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Abstract Edible films derived from starch have been pro-
posed as packaging materials. However, they may suffer
physicochemical changes due to a variety of factors, such
as pulsed light (PL) treatments. In this study, the effect of
PL treatment as a crosslinking method on films made from
cassava (Manihot esculenta C.) and taro (Colocasia
esculenta L. Schott) starch, plasticized with glycerol was
evaluated. The average molecular weight, contact angle,
moisture content, X-ray diffraction pattern, color, and me-
chanical and microstructural properties were evaluated.
Films subjected to PL showed deterioration compared with
control films as demonstrated by an increase in the contact
angle, surface roughness, and crystallinity, and a decrease
in the tensile strength, transparency, and water content,
independent of the amylose content of the starches evalu-
ated. Finally, the surface properties of these materials are
defined by intermolecular interactions such as van der
Waals-type force interactions (hydrogen bond), new bonds
(crosslinking) formed between the biopolymeric chains
(starch), and by breakage of covalent bonds.

Keywords Atomic force microscopy . Contact angle . Pulsed
light . Starch . Surface

Introduction

The use of starch-based edible films as a substitute material for
synthetic polymers has been the focus of extensive research in
recent years (Gutiérrez et al. 2015a). Special emphasis has
been placed on the preparation of edible films derived from
cassava starch as a cheap, biodegradable, and innocuous ma-
terial (Famá et al. 2005, 2006, 2007; Flores et al., 2007;
Gutiérrez et al., 2015a, b). Nevertheless, these materials have
several drawbacks associated to their hydrophilic properties
(Al-Hassan and Norziah 2012). For this reason, different al-
ternatives have been proposed to improve their properties;
among them, we can mention the chemical and/or physical
modifications of the starch (García-Tejeda et al. 2013). Most
recently, Wihodo and Moraru (2015) have proposed the
pulsed light (PL) as a modification method on biopolymeric
films based on proteins. This method is based on the photo-
induced polymerization, which uses light to initiate and prop-
agate a polymerization reaction to form a crosslinked polymer
structure (Wihodo and Moraru 2015).

It is worth noting that PL is a non-thermal emerging tech-
nology, which is based on ultraviolet (UV) radiation (Gómez-
López et al. 2007; Krishnamurthy et al. 2010; Izquier and
Gómez-López 2011). The use of PL for microbial inactivation
has been reported quite extensively (Uesugi andMoraru 2009;
Krishnamurthy et al. 2010; Cheigh et al. 2012), but Wihodo
and Moraru (2015) have recently evaluated the potential of
this technology for photo-polymerization applications.
According to Wihodo and Moraru (2015), the broad spectrum
of light and the high light intensity suggest that PL has a great
potential to initiate efficient the photo-polymerization.
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Photo-polymerization has been typically achieved by
continuous UV radiation (Gennadios et al. 1998; Rhim
et al. 1999; Vaz et al. 2003). Gennadios et al. (1998) report-
ed that an UV dose of 51.8 J/m2 increased the tensile
strength of SPI films by 41.9 %. In another report, the same
UV dose (51.8 J/m2) increased the tensile strength of sodi-
um caseinate films by 2.5 %, of egg albumin films by
70.6 %, of corn zein film by 20 %, and of wheat gluten films
by 66.7 % (Rhim et al. 1999). Besides, many other studies
have demonstrated that the physiochemical and mechanical
properties of edible films may be modified by UV radiation
(Ummi-Shafiqah et al. 2012; Otoni et al. 2012; Sionkowska
and Płanecka 2013; Sionkowska et al. 2014).

However, authors such as Sionkowska et al. (2014) have
recently observed that hydrocolloids may suffer a deterio-
ration process caused by UV radiation. According to Cui
et al. (2013), UV radiation is responsible for most aging
damages, because the quantum energy of UV radiation is
high enough to cause chain cleavage in the molecules, and
this, in turn, resulting in one or more of the following
chemical changes: depolymerization, crosslinking, and for-
mation of double bonds in the polymer chain and other
low-molecular compounds. These effects are usually clas-
sified as photo-degradation. Photo-degradation generally
leads to an embrittlement of polymer materials and often
causes a transition from ductile failure to brittle fracture. A
reduction in yield stress, tensile stress, and elongation at
break was observed in many photo-degraded materials
(Fayolle et al. 2000; Turton and White 2001; Briassoulis
et al. 2004; Ito and Nagai 2007).

Among the possible advantages of PL, as possible modifi-
cation method of biopolymers, it can be mentioned: (1)
Application time is in the order of seconds in changes other
modifications even last for several hours, and (2) it can reduce
the consumption of chemical reagents.

In this study, the microstructure, moisture content, and col-
or were evaluated, as well as the mechanical and surface prop-
erties of edible films derived from cassava (Manihot esculenta
C.) and taro (Colocasia esculenta L. Schott) starch in order to
explore the possible use of PL as a photo-polymerization tech-
nique for improving the structural and mechanical properties
of starch-based films.

Experimental

Materials

Taro (C. esculenta L. Schott) and cassava (M. esculenta C.)
tubers were obtained from a local market in Caracas,
Venezuela. The starch was extracted following the method
described by Pérez et al. (1993) obtaining a yield of approxi-
mately 30 % in both cases (Gutiérrez et al. 2014). The total

amylose content was determined by the differential scanning
calorimetry (DSC) method described by Pérez et al. (2010,
2013). An approximate total amylose content of 15.1 % for
the taro starch and 19.9 % for cassava starch was obtained.
Dimethyl sulfoxide (DMSO) was purchased from Aldrich.
Food-grade glycerol from Prolabo, Sweden, was used as a
plasticizer for the formation of the films.

Film Formation

Films were prepared from a film-forming solution (FFS) made
by mixing 4.5 % w/v of starch and 1.5 % w/v of glycerol in
distilled water. The solutions were then heated in a water bath
with constant shaking of 250 rpm at 98 °C for 30min to ensure
starch gelatinization (Hernández et al. 2008). Volumes of
15 mL were then poured onto plastic petri dishes (diameter
90 mm). The samples were then dried in a Mitchell dehydrator
(Model 645,159) for 24 h at 48 °C. One group of dishes was
exposed to PL and the other was used as control. Each group
consisted of fifteen petri dishes to carry out all the character-
izations in the same way. PL treatment was performed (on the
experimental group) using a XeMaticA-1XL system
(SteriBeam GmbH, Kehl, Germany) as described by Izquier
and Gómez-López (2011), at the maximum fluence permitted
by the Federal Drug Administration (FDA 2013) (12 J/cm2).
The method to expose the films to PL was as follows: each
petri dish with the films developed was centered individually
on an adjustable stainless steel shelf in the PL unit, at 5 cm
beneath the Xenon lamp, and was treated with 8 light pulses.
Likewise, the surface temperature of the films was maintained
constant during the application of PL, this was verified by
placing a thermocouple on the surface of the films exposed
to PL. The resulting thermoplastic starch films: cassava control
(TPS-C), cassava treated with pulsed light (TPS-CPL), taro
control (TPS-T) and taro treated with pulsed light (TPS-
TPL), were obtained. Before characterization, the films were
conditioned at 57 % relative humidity (RH) for one week at
25 °C.

Characterization

Determination of Average Molecular Weight (Mw)
of the Films Developed by the use of Ostwald Viscometer

Using DMSO as solvent, solutions at 1 % w/v of each film
were assessed. Next, successive dilutions were prepared using
different solutions at 0.125, 0.25 and 0.50 % w/v. Afterwards,
the resistance time to the flow of the solutions prepared was
determined, taking as reference the passage between two areas
marked in Ostwald viscometer (Cannon-Fenske 200 series,
model 120205, IVA, Argentina) at 25.0 ± 0.1 °C. After
obtaining the residence time of the different solutions pre-
pared, we proceeded to determine the relationship ηexp/C
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through Eq. 1, which was empirically demonstrated by
Kramer (1938) and Huggins (1942):

ηexp=C ¼ 1
�
C
þ t−to=to ð1Þ

where

ηex (η − ηo/ηo), intrinsic viscosity
ηo viscosity of the pure solvent
C concentration of the solutions % w/v
t residence time of the solutions
to residence time of the pure solvent

Using Eq. 2:

ηexp=C ¼ ηþ KCη2 ð2Þ

and graphing ηexp/C vsC, a straight of cut point equal to ηwas
obtained. At the same time, using the Mark-Houwink-
Sakurada-Staudinger equation (Eq. 3):

η ¼ KMw
a ð3Þ

where

η intrinsic viscosity
Mw polymer molecular weight
K and a constants reported for the solvent used (DMSO)
K 0.0112 mL/g at 25 °C
a 0.72 at 25 °C

Finally, the average molecular weight (Mw) of the films
tested was calculated from Eq. 4:

Mw ¼ η=K
� �1=a ð4Þ

Moisture Content

The moisture content of the different systems was determined
by a gravimetric method according to Rhim andWang (2013),
with some modifications and using the following equation:

%moisture ¼ mw−md

mw
� 100 ð5Þ

where mw is the wet mass and md the dry mass of the film
systems.

The protocol used is based on the method of analysis ac-
cording to the International Association of Official Analytical
Chemistry (AOAC 1990).

For this, the dry mass was determined by heating a ∼0.5 g
sample of each film in an oven at 100 °C for 24 h. An

analytical balance (Denver Instrument APX-200) was used
to monitor the weight. Analyses were performed in triplicate,
and the average percentage of moisture was reported.

X-ray Diffraction

X-ray diffraction tests on the different films were performed
using a vertical goniometer X-ray diffractometer (Siemens D
5000) (radiation Cu αK = 1.5406 Å, 40 kV, and 30 mÅ).
Scattered radiation was detected in an angular range of 3°–
33° (2θ) at a step size of 0.02° and scan speed of 2 s. The
distances between the planes of the crystals d (Å) were calcu-
lated from the diffraction angles (o) measured from the X-ray
pattern, according to Bragg’s law:

nλ ¼ 2dsin θð Þ ð6Þ
where λ is the wavelength of radiation Cu αK and n is the
order of reflection. For the calculations, n was taken as 1. The
thicknesses of the samples on the slides were ∼200 μm.
Percent crystallinity was determined bymeasuring the relative
intensity of the main peaks from the scattering spectrum ac-
cording to Hermans and Weidinger (1961).

Scanning Electron Microscopy

Films were cryofractured by immersion in liquid nitrogen,
mounted on bronze stubs, and sputter coated with a thin layer
of gold for 35 s. The fracture surface of each material was then
analyzed using a Philips XL series 30 (Holanda) scanning
electron microscopy.

Uniaxial Tensile Strength

At least 15 pieces of each film, with effective length 12 mm
and width 0.5 mm, were cut and evaluated. Tests were per-
formed at ambient temperature (25 °C) with an Instron dyna-
mometer (Instron Ltd., HighWycombe, UK) (5 lbs) at 0.02 in/
s, according to ISO 527-2 (2012). The stress-strain behavior of
the films was calculated from the force-time curves. Young’s
modulus (E), maximum stress (σm), strain at break (εb), and
toughness (T) were reported. Calculations were done follow-
ing Gutiérrez et al. (2015a).

Color

The color parameters of the films, L*, a*, and b*, weremeasured
according to the standard test method (ASTM D-1925, 1995)
using a Macbeth® colorimeter in mode reflectance (Color-Eye
2445model, illuminant D65 and 10° observer) standardizedwith
a white reference plate (L* = 93.52, a* = −0.81, and b* = 1.58).
Color differences (ΔE) were calculated according to Medina
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et al. (2015) and the yellowness index (YI), according to ASTM
D-1925 (MacFarlane et al. 1936) using the CIELAB scale.

Atomic Force Microscopy

Agilent 5500 atomic force microscope in the acoustic AC
mode (AAC mode) with silicon nitride (Si3N4) tips was used
to take the topographic images of the films obtained. The
surface analyzed was the side of the surface exposed to the
drying air during film preparation. Likewise, this was also the
surface exposed to PL. Moreover, Si3N4 tips had a spring
constant of 0.2 N/m and a V-shaped tip 2 mm long, which
was positioned over the sample under ambient conditions. The
atomic force microscopy (AFM) images were taken at the
center and periphery of the surface of the films. The AFM
images were processed with PicoView image software.

Contact Angle

An USB digital microscope (model DIGMIC200X, China)
equipped with Image Analysis Software 220X 2.0MP video,
with 0.01° precision was used for determining the contact angle.
A drop of distilled water (2 μL) was placed on the surface ex-
posed to the drying air during film preparation of each material.
The contact angles (θ) were calculated by analyzing the images
to determine the angles formed by the intersection of the liquid-
solid interface (drop of water-surface of the film) and the liquid-
vapor interface (tangent to the boundary of the drop) (Karbowiak
et al. 2006). A total of 12 contact angles were measured per film.

The contact angles were determined at a temperature of
25 °C and measured on the side of the surface exposed to
the drying air during film preparation. Likewise, this was
also the surface exposed to PL. Measurements were taken
just at the moment when the drop of water came into
contact with the film surface. This was done in order to

avoid false results caused by phenomena such as dehydra-
tion, swelling, and dissolution (Vogler et al. 1995).

Statistical Analysis

The analysis of data was performed through the analysis
of variance (ANOVA) using the Statgraphics Plus 5.1.
software (ManugisticsCorp., Rockville, MD). Fisher′s
least significant difference (LSD) procedure was used at
the 95 % confidence level.

Results and Discussion

Average Molecular Weight of the Films Developed

Table 1 shows the molecular weight of the different films
studied. Films with highest molecular weight were obtained
for taro films (TPS-T and TPS-TPL). This is consistent with
the results reported by Yoo and Jane (2002) for starches with
lowest amylose values. A slight increase in molecular weight
of the taro starch film exposed to PL (TPS-TPL) was ob-
served, which could be related to crosslinking of the taro
starch, though this was not statistically significant. In contrast,
a significant decrease in molecular weight of the cassava
starch film exposed to PL (TPS-CPL) was observed, suggest-
ing depolymerization of amylose chains due to PL treatment.

Moisture Content

Table 1 shows the moisture content of the different films stud-
ied. The films made from taro starch (TPS-T and TPS-TPL)
had a higher moisture content than cassava-based films.
According to previous studies (Flores et al. 2007; Hu et al.
2009; Gutiérrez et al. 2015a), amylopectin-glycerol interac-
tions in plasticized starch-based films are weaker than

Table 1 Molecular weight,
moisture content, crystallinity,
contact angle, and color
parameters of the different films

Parameter TPS-C TPS-CPL TPS-T TPS-TPL

Average molecular weight (×108 g/mol) 1.3 ± 0.2b 0.7 ± 0.1a 12.6 ± 0.3c 13.1 ± 0.2c

Moisture (%) 20 ± 1b 17 ± 1a 29 ± 1d 26 ± 1c

Crystallinity (%) 19.0 ± 0.2c 21.0 ± 0.2d 10.0 ± 0.1a 11.0 ± 0.1b

Contact angle (deg) 59 ± 1c 62 ± 1d 43 ± 2a 53 ± 2b

L* 16.1 ± 0.3c 17.4 ± 0.2d 7.33 ± 0.03a 12.65 ± 0.09b

a* −0.5 ± 0.1a −0.33 ± 0.05b −0.13 ± 0.05c −0.12 ± 0.06c

b* −0.71 ± 0.02c −0.99 ± 0.08b −1.39 ± 0.04a −0.8 ± 0.1c

Color difference (ΔE) 75 ± 3a 76.2 ± 0.2a 86.26 ± 0.02c 80.93 ± 0.09b

Whiteness index (WI) 16.1 ± 0.3c 17.4 ± 0.2d 7.32 ± 0.02a 12.64 ± 0.09b

Yellowness index (YI) −5.6 ± 0.2b,c −7.3 ± 0.4b −14.1 ± 0.5a −6.6 ± 0.9b

Equal letters in the same row indicate no statistically significant differences (p ≤ 0.05). Thermoplastic starch films:
cassava control (TPS-C), cassava treated with pulsed light (TPS-CPL), taro control (TPS-T) and taro treated with
pulsed light (TPS-TPL)
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glycerol-amylose interactions. Taro starch contains a lower per-
centage of amylose than cassava starch (15.1 and 19.9 %, re-
spectively), and weak amylopectin-glycerol interactions facili-
tate water absorption (Flores et al. 2007; Hu et al. 2009;
Gutiérrez et al. 2015a). This explains the higher moisture con-
tent in taro starch films. This phenomenon is commonly known
as moisture plasticization because the weak starch-glycerol in-
teractionwater can act as a plasticizer. Gutiérrez et al. (2015a, b)
reported this type of behavior in a recent paper on waxy cush-
cush yam starch films. As previously mentioned, glycerol in-
teracts more strongly with cassava starch as compared to taro
starch probably due to the formation of hydrogen bonds be-
tween the glycerol and the amylose. The glycerol-amylose in-
teractions lead to a reduction in the intra- and intermolecular
interactions between the starch macromolecules, thus increas-
ing the movement and rearrangement of the chains.

The application of PL on the films tended to decrease sig-
nificantly (p ≤ 0.05) the moisture content of the materials. This
tendency is possibly due to the crosslinking caused by UV
radiation on the films treated with PL (Merlin and Fouassier
1981; Andrady et al. 1998; Cui et al. 2013).

X-ray Diffraction

Figure 1 shows the X-ray diffraction patterns of the developed
films. The diffraction curves of all the films studied show a
behavior typical of a semicrystalline material mainly com-
posed of an amorphous phase with a small crystalline fraction.
This is consistent with that reported in the literature for starch-
based films (Angellier et al. 2006; Famá et al. 2006, 2007,
2005; Flores et al. 2007; Kristo and Biliaderis 2007; García
et al. 2009; Gutiérrez et al. 2015b, c).

In general, starches show A-, B-, and C-type crystal struc-
tures. When glycerol is present, the double helix conforma-
tions are disrupted by the formation of stable single chain V-
conformation helices resulting in the glycerol-amylose com-
plex (Zobel 1994; Farhat et al. 1999; Manzocco et al. 2003).
As can be seen in Fig. 1a, the cassava starch films showed
curves with diffraction peaks corresponding to the following
d-spacings ≅ 3.6, 3.8, 4.1, 4.5, 4.8, 5.0, 5.9, and 8.8 Å, asso-
ciated with A-type structures. Peaks corresponding to the d-
spacings ≅ 4.1, 5.0, and 14.7 Å, associated with B-type struc-
tures, were also observed (Famá et al. 2005; García et al. 2009;
Gutiérrez et al. 2015b) as were peaks with d-spacings ≅ 4.5
and 6.8 Å associated with V-type structures (Zobel et al.
1967). As regards the taro starch films (Fig. 1b), these devel-
oped discrete conformations of A-type structures, with peaks
corresponding to d-spacings ≅ 3.8, 4.1, 4.5, 5.2, 6.1, and
7.8 Å. Peaks corresponding to d-spacings ≅ 4.1 and 5.2 Å
were associated with B-type structures. According to García-
Tejeda et al. (2013), the signal observed for 2 = 17.2, corre-
sponding to d-spacing ≅ 5.2 Å, is associated with interactions
between the short external amylopectin chains and glycerol.

Similarly, the peaks with d-spacings ≅ 4.5, 6.4, and 6.9 Å
observed in the taro starch films correspond to a V-type struc-
ture. García et al. (2009) observed the same behavior in waxy
starch films with peaks corresponding to d ≅ 3.9, 5.1, and
5.9 Å, and similar results have also been reported by Primo-
Martin et al. (2007) and Thielemans et al. (2006).

The A-type patterns observed in TPS-T and TPS-TPL may
be due to a local order generated by associated amylopectin
chains. According to the literature, the crystallinity of starch
films is mainly associated with the amylose contained within
the branches of the amylopectin (Zobel, 1992). In Fig. 1a, it
can be observed that the areas under the crystallinity peaks are
larger in cassava starch films than taro starch films (Fig. 1b).
This behavior is expected, as cassava starch contains more
amylose than taro starch.

Furthermore, the crystallinity of the films exposed to PL
(TPS-CPL and TPS-TPL, Fig. 1a (b), b (b), respectively)
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Fig. 1 X-ray diffraction pattern of the different films studied: a (a)
cassava control (TPS-C), (b) cassava treated with pulsed light (TPS-
CPL), and b (a) taro control (TPS-T) and (b) taro treated with pulsed
light (TPS-TPL)
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slightly increased. The values of the crystallinity percentages,
calculated from the surface area under the curves, confirmed
this (Table 1). This can also be observed, since the areas under
the crystallinity peaks are larger in films exposed to PL com-
pared to the control films. Similar results were reported by
Ummi-Shafiqah et al. (2012) who evaluated the properties of
glycerol-plasticized films made from sago and mung beans,
prepared by casting and exposed to UV radiation during 2 h.
This effect maybe produced by the retrogradation of starch
during aging or by deterioration process, which reduces chain
mobility (Bertuzzi et al. 2007; García-Tejeda et al. 2013). This
behavior provides further evidence that exposure to PL pro-
duced a deterioration effect in the evaluated films.

According to Osella et al. (2005), the development of A- or
B-type X-ray diffraction patterns in starch films also depends
on their water content. A decrease in moisture is highly cor-
related with an increase in the crystal phase of a

semicrystalline material (Chang et al. 2000; Famá et al.
2005; Hu et al. 2009; Pelissari et al. 2013). Thus, the slight
increase observed in the crystallinity of cassava starch films
(Fig. 1a) correlates with the lower humidity values obtained
for these materials (García et al. 2000). Similar behavior was
observed in the films exposed to PL.

Scanning Electron Microscopy

Figure 2 shows the scanning electron microscopy (SEM) im-
ages of the cryofractured surfaces of the different films. It can
be seen that the films produced are non-porous. All the sys-
tems presented a compact structure, but this was far more
marked in the films made from cassava starch (Fig. 2a, b).
Similar structures have been reported by Saavedra and
Algecira (2010) for cassava starch-protein films. Also,
García et al. (2009) and Gutiérrez et al. (2015a) obtained

)B)A

C) D) 

Fig. 2 SEM micrographs of the cryogenic fractured surface of the films: a cassava control (TPS-C), b cassava treated with pulsed light (TPS-CPL), c
taro control (TPS-T) and d taro treated with pulsed light (TPS-TPL). At ×10k of magnification. Black lines indicate granules and white lines, creases
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similar structures in their study of cassava-glycerol films. This
is probably produced by the high amount of amylose present
in cassava starch systems (Miles et al. 1985a, b; Noel et al.
1992). Following Pelissari et al. (2013), a more compact struc-
ture leads to lower water adsorption as it makes interactions
between the starch-glycerol and water less likely, leading to a
decrease in the polar glycerol-starch character of the films
(García-Tejeda et al. 2013). The moisture content results ob-
tained for the starch-based systems analyzed (Table 1) agree
with the structures observed by SEM.

The films treated with PL showed amore compact structure
than the controls, indicating a lower water absorption capacity.
This result correlates with the tendency towards a lower mois-
ture content reported for these materials.

In addition, small crystals were observed in the TPS-
CPL and TPS-TPL samples. These were more developed
on the cassava starch-based films possibly due to the re-
crystallization of the starch caused by the deterioration
process generated by the PL treatment. The presence of
these crystals in TPS-CPL and TPS-TPL samples is con-
sistent with the slight increase in the crystallinity of these
films and the X-ray diffraction results.

Besides, the films treated with PL showed wrinkles typical
of materials aged by UV radiation (Sionkowska et al. 2014).
The density of these wrinkles was higher for the cassava starch
films. This agrees with that observed by Ummi-Shafiqah et al.
(2012) who indicated that UV radiation produces starch
photo-degradation resulting in the cleavage of glycosidic
bonds accompanied by the shortening of the amylose and a
debranching of the amylopectin chains due to the formation of
free radicals (Merlin and Fouassier 1981). Thus, it seems that
the wrinkles observed in the films exposed to PL are

characteristic of an additional effect produced by starch
photo-degradation (Ummi-Shafiqah et al. 2012; Cui et al.
2013; Sionkowska et al. 2014).

Uniaxial Tensile Strength

The stress-strain curves of each film system studied are shown
in Fig. 3. A small linear zone was observed followed by a
nonlinear zone until breaking point, regardless of the starch
used. A more pronounced brittle behavior was found for taro
starch films, which fell sharply immediately after breaking
point. Table 2 shows the values of the mechanical parameters
for the four film systems. The starches evaluated differed
markedly, both in their maximum stress and strain at break
values, without the elastic modulus being significantly modi-
fied. As can be observed, the stress necessary to break the
cassava starch-based films was twice that needed to break
the taro starch films and the deformation capacity of the for-
mer was also five times greater. It is well known that the
mechanical properties of edible films are highly influenced
by the amylose-amylopectin ratio. An increase in the concen-
trations of amylose leads to an increase in the strain at break
(Famá et al. 2015). However, simultaneous increases in the
stress and deformation parameters have not been often
reported. Li et al. (2011) observed this behavior when he com-
pared maize films (20% amylose) with films made fromwaxy
materials (4.3 % amylose) without obtaining significant
changes in the E′ modulus.

The greater deformation capacity of the cassava-based
films could be explained by the observations of the X-ray
diffraction assays. As we observed from the analysis of the
curves in Fig. 1, the peak with the highest intensity located at

0 20 40 60 80 100 120

0.0

0.4

0.8

1.2

1.6

2.0

(d)

(c)

(a)

(b)

(a) TPS-C

(b) TPS-CLP

(c) TPS-T

(d) TPS-TLP

σ 
(Μ

P
a)

ε (%)

0 10 20

0.0

0.1

0.2

0.3

0.4

0.5

0.6

σ 
(Μ

P
a)

ε (%)

Fig. 3 Stress (σ)–strain (ε)
curves of the films: a cassava
control (TPS-C), b cassava treated
with pulsed light (TPS-CPL), c
taro control (TPS-T) and d taro
treated with pulsed light (TPS-
TPL)

Food Bioprocess Technol



∼4.5 Å is associated with a high degree of hydrogen bonding.
This indicates that the glycerol interacts more strongly with
cassava than with taro starch, probably due to the formation of
hydrogen bonds between the glycerol and the amylose mole-
cules (Gutiérrez et al. 2015a). The glycerol-amylose interac-
tion weakens the intra- and intermolecular interactions be-
tween starch macromolecules. This leads to an increase in
the movement and rearrangement of their chains, and thus in
the flexibility of TPS-C and TPS-CPL, resulting in an increase
in their strain at break values (Hu et al. 2009).

In addition, a stronger glycerol-amylose interaction limits
the possible interaction between water and glycerol or starch,
thus decreasing the moisture levels in the cassava starch films
(Table 1).

Different authors have related the elasticity of cassava
starch films with their structure, indicating that higher elastic-
ity values are associated with materials with a more compact
structure (Saavedra and Algecira 2010; Gutiérrez et al.
2015a). This agrees with our results where films with greater
degree of compactness (Fig. 2a, b) were also more elastic.

It is worth noting that the high values of the stress and strain
at break parameters for the cassava starch films were correlat-
ed with the high tenacity of these materials. This means that
food packaging made from cassava starch would show a
greater resistance against knocks and bumps. It is also worth
mentioning that the high deformation capacity of this material
means that it could also be very appropriate for other types of
packaging especially bags.

Samples treated with PL showed a reduction in Young’s
modulus and maximum stress values, this probably owing to a
lowering of their mean molecular weight associated with
photo-chemical degradation (Sionkowska et al. 2014;
Wihodo and Moraru 2015). This agrees with the SEM images
and the molecular weight obtained (Fig. 2b, d). Similar results
were reported by Sionkowska et al. (2014) for films made
from chitosan. Another possible reaction caused by photo-
degradation is reticulation that would also lead to a decrease
in Young’s modulus. Similar results were reported by
Gutiérrez et al. (2015a, c) for films derived from cassava,

maize, and cush-cush yam starches crosslinked with sodium
trimetaphosphate.

Furthermore, crystalline particles often act as nuclei for
inducing the recrystallization (retrogradation) of starch mac-
romolecules (Mina et al. 2009) leading to less resistant mate-
rials (García et al. 2009). This agrees with our data (Fig. 2b, d)
as the tensile strength of the cassava starch films significantly
decreased compared to the taro starch films when treated with
PL. This fits in well with the chemical composition of the
starches as the amylose in the TPS-CPL develops larger crys-
tals making it more prone to retrogradation and concurs with
that reported by Cui et al. (2013) and Sionkowska et al. (2014)
for thermoplastic materials derived from dicyclopentadiene
and chitosan, respectively.

Treatment with PL did not significantly modify the strain at
break of either of the films evaluated (Table 2) (TPS-CPL and
TPS-TPL). Similar results were reported by Wihodo and
Moraru (2015); although to higher fluence (23.5 J/cm2 ex-
ceeds the maximum fluence permitted by the FDA), they
found an increase of strain at break in films based on proteins.
According to Wihodo and Moraru (2015), this suggests some
degree of crosslinking and the formation of a slightly more
ductile network after PL treatments, since the formation of
covalent bonds will allow the network to deform more before
reaching the breaking point.

The toughness values were lower for the films made from
taro starch, in agreement with that reported by Gutiérrez et al.
(2015a) for films with a low amylose content. Similarly, TPS-
CPL showed lower toughness values than TPS-C due to
marked differences in their tensile strengths, as explained
above. Cui et al. (2013) reported similar results for films de-
rived from dicyclopentadiene.

The mechanical properties of both types of film show that
they could both be considered as coatings depending on the
particular requirements of the product to be coated. Taro starch
based materials are recommended for coverings where a cer-
tain degree of resistance is needed and cassava starch based
films for more flexible coatings.

Color

Table 1 shows the results of the color parameters of the films
studied. The values of the L* index and whiteness index (WI)
were higher for the cassava starch films (TPS-C and TPS-
CPL) than for films made from taro starch (TPS-T and TPS-
TPL). Thus, the cassava starch films were whiter and more
opaque than the taro starch films. These results are similar to
those reported by Gutiérrez et al. (2015a) and confirm that
films with a lower amylose content are more transparent.
According to the luminosity values obtained, the stronger in-
teractions between the starch and the plasticizer (glycerol)
produce more opaque films (Gutiérrez et al. 2015c).
Fakhouri et al. (2007) indicate that opacity can vary in

Table 2 Parameters of the uniaxial tensile tests: Young’s modulus (E),
maximum stress (σm), strain at break (εb), and tenacity (T) of the different
films

Material E (MPa) σm (MPa) εb (%) T (×103) (J/m3)

TPS-C 3.4 ± 0.2b 1.3 ± 0.1c 104 ± 1b 95.0 ± 0.1c

TPS-CPL 2.3 ± 0.6a 1.0 ± 0.1b 105 ± 5b 62.2 ± 0.5b

TPS-T 5.1 ± 0.9b 0.58 ± 0.06a 18.2 ± 0.8a 6.3 ± 0.8a

TPS-TPL 5.2 ± 0.4b 0.51 ± 0.05a 20 ± 2a 4.8 ± 0.7a

Equal letters in the same column indicate no statistically significant
difference (p ≤ 0.05). Thermoplastic starch films: cassava control
(TPS-C), cassava treated with pulsed light (TPS-CPL), taro control
(TPS-T), and taro treated with pulsed light (TPS-TPL)
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function of the amylose content of starch as well as of mole-
cules in solution, since their linearity tends to align themselves
in parallel, close enough to form hydrogen bonds between the
hydroxyl groups of adjacent chains. As a result, the affinity of
polymer by water decreases favoring the formation of opaque
pastes and flexible films, which correlates with the rest of the
results obtained. Despite the differences in L* andWI between

the films, it is important to note that both materials showed
excellent transparency and would thus be acceptable to cus-
tomers. Themore opaque TPS-C and TPS-CPL films could be
more appropriate when protection against incident light is
necessary, especially for wrapping products that are sensitive
to degradation reactions catalyzed by light (Pelissari et al.
2013). In contrast, the more transparent films (TPS-T and

seliforpssenhguoRsegamilacihpargopoTdetaulavesmliF
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Fig. 4 AFM images of the films: cassava control (TPS-C), cassava treated with pulsed light (TPS-CPL), taro control (TPS-T), and taro treated with
pulsed light (TPS-TPL)
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TPS-TPL) could be particularly useful for foods that benefit
from being seen through their wrappings to attract consumers
(Gontard et al. 1992). PL also significantly increased
(p ≤ 0.05) the opacity of both starch films, demonstrating that
PL causes an increase in hydrogen bond interactions between
the starch and the glycerol, possibly due to crosslinking
caused by UV radiation. This agrees with that reported by
Gutiérrez et al. (2015a, c) for starches crosslinked with sodium
trimetaphosphate. All this is consistent with the results of the
mechanical properties of the films.

All the samples evaluated showed a* values of around
zero; however, the cassava starch films showed more negative
values, indicating a tendency towards green in the systems
with a higher amylose content. In contrast, the films treated
with PL showed a slight tendency away from green. This may
be due to the oxidation of pigments associated with starch.

A negative b* value indicates a tendency towards blue. All
the films studied showed this tendency.

The combination of all the changes observed in the chro-
matographic parameters L*, a*, and b* produced slightly
greater changes in color, ΔE, in the taro starch films. The
results of the yellowness index (Yl) were consistent with b*,
being negative in all cases, indicating a very low degree of
yellowing of all the materials evaluated.

Topography of the Edible Films as Assessed by Atomic
Force Microscopy

The topography and roughness profiles of the edible films
assessed by AFM are shown in Fig. 4. Films made from cas-
sava starch (with a higher amylose content) showed greater
surface roughness than those made from taro starch. This be-
havior is consistent with the luminosity results obtained.
Reyes (2013) mentions that films with a high roughness pro-
file are more opaque, i.e., less transparent. This is probably

due to the fact that a rougher surface texture does not permit
the reflection of light which is thus absorbed by the film. This
effect was also heightened after treatment with PL.

Contact Angle

Table 1 shows the measurements of the contact angles of the
films studied. Cassava starch films showed higher contact
angle values. It is well known that the contact angle of water
increases with an increase in surface hydrophobicity (Ojagh
et al. 2010). Karbowiak et al. (2006) suggested that an in-
crease in the water contact angle of biopolymers could be
due to strong intermolecular hydrogen bonding under the film
surface. This means that the more polar sites (Lewis sites)
would be affected, thus generating a reduction in the surface
polarity of biopolymer films. Thus, the surface of the cassava
starch films is dryer because it does not contain enough energy
to break the cohesive force of water (Vogler 1998).

Figure 5 shows that the surfaces of the cassava starch films
are more hydrophobic that those of the taro starch films. This
correlates with the SEM images (Fig. 2b) in that Vogler (1998)
indicates that a hydrophobic surface requires Lewis sites in
order for the humidity to increase. The cassava starch films
(with a higher amylose content) have a closed structure that
acts as a physical barrier to water.

Interestingly, this kind of water structure requires that the
hydrogen bond network of water directly adjacent to a non-
polar surface is interrupted, yielding Bdangling hydrogen
bonds.^ These dangling hydrogen bonds have been theoreti-
cally predicted (Lee et al. 1984) and spectroscopically re-
solved from hydrogen bonds in bulk water (Du et al. 1993,
1994a, b). An increase in the contact angle between the sur-
face and water would generate dangling hydrogen bonds in
the cassava starch films. The lower contact angle values of the
taro starch films were due to the weak interactions favoring

A) B) 

C) D) 

Fig. 5 Contact angle of the films:
a cassava control (TPS-C), b
cassava treated with pulsed light
(TPS-CPL), c taro control (TPS-
T), and d taro treated with pulsed
light (TPS-TPL)
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phase separation between the taro starch (higher amylopectin
content) and the glycerol (Famá et al. 2006, 2007) leading to
an increase in the density of Lewis sites on the surface. The
Lewis sites on the taro starch films would come close to the
hydrogen bond network in water, thus competing with cohe-
sive forces and leading to the collapse of the water structure on
a hydrophilic surface with a corresponding decrease in the
contact angle. This is why films with a higher amylopectin
content have sticky surfaces.

The deterioration effect on the films caused by PL produced
a slight increase in the strength of the hydrogen bonds leading
to a reduction in the number of Lewis sites. This could be
appreciated by the fact that the contact angle increased in the
treated films. Nevertheless, this effect was not so apparent in the
cassava starch films compared with the taro starch-based films.
This possibly was owing to higher amylose content in cassava
starch since as it is known, amylose tends to form stronger
hydrogen bonds with the glycerol (Gutiérrez et al. 2015a).

Surface roughness is another phenomenon that can be ex-
plained by an increase in the contact area and is strongly related
to the molecular re-organization of the polymer matrix
(Karbowiak et al. 2006). In the cassava starch films (higher
amylose content), hydrogen bonding acts in opposition to ret-
rogradation. This creates twisting forces in the starch macro-
molecules generating crater-like holes in the surface. The holes
increase the surface roughness of the films (Fig. 4, TPS-C and
TPS-CPL) by creating physical obstacles, which in turn lead to
less surface moisture, thus increasing the contact angle.

Conclusions

We prepared edible films from cassava and taro starch plasti-
cized with glycerol. The edible films with a higher amylose
content (cassava) had greater contact angles and were rougher,
more opaque, elastic, and dryer than the taro film systems. This
was due to the formation of stronger hydrogen bond interac-
tions between the starch and the glycerol. This hypothesis was
confirmed by SEM images which showed that the
cryofractured surface of the cassava starch films had a more
closed structure, leading to a decrease in the density of Lewis
sites on the surface of the films and modifications to their hy-
drophilic characteristics. On the other hand, the films that were
subjected to PL treatment showed more closed structures inde-
pendently of their amylose content. Edible films treatedwith PL
suggest the modification by crosslinking. But nevertheless, ap-
parently, the photo-degradation reaction dominates the reaction
mechanism compared to the photo-polymerization reaction
(crosslinking), according to the conditions of maximum fluence
permitted by the FDA (12 J/cm2). This was evident from the
deterioration of mechanical properties and surface characteris-
tics of the systems evaluated. Likewise, this was independent of
amylose content of the starches evaluated.
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