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Abstract

Native starch was isolated from two corn landraces (blue and white) and a hybrid variety and then characterized for its
physicochemical, thermal and rheological properties. The hybrid variety showed the highest starch yield, with its starch showing
the highest fat, moisture and protein content but the lowest onset temperature of gelatinization. The hybrid corn starch also
showed the highest G and G” values. The tested starches showed similar T, T, and AH values. The amylose contents ranged from
21.5 to 22.4%, with starch from blue corn showing the highest amylose content. All starches were white, with L values ranging
from 93.6 to 99.5. The light absorbance of the starch gels increased with storage time. The obtained results demonstrated that
the physicochemical, thermal and rheological properties of corn starch are highly dependent on the corn type.
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Practical Application: The innovations of this study are to characterize the main properties of three native corn starches, which
give them various technological applications, to be used in various industrial processes, whether food or non-food.

1 Introduction

Corn, Zea mays L. (Poales: Poaceae), is the second most
important grain crop worldwide in terms of production and
consumption. Several corn landraces and hybrids are cultivated
in Mexico, with the latter being currently preferred due to their
high yield, resistance to pests and hydric stress, and nutritional
value (Food and Agriculture Organization of the United Nations,
2016; Uarrota etal., 2013). Corn is used as human food, cattle feed
and as a source of several industrial products and sub-products,
such as starch, which is a polysaccharide that accumulates as
granules of different sizes, shapes and composition and represents
86 to 89% of the grain endosperm (Agama-Acevedo et al., 2005;
Eliasson, 2004). It is composed of two homopolysaccharides of
glucose, amylose and amylopectin, with linear and branched
structures, respectively (Liu et al., 2002). Recently, there has
been increasing interest in the use of starch as a functional
ingredient in many food and non-food applications, because it
can modify physicochemical, thermal, and rheological properties
(Bello-Pérez et al., 1999; Waterschoot et al., 2015). Starch is
commonly used as a film-forming ingredient as several studies
have demonstrated that starch is particularly useful for the
elaboration of biodegradable or edible films, reducing the use of
conventional materials based on fossil sources and, consequently,
environmental pollution (Garcia et al., 2009). The high availability
of corn starch makes possible this type of alternative use. However,
the yield and properties of corn starch appear to depend on its

source hybrid or landrace type (Idikut et al., 2009; Zehr et al.,
1995). Undoubtedly, physicochemical variations in starch
properties might alter the functionality of this polysaccharide.
Starch contributes to the textural properties of many products as
a gelling agent, thickener, adhesive, colloidal stabilizer and water
retention agent (Singh et al., 2003). Approximately 60 million
tons are extracted annually worldwide from various cereal, tuber
and root crops (Copeland et al., 2009). Corn starch makes up
more than 80% of the world market for starch (Jobling, 2004).
Mexico is the center of origin and diversity of corn varieties,
with more than 60 varieties and sub-varieties recognized;
however, only a few have been characterized with respect to
their starch content and functional properties (Alvares-Buylla,
2004). Currently, a number great of corn types have developed by
different process in which these corns have undergone changes
over time mainly in the structure and composition of the grain
due to continual mutations, hybridizations, segregations and
selections by human and by natural processes, among other
(Eckhoff & Watson, 2009; Smith, 2004). The development of
corn hybrids has been considered as the most important genetic
change in corn for starch production (Eckhoff & Watson, 2009).
The functional properties of corn hybrids, could have a potential
use in the industry to obtain some products such as starch,
flour, corn syrup or dextrose, pureed grain, corn oil, ethanol,
paper and charcoal (Acton, 2013; Cauvain & Young, 2009;
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Eckhoff & Watson, 2009), possibly with better performance in
some of these applications than corn landraces. Thus, the aim
of this study was to evaluate the content and physicochemical,
thermal, and rheological properties of starch isolated from two
corn landraces and a hybrid variety.

2 Materials and methods
2.1 Materials

Grains of blue and white corn landraces and a hybrid corn
variety (Pioneer P1879, Pioneer-DuPont Company) were harvested
in 2015 from a commercial field in Cuauhtemoc, Chihuahua,
Mexico. The harvesting areas for the blue, white and hybrid corn
were located 2,000 and 2,200 masl, respectively. The chemical
reagents (analytical grade) were purchased from Sigma Aldrich
(Toluca, Estado de Mexico, Mexico) unless stated otherwise.

2.2 Starch isolation

Starch was isolated according to Wang & Wang (2001) and
Sandhu et al. (2004). Corn grains were finely ground using a hand
mill. One kilogram of milled corn was mixed with 2 L of 0.1%
NaOH and kept at 4 °C for 18 h. The mixture was homogenized
in an industrial blender at maximum speed (Osterizer, Wisconsin,
USA) and passed first through cheesecloth to remove fibers
and then through a 100-mesh sieve (150 um) (Advantech
Manufacturing, Wisconsin, USA). The suspension was let sit
for 18 h. The supernatant was discarded and the retained solids
washed three times to remove NaOH. The supernatant removal
process was aided by centrifugation (13,698 x g, 15 min, 8 °C;
Allegra 64R Centrifuge, Beckman Coulter, California, USA).
The obtained starch was placed into plastic cylindrical trays
(16 x 13 x 6 cm) and dried at 40 °C for 24 h. Finally, the starch
was ground in a mortar, passed through a 100-mesh sieve and
stored in sealed plastic bags at 25 °C until use.

2.3 Proximate analysis

Proximate analysis of starches was conducted according
to AOAC official methods 923.03, 920.35, 925.10 and 991.20
(Association of Official Analytical Chemists, 2002) to determine
the ash, fat, moisture and protein content (N X 6.25), respectively.

2.4 Thermal properties

The thermal properties of the starches were determined
according to Sandhu et al. (2007). A starch sample (2 mg dry
basis) was placed into a stainless steel pan, adding 7 pL of
distilled water. The pan was hermetically sealed and allowed
to stand for 1 h to allow hydration. The thermal analysis
was carried out using a differential scanning calorimeter
(DSC 4000; PerkinElmer, Massachusetts, USA) using an
empty pan as reference. Subsequently, the pans were heated
from 20 to 120 °C at a heating rate of 5 °C min, under an
inert nitrogen atmosphere at a rate of 50 mL min™'. The onset
temperature (T ), peak temperature (Tp), end temperature (T)
and enthalpy (AH) of gelatinization were determined using
the PerkinElmer Pyris Software 11.1.
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2.5 Tristimulus color

The starch color was determined using a CR-300 Minolta
colorimeter (Minolta, Tokyo, Japan) with diffuse lighting
geometry, viewing angle of 0° and an 8 mm port/viewing area.
Prior to starch evaluation, the colorimeter was calibrated with
a standard white. Each starch type (randomly) was evaluated
five times (L*, a*, and b*).

2.6 Granule size and light microscopy

The granule size was estimated in aqueous starch suspensions
(2%, w/w), an aliquot of 25 pL of the suspension was placed on
slides and cover slips and immediately analyzed in triplicate in an
optical microscope (AxioScope.Al, Carl Zeiss, Jena, Germany)
equipped with an AxioCam ICcl camera. Measurements were
taken of 20 starch granules per sample. The images were taken at
1,000x magnification, and the granule size was estimated using
ZEN lite software. Likewise, micrographs at 400x magnification
were taken with ordinary and polarized light and were used to
observe the morphology of each corn starch.

2.7 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis of starches was performed following the
methodology described by Zamudio-Flores et al. (2010). The FTIR
spectra were recorded from 400 to 4,000 cm™ with a resolution
of 4 cm™ for 34 scans by a spectrophotometer (Spectrum Two,
PerkinElmer, Massachusetts, USA) equipped with a universal
attenuated total reflectance (UATR) accessory.

2.8 Rheological properties

A suspension of each corn starch sample (20%, w/w) was
prepared. Rheological measurements, such as the storage modulus
(@), loss modulus (G”) and loss factor (tan §), were determined
from measurements within the linear visco-elastic region of each
paste of the corn starches according to Sandhu et al. (2004), using
a dynamic rheometer (AR 1500ex, TA Instruments, Delaware,
USA) equipped with the stainless steel parallel plate geometry
(60 mm diameter). The gap size was set at 1,000 um, while the
frequency and strain were set at 1 Hz and 0.5%, respectively.
The suspension was loaded on the Peltier plate and covered
with a layer of low-density silicon oil. The samples were heated,
starting at 45 °C and increasing to 90 °C at a rate of 2 °C min™.
All measurements were made in triplicate.

2.9 Water binding capacity

The water binding capacity of the corn starches was determined
according to the methodology described by Ashri et al. (2014)
with modifications. Briefly, starch suspensions (6.5%, w/w) were
prepared by stirring at 200 rpm for 1 h. Then, the suspensions
were centrifuged (822 x g, 10 min, 8 °C), and the supernatant
was discarded. The solids were drained for 10 min, and the water
binding capacity was gravimetrically measured considering the
weight of dried starch used for the suspension preparation and
that of the wet starch after draining.
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2.10 Amylose content

The amylose content was determined in triplicate using an
Amylose/Amylopectin K-AMYL 09/14 assay kit (Megazyme,
International Ltd., Bray, Co. Wicklow, Ireland) based on the
method using concanavalin.

2.11 Light absorbance

The light absorbance of the starches was evaluated according
to Bello-Pérez et al. (1999) and Sandhu et al. (2004). A starch
dispersion (2%, w/w) was heated at 90 °C with constant stirring for
30 min. The suspension was poured into disposable plastic cuvettes
(12.5 x 12.5 x 45 mm; Brand, Wertheim, Germany) and kept at
4 °C for 5 d. The light absorbance was spectrophotometrically
evaluated every 24 h for 120 h systematically at 640 nm (Evolution
300, Thermo Scientific, Massachusetts, USA). Distilled water
was used as a blank.

2.12 Statistical analysis

The data were analyzed by a balanced analysis of variance
(ANOVA) and Tukey’s test (p = 0.05) using Statistical Analysis
System software (SAS Institute, 2002).

3 Results and discussion
3.1 Yield and proximate composition of isolated starches

The hybrid corn showed the highest starch content, with
its starch showing higher fat, moisture and protein contents
than those of the tested corn landraces (Table 1). These starches
obtained from hybrid corn could be classified and used as
normal corn starches (Aparicio-Saguilan et al., 2004; Hardacre
& Clark, 2006). However, the composition of corn can be
modified by plant breeding methods, to be used as food source
and in the wet-milling and ethanol industries (Acton, 2013;
Cauvain & Young, 2009; Eckhoff & Watson, 2009). In general,
the proximate composition found in this study is similar to that
reported for other corn starches (Ash = 0.1%, Fat = 0.2 to 0.5%,
Protein = 1.1 to 2.0%, Moisture = 6.5 to 8.5%) (Blanche & Sun,
2004; Tovar-Benitez, 2008). Likewise, it has been reported that
low fat and protein contents indicate high purity of isolated
starches (Tirado-Gallegos et al., 2016). Lipids and proteins in
starch granules can increase their functionality; the protein
in starch granules is associated with grain hardness, while the
lipids can significantly reduce the swelling capacity of the starch
paste. On the other hand, the presence of minerals in the starch
has been related to the increase of clarity and viscosity of the
paste. Likewise the low moisture content reduces the risk of
microbial growth during storage (Alcazar-Alay & Meireles,
2015; Yousif et al., 2012).

3.2 Thermal properties

The starch from the hybrid corn showed the lowest onset
temperature of gelatinization (T, = 65.6 °C) among the tested
starches (Table 2). These results are in agreement with the studies
carried out by Li et al. (1994), where thirty-five corn varieties
were analyzed, finding a mean T, value of 66.3 °C. The onset
temperature represents the initiation of the gelatinization period
and is related to the swelling of the granule. This could have
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important industrial implications because some companies
justify the costs of their processes regarding energy and time,
and if the starch requires less time and a lower temperature for
gel formation, this implies a lower requirement of energy and
time (Tester & Debon, 2000). The peak temperature (Tp), end
temperature (T ) and enthalpy (AH) of gelatinization were similar
for all starches (Table 2). Values for TP were similar (70.6 to 72.2 °C)
to those reported for other corn starches (Sandhu & Singh, 2007).
High T values have been related to a higher affinity of starch
for water and starch crystallinity, influencing the texture and
color properties of starch pastes, respectively (Diaz-Molina &
Carreras-Collazo, 1999; Wang et al., 2011). The gelatinization
enthalpy values found for the three corn starches showed
similarity to other studies (11.4to 13.4 ] g') of commercial corn
starches (Amaya-Llano et al., 2011; Lewandowicz et al., 2000).
Based on previous studies, it is inferred that the low AH values
of starch from blue corn can be attributed to its small granule
size. These AH values are influenced by factors such as the
granule shape and size and the degree of crystallinity of the
starch (Cai et al., 2015). The thermal characterization of starch
is important because this polysaccharide is submitted to several
thermal transformation processes in industry.

3.3 Tristimulus color

The isolated starches were white, showing high L values
(93.6 to 99.5); however, starch from blue corn was less white
(Table 1), probably as a consequence of residual anthocyanins
(Agama-Acevedo et al., 2005). The tested starches were whiter

Table 1. Physicochemical properties of native corn starches.

Physicochemical Starch source
properties Blue corn White corn Hybrid corn
Ash (%) 0.1+ 0.0° 0.1+0.0° 0.1 +0.0°
Fat (%) 0.2 +0.0° 0.2 +0.0° 0.4 £0.0*
Moisture (%) 6.5+0.1° 6.9+0.0° 8.5+0.1°
Protein (%) 1.1+0.1° 1.2+0.2° 2.0+£0.2¢
Yield (%) 16.9 + 0.7 18.7£0.3 23.5+1.2%
Color

L 93.6 £ 0.2° 99.5 +£0.0* 98.4+£0.2°

a 1.4+ 0.0 -0.4 £0.0° -1.3+£0.2¢

b 0.9+0.1° 0.2 +£0.0° 2.9+0.3
Approximate 133+ 1.1° 19.0 £ 1.0° 214 +0.8°

granule size (um)

Arithmetic mean + standard error. Values with the same literal between rows are statistically
equal according to the Tukey’s test (p = 0.05). Averages of at least three measurements.

Table 2. Thermal variables of native corn starches.

Transition temperatures and gelatinization enthalpy for corn starch

Starch source T (°C) T (°C) T (°C) AH (Jg")
Blue corn 66.9+0.3® 71.6+0.1° 79.8+02° 11.4+0.8
White corn 675+0.2* 722+0.1* 809+0.1* 134+0.8
Hybrid corn 65.6+0.7° 70.6+0.6° 792+0.6" 12.9=*1.0°

T, = onset temperature; T, = peak temperature; T_ = end temperature; AH = Enthalpy of
gelatinization. Arithmetic mean + standard error. Values with the same letter between
columns are statistically equal according to the Tukey’s test (p = 0.05). Averages of at

least three measurements.
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than those of sorghum, rice and corn which showed L values
from 90.8 to 95.7 (Xie & Seib, 2000; Lee & Puligundla, 2016;
Zhang et al., 2005). The color of finished starch is an important
quality attribute, with white starches containing lower levels of
proteins and pigments. Similarly, Sanchez-Rivera et al. (2005)
emphasized that the whiteness is an important physical parameter
of starches, as it determines their industrial applications in
pharmaceutical, food and agricultural sectors, among others.

3.4 Granule size and light microscopy

The granules size varied among the starches, ranging from
13.3 to 21.4 um (Table 1). These results are within the range
reported for corn starches (2 to 37 um) (Agama-Acevedo et al.,
2005; Blanche & Sun, 2004; Tester et al., 2004). The size and shape
of corn starch granules depend mainly on variety. In corn hybrid
varieties, the structural differences could be related to the starch
biosynthesis (Agama-Acevedo et al., 2008). On the other hand,
it is seen that the starches showed a mixture of rounded and
angular granules, which have been related to the granular form
of the granules with a high content of amylopectin (Chen et al.,
2006), likewise, the images obtained under polarized light were

taken at the same position as the images under ordinary light,
where it can observe centered hilums and polarization crosses
(Figure 1). The particle size of the starch granules determines
which starches can be incorporated into different composites
or applications, for example, into some biodegradable plastic
films if the dimensions of starch are small, as well as viscosity
modification, binding, sizing and coating if the granule size is
higher (Ellis et al., 1998).

3.5 Fourier Transform Infrared Spectroscopy (FTIR)

The starch fingerprint region (1,250 to 400 cm™) of the FTIR
spectra was similar for the tested starches. The most intense
peaks corresponded to carbohydrate vibrations, showing no
apparent structural differences in the low range molecular order
(Pelissari et al., 2012) (Figure 2). The peak observed at 1,640 cm™!
corresponded to tightly bound water molecules in the starches
(Fang et al., 2004). The region between 1,200 and 800 cm™
is characteristic of the C-O and C-C stretching and C-O-C
deformation modes, associated with the glycosidic bond
(Almeida et al., 2010). The spectra of starch samples showed
a peak at 3,290 cm™, which corresponded to symmetric and

Figure 1. Micrographs of native corn starch granules observed under ordinary and polarized light, respectively. (a) and (b) Blue corn starch;

(c) and (d) White corn starch; and (e) and (f) Hybrid corn starch.
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Figure 2. Fourier transform infrared spectroscopy of samples of native
corn starches.

asymmetric stretching of O-H bonds (Pelissari et al., 2012).
The peak at 2,928 cm™ was attributed to C-H bond stretching
(Liu et al., 2011). The peaks observed between 937 and 1,156
cm! were attributed to C-O bond stretching (Fang et al., 2002).
The sharp peak at 996 cm™ was related to the crystallinity of
the starch (Vicentini et al., 2005). The ratios (R) of absorbance
1,047/1,022 and 1,022/995 cm™ were calculated and are shown
in Figure 3. The starch of the hybrid corn showed the greatest
R (1,047/1,022), which expresses the amount of ordered to
amorphous starch. Therefore, high R values indicated a great
level of ordered structure in the external region of the starch from
hybrid corn (Yuetal., 2013). The R 0of 1,022/995 cm ™ is used as a
measure of the correlation of amorphous to ordered carbohydrate
structure in the starch (Sevenou et al., 2002). Therefore, high
values of R could be interpreted as high resistance to breaking
of the starch granule structure, either by enzymatic hydrolysis
or by heat treatment influencing the gelatinization process.

3.6 Rheological properties

The rheological measurements of corn starches during
heating are shown in Table 3. The temperature at G’ is maximum
during heating (TG’) showed significant differences, with
starch from blue corn showing the greatest value (71.2 °C),
followed by starch from white (70.0 °C) and hybrid corn
(67.1 °C). The values for G’ (6,410 to 9,547 Pa) and the loss
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Figure 3. IR ratio of absorbance 1,047/1,020 and 1,022/995 cm™ of
native corn starches.

Table 3. Rheological properties of native corn starches and their
fractions during heating.

Sséir:c}; TG (°C) Peak G’ (Pa) Peak G”(Pa) Peaktand
Blue corn 71.2 £0.0° 7,012 £ 542> 1,356 +69>  0.19 +0.0*
White corn ~ 70.0 + 0.0° 6,410 £ 177° 1,556 + 205 0.24 + 0.0°
Hybrid corn  67.1 £0.1° 9,547 £270* 1,950 £ 141* 0.20 £ 0.0*

Arithmetic mean + standard error. Values with the same literal between columns are
statistically equal according to the Tukey’s test (p = 0.05). Averages of at least three
measurements. TG’ Temperature at G’ is maximum during heating; G’ Storage modulus;
G” Loss modulus; Peak tan § damping factor G’/G”.

factor (tan §; 0.19 to 0.24) were similar among the starches.
These results are unlike those reported by Song et al. (2013),
who found values for G’ of 64,600 to 92,400 Pa in a mixture of
surimi and native corn starches. Likewise, the values found in
this study were higher than values of G’ and G” for different
corn starches reported by Sandhu et al. (2004). For all three
starches, the value of G” was higher than that of G”, which is
an indication that the elastic properties were higher than the
properties related to viscosity; this attribute allows the native
starch to be commonly used as an enhancer of texture and
elasticity, mainly in sausages (Song et al., 2013). Figure 4a and b
show G’ and G” reaching the maximum heating value, giving
origin to the rupture of the granule ordering and therefore the
gel formation of suspensions of corn starches during heating.

3.7 Water Binding Capacity (WBC)

The WBCs for the tested starches are shown in Table 4.
The hybrid corn starch showed the highest WBC (106.2%),
followed by the starches from the white (103.9%) and blue corn
(89.6%). These values were higher than those (82 to 98%) of lentil,
fava bean, field pea and other corn starches (Hoover & Sosulski,
1986; Sandhu et al., 2007). The differences found for WBCs of
starches may be a consequence of variations in size and structure
of the granules (Sandhu et al., 2004). Our results suggest that
the blue corn starch formed many hydroxyl groups through
hydrogen bonds between starch chains because it presented a
smaller capacity of water retention. Additionally, a high WBC
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value could be attributed to a greater number of available binding
sites for water in starch granules, influencing the gelatinization
process, since this process requires an interaction between the
water molecules and the starch (Sandhu et al., 2007).

3.8 Amylose content

The amylose contents were similar in the tested starches
(21.5 to 22.4%) (Table 4) and similar to those reported
(15.5 to 27.5%) for barley starches but lower than those of
white (25.5%) and yellow (25.9%) corn starch (Cisse et al.,
2013; Chavez-Murillo et al., 2008). These values are important
parameters because the physical properties of starches

10000

a) ?‘“v\z
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=@~ White cornstarch
—&— Hybrid comstarch
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504
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Figure 4. (a) Storage modulus (G’) and (b) Loss modulus (G”) of gels
of native corn starches.

are determined by the amylose and amylopectin content
(Fredriksson et al., 1998). Likewise, amylose has been correlated
with hardness and gumminess, influencing the texture of
various products (Sandhu & Singh, 2007).

3.9 Light absorbance

The light absorbance of the starch gels increased with
storage time, with the higher absorbance observed after 120
h for all corn starches (2.5 to 2.7) (Table 4). The initial light
absorbance was higher than that observed by Sandhu & Singh
(2007) for other corn starches after storage for 120 h. The light
absorbance of the starch dispersions was also higher than that
reported for dispersions of rice starches (Kaur et al., 2002).
The light absorbance increase is attributed to granule swelling,
granule remnants and amylose and amylopectin chain length,
so this could be indicative of amylose crystallization. On the
other hand, the increase in light absorbance indicates changes
in refractive index and density, influencing the rheological
behavior of the gel (Ring et al., 1987).

4 Conclusions

Differences in the chemical composition, thermal
properties and granule size may be due to genetic differences
between corn varieties. The low content of fat and proteins in
the chemical composition of the starches indicates their high
purity. The hybrid corn starch showed better yield than the
two corn landraces. All corn starches showed greatest values
of brightness (L) and lower a and b, as a result of lower levels
of associated components such as pigments. The thermal
properties T, T and T_ of hybrid corn starch were lower
than those of the blue and white corn starches. The chemical
composition and thermal and rheological properties of corn
starches are parameters that must be known to enable possible
use as an encapsulating agent in the food, pharmaceutical, and
agricultural industries, among other products.
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