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ABSTRACT

Isolated rice starch (NS), was subjected to chemical
and thermomechanical modification with (MHS) and without
(MS) previous hydrolysis for the evaluation of the main starch
properties such as degree of substitution (DS), color, water
absorption and solubility index (WAI, WSI), viscosity, texture,
thermal properties (differential scanning calorimetry DSC)
and structural properties (infrared-IR, Xray-Rx analysis, and
relative crystallinity index-ICR). The DS obtained in both star-
ches was within the range allowed by the FDA for its safety
use as food ingredient (0.01-0.2). The modification showed
an increase in WAI and WSI values, being WAI value higher in
MS (4.80) and WSI value higher in MHS (32.06). The viscosity
of retrogradation showed a significant decrease (P<0.05) in
MHS (0.013) and MS (5.613), however, the hardness of starch
gels decreased (60 %) while the adhesiveness decreased only
in MS (66 %). The ICR in MHS and MS increased with regard to
the NS. The presence of the acetyl group in the starch mole-
cule was observed in the signals between 1650 to 1744 cm’!
confirming the esterification. The starches showed a high
potential for its application as edible coatings and as wall
material for microencapsulation.
Keywords: Modified starch, Native starch, Acetylation, Extru-
sion, Hydrolysis.

RESUMEN

Almidon de arroz aislado (AN), fue sometido a modifi-
cacién quimica y termomecdnica con hidrdlisis previa (AMH)
y sin hidrdlisis previa (AM), para ser caracterizado en grado
de sustitucion (GS), color, indice de absorcién y solubilidad
en agua (IAA e ISA), asi como sus propiedades reoldgicas
(viscosidad, textura), térmicas (Calorimetria diferencial de
barrido - DSC) y estructurales (Infrarrojo- IR, rayos X-Rx e
indice de cristalinidad relativa-ICR). El GS obtenido en ambos
almidones se encontré dentro del rango permitido por la
FDA (0.01-0.2) siendo seguro como ingrediente alimenticio.
La modificacion mostré un incremento en IAA e ISA, obte-
niéndose el mayor valor de IAA en el AM (4.80) y de ISA en
el AMH (32.06). La viscosidad de retrogradacion presenté
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una disminucioén significativa (P<0.05) en AMH (0.013) y AM
(5.613), asi mismo la dureza de los geles de almidon decrecio
(60 %) mientras que la adhesividad disminuyé Unicamente
en AM (66 %). El ICR en AMH y AM aumenté con respecto al
AN. La presencia del grupo acetilo en la molécula de almidén
se observo en las sefiales entre 1650-1744 cm™, confirmando
la esterificacion. Los almidones evaluados presentan alto po-
tencial para su uso como recubrimientos comestibles y como
materiales de pared para microencapsulacién.

Palabras clave: AlImidén Modificado, Almidén nativo, Aceti-
lacién, Extrusion, Hidrolisis.

INTRODUCTION

Rice (Oryza sativa L.) is one of the most consumed
cereals in the world after corn, wheat and barley. Two-thirds
of the world population includes rice in their diet, and their
annual demand increase to 480 million tons (USDA, 2015).
During rice harvesting and processing, broken grains are
obtained, that are not used as raw material for consumption.
An added value can be given to those grains by using them
as raw material for starch extraction (Colussi et al., 2015; Dias
et al., 2010). The main structural component of rice grain is
represented by the endosperm (93%), which is constituted
by a majority fraction of starch (90%) (Jualiano y Tuafo,
2019). Starch is a polymer formed by glucose units linked by
alpha-D-(1,4) glucosidic bonds for the linear region corres-
ponding to amylose, and alfa-D-(1,6) for branched region
corresponding to amylopectin (Thomas et al., 1999). These
two polymers constitute most of the native starch granules
and, in lower proportion, also contain lipids and minerals
(Copeland et al., 2009).

The food industry has used starch as a raw material
due to its high availability, since they are found in diverse
vegetable sources such as cereals, tubers, and roots (Singh
et al., 2004; Estrada-Girdn et al., 2015), but also due to their
high functionality when used as thickener and binder in the
preparation of foods, including soups, sauces, baby foods,
mayonnaise and bakery products (Eliasson, 2004). The high
amylose content is suitable for food coatings such as fruit,
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potato chips, etc., while the amylopectin content is applied as
a thickening, stabilizing and adhesion agent. Likewise, starch
has been previously used for the microencapsulation of
vanillin extract (Tari et al., 2002), liposoluble vitamins (Lépez-
Herndndez, 2010) and oleoresins (dos Santos et al., 2005).
Also, it is used as a wall material in conjunction with animal
proteins and natural gums, which promotes the formation
of porous spherical aggregates, allowing a better interaction
with other raw materials, thus, achieving a wall material
more resistant for for the production of food quality micro-
capsules (Aguilar et al., 2007). However, native starch is not
able to cover the range of physical and chemical properties
mentioned above in food processing, due to low solubility,
instability at different temperatures and retrogradation sus-
ceptibility, resulting in syneresis and rigidity (Hagenimana et
al., 2006). Therefore, to be used as a food industry ingredient,
it is necessary to carry out different structural modifications,
which can be of chemical, physical and / or enzymatic type
(Amagliani et al., 2016; Bello et al., 2009).

The chemical modification is carried out through the
introduction of functional groups in the glucose molecules
that make up the starch. This modification decreases the
amylose retrogradation and gelation tendency, increases
the water retention capacity and hydrophobic properties
(Eliasson, 2004; Zavareze et al., 2011). On the other hand,
the physical modification consists of the application of
physical factors such as pressure, temperature, humidity,
and shearing forces, for which an extruder is mainly used
(Hagenimana et al., 2006). This type of modification helps
to decrease retrogradation since the applied thermome-
chanical treatment generates a pregelatinization of starch
granules which makes it more soluble at room temperature,
favoring stability during storage. Alcdzar-Alay and Meireles
et al. (2015) reported the main processes that are carried out
in starch, including: a) chemical modification (acid hydrolysis,
cationization, acetylation, crosslinking and oxidation), and
physical modification (pre-gelatinization, hydrothermal and
non-hydrothermal).

The objective of this research is to use an hydrolysis
prior to the chemical and thermomechanical modification of
rice starch, as an alternative method to traditional modifica-
tion treatments, reducing the use of reagents, and evaluate
the physicochemical, thermal, rheological and structural pro-
perties obtained during the modification in order to obtain a
starch with functional properties adaptable to the needs of
the food industry, especially as an edible coating and active
ingredient in encapsulating matrices.

MATERIALS AND METHODS
Raw Material

White rice (Bekers & chefs, Mexico), obtained from the
local market (Chihuahua, Mexico), was used as raw material,
and NaOH (Macron Fine Chemicals®, USA), HCI (J.T. Baker,
USA) and ammonium hydroxide (J. T Baker, USA) were used
as reagents.
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Obtaining rice flour and isolation of rice starch

Rice grains were subjected to milling (Pulvex® 300,
Mexico), the flour obtained was sieved (RoTap® RX-29-E, W.S
Tyler, USA) in mesh #35 (500 um) and the gross fraction was
subjected to milling again. The flour was stored in refrigera-
tion (4 °C) until use.

The rice starch isolation was carried out using the
methodology reported by dos Santos et al. (2005), where to
the rice flour a solution of NaOH (0.25 %) was added at a 1:6
(w / v) ratio and kept under constant stirring for 1 h. Subse-
quently, it was neutralized (pH = 7) with a HCI (10 %) solution
and stored in a cold room (5 °C) for 24 hours to complete the
sedimentation phase. After this time, the supernatant was re-
moved by decanting and the precipitated starch was centri-
fuged (Centra CL3R, Thermo IEC, USA) at 4000 rpm (2750 xg)
for 10 min. The sedimented starch was dried in an incubator
with air circulation (Napco 603, USA) at 40 °C for 12 h. Once
dry, the sample was ground (Retsch GmbH, Germany) until
obtaining a particle size of 250 um. The native starch (AN)
obtained was stored in refrigeration (4 °C) for subsequent
modification, characterization and use.

Modification of starch

In order to evaluate the effect of chemical and
thermomechanical treatment on starch, the native starch
obtained was separated into two batches; the first one was
subjected to a hydrolysis treatment (see next section) prior
to modification by esterification and thermomechanical
treatment (MHS); while the second batch was subjected to
modification by esterification without hydrolysis, and then
thermomechanically modified by the extrusion process (MS).

Chemical modification of rice starch

In this work, the starch hydrolysis was only carried out
in the first batch according to the methodology suggested
by Muruda-Pagola et al. (2009), where a suspension (30 % sol-
ids) with a HCl solution (3.4%) (JT Baker, USA) was kept under
stirring at 50 °C for 6h. Then, the pH was adjusted to 5.5 with
a NaOH solution (10 %) and refrigerated (4 °C) for 12 h. Subse-
quently, the supernatant was decanted, and the precipitated
starch was centrifuged (Centra mod CL3R, Thermo IEC, USA)
at 4000 rpm (2750 g xg) for 10 min at 20 °C. The obtained
starch was dried in an oven with air circulation (Napco 603,
USA) for 12 h at 45 °C, and finally grinded to obtain a particle
size of 250 um (Retsch GmbH, Germany). Once the hydrolysis
was realized, the starch was subjected to esterification ac-
cording to the methodology reported by Andreuccetti et al.
(2012), with acetic anhydride (0.01 % v / p) in a ratio of 11 g
of solution / kg of starch (previously adjusted to a humidity
of 22 %). The starch was stored for 12 h at 5 °C and the pH
adjusted in a range of 8.5 to 9 with a solution of NaOH (10 %)
before subjecting it to thermomechanical modification.

Thermomechanical modification of rice starch
Both batches of starch (with and without hydrolysis)
were processed in a single screw extruder (Brabender PL
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22000, Germany) with a 2:1compression ratio, at a screw
speed of 30 rpm, using a temperature profile of 60, 80 and
100 °Cin zones 1, 2 and 3, respectively. The obtained extru-
date was dried at 50 °C until a humidity of 11 % to finally be
milled (Retsch GmbH, Germany) until obtaining a particle
size of 250 pum.

Characterization of the extruded product
The previously acetylated extrudate was character-
ized by the expansion index and bulk density analysis.

Expansion Index (El)

El was determined according to methodology re-
ported by Mendonca et al. (2000), where the diameter of the
extrudate and the output diameter of the extruder were re-
lated to obtain El. This analysis was performed on 5 extruded
products.

Apparent density (AD)

DA was realized according to methodology reported
by Pérez-Navarrete et al. (2006). The length and diameter of
the extruded products were measured. The apparent volume
(V) was determined by the relation diameter and height.
When the mass and the volume were related, the apparent
density (AD) was determined. This analysis was performed on
5 extrudates.

Degree of substitution (DS)

DS was determinated by the methodology reported
by Bello et al. (2010), wherein 1 g of acetylated starch was
placed in a 250 mL flask, mixed with 50 mL of ethanol-water
solution (75 % v/ v), and was stirred for 30 min at 50 °C. Once
cold, 40 mL of KOH (0.5N) were added and stored for 72 h, with
occasional stirring. Next, each treatment was titrated with a
standard solution of HCl (0.5 N), using phenolphthalein as
indicator. Simultaneously, a control sample was titrated us-
ing native starch. The measurements were made in triplicate
and a mean value was reported, with its standard deviation.
The percentage of acetylation and the degree of substitution
were obtained by means of the following equations:

[mL(blank)f mL(samp/e)lx normality of acid x 0.043x100

Yodcetylation = weight of sample,g (dry basi.v) (EC 01 )
162 x %acetylation
DS =
4300 — (42 x %acetylation) (Ec.02)

Characterization of isolated and modified rice starch
To evaluate the effects of rice starch modification in
both batches (with and without hydrolysis) we evaluated
the following properties, in comparison to isolated starch
(unmodified):

Physicochemical properties
Color

This analysis was carried out using a colorimeter (Kon-
ica Minolta® CR-410, Japan), previously calibrated, to deter-
mine the values of L* (Luminosity), a* (tendency to green -, or
red +) and b* (tendency to blue-, or yellow +) and whiteness
index (WI). Five repetitions of each sample were made.

Water absorption index (WAI) and water solubility index
(wsl)

These analyses were realized based on the methodol-
ogy proposed by Murtia-Pagola et al. (2009), where 2.5 g of
sample was weighed in 50 mL falcon tubes and 30 mL of dis-
tilled water were added. The tubes were kept shaking for 30
min at 30 °C in an incubator (Labnet International, Inc. USA),
then the samples were centrifuged at 4000 rpm (2750 xg) for
10 min (Centra CL3R, Thermo IEC, USA). For determination of
WA, the weight of the solid residue was recorded and the ra-
tio of the gain in weight was calculated, expressed as grams
of water absorbed per grams of dry sample. For the WSI
analysis, the supernatant was decanted in porcelain capsules
at constant weight and was evaporated for 24 hours at 110
°Cin an oven (Felisa, Mexico) with air circulation. The weight
of the capsules with the residue was recorded and related to
the original sample as a percentage (%). Both analysis were
performed in triplicate.

Viscosity

Viscosity was obtained using a temperature profile.
For the temperature scanning, 3 ramps were made with 1
Hz frequency and an oscillating effort of 50.11 Pa. The first
ramp was of 25 to 90 °C (10 °C / min), the second ramp was
maintained at a temperature of 90 °C for 10 min, and the
third ramp of 90 to 25 °C (10 °C / min). With this analysis the
maximum viscosity was obtained in the heating cycle (VM),
minimum viscosity during the stability cycle (V90), as well as
maximum viscosity (Ve) during the cooling cycle. Through
the difference of V90 and Ve, the retrogradation viscosity (Vr)
was determined. The analysis was performed in duplicate
and a mean value was reported, with its standard deviation.
This analysis was performed in triplicate.

Texture properties

To evaluate the consistency of the gels containing
modified and native starches, we used the methodology re-
ported by Hleap & Velasco (2010) using a TA-XT plus Texture
Analyzer (Texture Technologies, USA). Before the analysis, 25
g of sample were gelatinized (AN, AMH, AM) by adding 150
mL of water and maintaining constant agitation for 2 min
at 50 °C; then the temperature was increased to 92 °C for 5
min, and finally it was cooled to 50 °C for 1T min. The prepared
gel was maintained at a refrigeration temperature of 5° C/
24 h. The texture analysis was performed using a 30 ° acrylic
conical geometry (TA-172, stable Micro System, USA), to mea-
sure the compression at a 10 mm distance and a speed of 5
mm / s. The test was performed twice at the same point. This
analysis was done in duplicate.
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Thermal Properties
Differential scanning calorimetry (DSC)

It was carried out according to the methodology re-
ported by Liu et al. (2009). To analyze the starch gelatinization
temperature, 3 to 4 mg were placed in aluminum capsules of
40 pL adding 20 pL of deionized water and closed hermeti-
cally. The capsules were placed in the calorimeter (TA Instru-
ment Q-200, Crawley, UK) previously calibrated with indium
and sapphire. They were brought to a temperature range of
20 to 130 °C, at a heating rate of 5 °C / min. This analysis was
done in duplicate.

Structural Properties
Infrared spectroscopy with Fourier Transforms (FTIR)

The infrared spectra obtained from the native and
modified starches were analyzed using an infrared spectro-
photometer (Spectrum GX Model FT-IR, Perkin Elmer Brand)
equipped with a KBr pill system. For each sample, 16 scans
were collected with a resolution of 4 cm™, interval 1 cm™ and
an average value was obtained. The region in which they
were analyzed was from 400 to 4000 cm’', each sample was
made in triplicate.

X-ray diffraction (XRD) and relative crystallinity index
(ICR)

XRD was realized according to the methodology
described by Zazueta-Morales (2003), using an X-ray diffrac-
tometer (Rigaku, Ultima D / Max-2100 RigakuDenki Co., Ltd.,
Japan). The films obtained were ground to a particle size of
less than 420 um (No. 40 mesh). The diffractograms were
obtained by scanning at a Bragg angle of 5° to 40° on a 260
scale, with 0.02intervals, operating at 30 kV and 16 mA, using
CuKa radiation and a wavelength of 1.5406 A. The relative
crystallinity index was calculated according to the Heman
method with modifications proposed by Rabek (1980), using
the following ec (3):

ICR = (Ac)/(Aa + Ac)
Where:
ICR = Relative crystallinity index.
Ac = Crystalline region area.
Aa = Amorphous region area.

(Ec. 3)

Statistical analysis

To determine the statistical differences between the
analyzed starches (native and modified), a one-way experi-
ment design was used (p<0.05) and for significant statistical
differences, the means were compared with the Tukey test
(p=<0.05). Data from the different evaluations were analyzed
using Minitab 17¢ statistical software.

RESULTS AND DISCUSSION
Characterization of the extruded product

The apparent density (AD) values of the modified
starch were 1.23 g / mL for MHS and 1.26 g / mL for MS.
Thymi et al. (2005) report that the AD tends to be higher
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as the residence time inside of extruder machine increases.
This effect causes degradation in the molecular structure
of amylopectin of the starch-based material, reduces radial
expansion resulting in an increase of the density value. Chin-
naswamy & Hanna (1988), report AD values in native maize
starches in a range of 0.163 to 0.348 g / mL, difference due
to the amylose content present in each treatment, as well as
to the thermomechanical process and time of residence to
which the starches were subjected in the present study.

For the El response, the MHS (0.99) and MS (0.91)
values (Table 1), indicate no expansion in the extrudate,
representing a first indication that the process conditions did
not damage the starch (Thymi et al., 2005), corroborated with
the null color change in the product obtained by extrusion
(Aguilar et al., 2007), degree of substitution (Murua-Pagola
et al., 2009) and water absorption index (Mali et al., 2005)
previously analyzed. Thymi et al. (2005) mention that the
expansion index depends on the moisture content, the ex-
trusion temperature, and the residence time of the sample;
thus, the expansion index tends to decrease as the moisture
content increases, reaching an optimum humidity to obtain
an expansion between 15 and 18 % (Thymi et al., 2005). This
is because the moisture content changes the starch amylo-
pectin molecular structure, reducing the elasticity and thus
decreasing the radial expansion index, and therefore, an
increase in temperature would significantly influence the
expansion index value (Vainionpda, 1991). However, an ex-
pansion of the product was not observed, mainly due to the
process conditions (moisture, temperature, and residence
time) in the extrusion equipment, where the modification
favored the opening of the amylopectin molecule, the inte-
raction with water molecules, and the low pressure at the exit
of the extruder die, which resulted in null expansion; hence
the importance of conditioning the extruded sample by
subsequent drying.

Table 1. Characterization’ of the extruded rice modified starch (MHS, MS)-
based product.

Tabla 1. Caracterizacion' del producto extrudido a base de almidén de
arroz modificado (MHS, MS).

Analysis MHS MS
Ac%? 2.14 +0.02322 247 +1.466*
DS 0.08 £0.001155° 0.13 +£0.000343°
El 0.99 £0.01° 0.91 £0.02°
AD g/mL 1.23 +£0.005° 1.26 £ 0.01°

" Results are mean + standard error of the mean (n=3).

“Different letters in rows represent significant differences (p<0.05) among
means obtained by Tukey test.

3Ac: Acetylation, DS: degree substitute, El: expansion index, AD: apparent
density.

MS: Modified rice starch, MHS: modified rice starch with previous hydrolysis.

Degree of substitution (DS)
The modified starches obtained in the present study
had degree of substitution values of 0.08 for MHS and 0.13
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for MS (Table 1). Renddn-Villalobos et al. (2010) report that
the degree of substitution approved by the FDA for food use
is 0.01 to 0.2 to provide better stability, thickening and textu-
re. Both treatments are within the established parameters by
the FDA (considered appropriate for human consumption).
Phillips (1999) report a degree of substitution value of 1.12
in waxy maize starch using 2.25 g of acetic anhydride / 100
g of starch, while Murua-Pagola et al. (2009) reported values
of 0.033 using the same concentrations and technique, pre-
senting as a difference the use of the extrusion process, once
conditioned with acetic anhydride. These values are related
to the ones obtained in MHS, which potentiates its applica-
tion as wall material in microcapsules development for food
use. Vaclavik & Christian (2002) mention that through the
extrusion process, the starch pre-gelatinization carried out
through the application of heat results in a starch that can
be solubilized at room temperature. Likewise, through pre-
gelatinization, the phenomenon of retrogradation is reduced
which generates syneresis, in which the granular structure
is lost, the native crystals are melted and their components
(amylose and amylopectin) are partially disordered (Bello
Pérez et al., 2006).

Physicochemical properties of rice starch
Color analysis, Water absorption and solubility Indeces
(WAI, wWsI)

Table 2 shows values obtained from the color analysis
(L*, a* and b*, Whiteness Index WI), the Water Absorption
and Solubility Indices (WAI, WSI) of starch, both native and
modified by hydrolysis (MHS) and without hydrolysis (MS).

The NS presented a higher luminosity value (97.52)
compared to MHS and MS, indicating for both cases that
the raw material does not have wild seeds that could favor a
reddish hue. In all cases, the high values obtained are indica-
tive that flour and starch come from polished rice (Von Atzin-
gen et al., 2005). Atzingen et al. (2005) reported L* values of
90.52 to 92.90 in flour obtained from polished rice, which in-
dicates that the differences present in modified starches and
native starch are probably due to the starch isolation process.
The difference observed in the Wl between starches is due to
the heterogeneity present in the grains of the raw material.
Aquilar-Palazuelos (2007) reported that changes in colora-
tion may be related to degradation when severe temperature
conditions occur during storage. This tendency did not occur
in isolated starch (native starch NS) as corroborated by the
L* value (Table 1). Martinez-Bustos et al. (2012) mention that
through the extrusion process a rapid water transference to
inside of the polymer molecules is generated, as well as an
effect of the joint action of mechanical stress and pressure.
However, when these conditions (including temperature) are
severe can cause a structural destabilization (dextrinization)
that is accompanied by the presence of a yellowish color, low
WAL values, viscosity and high WSI rates. This effect did not
occur in the modified starches (modified starch with hydro-
lysis MHS and modified starch without hydrolysis MS), where
a slight tendency to yellow was observed. Gulati et al. (2016)

mention that the coloration will depend on several factors
including moisture and temperature, so that a temperature
increase in the extrusion equipment can cause a dextrini-
zation favoring, values with a red tendency. This effect was
not observed in modified starch samples (Table 1), which
indicate the presence of a treatment with high functionality
and application for films elaboration.

Table 2. Physicochemical characterization' of native (NS) and modified rice
starch (MHS, MS).

Tabla 2. Caracterizacion fisicoquimica' del almidén nativo (NS) y modifica-
do de arroz (MHS, MS)

Analysis NS MHS Ms

L*3 97.52 £0.11922 91.25 + 1.139° 90.36 + 0.015°
a¥ -0.45 £ 0.01155° -0.73 +0.03¢ 0.14 +0.00577°
b* 3.33 £0.0058¢ 6.31 £ 0.04° 5.003 £+ 0.0058°
Wi 86.15+0.119° 70.13 +£0.958¢ 84.13+£0.018°
WAI 2.37 £0.0265¢ 3.57 £0.4029° 4.80 £0.1202*
WSI 1.90 £ 0.115¢ 32.06 + 5.808° 11.72 £0.167°

"Results are mean + standard error of the mean (n=5).

2Different letters in rows represent significant differences (p<0.05) among
means obtained by Tukey test.

3L*: luminosity; a*: tendency to green -, or red +; b*: tendency to blue-,
or yellow + ; WI: whiteness index; WAI: water absorption index, WSI: water
solubility index

NS: native rice starch, MS: Modified rice starch, MHS: modified rice starch
with previous hydrolysis.

The water absorption and solubility indexes (WAl and
WSI, respectively) can be used as an indication of the degree
of starch modifications by thermomechanical treatments
(Rodriguezetal., 2006). Thus, the higher absorption index, the
more water is absorbed by starch causing a lower solubility of
sample. The native starch presented a lower capacity of water
absorption which is reflected in its physicochemical proper-
ties (viscosity). The values obtained from WAI (2.37) and WSI
(1.9) in NS are related with values reported by Murua-Pagola
et al. (2009) for WAI (3.45). The difference present in WAI is an
indicative of the isolation process, since in the commercial
process a standardized particle size is used, which gives it
a greater degree of absorption. A difference between the
native and the modified starch is observed for the WAI due
to process conditions in the extrusion equipment, which can
generate products with greater solubility (Harper, 1992). On
the other hand, the increase in the solubility of the modified
starch with previous hydrolysis is associated with the lixivia-
tion of the starch chains through a continuous phase which is
related to a partial disorganization of the starch components.
The high energy generated by the friction inside the extruder
causes the fragmentation in starch granules which involve
increasing the WSI value (Martinez-Bustos et al., 2012). This
tendency is related to the difference observed between the
native starch treatment and modified, being MHS greater
due to conditioning prior to the thermomechanical process.
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Viscosity of starch

The thermomechanical modification to which the
starch was subjected by the extrusion equipment had the
purpose of favoring the interaction of the acetyl group with
the hydroxyl groups available in the molecule through me-
chanical stress and thermal treatment. In addition, to avoid
the retrogradation of starch to the undergo pregelatinization
during the process (Hagenimana et al., 2006). Murta-Pagola
et al. (2007) discuss that viscosity analysis is a useful tool in
determining the degree of starch granules fragmentation
due to the conditions or severity of the treatments used.

As the starch solution is heated under constant oscilla-
ting stress, an increase in viscosity begins to be observed as
the starch granules begin to swell, obtaining the maximum
viscosity peak. Once this point is reached, the low molecular
weight polymers (amylose) begin to lixiviate resulting in the
collapse of the granules and a decrease in viscosity (Tester
et al., 2004). Table 3 shows that the viscosity of NS is greater
than that of the modified starches; this difference of decrease
is mainly due to chemical modification that the starch was
subjected. Since the addition of acetyl groups to the glucose
molecule reduces the intermolecular forces of the granule,
this decreases the viscosity of the starch (Lawal, 2004). This
reduction in viscosity coincides with studies reported by
Enriquez et al. (2013) where they reported a decrease in
viscosity in cassava starch modified with respect to the na-
tive. Retrogradation is an important parameter in the food
industry because it allows a greater storage stability, and can
be used in refrigerated foods, frozen foods, dressings, etc.
(Singh et al., 2007). It was observed that for the modified star-
ches there was a significant difference when the maximum
viscosity values in the heating cycle (VM) and retrogradation
(Vr) decrease with respect to NS, product of the chemical
and thermomechanical conditioning used. However, the
difference in Vr values between modified starches (0.013 Pa*s
MHS and 5.61 Pa*s MS) are due to the structural breakage
by the chemical conditioning, which confers low viscosity
values as well as a suitable functionality such as ingredient
in the formulation of wall materials for microencapsulation.

Table 3. Viscosity analysis’ in native (NS) and modified rice starch (MHS,
MS).

Tabla 3. Analisis de viscosidad' en almiddn nativo (NS) y modificado de
arroz (MHS, MS).

Analysis NS MHS MS

VM (Pas)? 151.93 +38.7322 0.03 +0° 37.57 £7.7°
V90 (Pa.s) 34.163 £3.99* 0.023 £ 0 15.57 £7.19°
Ve (Pas) 54313 £7.65° 0.037 £0.01¢ 21.183 £9.13°
Vr  (Pa.s) 20.15 +5.032* 0.013+0.008°  5.613 +2.243°

" Results are mean + standard error of the mean (n=3).

2Different letters in rows represent significant differences (p<0.05) among
means obtained by Tukey test.

3VM: Maximum viscosity in heating cycle. V90:maximum viscosity during
the stability cycle. Ve: maximum viscosity during cooling cycle. Vr: retrogra-
dation viscosity.

NS: native rice starch, MS: Modified rice starch, MHS: modified rice starch
with previous hydrolysis.
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Murua-Pagola (2009) reported a maximum viscosity of 0.05
Pa*s in phosphated waxy maize starch (with previous hydro-
lysis), so when compared to the MHS treatment, the viscosity
is lower due to the modification made, as well as the source
of the starch used.

Texture Profile Analysis

The texture properties of starch gels are important pa-
rameters to evaluate the performance of a starch in the food
system, thus favoring the optimization of industrial process-
es and the development of new products (Singh et al., 2007).
The modifications that were realized in the starches gave
them different properties within which a lower tendency to
form gels can be observed, obtaining a significant difference
between the native starch and the modified starches where
in both cases the values of hardness and adhesiveness were
decreased (Table 4). This trend favors the use of modified
starches as stabilizers in frozen foods, and for encapsulation
(Singh et al., 2007).

Table 4. Texture profile analysis (TPA)" in native (NS) and modified rice
starch (MHS, MS).

Tabla 4. Perfil de andlisis de textura (TPA)' en almiddn nativo (NS) y modifi-
cado de arroz (MHS, MS).

Analysis NS MHS MS
Hardness (N) 0.33+0.01134a2 0.28+0.00163b  0.22+0.01797¢
ﬁ(‘;hrf‘szi‘f;fss -0.01+00006a  -0.01£00015a  -6.30+0.3853b
Elasticity 0.87+0.02053a  0.78+0.04188b  0.82:+0.01528ab
Cohesiveness 0.69+0.02265a  0.36+0.04668b  0.71+0.02566a

" Results are mean + standard error of the mean (n=2).

“Different letters in rows represent significant differences (p<0.05) among
means obtained by Tukey test.

NS: native rice starch, MS: Modified rice starch, MHS: modified rice starch
with previous hydrolysis.

For the gel based in modified starch without hy-
drolysis, the hardness was reduced with respect to the
native starch since a slight depolymerization was favored by
acetylation and the thermomechanical effect, which causes
a weakening of the gel. The same tendency was observed in
the modified starch without hydrolysis in comparison with
the native starch, where by means of the modification there
was a 35 % reduction in the hardness (Puncha-arnon et al.,
2013). The lowest cohesive value (0.362) was observed in the
hydrolyzed starch, mainly due to the fact that the swollen
granules interrupt the starch gel network, which translates
into a low association of the number of active zones in the
polymer network (Casas Alencaster and Pardo-Garcia, 2005).
Regarding to adhesiveness, no significant differences were
observed between NS and MHS, however a significant
decrease in adhesiveness in the MS treatment was noted,
which is directly related to the viscosity thereof, product of
the interaction in the reactive sites of the glucose molecule
with water through hydrogen bonds (Sothornvit et al., 2005).
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Thermal properties

Table 5 shows the values of onset temperature (To),
gelatinization (Tp) and final (Tf), as well as the enthalpy (AH)
of native rice starch, modified with hydrolysis and without
hydrolysis. The thermal transition behavior shown by the
native starch with a range of 72.1 to 80.12 °C is similar to the
values reported by Puncha-arnon & Uttapap (2013) where
the range goes from 69.4 to 77.3 °C. The increase in the peak
temperature for the modified starches is mainly due to the
amorphous region that contains the starch granule since the
modification produces a destabilizing effect on the crystalline
fusion, therefore the temperature has to be higher to melt
the crystalline region (Gunaratne et al., 2002). Gonzalez-Soto
et al. (2011) mention that the gelatinization temperatures of
rice starch particles are indicative of the amount of crystalline
regions present within the starch granule, since the gelatini-
zation temperature reflects the energy required for achieve
the loss of the crystal structure present in the granules.

Table 5. Differential scanning calorimetry (DSC)" in native (NS) and modi-
fied rice starch (MHS, MS).

Tabla 5. Calorimetria diferencial de barrido (DSC)' de almidén native (NS) y
modificado de arroz (MHS, MS).

Analysis NS MHS MS

To (°C) 3 72.10 £ 0.049°2 7546 +£0.311° 70.515 + 0.785°
Tp (°C) 76.41+0.085¢  81.94+0.099° 76.765 + 0.064°
Tf (°C) 80.12 + 1.534° 88.77 £0.184* 84.165 + 1.039°

Enthalpy(J/g) 4.51 +0.2404° 3.83 £0.0403< 6.5325+0.1237*

"Results are mean + standard error of the mean (n=2).

2Different letters in rows represent significant differences (p<0.05) among
means obtained by Tukey test.

3To= onset temperature, Tp= gelatinization temperature, Tf= final tempera-
ture, AH°= enthalpy of gelatinization.

NS: native rice starch, MS: Modified rice starch, MHS: modified rice starch
with previous hydrolysis.

Enthalpy values were obtained for the native starch
of 4.51 (Jg7) and for the modified starch of 6.53 (Jg'), pre-
senting a same tendency (decrease in enthalpy values) as
reported by Colussi et al. (2015), where values were obtained
for the native 4.51 (Jg') and modified 6.5 (Jg') starch. The
differences are due to the fact that in the modified treatment
a structural disorganization was generated, which it requires
more energy at a lower heat of fusion (Sha et al., 2012). Due to
the introduction of a functional group, in this case the acetyl,
adecrease in the gelatinization temperatures of the modified
starch was observed, compared to the modified starch with
hydrolysis due to the weakening of the intergranular forces
during the extrusion caused a disruption of the structure
(Colussi et al., 2015). The enthalpy value of MHS is diminished
with respect to other starches, probably because there is a
glucose chain fragmentation, product of hydrolysis, so the
degree of interaction between the starch chains needs less
heat energy to melt (Gunaratne et al., 2002). Likewise, the in-
troduction of acetyl groups to the starch breaks the hydrogen
bridges, weakening the granular structure, thus decreasing

the enthalpy of gelatinization (Prieto-Méndez et al., 2010).
Low enthalpies of gelatinization reduce energy costs during
food processing. In this research, an enthalpy reduction (3.83
+0.04 Jg') in MHS was observed, however, the gelatinization
temperature was higher than the rest of the starches (81.94
+ 0.09 °C) with significant difference, probably due to the
hydrophobic groups (acetyl) present in the modified starch,
when forming inclusion complexes with the amylose, which
causes the gelatinization temperatures to move to higher
values as the concentration of these groups increases (Mo-
rales-Martinez, 2014).

Structural properties
Infrared spectroscopy with Fourier Transforms (FTIR)

The spectra obtained in NS samples (Figure1) using a
sweep of 4000 to 500 cm™, coincide with that reported by
Prieto-Méndez et al. (2010) in samples of acetylated barley
starch. For the native starch there were bands of charac-
teristic groups of starch molecule related to the OH-group,
corresponding to the band at 3270 cm™ and to the stretch
of CH related with the band at 2950 cm™, the bands at 1650
cm™ correspond to the scissors vibration of two OH bonds
(Mano et al., 2003), while in starches modified by acetylation
there are bands between 898-1250 cm’, which belong to
the stretch of the CO group, the signal shown at 1245 cm™
corresponds to the stretching of the acetyl CO groups. In
the 3000-3900 cm™' range, an enlarged band was observed,
assigned to the vibrations by stretching or tension of the hy-
droxyl groups and the vibrations by flexion is shown approx-
imately at 1650 cm™ when introducing acetyl groups to the
starch this will cause vibrations by bending due to the steric
effect (Rivas-Gonzadlez et al., 2009). The increase in the signal
between 1650 and 1744 cm' is attributed to the stretching
of the C=0 carbonyl ester group, that indicates acetylation
(Xu et al., 2004). Previous work such as that of Prieto-Méndez
et al. (2010) and Renddn-Villalobos et al. (2010), this signal is
increased since the degree of substitution was higher, due to
the increase in the reactivity of acetic anhydride.

Transmittance (u.a)

4000 I 35‘00 I 30‘00 I 25‘00 I 20‘00 I 15‘00 I 10‘00 I S(I)D
Wavenumbers (cm™)

Figure 1. Infrared spectrum (FTIR) of rice starch: a) native (NS), b) modified

(MS), and ¢) modified with previous hydrolysis (MHS).

Figura 1. Espectro infrarrojo (FTIR) de almiddn de arroz: a) nativo (NS), b)

modificado (MS) y ¢) modificado con hidrélisis previa (MHS).

)
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Through physical modification the characteristics of
rice starch are improved, such as retrogradation and solubili-
zation (Hagenimana et al., 2006; Lopez et al., 2010). Because
acetylated starch has a greater capacity to retain water in its
matrix, this agrees with the results obtained for solubility,
paste consistency and absorption. It is reflected an increase
in these results attributed to having a more organized struc-
ture (Chel-Guerrero et al., 2012).

X-ray diffraction (XRD) and relative crystallinity index
(ICR)

By X-ray diffraction analysis is possible to define the
degree of crystallinity of a starch due to crystalline nature,
and it is based on the ordered structure of amylopectin mo-
lecules inside the granule, this analysis provides information
on the modification of starches (Moorthy, 2002; Sebio, 2003).

Figure 2 shows difractograms corresponding to the
native starch in which a pattern type A was observed cha-
racteristic in starches, which contain longer amylopectin
branched chains corresponding to starches from cereals
(Vermeylen, 2004; Thomas et al., 1999) with peaks in values
20 of 15.14, 17.59, 19.9, 23.14, 26.7 °. These values are si-
milar to those reported by Wang et al. (2002) in rice starch
where values were 20 of 15, 17.5, 19, 23, 27.5°. For MHS
and MS treatments, peaks were observed at 20 values of
15.04, 18, 20.05, 23.20 and 15.12, 17.82, 19.95, 22.94 °, with
a characteristic type B pattern resulting from the structural
modification, which is perceived as a loss of resolution when
presenting a greater narrowing and change in intensity.

The relative crystallinity index indicates the degree of
crystallinity of a material (Sebio, 2003) which is determined
by the relationship between the crystalline area and the total
area. The crystallinity index of modified starches MHS (57%)
and MS (59%) increased with respect to the native starch NS
(40.43%).This is due to the degree of depolymerization, since

]
i A o
n \ "y ¥ Mm‘hw, o™
%‘Wwwwmmwwh L ( a )
i
] M.wuwwwwwmwwwww )
< |
s 7
= T \\f. oy I
B gt e MMW”’WM»M I (C)
S Mt o
k= "
T T T T T T 1
5 10 15 20 25 30 35 40

20

Figure 2. X ray diffraction patterns of rice starch: a) native (NS), b) modified
(MS) and c) modified with previous hydrolysis (MHS).

Figura 2. Patron de difraccion de rayos X de almidén de arroz: a) nativo
(NS), b) modificado (MS) y modificado con hidrolisis previa (MHS).
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the modification did not affect the amorphous part of the
granule of starch but the crystalline part (Xie et al., 2005). The
same behavior is shown in tapioca starches, where increases
in crystallinity are observed when carrying out a modification
in the granule structure (Chinachotic et al., 2001). In Figure 3,
similar characteristic patterns of cereals are shown where the
intensity is decreased in the modified starches.

CONCLUSIONS

An improvement in the physicochemical, thermal
and rheological properties of modified rice starch with and
without hydrolysis prior to esterification and thermomecha-
nical treatment was obtained, making it suitable for use as
functional ingredient in the preparation of edible materials
as coating and encapsulating agents. The degree of subs-
titution obtained in modified starch is within the ranges
permitted by the FDA, which guarantees its innocuousness
for human consumption. The obtained values of apparent
density and expansion index in the extruded products are
an indicator that the process conditions during the extrusion
were controlled without affecting their functional properties
of the treatments analyzed, as can be confirmed by not pre-
senting a loss of color, increase of the water absorption index
and low values of water solubility index, in comparison with
the native starch. Through infrared spectroscopy, differential
scanning calorimetry and X-ray diffraction analyses, it was
possible to evaluate the presence of greater functionality
due to the joint effect of the chemical and thermomechanical
modification with respect to native starch. Modified hydroly-
zed starch (MHS) treatment due to low viscosity (optimum
for the preparation of emulsions), solubility and gelatiniza-
tion temperature (ideal to be used in a spray drying process)
presented a greater functionality to be used as wall material
in the microencapsulation of food ingredients. The modified
starch without hydrolyzing (MS) treatment presented a high
viscosity, cohesiveness and low solubility, characteristics
that make it more suitable for films elaboration and edible
coatings.

This research shows the importance of the process for
starch modification to adapt it to different food matrices, in
addition to reiterating the use of rice starch as a natural al-
ternative to commercial ingredients, since its modification by
extrusion suggests a more environmentally friendly process
to decrease the use of reagents compared to those currently
used at industrial level.
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