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Abstract

Corn tortilla is a food consumed mainly in México and Central America. It provides 50% of
total calories ingestion and is a good source of fiber. Tortilla is produced by the nixtamal-
ization process using corn, water and lime. It has been produced by alternative processes
as extrusion, reducing cooking liquor, and increasing dietary fiber. The aim of this book
chapter is to describe the changes in corn starch by different nixtamalization processes,
also are presented the advantages and disadvantages of both processes, encouraging some
aspects of producing corn flour by extrusion. The extrusion is a technology that is depen-
dent of process variables and is reflected on quality of end product. Several factors are
involved, as feed moisture and temperature, and they have a direct impact on corn starch
physicochemical, textural, and rheological properties.

Keywords: starch, nixtamalization, extrusion, corn flour, tortilla

1. Introduction

In México, the main use of maize is the transformation to nixtamal (cooked corn) then into
masa (corn dough), tortilla (main product), tamal, or snacks [1, 2]. Tortilla has been consid-
ered a good source of fiber and calcium [3] and is staple food in this country.
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There are several nixtamalization processes to make those products. The most common is
the traditional nixtamalization process (TNP), an ancient process where corn is cooked with
water and lime, steeped in alkaline liquor, and washed to remove cooking water. Clean and
cooked corn is named nixtamal, which is ground to produce corn masa, then tortilla [4]. Fresh
masa is produced in small establishments and also at strict and highly efficient facilities [5].
Fresh corn masa is also dried and grounded to produce corn flour [6]. On the other hand, nix-
tamalized corn flour (NCF) is produced at industrial scale reducing water, lime, and steeping
time, producing nixtamal, which is dried and exposed to successive stages of milling. Fine
particle size in the flour is required, getting an easily hydrated product [7].

In both processes, the discharge of cooking liquor (named nejayote with alkaline pH) has
an ecological impact [8]. Consequently, economic and commercial implications are involved
because high concentrations of soluble solids are discharged in the effluents (2-11%) [9].

Extrusion is a continuous process in which raw matter is transformed in dough because of a
combination of shear, feed moisture, and temperature [10]. It has been reported that extrusion
cooking increases nutritional content, hygiene, physicochemical and sensorial characteristics
of end product, inactivate anti-nutritional agents, and enzymes from raw matter used to elab-
orate extruded products [11]. Feed moisture content, particle size distribution (PSD), screw
configuration, speed, die size, and heat input are important in the quality of end product.
Using correctly all these factors, an accelerated process of gelatinization and fragmentation in
starch granule can be prevented [12]. Extrusion normally increases the generation of resistant
starch [13], and several times melting and fragmentation reactions are initiated [14]. The feed
moisture in extrusion is low, water consumption diminishes, and production of alkaline efflu-
ent is absent [8].

Corn masa texture is an important factor to consider when tortilla is produced [15]. Tortilla
production depends on changes in corn starch of the nixtamalization process, since raw corn is
processed through several stages until production of tortilla is done [16, 17]. On each step of the
process, changes in starch are in different degree (less or more damage). Good quality of tortilla
and others nixtamalized products is synonym of an adequate cooking. Quality is reflected as
good cohesiveness and adhesiveness in masa, which means a good performance in the forming
rollers. A good process control is performed when the tortilla is formed adequately without
being so sticky and gets stuck in the forming rollers. Undercooked masa has poor adhesive-
ness and causes troubles in the forming rollers [18]. The aim of this review is to describe physi-
cochemical and rheological changes in starch during the traditional nixtamalization process
and to compare to those occurring during nixtamalization using the extrusion process. The
advances and benefits of producing instant corn flour using the extrusion are also described.

2. Starch

2.1. General characteristics

Starch is found in seeds, roots and tubers, stems, leaves, fruits and even pollen, being orga-
nized as discrete particles named granules [19]. Starch granule is insoluble in cold water and
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is present as spheres, ellipsoids, circles, and other irregular shapes. Dimensions of starch
granule range from 0.1 to 200 pum [20], and the solubility of starch is increased when warm
water is used. Starch is a complex carbohydrate composed of 20-25% amylose and 75-80%
amylopectin [21], being the main component of maize kernel.

Amylose is almost linear glucose molecule linked by a-1, 4 D-glucopyranosil linkages; with a
molecular weight (MW) of 105 x 10° g/mol [22]. Amylopectin integrates anhydroglucose units
in a highly structured architecture made of short a-1,4 glucan chains (95%) and «a-1,6 linkages
(5%) with a MW of 107 x 10°® g/mol. Amylopectin defines most of the chemical and physical
properties of starch from different sources [23]. Starch properties have been attributed to dif-
ferences in amylopectin structure. These properties include granule swelling (onset of viscos-
ity), peak viscosity, peak temperature, shear thinning during pasting, and gel firmness during
storage [24]. They are related with the quality of end product.

2.2. Functional properties of starch

Functionality is concerned with rheological and structuring properties obtained after cook-
ing. Functional properties of starch are associated with molecular level effects (gelatinization
temperature, solubilized starch, and retrogradation) and granule level behavior (swelling,
solubility index, and rheology of swollen granules) [20, 25]. The functionality of starch gran-
ule changes when it is heated in presence of water. Gelatinization changes are manifested as
a loss in crystallinity, granular swelling, and increase in solubility [25, 26].

The crystallinity of starch is attributed to linear short chains presented in the amylopectin
molecules. It is represented as a three-dimensional crystalline structure shown by X-ray dif-
fraction (X-RD) patterns [23]. Native starch granules have a crystallinity level ranging from
15 to 45% [20] present in an amorphous state and showing the characteristic patterns of cere-
als (type A) [27]. When the gelatinization process begins in corn starch, which takes place
between 70 and 75°C, the crystalline and organized structure of starch is transformed into an
amorph state [20], and crystallinity is lost [28].

The leaching of amylose in starch granule is provoked by several factors. Some of the most
representative ones are an increase in temperature, presence of other solutes, type and con-
centration of the starch, and the agitation force applied during heating [27, 29]. Associated
with these changes, the retrogradation begins as a kind of internal restructuring in starch,
creating a more compact and solid molecule [30, 31]. Retrogradation is dependent on macro-
molecular structure (chain configuration, ramifications, and distribution of molecular weight)
and the botanical source [32].

Starch granules are physically and chemically inert and are not very digestible in the human
body. To change them into functional products, they are heated in excess of water and even-
tually pass from a semicrystalline and relatively indigestible form to an easily digestible
amorphous form [30]. As the structure begins to weaken, the granules soak water and swell.
Since not all the granules are gelatinized simultaneously, different degrees of swelling and
structural disorganization may exist. This process is named annealing and takes place during
soaking for a certain period of time at sub gelatinization temperatures, whereby the starch
undergoes reorganization in a more ordered structure [31].

127



128

Extrusion of Metals, Polymers, and Food Products

3. Nixtamalization processes

3.1. Traditional nixtamalization process (TNP)

The nixtamalization process is performed actually in many countries, especially in México
and Central America [4]. The emerging tortilla industry in the United States has the fastest
growing segment of the baking industry in the U.S. market, estimating that Americans in year
2000 consumed 85 million tortillas according to Tortilla Industry Association (TIA) [32].

Functional parameters evaluated in nixtamalization process give us an idea of changes tak-
ing place in main components of starch, responsible for rheological and textural properties in
nixtamalized corn products [33, 34]. Corn starch crystallinity in the nixtamalization process
evaluated with X-RD technique usually presents similar defined peaks that correspond to the
interplanar spacing values “d” of 5.86, 5.19, 4.90, 4.46, and 3.87A [16, 33]. During the TNP, the
maize loses part of the typical crystalline structure denoting the formation of amylose-lipid
complexes [35]. Studies of changes in crystallinity patterns of corn starch using X-ray diffrac-
tion caused by the nixtamalization process have been cited in the literature [16, 36-38]. Other
investigators [16, 33, 39] have reported loss of Maltese cross of starch during the nixtamaliza-
tion process of tortilla. Loss of birefringence indicates a loss of molecular order and general
molecular reorganization within starch granules [38].

The starch granule swelling begins with the application of heat, changing its structure.
Water is introduced within the granule, and H-bonds between water molecules and polar
residues of glucose units are transformed [40]. The high amount of polar groups accelerates
the water absorption, and the starch granule collapses. After cooking, linkage of amylose
and amilopectin happens and then aggregates outside of the internal structure and forms
a gel [16, 22].

Structural damage in aleurone layer and some pericarp strata of corn were observed using
scanning electronic microscopy (SEM) during alkaline cooking to produce nixtamal [40].
Gomez et al. [39] evaluated the microstructural changes of starch during all the stages of the
nixtamalization process, and they concluded that the greatest damage in starch was produced
during baking of tortilla because of the use of high temperatures (190°C) and also when torti-
lla chips were produced in the deep frying process.

The thermal characterization is important to define the cooking variables of maize and its
products. The nixtamalization process requires maize with low temperature and enthalpy of
gelatinization for tortilla production [41]. These values for maize starch are between 67 and
69°C for temperature and 8-16 J/g of starch for enthalpy [42]. Other gelatinization temperature
ranges of nixtamalized processed products have been monitored between 70 and 80°C [33,
43], defining their structural and textural characteristics [42]. An extended cooking time and
steeping involve more gelatinized starch and lower enthalpy values [5] increasing the gela-
tinization temperature and producing a more reorganized starch molecule. This parameter
also involves a higher degree of crystallinity retrogradation, shortening, and syneresis (water
is squeezed out of the granule) of overcooked starch [39]. All these changes are related with
corn masa yield [44].
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3.1.1. Stages in TNP
3.1.1.1. Cooking and steeping

Cooking of corn is used to hydrate corn kernel, tender the pericarp, denaturalize proteins,
and develop partial gelatinization of starch because of absorption of lime in germ [38]. Grains
swell because of the combined effect of starch gelatinization, partial degradation of endosperm
structure, solubilization of cellular wall, and partial solubilization of proteic matrix [27]. The
peripheral and external endosperm also suffers small modifications because of the hardness
of nixtamal grain [33]. Optimal cooking of masa is usually evaluated with the measurement of
textural parameters such as plasticity, cohesivity, and chewiness [43]. Steeping promotes mois-
ture diffusion inside the grain and produces nixtamal (cooked corn) that is homogeneously
hydrated [44]. In the steeping period, swelling and solubility increase, nixtamalized corn grind-
ing results in increased gelatinization and releasing of swollen granules [45]. In this period, the
water absorption increases during the early hours because of pericarp removal (90%), allowing
rapid diffusion of calcium in starch in the first 8 hours [46]. Cooking temperature, agitation, and
average alkali concentration directly affect water uptake and calcium produced by interaction of
alkaline solution with components in the corn kernel [47]. Several nutrients and antioxidants are
lost, especially those present in yellow corn. It is recommended to select grains with soft endo-
sperm to promote a more efficient action of calcium when interacts with starch pericarp [47, 48].

3.1.1.2. Washing

When nixtamal is washed, excess lime is removed and pH values are diminished, increasing loss
of dry matter because of pericarp removal and color improvement observed in products. Some
pentosane gums of corn are retained and are useful to maintain flexibility and smoothness in
masa and tortillas [49]. Dry matter losses in the nixtamalization process, especially in alkaline
cooking, steeping, and corn grain wash are between 5 and 14% (w/w) [50, 51]. Nejayote (cooking
liquor) contains pericarp and soluble proteins, which are discharged every time when a batch is
completed [52]. Soft endosperm, damaged grain, usage of high boiling temperatures, and excess
of lime contribute to increase economic losses [43].

3.1.1.3. Grinding

Washed nixtamal is grounded in a stone mill to produce dough (masa) composed of dif-
ferent kinds of particles, including fragments of germ, pericarp, and endosperm, and other
compounds such as entire starch granules, proteins, hydrated fibers, and fat, with 50-60%
of humidity [45]. Amylopectin is solubilized as part of the mechanical fragmentation of corn
kernel in stone milling [39]. The final masa particle size is affected by the grinding process.
Masa particle size used for tortilla must be fine and coarse for snacks and corn chips, which
is determined subjectively [53].

3.1.1.4. Mixing and masa formation

Mixing time and masa consistency are critical for a good machinability in tortilla disc-forming
machine. During this step, the rheological and textural properties of masa are enhanced, acquiring
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the final quality that is required in the product [54]. This step includes calculation of dimensions
and weight of final product. Soluble starch may increase because of the stone milling, affecting
viscosity of starch and diminishing during masa processing [39]. During forming, the masa is
rolled into a sheet, which is cut by a rotating cutter positioned underneath the rolls [2].

3.1.1.5. Tortilla baking

This step includes cooking and partial drying of masa, giving a light toast appearance to disc
masa and developing final texture of the product. When masa is transformed into tortilla
[39], crystallinity disappears or decreases to a higher extent than in the preceding processing
steps [16].Temperature, steeping time, and lime concentration impact on textural quality of
masa and tortilla [15]. Viscosity, cohesiveness, and adhesiveness of the tortillas are improved
by alkaline cooking when corn masa is produced [55] and consequently appropriate texture
results in good-quality tortilla. An appropriate texture gives adequate adhesivity when roll-
ing machine is forming and cutting the tortilla. If corn is over-cooked, corn masa is sticky and
adheres strongly to the rolls. Under-cooked corn produces a little cohesive masa and inad-
equate handling for tortilla disc formation [53].

3.2. Industrial nixtamalization process (INP) for corn flour production

The process used to produce NCF includes the following steps: reception, selection, cleaning,
and storage, cooking and grinding of grain, dehydration, sifting, classification of product and
packaging [56]. Dry masa is produced by drying and grinding lime-cooked and grounded
masa. To obtain NCF, it is necessary to mill the nixtamal several times, using low-moisture
content, and reducing contact time between starch and lime. These conditions in process
affect deeply the structure of starch granule, avoiding the release of other components in corn
kernel and changing the functionality of NCF [7].

Functionality of NCF is based on physicochemical characteristics, and it is increased after
hydration process of corn masa is done [7]. A quality parameter used by masa manufacturers
is water absorption content (WAC). Excessive heating is a major cause that damages starch
granule, producing losses in its structure and integrity and producing flours with high WAC
[36]. This is observed when certain quantity of water is retained by the hydration of NCF,
which is related to a bigger economical profit. This behavior is related to the content of starch
and protein levels in NCF particles [7].

The NCF presents a high particle size index (PSI), a quality parameter used to compare differ-
ent types of flours [57]. The PSI is an indirect measurement of mechanical damage occurring
in corn grain [58]. The flours are fractioned and reformulated for specific applications (table
tortillas and fried products) [44]. The NCFs exhibit a more homogeneous particle size distri-
bution (PSD) than does those for fried products [39]. The NCF milling is severe, and as a direct
consequence, the content of damaged starch is increased when low gelatinization enthalpy
values are registered. Textural quality in the NCF differs from TNP, and this behavior is gov-
erned by the following reasons:

a. A high value in particle size index (PSI) implies lower values of viscosity, hardness, and
adhesivity because of a greater content of soluble solids [6, 59].
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b. Water absorption in NCF is bigger than values observed in fresh masa, and more hydrogen
bonds are present between starch chains and water molecules [39].

c. Retrogradation increases and shelf life shortens. More reorganization reactions occur be-
cause of the ratio and concentration of amylose and amylopectin [60].

d. Rapid drying of masa causes gelatinization and reorientation of starch polymers. A modi-
fication of the rheological characteristics of masa is observed when the baking of tortillas is
performed, and lower rollability values and higher scores of hardness are registered [39].

When dry masa flour from the traditional process was compared against dry nixtamalized
corn flour, gelatinization temperatures were similar; although enthalpy of gelatinization was
lower in the second one as a consequence of a higher degree of gelatinization in corn starch
[34, 36, 61].

3.3. Nixtamalization process by extrusion (NPE) to produce corn flour

Cooking extrusion is a continuous and a relative low-cost process used to modify the func-
tional and digestible characteristics of cereal grains. All parts of corn grain are ground
together, conditioned with lime and water (40-65% based on the weight of corn), and the
mixture is heated with electric resistors or steam located at the outer side of the extruder [10].
Extrusion cooking is performed at high temperatures (90-120°C), low moisture, and short
time, without the generation of contaminant effluents [62]. During the extrusion, changes in
starch produce a higher degree of gelatinization as compared to TNP [1].

The main objective of producing extruded nixtamalized corn flours (ENCFs) is to modify the
functional properties of starch. This objective is reached, modifying the extrusion parameters,
such as temperature, feed moisture, and the speed of the screw [63-65]. In this way, starches
with functional properties similar to those of chemically modified (hydroxypropylated and cross-
linked) starches can be obtained without chemical modification. On the other hand, the functional
properties of the extruded flours will depend on the extrusion conditions [66, 67]. This interaction
is an important factor to consider in extruded products during single-screw extrusion [67-69].

Extrusion cooking modifies the starch crystallinity because the thermal treatment is more
aggressive, and consequently, the crystalline structure of raw starch granule is partially
or completely destroyed [70, 71]. The extruded nixtamalized corn flour can show a similar
behavior to traditional process on gelatinization temperature (80°C) in accordance with ade-
quate process variables observed [14, 17, 72]. There is a higher quantity of damaged starch in
extruded corn starch as a consequence of the fragmentation caused by intense shear within
the extruder [67, 68]. Loss of crystallinity is caused by mechanical disruption of the molecular
bonds inside the starch structure, as a result of the extended dehydration [73].

Other process factors are important in extrusion cooking. Screw speed is considered a major
factor, as also expansion index and density of extrudates [74]. A rise in pressure within the
extruder is observed when the composition of raw matter changes [75]. Gomez-Aldapa et al.
[76] observed that composition of raw matter used to make ENCF had a high impact in the
production of tortillas.
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The extrusion causes important nutritional changes in flours. A high humidity level and low
temperature improve the nutritional characteristics of the treated products, while the more
severe treatments (low humidity and high temperatures) make them worse. The treatment
conditions can influence the generation of Maillard reactions, with consequent deterioration
of the nutritional quality of the proteins. Nutritional composition of tortillas made via extru-
sion is better than those of the traditional process using integral grain. Gdmez-Aldapa et al.
[76] performed a nutritional comparison between two types of tortillas. They observed that
tortillas made with ENCF had a higher content of dietary fiber and lysine than those prepared
with nixtamal. They also concluded that pericarp and soluble solids discharged in cooking
liquor diminished the nutritional value of tortillas made with fresh masa. The optimization
process is used in extrusion to find the best combination of parameters to formulate a product.
Milan-Carrillo et al. [77] established a set of parameters to produce tortillas with optimal
conditions using high quantity of lysine and tryptophan maize. There are other formulations
made with whole meal to increase nutritional value of flours [78, 79].

Extrusion changes the nutritional properties of nixtamalized products because of:

a. Promotion of a more rapid transfer of water into molecules.

b. The denaturation of proteins, reducing the lipid oxidation by inactivating the enzymes
responsible for it. Lysine and protein content are increased.

¢. The complex formation and degradation of thermolabile vitamins and pigments.
d. The increase of the soluble fiber content (expressed as damaged and resistant starch).

e. The inactivation of enzymes (responsible for shortened shelf life in products in extrusion)
and diminishing the microbial load [13].

The extruded flours produce changes in the rheological behavior of the starches. The involved
modifications are similar to when the pastes are subjected to heating and cooling cycles [80].
However, extrusion causes starch changes more abrupt than traditional cooking methods,
damaging a greater amount of starch granules and modifying the cold thickening power of
the treated starches [81].

The extrusion has been used to produce corn flour and nixtamalized corn masa [82, 83].
However, this technology has not totally replaced the TNP [83]. Gonzalez-Vera [72] produced
tortillas using ENCF of high protein quality maize. The evaluation of the physicochemical
changes of starch granule during the process was done. A harder product was produced, as a
consequence of more severe damages in corn starch during the grinding and cooking stages.

The tortilla making process involves rupture of crystalline region of the starch granule and
loss of molecular integrity producing a decrease in the intensity of the diffraction patterns
due to the thermal treatment [16]. Arambula-Villa et al. [73] produced tortillas using ENCF
enriched with 3% (w/w) of pericarp. They observed that viscosity of ENCF was increased
with the addition of maize pericarp. Using other concentrations, the viscosity decreased. The
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viscosity in ENCF is also increased during the production process with the addition of gums
[3, 57] and enzymes [68]. The effect of alkaline cooking and lime concentration (from 0 to 1.0%)
had direct impact on the viscosity of corn masa, when a Brabender amylograph was used to
measure viscosity [6].

The milling of the extrudates and particle size distribution (PSD) of the flour are important
parameters that define the functional properties of ENCF [57]. Changes in starch structure are
affected by particle size [14]. Hasjim et al. [58] observed that the structure of starch in cereal
grains is affected during milling, resulting in a great damage to starch granules. This phe-
nomenon is dependent on milling conditions and type of equipment used. The mechanical
damage in starch is different when a blade mill or a hammer mill is used in size reduction [17].
Damaged starch is related to small starch particles that hydrate easily when flour is produced.
The higher damage in starch indicates the finest particle. A damaged starch has a higher water
absorption capacity, which is good in industry, but too much starch damage leads to sticky
and highly adhesive masa [84].

A problem of extruded flour is its low water absorption. The water absorption content (WAC)
in ENCF is usually low, and corn masa loses water quickly, due to a high dehydration rate
and retrogradation effects. Both factors result in harder tortillas [85]. Drying is important
to eliminate water excess in the extrudates, and appropriate conditions are needed to avoid
damage to starch and corn matter losses [50]. As an immediate consequence of drying pro-
cess, starch is degraded and short chains are generated, retaining a higher number of water
molecules [45]. Excessive heating affects deeply the structure and integrity of starch granule
and will form a gelatinized paste with a higher content of dissolved solids [14]. WAC in masa
can be improved using whole corn flour and a combination of ingredients [86].

Another characteristic related with the functionality of ENCF is amylose content [87].
Chinnaswamy and Hanna [65] characterized the macromolecular and functional properties of
different corn starches. During extrusion cooking under various conditions, they concluded
that starches rich in amylopectin (>50%) degrade faster than starches with a major amylose
proportion. When the extrudates are produced at higher temperatures, water loss is more
pronounced during cooling than those extruded at lower temperature [88]. Finally, Estrada-
Girdn et al. [37] evaluated the effect of the moisture content and temperature on the XRD,
microstructural, pasting, thermal, and rheological properties of nixtamalized masa. They
observed a high dependence of moisture content and temperature when physical and rheo-
logical properties were evaluated.

4. Texture and rheology of nixtamalized products

Texture is a sensory perception derived from the structure of food related with viscosity and
elasticity [89]. Texture of masa is important because tortilla production is performed taking
into account the masa consistency and is reflected in the formation of the sheet, favoring its
cutting and shaping as round disks [38]. Texture is affected by endosperm texture, type of
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endosperm, drying process, storage life, and corn kernel variety, having a direct impact in the
production of the different types of flours [90].

Textural properties of nixtamalized corn masa are dependent on the degree of gelatinization
of the starch. In general, the corn masa obtained is defined as a mixture consisting of amy-
lose and amylopectin mixed with partially gelatinized starch and intact granules, endosperm
parts, and lipids [39]. An overcooked masa will be highly adhesive; meanwhile, an under-
cooked masa will have low cohesivity and bad machinability when tortillas are made [7].
Adhesiveness is a quality parameter in corn masa production evaluated instrumentally as
the maximum tensile force during the adhesion process. It is defined as the cohesive rupture
between two flat, circular metal plates, and the food sample [15].

The measurement of textural characteristics is evaluated using objective and subjective
methods [91]. The objective methods or instrumental measurements use instruments that
give numerical results in physical units and are independent of the operator. These tests
can be fundamental, empiric, and imitative. The subjective methods evaluate the food qual-
ity using the sense of touch and, for this reason, are tough to standardize [91, 92]. The tex-
ture profile analysis (TPA) of masa, including parameters such as hardness, springiness,
cohesiveness, and gumminess, is done using a texture analyzer [34]. Contreras-Jiménez et
al. [1] evaluated ENCF and did not find differences when compared against the NCF. The
hardness value range found in ENCF was between 1.01 and 3.15 N against nixtamal masa
hardness value observed (1.79 N). ENCF is usually compared against the masa prepared by
TNP, using the right formulation to get similar results in texture. A better texture value in
nixtamal is attributed to appropriate swelling of the starch granules, the hydrolysis of the
pericarp that release gums from the nixtamalized pericarp (hemicellulose) and the presence
of saponified lipids (used in a natural way as enhancers of texture) in the germ [93].

There are several rheological methods to measure texture in corn masa and slurries such as
back extrusion [89, 94], squeezing flow viscometry, creep test [95], and dynamic rheology [96].
Dynamic rheology has measured efficiently the viscoelastic properties of materials, especially
starch [57]. Sahai et al. [34] found a strong relationship between textural attributes of masa
obtained from TPA, the particle size, and the composition. Ardambula-Villa et al. [17] evaluated
some textural characteristics of tortillas prepared with four types of gums added before and
after extrusion and established ideal textural parameters in the tortilla. Corradini and Peleg
[97] applied squeezing flow viscometry to measure the rheology of several semiliquid foods.
This method has been useful to characterize corn masa, evaluating rheological properties and
monitoring their ability to recover original consistency after a shearing is applied [15].

The measurement of viscoelastic characteristics of masa has been applied successfully to
describe the behavior of corn starch using a range that implies a small deformation in the
test material. There are two concepts useful to understand viscoelasticity. First, the storage
modulus (G') is referred to elastic modulus. Lost modulus (G") is related to the viscous modu-
lus. Vazquez-Carrillo et al. [98] found a great dependence of G' and G” on frequency. They
observed that G' was always higher than G”, which is a characteristic behavior of starch gels.
Méndez-Montealvo et al. [42] observed similar behavior when they measured G' and G” in nix-
tamalized maize starch at two stages (90 and 25°C) of the starch gelation. Mondragon et al. [5]
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used small amplitude oscillatory rheometry to study the influence of lime and amylose-lipid
complexes on the viscoelastic behavior of nixtamalized maize starch gels and observed that G'
and G” showed to be lime dependent. Platt-Lucero et al. [57] studied the viscoelastic behavior
of masa obtained from rehydrated extruded corn flour and observed that G'>G" at any fre-
quency and for any treatment. Quintanar-Guzman et al. [38] observed a similar behavior when
the viscoelastic properties of corn were evaluated under different nixtamalization conditions.

The measurement of physicochemical properties, especially the moisture content is an impor-
tant issue to consider. The raw tortilla is highly susceptible to moisture loss. The moisture
content in fresh masa and tortilla represents around 40-50% of total weight. An excessive loss
of water in final product is related to economic losses, which is unacceptable for producers.
High moisture content in tortilla is related to a high microbiological charge causing a brief
shelf life and an increase in starch retrogradation [33, 99]. As an immediate consequence, a
problem very common in tortillas prepared with masa obtained from ENCEF is the gradual
increase in hardness [7, 36].

Other physical characteristics evaluated in tortilla are weight, diameter, and thickness. These
parameters in tortillas produced via extrusion [57] were similar when compared to those of
the traditional nixtamalization process [15]. Tortilla texture includes the measurement of
hardness and rollability during the first 48 h. ENCF used to make masa, and thereafter, torti-
llas can be mixed with gums to increase its WAC and tortilla yield [17]. The effect of extrusion
conditions continues to be studied. Chaidez-Laguna et al. [100] emphasized the role of protein
content in corn tortilla made with ENCF and concluded that mixing time is critical to enhance
the consistency of flour and the texture in the tortilla. Reyes-Moreno et al. [101] improved
the end quality and nutritional value of product, since it is very promising to use whole corn
grain in the nixtamalization via extrusion.

5. Conclusions

Discussion has been focused in a comparison between the characteristics of several nixta-
malization processes. Advantages and disadvantages of nixtamalization and extrusion were
discussed. Functional properties are different when starch is processed by diverse conditions.
Best textural quality is achieved using traditional alkaline cooking, but it has a wide variation
in control process; it produces contaminant effluents, takes long time to be performed, and
the production at commercial levels is small. Usage of NCF as an alternative nixtamalization
process has proved to be an economic and reliable option to make tortillas. Processing of NCF
yields a product with a regular textural quality that stale and mold faster. NCF technology
also produces contamination as the traditional way does. Extrusion is a continuous process
involving low-feed moisture level, an adequate cooking temperature, and a correct lime addi-
tion to produce whole corn extrudates, flour, and then tortillas. Extrusion can be applied
correctly handling the process variables to offer an alternative to make corn flours and dimin-
ishing a more severe damage in corn starch. Extrusion behaves similarly to traditional way
and has approximately the same product quality. Extrusion is performed without pollution,
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is efficient, and increases nutritional value of corn when adequate raw matter is chosen. There
are researchers that support the use of extrusion as an alternative to produce tortilla, and it
has been a necessity detected in food industry.
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