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ABSTRACT

This work presents the study of the structural changes of the endo-
sperm of Quality Protein Maize (QPM H-368C), modified by alkaline
cooking at two different temperatures (72 and 92°C) and steeping time of
0-7 hr. Structural changes in the outermost 10% layers, the subsequent
10%, and the remaining 80% of the endosperm as a function of the
steeping time were studied using scanning electron microscopy (SEM),
X-ray diffraction, and differential scanning calorimetry (DSC) tech-
niques. SEM images revealed that soft and hard endosperm have different
shapes and packing factors. The X-ray diffraction patterns of the hard and
soft endosperm from raw corn suggest that the hard endosperm consists
mainly of amylopectin and has a bigger relative crystallinity quality than
the soft endosperm. Samples cooked at 72 and 92°C with and without the
Ca(OH), and steeped for 0, 3, and 7 hr, showed structural changes, X-ray
diffraction patterns from the outermost 10% layers and subsequent 10%
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of the endosperm were completely amorphous. This fact is related to the
total or partial gelatinization of the starch. The crystallinity in the internal
layers of endosperm (remaining 80%) did not have significant changes
after the treatments and exhibited the characteristic patterns of crystalline
amylose and amylopectin. DSC measurements in the outermost layers of
the endosperm did not exhibit the characteristic endothermic peak of
starch (from 64 to 81°C) compared with the raw sample, while the
endotherm peak for 80% of the endosperm internal layers appears in all
cases (72 and 92°C). According to these results, a new definition of the
nixtamalization process can be developed as follows. During the nixta-
malization process there is a total gelatinization of the starch granules
from the most external layers, and a partial gelatinization of the innermost
internal layers of the endosperm.

Nixtamalization is used to produce many staples food such as
tortillas, tortilla chips, and snacks, among others. During the alka-
line treatment (cooking and steeping) of corn kernel, one of the
most important processes is the diffusion of water and calcium
ions into the corn kernel. This process produces important physico-
chemical changes in the anatomical structures of the corn kernel:
pericarp, endosperm, and germ, which are reflected in the nutri-
mental and sensorial properties of the final products (Bressani et
al 1990; Serna et al 1990; Rodriguez et al 1996; Sefa-Dedeh et al
2004).

The high consumption of maize, especially in Mexico, Central
America, and the southern part of United States, and the well-
known lysine and tryptophan deficiencies in maize protein, create
the necessity to develop maize with high quality protein, (QPM).
The conversion of maize into tortilla or instant corn flours in-
volves a thermo-alkaline process that changes the physicochemical
and nutrimental properties of the original maize. According to
Bressani et al (1990), the nixtamalization process in QPM increases
the Ca content; they found that the protein quality was signifi-
cantly higher in tortillas than in raw maize.

The nixtamalization process has been studied over the last four
decades, but little work has been done in terms of the structural
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changes that take place in the whole endosperm, especially during
the steeping step. The physical and chemical transformations that
take place during the nixtamalization process, studied through the
structural changes, can be an excellent tool to understand this
complex problem. The structural changes in starch are associated
with the swelling of starch granules and such processes as gelatin-
ization, melting, pasting, and retrogradation (Dengate 1984).

Zobel et al (1988) explained the application of the term melting
to starch gelatinization based on X-ray and synthetic polymer
technologies. Diffraction studies show that crystalline specimens
yield reflections from crystal planes. After melting, these reflec-
tions disappear and a broad halo appears, indicating a change
from a crystalline to an amorphous (molten) state. There is wide-
spread interest in the process of starch gelatinization, in which the
organized granule structure is disrupted. Atwell et al (1988) defined
starch gelatinization as the process that takes place when starch
granules are heated in the presence of water, resulting in the dis-
ruption of molecular order within the starch granule. This process
is manifested by irreversible changes in properties such as gran-
ular swelling, native crystallite melting, loss of birefringence, and
starch solubilization. Atwell et al (1988) described another physical
behavior of starch called retrogradation, the process wherein the
molecules composing gelatinized starch begin to reassociate, lead-
ing to a more ordered structure. Under favorable conditions, the
ordered structure may develop into crystalline forms. This phenom-
enon is related to the stability of a starch paste during storage
annealing.

A review of the classification of native starch was published
recently by Sajilata et al (2006). This study classified several types
of starches designated as A-type, B-type, C-type, and an addi-
tional form called V-type. These starches have been identified based
on X-ray diffraction patterns. The A-type is characteristic of the
cereal starches, the B-type of tuber and high-amylose starches and
retrograded starch. The C-type, which is a mixture of A- and B-
type diffraction patterns, has also been identified as characteristic
of many legume starches. The V-type applies to single helices of
amylose cocrystallized with other compounds such as iodine or
lipids.

Using X-ray diffraction, Gomez et al (1991) studied the struc-
tural changes of nixtamalized corn flours used to prepare tortilla
and tortilla chips. They found that during the production of nixta-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



malized corn flours there are few changes in the organization of
starch polymers. They also found that the crystallinity of starch in
masa was similar to that of raw corn but with a better re-
crystallization pattern, even though the com in masa had been
alkaline-cooked, steeped, and ground. In this study, evaluation of
the particles was made without taking into account their morph-
ological origin. This means that the particles can be located in the
external or internal layers of the endosperm. According to Gomez
et al (1992), the cooking step disrupted the crystalline structure of
the corn starch, and the starch recrystallization and annealing occur
during the steeping step. This study was focused on the crystalline
changes of the whole endosperm.

During the nixtamalization process, the calcium content of the
maize kernels in the corn cultivar Toluca rises from 0.06% in the
untreated dry kemnel to >0.32% in the nixtamalized kernels after
steeping for 24 hr (w/w, db) (Fernandez et al 2002) and from
0.06% in the native QPM corn kernel to 0.21% in nixtamalized
corn kernels after 15 hr of steeping time (w/w, db) (Gutierrez et al
2007).

Rodriguez et al (1995, 1996) studied the changes in the physico-
chemical properties of nixtamalized corn flours and tortillas with
calcium concentration between endogenous (0.07%) and 0.5%. For
tortillas containing calcium at 0-0.25% (w/w), the thermal
diffusivity, peak viscosity, and crystallinity increased when the
calcium content increased. This means that the physicochemical
properties of these products are dependent on calcium content.
The opposite trend was observed for calcium content >0.25%. In
corn flours, it was found that the viscosity increases if the calcium
content increases to 0.25%; the opposite trend was found for
instant corn flour with high calcium content. More recently, Ramos
et al (2004) studied three different corn cultivars (Celaya, Toluca,
and Palomero). They showed that the rate of hydration is strongly
affected by the grain integrity and this fact could influence the
physicochemical changes in the different components of the corn
kernels. These authors also reported that the water diffusion coeffi-
cient has thermal dependence.

Changes in the crystallinity behavior in the endosperm of nixta-
malized corn were analyzed using X-ray diffraction by Mondragon
et al (2004). They reported a change in the relative crystallinity of
starch structure with lime concentration and steeping. They also
suggest that, during nixtamalization, amylose-lipid complexes are
developed in the starch, which is supported by the X-ray diffrac-
tion patterns.

Another widely used method for studying the structural prop-
erties of the starch is differential scanning calorimetry (DSC). This
technique is particularly well suited for investigating the phase
transition of starch and water systems because it allows the study
of starch gelatinization over a wide range of starch and water ratios,
the determination of gelatinization temperatures at >100°C, and
the estimation of transition enthalpies. The order-disorder transi-
tions that occur on heating an aqueous suspension of starch gran-
ules have been extensively investigated using DSC (Lelievre and
Mitchell 1975; Donovan 1979; Jenkins 1994). Starch transition
temperatures and gelatinization enthalpies measured by DSC may
be related to characteristics of the starch granule such as degree of
crystallinity (Krueger et al 1987). Gelatinization temperatures and
enthalpies associated with the gelatinization endotherms vary for
different corn starches. Sandhu et al (2004) observed that the
transition temperatures of normal corn starches are 64.0-76.8°C.

During nixtamalization, starch undergoes functional and struc-
tural changes that depend not only on corn characteristics but also
on processing conditions. Analytical methods that evaluate pasting
and thermal properties have been used to investigate changes in
starch during nixtamalization (Robles et al 1988; Gomez et al
1991; Almeida et al 1997). Sahai et al (1999) reported that DSC
can be a useful indicator for determining the degree of cook as
well as for evaluating the impact of processing conditions on nixta-
malized products. Yglesias et al (2005) investigated the thermal

properties of ground raw corn, freeze-dried nixtamal, and masa at
different cooking temperatures (86-96°C) and steeping times (3-
11.77 hr). Nevertheless, they did not study the relationship between
the calcium content and the DSC enthalpy peak. These authors
concluded that nixtamal DSC enthalpy was affected mostly by
steeping time, while masa enthalpy was affected exclusively by
cooking temperature. Krueger et al (1987), Robles et al (1988),
and Sahai and Jackson (1999) suggested that endotherm peak tem-
peratures and enthalpy values were greatly influenced by steeping
time due to the annealing phenomenon that takes place at near
gelatinization temperatures. However, all these studies were made
considering corn kernel as an entire system. It is very important to
emphasize that the corn kernel consists of different anatomical
structures (pericarp, germ, and endosperm) and it is necessary to
take into account that the endosperm consists of soft and hard
layers with different packing factors and chemical composition.
These criteria were not accounted for in previous research.

This work presents a complete study of the structural changes
in the endosperm that take place during the traditional nixtamali-
zation process as a function of the steeping time from 0 to 15 hr
for samples cooked at 72 and 92°C using scanning electron micros-
copy, differential scanning calorimetry, and X-ray diffraction. The
analysis was done in the 10% of the outermost layers, the sub-
sequent 10%, and the remaining 80% of the endosperm.

MATERIALS AND METHODS

QPM Material

The Quality Protein Maize (QPM) hybrid H-368C was pro-
duced by the Instituto Nacional de Investigaciones Forestales Agri-
colas y Pecuarias (INIFAP) and Centro de Investigacién para el
Mejoramiento del Maiz y del Trigo (CIMMyT). The maize was
sown on May 2004 at the Bajio Experimental Station (INIFAP) in
Celaya, Guanajuato, México. Crop management followed INIFAP
recommendations. Ears were hand-harvested in November 2004
and the grain was stored at 4°C until used.

Chemical Composition

Moisture content of corn kernels before and during the cooking
step was determined using Method 925.10 and Method 920.86 for
crude fiber content (AOAC International 2000). Ash content,
protein content, and fat content were measured using Approved
Methods 08-01, 46-13, and 30-25 (AACC International 2000), re-
spectively. All the measurements were made in triplicate.

Soft and Hard Endosperm Determination

To determine the amount of soft and hard endosperm, the peri-
carp and germ were manually removed after soaking corn kernels
in distilled water for 3 hr. The kernels were stirred in a 250-mL
beaker using a hot plate without temperature. Then the corn was
dried at 40°C for 2 hr and finally the soft-to-hard endosperm ratio
was calculated. The endosperm, soft and hard, was weighed, and
the soft endosperm was carefully removed using a low-speed dental
precision hand instrument (COA, International) equipped with a
bur diamond.

Corn and Endosperm Hardness

The corn and endosperm hardness was determined in 100 corn
kernels using a texture analyzer (model TA-XT2 Texture Tech-
nologies Corp, Scarsdale, NY) to determine the breaking force
required for different samples of corn kernels. The same test was
made on soft and hard endosperm. The area under the force-defor-
mation curve was analyzed with texture analyzer software as
reported by Martinez-Bustos et al (1999).

Corn Nixtamalization
For better control of the nixtamalization process for the cook-
ing and steeping steps, as well as reproducibility of the samples, a
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nixtamalization computer controlled process (NCCP) was devel-
oped to control the cooking temperature and to monitor tempera-
ture for the cooking and cooling steps in real time (Gutierrez et al
2007). In the initial cooking step of the nixtamalization process,
each sample was prepared by cooking 3 kg of QPM H-368C
kernels in a solution of 6 L of distilled water and 30 g of calcium
hydroxide (1%, w/w) (reagent powder, Fermont, Monterrey, NL,
México). The corn kernels were added to the container and heated
to the respective reference temperatures for each treatment. The
sample remained in the container at this temperature for a charac-
teristic cooking time that depends on the cooking temperature: 65
min for 72°C and 25 min for 92°C. These temperatures were
calculated according to the final moisture content at the end of the
cooking step (36%) and the manual removal of the pericarp. After
the cooking step, the system was turned off and the temperature
gradually decreased. The temperature changes were monitored
until the sample reached the chosen steeping time to begin the
washing process. Maize kernels were cooked at 72 and 92°C at 65
and 25 min, respectively. After cooking, the maize was steeped
for 0-15 hr. The cooking liquor (nejayote) was drained off and the
nixtamal samples were washed twice in water (distilled water was
used to avoid Ca interference) using a 2:1 (v/w) ratio by stirring the
kernels in the wash water for 1 min. After washing, the pericarp,
endosperm, and germ of each soaked kernel were separated
manually and dried using an air oven at 40°C for 8 hr (each
component reached a relative moisture content of 12%). As the
endosperm constitutes ~80% of the whole kernel, the outermost
10% and the subsequent 10% of the dry undamaged endosperm
were removed manually, one kernel at a time, by sanding all faces
with sandpaper (Fandeli, Sic B-99, 1200) following the procedure
reported by Fernandez et al (2004).

Corn Samples Characterization by Low-Vacuum Scanning
Electron Microscopy (LV-SEM)

The morphologic analysis of the endosperm in each sample was
performed with low-vacuum scanning electron microscopy (LV-
SEM, ISM 5600LV) with a resolution of 5 nm in LV mode, fitted
with an energy dispersive X-ray spectrometer (Noran instrument,
model Voyager 4.2.3). Before analysis, the corn samples were fixed
on the specimen holder with carbon tape mounted on an alumi-

num specimen holder. The analysis was performed using 20 kV
electron acceleration voltage and 12-20 Pa pressure in the speci-
men chamber, obtaining the images on the fracture surfaces with
the backscattering electron signal.

X-ray Diffraction Characterization

The X-ray diffraction patterns of amylose (Sigma Chemical A-
7046), amylopectin (Fluka BioChemika AG 10120), soft and hard
endosperm of QPM nixtamalized endosperm as function of the
steeping time, as well as the different layers of the undamaged
nixtamalized endosperm (10, 10, and 80%) were collected. The
samples were ground into a fine powder and passed through a
150-pm screen. The samples in powder form were then densely
packed into an aluminum frame. The X-ray diffraction patterns of
the samples were recorded on a diffractometer (Siemens D5000)
operating at 35 kV and 15 mA, with a Cu K, radiation wavelength
of A = 1.5406 A, and from 4° to 30° on a 20 scale with a step size
of 0.05°. The measurements were performed at room temperature.

Differential Scanning Calorimetry

The first sanding (10%), second sanding (10%), and the 80%
remaining of the endosperm (9.1% moisture content) were investi-
gated using DSC (Q100, TA Instruments). A known weight of
indium standard was used in the reference pan to balance the heat
capacity of the sample pan. Samples (10 mg) were accurately
weighed (Ohaus, Voyager) into stainless steel pans (900793.901,
TA Instruments) hermetically sealed, hydrated with 55 pL of
distilled water and heated from 30 to 110°C at a rate of 5°C/min.
All the analyses were performed in a nitrogen atmosphere to 300
kPa (3 atm) internal pressure. Enthalpy of transition (AH) was
calculated using software for the Universal Analysis 2000 TA
Instruments. DSC measurements were made in three replicates
and the mean values are reported for all samples.

RESULTS AND DISCUSSION

The chemical proximate analysis of the corn kernels without
thermo-alkaline treatment was moisture content 12.1%, ash 1.34,
protein 6.66%, lipid 5.12%, and crude fiber content 11.3%. Corn
hardness was 14.82 + 1.34 KgF. In addition, hard and soft endo-

Fig. 1. A, Frontal view of uncooked endosperm of QPM H-368. B, Upper view of corn kernel. Holes show location of soft endosperm and germ.
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sperm hardness was measured in the same kernels, where values
were 12.44 + 1.11 and 7.99 + 1.24 KgF, respectively. It is well
known that the endosperm content of corn kernels varies from 75
to 85%. The endosperm is mainly formed by starch present as
clusters of starch granules covered by a protein matrix in two
different packing forms (soft and hard endosperm). The soft and
hard endosperm are distributed in the corn kernels in different
regions. In QPM H-368, the soft endosperm is located in the top
of the corn kernel and behind the germ from the top the tip cap
(Fig. 1A and B). Holes in these figures show the location of the soft
endosperm that was removed and also the germ. These figures
represent total hard endosperm of the uncooked corn kernels.
According to the methodology used to obtain the soft and hard
endosperm, the soft endosperm constitutes =20.82 + 1.5%, and
the remainder is hard endosperm. Usually the ratio of soft to hard
endosperm depends on the type of corn. For the dent corn the
ratio is 2:1 (Wolf et al 1952).

The soft (floury) and hard (corneous) endosperm ratio is a very
important parameter for thermo-alkaline processes because during
the cooking and steeping steps, the changes in these structures
influence the structural, rheological, textural, and mechanical prop-
erties of the nixtamalized products (Rodriguez et al 1995, 1996;
Fernandez et al 2002, 2004). SEM images gave a better under-
standing of the starch changes of the hard and soft endosperm of
the uncooked corn kernels. Figure 2A and B show starch granules
corresponding to the hard endosperm. Figure 2C and D show the
soft endosperm. It is evident that the starch granules of the endo-
sperm are randomly packed; thus, it is not possible to find order
in a short range. The packing factor for a random system is defined
as the volume fraction occupied by disordered arrays of macro-
scopic or microscopic particles in contact with one another (Zallen
1998). In the hard endosperm the fraction is bigger than in the

LCH IFUMAM

soft endosperm. It is possible to see that the shape of soft starch
granules is almost spherical, while the hard endosperm exhibits
polygonal shapes. The origin of these structures according to Saas
et al (1977) is caused by the cell division in the corn kernel. This
work also suggests that the less mature cells in the soft (floury)
endosperm, located in the central core (Fig. 1), have lower amylose
content than cells in the surrounding hard endosperm. These
figures are important in the nixtamalization process because the
packing factor affects the calcium and water diffusion into the
corn kernels.

The endosperm is mainly formed by starch (amylose and amy-
lopectin) and the structural configuration of these polymers can
be studied through X-ray diffraction patterns. Figure 3 shows the
X-ray diffraction patterns of amylose, amylopectin, and starch of
corn without treatment. The amylopectin exhibits the best relative
crystallinity quality, while amylose constitutes the less crystalline
phase of the starch. The relative crystallinity quality is calculated by
normalizing the integrated diffracted intensity over the measured
20 range to the integrated noncoherent intensity, which is
obtained by subtracting the sharp diffracted peaks from the total
diffracted intensity (Rodriguez et al 1995, 1996). The relative
crystallinity values of amylopectin and amylose were 37 and 22%,
respectively. Clearly, the amylopectin macromolecules in the starch
granules have a better crystalline order than does amylose.

Figure 4 shows the X-ray diffraction patterns of the hard and
soft endosperm from the raw corn (QPM H-368). It is possible to
determine that the hard endosperm has a better relative crystal-
linity quality than the soft endosperm. This could be explained in
two ways: the first one relates to the packing factor of starch gran-
ules, and the second one refers to the fact that the hard endosperm
is mainly amylopectin. Unfortunately there is no accepted defined
X-ray diffraction pattern in the International Centre for diffraction

LCM IEUNA

Fig. 2. SEM images of QPM H-368 taken at 350x and 1,500x. A and B, hard endosperm. C and D, soft endosperm.
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data to compare the X-ray diffraction patterns. By direct inspec-
tion of Figs. 3 and 4, it is possible to determine that the hard
endosperm could be formed mainly of amylopectin. This is the
normal way to identify structures using X-ray diffraction data.
According to powder diffraction data for amylose (a-amylose 43—
1858) (JCPDS-International Centre for Diffraction Data 1997)
(Imberty et al 1988), this structure does not exhibit the peaks
located at 15.214 (d = 5.8191 A), 21.154 (d = 3.8382 A) in the 20
scale that are characteristic for the amylopectin identification.
These results agree with previous works reported by Gibbon et al
(2003) for QPM lines where X-ray diffraction showed that QPM
corns are rich in amylopectin.
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Fig. 4. Characteristic X-ray diffraction patterns of soft and hard endosperm
from QPM H-368 without treatment.
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As mentioned earlier, this work considers the endosperm as a
multilayer system. It is important to study the structural configura-
tion using X-ray diffraction. Figure 5 shows the characteristic X-
ray diffraction patterns of corn endosperm without the thermo-
alkaline treatment taken as the 10% of the outer layers, subse-
quent 10%, and the remaining 80%. These patterns correspond to
the amylopectin structure (Fig. 3). X-ray diffraction data is a
useful and unequivocal tool to structural identification of any
crystalline material.

The structural transformation that takes place in the endosperm
due to the thermal and thermo-alkaline treatment was studied
using DSC and X-ray diffraction techniques. Taking into account
that during the cooking and the steeping steps there is a simul-
taneous water and calcium ion diffusion, it is reasonable to think
that the outermost layers of endosperm undergo the initial changes
that can be reflected in the structure of the starch granules and on
the internal order of amylose and amylopectin.

One of the most important points of this work is the necessity
of structural analysis considering the morphology of the endo-
sperm and the fact that the calcium and water diffusion processes
take place from the external to the internal layers of the endo-
sperm, producing structural changes as a function of the endosperm
position. Fernandez et al (2004) studied the calcium content in the
anatomical components of the corn kernels and they were able to
determine the calcium content in the pericarp, germ, and endo-
sperm. Their studies were focused into the calcium ion content of
the outermost 10%, subsequent 10%, and remaining 80% of this
structure. Their results revealed that the calcium is present mainly
in the most external layers of the endosperm. However, they did
not study the structural changes in anatomical structure.

It is very important to study the structural changes that take
place in the endosperm following the changes in the amylose and
amylopectin of nixtamalized com kernels as a function of the steep-
ing time, focusing on the structural changes as function of deep
endosperm.

In Fig. 1, the outermost 10% of the endosperm of QPM H-368
maize is hard endosperm, which according to the X-ray diffrac-
tion pattern of Fig. 4, exhibits a crystalline phase corresponding
to amylopectin (Fig. 3).

500
450
400
—~ 350
5:) |
~ 300
> ]
2 ! ) .
-C‘B 2504 Y First sanding
Q 1 T V. .
< 2001 "Mt‘v% Mg
= ' i n "ty
100 _ Second sanclli;i‘g.j
50+ 80% endosperm
04
T : T s T T T T T T T

0 10 20 30 40 50 60

20

Fig. 5. Representative X-ray diffraction patterns of the 10% outermost
layers, subsequent 10% layers and the remaining 80% of the endosperm
of corn kernel without any treatment.
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Figure 6 shows the X-ray diffraction patterns of the outermost
10%, subsequent 10%, and the remaining 80% of the endosperm
after the thermal treatment (72°C). For this purpose, the corn
kernel was cooked in water without calcium hydroxide. The X-
ray diffraction patterns show that the thermal treatment produces
important changes in the most external layers of the endosperm.
The starch from this region after this treatment is completely
amorphous. On the other hand, the crystallinity in the internal
layers of endosperm did not change significantly after the thermal
process. For samples cooked up to gelatinization temperature, it is
well known that there is total or partial gelatinization of the starch
(with appropriate water content) that produces order disruption in
the amylose and amylopectin and, as a result, produces loss of the
crystalline quality. However, the remaining 80% of the endosperm
exhibits a good crystalline quality and a characteristic pattern of
amylopectin (Fig. 3). This fact could be related to the low
moisture content of the internal endosperm (Almeida et al 1997).
The same behavior was found for samples cooked at 92°C.

One important point is the study of the evolution of the
crystalline quality of the endosperm as a function of the steeping
time for nixtamalized samples. Figure 7A-C shows the X-ray
diffraction patterns of the outermost 10%, subsequent 10%, and
remaining 80% of the endosperm for nixtamalized samples
steeped for 0, 3 and 7 hr at 72°C cooking temperature. The 20%
of the external endosperm (hard endosperm) exhibits structural
damage reflected in characteristic X-ray amorphous patterns, while
in the remaining 80% of the endosperm, the X-ray diffraction
patterns exhibit crystallinity as in Fig. 3. It is evident that the
amylopectin and amylose content after thermo-alkaline processing
in this part of the endosperm change significantly, even at the
highest temperature treatment.

Figure 8 A shows the X-ray diffraction patterns of the outermost
10% of the layers of the endosperm for samples nixtamalized at
92°C (first sanding) and Fig. 8B shows the second sanding for
samples steeped at 0, 3, and 7 hr. In Fig. 8A and B, the outermost
layers are amorphous, while in the X-ray diffraction patterns of the
internal endosperm (Fig. 8C), the X-ray diffraction patterns
exhibit crystallinity. The same experiments were conducted for
different steeping times at 015 hr and exhibited the same trends.
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Fig. 6. X-ray diffraction patterns of the 10% outermost layers, subsequent
10% layers, and the remaining 80% of the endosperm of corn kernel with
thermal treatment at 72°C.

Crystallization corresponds to the phase in which a system goes
from amorphous to ordered system with long or short order. This
means that the system has crystalline or polycrystalline phases,
while in recrystallization, it occurs when the system recovers or
improves crystalline order. In the starch-water system, recrystal-
lization depends on the water content. This process is also time-
dependent due to the water bond dependence of the system.
According to Figs. 7 and 8, the recrystallization process does not
take place in the outermost layers of the nixtamalized endosperm.

Ramos et al (2004) showed less diffusion of water in the
internal layers of the endosperm. Almeida et al (1997) reported
the relationship between kernel properties and alkaline cooking
characteristics of corn with different kernel characteristics. They
found that the hard corn endosperm particles consistently required
a longer time for hydration and gelatinization of starch. Previous
works reported by Gomez et al (1991, 1992) using X-ray diffrac-
tion showed that the nixtamalization process produces few changes
in the organization of starch polymers. By analyzing the X-ray
diffraction patterns of the raw corn, nixtamal, masa, tortilla, and
tortilla chips, they concluded that cooking reduces the intensity of
the major peaks, indicating that crystalline starch structure was
partially disrupted. In the foregoing works, the authors used whole
corn kemnel for the X-ray diffraction patterns. Changes in some
structures with different locations in the endosperm were not
detected by this technique. For this reason, the X-ray patterns in
these works did not detect the presence of completely amorphous
zones from the whole endosperm.
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Fig. 7. A, X-ray diffraction patterns of the 10%; B, subsequent 10%; and

C, remaining 80% of the endosperm for samples steeped for 0, 3 and 7 hr
at 72°C cooking temperature.

Vol. 84, No. 4, 2007 309

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The X-ray diffraction study performed on the endosperm showed
that the outermost layers of this structure presented a melting or
gelatinization phenomenon due to the thermo-alkaline process,
which is reflected in the amorphous patterns (Figs. 6, 7, and 8).
To confirm the gelatinization process in the outermost layer of the
endosperm, due to the thermal and thermo-alkaline processing,
DSC measurements were made in samples cooked at 72 and 92°C.

Figure 9A-C shows the DSC analysis of samples cooked at
72°C and steeped for 0, 3 and 7 hr. Figure 9A shows the DSC of
the outermost 10% layers of the endosperm (first sanding). Tt is
clear that the samples from this region of the endosperm do not
exhibit the characteristic endothermic peak at 64-81°C (Sandhu
et al 2004). The peak for the outermost 10% of the endosperm
layers without any treatment under the same conditions was found
at 72.91°C, which reflects the melting point of the starch or the
gelatinization event. It means that, due to the nixtamalization
process, these samples were already gelatinized, as confirmed by
X-ray diffraction data shown in Fig. 7A-C. Figure 9B shows the
DSC of the subsequent 10% of the endosperm (second sanding);
the starch from this region also was gelatinized. Figure 9C shows
the DSC of the remaining 80% of the endosperm. It is interesting
to see that for 0, 3 and 7 hr of steeping, these samples exhibit the
characteristic endothermic peak, which reflects some starch
damage.

Figure 10A-C shows the DSC analysis of samples cooked at
92°C and steeped for 0, 3 and 7 hr. By direct comparison with
Fig. 9, it is possible to establish that the most internal layers of
the endosperm exhibit the characteristic endothermic peak, and by
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Fig. 8. A, X-ray diffraction patterns of the first sanding (outermost 10%);
B, second sanding (subsequent 10%); and C, remaining 80% of the
endosperm for samples steeped for 0, 3 and 7 hr and cooked at 92°C.
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inspection of Fig. 8.C, the origin of this peak could be due to the
remaining crystallinity of amylose and amylopectin after thermo-
alkaline processing. According to X-ray diffraction patterns shown
in Figs. 7 and 8, and the DSC analysis of the outermost layers of
endosperm, this structure presented a melting or gelatinization
phenomenon due to the thermo-alkaline process.

CONCLUSIONS

According to the results of this study, the QPM H-368 corn
kernel consists mainly of hard endosperm, representing 80% of its
structure. The soft and hard endosperm exhibit different packing
factors and shapes (Fig. 2). The X-ray diffraction patterns showed
that hard endosperm could consist mainly of amylopectin. There
is no report of an accepted X-ray diffraction pattern for amylo-
pectin so it is not possible to compare patterns, while soft endo-
sperm is mainly formed by amylose according to the X-ray
diffraction pattern reported by Imberty et al (1988). The origin of
the crystalline structure of the studied comn kernels comes from
the amylopectin present in the starch granules (Fig. 3).

The X-ray diffraction patterns of the outermost layers of the
endosperm for samples cooked at 72 and 92°C showed that these
structures had been disrupted as result of the thermal and thermo-
alkaline processing, and that the most internal layers of the endo-
sperm exhibit crystalline phases coming from the crystalline
region of amylose and amylopectin.
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Fig. 9. DSC thermograms of samples steeped for 0, 3 and 7 hr and cooked
at 72°C. A, first sanding (outermost 10%); B, second sanding (subsequent
10%); and C, remaining 80% of the endosperm.
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The thermal treatment in water amorphizes the most external
layers of the endosperm (+20%). The nixtamalization process in
the 72-92°C range produces the total gelatinization and melting
of the starch of the most external layers of the endosperm and the
partial disruption of the internal order in the most internal layers
of the endosperm, according to the X-ray diffraction patterns and
the DSC measurements in these structures. These results disagree
with all previous reports (Gomez et al 1991, 1992), in which the
crystalline starch structure was considered to be partially dis-
rupted during the nixtamalization process by the analysis of the
whole endosperm, while these studies were focused on different
layers of this structure.

Finally, according to the X-ray diffraction and DSC results, a
new definition of the nixtamalization process can be proposed:
during the nixtamalization process, there is a total gelatinization
of the starch granules of the most external layers and partial
gelatinization of the most internal layers of the endosperm.
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