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ABSTRACT

Films based on thermoplastic corn starch (TPS) and chitosan/chitin were obtained by melt-mixing and
thermo-compression. Chitosan and chitin incorporation to TPS matrix induced some structural modifi-
cations due mainly to the interactions between starch hydroxyl and chitosan/chitin amino groups.
Crystallinity degree of TPS films was increased with biopolymers incorporation. Enthalpy melting values
for TPS—chitosan/chitin films resulted lower than those corresponding to TPS control ones. Films had
homogeneous and smooth surfaces, without pores and cracks and no glycerol migration was evidenced
by Scanning Electronic Microscopy. Films fracture surfaces were uniform without the presence of
unmelting starch granules neither chitosan/chitin agglomerates. Films with chitosan/chitin presented
higher color, UV absorption capacity and opacity than TPS films. Addition of 10 g chitosan or chitin/100 g
starch decreased 35 and 56% water vapor permeability, respectively. Biopolymers addition to TPS
increased tensile strength and elastic modulus, and decreased elongation at break. Starch and glycerol-
rich domains where evidenced in TPS matrixes by Dynamic Mechanical Analysis. Finally, TPS—chitosan

films reduced Staphylococcus aureus and Escherichia coli growth in the contact zone.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Packaging films, made of synthetic polymers, cause serious
ecological problems due to their non-biodegradability. The major
concern of consumers for environmental protection led packaging
industries to increase research in biodegradable packaging mate-
rials (Fajardo et al., 2010). Materials based on polysaccharides are
mostly ecological because they can degrade without leaving behind
ecologically harmful residues, in contrast to those which are made
from synthetic polymers (Simkovic, 2013). In this sense, poly-
saccharides are considered good candidates for biodegradable films
since they are widely distributed in nature and have been regarded
as structural materials. Among them, starch has been broadly used
due to its abundance, low cost, and renewability (Xu, Kimb, Hanna,
& Nag, 2005), being corn the major commercial starch source in the
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world (Mali, Karam, Pereira Ramos, & Grossmann, 2004). Unfor-
tunately, starch films are sensitive to environmental humidity and
brittle, as well as, difficult to process. Thus, their technological
applications require the improvement of films mechanical and
barrier properties. In order to overcome this limitation, corn starch
has been blended with several synthetic and natural polymers. For
example, wheat starch multilayer films with different aliphatic
polyesters (Martin, Schwach, Avérous, & Couturier, 2001), films
based on thermoplastic starch/natural rubber blends (Carvalho, Job,
Alves, Curvelo, & Gandini, 2003) and blown-extrusion starch—
pectin films (Fishman, Coffin, Konstance, & Onwulata, 2000), have
being developed among others. An alternative, largely used to
improve starch films properties, is the addition of chitosan to for-
mulations, mainly due to the more hydrophobic character of chi-
tosan compared to starch (Chillo et al., 2008; Fajardo et al., 2010;
Lazaridou & Biliaderis, 2002; Pelissari, Yamashita, & Grossmann,
2011; Pelissari et al., 2012; Quattara, Simard, Piette, Begin, &
Holley, 2000).

Chitosan is a partially deacetylated form of chitin, which is the
most abundant natural polymer after cellulose (Rinaudo, 2006).
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Chitin is found in the skeletal materials of crustaceans, insects and
cell walls of bacteria and fungi. Although in the literature are
several studies related to starch-based films with chitosan, chitin
use has not been reported. Chitosan is nontoxic, biodegradable,
compatible with other biopolymers and is used to functionalize
many others polysaccharides (Zhai, Zhao, Yoshii, & Kume, 2004).
Moreover, the antibacterial and antifungal properties of chitosan
have been studied by several authors; molecular weight and amino
groups are the responsible of chitosan antibacterial capacity (Le
et al,, 2001; Liu, Huan, Yang, Li, & Yao, 2001; Zhai et al., 2004).

Most of the works found in the literature related to starch-
chitosan materials based their studies on films obtained by cast-
ing method. However, processing methods such as blown extru-
sion, compression or injection molding are less reported. Solvent-
casting has been the most used method at small-scale of bio-
polymers films preparation, which involves solubilization, casting,
and drying steps. Despite, this is a good and adequate technique at
laboratory scale, it is considered as a high energy-consuming pro-
cedure. On the other hand, high levels and efficient biodegradable
films production is required by industrial area. In this sense,
scaling-up processing methods using equipments designed for
synthetic polymers is indispensable (Sothornvit, Olsen, McHugh, &
Krochta, 2007; Thunwall, Kuthanova, Boldizar, & Rigdahl, 2008). In
this context, extrusion, blowing, injection, and thermo-
compression are viable alternatives due to their energy-efficient
combined with their high productivity (Flores, Costa, Yamashita,
Gerschenson, & Grossmann Eiras, 2010; Pellissari et al., 2012;
Thunwall, Boldizar, & Rigdahl, 2006). Particularly, thermo-
compression is useful as a processing method because of its
simplicity and capability of producing films without polymer sol-
ubilization. In this context, these biomaterials could have feasible
applications to develop economical and ecological materials
(Simkovic, 2013).

The goal of this paper was the development of biodegradable
films based on thermoplastic native corn starch containing chitosan
and chitin by thermo-compression. Furthermore, the influence of
chitin and chitosan addition on films properties (microstructure,
color, water vapor permeability, mechanical and dynamic me-
chanical behavior and antimicrobial capacity) was also studied.

2. Materials and methods
2.1. Materials

Native corn starch was provided by Misky, Arcor (Tucuman,
Argentina) with an amylose content of 23.9 + 0.7 g/100 g (Lopez,
Garcia, & Zaritzky, 2010). Chitin was isolated in the Laboratorio de
Investigaciones Basicas y Aplicadas en Quitina (LIBAQ) from shrimp
shells waste (Pleoticus miilleri) supplied by Ingeniero White Port
(Bahia Blanca, Argentine). Chitin was previously characterized
reporting moisture and ash contents of 0.38 and 6.5 g/100 g,
respectively and 6.5 g/100 g nitrogen content (Pistonesi, 2001).
Chitosan was prepared by heterogeneous alkaline deacetylation of
chitin (Zuniga, Debbaudt, Albertengo, & Rodriguez, 2010). Chitosan
presented a molecular weight (MW) of 468,200 Da, ash and
moisture contents of 2.3 and 10.4 g/100 g, respectively and 82.5% of
deacetylation degree (DD). To obtain homogeneous size samples
chitin and chitosan were sieved employing a sieve with 0.25 mm
opening sizes. Glycerol (Anedra, Argentine) was used as plasticizer.

2.2. Thermoplastic starch mixtures
Assayed mixtures were composed by thermoplastic corn starch

(TPS) with chitosan or chitin. TPS was based on corn starch with
30 g glycerol and 45 g distilled water/100 g starch. Formulations

with two different chitosan concentrations (5 and 10 g/100 g
starch) were prepared and designed as TPS—chitosan5 and TPS—
chitosan10, respectively. On the other hand, a formulation with 10 g
chitin/100 g starch was also prepared (TPS—chitin10). Chitosan or
chitin was premixed with starch and then, glycerol and distilled
water were added. Samples were mixed and conditioned at 25 °C
during 24 h. Mixtures were processed in a Brabender Plastograph
(Brabender, Germany) at 140 °C and 50 rpm for 15 min. They were
removed from the mixing chamber, triturated and stored at 25 °C
and 60% relative humidity (RH) for a week to improve their pro-
cessability. Ambient conditions were reached employing an
aqueous glycerol solution (72 g glycerol/100 g solution).

2.3. Films preparation

TPS films were obtained by thermo-compression using a ther-
mostatized hydraulic press. Processing conditions were 140 °C for
6 min, increasing the pressure every 2 min (80, 140 and 180 kg/
cm?). An aluminum frame as mold of 1 mm thickness and a relation
of 1.9 g sample per cm> were used. Material was cooled under
pressure up to approximately 50 °C, then the pressure was released
and obtained films were removed from the frames.

2.4. Films characterization

Before characterization, films were conditioned at 25 °C and 60%
RH for a week. Films thickness was measured at different locations
of the specimens, employing a micrometer. Ten measurements
were taken on each film and mean values are reported.

2.4.1. Fourier transform infrared (FTIR)

FTIR spectra were obtained using a Thermo Nicolet Nexus
spectrophotometer (Nicolet, United States). Samples were prepared
by mixing TPS films as fine powder with KBr (Sigma Aldrich) at 3 g/
100 g. The mixture was pressed and a transparent sample was
obtained. Spectra were achieved from 100 accumulated scans at
4 cm~! resolution in the range 4000—400 cm™ .

2.4.2. X-ray diffraction (XRD)

Crystal structure identification of films was studied by XRD.
Diffractograms were obtained in an X-ray diffractometer Philips
PW1710 (Philips, Holland) with a detector operating at 45 kV and
30 mA within 20 varied from 3 to 60°. Crystallinity degree (CD) was
calculated as the ratio between the absorption peaks and the total
diffractogram area, expressed as percentage (%).

2.4.3. Differential scanning calorimetry (DSC)

Thermal properties of TPS films were determined by DSC in a
Perkin Elmer Pyris I (USA) calorimeter. Approximately 10 mg of film
were weighted in hermetic pans in order to avoid water loss. An
empty hermetic pan was used as reference. Samples were heated
from 20 to 250 °C at 10 °C/min, under nitrogen atmosphere. From
the thermograms, the following parameters were obtained: onset
and melting temperature and melting enthalpy.

2.4.4. Scanning electronic microscopy (SEM)

Homogeneity and appearance of the films were examined by
visual observation and by SEM with a JEOL JSM-35 CF electron
microscope (JEOL, Japan) using an accelerating voltage of 10 kV.
Samples were cryofractured by immersion in liquid nitrogen. Film
pieces were mounted on bronze stubs and coated with a gold layer
(~30 A) using an argon plasma metallizer (sputter coater PELCO
91000).
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2.4.5. Optical properties

Opacity and UV barrier capacity of films were determined
spectrophotometrically. The absorbance spectrum (200—700 nm)
was recorded using a Shimadzu UV-160 (Japan) spectrophotometer.
Films were cut into rectangles (3 x 1 cm) and placed on the internal
side of a quartz spectrophotometer cell. Film opacity (AU nm) was
defined as the area under the recorded curve determined by an
integration procedure according to Piermaria et al. (2011) and the
standard test method for haze and luminous transmittance of
transparent plastics recommendations (ASTM D1003-00).

Films color measurements were performed using a Hunterlab
UltraScan XE (Hunterlab, USA) colorimeter in the reflectance mode.
Color parameters L, a and b were recorded according to the Hunter
scale, in at least ten randomly selected positions for each film
sample. Color parameters range from L = 0 (black) to L = 100
(white), —a (greenness) to +a (redness) and —b (blueness) to +b
(yellowness). Standard values considered were those of the white
background (L = 97.75, a = —0.49, and b = 1.96).

2.4.6. Water vapor permeability (WVP)

WVP was assessed using the ASTM method E96 with several
modifications. Samples were sealed over a circular opening of
0.003848 m? in a permeation cell that were stored at 25 °C in a
permeation camera. The driving force, expressed as water vapor
partial pressure, was 1584 Pa. To maintain this driving force cor-
responding to a 50% relative humidity (RH) gradient across the film,
distilled water (100% RH) was placed inside the cell and 50% RH was
set in the permeation camera. After steady state conditions were
reached, eight weight measurements were made. Samples were
analyzed at least by duplicate.

2.4.7. Mechanical properties

Mechanical behavior was measured in an Instron 3369 universal
machine (Instron, USA) through tensile tests. For stress-strain tests,
ten probes of 13 x 100 mm of each film formulation were assayed.
Maximum tensile strength (omax); elongation at break (®p) and
elastic modulus (E) were calculated according to the ASTM D882-00
(1996).

2.4.8. Dynamic mechanical analysis (DMA)

Temperatures and intensities of relaxation phenomena were
determined by DMA. Assays were carried out in a dynamic-
mechanical thermal equipment Q800 (TA Instruments, New
Castle, USA) with a liquid nitrogen cooling system, using a clamp
tension. Multi-frequency sweeps (1, 3, 5, 10, 15 and 20 Hz) were
carried out at fixed amplitude from —100 to 100 °C at 2 °C/min.
Storage (E’) and loss (E”) moduli and tan ¢ curves as a function of
temperature were recorded and analyzed using the software Uni-
versal Analysis 2000.

2.5. Antimicrobial capacity

Antimicrobial activity was tested against Escherichia coli ATCC
25922, Staphylococcus aureus ATCC 27933, Aspergillus spp. and
Penicillium spp. Assays were conducted in aseptic conditions, in a
laminar flow cabinet (LFC) previously radiated with ultraviolet light
for 20 min.

2.5.1. Inocula preparation

Bacteria inoculum: overnight liquid bacteria cultures were
diluted in physiological water in the range of 10°—10% CFU mL™,
previously standardized using the McFarland scale.

Fungi inoculum: fungus samples were introduced into test tubes
with inclined Potato Dextrose Agar (PDA, Merck, Darmsdat, Ger-
many) and incubated for 5 days at 37 °C. Sterile physiological water

(10 mL) was added and stirred over 5 min. Spores were harvested
and diluted within the range of 10°—10% CFU mL~! using physio-
logical water standardized by McFarland scale.

2.5.2. Antimicrobial assays

The disk inhibition zone assay was used to qualitatively evaluate
the antimicrobial capacity of the films according to Rojas-Gratii et al.
(2006) with modifications. Films were aseptically cut in 15 mm
discs and placed on plates containing Mueller Hinton agar (MHA,
Merck, Darmsdat, Germany) for bacteria and PDA for fungi. The
plates were previously spread with 0.1 mL of inocula and then
incubated at 37 °C for 24 h for bacteria and during 5 days for fungi.
Growth inhibition zones around the discs (inhibition halos) and
growth under the film discs (area of contact with the agar surface)
was visually examined. Tests were carried out in triplicate for each
formulation.

2.6. Statistical analysis

A completely randomized experimental design was used to
characterize the developed films. Analysis of variance (ANOVA) was
used to compare mean differences of the samples characteristics.
Besides, comparison of mean values was performed by Fisher’s
least significant difference test conducted at a significance level
p = 0.05.

3. Results and discussion

In order to evaluate the influence of chitosan/chitin addition to
TPS formulations, films by thermo-compression were obtained. All
developed films were homogeneous and easy to handle, with good
appearance and constant thickness which varied between 149 and
158 pm.

3.1. FTIR analysis

FTIR analysis was performed in order to study chitosan/chitin
addition effects on TPS matrix structure due to interactions be-
tween starch, chitosan/chitin and glycerol. Yin, Yao, Cheng, and Ma
(1999) stressed that when two or more substances are mixed,
physical blends versus chemical interactions are reflected by
changes in characteristic spectral bands. Fig. 1 shows FTIR spectra
corresponding to TPS matrix, chitosan, chitin, as well as, films based
on TPS with chitosan/chitin. TPS spectrum presented bands corre-
sponding to the distinctive functional groups of starch and glycerol.
Bands at 920, 985, 1026, 1074 and 1148 cm~! (C—O stretching),
1648 cm ™! (bound water), 2929 cm~! (C—H stretching), 3426 cm ™!
(—OH groups) and 1457 cm™! (glycerol) were observed. Similar
results were reported by Zhang and Han (2006). Besides, several
bands at low wavenumbers (627, 581, 560 and 400 cm~!) were
observed, they were attributed to the skeletal mode vibrations of
glucose rings (Kizil, Irudayaraj, & Seetharaman, 2002). Chitosan
spectrum showed an absorption band at 3450 cm~ !~ corre-
sponding to stretching of O—H and N—H bonds and several bands at
1031-1156 cm™}, attributed to C—O stretching (Pranoto, Rakshit, &
Salokhe, 2005). Moreover, other bands were detected at 2882 cm™!
(C—H stretching), at 1594—1663 cm~' (amine groups) and at
1410 cm~! (carboxyl groups). Despite spectra of TPS—chitosan films
showed a similar pattern on their informative bands to TPS control
film, some modifications were observed (Fig. 1A). The corre-
sponding band located at 3426 cm™! shifted to 3387 and 3329 cm™!
for TPS—chitosan5 and TPS—chitosan10, respectively. These
changes could be attributed to the interactions by hydrogen
bonding between hydroxyl groups of corn starch and amino groups
of chitosan. Similar results were reported by Zhong and Xia (2008)
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Fig. 1. FTIR spectra of films based on: A) thermoplastic corn starch (TPS), chitosan, and
TPS with 5 and 10 g chitosan/100 g starch (TPS—chitosan5 and TPS—chitosan10) and B)
TPS, chitin and TPS with 10 g chitin/100 g starch (TPS—chitin10).

for chitosan and cassava starch mixtures. Intensity of bands at 2929,
1026, 1148, 1648 and 1457 cm~' was increased with chitosan
addition due to the increment of the concentration of some func-
tional groups constituents of both biopolymers (starch and chito-
san). Particularly, band at 2929 cm~! became more intensive and
sharp due to an increase of C—H bonds. Bands at 1648 and
1457 cm~! were more intense for TPS—chitosan10 due to the
presence of amine and carboxyl groups, respectively.

Spectrum of chitin (Fig. 1B) was typical of this polysaccharide
with very sharper absorption bands due to high crystallinity of this
biopolymer (Rinaudo, 2006). Two wide bands at 3363 and
3448 cm™! were detected corresponding to the stretching of O—H
and N—H, respectively. The band at 2930 cm~! was attributed to the
CHs3 and CH, stretching and the one located to 2857 cm~! to CH
bonds. The presence of amide I and II groups were evidenced by
bands at 1663 and 1583 cm™', respectively. Besides, other bands
were identified at 1421 cm™! (CH3 deformation and CH;, bending),
1088 and 892 cm ™! (ring stretching), 1030 cm~' (CO) and 673 cm ™!
(OH bending). All detected bands were in agreement with those
reported by Palpandi, Shanmugam, and Shanmugam (2009) for a-
chitin (shrimp origin). Spectrum of TPS—chitin10 presented the

characteristics bands of TPS, as well as, a less intense band located
at 1353 cm~! indicative of acetyl groups of chitin structure (Fig. 1B).
As it was described for TPS—chitosan films, a shift of the band
located at 3426 cm™! due to the formation of hydrogen bonding
between hydroxyl groups of starch and amino groups of chitin, was
observed.

Thus, FTIR results revealed changes in TPS matrix due to chito-
san/chitin addition attributed mainly to chemical interaction be-
tween starch and chitosan/chitin molecules by hydrogen bonding
formation.

3.2. X-ray diffraction (XRD)

Quantitative information about TPS crystallinity changes
induced by chitosan and chitin presence was obtained by XRD.
Patterns for TPS control films, as well as, TPS—chitosan/chitin films
are shown in Fig. 2. TPS spectrum presented broad diffraction peaks
and a large amorphous scattering background, characteristics of a
semi-crystalline polymer with low crystallinity degree. The main
reflection peaks which contributed to TPS crystallinity can be
detected at 12.8° and 19.6° (Fig. 2). Shi et al. (2006) reported the
presence of two sharp peaks located at 13.5° and 20.9° for ther-
moplastic corn starch with glycerol and they assigned them to V-
type structure. This crystalline structure is formed by the crystal-
lization of amylose in single helices involving glycerol or lipids and
it can be divided into two subtypes, namely V, (anhydrous) with
peaks at 13.2° and 20.6° and V}, (hydrated) with peaks at 12.6° and
19.4° (Corradini, de Morais, Demarquette, Agnelli, & Mattoso,
2007). Yang, Yu, and Ma (2006) stressed that Vj-style crystallinity
is induced by thermal processing where the strong interaction
between hydroxyl groups of starch molecules was substituted by
hydrogen bonds formed between plasticizer and starch during
thermoplastic processing. Therefore, XRD results correlate well
with those of FTIR, where this interaction was evidenced.

On the other hand, clear evidence that native corn starch
granules were destructed during processing was the absence of the
reflection peaks corresponding to the A-type crystal structure,
characteristic of cereal starches (Bader & Goritz, 1994; Lopez et al.,
2010). Crystalline structure of TPS films with chitosan and chitin
resulted similar to that of TPS matrix. However, the addition of
these biopolymers increased slightly the degree of crystallinity of
TPS matrix, although the differences were not significant (Fig. 2).

CD=5.0%

CD=5.7%

CD=6.0%

Intensity (cps)

TPS-chitosan5

co=s.8% TPS<chitosan10

TPS~<hitin10
T T T T T T T T T T
10 20 30 40 50 60

20(°)
Fig. 2. XRD spectra of films based on thermoplastic corn starch (TPS), TPS with 5 and

10 g chitosan/100 g starch (TPS—chitosan5 and TPS—chitosan10) and TPS with 10 g
chitin/100 g starch (TPS—chitin10).
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3.3. Differential scanning calorimetry (DSC)

To further understand the structure and interaction between
TPS and chitosan/chitin, DSC study of films was performed. More-
over, thermal properties of TPS based materials determine their
processing temperature range. All studied TPS films exhibited a
single endothermic transition, corresponding to the melting pro-
cess of the matrix crystalline phase of the as it was shown in Fig. 3.
Besides, the occurrence of a single peak is related with the films
homogeneity and miscibility among the components. Thermal
parameters of the studied films are presented in Table 1. Even
though, chitosan and chitin addition to TPS films did not affect
significantly (p > 0.05) onset and melting temperature, it was
registered a slight decrease in their mean values. This shift could be
attributed to the interaction between starch and chitosan/chitin
molecules, which interrupts the rearrangement of starch polymer
chain. This incident can be described in terms of intermolecular
forces. In crystalline domains of TPS matrix the interactions be-
tween polymeric chains are strong due to their chemical compat-
ibility. When chitosan/chitin was added to TPS formulations crystal
lattice was modified, and even though both polymers can interact
mainly through hydrogen bonding, interactions between starch
chains are weaker, thus less energy is required to disrupt them.
When chitosan/chitin was added to TPS formulations crystal lattice
was modified, starch molecules are not in optimal positions and
their interactions are weaker, thus less energy is required to break
them apart. Similarly, Rachtanapun and Wongchaiya (2012) re-
ported that after blending chitosan with methylcellulose the
melting point of the obtained film was lower than those corre-
sponding to control ones.

With respect to enthalpy values, a significant decrease with the
incorporation of chitosan and chitin was observed, but this effect
could not be confirmed by X ray diffraction. Tongdeesoontorn,
Mauer, Wongruong, and Rachtanapun (2011) found that a higher
interaction between hydrocolloids and starch retained more water
molecules, causing a higher mobility during heating, increasing the
kinetic energy, and decreasing the enthalpy values.

3.4. Films appearance

SEM was used to evaluate films homogeneity, layer structure,
pores and cracks, surface smoothness and thickness. SEM micro-
graphs of fracture surfaces of TPS films are showed in Fig. 4.
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Fig. 3. DSC thermograms of films based on: A) thermoplastic corn starch (TPS), B) TPS

with 5 g chitosan/100 g starch, C) and B) TPS with 10 g chitosan/100 g starch and D)
TPS with 10 g chitin/100 g starch.

Table 1

Thermal properties of films based on thermoplastic corn starch (TPS), TPS with 5 and
10 g chitosan/100 g starch (TPS—chitosan5 and TPS—chitosan10) and TPS with 10 g
chitin/100 g starch (TPS—chitin10).

Film formulation Onset Melting Melting enthalpy
temperature temperature (J/g TPS dry basis)
(°0) Q)

TPS 137.8 + 11.0° 155.0 + 12.4° 1352 + 10.8°

TPS—chitosan5 1354 +9.5% 154.8 + 10.8% 105.2 + 7.4°

TPS—chitosan10 131.7 £ 11.9° 151.7 £ 13.6% 89.9 £+ 7.5¢

TPS—chitin10 130.3 + 10.4° 1472 +11.8° 94.4 + 8.5¢¢

Reported values correspond to the mean + standard deviation. Values within each
column followed by different letters indicate significant differences (p < 0.05).

TPS control films presented homogeneous and smooth surfaces,
without visible pores and cracks. Cross-sections were homoge-
neous with absence of unmelted starch granules, demonstrating
the effectiveness of the destructuration and thermo-compression
processes (Fig. 4). These observations are in agreement with X
ray diffraction results. Besides, perpendicular channels to film
surface which are the evidence of glycerol migration from the
matrix were not observed (Lopez, Zaritzky, Grossmann, & Garcia.
2013).

When corn starch was blended with chitosan, film surfaces
appeared smooth (without pores and cracks), homogeneous
(without phase separation), uniform and flat (Figures not shown).
Tomé et al. (2012) reported similar results for TPS—chitosan films
obtained by melt-mixing. TPS—chitosan films fractured surface
resulted homogeneous, demonstrating that chitosan had not
affected starch melting. Cross-section irregularity increased with
the increase of chitosan concentration. Although, chitosan was well
incorporated to TPS matrix without visible agglomerates observed;
irregularities could be attributed to the melt-mixing and thermo-
compression methods used. Unlike the reported results by Salleh,
Muhamad, and Khairuddin (2009) for films based on starch and
chitosan obtained by casting in which chitosan microdomains
dispersed within the starch matrix were observed. The compact
and homogeneous matrixes of TPS—chitosan films were an indi-
cator of structural integrity, and consequently, good mechanical
properties such as high resistance and elongation at break are ex-
pected (Garcia, Pinotti, Martino, & Zaritzky, 2009).

TPS—chitin10 films presented homogeneous, smooth, uniform
and flat surfaces like TPS—chitosan ones (Figure not shown).
However, film cross-sections showed a more irregular structure
due to a high rigid phase concentration attributed to chitin moiety.

Fig. 4. SEM micrographs (10,000x) of cross-sections of films based on thermoplastic
corn starch.
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Films thickness was also measured using SEM from cross-
section images and values are reported in Table 2. TPS—chitosan/
chitin films presented almost constant thickness along the sample
and the obtained values were in agreement which those measured
with a micrometer. Besides, chitosan and chitin addition to TPS
formulations resulted in an increase of films thickness.

3.5. Optical properties

Color attributes are of prime importance because they directly
influence consumer acceptability. Color parameters of the devel-
oped films are summarized in Table 2. Chitosan addition decreased
significantly (p < 0.05) the luminosity (L) of TPS films. Parameter a
of TPS and TPS—chitosan films were not significantly different
(p > 0.05). However, parameter b increased significantly (p < 0.05)
with chitosan concentration. Chillo et al. (2008) developed tapioca
starch films with chitosan and glycerol by casting and stressed that
L and b parameter increased while a decrease with chitosan
addition.

Luminosity values of TPS—chitin10 films was not significantly
different (p > 0.05) than the corresponding to TPS ones (Table 2).
However, chitin addition decreased a parameter while b resulted
higher than TPS control films. TPS—chitosan10 films were more
yellowish with a b value 77% higher than TPS—chitin10.

Color development in TPS—chitosan/chitin films is related to
non enzymatic browning (Maillard reaction). This behavior could
mean that processing temperature promoted chemical reactions,
such as Maillard reaction, as it was also reported by other authors
(Guerrero Beatty, Kerry, & de la Caba, 2012). In the early stage of the
Maillard reaction involves the formation of conjugates between the
carbonyl group with the amine group in chitosan molecules. This
reaction produces a Schiff base, which subsequently cyclizes to
produce the Amadori compound and insoluble polymeric com-
pounds, referred as melanoidins, are formed (Leceta, Guerrero,
Ibarburu, Duefias, & de la Caba, 2013; Yasir, Sutton, Newberry,
Antrews, & Gerardard, 2007). This reaction is less evident in TPS—
chitin films because amino groups in chitin structure are involved
in amide bonds and therefore less exposed and susceptible for
these reactions.

Fig. 5 corresponds to the UV—vis spectra of the studied films. UV
absorption capacity of films allows their application under different
conditions in packaging area for a wide range of food, pharma-
ceutical and cosmetic products. Absorption peak located at 250—
300 nm demonstrated that chitosan/chitin added to formulations
increased TPS films UV absorption capacity (Table 2). Thus, these
films could be useful to extend shelf life of products susceptible to
oxidative rancidity.

In Table 2 are also presented film’'s opacity values. The results
obtained indicated that both biopolymers increased opacity values
of TPS films. These results are in agreement with those reported by
Pelissari et al. (2012) for films based on cassava starch and
chitosan.

Table 2
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Fig. 5. Absorption spectra (200—700 nm) of films based on thermoplastic corn starch
(TPS), TPS with 5 and 10 g chitosan/100 g starch (TPS—chitosan5 and TPS—chitosan10)
and TPS with 10 g chitin/100 g starch (TPS—chitin10). TPS (—), TPS—chitosan5 (------),
TPS—chitosan10 (----) and TPS—chitin10 (-----).

3.6. Water vapor permeability (WVP)

The influence of chitosan/chitin addition on WVP is shown in
Table 3, indicating that both biopolymers decreased this barrier
property of TPS films. This could be explained by the increase of
interactions between chitosan/chitin and corn starch (hydrogen
bonding type), which decrease availability of the hydrophilic
groups, therefore, the water vapor transmission rate of the matrix
decreased (Chillo et al., 2008; Xu et al., 2005). Chemical interaction
between starch and chitosan/chitin demonstrated by FTIR rein-
forced WVP results. Obtained values, as well as, observed tendency
were in agreement with those reported by other authors (Chillo
et al., 2008; Pelissari et al.,, 2012). TPS—chitosan films showed
lower WVP at higher chitosan concentration. Moreover, WVP
values showed that chitin addition had more pronounced effect
than chitosan attributed to higher amount of acetyl groups in its
structure.

3.7. Mechanical properties

Elastic modulus, maximum tensile strength and elongation at
break of TPS—chitosan/chitin films are shown in Table 3. Addition of
10 g chitosan or chitin/100 g starch to TPS matrix increased
significantly (p < 0.05) films tensile strength. It could be attributed
to the intermolecular hydrogen bonding between starch —OH
groups with chitosan and chitin —NH; groups, revealed by FTIR.
Similar results were reported by Bourtoom and Chinan (2008) and

Thickness, color parameters, opacity and absorption peak area of films based on thermoplastic corn starch (TPS), TPS with 5 and 10 g chitosan/100 g starch (TPS—chitosan5 and

TPS—chitosan10) and TPS with 10 g chitin/100 g starch (TPS—chitin10).

Film formulation Thickness Parameter L Parameter a Parameter b Opacity UV absorption peak area
(num) (luminosity) (green—red) (blue—yellow) (AU x nm) (AU x nm)

TPS 1104 + 1.6% 92.91 + 0.20° —0.21 + 0.01° 1.16 + 0.172 20.0 + 3.5% 419 +25°

TPS—chitosan5 1163 + 2.3° 91.69 + 0.51° —0.24 + 0.03%° 3.64 + 0.67° 29.5 +0.3° 60.7 + 3.6°

TPS—chitosan10 137.8 + 1.5 90.72 + 0.40° —0.25 + 0.04*° 5.47 + 0.73¢ 37.5 + 1.0° 74.3 + 2.3

TPS—chitin10 121.1 £ 3.1° 9247 + 1.723P¢ —0.32 + 0.07° 3.08 + 1.20° 28.8 +0.5° 60.2 +2.3°

Reported values correspond to the mean =+ standard deviation. Values within each column followed by different letters indicate significant differences (p < 0.05).
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Table 3

Mechanical properties and water vapor permeability (WVP) of films based
on thermoplastic corn starch (TPS), TPS with 5 and 10 g chitosan/100 g starch (TPS—
chitosan5 and TPS—chitosan10) and TPS with 10 g chitin/100 g starch (TPS—
chitin10).

Film formulation Elastic Maximum Elongation ~ WVP x 10°
modulus tensile strength at break (%) (g/s m Pa)
(MPa) (MPa)

TPS 1048.6 + 38.1* 10.7 £ 0.1* 236 +0.31* 1.33 + 0.09?

1.69 + 0.24° 1.19 + 0.09
1.64 +0.12° 0.87 + 0.04°
1.86 + 0.44*" 0.59 + 0.02¢

TPS—chitosan5 1136.7 + 27.4° 124 + 1.6*P
TPS—chitosan10 1188.4 + 67.8° 125 + 0.8°
TPS—chitin10 ~ 1080.6 + 58.2*" 12.6 + 0.6°

Reported values correspond to the mean =+ standard deviation. Values within each
column followed by different letters indicate significant differences (p < 0.05).

Pelissari et al. (2012) studying starch and chitosan films obtained by
extrusion.

The elastic modulus indicates the rigidity of the film; a larger
value corresponds to a more rigid material (Pelissari et al., 2012).
Developed films presented an appreciable rigidity since elastic
modulus varied between 1048 and 1188 MPa (Table 3). Elastic
modulus increased 8.4 and 13.3% for films containing 5 and 10 g
chitosan/100 g starch, respectively. The formation of a dense and
rigid matrix could be attributed to their manufacturing process
conditions. High temperature, pressure and shear force during melt
blending allowed starch chains approximation, which was rein-
forced with the thermo-compression process. TPS films elastic
modulus increase by chitin addition was no significant (p > 0.05).

Film’s elongation at break is related to flexibility and elongation
capacity of the materials. This mechanical parameter was
decreased around 30% with the addition of 10 g chitosan/100 g
starch to TPS formulations (Table 3). This tendency was reported by
several authors and could be related to the TPS matrix crystallinity
increase caused by chitosan addition (Bourtoom & Chinan, 2008;
Pelissari et al., 2012; Xu et al., 2005). On the other hand, elonga-
tion at break reduction observed by chitin addition was not sig-
nificant (p > 0.05).

3.8. Dynamic mechanical analysis (DMA)

Dynamic mechanical properties are related to the structure and
morphology of polymeric materials (Tuhin et al., 2012). DMA is a
sensitive technique to evaluate glass transitions associated to the
phase relaxation behavior of polymeric systems. Multi-frequency
assays (1, 3, 5, 10, 15 and 20 Hz) were performed as it was shown
in Fig. 6 for TPS—chitosan10 films. Regardless the frequency, similar
dynamic mechanical behavior was evidenced for all studied TPS
films. DMA relaxation spectra performed at 3 Hz of TPS control film
are shown in Fig. 7. Storage modulus (E’) is related to the composite
stiffness and it is the elastic response whereas loss modulus (E”) is
the viscous response of the material. Loss factor is defined as
tan 0 = E”[E’ and it is related to the molecular motion. In the case of
TPS control films, DMA spectrum presented two thermal transi-
tions due to the presence of two separate phases (Fig. 7). This
behavior was mainly evidenced in loss modulus curves. Several
authors stressed that the upper transition corresponds to a starch-
rich phase whereas the lower one is associated to a glycerol-rich
phase (Da Roz, Carvalho, Gandini, & Curvelo, 2006; Garcia et al.,
2009; Lopez, Lecot, Zaritzky, & Garcia, 2011; Mathew & Dufresne,
2002). As it is shown in Fig. 7, the transition associated to the
starch-rich phase was not completely defined due to the low
resistance to softening of TPS films during the assays. In this sense,
several authors have reported that plasticizer-rich phase transition
for different TPS matrixes has a better definition with a higher in-
tensity change than the second one attributed to the starch-rich
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Fig. 6. DMA spectra of films based on thermoplastic corn starch with 10 g chitosan/
100 g starch. Dependence of E' (storage modulus), E” (loss modulus) and tan ¢ with
temperature at a constant frequency of 1, 3, 5,10, 15 and 20 Hz.
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Fig. 7. DMA spectra of films based on thermoplastic corn starch. Dependence of E'
(storage modulus), E” (loss modulus) and tan ¢ with temperature at a constant fre-
quency of 3 Hz.

phase (Fama, Flores, Gerschenson, & Goyanes, 2006; Forsell,
Mikkild, Moates, & Parker, 1997; Hongsprabhas & Israkarn, 2008;
Jiang, Qiao, & Sun, 2006; Lépez et al., 2011; Ma, Chang, Yu, &
Stumborg, 2009; Wilhelm, Sierakowski, Souza, & Wypych, 2003).
For TPS—chitosan/chitin films, a similar behavior was observed
since E” curves also revealed two separate transitions associated to
the presence of distinctive domains enriched in glycerol or in starch

Table 4

Relaxation temperatures associated to the glass transition of the glycerol-rich phase
of films based on thermoplastic corn starch (TPS), TPS with 5 and 10 g chitosan/100 g
starch (TPS—chitosan5 and TPS—chitosan10) and TPS with 10 g chitin/100 g starch
(TPS—chitin10) determined by DMA (3 Hz).

Film formulation Relaxation temperatures associated to the glass transition

of the glycerol-rich phase (°C)

Inflexion of storage Maximum of loss ~ Maximum of

modulus (E') modulus (E") tan ¢
TPS —68.0 + 0.6% —60.5 + 4.1? -51.8 + 1.0*
TPS—chitosan5 —66.9 + 2.5? -61.8 + 4.1° -52.0 + 0.9°
TPS—chitosan10 —65.1 + 4.7° —55.7 + 3.8 —48.9 + 5.97
TPS—chitin10 —66.2 + 3.22 —56.8 + 3.1? —50.4 + 3.8%

Reported values correspond to the mean =+ standard deviation. Values within each
column followed by different letters indicate significant differences (p < 0.05).
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throughout the TPS matrix (Figures not shown). The similitude
between DMA spectra may be attributed to the compatibility be-
tween starch, chitosan and chitin that makes very difficult sepa-
rating glass transitions events of individual polymeric constituents
in biocomposites. Moreover, obtained results indicated that these
biopolymers presented a similar plasticization behavior. Chitosan
and chitin addition affected positively storage (E’) and loss (E”)
moduli, which indicates a better elastic and viscous response of TPS
films.

TPS-chitosan5

Glass transition temperatures (Tg) were determined through the
inflexion point of the F’ curve and the maximum in E” and tan ¢
curves (Psomiadou, Arvanitoyannis, & Yamamoto, 1996). Knowl-
edge of T, is important since it impacts on films mechanical and
barrier properties under specific conditions of application and
storage. Relaxation temperatures associated to glass transition of
glycerol-rich phase for all developed TPS films are presented in
Table 4. Despite there is no significant differences (p > 0.05) among
relaxation temperatures corresponding to glycerol-rich phase, an

TPS-chitosan10

TPS-chitosan5

TPS-chitosan10

Fig. 8. Antimicrobial capacity of films based on thermoplastic corn starch (TPS) and TPS with 5 and 10 g chitosan/100 g starch (TPS—chitosan5 and TPS—chitosan10) against:
A) Staphylococcus aureus ATCC 27933, B) Escherichia coli ATCC 25922, C) Aspergillus spp., and D) Penicillium spp.
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increase in their mean values were observed. The shift of the
relaxation temperature to a higher value is indicative of restricted
molecular movement (Piyada, Waranyou, & Thawien, 2013). In this
particular case, this shift is the consequence of chemical in-
teractions through hydrogen bonding between hydroxyl groups of
starch and amino groups of chitosan and chitin, evidenced by FTIR
results. Chang, Jian, and Ma (2010) reported that the T of glycerol
plasticized-potato starch film shifted to higher temperature by
chitin nanoparticles addition.

3.9. Antimicrobial capacity

Antimicrobial capacity was tested against two food pathogenic
bacteria: E. coli and S. aureus. Besides, studies against two usual
spoilage fungi (Aspergillus spp. and Penicillium spp.) were also
carried out. The studied fungi are known due to its resistant to
several stress factors commonly used in food elaboration such as
decreasing pH, incorporation of high levels of sugar and pasteuri-
zations. Details of antimicrobial capacity of TPS films containing
chitin and chitosan are shown in Fig. 8. As it was expected, despite
of the well-known chitosan antimicrobial properties, it was not
observed any clear zone surrounding circular film strips for all
studied formulations. This result is attributed to the incapacity of
this macromolecule to diffuse through the adjacent agar media.
Chitosan in a solid form only inhibits organisms in direct contact
with the active sites of this biopolymer (Coma et al., 2002; Pranoto
et al., 2005). Furthermore, processing method for film preparation
led to strong interactions between starch hydroxyl and chitosan
amino groups that affected the diffusion phenomenon of chitosan
from the TPS matrix.

Visual examination of S. aureus growth in the contact area
indicated that TPS formulations with the highest chitosan con-
centration presented highest growth inhibition, with better film
integrity than control films (Fig. 8A). Furthermore, it was observed
that chitosan presence in TPS films modified S. aureus growth,
decreasing the number of colonies (Fig. 8A). Antimicrobial activity
studies of active films against E. coli revealed that chitosan pre-
sented an inhibitory effect limiting growth of this microorganism
underneath film disks (Fig. 8B). This result was more pronounced
for the highest chitosan concentration studied. On the other hand,
there was no effect on Penicillium spp and Aspergillus niger for both
inhibitory and contact zones for all chitosan concentrations
employed in this research (Fig. 8C and D). This result could be
attributed to the used method. Thus, it is relevant to standardize
testing conditions for the optimum design of active antimicrobial
food packaging films and coating applications. Incorporating chitin
into formulations did not modify antimicrobial efficacy of TPS films
against all tested microorganisms.

4. Conclusions

Thermo-compression films of thermoplastic corn starch with
chitosan/chitin had uniform thickness and good appearance. FTIR
results suggested some structural modifications in TPS matrix
attributed to the interactions between starch hydroxyl and chito-
san/chitin amino groups. DSC studies demonstrated that chitosan
and chitin incorporation decreased enthalpy melting values of TPS
films. SEM micrographs showed that films presented homogeneous
and smooth surfaces, without pores and cracks and no glycerol
migration. Thermo-compression effectiveness was demonstrated
by homogeneous cross-sections with absence of unmelting starch
granules and no visible agglomerates of chitin and chitosan. TPS
films luminosity decreased with chitosan content. TPS—chitosan/
chitin films presented color development related to non enzymatic
browning, as well as, a higher UV absorption capacity and opacity

than control ones. WVP was reduced with chitosan/chitin incor-
poration. Addition of these biopolymers to TPS increased tensile
strength and elastic modulus and decreased elongation at break.
DMA assays evidenced the presence of two distinctive domains
enriched in glycerol or in starch. Antimicrobial capacity demon-
strated that TPS films with chitosan reduced S. aureus and E. coli
growth in the contact zone. These results are relevant achieve-
ments in relation to the potential production of biodegradable
packaging at industrial scale using biopolymers as raw material.
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