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a b s t r a c t

The effect of the addition of starch nanocrystals e prepared fromwaxy and normal maize starch granules
e to amaranth protein formulations on the physicochemical and structural properties of the resulting
nanocomposite films was studied. All nanocomposites films were homogeneous, translucent and had
similar thickness and optical properties than the neat protein film due to the good dispersion of the
nanoreinforcements in the protein matrix and the good chemical affinity between both components.
Nevertheless, the presence of nanocrystals affected differently the way in which protein matrix stabi-
lized, according to the origin of the reinforcement: mainly by disulfide bonds for waxy maize nano-
crystals and by hydrogen bonds for normal maize nanocrystals. This induced a different reinforcing effect
for amaranth protein films, being more significant for normal maize nanocrystals that however pre-
sented a lower crystallinity. Moreover, nanocomposite films presented improved water vapor perme-
ability (WVP), water uptake (WU), surface hydrophobicity and mechanical behavior than proteins films
and also a delay in their weight loss in soil.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Interest in biodegradable materials has increased during the
past decades because of their potential applications and the pos-
sibility to contribute to solving environmental pollution. The use of
biopolymers such as polysaccharides and proteins and of lipids, or
their composites to prepare edible films and coatings holds promise
for innovative applications in food protection and preservation.
Numerous proteins such as corn zein, wheat gluten, soy, peanut,
cottonseed, sunflower, rice bran, serum albumin, egg white,
collagen, gelatin, myofibrils, casein and whey proteins, and others
of limited availability, have been studied as potential film forming
agents (Cuq, Gontard, & Guilbert, 1998; Gennadios, 2002; Krochta,
1997). These films are characterized by excellent barrier properties
to oxygen, lipids and flavorings but they display poor mechanical
properties, and high permeability to water vapor (Gennadios,
2002). It has been demonstrated that this functionality is deter-
mined by the film microstructure that varies significantly
depending on the type and initial state of the protein, and the
processing methodology (Denavi et al., 2009).
: þ54 221 4254853.
. Mauri).
Amaranth is an ancestral crop with well-known agronomic
advantages (Lehmann,1996). Its small seeds contain proteins with a
well-balanced composition in essential amino-acids and important
content of sulfur-containing amino-acids (Bressani, 1989). Cond�es,
A~n�on, and Mauri (2013) have studied the film formation from
both native and thermally treated amaranth protein isolates. They
observed that films prepared from treated proteins show better
mechanical properties and lower solubility. It was attributed to
interactions between polypeptide chains during film formation due
to the unfolded conformation of treated amaranth proteins leading
to a higher degree of cross-linking. This behavior was reflected in
the higher tensile strength of this material and in the lower amount
of water-soluble free peptides that remained linked to the matrix.

Another strategy to improve the functionality of protein films,
especially their mechanical and barrier properties is the addition of
nanoreinforcement to the formulation. Inorganic nanoparticles of
various shapes, such as layered silicates, spherical SiO2, or carbon
nanotubes have been incorporated into soy protein formulations,
for example, to enhance their performance (Ai, Zheng, Wei, &
Huang, 2007; Chen & Zhang, 2006; Dean & Yu, 2005; Echeverría,
Eisenberg, & Mauri, 2014; Yu, Cui, Wei, & Huang, 2007; Yu, Dean,
& Li, 2006; Zheng, Ai, Wei, Huang, & Chang, 2007). Because of
the safety concern of inorganic nanoparticles, there are quite
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interests in using biodegradable, biocompatible, and natural
nanostructured objects, such as rod-like cellulose or chitin whis-
kers, and platelet-like starch nanocrystals (Angellier, Choisnard,
Molina-Boisseau, Ozil, & Dufresne, 2004; Nair & Dufresne, 2003;
Paillet & Dufresne, 2001; Putaux, Molina-Boisseau, Momaur, &
Dufresne, 2003; Samir Azizi, Alloin, & Dufresne, 2005). In partic-
ular, starch nanocrystals have become a suitable alternative as
nanoreinforcement due to their low cost and simple production
method. Starch nanocrystals (SNC) are crystalline platelets result-
ing from the disruption of the semicrystalline structure of starch
granules by the acid hydrolysis of amorphous parts. The addition of
starch nanocrystals from different botanical origin to biodegradable
films e waxy starch, soy protein, or polyvinyl alcohol e has
improved barrier and mechanical properties of the resulting ma-
terials (Chen, Cao, Chang, & Huneault, 2008; García, Ribba,
Dufresne, Aranguren, & Goyanes, 2009; Zheng, Ai, Chang, Huang,
& Dufresne, 2009).

It is well known that the amylose:amylopectin content of starch
greatly affects its structural and functional properties. The branch
chain length of amylopectin has been related to starch crystalliza-
tion (Hanashiro, Abe, & Hizukuri, 1996) and affects the gelatiniza-
tion and pasting properties (Jane et al., 1999), but also the size,
shape, crystallinity and rheological properties of their nanocrystals
(LeCorre, Bras, & Dufresne, 2011).

The aim of this work was to study the effect of the addition of
starch nanocrystals e prepared from native waxy and normal
maize starch granules e to amaranth protein formulations, on the
physicochemical properties of ensuing nanocomposite films,
analyzing how the differences in both starches affect the nature of
their corresponding nanocrystals and also their efficiency as rein-
forcement of amaranth protein films.

2. Experimental

2.1. Plant materials

Seeds of Amaranthus hypochondriacus (cultivar 9122) used in
this work were obtained from Estaci�on Experimental del Instituto
Nacional de Tecnología Agropecuaria (INTA), Anguil, La Pampa,
Argentina.

Both waxy and normal maize starches (Sigma-Aldrich, Ger-
many) were used for nanocrystal preparation.

2.2. Amaranth flour preparation

Seeds were ground and screened by 0.092 mm mesh. The
resulting flour was defatted with hexane at 25 �C for 5 h (100 g/L
suspension) under continuous stirring. After drying at room tem-
perature, the flour was stored in hermetic containers in a chamber
at 4 �C up to a month, when it was used for protein isolate
preparation.

2.3. Preparation of amaranth protein isolate

Amaranth protein isolate (API) used in this study was prepared
according to Martínez and A~n�on (1996). Briefly, defatted flour was
suspended in water (100 g/L) and the pH was adjusted to 11.0 with
2 N NaOH. The suspension was stirred for 60 min at room tem-
perature and then centrifuged for 20min at 9000� g and 15 �C. The
supernatant was adjusted to pH 5.0 with 2 N HCl and then
centrifuged at 9000 � g for 20 min at 4 �C. The pellet was sus-
pended inwater, neutralized with 0.1 N NaOH and freeze-dried. API
was stored in hermetic containers in a chamber at 4 �C up to two
months until used.
2.4. Preparation of starch nanocrystals

Waxy maize and normal maize starch nanocrystals were ob-
tained according to a previously described method (Angellier et al.,
2004). Briefly, acid hydrolysis of 36.725 g of waxy or normal maize
starch granules was performed in a 250 mL 3.16 M H2SO4 solution,
at 40 �C and 100 rpm. The mixture was subjected to an orbital
shaking action during 5 days. Subsequently, the ensuing insoluble
residue was washed with distilled water and separated by succes-
sive centrifugations at 10,000 rpm and 5 �C, until neutrality. The
aqueous suspensions of starch nanoparticles were stored at 4 �C
after adding several drops of chloroform to inhibit the growth of
microorganisms, or freeze-dried according to the requirements of
each assay.

The hydrolysis yield (wt%) was calculated as the ratio between
the weight of freeze-dried nanoparticles and the initial weight of
native granules for an aliquot of 50 mL taken in the 250 mL of
hydrolyzed suspensions. It was verified that these aliquots were
representative of the entire volume of 250 mL.

2.5. Starch granule and nanocrystal characterization

2.5.1. Amylose content
Amylose content of the starch granules was determined by us-

ing the method of Williams, Kuzina, and Hlynka (1970). A starch
sample (20 mg) was taken and 10 mL of 0.5 N KOH was added. The
suspension was thoroughly mixed. The dispersed sample was
transferred to a 100 mL volumetric flask and diluted to the mark
with distilled water. An aliquot of tested starch solution (10 mL)
was pipetted into a 50 mL volumetric flask and 5 mL of 0.1 N HCl
was added followed by 0.5 mL of iodine reagent. The volume was
diluted to 50 mL and the absorbance was measured at 625 nm. The
measurement of the amylose content was determined from a
standard curve developed using amylose and amylopectin blends.

2.5.2. Scanning electron microscopy (SEM) and field emission gun
scanning electron microscopy (FEG-SEM)

A SEM 505 (Philips, Netherlands), with an accelerating potential
of 10 kV was used to examine the morphology of starch granules.
Starch samples were prepared by depositing granules on an
aluminum stub using double-sided adhesive tape and the sample
was coated with gold (Sputter coater, Edwards S150B).

SEM observation performed using a Zeiss DSM982 Gemini with
a field emission gun (FEG) was used to examine the morphology of
starch nanoparticles. All samples were prepared by depositing
2.5 mL of starch nanocrystal suspension (with concentration
0.0001% w/v) on a TEM grid.

2.5.3. X-ray diffraction
Normal and waxy maize starch nanocrystals were submitted to

X-ray radiation using a diffractometer (Philips model PW 1510),
with a vertical goniometer operating at Cu Ka radiationwavelength
(l ¼ 0.154 nm), 40 kV, 30 mA and sampling interval of 0.01�.
Scattered radiation was detected in the angular range 2q ¼ 5e40�.

The crystallinity index of the samples was quantitatively esti-
mated following the method of Nara and Komiya (1983) adapted,
also called the “two-phase” method. A curve connecting the peaks
baselinewas plotted on the diffractogram. The area above the curve
was assumed to correspond to the crystalline domains, and the
lower area to the amorphous part. The ratio of upper area to total
area was taken as the crystallinity index.

2.5.4. Differential scanning calorimetry (DSC)
A TA Instrument DSC Q100 V9.8 Build 296 (New Castle, DE, USA)

was used to determine the thermal characteristics of starch
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granules and nanocrystals. Temperature and heat flow calibration
of the equipment was carried out according to ASTM standards,
using lauric and stearic acids, and indium as standards, respec-
tively. For starch granules, hermetically sealed aluminum pans
containing 15 mg of starch dispersion (30% w/v in distilled water)
were prepared and scanned at 10 �C/min over the range 20e135 �C.
For starch nanocrystals, hermetically sealed aluminum pans con-
taining 5 mg of freeze-dried starch nanocrystals were prepared and
scanned at 10 �C/min over the range 0e300 �C. Gelatinization and
fusion enthalpies (DHgel and DHf), and peak temperatures (Tgel and
Tf) were determined from the corresponding thermograms (Uni-
versal Analysis V4.2E, TA Instruments, New Castle, DE, USA).
Enthalpy values were expressed as J/g of starch or nanocrystal,
taking into account the dry weight, determined by perforating the
pans and heating overnight at 105 �C.

2.5.5. Particle size determination
The determination of starch nanocrystal size by measuring dy-

namic light scattering (DLS) was made on a Zetasizer Nano-Zs
(Malvern Instruments Ltd., United Kingdom) equipped with a
HeeNe laser (633 nm) and a digital correlator (ZEN3600) with a
measuring range of 0.6e6000 nm. Measurements at a scattering
angle of 173� were performed at room temperature using a poly-
styrene cell. Nanocrystal dispersions were diluted to 0.05% v/v in
milliQ water, thus eliminating the possible turbidity that may exist
in the sample at higher concentrations. The samplewas illuminated
with a laser and the intensity of scattered light produced by the
particles fluctuated at a rate that depends on particle size. There-
fore, using the software provided with the equipment it was
possible to obtain the particle size distribution by intensity,
determining the average size and the polydispersity index that is
the width of the Gaussian bell and reflects the diversity of particle
size in the sample. All determinations were performed at least in
triplicate.

2.6. Film formation

Films were prepared by casting dispersions of amaranth protein
isolate (API, 5% w/v), glycerol (1.25% w/v, Anedra, Argentina) and
variable amounts of normal or waxy maize nanostarch dispersions
(0, 3, 6, 9 and 12 wt% relative to protein isolate mass) in distilled
water. All dispersions were magnetically stirred for 1 h at room
temperature, their pH was adjusted to 10.5 with 2 mol/L NaOH, and
they were stirred again for additional 20 min. 10 mL of each film
forming dispersion were poured onto polystyrene Petri dishes
(64 cm2) and dried at 40 �C for 4 h in an oven with air flow and
circulation (Yamato, DKN600, USA). The dry films were conditioned
at 20 �C and 58% relative humidity in desiccators with saturated
solutions of NaBr for 48 h before being peeled from the casting
surface for characterization.

2.7. Film characterization

2.7.1. Moisture content (MC)
MC was gravimetrically determined after drying in an oven at

105 �C for 24 h. Small film specimens collected after conditioning,
were cut and placed on Petri dishes that were weighed before and
after oven drying. MC values were determined in triplicate for each
film, and calculated as the percentage of weight loss based on the
original weight (ASTM D644-94, 1994).

2.7.2. Film thickness
Film thickness was measured by a digital coating thickness

gauge (Check Line DCN-900, USA). Measurements were done at five
positions along the rectangular strips for tensile test, and at the
center and at eight positions round the perimeter for the WVP
determination. The mechanical properties and WVP were calcu-
lated using the average thickness for each film replicate.

2.7.3. Film color
Film color was determined using a Minolta Chroma meter (CR

300, Minolta Chroma Co., Osaka, Japan). A CIE Lab color scale was
used to measure the degree of lightness (L), redness (þa) or
greenness (�a), and yellowness (þb) or blueness (�b) of the films.
The instrument was standardized using a set of three Minolta
calibration plates. Films were measured on the surface of the white
standard plate with color coordinates of L ¼ 97.3, a ¼ 0.14 and
b ¼ 1.71. Total color difference (DE) was calculated from:

DE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Lfilm�Lstandard

�2þ�
afilm�astandard

�2þ�
bfilm�bstandard

�2r

(1)

Values were expressed as the means of nine measurements on
different areas of each film.

2.7.4. Opacity
Each film specimen was cut into a rectangular piece and placed

directly in a spectrophotometer test cell, and measurements were
performed using air as the reference. A spectrum for each film was
obtained in an UVeVis spectrophotometer (Beckman DU650, Ger-
many). The opacity of the film (1/mm) was calculated by dividing
the absorbance at 500 nm by the film thickness (mm) (Cao, Fu, &
He, 2007). All determinations were performed in triplicate.

2.7.5. Mechanical properties
The tensile mechanical behavior was analyzed with a RSA3 (TA

Instruments, USA) with a load cell of 100 N. Experiments were
performed at room temperature, 25 �C, with a cross head speed of
50 mm/min. The sample dimensions were 10 � 5 � 1 mm3, and the
results were averaged on five measurements. The tensile strength
and elongation at break were determined directly from the
stressestrain curves, and the Young's modulus was calculated as
the steepest slope of the initial linear portion of this curve to
exclude the very initial strain that could be due to machine and
clamp realignment artifacts.

2.7.6. Solubility in water
Solubility was measured by immersion of film disks (2.0 cm in

diameter) in water containing sodium azide, at 25 ± 2 �C for a
period of 24 h (Gontard, Guilbert, & Cuq, 1992). The amount of dry
matter in the initial and final samples was determined by drying
the samples at 105 �C for 24 h. All determinations were performed
in triplicate.

2.7.7. Water vapor permeability (WVP)
Water vapor permeability tests were conducted using ASTM

method E96-00 (ASTM E96-00, 1996) with some modifications
(Gennadios, McHugh, Weller, & Krochta, 1994). Each film sample
was sealed over a circular opening of 0.00177 m2 in a permeation
cell that was stored at 25 �C in a desiccator. To maintain a 75%
relative humidity (RH) gradient across the film, anhydrous silica
(0% RH) was placed inside the cell and a saturated NaCl solution
(75% RH) was used in the desiccator. The RH inside the cell was
always lower than outside, and water vapor transport was deter-
mined from the weight gain of the permeation cell. When steady-
state conditions were reached (about 1 h), eight weight measure-
ments were made over 5 h. Changes in the weight of the cell were
recorded and plotted as a function of time. The slope of each line
was calculated by linear regression and the water vapor



Table 1
Structural and physicochemical characteristics of normal and waxy maize starch
granules.

Normal maize Waxy maize

Granular diameter (mm) 15.9 ± 0.6a 16.1 ± 5.5a

Amylose content % 38.1 ± 1.9a 1.6 ± 0.3b

Crystalline type A/V A
Crystallinity % 20.8 ± 1.5a 38.6 ± 0.9b

Tgel (�C) 71.0 ± 0.1a 70.9 ± 0.2a

DHgel (J/g) 13.8 ± 1.6a 17.3 ± 0.5b

All values were average ± SD from two or more values. Reported average values for
all parameters within a line with same superscripts (a and b) are not significantly
different (P < 0.05).
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transmission rate (WVTR) was calculated from the slope (g/s H2O)
divided by the cell area (m2). WVP (g/Pa s m) was calculated as:

WVP ¼ ½ðWVTRÞ � d�
.h

PH2O
v � ðRHd � RHcÞ � A

i
(2)

where PH2O
v ¼ vapor pressure of water at saturation (Pa) at the test

temperature (20 �C), RHd ¼ RH in the desiccator, RHc ¼ RH in the
permeation cell, A ¼ permeation area (m2), and d ¼ film thickness
(m). Each WVP value represents the mean value of at least three
sampling units taken from different films.

2.7.8. Measurement of surface hydrophobicity
Surface hydrophobicity was assessed by measuring contact

angle using a goniometer ram�e-hart Model 500 (ram�e-hart in-
strument co., USA). A 5 mL drop of demineralized water was placed
on the surface of the film with an automatic piston syringe and
photographed. An image analyzer was used to measure the angle
formed between the base, constituted of the surface of the film in
contact with the water drop, and the tangent to the water drop. The
mean hydrophobicity value for the surface of each film was calcu-
lated from six measurements on the film.

2.7.9. Water uptake (WU)
The water uptake was determined used 1 cm2 samples of rect-

angular films. After weighing to determine the initial weight (m0),
they were placed in a container conditioned at 98% RH using a
saturated copper sulfate solution. At specific time intervals, the
sample weight (mt) was determined until an equilibrium value
(m∞) was reached. Three replicates were tested for each sample.
The water uptake (WU%) of the sample was calculated as:

WU% ¼ ðm∞ �m0Þ � 100=m0 (3)

2.7.10. Differential solubility of proteins
Protein solubility of the films was determined according to the

method described by Mauri and A~n�on (2006), with some modifi-
cations. Pieces of films were weighted and placed into a tube
containing 1 mL water or buffer. Five different buffer systems all at
pH 7.5 were used: a) 0.1 mol/L phosphate buffer (NaH2PO4) con-
taining 0.1 mol/L NaCl (PB); b) PBD buffer: PB with 0.1% sodium
dodecyl sulfate (SDS, Anedra, Argentine); c) PBU buffer: PB with
6 mol/L urea (Riedel-deHa€en, Germany); d) PBDU buffer: PB with
0.1% SDS and 6 M urea, and e) PBDUM buffer: PB with 0.1% SDS,
6 mol/L urea and 2.5% 2-mercaptoethanol (ME, Sigma-Aldrich,
Germany). The tubes were shaken for 24 h at 20 �C. Suspensions
were then centrifuged at 9000 � g for 20 min at room temperature
and the protein content in the supernatant was determined using a
Bradford assay (Bradford, 1976). Standard curves using bovine
serum albumin (BSA, Sigma-Aldrich Chemical Co., St. Louis, USA)
were constructed for each buffer. For each type of film, at least two
samples from four independent film preparations were solubilized.
The soluble protein content was expressed as a percentage of the
total amount of protein in the film, which was measured by the
Kjeldahl method (AOAC 920.53, 1995).

2.7.11. Glass transition temperature (Tg)
The glass transition temperature (Tg) was determined by dif-

ferential scanning calorimetry, using a DSC TA 2010 calorimeter
Q100 V9.8 Build 296 (TA Instrument, New Castle, Del., USA)
controlled by a TA 5000 module with a quench-cooling accessory.
Temperature and heat flow calibration of the equipment were
carried out according to ASTM Standards, using lauric and stearic
acids, and indium as standards. Hermetically sealed aluminum
pans containing 5e10 mg of films were prepared, and the capsules
were scanned at 20 �C/min over the range �100 to 130 �C modu-
lated. The glass transition temperature (Tg) was considered to be
the inflexion point of the base line, caused by the discontinuity of
the specific heat of the sample, and it was calculated with the help
of the Universal Analysis V4.2E software (TA Instruments, New
Castle, Del., USA) (Sobral, Menegalli, Hubinger, & Roques, 2001). All
the assays were performed at least in duplicate.

2.7.12. Weight loss measurement
Weight loss measurement of films in soil was carried out as

previously reported (Dalev, Patil, Mark, Vassileva, & Fakirov, 2000).
Soil was taken from the surface layer. All inert materials were
removed to obtain a homogeneous mass. 100 g soil was poured into
a plastic pot up to a thickness of about 4 cm. Nanocomposite
samples were accurately weighed. The samples were previously
dried at 50 �C for 24 h. They were buried in the pots to a depth of
2 cm. Water was sprayed once a day to sustain the moisture. The
samples were weighed every week for 3 weeks. After each period
the samples were carefully taken out, washed with distilled water,
and dried at 50 �C for 24 h and then weighed.

2.8. Statistical analysis

Results were expressed as mean ± standard deviation and were
analyzed by analysis of variance (ANOVA). Means were tested with
the Fisher's least significant difference test for paired comparison,
with a significance level a ¼ 0.05.

3. Results and discussion

3.1. Maize starch granules and nanocrystals characterization

This study was carried with two maize starches with different
amylose:amylopectin ratios, i.e. normal and waxy type. Some
structural and physicochemical characteristics of the starch gran-
ules used are shown in Table 1. Both starches showed angular
shape, presenting some “pin holes” and equatorial grooves or fur-
rows (Fig. 1A), with sizes around 15e20 mm as shown by Sandhu,
Singh, and Kaur (2004). These granules are mainly differentiated
in the amylose content (Table 1) that was higher for normal maize
starch (38.1%) than for waxy maize starch (1.6%), as expected ac-
cording to Morrison, Milligan, and Azudin (1984).

Differences in amylose:amylopectin ratio in the granule influ-
enced the crystallinity, calculated from the X-ray patterns as shown
in Fig. 2. Waxy maize starch showed significantly higher crystal-
linity than normal maize starch (38.6 ± 0.9% and 20.8 ± 1.5%,
respectively). Tang, Mitsunaga, and Kawamura (2006) reported that
the backbone of the granule crystal structure is formed by amylo-
pectin, with the amylose molecules randomly arranged individu-
ally, dispersed among amylopectin, in both crystalline and



Fig. 1. SEM of starch granules (A) and FEG-SEM of starch nanocrystals (B) for normal maize starch (1) and waxy maize starch (2).
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amorphous regions (Oates, 1997). The X-ray diffraction patterns for
bothmaize starch granules showed single broad peaks at 2q¼ 23.2�

and 15�, and dual peaks at 2q ¼ 17e18.1� which correspond to A-
type pattern typical from cereal starches (Singh, Inouchi, &
Nishinari, 2006). For the normal maize starch pattern an addi-
tional peak at 20� was also observed, which could be attributed to
the amyloseelipid complex, composed of fatty acids and amylose
(French, 1984) that are generally in the amorphous phase of the
granule. This complex is typical of wheat starch and some geno-
types of maize starch, as shown by Zobel (1988) and Singh et al.
(2006) and this complex is known as V-type.
Fig. 2. XRD patterns for normal (A) and waxy maize (
The gelatinization temperature obtained from DSC thermo-
grams, and shown in Table 1, was similar for both starches, although
the gelatinization enthalpy of waxy maize starch was higher than
the one corresponding to normal maize starch. This might be
attributed to the fact that starches with long amylopectin branch
chain length, and consequently higher crystallinity, displayed
higher structural stability of the granule, resulting in a higher
resistance to gelatinization (Barichello, Yada, Coffin, & Stanley,
1990; Singh, Singh, Kaur, Sodhi, & Gill, 2003). This is consistent
with previous studies where it has been reported that the gelati-
nization and swelling properties of the granule are largely
B) starch and corresponding starch nanocrystals.
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controlled by the molecular structure of amylopectin (chain length,
degree of branching, molecular weight and polydispersity), by the
granule composition (amylose:amylopectin ratio and phosphorus
content), and granule architecture (relation between amorphous
and crystalline region) (Tester, 1997). In these thermograms, the
endotherm attributable to the melting of amyloseelipid complex is
not observed, although its presence was suggested from the X-ray
pattern and it was reported by other authors for wheat starch (Yoo
& Jane, 2002). This absence of endotherm in the thermogram could
be attributed to the higher stability of the complex V to tempera-
tures near 130 �C, as shown by Zobel, Young, and Rocca (1988), or to
the fact that the amount of complex is very low, not allowing
detection with this method.

Nanocrystals were obtained from these starch granules, by acid
hydrolysis process under conditions previously optimized, in order
to obtain more stable nanocrystals with smaller sizes, better yields
and shorter hydrolysis time (Angellier et al., 2004; LeCorre, Bras, &
Dufresne, 2010). Hydrolysis yield of nanocrystals was 24.4 wt% and
17.0 wt% for normal and waxy maize starch, respectively, according
with Angellier et al. (2004). Fig. 1B shows FEG-SEM micrographs
obtained for the starch nanocrystals. All nanocrystals exhibit a size
below 200 nm, showing a size modification after acid hydrolysis of
the starch granules. The detailed investigation on the structure of
these hydrolyzed residues by TEM showed that they consisted of
platelet-like nanoparticles (Putaux et al., 2003). Such nanocrystals
are generally observed in the form of aggregates (Angellier, Molina-
Boisseau, & Dufresne, 2005; Angellier, Putaux, Molina-Boisseau,
Dupeyre, & Dufresne, 2005). The average size and polydispersity
index of these aggregates determined by DLS are reported in
Table 2. The obtained average sizes show the tendency of nano-
crystals to form aggregates, since from microscopic observations
(Fig. 1B) smaller sizes than those obtained by this method were
reported. This trend can be attributed to the large surface area of
the platelets and to the association through the formation of
hydrogen bonds between hydroxyl groups, which are found in a
substantial number for single area of nanocrystals, according to
Garcia et al. (2009). Similar trend of aggregation has also been re-
ported for other nano-reinforcements obtained from poly-
saccharides, such as cellulose nanofibers (Eichhorn et al., 2010;
Ljungberg et al., 2005). The nanocrystal aggregates formed from
both maize starches had a monomodal distribution, indicating the
presence of a single population of particles in both dispersions, at
least in the detection range employed. Normal maize nanocrystals
showed a smaller intermediate size but a higher polydispersity
than those from waxy.

Fig. 2 shows the X-ray diffraction patterns for nanocrystals from
normal and waxy maize together with their corresponding native
granules for comparison. As previously reported in the literature,
although being called nanocrystal, these nanoparticles are rather
Table 2
Structural and physicochemical characteristics of normal and waxy maize starch
nanocrystals.

Normal maize Waxy maize

Aggregate average size (nm) 823 ± 9a 1287 ± 125b

Aggregate polydispersity index 0.25 0.11
Crystalline type A/V A
Crystallinity % 26.3 ± 0.9a 41.1 ± 2.3b

Tf (�C) Endotherm 1 189.1 ± 4.0a 175.3 ± 6.2a

Endotherm 2 252.2 ± 2.2a 238.9 ± 3.0b

DHf (J/g) Endotherm 1 152.0 ± 20.3a 169.0 ± 12.4a

Endotherm 2 10.3 ± 2.8a 31.7 ± 3.3b

All values were average ± SD of two or more values. Reported average values for all
parameters within a line with same superscripts (a and b) are not significantly
different (P < 0.05).
partially crystalline, since amorphous regions remain after hydro-
lysis, as observed in the diffractograms. Both starch nanocrystals
retained A-type pattern of starch granules, with peaks at 23�,
17e18.1� and 15�, with no evidence of additional or missing crys-
talline structure with respect to the granules. The crystallinity for
normal maize starch increased slightly after hydrolysis, while for
waxy maize starch, the crystallinity of the nanocrystals showed no
significant difference with the granules. Theoretically, the degree of
crystallinity (ratio between the mass of crystalline domains and the
total mass of nanocrystal) of starch nanocrystals should be 100%,
but actually incomplete removal of amorphous regions and less
ordered surface chains may result in a lower degree of crystallinity.
The values commonly reported in the literature are within the
range 45e50 % (Lin, Huang, & Dufresne, 2012). However, higher
values such as 79% after 10 days hydrolysis have been reported
(Duan, Sun, Wang, & Yang, 2011). Increased crystallinity for normal
maize starch could be attributed to the fact that hydrolysis of the
amorphous regions was more efficient, leading to the increase of
the relative crystallinity, a fact which was not significant for waxy
maize starch possibly due to the lower amount of amorphous re-
gions in the granules. It should be noted that when the degree of
crystallinity of the nanocrystals is not increased compared to the
starch granules, the procedure could be better consider as a starch
“fragmentation” method, in which the final particles are just small
fragments of similar composition. Nevertheless, we still used the
common term nanocrystal to describe acid-hydrolyzed starch
residues.

Contrarily, LeCorre, Bras, and Dufresne (2012) showed an in-
crease in crystallinity after hydrolysis for waxymaize starch, as well
as for corn, wheat and potato starch, without finding any rela-
tionship to the content of amylopectin, crystalline type and
botanical origin of granules. These authors expected a greater in-
crease in crystallinity for starches with higher amylopectin con-
tents, given that they had less amorphous regions susceptible to
hydrolysis. However, they attributed this behavior to two possible
causes: (i) the optimization of the hydrolysis process was carried
out for waxy maize starch, and may not be the appropriate process
for other starches; and (ii) hydrolysis of crystallites defective in
amylopectin by the extension of the process, which would induce
solubilization of the crystal structure. Some of these causes can be
responsible for the invariance of the crystallinity of waxy maize
upon hydrolysis. Also, LeCorre et al. (2011) showed that, despite the
Fig. 3. DSC thermograms for normal and waxy maize starch nanocrystals.



Table 3
Thickness and water content of amaranth protein isolate films with the addition of
different contents of normal and waxy maize starch nanocrystals.

Starch nanocrystal
content (wt%)

Thickness (mm) Water content (%)

Control 0 69 ± 15a 19.1 ± 0.6a

Normal maize 3 63 ± 11a 18.8 ± 1.0a

6 91 ± 14a 20.6 ± 0.5a

9 58 ± 9a 20.6 ± 1.0a

12 71 ± 12a 18.6 ± 0.8a

Waxy maize 3 70 ± 16a 18.6 ± 1.7a

6 73 ± 15a 22.8 ± 0.6b

9 75 ± 13a 20.1 ± 0.7a

12 74 ± 8a 15.2 ± 0.2c

All values were average ± SD of two values. Reported average values for all pa-
rameters within a column with same superscripts (a, b and c) are not significantly
different (P < 0.05).
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observed increase in crystallinity, this parameter presents low
values for all nanocrystals, showing that a significant amount of
unorganized material remained in the nanocrystal suspension.

DSC thermograms of normal and waxy maize starch nano-
crystals are shown in Fig. 3. Two endotherms were observed in
these thermograms for both nanocrystals, which could be attrib-
uted to differences in the thermal stability of nanocrystals: a less
resistant population that melts first and another comprising more
stable crystals melting therefore at higher temperatures. The
temperatures and enthalpies of fusion for each endotherm are re-
ported in Table 2. While no significant differences in these prop-
erties were observed for the first endotherm, the width of this
transition was significantly higher for nanocrystals obtained from
normal maize starch especially due to an elongation of the peak at
higher temperatures. But the second endotherm was different for
both types of studied nanocrystals. Waxy maize nanocrystals
showed a lower transition temperature and a higher enthalpy than
normal maize nanocrystals for this last transition. Considering that
starch nanoparticles are only semi-crystalline, the differences
found in the temperature and enthalpy between both studied
nanocrystals could be due to various causes, including the forma-
tion of a more or less perfect crystal, or different water content, as
suggested by LeCorre et al. (2012). Thielemans, Belgacem, and
Dufresne (2006) and LeCorre et al. (2012) also observed two en-
dotherms at about 150 and 200 �C when analyzing lyophilized
waxy maize nanocrystals by DSC, and suggested that it does not
seem to be a correlation between the temperature of the thermal
transition and the original amylose content of the granules or
crystalline type.
Table 4
Hunter color values (L, a and b), total color difference (DE) and opacity of amaranth
protein isolate films with the addition of different contents of normal and waxy
maize starch nanocrystals.

Starch nanocrystal
content (wt%)

Hunter-lab color parameters Opacity
(1/mm)

L a b DE

Control 0 83.5 ± 1.4a �0.1 ± 0.1a 10.2 ± 2.6a 16.2 ± 2.6a 2.6 ± 0.7a

Normal maize 3 84.5 ± 1.4a 0.0 ± 0.1a 10.0 ± 3.2a 15.4 ± 2.9a 2.9 ± 1.1a

6 83.3 ± 1.2a �0.2 ± 0.1a 12.0 ± 2.2a 17.4 ± 2.1a 2.2 ± 0.4a

9 82.6 ± 1.4a �0.2 ± 0.1a 11.9 ± 2.5a 17.9 ± 2.6a 2.2 ± 0.9a

12 82.5 ± 1.2a �0.1 ± 0.1a 13.8 ± 2.5a 20.2 ± 4.0a 2.2 ± 0.8a

Waxy maize 3 81.5 ± 1.7a �0.1 ± 0.2a 13.2 ± 2.8a 19.6 ± 2.9a 2.1 ± 0.4a

6 80.7 ± 1.7a �0.2 ± 0.1a 14.5 ± 2.8a 21.0 ± 3.0a 2.2 ± 0.5a

9 79.7 ± 1.3a �0.1 ± 0.2a 16.1 ± 1.6a 22.7 ± 2.0a 2.6 ± 0.7a

12 81.1 ± 0.6a �0.2 ± 0.1a 14.1 ± 1.1a 20.5 ± 1.0a 2.1 ± 0.2a

All values were average ± SD of two values. Reported average values for all pa-
rameters within a column with same superscripts (a) are not significantly different
(P < 0.05).
It is worth highlighting that although the crystallinity of normal
maize starch granule is lower than that of waxy maize starch, the
hydrolysis yield for the former is higher, and the crystallinity of the
nanocrystals even greater than the granule itself.

3.2. Films characterization

3.2.1. Appearance
Nanocomposite films prepared by casting with different con-

centrations of normal and waxy maize starch nanocrystals were
homogeneous, translucent and slightly brownish, with a general
visual appearance similar to the control amaranth protein film.
Furthermore, all the studied films had similar thickness and optical
properties e color and opacity e as it is shown in Tables 3 and 4.
The fact that the presence of nanocrystals did not affect the degree
of compaction of the material, and its coloration and opacity, could
be attributed to a good dispersion of the nanoreinforcement in the
protein matrix due to the expected good chemical affinity between
both components. Petersson and Oksman (2006) suggested that
the degree of exfoliation and volume fraction of the nano-
reinforcement has a large influence on the UV and visible light
transmittance. They reported that the absence of reduction in the
amount of light being transmitted through the nanocomposite film
is an indication that the nanoreinforcement is fully exfoliated. As a
result there should not be a large difference in the amount of light
being transmitted through the nanocomposite films compared to
the pure matrix.

3.2.2. Water susceptibility
Thewater content of films, shown in Table 3, was around 20% for

all studied formulations. The presence of normal maize nano-
crystals did not modify significantly the water content of the pro-
tein film, while the addition of waxy maize nanocrystals showed an
increase in this property at intermediate concentrations (6 wt%)
with a decrease at higher concentrations, although these changes
were not very important.

Table 5 reports the water solubility, water vapor permeability
(WVP), water uptake (WU), and contact angle values for films with
different starch nanocrystal concentrations.

The WVP value obtained for amaranth protein film was one
order of magnitude lower than the one corresponding to other
proteins. This result might be attributed to the hydrophobic nature
of amaranth protein, particularly that of 11S and P-globulins that
are present in these isolates (Konishi & Yoshimoto, 1989). WVP of
the films reinforced with normal maize starch nanocrystals
Table 5
Water vapor permeability (WVP), water uptake (WU), water solubility and contact
angle for films prepared from amaranth protein isolate and normal and waxy maize
starch nanocrystals.

Starch
nanocrystal
content
(wt%)

WVP*10�11

(g H2O/Pa m s)
WU (%) Solubility

(%)
Contact angle
(�)

Control 0 3.0 ± 0.2a 95.0 ± 2.9a 78.6 ± 2.3a 47.6 ± 10.9a

Normal
maize

3 2.1 ± 0.3b 92.2 ± 3.3a 81.3 ± 3.2a Not determined
6 2.8 ± 0.6a 59.3 ± 3.1b 82.3 ± 3.2a 70.3 ± 3.8b

9 2.1 ± 0.5b 63.0 ± 5.1b 78.5 ± 1.3a Not determined
12 1.9 ± 0.2b 55.3 ± 2.7b 92.1 ± 1.6b 31.4 ± 9.7a

Waxy
maize

3 2.3 ± 0.2b 63.9 ± 4.5b 84.6 ± 3.3a Not determined
6 2.1 ± 0.4b 71.2 ± 14.6b 75.1 ± 2.1a 80.9 ± 10.3b

9 2.4 ± 0.6b 78.1 ± 11.2b 71.3 ± 0.9a Not determined
12 3.3 ± 0.8a 62.3 ± 12.8b 71.4 ± 3.2a 81.1 ± 8.9b

All values were average ± SD of two values. Reported average values for all pa-
rameters within a column with same superscripts (a and b) are not significantly
different (P < 0.05).
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decreased for all formulations, except with the addition of 6 wt%
nanocrystals. However, WVP decreased upon the addition of waxy
maize starch nanocrystals until 9 wt%, while it increased for 12wt%.
LeCorre et al. (2010) and Kristo and Biliaderis (2007) proposed that
at lower nanoparticle contents a better dispersion and lower ag-
gregation of starch nanocrystals occurred, contributing to generate
a tortuous path for the passage of water molecules provoking a
decrease in WVP. For higher nanoparticle contents their tendency
to aggregate increases and a reduction of the effectiveness of this
effect besides the hydrophilic nature of the nanocrystals leads to
increase WVP. These results agree with those reported by García
et al. (2009) which showed that the WVP decreased approxi-
mately 40%with the addition of 2.5 wt% cassava starch nanocrystals
to a cassava starch matrix.

WU of amaranth protein films significantly decreased with the
addition of starch nanocrystals. Considering that both components,
starch nanocrystal and protein matrix are hydrophilic, it is evident
Fig. 4. Mechanical properties: A) tensile strength, B) elongation at break and C)
Young's modulus of amaranth protein isolate films with the addition of different
contents of normal and waxy maize starch nanocrystals.
that in these films the interactions between the components,
possibly through the formation of hydrogen bridges, would leave
fewer sites available to absorb water. The decrease in WU with the
addition of nanocrystals could also be due to an increase in film
surface hydrophobicity, as was evidenced by increasing contact
angle for all measured concentrations of waxy maize starch nano-
crystals, and for 6 wt% normal starch nanocrystals. This can be
attributed to protein/nanocrystal interactions, leaving a lower
concentration of hydrophilic groups exposed towards film surface.

Amaranth protein film showed high water solubility. This
behavior could be attributed to occur a reduction of the effective-
ness of crosslinking between the peptide chains because the pro-
teins in the film retained partially their native structure (Cond�es
et al., 2013). No significant differences in water solubility were
observed with the addition of starch nanocrystals to film formu-
lations, except for the film that contained 12 wt% normal maize
starch nanocrystals that presented an increase in its solubility.
These results suggest that the interactions between starch nano-
crystals and proteins, mainly hydrogen bonds as was reported in
the literature (Kristo & Biliaderis, 2007), were able to break under
the conditions of films solubility test, so that the presence of
nanocrystals was not manifest. But at higher nanocrystal concen-
trations they could modify the protein crosslinking process,
affecting the film solubility.

3.2.3. Mechanical properties
Fig. 4 shows the evolution of the mechanical properties for

protein films upon addition of increasing amounts of nanocrystals
prepared from maize starch e normal and waxy.

The neat amaranth protein film exhibited poor mechanical
properties: tensile strength about 1.7 MPa, elongation at break of
about a 55.6%, and Young's modulus of about 0.3 MPa; values that
are found within the same range for other protein films in the
literature (Denavi et al., 2009; Echeverría et al., 2014; Tapia-Bl�acido,
Mauri, Menegalli, Sobral, & A~n�on, 2007).

The tensile strength and Young's modulus for nanocomposites
dramatically increased while the elongation at break decreased
with starch nanocrystal addition. This effect wasmore notorious for
normal maize starch nanocrystals than for waxy.

When adding normal waxy nanocrystals, the maximum in-
crease of tensile strength and Young's modulus was 470 and 972%,
respectively, while when adding waxy maize nanocrystals, the
maximum increase was 140 and 450%, respectively. This increase
was achieved for 12 wt% of both nanocrystals. Further, with addi-
tion of both starch nanocrystals, the elongation at break decreased
although more dramatically for normal maize nanocrystals. The
reinforcing effect of the nanocrystals to the amaranth protein film
could be attributed to the good dispersion and affinity between
starch nanocrystals and proteins that result in strong interactions.
This affinity was also suggested in the previous section, when
analyzing the films thickness, color, opacity, and water uptake.
Several authors have attributed the reinforcing effect observed for
polymeric films reinforced with starch nanocrystals to their uni-
form distribution due to their small size and strong interactions
that can be formed between nanocrystals and different hydrophilic
matrices, such as soy protein isolate, polyvinyl alcohol or various
starches (Chen et al., 2008; Vigui�e, Molina-Boisseau, & Dufresne,
2007; Zheng et al., 2009). However, the effect induced by the
nanocrystals on the mechanical properties as well as on other
properties, such as susceptibility to water, has a strong dependence
on the concentration (LeCorre et al., 2010) and botanical origin of
the nanocrystals, and it is variable depending on the matrix used.
For example, natural rubber matrix shows improved mechanical
properties when adding 20 wt% waxy maize starch nanocrystals
(Angellier et al., 2005). In polyurethane films, the maximum
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reinforcing effect was observed with 5 wt% potato starch nano-
crystals (Chen et al., 2008), and the maximum reinforcement for
soy protein matrix was observed with the addition of 2 wt% pea
starch nanocrystals (Zheng et al., 2009). In this last case, the authors
attributed this behavior to self-aggregation of the nanocrystals as
large domains, which decreased the effective surface for interacting
with the protein matrix.

The higher reinforcing effect provided by normal maize starch
nanocrystals compared to waxy appears quite surprising since the
former have lower crystallinity as shown in Table 2. Moreover,
stronger interactions seem to exist between the protein matrix and
waxy maize starch nanocrystals as attested from solubility and
contact angle values (Table 5). The difference in the reinforcing
effect of both nanocrystals could be attributed to the highermelting
temperature, resulting from a more perfect crystalline arrange-
ment, and smaller aggregate size for normal maize starch nano-
crystals (Table 2), and probably to differences in the interactions
among proteins and nanocrystals.
3.2.4. Structural properties
In order to further analyze the film structureefunction rela-

tionship, protein interactions involved in the stabilization of the
films prepared from protein isolates and starch nanocrystals were
studied. In particular, the differential solubility of film proteins in
buffer systems with the capacity to disrupt different types of
Fig. 5. Differential protein solubility of films prepared from amaranth protein isolates
and 6 wt% (A) and 12 wt% (B) normal and waxy maize starch nanocrystals in solvents
with different chemical activity: Water (W), 0.1 M sodium phosphate buffer (PB), PB
containing 0.1% w/v SDS (PBD), PB containing 6 M urea (PBU), PB containing both 0.1%
SDS and 6 M urea (PBDU), and PBDU containing 2.5% v/v, 2-mercaptoethanol (PBDUM),
all solutions were at pH 7.5. Values for each protein isolate are expressed as
average ± standard deviation.
interactions was studied. Such systems were: water (W), which can
dissolve free polypeptides not strongly linked to the proteinmatrix;
phosphate buffer (PB), which affects protein electrostatic in-
teractions; PBD, which contains SDS and disrupt mainly hydro-
phobic interactions and also interacts with proteins increasing their
charge/mass ratio; PBU, which contains urea and disrupts thewater
structure affecting hydrogen bonds and also hydrophobic in-
teractions; PBDU, which disrupts all the interactions mentioned
above and also modifies protein charge; and PBDUM, which also
disrupts disulfide bonds because it contains 2-mercaptoethanol.
The results obtained for the unfilled protein film and nano-
composites with 6 and 12 wt% nanocrystals are shown in Fig. 5.

Protein films are stabilized mainly by electrostatic, hydrogen
and disulfide bonds, as evidenced by their higher solubility in
buffers PB, PBU and PBDUM. The nanocomposite films showed
different solubility profiles than the neat amaranth protein film, but
no differences were observed between the corresponding films
with the addition of 6 or 12 wt% nanocrystals (Fig. 5A and B).

Proteins in films reinforced with waxy maize starch nano-
crystals that showed smooth homogeneous microstructure, pre-
sented lower water solubility than proteins in the control film,
indicating large amount of interactions that water cannot disrupt
between proteins themselves and with nanocrystals. Such solubi-
lity was unchanged in PB, but increased slightly when using PBU
and PBDU, indicating that the disruption of hydrogen bonds affects
the solubility of proteins. However, when the films were exposed to
PBDUM all proteins were solubilized. It seems that disulfide bonds
among proteins determine protein solubility. The nanocrystals
seem to have a good affinity with the protein matrix, since the
elongation at break of the films decreased even for low filler con-
tents. This could be because the sites previously interacting among
proteins by hydrophobic interactions and hydrogen bonds now
interact with the reinforcement, and the buffers used are not
capable of breaking these interactions. These interactions can also
cause conformational changes in proteins during film formation
that favor protein crosslinking through disulfide bonds.

In contrast, protein films reinforced with normal maize starch
nanocrystals showed a solubility profile completely different, since
film solubilization in all buffers was higher or equal than for the
control film, achieving almost 100% solubility in PBU. The presence
of these nanocrystals seems to decrease the protein crosslinking,
since there is a higher proportion of free polypeptides weakly
interacting with the matrix (because of its higher solubility in
water), and the disulfide bonds would not favor the integrity of the
film. This shows that non-covalent, particularly hydrogen bonds
type and electrostatic interactions seem to be the most important
in stabilizing the nanocomposite matrix. These films showed better
mechanical properties, which could indicate that the strong inter-
action between the protein matrix and the nanocrystals might be
more susceptible to break on the assay conditions or might be
responsible for the decrease in protein crosslinking itself.

It has been reported that materials with higher capacity to
establish covalent interactions through disulfide bonds form more
resistant and stretchable matrices (P�erez-Gago& Krochta, 2001). In
the present study, films reinforced with waxy maize starch nano-
crystals, inwhich the disulfide bonds have a more important role in
stabilizing the protein matrix, showed higher elongation at break
but lower stress resistance. This behavior might be due to the
distribution of disulfide bonds in the protein matrix governed by
the conformational changes in proteins structure due to the pres-
ence of nanocrystals. The glass transition temperature (Tg) of films
prepared from amaranth protein isolate, and normal and waxy
starch nanocrystals determined by differential scanning calorim-
etry are shown in Table 6. The Tg value increased about 12 �C when
adding 6 wt% normal maize starch nanocrystals or 12 wt% waxy



Table 6
Glass transition temperature (Tg) for films prepared from amaranth protein isolate,
and normal and waxy maize starch nanocrystals.

Starch nanocrystal content (wt%) Tg (�C)

Control 0 �69 ± 1a

Normal maize 6 �57 ± 2b

12 �57 ± 1b

Waxy maize 6 �69 ± 1a

12 �55 ± 1b

All values were average ± SD of two values. Reported average values of all param-
eters within a columnwith same superscripts (a and b) are not significantly different
(P < 0.05).
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maize starch nanocrystals. The most marked effect for normal
maize starch nanocrystals on the Tg could be correlated with
greater effect on mechanical properties.

Similarly, several authors reported a significant increase of Tg for
plasticized starch matrix with increasing ramie cellulose nano-
crystal, starch nanocrystal and cellulose fiber contents (Angellier,
Molina-Boisseau, Dole, & Dufresne, 2006; Av�erous, Fringant, &
Fig. 6. Weight loss in soil of films prepared from amaranth protein isolate an
Moro, 2001; Lu, Weng, & Cao, 2006). Therefore, the glass transition
temperature shifted towards higher temperatures with increasing
amount of nanocrystals, which can be attributed to a restriction of
the mobility of protein chains due to the establishment of strong
interactions through hydrogen bonding not only between starch
nanocrystals but also between the filler and the matrix. Such
interfacial H-bonding leads to a strong adsorption of polymer
chains on the surface of nanoparticles (Smith, Bedrov, & Smith,
2003) and formation of ‘trapped entanglements’ of the polymer
segments, resulting in the obstruction of mobility not only of
polymer chains attached to the particle surface, but also those
having no direct contact with the filler surface.

3.2.5. Biodegradation of films in soil
Considering that both the matrix and the reinforcement of the

studied films are completely biodegradable, biodegradation in soil
for films prepared from amaranth protein isolates with 6 and 12 wt
% normal maize starch nanocrystals was analyzed, and compared
with the behavior of protein films. Fig. 6 shows the relative weight
loss of the films and their macroscopic appearance as a function of
time of the assay.
d 0, 6 or 12 wt% of normal maize starch nanocrystals for up to 21 days.
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The protein film was the material that biodegraded more
quickly, since after one week a weight loss of 80% was observed. In
contrast, with addition of 6 wt% and 12 wt% nanocrystals to the
matrix, the weight loss was 18% and 28%, respectively. However,
after 2 weeks of incubation of the films in soil, the weight loss was
almost similar for all films, reaching values between 80 and 90% to
total biodegradation after three weeks of exposure. This is clearly
observed in the pictures on the macroscopic appearance of the
films after incubation. This would indicate that nanocrystals protect
the protein matrix from biodegradation at short times. Therefore,
the interactions between the nanocrystals and their affinity with
the protein matrix, reflected in the properties discussed above,
make it more difficult to biodegrade at short times. It should be
noted that this system is completely biodisintegrable, because
unlike other reinforced nanocomposites, they could also disinte-
grate. These differences make these films interesting for specific
applications.

4. Conclusions

The addition of maize starch nanocrystals to amaranth protein
formulations allowed improving the general behavior of protein
films, since nanocomposite films presented improved WVP, WU,
surface hydrophobicity andmechanical behavior than neat proteins
films, without affecting their optical properties and thickness.
These materials were also totally biodegradable even though
nanocrystals seemed to protect the protein matrix fromweight loss
in soil at short times. These improvements could be attributed to
the good dispersion of the starch nanocrystals in the proteinmatrix
and the good chemical affinity between both components.

Moreover, the botanical origin of starch nanocrystals influenced
the reinforcement effect. It was shown that the presence of the
nanoreinforcement affected the way in which protein matrix sta-
bilized, mainly by disulfide bonds with waxy maize nanocrystals
and by hydrogen bonds with normal maize nanocrystals. This
induced a higher reinforcing effect on amaranth protein films,
especially for normal maize nanocrystals, that present nevertheless
a lower crystallinity.
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