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Abstract: Apple starch films were obtained from apples harvested at 60, 70, 80 and 90 days
after full bloom (DAFB). Mechanical properties and water vapor permeability (WVP) were
evaluated. The apple starch films at 70 DAFB presented higher values in the variables of tensile
strength (8.12 MPa), elastic modulus (3.10 MPa) and lower values of water vapor permeability
(6.77 × 10−11 g m−1 s−1 Pa−1) than apple starch films from apples harvested at 60, 80 and 90 DAFB.
Therefore, these films were chosen to continue the study incorporating ellagic acid (EA). The EA
was added at three concentrations [0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%) and 0.1%
(FILM-EA0.1%) w/w] and compared with the apple starch films without EA (FILM-Control). The films
were characterized by their physicochemical, optical, morphological and mechanical properties. Their
thermal stability and antioxidant capacity were also evaluated. The FILM-Control and FILM-EA0.02%
showed a uniform surface, while FILM-EA0.05% and FILM-EA0.1% showed a rough surface and
insoluble EA particles. Compared to FILM-Control, EA modified the values of tensile strength,
elasticity modulus and elongation at break. The antioxidant capacity increased as EA concentration
did. EA incorporation allowed obtaining films with higher antioxidant capacity, capable of blocking
UV light with better mechanical properties than film without EA.

Keywords: active films; thermogravimetric analysis; UV protection; X-ray diffraction

1. Introduction

Plastics are synthetic polymers derived from fossil fuels, which because of its production cost and
versatility are one of the most popular food packaging materials [1,2]. Despite that, the non-biodegradable
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nature of these materials has generated serious pollution problems [3]. For these reasons, the interest on
developing edible films and coating that can totally or partially replace the use of synthetic polymers
derived from petroleum, has grown [4,5]. Edible films can be obtained from proteins, carbohydrates,
glycoproteins, lipids or their mixtures [6,7]. One of the most widely used natural biopolymers with a
great potential in the production of biodegradable materials is starch [1,8]. Starch is the main energy
reserve of higher plants, a natural resource, renewable, abundant and low cost [4]. Starch films
offer several advantages for use as food packaging, being colorless, odorless, tasteless, transparent,
biodegradable, non-toxic and with low oxygen permeability [9]. On the other hand, compared with
synthetic polymers, starch films are highly hydrophilic with poor mechanical properties [3,4]. It has
been reported that the different properties of starch-based films vary with the botanical source [10–15].
These variations are mainly due to the amylose content in the native starches (18%–30%) [16]. The food
industry is constantly looking for new sources of starches that may offer different or better functional
properties [1,17]. Regarding to this, Stevenson et al. [18] evaluated the functional properties of starches
isolated from immature apples of six cultivars, their results indicated that the amylose content was
26.0% to 29.3%. In this sense, apple starches may form films with acceptable properties (due to its
amylose content) and comparable to those obtained from conventional sources such as corn and
wheat. Apple is a climacteric fruit, whose ripening process is regulated by ethylene [19]. Within its
growth and development, the fruit is characterized by significant concentrations of starch, which
become almost zero at the time of commercial harvest [18,19]. One of the most common practices in
apple orchards is the fruit thinning. The objective of this process is to achieve the development of
high-quality fruits with regular yields and high blooming return [20,21]. Besides, it is important to
mention that in order to obtain a good commercial quality harvest, it is required that only between 5%
and 30% of the flowers end up as mature fruits [22]. When fruit thinning in apple orchards is done
manually (hand-thinning), it is recommended to do it at 28 DAFB. However, late manual thinning
(60 DAFB) is a common practice in the region [20], which may be extended up to 70 DAFB. Although
its benefits are well known, this practice is usually delay due to the farmers fear, that the damages
by frost in orchard whose fruits has been previously thinned, diminish the harvest yield. Apples
removed during the fruit thinning are considered as a waste and in the best case, they are used as
animal feed or as compost [21]. An alternative for the use of the fruits eliminated by this practice may
be the isolation of their starch for the development of biodegradable films. The packaging plays an
important role in the food industry, it must to contain and protect the food against external and internal
factors. Biodegradable films can control the mass exchange between the food and the surrounding
medium increasing the extension of shelf life and improving the quality of foods [23,24]. There is
increasing interest in developing biodegradable packaging that can be used as active packaging [25].
According to these, starch-based films can develop activities as carriers and active substances-releasing
agents (antioxidants, antimicrobials, flavorings, among others) in to the food matrix by diffusion
process, which gives rise to the active films [26,27]. At present, there has been an increasing interest in
incorporating antioxidants in starch-based films, mainly plants extracts, which are often characterized
by their content of phenolic compounds [1,10,25,28,29]. Ellagic acid (EA) is a phenolic compound
found in a wide variety of vegetables, usually in the form of ellagitannins (its precursors). EA is
mainly found in fruits such as pomegranates, raspberries and blueberries [30], it shows antimicrobial
and anticancer properties, besides inhibiting the formation and growth of tumors in animals [31].
Definitely, one of its most studied properties is its ability to capture free radicals [31–33], due to its
high antioxidant capacity, since it is a stable molecule at high temperatures, which melting point
is ~362 ◦C [34]. EA has previously been used to deal with melanoma cells in chitosan based-films,
presenting anticancer activity at concentrations as low as 0.1% (w/v) [30]. It has also been applied
on candelilla wax based coatings at a concentration of 0.01% (w/v) to minimize the changes of color
and improve the texture of fresh-cut fruits [35] and to lengthen shelf life in avocados [36]. For all
these reasons, it can be mentioned that the EA is a substance with varied biological activity, which
has already been added to films for medical purposes; however, currently there are no reports on
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the incorporation on the properties of film formation in apple starches. The objective of this study
consisted in evaluating the effect of incorporating EA, on the physicochemical, mechanical, thermal
and antioxidant properties of apple starch-based films.

2. Materials and Methods

2.1. Sample and Reagents

Starch was obtained from Golden Delicious Smothee apples harvested at 60, 70, 80 and 90 days
after full bloom (DAFB) during the production cycle of 2013 in the orchard “La Campana” at Ciudad
Cuauhtemoc, Chihuahua, Mexico. Starch extraction was performed by wet milling according to the
method reported by Tirado-Gallegos et al. [17].

2.2. Preparation of Coating Solutions and Films

Coating solutions and films were made with the plate casting method using the methodology
proposed by Mali et al. [37]. Different aqueous dispersions were prepared with each of the starches.
Starch was mixed with distilled water until reaching a concentration of 4% (w/w). The dispersion
was heated on a heating plate (model 6795-220, CORNING, Monterrey, NL, Mexico) and kept under
constant stirring (350 rpm) with overhead stirrer IKA (model RW 20 digital, WERKE, Wilmington, NC,
USA), the dispersion was held at 85–90 ◦C for 15 min. Subsequently, the starch dispersion was cooled
to 70 ◦C and glycerol (2%, w/w) as plasticizer was added [38]. The heating was maintained 15 min
at this temperature under the same conditions of agitation. The filmogenic solutions with EA had
the same starch and glycerol concentration and were prepared under the same conditions. However,
glycerol was mixed with EA at three concentrations (0.02%, 0.05% and 0.1%, w/w) based on total mass
of film forming solution. This mixture was kept under constant stirring for 12 h before being added to
the starch solution. Once the process is complete, the filmogenic solution (film-forming solution) was
cooled to 60 ◦C and emptied immediately in polystyrene Petri dishes (Ø = 15 cm) using 40 g/box. Boxes
with the filmogenic solutions were dried under laboratory condition (RH ≈ 45% ± 5% and 25 ± 1 ◦C)
until the formed film was peeled off easily from the plate (≈ 72 h) [24,39]. Subsequently, the films were
conditioned for 48 h in desiccators containing a saturated salt solution of NaBr (RH = 55%± 5%). After
the conditioning, the properties of the films were characterized. The films obtained in the first stage
from starch of apples harvested at 60, 70, 80 and 90 DAFB were abbreviated as: FILM-60, FILM-70,
FILM-80 and FILM-90, respectively. The films made in the second stage, were obtained from starch of
harvested apples at 70 DAFB. In this case, the film without EA was appointed as FILM-Control, while
the films with 0.02%, 0.05% and 0.1% (w/w) of EA were identified as FILM-EA0.02%, FILM-EA0.05%
and FILM-EA0.1%, respectively.

2.3. Films Characterization

2.3.1. Color

The films tri-stimulus color was evaluated with a Minolta colorimeter CR-300 (Minolta, Osaka,
Japan) with a diffuse illumination/0◦ viewing geometry and a pulsed xenon arc lamp (PXA). Readings
were recorded in the color space in accordance with the CIELAB (L*, a*, b*) scale. Readings were taken
in five random points on the surface of the films, using as background white standard used in the
calibration of equipment. Moreover, the whiteness index (WI) of the films with EA and its control was
measured according to the following equation [40]:

WI = 100−
√
(100− L∗)2 + a ∗2 +b∗2 (1)
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2.3.2. Optical Properties using Ultraviolet–visible (UV-vis) Spectroscopy

The light barrier properties of the films evaluated as transparency was determined according
to the methodology proposed by Luchese et al. [39]. Sample rectangles were cut and placed in the
cell of a spectrophotometer (Evolution 300, Thermo Scientific, Waltham, MA, USA) and readings of
the absorbance of the cell were made with the film at 600 nm taking the filmless cell as blank. Films
transparency (T) was calculated according to the following equation:

Transparency (T) =
A600

e
(2)

where A600 is the absorbance of the cell with the film at 600 nm and e is the film’s thickness. According
to the above, high absorbance values mean less transparency in the films. In the case of the films with
EA, a sweep of the absorbance from 200 to 800 nm was performed. Five replicates were performed.

2.3.3. Scanning Electron Microscopy

The surface morphology of the films was evaluated by scanning electron microscope JEOL (JEE400,
Tokyo, Japan). The film sample was adhered to the sample holder and covered with gold to make it
conductive. Finally, micrographs were taken at acceleration potential of 5 kV and a current intensity
of 2 mA.

2.3.4. Thickness Measurement

The film thickness (e) was measured using a digital micrometer Mitutoyo (model Coolant Proof
293-348, Kanagawa, Japan) with an accuracy of 0.001 mm, the thickness was measured at 10 points
randomly designated on the films.

2.3.5. Moisture Content

The moisture content was determined using the standard method of the International Association
of Official Analytical Chemistry (AOAC) [41]. Samples of 0.5 g was weighed and dried in an oven
Shel Lab (model 1370GM-2, Sheblon Manufacturing, Inc., Cornelius, OR, USA) at 105 ◦C to constant
weight with a variation of 0.0001 g (≈ 2.5 h). This analysis was carried out five times and the moisture
content was expressed as percentage of water in the film according to following equation:

Moisture (%) =
Wi −W f

Wi
× 100 (3)

where, Wi is the initial weight of the humid film and Wf is the final weight of the dry film.

2.3.6. Water Solubility

The films solubility was determined according to the methodology proposed by Colla et al. [42]
with slight modifications. Films were cut with sizes of 2 × 3 cm2, which were dried to constant weight
at 105 ◦C during 2.5 h. Each sample was placed in a beaker with 80 mL of distilled water. The samples
were kept under gentle stirring (≈ 60 rpm) in a Corning plate (Model PC-620D, New York, NY, USA)
at room temperature (23 ± 3 ◦C) within 24 h. Liquid together with the film was then filtered with
filter paper (Whatman No. 1, pre-dried at 105 ◦C to constant weight). Filter papers with film residues
were dried again at 105 ◦C to constant weight to obtain the dry matter. The solubility was recorded
as the percentage of dry material of the solubilized film (%S) for 24 h and was determined using the
following equation:

Solubility(%S) =
Wi −W f

Wi
× 100 (4)

where, Wi is the weight of the dry film and Wf is the weight of the dry sample after immersion in water.
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2.3.7. Water Vapor Permeability (WVP)

WVP was determined according to ASTM E-9680 [43] method, known as the cup method or
test cell. The films were cut into circles and placed on cells containing approximately 12 g of dry
silica gel (desiccant) to generate a relative humidity close to 0%. Subsequently, the cells were placed
in a desiccator containing a saturated NaCl solution to generate a 75% RH at room temperature
(25 ± 2 ◦C) solution. Weight variation of the cells over time was recorded, for which the cells every
60 min for at least 7 h were weighed. The recorded data were fit to a linear regression model and the
transmission rate (TR) was calculated from the slope (g s−1) obtained from the straight line and the
effective permeation area (0.0031 m2), while the WVP (g Pa−1 s−1 m−1) was determined according to
the equation:

TR =

(
∆w
∆t

)
1
A

(5)

WVP =
(TR)(e)

∆P
(6)

where ∆w is the weight change in the cell (g) at the time ∆t (s), A is the exposed area of the film in the
cell (m2), e is the film thickness (m) and ∆P is the gradient of the partial pressure of water vapor (Pa) in
the desiccator and inside the cell.

2.3.8. Mechanical Properties

Determinations were performed according to the methodology described by Mali et al. [44].
Ten strips (60 × 10 mm2) were cut for each formulation; the thickness was measured at 10 random
spots along each strip using a micrometer (Mitutoyo, Kobe, Japan). The films were subjected to a tensile
stress in a TAXT-Plus texturometer (Stable Micro Systems, Surrey, UK) with a 30 kg load cell, following
the guidelines of ASTM-882-95a [45]. Tensile tests were performed at a strain rate of 20 mm min−1

and a distance between the clamping pincers 4 cm. The tensile strength (TS) in MPa, the elongation at
break (%E) in % were recorded and the elasticity modulus (EM) in MPa was determined.

2.3.9. X-ray Diffraction

The diffractograms of the films were obtained by means of an X-ray diffractometer (Panalytical
Xpert PRO, Almelo, OV, The Netherlands) with Ni-filtered CuKα radiation at a voltage of 40 kV
and a current of 30 mA (λ = 0.154 nm), equipped with an X´Celerator detector. The diffractograms
were collected within the scanning angle 2θ from 5◦ to 40◦ with a scanning speed of 1◦ min−1.
The crystallinity of the films was calculated with the following equation:

Cristallinity (%) =
Ac

Ac + Aa
× 100 (7)

where, Ac is the area of the crystalline region and Aa is the area of the amorphous region.

2.3.10. Fourier Transform Infrared Spectroscopy (FTIR)

The characterization of the films by FTIR was carried out with a Spectrum Two infrared
spectrophotometer (Perkin Elmer Inc., Waltham, MA, USA) equipped with a universal module of
attenuated total reflectance (ATR). The samples were placed in the sample holder for ATR and by
means of a punch a pressure of 100 ± 1 N was exerted on the sample. The vibrational transition
frequencies were reported in transmittance (%) according to the wave number (cm−1) within the
mid-infrared. An average of 34 sweeps per sample was recorded with a resolution of 4 cm−1 in the
region from 450 to 4000 cm−1. The spectra were analyzed with Spectrum Two software version 10.4.
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2.3.11. Thermogravimetric Analysis

The thermal stability of the samples was assessed by thermogravimetric analysis according to
procedure described by Teodoro et al. [46]. A TGA equipment was used (U600, TA Instruments,
New Castle, DE, USA) under constant nitrogen flow (20 mL/min). The amount of approximately
8–10 mg was weighted. Sample was heated from 25 to 800 ◦C at a speed of 20 ◦C min−1.
The following temperatures for each sample were determinate: Maximum degradation temperature
(Tmax), the percentage of moisture contained at 100 ◦C (MC100), the temperature at which occurs a weight
loss of 10% (T90), as well as the extrapolated onset temperature (Tonset) indicating the temperature at
which weight loss begins and the residual mass at 800 ◦C extrapolated (MR800). The MC100, Tonset and
MR800 were estimated from the weight loss with respect to temperature (DTG curves).

2.3.12. Antioxidant Capacity

The films were kept under stirring in alcohol (0.05 g/mL) for 12 h (in complete darkness).
Subsequently, samples were centrifuged (16,000 × g, 10 min, 5 ◦C) and the supernatant was recovered
and filtered (Whatman No. 1). The extracts obtained were used to evaluate antioxidant capacity.
Evaluation of antioxidant capacity was performed by the 2,2-diphenyl-1-picrilhidracil method (DPPH)
according to Brand-Williams et al. [47] with slight modifications. A methanolic solution of DPPH
(25 mg/L) was prepared and adjusted its absorbance at 0.7 ± 0.02 a 490 nm since the molecule has
its absorption maximum at this wavelength (according to a preliminary sweep). 20 µL of the diluted
sample (dilution factor 1:10) were placed in wells of a microplate and 280 µL of the DPPH solution
was added. Subsequently, the mixture was kept in the dark for 30 min and the absorbance was read
on a microplate reader BIORAD at a wavelength of 490 nm. Results were expressed as TEAC values,
which translate as µmol Trolox equivalent (TE)/g dries film.

The antioxidant capacity was also determined by the assay of 2,2′-azino-bis (3-ethylbenzthiazolin)-
6-sulphonic acid (ABTS), for which the protocol described by Re et al. [48] was used. The ABTS cation
radical was generated by mixing an aqueous solution of ABTS (7 mM) with 88 µL of a solution of
potassium per sulfate (140 mM) (final concentration of 2.45 mM). The mixture was allowed to stand for
16 h under conditions of total darkness. Subsequently, the solution of ABTS radical was diluted with
methanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. Ten µL of the diluted extract was placed in
wells of a microplate and 290 µL of the ABTS solution was added and its absorbance was measured at
734 nm in a BIORAD microplate reader. Antioxidant capacity was reported in the same manner as in
DPPH protocol.

2.4. Experimental Design

The experiment was planned in two stages. In the first stage, apple starch films plasticized with
glycerol were formulated and obtained. Apple starches were obtained from unripe fruits harvested
at 60, 70, 80 and 90 DAFB. Once the films were obtained, their different properties were evaluated.
Based on the results of its mechanical and barrier properties, the best film was chosen. In the second
stage the effect of the incorporation of EA on the films selected in stage 1 was evaluated, considering
its physicochemical, mechanical, barrier and antioxidant properties. In both stages, a completely
randomized blocks design was used. The data were reported as the average of three replicates ±
standard error. The results were evaluated by analysis of variance one-way (ANOVA) and comparison
of means was performed to detect significant differences (p < 0.05) by Tukey test. Data analysis was
performed using SAS 9.0 (SAS Institute Inc., Cary, NC, USA) software.

3. Results and Discussion

3.1. Physical Properties of Apple Starch Films Harvested at DAFB

In Table 1 the physical, mechanical, barrier (WVP) and structural (crystallinity) properties of
apple starch films harvested at 60, 70, 80 and 90 DAFB are shown. The thickness of the films did
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not show significant differences (p > 0.05), which was due to the fact that the preparation of films is
standardized [38]. Moreover, this is an important variable that influences the mechanical and barrier
properties. The moisture content of the films ranged significantly (p < 0.05) between 21.33% and
23.11%, with the highest moisture content FILM-60.

Table 1. Physical, mechanical, crystallinity and water vapor permeability (WVP) properties of apple
starch films harvested at different days after full bloom (DAFB).

Analyzed Variable
Film

FILM-60 FILM-70 FILM-80 FILM-90

Moisture (%) 23.11 ± 0.49 a 21.56 ± 0.45 b 22.84 ± 0.39 ab 21.33 ± 0.33 b

Solubility (%) 18.55 ± 1.01 ab 19.89 ± 0.49 a 21.36 ± 0.89 a 15.62 ± 0.62 b

Thickness (µm) 102.30 ± 4.39 a 100.28 ± 2.74a 99.33 ± 1.94 a 96.73 ± 1.48 a

Transparency 1.14 ± 0.02 b 1.18 ± 0.01 b 1.39 ± 0.04 a 1.06 ± 0.02b c

Color − − − −
L* 95.73 ± 0.09 a 95.81 ± 0.14 a 95.77 ± 0.11 a 95.46 ± 0.19 a

a* 0.21 ± 0.01 ab 0.19 ± 0.01 b 0.18 ± 0.01 b 0.25 ± 0.01 a

b* 2.04 ± 0.05 a 2.14 ± 0.05 a 2.15 ± 0.04 a 2.02 ± 0.04 a

Mechanical properties − − − −
TS (MPa) 4.70 ± 0.15 b 8.12 ± 0.36 a 7.37 ± 0.02 a 7.14 ± 0.35 a

%E (%) 54.99 ± 4.04 a 52.12 ± 4.30 a 56.59 ± 0.56 a 56.35 ± 2.79 a

EM (MPa) 0.92 ± 0.14 c 3.10 ± 0.27 a 2.03 ± 0.11 ab 1.71 ± 0.19 bc

Crystallinity (%) 28.29 ± 1.25 a 29.66 ± 2.52 a 33.50 ± 1.82 a 28.47 ± 1.20 a

WVP × 10−11 (g m−1 s−1 Pa−1) 11.97 ± 1.09 a 6.77 ± 0.85 b 7.36 ± 0.29 b 9.71 ± 0.25 ab

Values represent the average of three repetitions ± standard error; Different letters in each row are significantly
different (p < 0.05); DAFB: days after full bloom; TS: tensile strength; %E: elongation at break; ME: elasticity modulus;
WVP: water vapor permeability.

The solubility of the films ranged between 15.62% and 21.36%; while the moisture content of
the films did not affect their solubility. These values were minor than reported in sago starch films
(~25.2%) [49] and cassava starch films (28%) [50]. High values of solubility film have been related
to a high biodegradability, this is an advantage in foods covered with edible coatings that will be
cooked. However, low solubility is required in foods that are stored for a long time [49]. Moreover,
the solubility is an important factor to take into account in the migration of active substances from the
packaging to the food matrix [6].

The optical properties are another advantage of starch films, since being practically colorless allow
consumers to examine the food inside the package. The transparency of the films ranged between
1.06 and 1.39, equivalent to values of internal transmittance of 70%–75%. The transparency of the
starch films was similar to that of synthetic films such as low density polyethylene (3.05), oriented
polypropylene (1.67) and polyester (1.51) [51], which suggests that they have enough transparency
to be used as edible packaging. The tensile strength (TS) (4.70–8.12 MPa) and the elastic modulus
(EM) (0.92–3.10 MPa) varied significantly and both mechanical properties presented the following
descending order: FILM-70 > FILM-80 > FILM-90 > FILM-60. The elongation at break (%E) did not
present significant differences ranging between 52.12% and 56.59% with the following decreasing order:
FILM-80 > FILM-90 > FILM-60 > FILM-70. This was due to the fact that the mechanical properties are
influenced by the microstructure of the films, as well as by the crystallinity of their components.

The crystallinity of the films evaluated fluctuated between 28.29% and 33.50% without presenting
significant differences (p > 0.05) with the following descending order: FILM-80 > FILM-70 > FILM-90
> FILM-60. Just at the sample FILM-60 a feasible relation between the crystallinity and the lower
numerical values was observed for TS and ME. Finally, the water vapor permeability (WVP) varied
significantly among the tested films (Table 1). The highest values for WVP were observed in FILM-60
and FILM-90 with 11.97 and 9.71 × 10−11 g m−1 s−1 Pa−1, respectively. On the other hand, the lowest
values were for FILM-70 and FILM-80 with a WVP of 6.77 and 7.36 × 10−11 g m−1 s−1 Pa−1,
respectively. These values were lower than those reported in films of commercial corn´s starch
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(19.2 × 10−11 g m−1 s−1 Pa−1) [52] and yam (18.10 × 10−11 g m−1 s−1 Pa−1) [37] plasticized with
glycerol. In relation to these results it is important to point out that an objective comparison of WVP
can be difficult, because this variable depends on the botanical source (amylose/amylopectin ratio),
amount of plasticizer and moisture gradient used in the determination of WVP [27]. The behavior of
WVP is also influenced by the microstructure of the film, because the porosity and possible cracks
increase the values of WVP [1,53]. When compared with synthetic plastics such as polyethylene, one
of the great disadvantages of starch films is their high WVP, which limits their ability to maintain the
quality of food during storage. Therefore, taking into account the highest values of TS, ME and the
lowest value of WVP, the formulation FILM-70 was considered as the most appropriate to assess the
effect of the addition of ellagic acid (EA) on its physicochemical, mechanical, barrier and antioxidants
properties. It is important to note that there were no significant differences between the mechanical
properties of FILM-70 and FILM-80. Nevertheless, late fruit hand-thinning is practiced at until 70 DAFB
in our region, thus these immature apples are considered a waste that can be used as an unconventional
source of starch.

3.2. Characterization of Films with Ellagic Acid (EA) in the FILM-70 Formulation

3.2.1. Scanning Electron Microscopy (SEM) Analysis

In Figure 1 the micrographs of the surface of apple’s starch films without EA (FILM-Control) and
EA at different concentrations (0.02%, 0.05% and 0.1%) are shown. The absence of EA yielded films
with a compact and smooth surface, while the addition of EA to different concentrations promoted
the formation of rough surfaces. Furthermore, the presence of aggregates of EA on the surface was
evident, which indicated that there was no adequate dispersion of the EA in the polymeric matrix
because the EA, besides being insoluble in water, is very poorly soluble in many organic solvents such
as alcohol [34], so it probably requires the use of other types of solvents as the basic solutions [30].
This behavior was similar to that observed by Kim et al. [30] who formulated autoclaved chitosan
films with EA. These authors observed that the surface became rough by increasing the concentration
of EA. The morphology and microstructure of the films is of extreme importance, since it has a direct
effect on the other properties [37].
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3.2.2. Color and UV-vis Spectroscopy

The optical properties (transparency and color) varied significantly (p < 0.05) when EA was added
in films formulation FILM-70 (Table 2). The brightness of the films (L*) decreased with the addition
and the increase in the concentration of EA, which produced a slight darkening in the films, this was
in agreement with the decrease in the whiteness index (WI). The variable a* ranged from positive
values (control film) to negative values (green tonality) when adding EA. The variable b* was always
maintained with positive values, fluctuating between 2.73 and 14.48, following the descending order
FILM-EA0.1% > FILM-EA0.05% > FILM-EA0.02% > FILM-Control. This indicated that the films tended
towards the yellow tonality (values + b*) when adding and increasing the EA concentration (Figure 2a).

Table 2. Physical, mechanical, crystallinity and WVP properties of apple starch films without ellagic
acid (FILM-Control) and with ellagic acid (EA) added to 0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%)
and 0.1% (FILM-EA0.1%).

Analyzed Variable
Film

FILM-Control FILM-EA0.02% FILM- EA0.05% FILM-EA0.1%

Transparency 1.51 ± 0.09 d 3.73 ± 0.27 c 8.46 ± 0.194 b 17.45 ± 0.55 a

Color − − − −
L* 95.87 ± 0.07 a 95.11 ± 0.13 b 94.13 ± 0.17 c 92.32 ± 0.14 d

a* 0.22 ± 0.01 a −0.82 ± 0.03 b −1.24 ± 0.03 c −1.31 ± 0.02 c

b* 2.73 ± 0.06 d 6.77 ± 0.20 c 10.52 ± 0.29 b 14.48 ± 0.18 a

WI 95.04 ± 0.08 a 91.60 ± 0.24 b 87.89 ± 0.33 c 83.8 ± 83.56 d

Moisture (%) 23.83 ± 0.88 a 21.52 ± 0.49 ab 22.92 ± 0.49 ab 21.23 ± 0.32 b

Solubility (%) 20.51 ± 0.12 b 21.79 ± 0.43 ab 22.02 ± 0.93 a 23.79 ± 0.20 a

Thickness (µm) 102.79 ± 3.67 a 102.79 ± 3.67 a 104.42 ± 3.61 a 103. 53 ± 4.17 a

Mechanical properties − − − −
TS (MPa) 6.51 ± 0.18 b 8.98 ± 0.28 a 9.63 ± 0.52 a 8.21 ± 0.45 a

%E (%) 65.11 ± 2.98 a 62.48 ± 2.98 ab 56.91 ± 3.01 ab 52.44 ± 1.21 b

EM (MPa) 1.79 ± 0.19 c 2.78 ± 0.13 bc 4.58 ± 0.42 a 3.63 ± 0.32 ab

Crystallinity (%) 28.81 ± 1.69 a 28.63 ± 0.64 a 28.99 ± 0.27 a 31.39 ± 1.66 a

WVP × 10−11 (g m−1 s−1 Pa−1) 6.59 ± 0.28 b 7.46 ± 0.34 a 6.65 ± 0.19 ab 6.35 ± 0.22 b

Values represent the average of three repetitions ± standard error; Different letters in each row are significantly
different (p < 0.05); DAFB, days after full bloom; WI, whiteness index; TS: tensile strength; %E: elongation at break;
EM: elasticity modulus; WVP: water vapor permeability.

On the other hand, transparency of the films increased between 1.51 and 17.45, according to the
following order FILM-EA0.1% > FILM-EA0.05% > FILM-EA0.02% > FILM-Control. It is important
to indicate that higher values in transparency result in materials that reduce transmission to light
(more opaque). This characteristic can be observed in the Figure 2a, the increase in EA content
promoted more opaque starch films than control film. Figure 2b shows the optical transparency of
films evaluated a in the wavelength region of 200–800 nm, the FILM-Control virtually allowed light
transmission between 60% and 70% under the visible light region. This light transmission decreased
dramatically to 17% to 48%, 1% to 20% and 0.1% to 6% with addition of EA at 0.02 (FILM-EA0.02),
0.05 (FILM-EA0.05) and 0.1% w/w (FILM-EA0.1), respectively. UV-vis absorption curves measured
from 200 to 800 are shown in Figure 2c, all the films could prevent the UV transmission compared
to the film control, because of the addition of EA promoted significant (p < 0.05) high absorption
of light. Moreover, in the UV-vis absorption spectrum, the presence of EA in the films promoted
the apparition of absorption peaks at 370 and 400 nm and the intensity of peaks increased with
increasing EA content in the films. The peak absorption band 370 nm is characteristic to the presence
of flavonols, while the absorption band 400 nm exhibited the presence of the lactone ring in the EA
structure [54]. Within UV radiation, the one that causes the most damage to sensitive components
(pigments, vitamins, some enzymes, among others) present in food, is UV-A (ultraviolet light of long
wavelength, 315–400 nm) [49]. The incorporation of EA significantly increased the absorption of
UV-A, which was almost completely blocked with the addition of EA at the concentrations of 0.05%
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(FILM-EA0.05%) and 0.1% (FILM-EA0.1%) in films (Figure 2b). Generally, food packaging requires
transparent packaging; however, mostly opaque materials can protect those components of food that
are sensitive to light, thus maintaining their quality.Coatings 2018, 8, x FOR PEER REVIEW  10 of 18 
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Figure 2. (a) Digital images, (b) UV-vis transmittance and (c) UV-vis absorbance spectra of apple starch
films without ellagic acid (FILM-Control) and with ellagic acid (EA) added to 0.02% (FILM-EA0.02%),
0.05% (FILM-EA0.05%) and 0.1% (FILM-EA0.1%).

3.2.3. Moisture Content and Thickness of the Films

There were no significant differences (p > 0.05) in the thickness of the films (Table 2), so the
addition of EA did not influence this determination. Thickness uniformity can be taken as an indicator
that the process for preparing film was standardized, allowing control this feature. The film thickness
is important because it influences the mechanical and barrier properties of these materials. Compared
with the film without EA (FILM-Control), the moisture content only decreased (p < 0.05) when 0.1%
of EA was added (FILM-EA0.1%), going from 23.83% to 21.23% (Table 2), with a decrease of 11%.
These values were higher than those reported by Piñeros-Hernandez et al. [1] in starch films with
rosemary extract (19.4%–19.8%). Moreover, they were considerably lower than those reported by
Medina-Jaramillo et al. [50] in films from cassava starch with green tea (25.3%) and basil (28.6%) extract.
Both researchers observed surface hydrophobicity after adding extracts rich in phenols.

3.2.4. Solubility and Water Vapor Permeability (WVP)

The solubility of the films is shown in Table 2, expressed as a percentage of dry matter soluble
in water for 24 h. The solubility of the films ranged from 20.51% to 23.59%, with the following order
FILM-EA0.1% > FILM-EA0.05% > FILM-EA0.02% > FILM-Control. In comparison with the film
without EA, the solubility increased significantly by 16% when 0.05%–0.1% of EA was incorporated.
This behavior could be explained based on the results reported by Kim et al. [30], who observed that
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increasing the concentration of EA in chitosan films also decreased the contact angle on its surface,
promoting a more hydrophilic character. The solubility of the films is related to increased water
resistance. The water vapor permeability (WVP) is a measure of the amount of vapor molecules of
water passing through the film. Compared to FILM-Control, only FILM-EA0.05% increased the WVP
from 6.59 to 7.46 × 10−11 g m−1 s−1 Pa−1, showing an increase of 13%. WVP values reported in this
paper are within those reported by Nouri and Mohammadi [49] and Piñeros-Hernandez et al. [1]
in films of sago starch and cassava starch, respectively. As mentioned above, the incorporation EA
in chitosan films promoted a character hydrophilic in their surface, so that based on the results of
solubility shown in the Table 2, is very likely that such behavior is also present in the films obtained in
this study. Therefore, the WVP values would be expected to increase with the EA concentration. It is
possible that the presence of scattered particles in the films (Figure 1) will affect mass transfer in the
contact area [25]; however, more studies are needed in this regard. The barrier properties of the films
are related to their microstructure [37]. Figure 1 shows a mostly uniform surface in FILM-Control and
only cracks were observed on the surface of the films with 0.02% of EA, which promoted an increase in
the values of WVP. Piñeros-Hernandez et al. [1] observed cracks in the surface of starch films with 10%
rosemary extract only when the magnification was 2000×. In addition, cross-sectional micrographs
generate more information about the microstructure of these materials and impact properties (data not
shown). In general, the solubility and values of WVP films should be low or minimum to preserve
food during storage; however, high solubility would be an advantage if these materials are to be used
as food coatings [49].

3.2.5. Mechanical Properties

The tensile strength (TS), elastic modulus (EM) and elongation at break (%E) of the starch
films without and with EA are presented in Table 2. Compared with FILM-Control, the addition
of EA affected significantly (p < 0.05) all the mechanical properties. Tensile strength increased
to 38% from 6.51 MPa (FILM-control) to 8.98 MPa by adding 0.02% of EA in the formulation
(FILM-EA0.02%). By increasing the concentration of EA were no significant differences between active
films. In comparison with FILM-Control, elongation at break remained constant at EA concentrations
of 0.02% (FILM-EA0.02%) and 0.05% (FILM-EA0.05%). However, increasing the concentration of EA
to 0.1% (FILM-EA0.1%), %E experienced a decrease of 19%. EA concentration did not affect %E in
active films. Moreover, the elasticity modulus unchanged (p > 0.05) when comparing FILM-Control
and FILM-EA0.02%; however, the rigidity (EM) of the films increased by 155 and 102% by increasing
the concentration of 0.05% EA (FILM-AE0.05%) and 0.1% (FILM-AE0.1%), respectively. On the other
hand, the micrographs of the films (Figure 1) showed that FILM-Control presented, at least on the
surface, a more compact structure (uniform and homogeneous) than the active films (films with
EA). Theoretically, a more compact surface would provide better mechanical properties; however,
the inclusion of EA in the structure generated rougher surfaces presenting mechanical properties
(except %E) higher than those in FILM-Control. This implies that there was an interaction between
the EA and the starch, such as the possible formation of ester bonds during the gelatinization
process [1,55,56] or hydrogen bonding interactions [56,57]; however, further investigation needs
to be done about this physicochemical phenomenon.

3.2.6. X-ray Diffraction and Crystallinity

The X-ray diffraction patterns of the developed films are shown in Figure 3. The film FILM-Control
presented mostly pronounced peaks at approximately 2θ = 17◦, 19.5◦ and 22.2◦. Compared FILM-Control,
films added with EA showed the same peaks of crystallinity. However, from concentrations higher than
0.02% of EA (i.e., in films FILM-EA0.05% and FILM-0.1%) a peak of crystallinity was observed at
2θ = 12.3◦. In the film with the highest concentration of EA (FILM-0.1%), another peak of crystallinity
appeared at 2θ = 28.3◦. Kim et al. [30] obtained diffractograms of EA powder and added in chitosan
films, the peaks of crystallinity in 2θ = 13.2◦ and 28.3◦ were reported for EA powder and appeared in
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chitosan films with EA concentrations higher than 0.1%. However, in comparison with the control film,
the presence of the peaks of crystallinity of the EA did not significantly affect (p > 0.05) the crystallinity
of the films, ranging between 26.63% and 31.39% (Table 2) with the following order FILM-0.1% >
FILM-EA0.05% > FILM-Control > FILM-EA0.02%.
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ellagic acid (EA) added to 0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%) and 0.1% (FILM-EA0.1%).

3.2.7. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra obtained from the apple starch film without EA
(FILM-Control) and with EA (FILM-EA0.02%, FILM-EA0.05% and FILM-EA0.1%) are shown in
Figure 4. These spectra were compared to determine the feasible chemical interactions between
the components of the films (starch, glycerol, water and EA). It can be seen that in the wave number
(1/λ) from 4000 to 450 cm−1 (Figure 4a) all the spectra showed the characteristic peaks for the stretching
of the OH bond (3300 cm−1) and the stretching of the CH bonds associated with the glucose ring
(2922 cm−1) [58]. Within the region of the fingerprint (1/λ = 400–1250 cm−1) [17] characteristic peaks
were observed at 1149 cm−1, 1078 cm−1 and 1004 cm−1, representative of C–O–C and C–OH stretches
in the glycosidic bonds of polysaccharides [59]. In the films with EA, starting at a concentration of 0.05%
(FILM-EA0.05%) the appearance of a new peak was observed at 1507 cm−1, which was intensified at a
concentration of 0.1% (FILM-EA0.1%). Previously similar behaviors have been observed in chitosan
films with different concentrations of EA (0.05, 0.1 and 0.5%) and this was related to the stretching of
the C=C bonds present in the aromatic compounds [30]. These results are similar to those reported
by Piñeros-Hernandez et al. [1], who obtained cassava starch films added with rosemary extract.
FILM-Control and FILM-EA0.02% film had a clearly defined signal at 1645 cm−1, which was the
result of vibrations bending of the OH− groups of water absorbed in the amorphous region of the
starch molecule [60]. However, in Figure 4b it can be seen that in films FILM-EA0.05% a new peak
was developed at 1702 cm−1, which was more intense in FILM-EA0.1%. This peak is related to the
stretching of the ester bonds (C=O) [1,55,56]. Moreover, the new bands at 1620 and 1580 cm−1 in
FILM-EA0.1% (Figure 4b) have been related with aromatic rings [61]. This suggests that there was
possibly a chemical interaction between starch and ellagic acid, which could have caused the observed
variations in the mechanical properties of films with EA.



Coatings 2018, 8, 384 13 of 18

Coatings 2018, 8, x FOR PEER REVIEW  12 of 18 

 

The X-ray diffraction patterns of the developed films are shown in Figure 3. The film FILM-

Control presented mostly pronounced peaks at approximately 2θ = 17°, 19.5° and 22.2°. Compared 

FILM-Control, films added with EA showed the same peaks of crystallinity. However, from 

concentrations higher than 0.02% of EA (i.e., in films FILM-EA0.05% and FILM-0.1%) a peak of 

crystallinity was observed at 2θ = 12.3°. In the film with the highest concentration of EA (FILM-0.1%), 

another peak of crystallinity appeared at 2θ = 28.3°. Kim et al. [30] obtained diffractograms of EA 

powder and added in chitosan films, the peaks of crystallinity in 2θ = 13.2° and 28.3° were reported 

for EA powder and appeared in chitosan films with EA concentrations higher than 0.1%. However, 

in comparison with the control film, the presence of the peaks of crystallinity of the EA did not 

significantly affect (p > 0.05) the crystallinity of the films, ranging between 26.63% and 31.39% (Table 2) 

with the following order FILM-0.1% > FILM-EA0.05% > FILM-Control > FILM-EA0.02%. 

3.2.7. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra obtained from the apple starch film without EA (FILM-

Control) and with EA (FILM-EA0.02%, FILM-EA0.05% and FILM-EA0.1%) are shown in Figure 4. 

These spectra were compared to determine the feasible chemical interactions between the 

components of the films (starch, glycerol, water and EA). It can be seen that in the wave number (1/λ) 

from 4000 to 450 cm−1 (Figure 4a) all the spectra showed the characteristic peaks for the stretching of 

the OH bond (3300 cm−1) and the stretching of the CH bonds associated with the glucose ring 

(2922 cm−1) [58]. Within the region of the fingerprint (1/λ = 400–1250 cm−1) [17] characteristic peaks 

were observed at 1149 cm−1, 1078 cm−1 and 1004 cm−1, representative of C–O–C and C–OH stretches 

in the glycosidic bonds of polysaccharides [59]. In the films with EA, starting at a concentration of 

0.05% (FILM-EA0.05%) the appearance of a new peak was observed at 1507 cm−1, which was 

intensified at a concentration of 0.1% (FILM-EA0.1%). Previously similar behaviors have been 

observed in chitosan films with different concentrations of EA (0.05, 0.1 and 0.5%) and this was 

related to the stretching of the C=C bonds present in the aromatic compounds [30]. These results are 

similar to those reported by Piñeros-Hernandez et al. [1], who obtained cassava starch films added 

with rosemary extract. FILM-Control and FILM-EA0.02% film had a clearly defined signal at 1645 

cm−1, which was the result of vibrations bending of the OH− groups of water absorbed in the 

amorphous region of the starch molecule [60]. However, in Figure 4b it can be seen that in films FILM-

EA0.05% a new peak was developed at 1702 cm−1, which was more intense in FILM-EA0.1%. This 

peak is related to the stretching of the ester bonds (C=O) [1,55,56]. Moreover, the new bands at 1620 

and 1580 cm−1 in FILM-EA0.1% (Figure 4b) have been related with aromatic rings [61]. This suggests 

that there was possibly a chemical interaction between starch and ellagic acid, which could have 

caused the observed variations in the mechanical properties of films with EA. 

 

Figure 4. Fourier transform infrared (FTIR) spectra evaluated in: (a) 4000–650 cm−1 and (b) 2600–700 

cm−1 of apple starch films without ellagic acid (FILM-Control) and with ellagic acid (EA) added to 

0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%) and 0.1% (FILM-EA0.1%). 

Figure 4. Fourier transform infrared (FTIR) spectra evaluated in: (a) 4000–650 cm−1 and (b)
2600–700 cm−1 of apple starch films without ellagic acid (FILM-Control) and with ellagic acid (EA)
added to 0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%) and 0.1% (FILM-EA0.1%).

3.2.8. Thermogravimetric Analysis

The effect of EA addition on the thermal stability of the FILM-70 films can be seen in the graphs of
thermogravimetric analysis (TGA) shown in Figure 5. In the thermograms, three stages of weight loss
versus temperature were noted, this behavior has been previously reported for starch films plasticized
with glycerol [13,29]. The first stage occurred between 55 and 150 ◦C, this decrease in initial weight
has been associated with the loss of water and other low molecular weight compounds [62]. Weight
loss in the second stage (150–280 ◦C) has been associated with the decomposition of the glycerol-rich
phase, which also contains starch [29]. Finally, the weight loss observed in the last stage (280–350 ◦C)
was a result of the breakdown of carbohydrates [29,58].
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Figure 5. Thermogravimetric curves of apple starch films without ellagic acid (FILM-Control) and with
ellagic acid (EA) added to 0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%) and 0.1% (FILM-EA0.1%).

On the other hand, within the thermal variables evaluated (Table 3), it was shown that the
temperature at which 10% of the weight of the sample was lost (T90) did not present a significant
difference (p > 0.05) for all the films, which indicated that the thermal stability was not affected
by the incorporation of AE in the evaluated concentrations [46]. No significant differences were
observed (p > 0.05) in the percentage of humidity contained at 100 ◦C (MC100), with the lowest values
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corresponding to the films FILM-AE0.05% and FILM-AE0.1%, which was related to the moisture
content of those films (Table 2). The Tonset and Tmax temperatures were significantly higher in the
control film, which has been linked to the low interaction between the matrix and the additive [63].
The residual mass (residue) is related to the nature of the additives, inorganic components and
impurities further combustion in inert atmosphere (N2) cannot even allow complete combustion of
organic components [63].

Table 3. Thermal variables determined from film thermograms of apple starch films without ellagic acid
(FILM-Control) and with ellagic acid (EA) added to 0.02% (FILM-EA0.02%), 0.05% (FILM-EA0.05%)
and 0.1% (FILM-EA0.1%).

Film T90 (◦C) MC100 (%) Tonset (◦C) Tmax (◦C) RM800 (%)

FILM-Control 176.83 ± 1.08 a 4.11 ± 0.22 a 291.20 ± 0.76 a 313.77 ± 0.83 a 1.63 ± 0.62 a

FILM-0.02%EA 170.86 ± 6.89 a 5.02 ± 0.47 a 280.63 ± 2.33 b 309.16 ± 1.27 b 4.61 ± 0.15 b

FILM-0.05%EA 180.30 ± 3.10 a 3.95 ± 0.21 a 278.37 ± 0.42 b 302.63 ± 0.33 c 5.31 ± 0.33 b

FILM-0.10%EA 179.86 ± 14.68 a 3.70 ± 1.22 a 278.50 ± 0.80 b 301.29 ± 0.01 c 7.58 ± 0.29 c

Values represent the average of three repetitions ± standard error. Different letters in each column are significantly
different (p < 0.05).

3.2.9. Antioxidant Capacity

The antioxidant capacity of starch films with different concentrations of EA is presented in
Figure 6. The antioxidant capacity of the films, determined by DPPH and ABTS, showed a similar
behavior by both methods, with significant increases in antioxidant capacity with the increase of EA
in the films. Based on films with 0.02% EA, with the DPPH protocol, antioxidant capacity increased
3.2 and 7.1 times in films with 0.05% and 0.1% EA, while with the ABTS protocol the increase was
3.02 and 5.7 times, respectively. The results obtained in this study were similar to those reported
by López-Mata et al. [40] in chitosan films added with carvacrol; however, the concentrations used
by these authors are up to 15 times larger, which is a clear evidence that the AE (compared to other
substances) is a powerful antioxidant even at low concentrations as 0.02% (w/v). These results indicate
that apple starch films added with EA may have antioxidant capacity even at the concentration of 0.02%
(w/v). However, it is necessary to carry out studies on the kinetics of release of the antioxidant agent
from the films, which is determined by the type of antioxidant and the nature of the food simulant [6].
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4. Conclusions

The mechanical properties of the films were affected depending on the concentration of EA,
which was beneficial, because depending on the potential applications could adapt the mechanical
properties. Incorporating EA promoted increases in opacity. This indicated that the films could be
efficient in preventing the passage of UV light. The results of this study suggest that films based on
apple starch added with ellagic acid (a nutraceutical agent with powerful antioxidant action) can
be used for the development of active food packaging. Finally, it is necessary to explore strategies
that increase the solubility of ellagic acid in the filmogenic solution and improve its incorporation in
thermoplastic starch.
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