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Abstract

Currently, there is a high consumption of snack foods worldwide, suggesting the improvement of their nutritional/nu-
traceutical properties by adding raw materials rich in bioactive compounds. This work aimed to study the impact of the
processing stages on phenolic and amino acid profiles and the antioxidant properties of extruded snack foods by adding
Citrus mitis by-products and milk powder. The color parameter C*, phytochemical, and antioxidant properties of four
formulations were evaluated in the processing stages: unprocessed mixture (PS1), extruded pellets (PS2), and micro-
wave-expanded products (PS3). The statistical analysis was performed using an unifactorial design with three levels (PS1,
PS2, and PS3), evaluating four formulations (F1-F4) and a commercial product (COM). The mean values of the response
variables were compared using the Fisher test (p < 0.05). Color parameter C* increased in PS3 concerning the PS2 and PS1
processing stages. Total flavonoid content (TFC), hydroxyl radical scavenging activity (HRSA), and inhibition of human
LDL oxidation (ILDLox) decreased in PS2 regarding PS1. Likewise, TFC decreased in PS3 regarding PS2, whereas HRSA
and ILDLox increased. PS3 exhibited higher TFC, HRSA, and ILDLox values in all formulations regarding commercial
snack foods. Sixteen phenolic acids, nine flavonoids, and a hydroxy acid were identified in free and bound extracts by
UPLC coupled to ESI-MS. The amino acid profile was affected by processing, and Lysine showed the lowest stability. The
microwave-expanded snack foods had acceptable sensory properties evaluated by consumers, and adding raw materials
rich in phytochemical compounds and high-quality proteins enhanced their nutraceutical/nutritional properties.
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Introduction

Snack foods have become a crucial part of the daily diet in
communities of all ages and social strata. Nonetheless, their
high consumption can increase the likelihood of becom-
ing overweight or obese and the risk of developing chron-
ic diseases. Consequently, the demand for healthy and
high-quality snack foods is growing (Maetens et al. 2017).
Some of the most accepted and consumed snack foods
are extruded snacks (directly or indirectly expanded). In-
directly expanded snack foods or third-generation snacks
are high-density products with high storage stability. These
snack foods can be expanded by frying in hot oil, puffing
with hot air, or microwave heating (Panak-Balenti¢ et al.
2018). The expansion using microwave heating may have an
advantage regarding deep oil frying, giving lower-fat snack
foods (Glimiisay and Seker 2021). Commercial snack foods
generally are based on corn, wheat, or rice starch. Snack
foods are considered low nutritional quality due to their
high energy density and poor nutrient content (junk food).
However, to obtain healthy snacks has been recommended
the addition of raw materials rich in bioactive compounds
and dietary fiber, such as whole yellow corn (Zea mays L.),
Citrus mitis B. fruit, as well as high-quality protein materi-
als, such as milk powder (Ruiz-Armenta et al. 2019).
Diversifying methods for analyzing antioxidant activity
in foods is imperative due to the varied mechanisms by
which antioxidants function, including radical scaveng-
ing, hydrogen peroxide or hydroperoxide decomposition,
transition metal ion sequestration, and active prooxidant
quenching (Alam et al. 2013). DPPH and ABTS are the
most popular colorimetric methods. However, anoth-
er method that can be used is the deoxyribose method,
which involves inhibiting the formation of hydroxyl rad-
icals (OH"). These radicals have the potential to cause
significant biological harm, including cell death, muta-
tion, and the development of cancer. Another important
method for evaluating the antioxidant capacity in vivo
is the inhibition of low-density lipoproteins (LDL). Free
radicals commonly oxidize LDL, and these triggered re-
actions change its structure and functions (Rahman et al.
2015). Chronically elevated LDL cholesterol levels and
oxidative modification of LDL are the principal causes
of atherosclerotic plaque formation. Atherosclerosis is a
progressive disease that consists of the thickening of the
arterial wall due to the deposit of cholesterol, mainly LDL,
causing a reduction in blood flow (Kiokias et al. 2018).
The extrusion process is widely used to produce snack
foods and can have different effects on the content of bio-
active compounds and antioxidant activity. Brennan et al.
(2011) reported that the extrusion process variables can
positively or negatively influence the content of phenolic
compounds and antioxidant activity. A decrease in the
content of phenolic compounds can occur due to the de-
carboxylation of phenolic acids during the extrusion pro-
cess because of factors such as temperature and moisture.
Likewise, an increase in phenolic compounds due to the
extrusion process has been reported (Zielinski et al. 2001;
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Brennan et al. 2011) since this process can release phe-
nolic acids such as ferulic acid from cell walls, which can
increase the antioxidant capacity. Currently, very little in-
formation has been found in the literature on determining
the antioxidant activity in the different processing stages
to obtain indirectly expanded snacks. Likewise, the amino
acid content, inhibition of hydroxyl radicals (OH") forma-
tion, and inhibition of LDL oxidation in the different pro-
cessing stages for the production of snacks have not been
reported. Therefore, this investigation aimed to study the
impact of the processing (extrusion and microwave heat-
ing) on the phenolic profile and antioxidants of healthy,
indirectly expanded snack foods produced from whole
yellow corn and Citrus mitis by-products. In addition,
these products were compared with a commercial snack
to determine the nutritional improvement achieved.

Materials and methods
Raw materials

The raw materials used for the production of indirectly ex-
panded snack foods were corn starch (IMSA, S.A. de C.V,
Mexico), whole yellow-corn (Zea mays L.) grains (SACSA
S.A. de C.V,, Navolato, Mexico), dehydrated Citrus mi-
tis by-products (peels and segment walls), and skimmed
milk powder (Wyeth, S. de RL. de C.V.). The whole yel-
low-corn grains and dehydrated Citrus mitis by-products
were ground individually (hammer-mill, Pulvex, model
200, Mexico City, Mexico) and sieved to obtain prod-
ucts with a particle size <420 pm. The raw materials were
mixed using different concentrations to obtain four for-
mulations (F1, F2, F3, and F4).

Snack foods production

Four formulations were made with corn starch (CS),
whole yellow-corn flour (YF), Citrus mitis by-product
flour (CM), and skimmed milk powder (SMP) in the
first processing stage (unprocessed mixtures (PS1)). The
first formulation (F1) contains CS and YF (60:40). The
second formulation (F2) was performed with CS, YE
and CM (55.19:36.79:8.02). The third formulation (F3)
is composed of CS, YF, CM, and SMP (56.40:37.60:6.0),
and the fourth formulation has CS, YF and SMP
(51.59:34.39:8.02). Each PS1 was subjected to the extru-
sion process using the following barrel temperatures (BT):
food zone = 75 °C, central zone = 125 °C, molding zone =
75 °C. Likewise, the feed moisture was 23 g of water/100 g
of sample, and the screw speed was 75 rpm. A single screw
(1:1 ratio) laboratory extruder (Brabender 20DN, model
8-235-00, O-HG Brabender, Duisburg, Germany) with a
rectangular die (20 mm wide, 1.0 mm high, 100 mm long)
was employed to obtain the extruded pellets (PS2) of 3 cm
long that subsequently were dehydrated at 25 °C for 72 h.
Finally, the extruded pellets were expanded by microwave
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heating (MS1149CS model, LG, Mexico, at 1450 W and
2450 MHz) for 20 s to obtain the expanded snacks (PS3)
and analyzed (Ruiz-Armenta et al. 2019). Fig. 1 shows
the different processing stages used to produce the snack
foods. Additionally, the four snack formulations were
compared with a commercial product (COM) based on
potato starch (Comercializadora Viridiana, S.A. de C.V,,
Jiutepec, Mexico) in its third processing stage (EXP). The
criteria for selecting the commercial snack were the type
of snack (pellet) and the shape (rectangular) of the prod-
uct because no pellets with the addition of raw materials
rich in bioactive compounds were found.

Color parameters (C* h*)

The chroma (C*) and hue angle (h*) color parameters
were measured with a tristimulus colorimeter (Minolta,
CR-210, Tokyo, Japan). The samples were ground to a par-
ticle size <250 pum and subsequently placed in 5 cm diam-
eter Petri dishes, taking three equidistant measurements.
Five replicates were made per treatment.

Phenolic extraction
This extraction was performed according to Adom and

Liu (2002). The free fraction (FF) was extracted using eth-
anol solution (80 mL/100 mL), followed by centrifugation

(3000 xg/10 °C/ 10 min) and concentration (40 °C). The
concentrate was dried using an oven and reconstituted
using 2 mL of methanol solution (50 mL/100 mL). Like-
wise, the residue was used to obtain the bound fraction
(BF) using digestion with NaOH and neutralization with
HCL After that, hexane was added, and centrifugation
(3000 xg/10 °C/ 10 min) was carried out, eliminating the
supernatant. Ethyl acetate was added, and the extracted
compounds were reconstituted with 2 mL of methanol
solution (50 mL/100 mL) to determine the bound phe-
nolic compounds. The FF and BF extracts were used to
measure the flavonoid and phenolic compounds content
and the antioxidant activity of samples. Three replicates
were made per treatment.

Flavonoids content (FC)

The total flavonoid determination was performed by mix-
ing the methanolic extract (FF and BF), distilled water, and
NaNO, (5g/100mL). Later, AICI, (10g/100 mL) and NaOH
1M were added. The absorbance was read at 510 nm (UV-
GENESYS model 10, Series AQ7-2H7G229001, Thermo
Electron Scientific Instruments LLC, Madison, Wiscon-
sin, USA), and the results were expressed as mg quercetin
equivalents (QE)/g sample dry basis (db). The total flavo-
noid content was calculated through the sum of the two
fractions (FF and BF) (Dewanto et al. 2002). Three repeti-
tions were made per treatment.

First production stage (PS1): Obtention of different formulations

Moisture conditioning

£

Fa

P o

Unprocessed mixture

Second production stage (PS2): Extrusion process

A
Raw materials
B
Unprocessed
mixture
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Third production stage (PS3): Microwave heating

- -0
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Figure 1. Processing stages to obtain indirectly expanded snack foods and their respective products. (A) first produc-
tion stage = unprocessed mixture (PS1), (B) second production stage = extruded pellet (PS2), (C) third production

stage = expanded snack (PS3).
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Identification of phenolic compounds by UPLC-
DAD-ESI-MS

An aliquot of 10 pL of each extract (free and bound
fractions) was injected into an UPLC-DAD system
(ACCELA, Thermo Fisher Scientific Inc., Waltham,
MA) connected to an LTQ XL mass spectrometer
(Thermo Scientific, Waltham, MA). The separation
was performed in a C, column (3 pm, 50 x 2.1 mm)
(Fortis Technologies Ltd., Neston, Cheshire, United
Kingdom). The mobile phase consisted of acidified wa-
ter by formic acid (solvent A, 1 mL/100 mL) and ace-
tonitrile (solvent B), following a linear gradient from
0.5 to 60% (60 mL/100 mL) of B for 40 min to 0.2 mL/
min. The detection was recorded at 280, 320, and 350
nm. The mass spectrometer system was equipped with
an electrospray interface (ESI) operating in negative
and positive ionization modes, with a capillary voltage
and temperature of 35 V and 300 °C, respectively. A
software Xcalibur 2.2 (Thermo Fisher Scientific Inc.,
Waltham, MA) in full-scan mode was used within the
range of m/z 110-2000. The identification of phenol-
ic compounds was based on retention time and mass
spectra data. The peaks were identified by comparing
the obtained information with available data reported
in the literature (Quintero-Soto et al. 2018).

Hydroxyl radical scavenging activity (HRSA)

The hydroxyl radical (OH") scavenging through the deox-
yribose degradation assay was evaluated (Gamboa-Gomez
et al. 2016). A mixture of deoxyribose (28 mM), FeCl,
(0.1 mM), ethylenediaminetetraacetic acid (0.1 mM),
H,0, (10 mM), ascorbic acid (1 mM) and the sample
(1 mg/mL) in phosphate buffer (50 mM, pH 7.4) solution,
were incubated for 1 hour at 37 °C. Subsequently, trichlo-
roacetic acid (2.8 g/ 100 mL) and thiobarbituric acid
(1 g/100 mL) were added. The reactions were mixed and
heated in a water bath at 95 °C for 20 min. Three replicates
were made per treatment. The organic phase was read at
532 nm. HRSA was calculated as the inhibition (%) of OH
radicals using the following equation:

Acontrol - Asample

%HRSA = x 100 (1)

A control

Inhibition of human low-density lipoprotein oxi-
dation (ILDLox)

The low-density lipoproteins (LDL) were precipitated
from human blood plasma using a kit (HDL cholester-
ol P-precipitating reagent, SPINREACT brand, Girona,
Spain). The oxidation catalyzed by copper (25 mM/L)
was evaluated by incubating the materials at 37 °C/3 h.
The number of peroxides was evaluated using the thio-
barbituric acid method (Gamboa-Gomez et al. 2016).
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The absorbance was read at 532 nm, and the ILDLox was
expressed as a percentage. Three repetitions were made
per treatment. The inhibition was calculated using the
following equation:

Acontrol - Asample

%ILDLox = x 100 (2)

A control

Essential amino acid profile

This analysis was performed on two production stages
(unprocessed mixture (PS1) and expanded product (PS3))
obtained in the third formulation (F3). MME-AA-01 and
MME-AA-02 ion-exchange chromatography and MME-
AA-03 visible ultraviolet spectrophotometry were used
(Morales-De Ledn et al. 2005).

Sensory analysis

The sensory acceptability of snacks (PS3) from the for-
mulations F3 and F4 was evaluated at a room tempera-
ture of 25 + 2 °C under normal lighting conditions using
a 9-point hedonic scale, where (1 = I dislike extremely,
2 =1 dislike a lot, 3 = I dislike moderately, 4 = I dislike
slightly, 5 = I do not like or dislike, 6 = I like slightly,
7 =1 like moderately, 8 = I like a lot, and 9 = I like ex-
tremely) (Lim 2011). A total of 180 untrained panelists
were selected to evaluate the snack foods. The main
criteria for selection were that participants were over
17 years old and enjoyed consuming snack foods. All
panelists were instructed to observe, smell, and taste
each snack food. They were asked to fill out a question-
naire evaluating the impact of the nutritional informa-
tion of the snack foods on their overall acceptance and
acceptance by evaluating the sensory attributes of color,
flavor, and texture. Each evaluation questionnaire in-
cluded a section for panelists to provide observations
on each formulation (F3, F4, COM).

Statistical analysis

The statistical analysis was carried out in two parts. An
unifactorial experimental design where the factor was
the processing stage to obtain the indirectly expanded
snack foods, and its three levels were the unprocessed
mixture (PS1), extruded pellet (PS2), and expanded
product (PS3) was used in the first part of the study.
Likewise, an unifactorial design with five levels was
used in the second part of the study. The factor was the
type of expanded snack food, and the levels were the
formulations F1, F2, F3, F4, and a commercial product
(COM). The means comparisons were performed with
the Fisher test (LSD, p < 0.05) using the Design Ex-
pert 7.0 statistical software. Pearson correlations were
performed using Statistica 7.0 software (Statsoft, Tulsa,
OK, USA).
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Results and discussion

Raw materials

The raw materials that presented the highest content of flavo-
noids and antioxidant activity were Citrus mitis by-products
flour and whole yellow-corn flour. The Citrus mitis by-prod-
uct flour presented the highest values for the color parameter
C* (37.51 £ 0.82) and total flavonoids (2.00 = 0.18 mg QE/g
sample db), where the free fraction (FF) exhibited the main
flavonoid content (1.98 + 0.18 mg QE/g sample db), as well a
high OH" radical inhibition (HRSA, FF = 41.82 +2.90%, and
in bound fraction (BF)=31.82 + 1.09%) and inhibition of hu-
man low-density lipoprotein oxidation (ILDLox, FF = 59.31
+ 3.17%, and BF = 32.17 + 2.15%). On the other hand, a val-
ue of color parameter C* of 24.70 + 1.91 was found in whole
yellow corn flour. Also, in this raw material, the bound frac-
tion (BF) presented the highest total flavonoid content (0.94
+ 0.09 mg QE/g sample db) and antioxidant activity (50.27
+ 2.42% HRSA and 64.85 + 4.02% ILDLox). Adom and Liu
(2002) found similar behavior, observing a high correlation
between total antioxidant activity, total phenolic compounds,
and total flavonoids in cereals (oat, wheat, rice, and corn). In
that work, the authors reported that the FF contributed 13%,
and the BF contributed 87% of the total antioxidant activity.
Also, the above authors mention that in whole grains, bound
phenolics are associated with cell wall compounds that may
resist gastrointestinal digestion and reach the colon. Colonic
digestion, by intestinal microflora, of such materials may lib-
erate the bulk of bound phytochemicals.

Color parameters

Formulations F2 (C*= 45.78 + 0.39, h*= 94.57 + 0.24) and
F3 displayed a more pronounced yellow-orange hue on PS3
(C*=46.75 £ 0.85, h*= 93.73 + 0.15), contrasting with the
lighter yellow appearance of formulations F1 (C*= 31.01 *
0.19, h*=99.35 + 0.25) and F4 (C*=27.52 + 0.77, h*=88.01
+ 0.38). While the commercial product presented values of
C*=20.05£0.21 and h*=86.34 + 0.25) (Fig. 2). This disparity
in color intensity likely stems from inherent variations in the
raw materials utilized. Starch and powdered milk have light
colors (white-beige), yellow-corn flour has a light-yellow
color, and Citrus mitis by-product flour has a yellow-orange
color. C* quantifies color saturation, where higher values
indicate increased color intensity perceptible to the human
eye. The h* parameter denotes specific color differences rela-
tive to a gray reference with equal luminosity. An angle of 0°
or 360° signifies a red hue, while hues of yellow, green, and
blue correspond to angles of 90°, 180°, and 270°, respectively.

Flavonoids content (FC)

Flavonoids are polyphenolic compounds found in fruits,
vegetables, and cereals. Consuming flavonoid-rich foods
and nutraceuticals has been linked to various health
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Figure 2. Color parameters C* (A) and hue (B) as an effect
of the different processing stages (PS1 = unprocessed
mixture, PS2 = extruded pellet, and PS3 = expanded
snack) of indirectly expanded snack foods. o< Different
letters between processing stages show a significant
difference (LSD, p < 0.05).

benefits. People who consume foods rich in these com-
pounds have been observed to have a lower incidence
of diseases such as diabetes, cancer, inflammation, and
neurodegeneration. These benefits are attributed to the
antioxidant, antimicrobial, and antiviral properties of
flavonoids, and their ability to neutralize free radicals
and inhibit crucial enzymes (Safe et al. 2021). The World
Health Organization (WHO) recommends consuming
antioxidant-rich foods as a preventative measure against
chronic diseases. Nonetheless, no official guidelines
specify the types, number, or daily amounts of antiox-
idants required (Poljsak et al. 2021). F2 and F3 exhibit-
ed the highest values for the FC (Fig. 3A). These results
could be because flavonoids and phenolic acids are the
most abundant polyphenols in citrus by-products, such
as Citrus mitis. Flavonoids are mainly present in the peel
as aglycones or glycosides (C- or O-glycosides), the lat-
ter being the dominant form. In addition, the flavonoid
content (free flavonoid fraction and total flavonoids (TF))
decreased in PS2 regarding PS1, mainly in F2 and F3. This
effect correlates significantly with the content of free (r
= 0.85, p < 0.01) and total (r = 0.75, p < 0.01) phenolic
compounds reported in a previous study (Ruiz-Armenta
et al. 2019). The decarboxylation, decomposition, or de-
polymerization of these phytochemical compounds can
be carried out by the high temperatures and shear during
the extrusion process (Xu et al. 2016). The behavior and
total flavonoid values presented by the F2 and F3 (with

Emirates Journal of Food and Agriculture
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Figure 3. Flavonoids content (free, bound, and total fractions) (A), hydroxyl radical scavenging activity (free and
bound fractions) (B), and inhibition of human LDL oxidation (free and bound fractions) (C) as an effect of the
different processing stages for the production of indirectly expanded snack foods (PS1 = unprocessed mixture, PS2
= extruded pellet, and PS3 = expanded snack). @< Different letters between processing stages show a significant

difference (LSD, p < 0.05).

Citrus mitis by-products) are similar to the obtained in the
work of Wani et al. (2021), who reported that the extru-
sion cooking reduced the values of total flavonoid content
from 1003 + 13 to 802 + 9 ug catechin equivalents/g in
snack foods enriched with a multi-component mixture
of cereals and legumes, attributing this reduction to heat
damage in the flavonoid compounds. Patil et al. (2016) ob-
served a significant decrease (p < 0.05) in the total flavo-
noid content when finger millet and sorghum flours were
subjected to the extrusion process. The non-extruded
materials presented values of 214.67 mg quercetin equiv-
alents (QE)/100 g (db.) and 21.18 mg QE/100 g (db.) for
finger millet and sorghum flour, respectively. However, the
extrusion process decreased the total flavonoid values to
110.39 and 8.75 mg QE/100 g (db.) in finger millet and
sorghum, respectively. The authors attribute this decrease
to the sensitivity of flavonoids to heat, highlighting that
their thermal stability depends on several factors, such as
the nature of the matrix, the type of processing, and the
temperatures applied. Also, the bound flavonoids fraction
(BFF) increased in PS2 regarding PS1. Also, disrupting the
cell walls by the thermomechanical extrusion process can
improve the extraction of BFE. Moreover, TF decreased
in PS3 regarding PS2. According to Routray and Orsat
(2012), using high microwave power values could raise the
temperature of the product, causing damage to food com-
ponents such as flavonoid compounds. Nonetheless, in
stage PS3, all formulations (F1, F2, F3, and F4) presented
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higher significantly values (p < 0.05, LSD = 0.05) of TF
(0.55 +0.05, 1.09 + 0.03, 1.25 + 0.03, 0.38 + 0.02 mg QE/g
sample db, respectively) concerning the commercial prod-
uct (COM, 0.32 £ 0.02 mg QE/g sample db).

Hydroxyl Radical Scavenging Activity (HRSA)

The OH™ radical neutralization in living systems has
important health benefits and is crucial to survival. The
neutralization is desirable due to its high reactivity and
can occur in materials with high antioxidant activity, such
as flavonoids. The OH" is the most reactive free radical
formed in the body, with an estimated production of 50
per second per cell. It is considered the most damaging
free radical species, as it attacks any molecule in its imme-
diate proximity (Martemucci et al. 2022).

The OH" radical can react with an extensive gamma
of molecules in living cells, such as sugars, lipids, amino
acids, and nucleotides. The OH™ radicals formation may
occur in diverse ways. The Fenton reaction is the prima-
ry mechanism in vivo. A transition metal participates as a
prooxidant in the catalyzed decomposition of superoxide
and hydrogen peroxide (Hsu et al. 2006).

In all formulations (F1, F2, F3, and F4), the stage PS1
(free fraction (FF) and bound fraction (BF)) presented
high values of HRSA (Fig. 3B). Likewise, the HRSA (FF
and BF) values decreased in PS2 concerning PS1, except in
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formulations F2 and F4 of FE, where no significant differ-
ence was presented. Also, a tendency to increase the HRSA
values (FF and BF) in stage PS3 concerning PS2 was pre-
sented. No significant difference between PS3 and PS1 was
found, except for F2 (BF). The reduction of HRSA in PS2
concerning PS1 could be because the extrusion process de-
graded the phenolic compounds through decarboxylation
reactions since they are heat-labile (Wani and Kumar 2016).
The HRSA values presented in the present study in the ex-
truded product (PS2) of different formulations for BF and
FF are in the range of the HRSA values (15.14%-83.56%)
reported by Qiao et al. (2021) in extruded products, who
observed that the extrusion process increased (p < 0.05)
the HRSA values compared to non-extruded (10.74%-—
61.34%) sweet potato residues at all concentrations an-
alyzed (p < 0.05). Likewise, the HRSA values obtained in
the present study in PS2 were higher than the values ob-
tained by Wang et al. (2020), who observed a significant in-
crease (p < 0.05) in the HRSA values (from 5.3% to 15.9%)
when they subjected wheat bran to the extrusion process.
According to these authors, the increase in HRSA could
be due to the content of phenolic acids and soluble dietary
fiber provided by the bran. Rocha-Guzman et al. (2012)
found the highest HRSA values in the treatments that pre-
sented higher content of yellow corn and high extrusion
temperature in snack foods based on yellow-corn flour
and Cehualca pumpkin flour. The authors attributed this
behavior to the high content of yellow-corn flour, its phyto-
chemical composition (highlighting the presence of ferulic
acid), and its higher radical scavenging capacity. Also, the
increase in HRSA of FF in PS3 concerning PS2 can be relat-
ed to the content of phenolic compounds (phenolic acids,
flavonoids) (Ruiz-Armenta et al. 2019), where the micro-
wave treatment could have liberated phenolic compounds,
causing an increase in antioxidant activity. The liberation
of phenolic compounds could be due to the applied micro-
wave power and the residence time inside the microwave
oven. Also, thermal treatments such as microwave heating
could increase the content of bound phenolics since pheno-
lic compounds can form complexes with proteins and fiber,
increasing the HRSA of BE Hence, the extruded snacks (F1,
F2, F3, and F4) at the different processing stages (PS1, PS2,
PS3) recorded high values of HRSA (>20%). All expanded
snacks (PS3) presented higher significant values of HRSA
(p <0.05,LSD = 3.9 in free fraction and LSD = 4.5 in bound
fraction) than the commercial product (COM, <5%).

Determination of the biological effect inhibi-
tion of human low-density lipoprotein oxidation
(ILDLox)

Cardiovascular diseases (atherosclerosis and its acute cor-
onary syndromes) rank among the leading causes of death
worldwide. However, these diseases can be prevented by
adopting a healthy lifestyle (WHO 2020) and consuming a
diet with high levels of antioxidants. According to Gasec-
ka et al. (2021), LDLox are derived particles of circulating

LDL with peroxides or their degradation products linked
with the LDL particle. LDLox has pro-thrombotic proper-
ties and plays a key role in atherosclerosis due to acts on
diverse cells such as endothelial cells, macrophages, plate-
lets, fibroblasts, and smooth muscle cells. Atherosclerosis
and its acute coronary syndromes are among the leading
causes of death worldwide. Therefore, searching for alter-
natives for inhibiting human low-density lipoproteins ox-
idation is essential. The intake of snack foods with antioxi-
dant compounds that inhibit LDLox may suggest that they
are health-promoting foods since the snacks typically con-
tain high amounts of salt and fat. Values >35% of ILDLox
were obtained in all treatments (Fig. 3C). Moreover, >40%
of ILDLox were found in the PS3 stage in both extracts
(FF and BF). The ILDLox decreased in PS2 regarding PS1
(FF and BF). This behavior coincides with the results ob-
tained in HRSA. It has been reported that phenolic acids
subjected to high temperature and moisture contents can
be degraded through decarboxylation (Buitimea-Canttia
et al. 2018). The extrusion process can induce structural
changes in phenolic compounds for the different param-
eters of extrusion (temperature, shear inside the barrel,
pressure, etc.) (Ruiz-Armenta et al. 2019). The lowest
ILDLox values (38-42%) were found in PS2 (BF). Also,
significant differences were found between PS1 and PS3,
except for F2 in the BE. The increase in ILDLox in the PS3
products could be because the electromagnetic radiation
emitted by the microwave oven when the snacks were
expanded caused a release of the phenolic compounds
(phenolic acids or flavonoids) from the matrix where they
were located and, therefore, an increased antioxidant ac-
tivity (ILDLox), by elevating the radical trapping action.
The antioxidant activity depends on the concentration
and bioactive compound structure. A structure/function
relationship could exist among the several fractions/con-
stituents linked to the flavonoid three-ring system and
their effect on LDL oxidation (LDLox). Hydroxycinnamic
acid derivatives, such as ferulic acid, highly present in ce-
reals such as corn, are efficient against Cu**-induced LDL
peroxidation since molecules containing ortho-dihydrox-
yl or 4-hydro-3-methoxyl groups have significantly higher
antioxidant activity (Cheng et al. 2007). Also, in the FE, no
significant differences (p > 0.05, LSD = 1.7) were found
in all the PS3 samples, whereas the F2 in the BF obtained
the highest ILDLox (57.9 + 1.41%). All snacks in the stage
F3 showed higher ILDLox (p > 0.05, LSD = 1.7) than the
commercial product (COM, <1.7%).

The ILDLox values obtained in the present study in the
extruded product (PS2) of different formulations for BF
are similar to the values reported by Castro-Montoya et al.
(2024) in extruded gluten-free pasta using broken rice and
nopal flour as raw materials, while the values obtained in
PS2 for FF were slightly lower. The difference in values
may be due to the raw materials and the type of process-
ing used for their production. In the work mentioned
above, the higher values were obtained at high extrusion
temperatures and nopal flour content. The results were
attributed to the phenolic compounds content, such as
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acid phenolics and flavonoids mainly provided by nopal
flour, which were released by the extrusion temperatures,
increasing the antioxidant activity (ILDLox). Rocha-Guz-
man et al. (2012) reported a significant inhibition of LD-
Lox in indirectly expanded snacks, attributed to the high
pumpkin content and elevated extrusion temperatures.
The authors linked these findings to the presence of gallic
acid and catechin. Moreno-Jiménez et al. (2015) identified
several bean varieties with solid potential to inhibit LD-
Lox, particularly noting that the Black 8025 variety could
achieve 50% inhibition at extract concentrations below
1000 ppm. Based on the results obtained for flavonoid
content and antioxidant capacity (HRSA and ILDLox),
along with findings from a previous study (Ruiz-Armenta
et al. 2019) where the formulations F3 and F4 presented
high expansion values, dietary fiber, and phenolic com-
pounds, were identified the specific phenolic compounds
present in snack foods for F3 and F4, and evaluated the
sensory acceptability of these products.

Phenolic compounds profile

Two samples were selected to evaluate the phenolic pro-
file. Formulations 3 and 4 were chosen due to their high
content of phenolic compounds and their physical and
physicochemical properties, which were like commercial
products, as observed in a previous study (Ruiz-Armenta
etal. 2019). The results revealed the presence of a wide va-
riety of bioactive compounds, highlighting the richness of
the phenolic profile of the extruded snacks enriched with
Citrus mitis and yellow corn by-products. Sixteen phenolic
acids, nine flavonoids, and a hydroxy acid were identified
in free and bound extracts by UPLC coupled to ESI-MS.
Table 1 shows the retention time, fragmentation patterns,
fragment descriptions, identified phenolic compounds,
and their classification. Among the identified phenolic
acids, thirteen were categorized as hydroxycinnamic ac-
ids (caffeoyl hexose I, caffeoyl-hexose II, caffeoylquin-
ic acid hexoside, chlorogenic acid, caffeoyl-hexose III,
p-coumaric acid, ferulic acid hexoside, ferulic acid,
isoferulic acid, diferulic acid, hydrotriferulic acid (cyclic),
caffeoyl-hexose-deoxyhexose, hydrodiferulic acid). Also,
the remaining three phenolic compounds belonged to the
hydroxybenzoic acids (cafteic acid, syringic acid hexoside,
and syringic acid). Likewise, the flavonoids identified
were two flavones (5-hydroxy-penta-methoxy-flavone I
and tangeretin), one flavonol (Rutin), and six flavanones
(Neoeriocitrin I, Neoeriocitrin II, Narirutin, Naringenin
hexoside I, Hesperidin, Naringenin hexoside II). Some
of the characteristic fragments of phenolic acids includ-
ed m/z 193 [M-H]" for ferulic acid, m/z 179 [M-H]" for
caffeic acid, m/z 271 [M-H]~ for naringenin, m/z 303 [M-
H]" for hesperidin, and m/z 609 [M-H]~ for rutin, con-
firming their presence. The compounds isoferulic acid,
rutin, 5-hydroxy-penta-methoxy-flavone I, and tangere-
tin (peaks 13, 18, 22, and 25, respectively) were present
in F3 but absent or in lower proportions in F4. In F3, the
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predominant phenolic compound was naringenin hexo-
side I, while in F4, ferulic acid predominated (Fig. 4). Rao
etal. (2017) reported that naringenin has antioxidant, an-
ti-inflammatory, and DNA repair properties. They found
a reduction in DNA damage by the hydroxyl radical by
24% at a concentration of 80 mM in 24 hours. At the same
time, ferulic acid exhibits antioxidative, anti-inflammato-
ry, antifibrotic, and vascular endothelial protective effects
(Li et al. 2021).

Significant changes in phenolic compounds were ob-
served after the extrusion process and microwave heating.
In F3, when the unprocessed mixture (PS1) underwent
extrusion process (PS2), new peaks (21, 23, and 26) ap-
peared in the chromatograms, which were absent in PSI.
Also, the microwave heating to obtain the expanded prod-
uct (PS3) further increased the area of these peaks (Fig. 5).
The compounds corresponding to these peaks were dife-
rulic acid, hydrotriferulic acid (cyclic), and hydrodiferulic
acid. Zeng et al. (2016) reported significant changes in the
content of various phenolic acids following extrusion pro-
cessing. According to the authors, phenolic acids bound
to cell walls, such as ferulic acid, can be converted into
free phenolic acids during thermal processing, facilitat-
ing their extraction. p-Coumaric acid, ferulic acid, nar-
ingenin hexoside II, and diferulic acid were consistently
detected across all processing stages in both formulations,
F3 and F4, albeit in varying proportions. Whereas ferulic
acid hexoside, 5-hydroxy-penta-methoxy-flavone I, and
tangeretin were exclusively found in the Citrus mitis-con-
taining product (F3), manifesting in differing proportions
across various processing stages. Different phenolic com-
pounds have been identified in citrus fruits. Moulehi et
al. (2012) reported the presence of diverse flavonoids in
unripe and ripe mandarin, among which are naringin,
hesperidin, catechin, quercetin, kaempferol, as well as
gallic, vanillic, rosmarinic, p-coumaric acid, among oth-
ers. Lou et al. (2014) found naringin, hesperidin, nobi-
letin, tangeretin, diosmin, and 3’5’-di-C-B-glucopyrano-
sylphloretin in Citrus mitis. Also, in cereals such as maize,
the mainly reported phenolic compounds are ferulic and
p-coumaric acids (Zili¢ et al. 2012). In addition, Gaxio-
la-Cuevas et al. (2017) reported that the main phenolic
acids found in pigmented corn were p-hydroxybenzoic,
vanillic, syringic, p-coumaric, sinapic, and ferulic. There-
fore, it is convenient to add Citrus mitis by-products in the
production of snack foods due to the wide variety of phe-
nolic compounds with antioxidant potential that provide
these by-products.

Sensory analysis

The sensory properties of foods are crucial since they in-
dicate their acceptability by consumers. This study evalu-
ated the impact of information on the overall acceptance
of snack foods. When the snacks were evaluated without
providing prior nutritional information to participants, F3
demonstrated an overall acceptance of 67%, F4 exhibited
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Table 1. Phenolic compounds identified in methanol extracts of indirectly expanded snack foods (F3 and F4) using
UPLC-DAD-ESIMS.

No. (I;lei) Fragment ion Fragment description CI::E:::L Compound type Reference

1 11.13 179 [180-H] Deprotonated molecular ion Caffeic acid Hydroxybenzoicacid ~ (Quintero-Soto et al. 2022)
135 [180-H-44]" Loss of a CO, molecule

2 12.03 341 [342-H] Deprotonated molecular ion Caffeoyl Hydroxycinnamic acid  (Pineda-Hidalgo et al. 2022)
179 [342-H-162]" Loss of a hexose hexose 1
135 [342-H-162-44] Loss of a CO, molecule

3 133 137[138-H]" Deprotonated molecular ion Salicylic acid beta-hydroxy acids  (Pineda-Hidalgo et al. 2022)
93 [138-H-44]" Loss of a CO, molecule

4 13.8  341([342-H]" Deprotonated molecular ion Caffeoyl- Hydroxycinnamic acid ~ (Pineda-Hidalgo et al. 2022)
179 [342-H-162]" Loss of a hexose hexose Il
135 [342-H-162-44]" Loss of a CO, molecule

5 14.71 515 [516-H]" Deprotonated molecular ion Caffeoylquinic Hydroxycinnamicacid ~(Barraza-Elenes et al. 2019)
353 [516-H-162]" Loss of a hexose acid hexoside
191 [516-H-162-162]" Loss of remains of a caffeoyl molecule

6 1519 353 [354-H]" Deprotonated molecular ion Chlorogenic ~ Hydroxycinnamicacid ~ (Simirgiotis et al. 2015)
191 [354-H-162]" Loss of remains of a caffeoyl molecule acid

7 17.06 359 [360-H]~ Deprotonated molecular ion Syringicacid ~ Hydroxybenzoicacid ~ (Félix-Medina et al. 2021)
197 [360-H-162]" Loss of a hexose hexoside

8 17.77 197 [198-H]" Deprotonated molecular ion Syringicacid ~ Hydroxybenzoic acid (Wang et al. 2022)
153 [198-H-44]" Loss of a CO, molecule

9 18.28 341 [342-H]" Deprotonated molecular ion Caffeoyl- Hydroxycinnamicacid =~ (Pineda-Hidalgo et al. 2022)
179 [342-H-162]" Loss of a hexose hexose III
135 [342-H-162-44]" Loss of a CO, molecule

10 23.06 163 [164-H]" Deprotonated molecular ion p-Coumaric ~ Hydroxycinnamicacid (Barraza-Elenes et al. 2019)
119 [164-H-44]" Loss of a CO, molecule acid

11 2518 355(356-H]" Deprotonated molecular ion Ferulicacid ~ Hydroxycinnamic acid (Ramirez et al. 2020)
193 [356-H-162]" Loss of a hexose hexoside
149 [356-H-162-44]" Loss of a CO, molecule

12 2582 193 [356-H]" Deprotonated molecular ion Ferulicacid ~ Hydroxycinnamic acid ~ (Barraza-Elenes et al. 2019)
149 [356-H-44]" Loss of a CO, molecule

13 2624 193 [356-H]" Deprotonated molecular ion Isoferulicacid ~Hydroxycinnamicacid ~ (Barraza-Elenes et al. 2019)
149 [356-H-44]" Loss of a CO, molecule

14 27.11 595 [596-H]" Deprotonated molecular ion Neoeriocitrin I Flavanone (Xu et al. 2022)
433 [596-H-162]~ Loss of a hexose
283 [596-H-162-150]" Loss of remains of a hexose molecule

15 27.74 595 [596-H]" Deprotonated molecular ion Neoeriocitrin Flavanone (Xu et al. 2022)
433 [596-H-162]" Loss of a hexose 1
283 [596-H-162-150]" Loss of remains of a hexose molecule

16 2855 579 [580-H]" Deprotonated molecular ion Narirutin Flavanone (Xu et al. 2022)
271 [580-H-308]" Loss of a rutinoside group
151 [580-H-308-157]" Derived from the retro Diels-Alder mechanism

17 2899 433 [434-H]" Deprotonated molecular ion Naringenin Flavanone (Xu et al. 2022)
271 [580-H-162]" Loss of a hexose hexoside I
151 [580-H-308-157]" Derived from the retro Diels-Alder mechanism

18 2999 609 [610-H] Deprotonated molecular ion Rutin Flavonol (Ramirez et al. 2020)
301 [610-H-308]" Loss of a rutinoside group
151 [580-H-308-150]" Derived from the retro Diels-Alder mechanism

19  30.68 609 [610-H]" Deprotonated molecular ion Hesperidin Flavanone (Taamalli et al. 2015)
301 [609-H-308]" Loss of a rutinoside group

20 3216 433 [434-H]" Deprotonated molecular ion Naringenin Flavanone (Xu et al. 2022)
271 [580-H-162]" Loss of a hexose hexoside IT
151 [580-H-308-157]" Derived from the retro Diels-Alder mechanism

21 32.89 385([386-H]" Deprotonated molecular ion Diferulic Acid Hydroxycinnamic acid ~ (Félix-Medina et al. 2021)
193 [356-H-192]" Loss of remains of a ferulic acid molecule
149 [356-H-192-44]" Loss of a CO, molecule

22 337  389([390-H] Deprotonated molecular ion 5-hydroxy- Flavone (Xu et al. 2022)
371 [390-H-18]" Loss of a H,0 molecule penta-
353 [390-H-18-18]" Loss of a H,O molecule ‘:1‘:‘?0’2’?1

193 [390-H-18-18-32-32-32-32-32]"

Loss of five methoxyl groups

Emirates Journal of Food and Agriculture
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T
No. (iin) Fragment ion

Fragment description

Identified

Reference
compound

Compound type

23 344  577[578-HJ

401 [578-H-192-44]"

Deprotonated molecular ion

a CO, molecule
342 [578-H-192-44-44-15]"
144 [578-H-192-44-44-15-198]"
487 [488-H]~
341 [488-H-146]"
179 [342-H-162]"
371 [372-H]
353 [372-H-18]°
225 [372-H-18-32-32-32-32]"
197 [372-H-18-32-32-32-32-28]"
385 [386-H]"
193 [386-H-192]"
134 [386-H-192-44-15]

24 3624 Deprotonated molecular ion
Loss of a hexose

25 3735 Deprotonated molecular ion
Loss of a H,0 molecule

Loss of four methoxyl groups
Loss of a carbonyl

26 384 Deprotonated molecular ion

Loss of remains of a ferulic acid molecule and

Loss of residues of a deoxy-hexose

Loss of remains of a ferulic acid molecule

Hydrotriferulic Hydroxycinnamic acid (Ramirez et al. 2020)

acid (Cyclic)

Loss of a CO, molecule and a methyl

Loss of remains of a hydroferulic acid molecule

Caffeoyl-
hexose-

Hydroxycinnamic acid (Chen et al. 2012)

deoxyhexose

Tangeretin Flavone (Wang et al. 2022)

Hydrodiferulic Hydroxycinnamic acid
acid

(Ramirez et al. 2020)

Loss of a CO, molecule and a methyl
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Figure 4. Representative UPLC chromatograms for the phenolic compounds content in the free (A) and bound
(B) phytochemical fractions of indirectly expanded snack foods in PS3 obtained from formulation F3 (corn starch,
whole yellow-corn flour, Citrus mitis by-products, skimmed milk powder) and formulation F4 (corn starch, whole

yellow-corn flour, skimmed milk powder).

an overall acceptance of 54%, and the commercial prod-
uct (COM) had an overall acceptance of 72%. However,
when participants were presented with detailed informa-
tion on the nutritional and antioxidant content of each
formulation, F3 showed an 83% acceptance, F4 had 77%,
and the commercial product (COM) reached an overall
acceptance of 90%. For the flavor attribute, when infor-
mation about the nutritional and antioxidant properties
of the snack foods was not given to the panelists, accepta-
bility values of 63%, 45%, and 71% were obtained for F3,
F4, and COM, respectively. Nevertheless, the acceptability
values in the snacks increased to 67% in F3, 61% in F4,
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and 83% in COM when nutritional information of the for-
mulation was supplied to the participants. Likewise, for
the color attribute, the snacks evaluated without provid-
ing prior nutritional information to evaluators presented
acceptability values of 67%, 59%, and 66% for F3, F4, and
COM, respectively. Nonetheless, the acceptability values
for the color attribute were higher (82% in F3, 77% in F4,
and 80% in COM) in snacks where the nutritional infor-
mation was given to the panelists. Furthermore, for the
texture attribute, the snack foods evaluated by panelists
without providing prior nutritional information showed
acceptability values of 80%, 66%, and 82% for F3, F4, and
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Figure 5. Profile of the phenolic compounds in the free
phytochemical fraction in the different processing
stages for the production of indirectly expanded snack
foods (PS1 = unprocessed mixture, PS2 = extruded pel-
let, and PS3 = expanded snack) in formulation F3 (corn
starch, whole yellow-corn flour, Citrus mitis by-products,
skimmed milk powder).

COM, respectively. However, elevated acceptability values
for the texture attribute were obtained (87% in F3, 87% in
F4, and 89% in COM) when the nutritional information
was supplied to the evaluators. These results highlight the
significant influence (p < 0.01) of nutritional and antioxi-
dant information on the overall acceptance of snacks. Par-
ticipants demonstrated a greater preference for F3, F4, and
COM when provided detailed information about their
nutritional and antioxidant profiles, indicating a greater
appreciation for products that offer better health benefits.
Regarding flavor and texture attributes, the snacks from
treatments F3 and F4 presented acceptable values by the
panelists; however, these values were lower than those ob-
tained by COM. This behavior could be because commer-
cial products may present artificial flavorings, improving
their flavor properties. However, extruded foods must
conserve their natural taste and reduce the addition of fla-
vorings to diminish public health problems such as obesi-
ty (Dos Santos et al. 2019). Also, the high acceptance val-
ues for the color attribute in F3 concerning F4 and COM

were attributed to the attractive orange-yellow coloration
presented by the Citrus mitis by-products. The overall ac-
ceptance of the snacks (PS3) obtained with the formula-
tions F3 and F4, as well as a COM, was reported in a previ-
ous study (Ruiz-Armenta et al. 2019). In the treatment F3,
around 65% of the panelists indicated a degree of accept-
ance from the hedonic scale 5. Also, approximately 75%
of the panelists choose values >5 for the F4 snack. The de-
gree of acceptance of the F4 formulation was close to that
obtained in the commercial product, where nearly 80% of
the panelists indicated acceptance values >5. These results
were deemed positive due to the high amounts of anti-
oxidant compounds and dietary fiber provided by Citrus
mitis by-products. A study conducted by Delgado-Nieblas
et al. (2017) reported that including Citrus mitis by-prod-
ucts in the production of extruded breakfast cereals from
a mixture of wheat-bran, oat-bran, and yellow-corn-grits
improved the sensory qualities of color and texture com-
pared to a control product that did not contain Citrus
mitis. Additionally, including these by-products did not
significantly affect the overall acceptance of the product.

Essential amino acids (aa)

Amino acids are essential for human nutrition and health.
These organic compounds are regarded as the fundamen-
tal building blocks of life because they are the structural
units of proteins (Lépez and Mohiuddin 2024). Amino ac-
ids have functions in broad physiological processes, such
as cell signaling, genetic expression, DNA synthesis, and
immune response. The adequate intake of amino acids is
essential for health since it leads to the proper function-
ing of tissues and organic systems, and their insufficient
consumption is associated with numerous disorders (Ryan
et al. 2021). The protein content in extruded products de-
pends on the quality and quantity of raw material used and
exhibits considerable variation during processing (Sahoo
et al. 2022). Histidine (His), isoleucine (Ile), leucine (Leu),
lysine (Lys), methionine (Met), phenylalanine (Phe), thre-
onine (Thr), tryptophan (Trp), and valine (Val) are identi-
fied as essential amino acids due to the inability of human
and mammalian cells to synthesize them. Consequently,
these amino acids must be obtained through dietary in-
take. The changes in the essential amino acids content
were evaluated, considering only the unprocessed mixture
(PS1) and the expanded snack (PS3) for F3 due to the qual-
ity characteristics (Ruiz-Armenta et al. 2019) and content
of phytochemicals and antioxidants observed in this for-
mulation, to know the nutritional contribution in the final
product, ready for consumption. Table 2 shows the content
of essential aa of the treatment F3 in the processing stages
PS1 and PS3. According to FAO (2011), PS1 satisfies the
daily requirement established for older children, adoles-
cents, and adults. When the unprocessed mixture (PS1)
was subjected to the extrusion process (PS2) and subse-
quently to microwave heating (PS3), pronounced chang-
es in the aa profile were found. In stage PS3, the values
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Table 2. Essential amino acids content and daily intake re-
quirements (F3) in the processing stages (PS1and PS3).

F3
Amino acid PS1 PS3 FAO*
mg/g Chemical mg/g Chemical
protein Score protein score
Histidine (His) 44.82 280.13 39.7 248.13 16.0
Isoleucine (Ile) 32.61 108.70 20.11 67.03 30.0
Leucine (Leu) 132.47 217.16 92.8 152.13 61.0
Lysine (Lys) 79.09 164.77 36.48 76.00 48.0
Methionine (Met) 24.14 104.96 17.38 75.57 23.0
Threonine (Thr) 44.79 179.16 29.75 119.00 25.0
Valine (Val) 48.19 120.48 30.39 75.98 40.0
Phenylalanine (Phe) 53.61 130.76 36.82 89.80 41.0
Tryptophan (Trp) 14.10 213.64 10.45 158.33 6.6

*Daily requirements of amino acids (mg/g protein) for older children, adolescents,
and adults according to FAO (2011); F3 = corn starch, whole yellow-corn flour,
Citrus mitis by-products, skimmed milk powder; PS1 = unprocessed mixture; PS3
= expanded snack.

obtained for Ile, Lys, Met, Val, and Phe were lower than
the daily requirements of amino acids for older children,
adolescents, and adults, according to FAO (2011). Lys pre-
sented the lowest stability during processing (46% reten-
tion). Similar results were reported by Ilo and Berghofer
(2003) (Lys’ retentions of 51-89%) in extruded corn grits.
The lysine e-amino group has been considered the prin-
cipal reactant in the Maillard reaction. Also, the starch
and protein degradation during the extrusion process fa-
vors browning reactions due to the exposure of reactive
sites (Mauron 1990). Therefore, a higher concentration of
skimmed milk powder in F3 is suggested to obtain snack
foods with higher protein quality and a better nutritional
contribution. Roman-Gutiérrez et al. (2021) produced bar-
ley/corn snacks and observed that the concentrations of
serine, glycine, histidine, threonine, methionine, cysteine,
isoleucine, and leucine increased significantly (p < 0.05)
after the extrusion process. According to these authors, the
protein structure is modified during the extrusion process,
and the intermolecular disulfide bonds and the hydrogen
bonds are broken, generating a higher protein degradation
that allows more amino acids to be available. Sahoo et al.
(2022) found that the addition of bean powder increased
the content of lysine, leucine, isoleucine, cysteine, threo-
nine, tyrosine, and methionine in corn-based snacks. Like-
wise, they observed a decrease in glutamate, serine, gly-
cine, arginine, alanine, valine, and phenylalanine.

Conclusions

The different processing stages studied in the production
of indirectly expanded snack foods significantly affected
the different characteristics of the obtained products. Like-
wise, the addition of raw materials with high phytochem-
icals content, such as whole yellow corn flour and Citrus
mitis by-products, as well as the incorporation of skimmed
milk powder in the production of indirectly expanded
snack foods, was an adequate alternative to improve its
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bioactive compounds content and quality protein content,
respectively. The snack foods presented acceptable sen-
sory properties. In addition, processing techniques such
as extrusion and microwave heating can release pheno-
lic compounds, providing higher antioxidant activity and
producing healthy snack foods with high functional po-
tential, presenting better nutritional and functional char-
acteristics than commercial products. The future perspec-
tives of the present study are to perform glycemic index
measurements in persons who consume snack foods due
to the important contribution of dietary fiber provided
by Citrus mitis by-products added to the F3 formulation.
These measurements would demonstrate health benefits
in people who present diabetes disease since it is a pub-
lic health problem in many countries worldwide. Another
perspective is to conduct in vivo tests on the anticholester-
olemic effect of consuming snack foods by adding Citrus
mitis by-products that present possible benefits in reduc-
ing the incidence of cardiovascular diseases.
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