentrations of additives that could be incorporated
to the films, in order to obtain homogeneous materials, flex-
ible and easy to handle. Therefore, different concentrations
of mango pulp (10%, 20% and 30%) and yerba mate (20%, 30%
and 40%) were alternately tested. At the end of this stage, the
maximum concentrations were fixed in 20% for mango pulp
and 30% for the yerba mate. The other concentrations used
did not show desirable characteristics in the films obtained.
For films production, film-forming dispersions was pre-
pared by with an aqueous yerba mate extract obtained from
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yerba mate powder (0–30%) by method of percolation with 2 L
hot water (70 ◦C) for optimal extraction and preservation of
antioxidant compounds (Bravo et al., 2007). The extract was
cooled to room temperature and then filtered through What-
man No. 1 filter paper. The yerba mate extract was used to
dissolve cassava starch (4%), glycerol (1%) and mango pulp
(0–20%). Dispersions were shaken at 70 ◦C with constant stir-
ring for 10 min  and placed under ultrasonic bath for to remove
the bubbles and excess air dissolved in the suspension. The
film-forming dispersions were poured onto polystyrene Petri
dishes and dehydrated at 35 ◦C in an oven with airflow and cir-
culation (Nova Ética, 400ND, Vargem Grande Paulista, Brazil).
Dry films were stored at 23 ± 2 ◦C and 60 ± 2% relative humidity
(RH) in desiccators with a supersaturated solution of magne-
sium nitrate for 2 days before being characterized (Souza et al.,
2011).

2.4.  Characterization  of  biocomposite  films

For characterization, cassava starch films without additives
(WA) were used as a control.

2.4.1.  Moisture  content
The moisture contents of films were determined by measuring
their weight loss upon drying in an oven at 105 ◦C until they
reached a constant weight (dry sample weight). Samples were
analyzed at least in duplicate, and results are expressed as
percentage (g/100 g) moisture contents of samples.

2.4.2.  Thickness
The thickness of preconditioned film (75% RH, 23 ◦C) was deter-
mined using a Mitutoyo digital micrometer (Tokyo, Japan)
(1 �m resolution). Ten measurements were randomly taken at
different locations for each specimen, and the mean value is
reported.

2.4.3.  Water  vapor  permeability
Water vapor permeability (WVP) tests were conducted using
American Society for Testing and Materials, method E96
(ASTM, 2000) with modifications as described in a previous
work (Souza et al., 2012b). The films were fixed onto open cells
with silica gel inside desiccators containing a saturated NaCl
solution (75% RH). For all samples tested, a cell containing
just the films (no silica gel) was used as a control to estimate
the weight modifications of the material due to its humidity
adsorption/desorption arising from its affinity for water. The
cells were weighed daily over 5 days to guarantee steady-state
permeation.

2.4.4.  Mechanical  properties
The tensile strength (% TS) and elongation at break (% E) of
the films were measured using an Instron Universal Testing
Instrument (EMIC – Linha DL 20.000 20KN, PR, Brazil) oper-
ated according to ASTM (2001) standard method D882-00. Ten
specimens were tested for each sample.

2.5.  Biocomposite  films  used  as  packaging

Film samples were used to package palm oil for storage evalu-
ations using a response surface methodology. Square-shaped
bio-based films (5 cm × 2 cm)  were used to simulate the antiox-
idant capacity and stability of packaged palm oil for 0, 7, 15,

30, 45, 60 and 90 days under storage conditions of 63% RH
at 30 ± 2 ◦C. For the storage of palm oil, films were cut to
10 cm × 4 cm and sealed (Sealer SULPACK Basic SM BL 350,
Brazil) at the bottom and sides. Using a volumetric pipette,
10 mL of palm oil was transferred into the packaging. Oxygen
bubbles were removed, and the film was sealed on top. Film
storage of the palm oil and the analyses were performed in a
dark room to avoid the effects of light interference.

2.6.  Stability  of  biocomposite  films  during  storage

The stabilities of the biocomposite films used to package palm
oil were evaluated by analyzing the concentration of total
polyphenols (TP), total flavonoids (TF) and total carotenoids
(TC) during a storage period of 90 days. On day 7, 15, 30, 45,
60 and 90, samples of palm oil packed in 11 formulations con-
taining different concentrations of antioxidant additives were
removed from storage for the analyzes. Palm oil stored in the
films was removed and used for evaluation of oxidation, while
the film samples were used for analysis of the concentrations
of antioxidants (TP, TF and TC).

TP concentrations were spectrophotometrically deter-
mined at 760 nm (UV/Vis Spectrometer Lambda 20, Perkin-
Elmer, Norwalk, USA) using Folin–Ciocalteu reagent (Roesler
et al., 1999), and the results are expressed in gallic acid equiv-
alents.

TF concentrations were measured using a spectropho-
tometer at 510 nm and were calculated using a standard curve
prepared with dilutions of an epicatechin standard (Lee et al.,
2003).

For TC values, film samples (2 g) were prepared according to
Souza et al. (2012a) and were analyzed spectrophotometrically
at 440 nm.  TC concentrations were determined according to
Davies (1976).

2.7.  Packaged  product  oxidative  stability  during
storage

The oxidative stability of the packaged product was deter-
mined using the peroxide value (PV) and TC content over a
storage period of 90 days. Palm oil samples packaged in low
density polyethylene films (LDPE), palm oil without packaging
(WP), placed in a Petri dish and palm oil packaged in biocom-
posite films without antioxidant additives (WA) were used as
controls. All controls were subjected to the same storage con-
ditions of the film samples (63% RH at 30 ± 2 ◦C).

PVs were determined by titration according to the Associ-
ation of Analytical Communities (AOCS, 1997) methodology.
For TC, 0.3 g of the packaged product (palm oil) was dissolved
in petroleum ether. TC concentrations were determined spec-
trophotometrically at 435 nm.

2.8.  Experimental  design  and  statistical  analysis

A complete factorial experimental design, 22 with 3 center
points for a total of 11 experiments (Table 2), was applied to
enable perception of the influence of different concentrations
of the antioxidant additives incorporated into the bio-based
films. Mango pulp (0–20%; X1) and yerba mate extract (0–30%;
X2) were chosen as independent variables. The PV and TC from
the packaged product (palm oil) and the TP, TF, TC, mechanical
properties and WVPs from the films were used as dependent
variables (Y). The data were subjected to variance analysis and

Tukey’s test for comparison of means at a 5% significance level
using Statistica 7.0 software (Minneapolis, USA).
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Table 1 – Chemical characterization of additives mango
pulp and yerba mate  powder.

Analysis Mango pulp Yerba mate
powder

Total carotenoids (�g/g) 50.17 8.04
Total polyphenols (mg/g) 35.00 140.20
Total flavonoids (mg/g) 3.87 50.00
Lipids (%) 0.29 11.66
Moisture (g/100 g) 86.64 5.34
Total solids (g/100 g) 13.36 94.66
pH 3.27 5.80
Total fiber (g/100 g) 1.51 52.76
Free sugar (mg/g)

Glucose 39.79 12.91
Sucrose 49.17 15.20
Fructose 92.72 9.35

Fatty acids (%)
C12:0 0.76 ND
C14:0 5.45 1.82
C16:0 28.40 48.91
C16:1n7 12.28 ND
C17:0 0.28 ND
C18:0 1.91 3.65
C18:1n9 27.10 6.54
C18:2n6 6.91 5.35
C18:3n3 16.66 33.73
C22:0 0.25 ND
� Saturated 37.05 54.38
� Unsaturated 62.95 45.62

ND, unidentified.
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.  Results  and  discussion

hemical composition of mango pulp and yerba mate pow-
er are shown in Table 1. The results are in agreement with
ther studies (Medlicott and Thompson, 1985; Salgado et al.,
999; Lima et al., 2006; Ribeiro et al., 2007; Vieira, 2009; Berté
t al., 2011; Dartora et al., 2011) showing that both incorpo-
ated additives are sources of antioxidants compounds, as well

s free sugars. It is worth mentioning that the results pre-
ented are relative to yerba mate powder used to prepare the

Table 2 – Real and coded (X1 and X2) values of mango pulp and
solutions according to a (22) second-order experimental design
mechanical properties.

F Mango pulp
% (X1)

Yerba mate
extract % (X2)

Thickness
(mm)

M
(g

WA – – 0.113a

F1 2.90 (−1.00) 4.40 (−1.00) 0.115a

F2 2.90 (−1.00) 25.60 (1.00) 0.117a,b

F3 17.10 (1.00) 4.40 (−1.00) 0.125c

F4 17.10 (1.00) 25.60 (1.00) 0.120c,d

F5 0.00 (−1.41) 15.00 (0.00) 0.114a

F6 20.00 (1.41) 15.00 (0.00) 0.111a

F7 10.00 (0.00) 0.00 (−1.41) 0.112a

F8 10.00 (0.00) 30.00 (1.41) 0.118b,d,e

F9a 10.00 (0.00) 15.00 (0.00) 0.122c,e

F10a 10.00 (0.00) 15.00 (0.00) 0.121c,e

F11a 10.00 (0.00) 15.00 (0.00) 0.124c

F, formulations; WA, film without additives mango pulp and yerba mate ex
Means with the same letters in the same columns were not statistically di
a Central points.
aqueous extract of this yerba, the extract obtained was used
in the preparation of the films.

The effects of incorporating mango pulp and yerba mate
extract on the physical properties (thickness, moisture),
WVP  and mechanical properties (elongation and tensile
strength) of the cassava starch-based films are presented in
Table 2.

The incorporation of additives into cassava bio-based
films caused changes in the mechanical and barrier film
properties. In general, according to Tukey’s test, the formula-
tions with higher additive concentrations exhibited significant
differences (p < 0.05) in the parameters of thickness, mois-
ture and WVP  when compared with controls (Table 2). For
these parameters, ANOVA indicated that the differences
between the formulations were not statistically significant
(p > 0.05).

Thickness varied from a 1.77% decrease to a 10.62%
increase, and the moisture increased 32.68% when compared
to control WA (film without additives). The thickness is an
important parameter to measure, is the basis for several char-
acteristics of the films, including the mechanical properties.
The thickness of the films ranged 0.111–0.125 mm,  with sig-
nificant differences between the formulations, however, there
was a low correlation coefficient of this parameter with the
elongation (r2 = 0.010) and tensile strength (r2 = 0.230), indicat-
ing that this parameter has little influence on the mechanical
properties of the films analyzed.

The moisture of the industrialized mango pulp
(86.64 g/100 g, Table 1) and yerba mate extract (93.14 g/100 g
– at 30% yerba mate powder) incorporated into films, may
have led to variations of this parameter (11.49–14.86 g/100 g,
Table 2) observed in films that depended on the levels of each
additive incorporated into the matrix.

WVP  values ranged from 5.74 to 9.55 × 10−8 g mm/m2 h kPa
depending on the film formulation, while the control showed
a value of 8.6 × 10−8 g mm/m2 h kPa (p < 0.05) (Table 2).

The F1 formulation showed an 11.05% increase in this
parameter compared to the film without additives. With the

exception of this film, in which there was minimal incor-
poration of additives (2.90%, w/w, mango pulp and 4.40%,

 yerba mate  extract added to cassava starch filmogenic
. Effects of additive incorporation on physical, barrier and

Physical, barrier and mechanical properties

oisture
/100 g)

WVP  × 10−8 Elongation
(%)

Tensile
strength (MPa)

11.20c 8.60d 70.28c 5.38d

14.86a 9.55e 56.67a 4.03c

14.10b 6.52a,b 55.98a 2.37a

12.37b,c 6.01b 69.15c 2.47a

11.77c 5.75a 59.58b 1.36b

14.80a 6.86b 55.15a 2.67a

11.49c 5.74a 69.36c 2.04a,b

13.57b 7.10b 65.28c 2.57a

12.65b,c 7.70b 55.50a 2.00a,b

13.12b 7.84c 57.38b 1.37b

13.15b 7.88c 58.01b 1.38b

13.14b 7.85c 57.94b 1.37b

tract; WVP, water vapor permeability (g mm/m2 h kPa).
fferent (p > 0.05) according to Tukey’s test.
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Fig. 1 – Total antioxidant contents in biocomposite film formulations, peroxide value and total carotenoid values in palm oil

during storage.

w/w,  yerba mate extract), the other formulations exhibited
decreased WVP  values that ranged between 9.14% and 49.83%
compared to the control (Table 2). These results can be
explained by the interaction between the mango pulp fibers
(Table 1) and starch (Avérous et al., 2001).

The reduction in WVP  can be due to the presence of insol-
uble fibers, which reduce the free space in the polymeric
matrix, obstructing the passage of water vapor through the
surfaces of films (Müller et al., 2009). Another explanation may
be related to the hydrophobic nature of the phenolic com-
pounds, which interrupts the penetration of water molecules.
According to Sánchez-González et al. (2011) the same behavior
was observed when polyphenols (essential oils) were incor-
porated into chitosan/hydropropylmethylcellulose composite
films. They reported that WVP  values of composite films
decreased in line with the increase in the concentration of
the hydrophobic antioxidant agent.

Mechanical properties were also altered, depending on the
levels of mango pulp and yerba mate extracts incorporated
(Table 2). In comparison with the control (WA), the elongation
reductions ranged from 1.33% to 27.43%. A possible explana-
tion is that the free sugars naturally present in mango pulp
and yerba mate (Table 1), as glucose, fructose and sucrose,
acted as plasticizers. As the film base already had added
plasticizers (glycerol), the concentration in the final material
may have been too high, resulting in excessive interactions
between the film network and the plasticizers (Arvanitoyannis
et al., 1996), reducing film flexibility. The tensile strength was
reduced from 33.50% to 259.59% compared to the control. The
films produced were not visibly homogeneous; we observed
solids from the yerba mate extract on the surface. Therefore,
ruptures could occur more  easily, justifying the reductions.
This study demonstrated that the barrier and mechanical
properties of cassava starch biodegradable films could be sig-

nificantly (p < 0.05) altered through the incorporation of mango
pulp and yerba mate extracts (Table 2).
Similar results were obtained for bio-based films contain-
ing mango and acerola pulp in which the addition of pulps
resulted in reductions in the elongation percentage and tensile
strength (Souza et al., 2012b). Therefore, replacement of the
acerola pulp for yerba mate extract showed similar mechani-
cal properties.

Films of mango puree and other fruits exhibit reduced
tensile strength and elongation percentages when compared
to films made with fruit starches plasticized with glycerol
(Sothornvit and Rodsamran, 2008; Wang et al., 2011). Cassava
starch films plasticized with sucrose and inverted sugar and
obtained with the casting technique result in poor mechani-
cal properties and high WVP  (Veiga-Santos et al., 2005, 2007).
However, their low cost and the availability of the glycerin
and mango pulp can justify efforts to make starch a feasible
raw material for biodegradable film production. Consequently,
WVP  rates can be reduced.

As expected, initial TP, TF and TC values in the casting-
dried biocomposite films are proportional to the mango pulp
and yerba mate extract quantities incorporated in the fil-
mogenic solution formulations. The sample supplemented
with the lowest concentrations of both additives (F1) resulted
in films with low TP (43.41 mg/g), TF (23.24 mg/g) and TC
(21.15 �g/g) values (Fig. 1), while the sample incorporated with
the highest concentrations of both additives (F4) resulted
in higher values of TP (145.33 mg/g), TF (59.92 mg/g) and TC
(40.56 �g/g) (Table 2 and Fig. 1).

However, the sample with the highest quantity of yerba
mate extract (F8 – 10% mango pulp and 30% yerba mate
extract) had the highest TP (178.53 mg/g) and TF (62.54 mg/g)
values (p < 0.05) (Fig. 1), likely due to the TP (140.20 mg/g) and
TF (50.00 mg/g) concentrations of the yerba mate being higher
than those of the mango pulp (35.00 and 3.87 mg/g, respec-
tively) according to Table 1.
The same effects were observed when comparing the TC
values. Formulation F6 (20% mango pulp and 15% yerba mate
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xtract) had a high TC concentration of 48.10 �g/g, followed
y formulation F4 (17.10% mango pulp and 25.60% yerba mate
xtract) with a TC concentration of 40.56 �g/g (p < 0.05) (Fig. 1),
hich was due to the fact that the carotenoid concentration of

he mango pulp (50.17 �g/g) was higher than that of the yerba
ate (8.04 �g/g, Table 1).
Palm oil was packaged in 11 films (Table 3). The TP, TF and

C contents of all biocomposite films decreased during the
torage period (90 days). Sample F1 had the lowest concen-
rations of both additives and presented the least combined
ecrease in TP, TF and TC contents throughout the stor-
ge period (27.04 mg/g, 10.01 mg/g and 8.37 �g/g, respectively)
Table 3). Sample F8 had the highest concentration of yerba

ate extract and presented the largest decrease of TP and TF
ontents (32.50 and 22.56 mg/g, respectively) (p < 0.05) after 90
ays of storage. Sample F6 had the highest concentration of
ango pulp and presented the largest TC content decrease

14.87 �g/g) (p < 0.05) after 90 days of storage (Table 3 and Fig. 1).
hese results indicate that when the additive concentrations

ncrease, the loss of antioxidant compounds during storage
lso increases, demonstrating that the films provided high lev-
ls of protection and resulted in low levels of packaged product
xidation.

When F5 (yerba mate extract only) and F7 (mango
ulp only) were compared after 90 days, F7 had smaller
ecreases in TP (26.69 mg/g) and TF (10.23 mg/g) than F5

30.49 and 14.29 mg/g, respectively) (p < 0.05). F5 had a smaller
ecrease in TC (6.42 �g/g) than F7 (9.91 �g/g) (Table 3 and
ig. 1).

The PV and TC values of the palm oil packaged in films
ere analyzed over 90 days (Table 4 and Fig. 1). As expected,
ll palm oil samples packaged in the different films showed
ignificant decreases (p < 0.05) in TC values and concomitant
ncreases in the PV of the oil.

This effect can be considered concentration-dependent
ecause palm oil packaged with F1 (low concentrations
f both additives) presented a higher oxidation value

PV = 10.71 meq/kg) compared to oil packaged with F4 (high
oncentrations of additives) (PV = 8.79 meq/kg; p < 0.05) during
he same storage period. Palm oil packaged with F8 presented
he lowest decrease in PV (8.70 meq/kg; p < 0.05) after 90 days
Fig. 1 and Table 4). These results agree with other works
ndicating that the addition of a high concentration of antioxi-
ants results in higher antioxidant efficacy (Souza et al., 2011;
arbosa-Pereira et al., 2012).

The values of PV in the formulations increased under all
onditions during storage, but did not exhibit any significant
p > 0.05) between different formulations up to 60 days of stor-
ge. However, during the later storage period (90 days), the
tatistical analysis of the data showed the variations in these
alues to be significant (p < 0.05).

The oil packaged with F5 (yerba mate extract only) pre-
ented a lower PV (10.56 meq/kg) than oil packaged with
7 (mango pulp only) (11.09 meq/kg). The statistical test
howed that these results were not statistically signifi-
ant, but analyzing the Pareto chart of standardized effect
stimates (absolute values) is possible demonstrate the
reater efficacy of the yerba mate extract compared with
ango pulp to reduce the oxidative process in the oil

Fig. 2).
The main purpose of using antioxidants in lipid packaging

s to delay a significant accumulation of free radicals and thus
mprove oxidative stability. The results of this study suggest

hat the protection of packaged products against oxidation can

T o F F F F F F F F F F F F M F M a
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Table 4 – Increases in peroxide values and decreases in total carotenoids of the palm oil packaged in different films after
90 days of storage, and model equations for the dependent variable increases in the peroxide value.

Formulations Increases in peroxide value (PV, meq/kg) Decreases in total carotenoids (TC, �g/g)

7 15 30 45 60 90 7 15 30 45 60 90

LDPE 4.27a,b 8.94a 13.38a 15.67a 15.67a 13.53a,b 223.83a 246.66a 293.67a 324.06a 334.06b 339.06b

WP 5.40a 10.09a 15.08a 17.00a 17.01a 15.09a 237.50b 279.77b 322.13b 347.08b 357.08a 362.08a

WA 4.25a,b 8.77a 13.35a 15.43a 15.44a 12.48a,b,c 214.87a 243.45a 287.93c 309.73c 319.73c 324.73c

F1 2.09b 4.87b 7.89b 10.70b 10.70b 10.71b,c 20.89d 48.73d 78.85d 107.00e 117.10e 122.10e

F2 1.42b 3.87b 6.49b 8.75b 8.75b 8.79d 14.23f,g 38.70c 64.86e,h 87.50f 97.32i 102.32i

F3 1.90b 4.77b 7.68b 10.09b 10.09b 10.10c,d 18.95e 47.72d,e 76.74d,g 100.86d 110.87f 115.87f

F4 1.44b 3.90b 6.73b 8.75b 8.75b 8.79d 14.40g 38.92c 67.30h 87.50f 97.51i 102.51i

F5 1.90b 4.82b 7.76b 10.55b 10.55b 10.56b,c,d 18.95e 48.17e 77.59c,d 105.47e,d 115.47e 120.47e

F6 1.82b 4.67b 7.59b 9.69b 9.69b 9.72c,d 18.21e 46.66f 75.94f,g 96.93g,d 106.93g 111.93g

F7 2.17b 5.10b 8.49b 11.04b 11.04b 11.09b,c,d 21.63c,d 50.96d 84.91i 110.40h 120.44d 125.44d

F8 1.40b 3.79b 6.35b 8.68b 8.67b 8.70d 14.00f 37.89c 63.42e 86.72f 96.72i 101.72i

F9a 1.51b 4.14b 7.32b 9.19b 9.16b 9.23d 15.08f,g 41.38e 73.16g 91.85g 101.86h 106.86h

F10a 1.45b 3.93b 6.98b 9.17b 9.17b 9.29d 14.46f,g 39.25c 69.79g,j 91.64g 101.65h 106.65h

F11a 1.55b 3.92b 6.81b 8.90b 8.90b 9.00d 15.49f 39.21c 68.05j,h 88.94f,g 98.95h 103.95h

ME
Y  = 9.17 − 0.22X1 + 0.38X2

1 − 0.82X2 + 0.25X2
2 + 0.15X1X2 –

(R2 = 0.98) –

LDPE, palm oil packaged in low-density polyethylene film; WP, palm oil without packaging; WA,  palm oil packaged in film without additives;
ME, model equations at 90 days; X1, concentration of the independent variable – mango pulp; X2, concentration of the independent variable –
yerba mate extract; R2, coefficient of determination.
Means with the same letters in the same columns were not statistically different (p > 0.05) according to Tukey’s test.
a Central points.
be attributed to the concentration-dependent radical scaveng-
ing activity of antioxidant compounds present in film-forming
dispersions (Tables 3 and 4). This outcome occurred because
antioxidants act by inhibiting or interrupting the mechanism

of lipid auto-oxidation of free radicals. The protective effect

Fig. 2 – Response surface plots and Pareto graphic showing the e
polyphenols (TP, mg/g), total flavonoids (TF, mg/g) and total carot
values (PV, meq/kg) of palm oil after 90 days of storage.
against lipid oxidation is likely due to a physical and syn-
ergistic process mostly from the total polyphenols and total
flavonoids in yerba mate. The antioxidant capacity of pheno-
lic compounds is based on their configuration or molecular

structure (Han et al., 2011).

ffects of incorporated additives on the decreases in total
enoids (TC, �g/g) in films and the increases in peroxide
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Phenolics act as free radical acceptors, thereby terminating
xidation at the initial stage and preventing further forma-
ion of new radicals in the oxidation process (O’Sullivan et al.,
005). Likewise, the antioxidant activity of flavonoids is gener-
lly governed by their chemical structures. Flavonoids may act
s primary antioxidants by donating a hydrogen atom to act
s free-radical acceptors or chain breakers and may also act as
etal chelators. The relationship between the structure and

ntioxidant activity of flavonoids has been well documented
Heim et al., 2002; Silva et al., 2002).

For films made of cassava starch containing mango and
cerola pulps, the smallest increases in the PV were associated
ith the highest concentrations of both additives. However,

he antioxidant action is dependent on high concentrations
f mango pulp (Souza et al., 2011). In this study, the small-
st increases in the PV were shown in the formulations with
igher concentrations of yerba mate extract, thus demonstrat-

ng the superior antioxidant action of this additive compared
ith acerola pulp.

The values of TC in the packaged product were not sig-
ificantly different (p > 0.05) between different formulations.
owever, film formulation F8 showed the lowest decrease in
C (101.72 �g/g) and is therefore most effective for protecting
alm oil (Table 4 and Fig. 1). The results confirm the effi-
acy of bio-based films with mango pulp and yerba mate,
ikely because antioxidant compounds reduce oxygen levels
nside the package, thus reducing carotenoid degradation in
he packaged product. Similar results were also reported by
ouza et al. (2011) for films with mango and acerola pulps.

The results also showed that cassava starch films with-
ut antioxidant additives had larger protective effects (p < 0.05)
ompared to LDPE and can be more  effective barriers against
xidation (Table 4). These results are in agreement with some
tudies that have shown that oxygen can permeate the film
nd react preferentially with compounds present in the film
ormulation, allowing the packaged product to be preserved
or a longer period of time. It is also worth noting that the
alm oil samples packaged with LDPE (low density polyethyl-
ne), exposed to air (without packaging, WP)  and packaged in
he formulation without additives (WA) after 90 days passed
hrough stage 3 oxidation, while palm oil packaged in any for-

ulation containing different levels of additives did not reach
his stage. All samples of palm oil packaged with formulations
ontaining antioxidants exhibited delayed induction periods
ompared with those of the controls (Fig. 1). The PV tends to
ncrease during early stages of oxidation, when the formation
ate of hydroperoxides is higher than the rate of decompo-
ition. After the maximum value is reached, the value then
ecreases as a result of the lower substrate availability and
he instability of peroxide molecules, which leads to a for-

ation rate lower than that of decomposition. Pereira et al.
2011) reported that oils and fats are easily broken down dur-
ng storage; this type of decomposition is demonstrated by the
ncrease and subsequent decrease in the PV, as observed in the
ontrol samples in this study.

Experimental results for different film formulations used
o package palm oil during storage were significantly different
p < 0.05) with regard to TP, TF and TC after 90 days of storage.
his outcome in the construction of a second-order polyno-
ial equation, which represents the model equation used

o evaluate the decreases in TP, TF and TC (Table 3) in films
s a function of the concentrations of mango pulp (%,  X1)

nd yerba mate extract (%, X2) and the interaction between
hem (X1 and X2). The coefficient of determination (R2) was
calculated to check the adequacy of the models, generally,
a number closer to one is preferred. Analysis of variance
showed a high coefficient of determination value (R2) of 0.98
for TP, 0.98 for TF and 0.96 for TC thus ensuring a satisfactory
fit of the second order polynomial regression model with the
experimental data. In addition, the value indicates that the
models for TP, TF, TC and PV did not explain only 0.02%, 0.02%
and 0.04% of the total variations, respectively.

The response surface graphs (Fig. 2) display the decreases
in TP, TF and TC as functions of the concentrations of mango
pulp and yerba mate, which were incorporated as additives
in the bio-based films. By analyzing these figures, the com-
bined effects of mango and yerba mate provide data that can
be used to visualize the maximal values of theses parameters
(TP, TF and TC) in the films. In this case, there is an apparent
linear relationship between the amount of yerba mate extract
added and the protective effect. It is possible to observe that
the largest decreases in the values of TF and TP are correlated
with the films containing the highest concentrations of yerba
mate extract; however, the reductions in TC are influenced
by the highest concentrations of both additives. Thus demon-
strating that higher concentrations of the additives result in
greater antioxidant loss and a more  efficient protection of the
packaged product.

Due to the incorporation of different proportions of mango
pulp (% X1) and yerba mate (% X2) in the bio-based films, the
increase in the PV (meq/kg) of palm oil after 90 days of stor-
age is expressed using a second-order polynomial equation
(R2 = 0.98) (Table 4). The increase in this parameter depends
on the concentrations of mango pulp and yerba mate. Fig. 2
represents the response surface graph, showing the increases
in palm oil PV packaged with different bio-based film formu-
lations. The graph indicates that the point of minimum PV
increase corresponds to the maximum concentration of yerba
mate.

The Pareto chart showed the magnitude of the negative
effect of yerba mate concentration on increasing PV, thus
reinforcing the idea that this factor has a favorable influence
on that variable. For the day 90, the Pareto chart demon-
strated that the quadratic function of the mango pulp variable
showed a slight positive effect on the increase in PV, indi-
cating low antioxidant action of that additive. The influence
of the addition of mango pulp was relatively lower than the
observed for the yerba, the formulation F7 (only mango pulp)
showed the largest increases in PV between the 11 formula-
tions (Table 2 and Fig. 2). Pareto chart also showed that the
interaction between yerba mate extract and mango pulp does
not influences PV (Fig. 2).

To increasing in concentrations of PV of palm oil packed
in cassava starch active films containing mango and acerola
pulps, the Pareto chart showed greater negative effect of
the independent variable mango pulp compared with pulp
variable acerola, demonstrating greater antioxidant effect of
mango pulp. The interaction of the variables also showed sig-
nificant results, however, the negative effect was lower (Souza,
2010).

The PV showed a higher correlation with decreased antiox-
idant concentrations in the bio-based films (TP 76.22%, TF
60.44% and TC 34.98%) (Fig. 3): the greater the reductions in
antioxidants, the lower the PV concentration. Thus, the pack-
aging rather than the packaged product is oxidized (active
compound loss). For cassava starch active films containing

mango and acerola pulps, with regard to the correlation
between vitamin C and PV, the decrease in the vitamin C
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Fig. 3 – Correlation between the reduction of antioxidant
contents of the biocomposite films and the peroxide values

in palm oil.

values was associated with an increase in the PV; i.e., the
results showed a possible pro-oxidant effect of vitamin C.

The results of this study suggest that the protection of
packaged products against oxidation can be attributed to
the concentration-dependent radical-scavenging activities of
antioxidant compounds present in film-forming dispersions.
Considering the results for PV in the packaged product, the
protective effect against lipid oxidation is likely a consequence
of a physical process due to the yerba mate content.

4.  Conclusions

The incorporation of mango pulp and yerba mate extract,
as additives in film-forming dispersions, are effective in pre-
serving a packaged product against oxidation. The results
revealed higher antioxidant efficacy by yerba mate extracts,
likely due to phenolic compounds and flavonoids. Film formu-
lations with higher concentrations of this additive exhibited
lower rates of oxidation in the packaged palm oil.

The results suggest that a device incorporating natural
antioxidants into starch-based films with active compounds
may be beneficial in maintaining food quality through antiox-
idant action. The application of these products represents an
innovative concept that is of interest to the food industry.
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