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Abstract

Traditional extruded snacks are mainly made from cereal starch such as corn, rice, and wheat, being corn one of the most used,
obtaining products with poor nutritional value. The search for new alternatives to improve the nutritional profile of these snacks
involves, among other alternatives, the incorporation of pulses into corn-based extruded product formulations. Pulses provide
an important content of protein, dietary fiber, minerals, and vitamins, as well as bioactive compounds such as polyphenols, and
tannins, among others. The incorporation of pulses in corn extrudes is not only exempt from changes in its nutritional composition
but also entails several changes in its technological and sensory attributes. Moreover, the evaluation of the health impact of these
formulations still relies on in vitro studies. The objective of this review is to summarize the effect of the incorporation of pulses
in corn-based extruded snacks on their physicochemical properties, sensory attributes, and their possible health impact.
Keywords: snack, extrusion, pulses, glycaemic index, protein, dietary fiber.

Resumen

Las botanas extrudidas tradicionales, estdn elaborados principalmente de almidén de cereales como el maiz, el arroz y el trigo,
siendo el maiz el mas usado dando lugar a productos con pobre valor nutricional. La bisqueda de nuevas alternativas que mejoren
el perfil nutricional de este tipo de productos pasa entre otras alternativas, por la incorporacién de legumbres a las formulaciones
de productos extrudidos a base de maiz. Las legumbres pueden proveer un contenido importante de proteina, fibra dietética,
minerales y vitaminas, ademds de compuestos bioactivos como son los polifenoles, taninos, entre otros. Esta incorporacion junto
al maiz no estd exenta inicamente de cambios en su composicion nutrimental, sino que ademads conlleva una serie de cambios en
sus atributos tecnoldgicos y sensoriales. Ademads, la evaluacién del impacto en la salud aun recae en la aplicacion de estudios in
vitro. El objetivo de esta revision es resumir el efecto de la incorporacién de legumbres en aperitivos extrudidos a base de maiz
sobre sus propiedades fisicoquimicas, atributos sensoriales y su posible impacto en la salud.
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1 Introduction

"Snacks" have been defined as light food consumed
between regular meals, and suitable for snacking
(Lusas et al., 2001). Snacks are also easy to
handle, ready to eat, small in size, whether solid or
liquid, consisting of an individual portion, and, most
importantly, temporarily satisfying hunger (Hurtado
et al., 2001). Currently, these foods are considered
versatile and, often associated with entertainment
activities, and their definition varies widely depending
on the country in which they are consumed (McCarthy,
2001).

The snack market has presented a growing trend in
recent decades and is expected to continue its increase
in the coming years (Natabirwa et al., 2020), including
the demand for healthier products by consumers
(Félix-Medina et al., 2020). Many extruded or non-
extruded snacks based on cereals are considered
junk food, due to their low nutritional content, high
amount of preservatives, and the presence of other
ingredients that harm consumer health as salt or fat
(Neder-Sudrez et al., 2021ab; Jensen & Schwartz.,
2021). Corn-extruded cereal-based snacks do not
fulfill the health needs of consumers due to their high
glycaemic index because of the high starch content
(Manosalvas et al., 2019; Brennan et al., 2013; Conti-
Silva et al.,, 2012), and the low nutritional value,
which leads to increase consumer malnutrition (Freire,
2014). Their increasing consumption presents negative
consequences and serious health concerns (Korkerd
et al., 2016). They are low in protein and deficient
in certain amino acids such as lysine and tryptophan,
demeriting the quality of their already low protein
content (Félix-Medina et al., 2021; Estrada-Girén et
al., 2015; Meng et al., 2010; Pérez-Navarrete et al.,
2006). The content of other micronutrients such as
iron, zinc, and vitamin A is also deficient (Korkerd et
al. 2016). Moreover, snacks usually contain significant
amounts of fat, thus increasing the caloric intake.
Additionally, they often contain preservatives and
other ingredients harmful to health (Neder-Suérez
et al, 2021b). In summary, traditional snacks are
foods rich in sugars, carbohydrates, fat, and salt
(Selvaprakash et al., 2021; Jensen & Schwartz, 2021).
Unfortunately, many of these snacks have become
an integral part of daily food consumption of many
people worldwide, especially children, due to their
low cost and availability, as they are ready-to-consume
products (Sebastian et al, 2008). An example of
the high consumption of snacks among the child
population is what happens in the USA, where 28% of
the daily energy intake in 2-5-year-old children comes
from these products (Shriver et al., 2018). Therefore,
the nutritional improvement of these products is a
challenge for the food industry, which intends to

improve consumer health (Selvaprakash et al., 2021;
Tobias—Espinoza et al., 2019; Gabr et al., 2013; Seth
& Rajamanickam, 2012; Meng et al., 2010).

One of the leading methodologies in snack
production is the extrusion process (Sebio &
Chang, 2000). The goal of extrusion is to create
products in which the starch expands, resulting
in lightweight and voluminous products, namely
high-quality extruded snacks (Neder-Sudrez et al.,
2021b). This extrusion cooking is accompanied by
the gelatinization of starch, which involves breaking
intermolecular hydrogen bonds and allowing the
increase in water absorption capacity (Gabr et al.,
2013). Gelatinized starch increases the viscosity
of the dough and after leaving the extruder, the
hot dough expands rapidly due to the immediate
vaporization of water, providing a desirable porous
structure to the product (Cheftel, 1986). The rapid
cooling causes the dough to become rigid and lose its
initial elasticity (Cheftel, 1986). Extrusion as a food
technological process, based on high-temperature,
short-time cooking (HTST), allows the preservation
of essential nutrients, significantly reduces microbial
loads, and the presence of antinutritional compounds
(enzymes and non-nutritional factors), in addition to
extending shelf life and enabling the development
of higher-quality products (Delgado-Nieblas et al.,
2018; Mercier et al., 2016; Obradovi et al., 2014;
Delgado et al., 2012). Moreover, it is a versatile, cost-
effective, and efficient food processing technology
(Castro-Montoya et al., 2024; Lim6n-Valenzuela et
al., 2017; Pansawat et al., 2008; Shimelis & Rakshit,
2007; Rahman et al., 2002; Alonso et al., 2000).

Several strategies are being developed to increase
the nutritional value of traditional snacks. Some
of these are based on increasing the levels of
macronutrients such as protein and dietary fiber,
micronutrients such as vitamins (vitamins A or C)
and minerals (iron, zinc), as well as increasing
the presence of functional biomolecules such as
antioxidants (Félix-Medina et al., 2020; Bashir et al.,
2016; Pastor-Cavada et al., 2011). Some of them are
through the inclusion of other types of cereals, which
provide a greater amount of these macronutrients,
such as oats (Gopirajah & Muthukumarappan, 2018),
or other types of plant foods such as legumes
including soybeans, chickpeas and beans (Azima et
al., 2017). The incorporation of vegetables (carrots,
cauliflower, spinach, broccoli) (Neder-Sudrez et al.,
2021b; Shevkani et al., 2019; Alam et al., 2016;
Bisharat et al., 2014), algae such as spirulina (Bashir et
al., 2016), protein isolate from both animal (Kocherla
etal., 2012) and vegetable sources (Martin et al., 2022;
Chen et al.,, 2017; Draganovic et al., 2011) or fiber
concentrate (Giannini et al, 2013) are some other
recent examples. Even foods of animal origin such as
milk (Hegazy et al., 2017; Gabr et al., 2013), bovine
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lung (Moreira-Araujo et al., 2008), or insects (Garcia-
Segovia et al., 2020) have been proposed to improve
this type of snack.

The incorporation of pulses into extruded snacks is
an interesting alternative due to its nutritional profile,
low in fat, rich in protein and complex carbohydrates
where dietary fiber is included (Johnston et al., 2021),
in addition to its antioxidant content (Félix-Medina et
al., 2020). On the other hand, both the low costs are the
same, as their contribution to the environment since
they are considered a sustainable crop (Johnston et al.,
2021).

This study aimed to summarize the effect
of incorporating pulses into corn-based extruded

snacks on their physicochemical properties, sensory
attributes, and their impact on human health.

2 Pulses in extruded corn snacks

Although cereals, especially corn, due to its high
starch content, are ideal for the production of extruded
snacks because of their excellent expansion and
texture properties, the incorporation of pulses is an
interesting alternative, especially from a nutritional
point of view (Félix-Medina et al., 2020).

Table 1: Summary nutritional characteristics of pulses.

Scientific Common Nutritional characteristics

References

name name Protein (%) Fat (%)

Carbohydrate (%)

Total
dietary
fiber (%)

Phaseolus Black beans 19-20 2-3

vulgaris L.

19-27 2

Navy beans

Pinto beans 18-25 1-2

Kidney beans 17-27 1-5

‘White beans 23 1
Carioca beans 25 2

63-74

67-75

70-76

63-74

60

18-26

14-25

14-26

18-30

15
1-2

Neder-Suarez et al. (2021b); Caprioli et al. (2016);
Ambigaipalan et al. (2011); Sutivisedsak et al. (2011);
Boschin & Arnoldi (2011); Silva-Cristobal et al. (2010);
Hoover & Ratnayak (2002); Trugo et al. (2000); Garcia et al.
(1997); Hoover & Sosulski (1985); deMoraes & Angelucci
1971)

Caprioli et al. (2016); Soral-Smietana & Krupa (2005); Hoover
& Ratnayak (2002); Su et al. (1998); Gujska & Khan (1991);
Koehler et al. (1987); Sathe & Salunkhe (1984); Sathe &
Salunkhe (1981); Naivikul & D’ Appolonia (1979); Fordham et
al. (1975)

Sutivisedsak ef al. (2011); Wang et al. (2010); Silva-Cristobal
et al. (2010); Oomabh et al. (2008); Kutos et al. (2003); Kahlon
& Woodruff (2002); Hoover & Ratnayak (2002); Moraghan
& Grafton (2002); Su et al. (1998); Koehler et al. (1987);
Hoover & Sosulski (1985); Sathe & Salunkhe (1984); Marquez
& Lajolo (1981); Pusztai et al. (1979); Naivikul & D’ Appolonia
(1979); Sgarbieri et al. (1979); Fordham et al. (1975)

Caprioli et al. (2016); Sutivisedsak et al. (2011); Wang et al.
(2010); Ryan ez al. (2007); Yoshida et al. (2005); El-Adawy
(2002); Alonso et al. (2001); Su et al. (1998); Pérez-Hidalgo
et al. (1997); Hoover & Sosulski (1985); Sathe & Salunkhe
(1984); Koinov & Radkov (1981); Pusztai et al. (1979); Meiners
et al. (1976)

Lazou et al. (2007)

Moreira da Silva et al. (2014)

Cicer 19-27 2-7

arietinum

Chickpeas

Bengal grams

52-71

6-15

Masood et al. (2014); Sreerama et al. (2012); Karaca et al.
(2011); Frimpong et al. (2009); Shad et al. (2009); Ryan et
al. (2007); Zia-Ul-Haq (2007a,b); Kaur er al. (2005); El-Adawy
(2002); Cai et al. (2002); Gopala Krishna et al. (1997); Dhawan
et al. (1991); Singh & Jambunathan (1982)

Vigna 24-28 2

unguiculata

Cowpeas

42-63

11-34

Fan et al. (2015); Sreerama et al. (2012); Gupta et al.
(2010); Mallillin er al. (2008); Martin-Cabrejas et al. (2008);
Mwangwela et al. (2007); Nugdallah & EI Tinay (1997); Ene-
Obong & Carnovale (1992)

Lupinus 32-44

mutabilis

Lupinus

Lens Lentils 23-31 1-3

culinaris

47

42-72

31-34

Calabré et al. (2015); Rumiyati ef al. (2012); Boschin &
Arnoldi (2011); Chilomer et al. (2010); Gulewicz et al. (2008);
Martinez-Villaluenga et al. (2006); Sujak et al. (2006); Erbas et
al. (2005); Torres et al. (2005)

Ghumman er al. (2016); Fouad & Rehab (2015); Zhang et al.
(2014); Gharibzahedi et al. (2012); Zia-ul-Haq et al. (2011);
Bamdad e al. (2009); Ryan et al. (2007); Wang & Daun (2006);
de Almeida Costa et al. (2006); Frias et al. (2003); Cai et al.
(2002); Carlsson et al. (1992)

Pisum
sativum

Dry green peas 25 1-2

69-70

Wani & Kumar et al. (2016d)

Elaborated with data from Hall et al. (2017).
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Table 2. Summary of several studies focused in the modification of nutritional, technological and sensory

properties because of the inclusion of pulses in corn extruded snack.

Pulse added to
the mixture

Scientific name

Inclusion rate (%)

References

Common beans

Bengal gram
Common beans

Black beans
Cowpea
Lupinus

Navy bean and
pinto bean

Lima bean

Red kidney bean
Broad bean
Green pea
Chickpea

Dry green pea
Lentil
Chickpea
Mexican
White
Lentil
Chickpea
Green gram
Carioca beans

bean
bean

Phaseolus vulgaris L.,
var. Higuera Azufrado
Cicer arietinum L.,
Phaseolus vulgaris L.,
var. Robal Beans
Phaseolus vulgaris L.,
Vigna unguiculata
Lupinus mutabilis
Sweet., var. INIAP 450
Phaseolus vulgaris L.,

Phaseolus lunatus L.,

Phaseolus vulgaris
Vicia  faba  Pisum
sativum

Cicer arietinum L.
Pisum sativum

Lens culinaris Medik.
Cicer arietinum L.,
Phaseolus vulgaris L.,
Phaseolus vulgaris L.,
Lens culinaris

Cicer arietinum L.
Vigna radiata
Phaseolus vulgaris L.,

16, 30, 40

10, 20
50-85

33
20
15, 10

Navy bean (50-40) Pinto
bean (50-40)

25-50-75

Red kidney bean flour (29.5)
Broad bean flour (20.0)
Green pea flour (5)

72

9

0-10-30-50

Chickpea (10, 50, 90)
Mexican bean (10, 50, 90)
White bean (10, 50, 90)
Lentil (10, 50, 90)

(10, 20, 30)

30

Carioca beans (4.8-55.2)

Félix-Medina e al. (2021)

Sawant et al. (2013)
Natabirwa et al. (2020)

Neder-Suarez et al. (2021ab)
Sosa-Moguel et al. (2009)
Manosalvas et al. (2019)

Vadukapuram et al. (2014)

Pérez-Navarrete et al. (2006)
Limsangouan et al. (2010)

Moreira-Araujo et al. (2008)
Wani & Kumar (2019)
Lazou et al. (2010)

Lazou et al. (2007)

Selvaprakash et al. (2021)
Thakur et al. (2020)
Moreira da Silva et al. (2014)

Pulses in general are edible seeds from
leguminous crops. This term includes dry beans
(Phaseolus. vulgaris, Vigna angularis), chickpeas
(Cicer arietinum), lentils (Lens culinaris), dry peas
(Pisum sativum), lupinus (Lupinus mutabilis) and
cowpea (Vigna unquiculata) (Tosh & Yada, 2010)
and excludes those with a high-fat content such as
peanut (Arachis hypogaea) and soybean (Glycine max)
(Singh & Muthukumarappan, 2017a) or fresh beans
and peas (Graybosch, 2004; FAO, 2011). The content
of macronutrients and amino acids will depend on
the type of pulse, the variety, and the environment
(Wang & Daun, 2006, 2004; Chauchan et al., 1988).
In general, pulses are low in fat, and rich in protein and
complex carbohydrates, including a significant amount
of soluble and insoluble dietary fiber. Its content will
vary depending on the type of pulse. Pulses contain
between 42-76% carbohydrates, and approximately
17-44% protein (Dahl et al, 2012), being rich in
amino acids such as lysine and tryptophan, while
methionine and cysteine are the limiting amino acids
(Mosibo et al., 2022; Algarni et al., 2019; Wang et
al 2019; Shi et al., 2017). Related to the dietary fiber
content, they contain approximately 1-34 g/100 g raw
pulse, being mostly insoluble fiber (10-34 g/100 g raw
pulse), and less soluble fiber (1-9 g/100 g raw pulse)
(Hall et al., 2017; Kutos et al., 2003; Dalgetty & Baik,

2003; Martin-Cabrejas et al., 2003). Fat content is
between (1-7 g/100 g pulse). They also contribute
to the supply of B-complex vitamins and minerals
such as potassium, iron, zinc, calcium, and magnesium
(Simons et al., 2017; Saha et al., 2009).

There are differences in the nutritional
composition of different pulses (Table 1). For example,
the pulses with the highest protein content are lupinus,
which can reach 44% protein, while Kidney bean and
Pinto bean, have been reported with the lowest content
(17-18%). Regarding the total dietary fiber content,
those pulses with the highest content are lupine and
cowpea, reaching a maximum of 34%, those with the
lowest content are carioca beans (1-2%) and dry green
pea (5%). In the case of fat content, excepting lupinus
(5-15%) and chickpea (2-7%), the rest of the pulses
have a rather modest fat content (1-5%) (Table 1).

In the last decade, several works have been
published about the inclusion of pulses mixed with
corn in extruded snacks (Table 2). The incorporation
of pulses in extrudates varies from small amounts (5-
10%) (Hegazy et al., 2017; Limsangouan et al., 2010)
even combined with other types of food (Natabirwa et
al., 2020; Manosalvas et al., 2019) to its elaboration
close to 100% of pulse (Shevkani et al., 2019;
Ai et al., 2016; Hardacre et al., 2006). The most
commonly used pulses include different varieties of
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bean, chickpea, lentil, dry green pea, lupinus, and even
wild varieties such as Vicia lutea var. Hirta, Vicia.
sativa subsp. Sativa, Lathyrus annuus and Lathyrus
clymenum (Pastor-Cavada et al., 2013, 2011).

Apart from the improvement of protein and some
limiting amino acids in cereals, especially lysine (Hall
et al, 2017; Boye et al., 2010; Igbal et al., 2006).
Also, the starch from pulses can contribute to reducing
the glycaemic index in expanded snacks because of
its lower digestibility associated with the presence of
resistant starch (Hoover et al., 2010; Tosh & Yada,
2010). Furthermore, the presence of 2-3 times more
protein than traditional cereal-based products can have
a greater satiating effect, which has been observed
in other protein products (Veldhorst er al., 2012).
Furthermore, the regular consumption of products
made from a combination of whole grains and pulses
has been associated with a reduced risk of developing
certain chronic diseases and other conditions (e.g.,
diabetes, obesity, colon cancer, and cardiovascular
diseases) (Das & Singh, 2016; Fan & Beta, 2016;
Chen et al., 2015; Reyes-Moreno et al., 2012; Zilic
et al., 2012). The presence of other compounds in
these combinations, such as dietary fiber, phenolic
compounds, and other bioactive components from
pulses, has been associated with certain health benefits
(Félix-Medina et al., 2020; Espinoza-Moreno et al.,
2016; Camacho-Hernandez et al., 2014; Escalante-
Aburto et al., 2013; Limsangouan et al., 2010). The
reformulation of these products not only provides a
benefit in nutritional quality, but also reduces the
environmental impact of these foods (Chaudhary et al.,

2018).

3 Nutritional properties of
pulses-corn extruded snacks

Due to the different composition of pulses,
the nutritional content of extruded legume-corn
snacks is positively favored in terms of the main
macromolecules: proteins, lipids, and carbohydrates
(Félix-Medina et al., 2020; Natabirwa et al., 2020;
Shevkani et al., 2019; Shah et al., 2017). In terms of
protein, the incorporation of pulses favors the increase
of protein in the snack by 1.9-10.37%, some examples
can be observed in Table 3, as they are richer in
protein than the traditional raw material (Johnston
et al., 2021; Neder-Suarez et al., 2021b; Rico et al.,
2021; Félix-Medina et al., 2020; Natabirwa et al.,
2020; Manosalvas et al., 2019; Hegazy et al., 2017;
Gabr et al., 2013; Pastor-Cavada et al., 2013, 2011;
Hardacre et al., 2006; Pérez-Navarrete et al., 2006).

Extrusion usually does not affect the protein
content of the snacks (Rico et al. 2021; Félix-Medina
et al. 2020; Sosa-Moguel et al., 2009; Alonso et al.,
2001). However, small decreases in protein content
(1-3%) have been reported (Manosalvas et al., 2019),
in addition to the reduction of certain essential amino
acids such as lysine during extrusion, by interacting
with sugars during Maillard reactions (Sahoo et al.,
2021; Félix-Medina et al., 2021; Pérez-Navarrete et
al., 2006).

Table 3. Summary of studies where chemical composition is determined.

Pulse added to the Other ingredients Extruder type Extrusion parameters Chemical composition References
mixture
Bean (16%-30%-40%) NA Single screw Model 20 Moisture: 18% Barrel Increased protein (71.54- Félix-
DN (CW Brabender temperature (120-145 3.51%), lipids  (70.15- Medina et
Instruments, Inc., NJ, °C) Screw speed (50- 0.44%), dietary fibre (T1.65- al. (2020)
USA) 240 rpm) Diameter 2.1%) and ash (10.49-1.2%).
screw (19 mm) Reduction of carbohydrates
Length/diameter ratio: (| 1.56-4.6%)
19
Chickpea  (8.75 / Rice (20/14%), what Twin screw extruder Flow rate (12 Kgh) Increased protein (70.4- Gabr et al.
12.5%) germ (10/7%), barley (Clextral, Firminy Diameter circular die 1.2%), and carbohydrates (2013)
(5/3.5%), milk powder Cedex, France) (3 mm) Screw speed (11.4-3.4%) Reduction of
(2.5/1.75%) (400  rpm) Barrel lipids (J1.11-1.6%), dietay
temperature (150 °C) fibre (10.26-0.49%) and ash
(10.1-0.2%)
Chickpea germinated Tomato powder (5%), Single screw Feeding screw Increased protein (15.92- Hegazy et
and dehulled (10%- Skim milk powder (160  rpm) Barrel 3.07%), fat (10.42-1.01%), al.(2017)

20%- 30%)

Whole yellow pea
(40%) Split yellow
pea (40%) Green lentil
(40%) Chickpea (40%)
Pinto bean (40%)

(5%), salt (1%)

NA

NA

temperature (100-180
°C) Screw speed (250
rpm)

NA

WWW.rmiq.org

dietary fibre (11.44-1.64%)
and ash (71.85-2.41%)
Reduced carbohydrate
(16.27-10.89%) and caloric
value (110.59-11.23%).
Increased protein  (16.3-
8%), fat (10.5-2%), soluble
(70.8-2.6%) and insoluble
dietary fibre (71.6-4.4%).
Reduction of available
carbohydrate ({11.1-17.5%),
starch damage (]7.6-16.3%),
energy (|5-11 kcal).

Johnston et
al. (2021)
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Potatoes (10-15%) Single screw (marca

Sermaconi, Ecuador)

seeds NA
and L.

Single screw extruder
Brabender 20 DN
(Brabender GmbH &
Co. KG, Duisberg,
Germany)

annuus

Single screw extruder
Brabender 20 DN

Sativa (15%) (Brabender GmbH &
Co. KG, Duisberg,
Germany)

Lentil (50%) NA Single-screw lab-scale

extruder  (Brabender
mod.KE19 20 DN,
Duisburg, Germany)

Barrel temperature
(110-140 °C) Moisture
(15-20%) Screw
speed (300 rpm) Die
diameter (2.50 mm.)

Screw  compression
ratio (4:1) Moisture
(14%) Cylindrical
die (diameter/length):
3/20-mm; Screw speed
(150 rpm) Extrusion
temperature: 175 °C
(die and extruder
barrel).

Screw  compression
ratio (4:1) Moisture
(14%) Cylindrical
die (diameter/length):
3/20-mm; Screw speed
(150 rpm) Extrusion
temperature: 175 °C
(die and extruder
barrel).

Feeding screw
(150  rpm) Barrel
temperature (110-130
°C) Moisture (20%)

Increased protein (14.11-
10.37%), fat (10.7-1.47%),
fibre (70.25-1.73%), ash
(10.25-0.43%).  Reduction
of carbohydrates (]6.21-
13.2%)

Increased protein  (T1.2-
1.9%), dietary fibre(14.71-
4.8%) ash (70.19-0.21%),
Fe (17.2-12.3 ppm) and
Zn (15.4-6ppm) Reduction
carbohydrate (|5.55-5.65%)
and lipids (0.53-1.06%)

Increased protein (72.41-
2.81%), dietary fibre (74.38-
5.83%), ash (70.16-0.26%)
Fe (16.2-9 ppm) and Zn
(13.8-4.6 ppm) Reduction
lipids (10.87-0.9%)

Increased protein (176.5%),
fibre (112.05%), ash (10.8%)
and phytic acid (70.58%).
Reduction of fat (10.65%),

Manosalvas
et al.

(2019)

Pastor-
Cavada et
al. (2011)

Pastor-
Cavada et
al. (2013)

Rico et al.
(2021)

Screw diameter (19
mm) Length/diameter
ratio: 25

carbohydrates (|10.07%)

These Maillard reactions are proportional to
the intensity of the thermo-mechanical process, by
reducing the humidity, increasing the temperature, and
increasing the screw speed. (Ruiz-Ruiz et al., 2008;
Ilo & Berghofer, 2003; Obatolu et al., 2000). An
example of this effect was reported by Wang et al.
(2019) observing a change in the limiting amino acid
from threonine in the raw dough to lysine in the snack
because of the Maillard reactions during extrusion.

The addition of pulses usually alters the amino
acid composition, with minor contents in cysteine,
leucine and an increase in lysine content (Pastor-
Cavada et al., 2011, 2013). In Sahoo et al. (2021),
tree bean (10%) was incorporated into a corn-
chickpea mixture, and an increase a 1.9% in protein
and lysine, leucine, isoleucine, cysteine, threonine,
tyrosine and methionine contents were observed.
Although extrusion reduces the content of some
essential amino acids (Paes & Maga, 2004), the
high protein content and some of these essential
amino acids in the tree bean offset the effect of
extrusion. Focusing on changes in protein digestibility,
the extrusion process increases in vitro protein
digestibility in extrudates with pulse when compared
to raw doughs from 75.17 to 77.21% in Félix-Medina
etal. (2021), increase from 81.40 to 87.57% in Hegazy
et al. (2017), from 76.8 to 81.75% in Pérez-Navarrete
et al. (2006), and from 74.11% to 80.91-82.43%
in Wang et al. (2019). In Natabirwa et al. (2020),
extrusion increased protein digestibility from 50.6-
62.4% in the raw dough to levels above 71.5% in the
extruded. In the same study it was observed that the
high corn content of the formulations increased protein

digestibility, this effect may be related to the protein-
starch interaction that increases hydrophilic groups,
facilitating protein solubility (Siddiq et al., 2013). This
increase in protein digestibility is also associated with
the structural change caused by extrusion (shearing
and temperature), leaving more exposed areas more
susceptible to the action of proteolytic enzymes
(Flores-Silva et al., 2022; Krupa-Kozak & Soral-
émietana, 2010; Pérez-Navarrete et al., 2006; Alonso
et al., 2000). As an exception in Pastor-Cavada et al.
(2011) the incorporation of wild legumes Lathyrus
annuus and Lathyrus clymenum compared to the
maize-based control sample did not increase protein
digestibility in the extrudates.

In summary, the incorporation of pulses into
corn extrudates will increase both the protein content
and the quality of this protein and the protein
digestibility. Although the extrusion process will
reduce the presence of certain essential amino acids,
the increased digestibility and the additional supply of
essential amino acids deficient in corn will enhance the
protein quality (Félix-Medina et al., 2021; Natabirwa
et al., 2020; Wang et al., 2019; Hegazy et al., 2017;
Pastor-Cavada et al., 2013; Pérez-Navarrete et al.,
2006).

Regarding lipids, in general, the higher lipid
content of pulses (1-2%) compared to traditional
raw materials increases the lipid content of snacks
(Johnston et al., 2021; Félix-Medina et al., 2020;
Manosalvas et al., 2019; Hegazy et al., 2017). There
are exceptions whose possible causes are explained
by the use of pulses with very low-fat content,
such as wild legume (Pastor-Cavada et al., 2011)
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and lentils (Rico et al., 2021) and on the other
hand the formation of amylose-lipid and protein-
lipid complexes, which makes the quantification of
the former difficult (Rico er al, 2021; Natabirwa
et al., 2020; Félix-Medina et al., 2020; Simons et
al., 2017; Espinoza-Moreno et al., 2016). Sometimes
pulses having a higher lipid content than cereals
affect the quantification of fat content, due to the
formation of these complexes, making it less apparent
(Félix-Medina et al., 2020). This phenomenon makes
extraction, quantification (Bhatnagar & Hanna, 1994;
Izzo & Ho, 1989), oxidation, and/or degradation
difficult (Estrada-Giron et al., 2015). However, this
reduction of available lipids can reduce the oxidation
potential of these compounds (Estrada-Girén et al.,
2015), and, therefore, this favors the shelf life of the
final products (Simons et al., 2015).

The carbohydrate content by including pulses as a
raw material is reduced in the snack (4.6-17.5%) since
the proportion of carbohydrates in pulses is lower than
in maize (Sahoo et al., 2021; Rico et al., 2021; Félix-
Medina et al., 2020; Johnston et al., 2021; Natabirwa
et al., 2020; Manosalvas et al., 2019; Hegazy et al.,
2017; Pastor-Cavada et al., 2011; Hardacre et al.,
2006; Pérez-Navarrete et al., 2006).

In addition to increasing protein content by
including legumes in snack formulations, dietary
fiber content is also benefited by these ingredients
increasing from 1.64% to 20.6% (Rico et al., 2021;
Félix-Medina et al., 2020; Johnston et al., 2021;
Natabirwa et al., 2020; Manosalvas et al., 2019;
Hegazy et al, 2017; Pastor-Cavada et al, 2011;
Hardacre et al., 2006; Perez-Navarrete et al., 2006).
It has also been observed that the characteristics of
dietary fiber are affected by increasing the severity
of the extrusion process since increasing barrel
temperature, screw speed, pressure, and shear force
in the extrusion process, increases the percentage of
soluble dietary fiber to the detriment of insoluble
dietary fiber (Félix-Medina et al., 2020; Esposito et
al., 2005). This effect is caused by the break of the
glycosidic bonds of polysaccharides by mechanical
stress during the extrusion process which forms
smaller molecular fragments favoring their solubility
(Espinoza-Moreno et al., 2016; Steel et al., 2012;
Singh et al, 2007). Although after extrusion the
insoluble dietary fiber content is reduced, it is still in
the majority (Wani et al., 2021; Pérez-Navarrete et al.,
20006).

Regarding ash content, the incorporation of
legumes in the mixture resulted in an increase in ash
compared to the traditional corn-based snack (0.21-
2.41%) (Rico et al., 2021; Félix-Medina et al., 2020;
Manosalvas et al., 2019; Hegazy et al., 2017; Pastor-
Cavada et al., 2011; Hardacre et al., 2006; Pérez-
Navarrete et al., 2006). In terms of minerals, the
incorporation of pulses generally increases the supply

of major minerals (Na, Ca, K, and Mg) and trace
minerals (Zn, Cu, Fe, F, Cr, Se, and Mo) (Shah et
al., 2017). Adding wild pulses (Lathyrus annuus and
Lathyrus clymenum) to corn-based snacks increased
the potential availability of iron (Pastor-Cavada er al.,
2011), as well as its iron content when compared to the
extruded corn product by adding beans (Natabirwa et
al., 2020). An increase in calcium (55.4 + 3.5 mg/100
), zinc (0.72 + 0.01 mg/100 g), and phosphorus (244
+ 12.3 mg/100 g) was also observed compared to the
maize-based snack, respectively (2.4 + 0.05 mg/100
2), (0.30 £ 0.04 mg/100 g), (34.1 + 1.6 mg/100 g)
(Natabirwa et al., 2020; Pastor-Cavada et al., 2011).

4 Technological and sensorial
modifications in extruded
snacks

The acceptance of extruded snacks depends on the
technological and sensorial properties of the extruded
products. A properly expanded snack will exhibit
high porosity and, a great expansion rate, but a low
bulk density value (Neder-Sudrez et al., 2024; Pérez-
Navarrete et al, 2006). All these parameters are
closely related to the amount and type of starch present
in the raw materials, which will affect the expansion
rate and the quantity and air cell size developed
during extrusion (Gomes et al., 2023; Dehghan-
Shoar et al., 2010). Changes in starch structure, such
as fusion, gelatinization, and dextrinization, will be
affected by factors such as starch source, particle
size, amylose/amylopectin ratio, water/starch ratio in
the mass (humidity), the type of extruder (single
or double screw), screw configuration, barrel and
die temperatures, screw speed (shear), and extruder
fill rate (Singh & Muthukumarappan, 2017ab; Singh
& Muthukumarappan, 2014a; Lai & Kokini, 1991).
In this sense, extrusion conditions as well as the
composition of the mass will determine the sensorial
characteristics and acceptance of the snack.

Viscosity is one of the important rheological
properties to understand the behavior of the dough
and the changes that occur during extrusion (Lam
& Flores, 2003). The study of pasting properties by
Rapid Visco Analyzer (RVA) helps to evaluate the
texture and quality of extrudates (Wani & Kumar,
2016a). Products with a higher degree of cooking
have lower pasting properties than the raw mix
(Wani er al, 2021). Extrusion conditions such as
reduced humidity and increased screw speed favor
dextrinization and gelation, reducing the pasting
properties and consequently obtaining a more cooked
and more expanded extrudate (Neder-Sudrez et al.,
2021b), and with lower bulk density (Félix-Medina
et al, 2020). High viscosity during extrusion and
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low final viscosity in RVA tests on already extruded
products is associated with high gelatinization, level
of starch cooking during extrusion, and therefore more
expanded products with lower bulk density (Félix-
Medina et al, 2020; Wang et al, 2019). On the
contrary, an excess of humidity reduces expansion
rates and increases the bulk density of expanded
products since the water provokes a reduction in
viscosity on the starch matrix and a decrease in energy
dissipation in the extruder (Ali et al, 2017; Sosa-
Moguel et al., 2009).

In fact, the Specific Mechanical Energy (SME),
an indicator of the amount of mechanical energy
applied per unit mass during extrusion, represents
the breakdown of macromolecules such as starch
granules and depends on the viscosity of the mass
(Shevkani et al., 2019). SME is positively correlated
with expansion because higher SME values, are
associated with a greater degree of dextrinization
and starch gelatinization, promoting the breaking
of intermolecular hydrogen bonds, and giving more
air bubbles and therefore, more expanded snacks
(Shevkani et al., 2019; Pastor-Cavada et al., 2013). In
this context, SME values will be higher in the presence
of increased starch concentrations, and higher barrel
temperatures and screw speeds. While higher humidity
masses and oil contents will reduce SME (Wang et
al., 2019; Pastor-Cavada et al., 2013). The presence
of humidity and oil enhances the lubricating effect,
reducing the viscosity and friction of the dough, and
resulting in a less cooked extrudate. As mentioned
earlier, this is associated with less expansion, higher
density, and greater hardness (Shevkani et al., 2019;
Wang et al., 2019; Pastor-Cavada et al., 2013).

Increasing the barrel temperatures during
extrusion allows the generation of small and fine air
cells, resulting in crunchier, lighter, and less dense
products. The higher barrel-temperatures promote the
overheating of water, causing it to evaporate more
rapidly as it exits the die, contributing to the expansion
and lightness of the extrudates (Singha ez al., 2018a,
Wani & Kumar, 2016b; Gomez & Aguilera, 1984).
However, excessive barrel temperatures could lead to a
reduced viscosity and lower SME negatively affecting
the snack expansion (Singha et al, 2018b). The
screw speed has a positive correlation with expansion
and a negative correlation with bulk density, since
it promotes shear effects on starch, increasing its
hydration (Moreira da Silva et al., 2014). In general
terms, during extrusion, excess humidity reduces the
expansion rates, while higher barrel temperatures
favor it (Gomez & Aguilera, 1984). The presence
of pulses in the mixtures reduces the SME, possibly
due to the lower hardness of pulse cotyledons (Pérez-
Navarrete et al., 2006). This decrease can also be
attributed to higher protein, fat, and fiber content,
which interact with the starch and water, preventing

water and starch interaction and affecting starch
gelatinization (Gomes et al., 2023; Shevkani et al.,
2019).

The inclusion of pulses in the snack formulation
will affect to extrusion process and inevitably
technological and sensorial snack characteristics will
be modified, although the manipulation of the
extrusion parameters can somehow reverse the effects.

4.1 Technological properties

As it was said in the previous section, bulk density,
expansion, and porosity of an extrudate are important
correlated physical characteristics related to the
quality of a snack.

Bulk density is negatively correlated with the
expansion, porosity, elasticity, and viscosity of the
mix during extrusion (Gomes et al., 2023; Singha
et al., 2018a; Pathania et al., 2013; Hardacre et al.,
2006). The inclusion of pulses generally results in
higher bulk density values and consequently lower
expansion rates (Félix-Medina et al., 2020; Hegazy et
al., 2017; Rodriguez-Miranda et al., 2014; Gabr et al.,
2013; Sawant et al., 2013; Pastor-Cavada et al., 2011;
Hardacre et al., 2006; Pérez-Navarrete et al., 2006).
The higher presence of proteins provided by pulses
keeps the mass more plastic during extrusion, leading
to the collapse of foam structures and the breaking of
cell walls as steam expands due to pressure, preventing
air bubbles from growing and resulting in harder,
denser extrudates and less expanded (Neder-Sudrez et
al., 2024; Félix-Medina et al., 2020; Hardacre et al.,
2006). Also, the protein interacts with water through
hydrophilic interactions, slowing down the loss of
expansion in the extruded (Wani et al., 2021). The
presence of fiber also has a similar effect on expansion
and bulk density (Hegazy et al., 2017). Proteins
and fibers compete with starch for available water,
reducing the gelation capacity of starch and, therefore,
its expansion (Wani et al., 2021; Félix-Medina et al.,
2020; Hegazy et al., 2017). The fiber also promotes
the rupture of air cells during extrusion (Gomes et al.,
2023; Wani et al., 2021; Vadukapuram et al., 2014;
Pérez-Navarrete et al,, 2006). Moreover, increasing
the proportion of other compounds such as protein and
fiber reduces the amount of starch in the raw materials,
which is responsible for the lower expansion and
porosity properties of flours like corn (Neder-Sudrez
et al.,, 2024). The effect of lipids on expansion also
depends on the type of lipid. Lipids, like proteins, can
interact with starch, interfering with gelation and the
expansion of the mass (Pérez-Navarrete et al., 2006).
They act as a lubricant, reducing cooking and shear
effects in the extruder, and leading to lower expansion
values (Pastor-Cavada et al., 2013; Lazou et al., 2007).

Furthermore, in the presence of proteins,
increasing screw speed when pulses are added to
the formulation will promote more protein stretching,
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weakening bonds, resulting in a fluffier product. This
effect is enhanced when starch is affected by shear,
promoting its gelatinization and therefore expansion
(Wani & Kumar, 2016b). So, an increase in barrel
temperature and screw speed can overcome the
reduction in the expansion rate, lowering the bulk
density values of the extrudates (Kothakota et al.,
2013).

Other technological parameters affected by the
presence of pulses in extruded snack formulations
include the Water Absorption Index (WAI), Water
Solubility Index (WSI), and Oil Absorption Index
(OIA). WAI measures the amount of water absorbed
by starch and serves as an indicator of the degree of
gelatinization since starch does not absorb water at
room temperature (Nongmaithem et al., 2024; Gomes
et al, 2023; Lazou & Krokida, 2010). There is a
positive correlation between gelatinized starch and
WAI (Nongmaithem et al., 2024).

Increasing the proportion of pulses in mixtures
with corn usually results in lower WAI values
(Nongmaithem et al., 2024; Shevkani et al.,, 2019;
Singha et al,, 2018a; Wani & Kumar, 2016c). This
reduction in WAI may be favored by the increased
proportion of proteins provided by the pulses which
provoke a reduction in starch content in the mixtures
(Wani & Kumar, 2016¢) and promotes the formation
of intermolecular and intramolecular protein-starch
bonds with amylose and amylopectin, reducing the
availability of starch for gelatinization and, therefore,
reducing WAI (Shevkani et al.,, 2019). Although the
presence of proteins should favor the absorption of
water due to their hydrophilic groups, during the
extrusion process, these proteins denature, losing
their ability to hydrate and form gels (Lazou &
Krokida, 2010). It can also be explained that the
presence of pulse proteins in mixtures with cereal
starch increases the gelatinization temperature (Singh
& Muthukumarappan 2014; Shevkani et al., 2014).
However, some studies have reported that increasing
the amount of pulses led to an increase in WAI
(Hegazy et al., 2017; Rzedzicki et al., 1994).

WSI measures the amount of soluble components
released during extrusion from both starch and protein
degradation (Neder-Sudrez et al., 2024; Hegazy
et al., 2017). The inclusion of pulses, such as
increasing the humidity of the mass, increases the
WSI (Nongmaithem et al., 2024; Neder-Sudrez et al.,
2021b; Wani & Kumar, 2016c; Pastor-Cavada et al.,
2013).

On the other hand, OIA represents the extrudate's
capacity to retain oil and functions as an indicator of its
hydrophobic nature. The inclusion of pulses has been
shown to diminish OIA (Lazou & Krokida, 2010). The
inclusion of pulse proteins (Gujska & Khan, 1991)
should favor OIA, as it also increases the presence
of nonpolar amino acids and augments the side

chains of proteins. However, these proteins interact
with each other during extrusion, as well as with
starch and lipids, thereby altering their oil absorption
capacity. It is crucial to note that a greater presence of
proteins fosters interactions between proteins, starch,
and lipids, thereby altering the extrudate's oil retention
capacity. For instance, when incorporating lentil flour
(10-30-50%) into a mixture with corn flour (0.91—
4.49 ml/g), as compared to a control extrudate
comprising 100% corn flour (1.48 to 5.45 mL/g),
notable changes in OIA were observed, as detailed
in Lazou & Krokida (2010). In the same study, the
impact of extrusion parameters on OIA was explored.
It was noted that OIA increased with the extrusion
temperature increase. This effect could be attributed
to the heightened degree of cooking in the extrudates
(Drago et al, 2007), resulting in the formation
of smaller starch molecules through dextrinization,
thereby favoring increased OIA (Lazou & Krokida,
2010). Conversely, humidity was found to diminish
the degree of cooking consequently reducing OIA, as
fewer small starch molecules are produced. Another
influential parameter affecting OIA is the extruder feed
speed, which reduces the residence time of the dough
within the equipment, thereby decreasing the degree
of cooking and dextrinization, and ultimately lowering
OIA (Lazou & Krokida, 2010).

4.2 Sensory properties

The evaluation of sensory properties in extruded
products is one of the parameters studied to know
the level of acceptability by the consumer, especially
in the development of new food products or the
modification of some of the characteristics of products
already on the market (Wani & Kumar, 2016a; Sawant
etal., 2013).

Color is one of the most important attributes that
affect snack acceptability. It is one of the parameters
studied when obtaining pulse-extruded products since
the color of many of these pulses is different from
the traditional ingredients of these products, such as
cereals. An example is the natural green color of
the green pea compared to the yellow color of corn
(Wani & Kumar, 2016c¢). Color changes can provide
information about the extent of browning reactions,
such as caramelization, the Maillard reaction, the
degree of cooking, and pigment degradation which
take place during the extrusion process (Ilo &
Berghofer, 1999). In general, incorporating pulses into
the extrudate will result in snack darkening reflected
in lower L* values as the values of a* and b* increase
(Rico et al., 2021; Félix-Medina et al., 2020; Singha
et al., 2018a; Sawant et al., 2013). However, there are
examples where the luminosity (L*) of the raw pulse
is greater than that of the corn flour, such as in Neder-
Sudrez et al. (2021a) (where blue corn and black beans
were used), the L* value was higher in the beans than
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in the corn. The same occurred with chickpeas which
exhibited a higher L* value than corn (Shevkani et al.,
2019). In general a* increases with the incorporation
of pulses and with increasing extrusion temperature
and humidity (Singha er al, 2018a; Sawant et al.,
2013). As for b*, it typically increases due to non-
enzymatic browning reactions (Rico et al, 2021).
Sometimes b* decreases due to the loss of carotenoids
from corn (Cueto et al., 2017), and it increases with an
increase in screw speed (Neder-Sudrez et al., 2021a).

The other most affected parameter by
incorporating pulses into corn extrudates is hardness.
Hardness is defined as the maximum force required
to overcome the resistance of the extrudate's cell or
alveolus walls to break. The more the snack expands
the less hard the product is because of the more fragile
the cell walls are (Félix-Medina et al., 2020). So,
all parameters which limit the snack expansion will
increase the product's hardness (Wani et al., 2021;
Félix-Medina et al., 2020; Shevkani et al, 2019;
Ruiz-Armenta et al., 2018; Tovar-Jiménez et al., 2016;
Limén-Valenzuela et al., 2010; Pérez Navarrete et al.,
2006). Since pulses incorporation in extruded snacks
results in less expanded products, hardness inevitably
increases as several studies have shown with chickpeas
(Shevkani et al., 2019; Shah et al., 2017), green peas
(Wani & Kumar, 2016c¢), beans (Neder-Suarez et al.,
2024; Félix-Medina et al. 2020; Pérez-Navarrete et al.,
2006) and lentil (Nongmaithem et al., 2024; Gomes et
al., 2023).

The inclusion of pulses in the extrudates enhances
the protein content, thereby contributing to heightened
crispiness. This phenomenon can be elucidated by
the intricate interactions between starch and proteins,
resulting in the formation of small air bubbles
(Natabirwa et al., 2020). Furthermore, the existence of
these starch-protein interactions has been linked to an
augmentation in the crunchiness and crispiness of the
extrudates (Onwulata et al., 2001).

Cohesiveness, another parameter in evaluating
extruded products, mirrors the behavior of hardness
and increases with the presence of pulses (Paula &
Conti-Silva, 2014; Parada et al., 2011). Springiness,
indicating the ability of an extrudate to return to its
initial height after the first compression, serves as
a reliable descriptor for crispy products versus non-
crispy ones. In simpler terms, products deemed crispy,
like those composed of 100% corn, exhibit very low
springiness, whereas the addition of pulses enhances
springiness.

Gumminess, chewiness, and resilience exhibit
similar trends to hardness. Chewiness assesses bite
behavior, with products containing more pulses
requiring more bites than those consisting solely of
corn. Resilience measures a product's capacity to
regain its initial height after undergoing pressure (Shah
etal., 2017).

The darkening of the snacks as well as the increase
in hardness has been also detected when pulses added
to snacks are sensorially evaluated (Shevkani et al.,
2019; Hardacre et al., 2006; Rzedzicki et al., 1994).
Color changes are also typically observed, with snacks
generally darker (Félix-Medina et al, 2020). The
flavor of snacks can be also modified (Hardacre et al.,
2006). However, not all these changes are necessarily
perceived as negative by the panelists (Natabirwa et
al., 2020). In general, the most affected parameter is
hardness, considering that excessive hardness usually
is negatively perceived by the panelists (Shah et al.,
2017; Wani & Kumar, 2016a). The addition of pulses
to the extrudates causes the traditional yellow color of
corn to be penalized, darkening the snacks. There are
more discrepancies regarding flavor. The presence of a
high percentage of pulses has been sometimes seen as
positive, while in other cases, it was negatively scored
(Natabirwa et al., 2020; Gabr et al., 2013; Hardacre et
al., 2006). For instance, in Hardacre et al. (2006) the
presence of lentils negatively impacted flavor, while
in Natabirwa et al. (2020), the snack formulation with
85% pulses received the highest score for taste among
adults but was penalized by schoolchildren. In terms
of overall acceptability, formulations with moderate
proportions of pulses have been better-scored by the
panelists, such as 15% pulses chickpea (Shah et al.,
2017), 20% pulses chickpea (Selvaprakash et al.,
2021), 25% pulses dry green pea (Wani & Kumar,
2016a), and 35% raw materials (rice, chickpea, wheat
germ, barley, milk powder) in the study of Gabr et al.
(2013). However, in some studies such as Natabirwa et
al. (2020), the highest-rated formulation was the one
containing the most pulse (85%).

5 Health impact

It is well-known that snacking, or eating between
meals, along with healthy habits, is beneficial for
appetite control, weight management, and improved
blood glucose control ultimately contributing to
maintaining or enhancing the overall health of the
population (Kaneko et al., 2021; Arora et al., 2020;
Hess et al, 2016). However, controversy arises
as current snacks, particularly those categorized as
savory, often present large portions, high energy
density, and high palatability (Almoraie et al., 2021).
These snacks are rich in additives, fats, and salt,
categorizing them as junk food (Dunford et al., 2020).

It is the nutritional characteristics of these snacks
that make them detrimental to health (Morris et al.,
2019). They may increase the risk of developing
conditions such as obesity, diabetes, hypertension, and
dental issues in the population (Almoraie et al., 2021).
Therefore, reducing their nutritional deficiencies and
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mitigating the negative impact on consumers sounds
as a strategy to ameliorate the bad press.

The incorporation of pulses into traditional
extruded snacks made mainly from cereals such as
corn (Félix-Medina et al., 2020) has been attributed
to certain beneficial health-related effects such as
reducing the risk of developing certain diseases
such as diabetes, obesity, cardiovascular disease and
colon cancer by mixing pulses-corn, for example
with regular consumption of corn-beans-rich products
(Das & Singh, 2016; Fan & Beta, 2016; Chen et
al., 2015; Zillic et al., 2012; Reyes-Moreno et al.,
2012). These beneficial effects have been associated
with several bioactive components present in pulses
(polyphenols, polyunsaturated fatty acids, flavonoids,
proteins, dietary fiber, minerals, and vitamins) (Félix-
Medina et al., 2020; Saha et al., 2009). In addition
to the composition of macronutrients, in particular,
the higher protein content of pulses along with the
amino acid supplementation by the conjugate pulse-
corn, increases both the quantity and quality of the
protein in the extruded products, as indicated by
various studies (Wang et al., 2019; Simons et al.,
2015; Estrada-Girén et al., 2015; Sosa-Moguel et al.,
2009). On the other hand, as also mentioned earlier,
extrusion favors that the food is not excessively altered
when it is subjected to a thermal process. They also
preserve or in some cases improve aspects associated
with health. (Hegazy et al., 2017; Espinoza-Moreno
et al., 2016; Delgado et al., 2012). However, it can
also cause certain disturbances in the characteristics
of macronutrients, such as starch, proteins (Gilani et
al., 2012; Huber et al., 2001, Mitchell & Areas, 1991),
and dietary fiber. (Lue et al., 1991).

There are few studies on corn-pulse extruded
products that focus on health aspects, and most
of them rely on in vitro tests (antioxidant content,
antioxidant activity, glycaemic index, etc.) with only
a few involving in vivo assessments (serum insulin,
glycaemic index, satiety).

Although the consumption of pulses brings
benefits as already discussed earlier, on the other
hand, it provides antinutrients such as the inhibitors
of digestive enzymes such as tripsin, quimotripsine,
amylase, tannins, saponins, which are less common
and are found in a lower proportion in cereals such as
maize. The presence of antinutrient compounds, such
as phytic acid, tannic acid, and trypsin inhibitors, can
diminish the digestibility of proteins, carbohydrates,
fats, and minerals (Wani & Kumar, 2016d). In
general, extrusion has been found to increase mineral
absorption by reducing anti-nutritional factors like
phytates (5.02 mg/g extruded sample) and tannins
(0.38 mg/g extruded sample) comparing it with the
unextruded mixture (Wani & Kumar, 2016d).

In the study by Hegazy et al. (2017), where
different chickpea proportions were used (10%, 20%,

30%), the extrusion process reduced the phytic acid
content of extrudes by 43.30-46,51% from 1.86 mg/g
to 1.00 mg/g in the case of extruded with 30%
chickpea by comparing it to the raw mixture. As
for tannic acid, the reduction was between 40.46-
43.61%, passing from 1.05 to 0.62 mg/g tannic acids
in the same previous mixture, this reduction of tannin
content due to the heat treatment in extrusion favors
the mineral absorption (Wani & Kumar, 2016d).
Similar results were reported by Wani & Kumar
(2016b), Anton et al. (2009), and Hussein (2000).
Rico et al. (2021) worked with extruded lentil-maize
mixtures at different temperatures (110 to 130°C),
without obtaining important differences in the content
of phytic acid, possibly due to hydrolysis and the
action of phytase with an optimal temperature in the
range of 48 to 55 °C.

Another parameter studied in this type of product
is the content of antioxidants and antioxidant activity.
In general, according to the antioxidant activity tests
used in several studies, the antioxidant activity (DPPH,
ABTS, FRAP and ORAC) in corn blends and pulses
increases after the extrusion process (Rico et al.,
2021; Félix-Medina et al., 2020; Hegazy et al., 2017;
Wani & Kumar, 2016a) and the inclusion of pulses
(Nongmaithem et al., 2024; Sahoo et al, 2021,
Gomez-Favela et al., 2021; Hegazy et al., 2017).

Extrusion parameters such as barrel temperature,
humidity, screw speed, and feed rate affect the
antioxidant activity of extrudates. In general,
increasing screw speed decreases the antioxidant
activity, especially at lower humidity conditions and
especially when it is accompanied by lower feed rates.
In the case of increased humidity in the mixture,
it favors antioxidant activity due to the lubricating
effect, since the shear effect is more aggressive for
antioxidants at lower humidity. Regarding the barrel
temperature, its increase favors antioxidant activity
(Neder-Suarez et al., 2021a; Wani & Kumar, 2019;
Ozer et al., 2006; Delgado-Andrade et al, 2005;
Cammerer et al., 2002). An increase in antioxidant
activity has been observed as a consequence of
extrusion, increasing from 8.1 to 20.90% in the
DPPH technique (Wani & Kumar, 2019, 2016a). As
for the incorporation of pulses into corn extrudates,
it has been observed that the antioxidant activity
increases (Rico et al., 2021; Ciudad-Mulero et al,
2018; Espinoza-Moreno et al., 2016). An exception
is observed by Felix-Medina et al. (2020), who
observed that by increasing the proportion of pulses,
the antioxidant activity decreased.

On the other hand, the antioxidant activity is given
by certain antioxidant compounds such as different
types of polyphenols. Polyphenols are substances
that contain an aromatic ring possessing hydroxyl
groups (Zielinski et al., 2001). These compounds are
thermosensitive at temperatures above 80 °C, therefore
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increasing the barrel temperature and screw speed
causes a reduction in the content of these compounds
(Wani et al., 2021; Wani & Kumar, 2019, 2016a;
Sharma et al., 2012; Altan et al., 2009). Polyphenols
can be found in two states, free or bound to the cell
wall of the raw material. In the study by Félix-Medina
et al. (2021), it was observed that free phenolic
compounds have a lower antioxidant activity than
those bound to the cell wall. The latter remains present
after extrusion.

The incorporation of corn pulses in snacks usually
provokes an increase in overall polyphenols when
compared with a product obtained from 100% corn,
as occurred in Sahoo et al. (2021) and Shevkani
et al. (2019) with chickpea, in Gémez-Favela et al.
(2021) and Neder-Suarez et al. (2024) with bean, in
Nongmaithem et al. (2024) with lentils. For example,
Hegazy et al. (2017) saw an increase in total phenols
(1.92-7.94%) and antioxidant activity respectively, but
the antioxidant increased ratio decreased from 5.94
to 1.94% as the proportion of chickpeas increased
(10-30%). On the other hand, the results obtained
by Rico et al. (2021) showed that both polyphenol
content and antioxidant activity increased with both
pulse incorporation and with increasing extrusion
temperature (110-130 °C). A possible explanation
offered for this effect was the release of bioactive
components from the cell wall matrix (Wang & Ryu,
2013; Zielinski et al., 2006). However, a reduction in
both phenolic compounds and antioxidant activity was
observed when beans were included (Félix-Medina et
al., 2020). In the results provided by Pastor-Cavada et
al. (2011, 2013), the incorporation of wild vegetables
neither meant an increase nor a decrease in the content
of polyphenols. The discrepancies found could be
explained as follows. On the one hand, it has been
observed that there is a release of polyphenols due to
the destruction of the cell walls of the raw materials
after applying the extrusion process in pulse-corn
mixtures (Sahoo et al., 2021; Gémez-Favela et al.,
2021; Félix-Medina et al., 2020). It has also been
reported that the presence of free amino acids, the
reduction of sugars and proteins, and the use of high
temperatures and low humidity, favor the Maillard
reactions forming melanoidins, which although they
are degradation products of phenolic acids (Bartel
et al., 2015) also it presented antioxidant activity
(Félix-Medina et al., 2020; Wani & Kumar, 2016a).
In addition to these compounds, other high molecular
weight compounds are also formed that absorb in the
same wavelength range, so this polyphenol content
might be overestimated (Félix-Medina et al., 2020;
Thanuja ef al., 2020). On the other hand, the reported
reduction of total polyphenols in pulse-corn snacks
has been attributed to the high temperatures reached
during extrusion, which alter or degrade the molecular
structure of phenolic compounds (Nongmaithem et al.,
2024; Neder-Suarez et al., 2024; Wani et al., 2021;

Wani & Kumar, 2016a).

In summary, most studies support that the
incorporation of pulses favors antioxidant activity
(Rico et al., 2021; Félix-Medina et al., 2020; Hegazy
etal., 2017; Wani & Kumar, 2016a), and that extrusion
under conditions of high humidity, low screw speed,
and high barrel temperature increases antioxidant
activity (Neder-Suarez et al., 2021a; Wani & Kumar,
2019; Ozer et al., 2006; Delgado-Andrade et al.,
2005; Cammerer et al., 2002). As for the polyphenol
content, the incorporation of pulses increases its
content (Neder-Suarez et al., 2024; Nongmaithem et
al., 2024; Sahoo et al., 2021; Gémez-Favela et al.,
2021; Shevkani et al., 2019; Hegazy et al., 2017) but
concerning extrusion, there are discrepancies between
whether it increases or decreases its content.

One of the most studied health parameters,
especially at the in vitro level, has been the glycaemic
index (GI), which is defined as the elevation of
blood glucose concentrations after consumption of
a food or a meal. Glycemia after food (glycaemic
postprandial) consumption is a normal physiological
response whose intensity and duration will depend,
among other factors, on the characteristics of the food
intake. The concept of GI categorizes food based
on its proposed effect on postprandial blood glucose
compared to a reference food, or more recently, to pure
glucose. GI can be influenced not only by the chemical
and physical nature of the food or meal consumed but
also by individual factors (Venn et al., 2007). Some
of these factors include certain types of dietary fiber,
starch structures, types of sugar, fat, protein content,
water content, cellular structure, particle distribution,
and the presence of organic acids and enzymatic
inhibitors (Thorsdottir et al., 2005). It is of interest
to know the GI of foods, since it has been associated
with the consumption of foods with a low GI, with a
reduced risk of type 2 diabetes (Hodge., 2004).

Several articles have studied in vitro GI in
snacks combining pulses and corn (Nongmaithem
et al., 2024; Rico et al., 2021; Wani et al., 2021;
Hardacre et al., 2006) and very few have studied it
in vivo (Johnston et al., 2021). Both the effect of the
combination of these ingredients and the effect of
the extrusion itself have been studied. In the case of
the incorporation of pulses, Hardacre et al. (2006)
worked with lentils, showing that products with a
higher proportion of corn released more glucose than
those with a higher proportion of lentils. As a curiosity,
the lowest glucose release was not obtained in the
formulation with 100% lentils but in the combination
of 40-60 corn-lentils, so the combination of both
might have a better effect on glycemia. The same
conclusions were provided by Rico er al. (2021)
where the combination of 50-50 corn-lentils portion,
showed a reduction of GI at extrusion temperatures of
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Figure 1. Effects of including pulse in corn extrudates.

110-120 °C concerning the original product (100%
corn). In Wani et al. (2021), similar results were
obtained with the green bean (9%), reducing GI from
73+ 3 to 47+ 1.2 mmol-min/L of glucose.

Regarding the effects of extrusion parameters,
the effect of temperature was studied as mentioned
above (Rico et al, 2021) when combining corn-
lentils, obtaining the lowest GI at an extrusion
temperature of 130 °C, when compared with lower
extrusion temperatures (110-120 °C). The possible
explanation offered was the formation of a crust at
high temperatures that reduces the gelatinization of
starch, i.e. the formation of resistant starch that limits
the access of the digestive enzymes and the liberation
of the starch.

As for the IG in vivo studies, the results are
disparate and there are differences about the original
product, depending on which click let's talk (Johnston
et al., 2021). Corn-pulse was combined in proposition
60-40, obtaining IG differences concerning the control
with 100% corn (142.0 mmol-min/L of blood glucose)
in the mixtures with chickpea (110.0 mmol-min/L of
blood glucose) and pinto bean (102.0 mmol-min/L
of blood glucose). Nevertheless, no significant
differences were appreciated between whole yellow
pea (148.0 mmol-min/L of blood glucose), and green
lentil (140.0 mmol-min/L of blood glucose) as well as
the control. The same study also analyzed postprandial
insulin after the consumption of the product, obtaining
differences only in the mixture of pinto bean and corn.
Another parameter that was determined was satiety
after the consumption of the different formulations,
without finding significant differences.

In short, the combination of pulses-corn in in vitro
studies has been observed to reduce the release of
glucose (Rico et al., 2021; Wani et al., 2021; Hardacre
et al., 2006). Extrusion at high temperatures (130 °C)

EXTRUDED

Extrusion
increase
antioxidant
activity

ANTIOXIDANT

ACTIVITY

Pulses
increase
total
polyphenol

also reduces IG (Rico et al.,, 2021). And in in vivo
studies, only the chickpea and pinto bean have reduced
glucose levels. In conclusion, there are few in vitro IG
studies, such as in vivo. Therefore, it is necessary to
study further the effect of the incorporation of pulses
in combination with corn in extruded snacks.

Natabirwa et al. (2020) studied how an optimized
snack containing 82.03% beans, 10% corn, and 2.97%
OFSP (orange-fleshed sweet potato) contributed to the
recommended daily intake of protein, fiber, and iron
for children aged 4 to 8 years, reaching 42.9, 19.3
and 12.1% of the RDI for protein, iron, and zinc,
respectively.

Conclusion

The incorporation of pulses is a good option to
improve the nutritional profile of puff snacks as
reviewed in this article, due to the increase of protein,
fiber, minerals, and the reduction of carbohydrates. At
the same time, it notoriously affects the technological
and sensory characteristics of the product, which can
be minimized by adjusting certain parameters during
extrusion, but it may still affect the acceptability of
the product to consumers. As far as health studies are
concerned, most of them use in vitro methodologies,
which suggest certain benefits associated with the
reduction of anti-nutritional compounds, antioxidant
activity, and glycaemic index, but which need to be
confirmed by in vivo studies.
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