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Abstract

Tigernut (TN) is an underutilized crop with nutritional value that has remained untapped in producing extruded
products. This research aims to establish the favorable extrusion conditions that produce a TN-based nutritive
extruded snack with improved physicochemical characteristics. A collet extruder was used in this comparison
study to examine the effects of formulation (60% TN flour and 40% brown rice [BR] vs. 60% TN flour and 40%
Japonica rice [JR]). The effects of extrusion conditions, such as die temperature (90°C, 100°C, and 110°C) and
screw speed (250, 300, and 350 rpm), on the physicochemical characteristics of extrudates were studied. TN-BR
extrudates produced at 110°C and 350 rpm had the following improved characteristics: protein (6.09-7.33%),
ash (1.40-1.59%), crude fat (7.15-9.90%), crude fiber (2.51-3.92%), reduced hardness (2.35-3.37 N), springiness
(2.30-2.64), chewiness (234.71-256.72 N), bulk density (1.17-2.57 g/cm?), expansion ratio (1.65-2.24), color
(L*: 68.86—74.30), water absorption index (2.69-3.45 g/g), water solubility index (13.95-21.75%), and oil absorp-
tion capacity (23.65-25.64 g/g). Extrudates produced at lower temperatures (90°C and 100°C) and screw speed
(250 and 300 rpm) exhibited lesser surface consistency than the extrudates produced at 110°C and 350 rpm. The
antioxidant activity and the total phenolic content (40.91-49.63 mg gallic acid equivalent/100 g) were improved
significantly. Similar improvements were observed in TN-JR extrudates; however, TN-BR extrudates had better
nutritional value (higher protein: 7.33%, higher ash: 1.59%, and higher antioxidant activity). The results could help
with economic success, food nutrition improvement, and food security by exploiting the underutilized TN crop
for sustainable extruded snacks production.

Keywords: collet extruder; extrusion; sustainable production; Cyperus esculentus; yellow nutsedge

Introduction agricultural produce, especially legumes and grains while

ensuring nutrition, food safety, and sustainability. It is
Extrusion is a state-of-the-art technology that has gained an efficient processing technique that produces foods
prominence in the food processing sector because of its with distinctive textural characteristics (Leonard et al.,
efficiency, versatility, and cost-effectiveness. Extrusion 2020). Extruders are single- or multiple-screw systems,
technology is crucial for improving value addition to with twin-screw systems being the most typical ones
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(Kamau et al., 2020). Extrusion is a critically high-tem-
perature, short-duration technology for manufacturing
fiber-rich foods. Thus a variety of items are derived from
starchy food components, such as breakfast cereals and
snack foods (Leonard et al., 2020). It is a cost-effective
technology for reintroducing food processing byproducts
and residue into the food system (Choton et al., 2020).
Furthermore, it offers nutritious, sustainable, safe, and
economical products, emphasizing specific consumer
demands (Lazou, 2022).

Tigernut (TN; Cyperus esculentus L) is an underexplored
crop of the Cyperaceae family that develops spherical
tubers and rhizomes from the root. It is widely culti-
vated in Nigeria’s central belt and northern areas. TN is
also known as yellow nutsedge, chufa, aya, souchet, ofio,
akiawusa, and mandeln (Bosch et al., 2020). TN flour
possesses abundant oil and considerable protein con-
tent. Since TNs are rich in fibers, natural sugars, pro-
teins, minerals, such as phosphorus and potassium, and
vitamins, such as vitamins E and C, they have long been
acknowledged for their health benefits (Yu et al., 2022). A
dearth of literature has been observed regarding the uti-
lization of TN in gluten-free food formulations. Sotunde
et al. (2021) reported that the combination of African
yam bean (50%), millet (40%), and TN (10%) flour pro-
vided a nutrient-dense extruded breakfast snack rich
in physicochemical and sensory attributes and a cost-
effective source of nutrients. According to Yusuf et al.
(2021), the dakuwa product produced from a mixture of
sorghum, groundnut, and TN in the ratio of 50:20:30 at
a temperature of 90°C and at a screw speed of 150 rpm
was the preferred option among extruded products.
Moreover, it was reported that a combination of lower
groundnut and higher TN content improved the expan-
sion ratio. Gasparre et al. (2020) explored the production
of TN-based snacks and demonstrated that 10% TN in
a rice-based composition was the optimal ratio. In addi-
tion, it was observed that TN enhanced the activity of
antioxidants, proteins, and ash. Owing to the vitamin E
content of TN tubers, their irregular intake is claimed to
enhance male and female fertility (Maduka & Ire, 2018).
Extrusion improved mineral absorption and alleviated
anti-nutritional components in snacks produced with
TN flour and cassava (Adebowale et al., 2017). Therefore,
inclusion of TN in flour formulations has a vital role in
producing nutritious and healthy extruded snacks.

Brown rice (BR; Oryza sativa L.) is a prominent staple
food of many countries, particularly in Asia. BR rep-
resents whole grain, and BR flour is utilized as a main
ingredient in the production of products, considering its
higher concentration of starch, modest flavor, pale color,
and substantial expansion characteristics, resulting in a
more porous texture. BR has been utilized to produce var-
ious products, including extruded snacks. Incorporation

of BR into flour combination resulted in lower hardness
of extrudates while producing ready-to-eat snacks (Chou
& Hsu, 2021). BR is rich in fiber and bioactive phyto-
chemicals, such as total phenolic content (TPC) and anti-
oxidants, which have several health benefits, including
the prevention of chronic illnesses and better glycemic
control (Saleh et al., 2019). Sanusi et al. (2023) studied
the production of composite BR—watermelon seeds-
extruded snacks and reported that extrusion parameters
affected total fiber content (TFC: 1.8-2.11 mg QE/100),
2,2-diphenylpicrylhydrazyl (DPPH: 10.05-14.22%), and
TPC (8.14-10.15 mg gallic acid equivalent [GAE]/g) of
snacks, and these snacks had an intermediate glycemic
index. Fresh BR noodles made from rice bran improved
storage and prevented starch retrogradation during stor-
age, which was advantageous for quality enhancement
during storage at different temperatures (Tian et al.,
2022). Considering the influence of extrusion on BR and
its nutritional value, utilizing BR is of greater significance
in producing composite extruded snacks.

The world’s foremost staple cereal crop is rice (Akhila
et al., 2023). Rice has become an increasingly prevalent
stand-alone food item or a component in food products
because of changes in lifestyle and socioeconomic sta-
tus as well as an increased awareness of their nutritional
value (Itagi et al., 2023). Rice has been utilized as a raw
material for extrusion because of its functional charac-
teristics, affordability, plain flavor, appealing white color,
and ease of digestion. Furthermore, it is the most suit-
able raw material for producing various byproducts as
well as novel cereal-based snacks because of its appear-
ance, hypo-allergenicity, mild taste, and desirable pro-
cessing properties (Dalbhagat et al., 2019; Sandrin et al.,
2018; Yagc1r & Gogiis, 2008). The incorporation of rice
improved both physical and chemical characteristics of
extrudates, and rice flour exhibited superior digestibility
following extrusion (Lai et al., 2023). Since starch is a key
structure-forming component during the extrusion pro-
cess, rice’s relatively higher starch content may improve
the formation of a desirable and crispy expanded struc-
ture (Nikinmaa et al, 2023). Considering the versatility
of rice (Oryza sativa subsp. Japonica), it is imperative to
incorporate rice in the flour formulations of extruded
snacks.

In particular, previous studies on the extrusion process
have not focused on a comparative study for produc-
ing TN-based extrudate in combination with TN-BR
and TN-Japonica rice (JR), notably its impact on evolv-
ing quality characteristics. The findings of this research
could enhance food security by encouraging the sustain-
able production of high-quality nutritious snacks. This
research aimed to establish the extrusion conditions,
such as die temperature and screw speed, for the sus-
tainable extrusion process of TN-BR and TN-JR, and to
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compare and evaluate the physicochemical properties of
produced extrudates.

Materials and Methodology

Tigernut tubers were procured from Tigernut Traders
Co. Ltd. (L'Eliana, Spain). BR and JR were obtained from
Sin Lin Feng Rice Husking Factory & Co. Ltd (Chiayi,
Taiwan). Procured chemicals, such as gallic acid (Echo
Chemical Co. Ltd., Miaoli, Taiwan), Folin—Ciocalteu
phenol reagent (Uni-Onward Corp., New Taipei City,
Taiwan), sodium carbonate (Echo Chemical Co. Ltd,,
Miaoli, Taiwan), and DPPH (Uni-Onward Corp., New
Taipei City, Taiwan), were of analytical grade.

Preparation of raw materials for extrusion

Tigernut tubers were meticulously sorted manually to
remove any undesirable contaminants prior to being
washed in clean water. The tubers were subsequently
rinsed in fresh water-filled containers. The washed tubers
were dried in an oven at 50°C for 3 h to remove mois-
ture. Dry tubers were powdered using a laboratory-based
grinder (RT-04; Mill Powder Tech Solution, Tainan,
Taiwan). Following this, TN flour was encased in a poly-
ethylene bag and stored at a cool and dry place for fur-
ther evaluation. The raw material composition of TN
(60%) and BR (40%) was homogeneously combined as
stated in Table 1. Similarly, BR replaced JR (40%) to mix
with TN (60%) for comparative study. The composition
and extrusion conditions were selected based on a pre-
liminary study.

Experiment design

The extrusion conditions of control samples, as shown
in Table 1, were based on preliminary trials, in which
extrudates produced from both TN-BR and TN-JR dis-
played a better appearance and left the die without sig-
nificant damage. The prepared composite raw materials
of TN-BR and TN-JR were extruded separately at desig-
nated constant extrusion parameters, notably at a screw
speed of 250, 300, and 350 rpm and a die temperature of
90°C, 100°C, and 110°C. Three levels of variations of both
variables (die temperature and screw speed) resulted in
nine treatments, as shown in Table 1.

Extrusion process
A laboratory scale collet extruder (SDR-1S; Seng Din

Industrial Co. Ltd., Taiwan) was used for extrusion.
Diverse cereals were blended using this extruder to
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Table 1. Experimental design.
Treatments TN-BR Die temperature Screw speed
or (°C) (rpm)
TN-JR (%)
T1 (control) 100 100 350
T2 60:40 110 350
T3 60:40 110 300
T4 60:40 110 250
T5 60:40 100 350
T6 60:40 100 300
T7 60:40 100 250
T8 60:40 90 350
T9 60:40 90 300
T10 60:40 90 250

Note: BR=brown rice; JR=japonica rice; TN=tigernut.

produce various snacks. The prevalent engine-type,
single-screw extruder was expended due to its rapid pro-
duction capacity. The prepared composite raw materials
of TN-BR and TN-JR were extruded separately at chosen
constant extrusion conditions, as shown in Table 1 and
Figure 1. Four holes of the die were opened during the
initiation (assembling the machine) of the extruder. The
moisture content of the sample was 12%. Prior to pre-
liminary trials, the extruder was set to the required die
temperature and screw speed, and allowed to run until
stabilized. The system was in a steady state if there was
no discernible drift in the torque or pressure of the die.
The composite raw material was poured into a hopper.
The feed rate was set to 300 g/min. As the screw moved
lower down the barrel during extrusion, it kneaded the
powder into a semi-solid material. Extrudates were even-
tually driven through one limited opening at a narrow
end and collected. Subsequently, the extrudates were
dried in an air-convection oven for 3 h. Following cool-
ing, the dried extrudates were wrapped in zip-lock bags
and stored at an ambient temperature until further eval-
uation. The physicochemical characteristics, as shown in
Figure 1, were evaluated.

Determination of physicochemical characteristics

Proximate composition

The moisture content, crude protein, ash, and crude fat
of extrudates were estimated by Association of Official
Analytical Chemists (AOAC (2005) methods of analysis,
and the crude fiber content was evaluated by the method
adopted by Umoh and Iwe (2022).

Texture profile analysis
The method followed by Kadiri et al. (2020) was
amended to assess the hardness, springiness, and

Quality Assurance and Safety of Crops & Foods 16 (1)



Kalahal SP et al.

Brown rice 40% &
Tigernut flour 60% or
Japonica rice 40% &

Tigernut flour 60%

Die temperature (°C): 90, 100, 110
Screw speed (rpm): 250, 300, 350
Die hole: 4
Feed rate (g/min): 300

Physicochemical characteristics

.

Proximate analysis (moisture, ash
protein, crude fiber, crude fat)
Texture profile analysis (hardness,
chewiness, springiness)

Bulk density

Expansion ratio

Color

Microstructure by scanning electron
microscope

Total phenolic content

Antioxidant activity by DPPH,
reductive potential estimation,
phosphomolybdate method assay
Water absorption index

Water solubility index

Qil absorption capacity
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Figure 1.

chewiness of extrudates by using an Instron Universal
Testing Instrument (model 5564; Instron Co., OH,
USA) installed with a 50-N load cell. In all, 15 replica-
tions of each extrudate sample were analyzed. The sam-
ple height was 22 mm, and the speed was 50 mm/min.
The peak force required to cause 60% deformation and
compression at a head speed of 50 mm was evaluated.
The amount of force needed to cut an extrudate sample
with a double press was observed. The test instrument
was connected to a computer, which produced the data
gathered throughout each series of readings. The physical
and expansion characteristics of extrudates were crucial,
especially for consumer acceptance. It is a unique charac-
teristic of extruded snacks to have a puffed consistency.

Extrusion

h

Extrudates

Drying Oven 50°C for 3 hours

Packing & analysis

Statistical analysis

Extrudate production flow chart from composite raw materials, such as TN-BR or TN-JR.

Bulk density

The bulk density was measured using the volumetric dis-
placement method by following the Hussain et al. (2022)
method with minor modifications. A 500-mL measuring
cylinder was filled with sea sand. A measured quantity
of extrudates was put into the cylinder at random, and
the filling process involved many shakes of the container.
A 1-L container was used for larger extrudates. For each
treatment, the mean of three measurements was noted.
Bulk density was calculated using Equation (1):

Sample weight (g)
. 3\
Bulk Density (g/cm”) = Total volume of sand with ()

sample (cmg) - 100(cm3 )
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Expansion ratio

Expansion ratio was evaluated by complying the method
used by Preethi et al. (2021). The diameter of 30 ran-
dom extrudates was measured by using a digital caliper.
Following this, the expansion ratio was calculated using
Equation (2):

. . Average diameter of extrudate (cm)
Expansion ratio =

Die diameter (cm)

2)

Color

The color of powdered extrudates was evaluated using
a ColorQuest (Hunter-Lab, Reston, VA, USA) colorim-
eter, working with xenon lamp illumination and an 8°
angle as described by Allai et al. (2022). Prior to taking
assessments, the instrument was set up against a refer-
ence white tile. Every sample was analyzed for five times
after being crunched into a fine powder. The respective
values of L* (whiteness/darkness), a* (redness), and b*
(yellowness) were averaged to describe the color. Chroma
(C*) and hue angle (H°) were expressed as mentioned by
Phothisoot et al. (2023). The hue angle was denoted by
the H° coordinate, and the chroma was expressed by the
C* coordinate. Equations (3) and (4) were used to esti-
mate C*and H°, respectively:

= J(a? + %) 3)
He° = tan™! (b—*J (4)
a

where C* is the chroma, H° is the hue angle, a*is the red-
ness, and b* is the yellowness.

Microstructure by scanning electron microscope (SEM)

The microstructure of extrudates was assessed by SEM
(S-3000N; Hitachi, Tokyo, Japan). Extrudates were des-
iccated for a night prior to analysis and positioned on a
sticky tape fitted to a stub of rectangular aluminum spec-
imen. Following the gold—palladium coating, the samples
were observed, and pictures were captured with an SEM
at a magnification of 500x and an acceleration potential
of 15.0 kV.

Total phenolic content

Total phenolic content was calculated as stated by
Gavahian and Ratchaneesiripap (2022), with minor mod-
ifications. The extrudate samples were crunched into
powder and the solution was extracted using methanol;
400 pL of sample extract was added with 300 pL of Folin—
Ciocalteau reagent. Following this, 300 pL of Na,CO, was
added after 5 min and placed in the dark at a room
temperature for 30 min. A spectrophotometer (Epoch;
BioTek Instruments Co. Ltd., Taipei, Taiwan) was used to
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measure absorbance at 760 nm. Gallic acid was used for
generating a standard calibration curve, and the results
were expressed as mg GAE/100 g.

Antioxidant activity

DPPH free-radical scavenging ability

The DPPH methodology was used to estimate the
free-radical scavenging ability of the samples obtained
(Xu et al., 2022). In brief, 500 pL of filtered supernatants
and 500 pL of DPPH solution were mixed. The solution
must be kept in the dark at room temperature for 30 min
to avoid light. Following this, an ultraviolet (UV)-visible
spectrophotometer (Epoch; BioTek Instruments) was
used to measure absorbance at 517 nm. Equation (5) was
used to calculate DPPH free-radical scavenging:

Absorbance

DPPH free radical _
scavenging activity ~

T T sample 11009 (5)
Absorbancey, i

Reductive potential estimation

The potential of antioxidants to convert ferric ions [Fe?']
to ferrous [Fe?*] ions is the basis of ferric reductive anti-
oxidant capacity. The process serves as an assessment for
the donation of electrons function, which is an indicator
of the antioxidant capacity of polyphenols (Khiya et al.,
2021). According to the approach described by Rakesh
et al. (2021), the reduction potential of extrudates was
determined with minor modifications. The extrudate
samples were crushed into powder and the solution was
extracted using methanol. A total of 300-uL methanol
extract was mixed with phosphate buffer (0.2 M, pH 6.6)
and 300-uL 1% potassium ferricyanide (K,[Fe(CN),])
was mixed and vortexed. The solution was incubated at
50°C for 20 min in a hot water bath and cooled at room
temperature. Thereafter, 300-uL of 10% trichloroace-
tic acid (TCA) was added and vortexed. Subsequently,
250-pL distilled water and 250-pL FeCl, were added and
vortexed. A spectrophotometer (Epoch; BioTek
Instruments) was utilized to determine absorbance at
700 nm. Ascorbic acid was utilized as a standard, and
methanol was used as a blank.

Phosphomolybdate method assay

The phosphomolybdate approach, also known as the
total antioxidant capability procedure, relies on the
reduction of molybdenum (Mo [VI]), which exists as
molybdate ions, to generate a green phosphate complex
at an acidic pH (Khiya et al., 2021). According to the
approach followed by Rakesh et al. (2021), the antiox-
idant activity of extrudate samples was assessed using
the phosphomolybdate procedure. In the beginning,
equivalent amounts of 28-mM sodium phosphate,
0.6-M sulfuric acid, and 4-mM ammonium molybdate
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were mixed to make phosphomolybdate solution.
Following this, 100-pL extract was transferred into a
clean Eppendorf tube with 1 mL of phosphomolybdate
solution. The mixture was incubated at 85°C for 90 min
in a hot water bath. Subsequently, it was allowed to
cool at ambient temperature. The absorbance value was
determined at 695 nm using a spectrophotometer
(Epoch; BioTek Instruments). Ascorbic acid was utilized
as a standard.

Water Absorption Index (WAI) and Water Solubility

Index (WSI)

With minor modifications, WAI and WSI were calculated
using the approach adopted by Yadav KC et al. (2021).
In brief, 3 g of extrudate sample was crunched into a
fine powder and mixed with 50 mL of distilled water in
weighed centrifuge tubes. The samples were centrifuged
at 1,800xg for 15 min after 30 min of settling. To com-
pute WSI, the supernatant was poured into a drying plate
and dried at 105°C until a constant weight was reached.
The weight of dried solids from the supernatant was
divided by the initial weight of the sample to determine
WSI. The ratio of the residue to the sample weight was
used to express WAL Equations (6) and (7) were used to
determine WAI and WSI, respectively:

X5-X2
WAI(g/g)= 22=X2 6
(6/8)= "3 ®)

WSI (%) = 22— XL 100% 7)

where X1 is the weight of aluminum plate (g), X2 is the
weight of dry centrifuge tube (g), X3 is the sample weight
(g), X4 is the weight of aluminum plate + residue (g), and
X5 is the weight of residue + centrifuge tube (g).

Oil absorption capacity (OAC)

The oil absorption capacity of a food item indicates
the amount of oil associated with a matrix in a specific
food system, and it could be used as an indicator of food
hydrophobicity. The approach stated by Singh et al
(2023) was used to evaluate OAC. In all, 10-mL soy-
abean oil was transferred into a centrifuge tube, already
weighed with 1 g of sample. Following centrifugation
at 4,000xg for 20 min, the tube was left stationary for
15 min but shaken at every 5 min throughout that period.
Following the removal of the supernatant, the solution
was decanted and weight of the retrieved gel was noted.
Three replicates for each sample were measured. OAC
was calculated using Equation (8):

Weight of the gel obtained

after removal of supernant
OAC = \4 p (8) ®)
Weight of the sample (g)

Statistical analysis

Experimental data were first sorted by Excel 365 (Office
365, Microsoft Taiwan Co.). The sorted data were pro-
cessed by the statistical software SPSS (Windows V9 1;
SPSS Institute Inc., Cary, NC, USA) using one-way
ANOVA for the variance analysis of experimental fac-
tors; comparison of mean values was done with Duncan’s
multiple range test (P < 0.05).

Results and Discussion
Proximate composition of extrudates

Moisture

Treatment T1 (control) had a moisture level of 5.37%
whereas extrudates produced from TN-BR exhibited
moisture content ranging from 4.03% to 4.84% (Table 2).
Results from TN-JR extrudates displayed a similar pat-
tern. The moisture of T1 (control) was 6.56% whereas
the moisture of extrudates ranged from 4.11% to 6.02%
(Table 2). The major parameter correlated with this char-
acteristic was the screw speed. At lower screw speed (250
rpm), there was a higher inflow of special mechanical
energy, indicating higher flow resistance. As a result, the
melt die temperature of the in-process paste within the
extruder was increased, indicating that internal mois-
ture was eliminated more frequently at the time of dis-
charge of the sample from the extruder. This was in line
with the observations made by Sandrin et al. (2018). The
study further revealed (as shown in Table 2) that extru-
dates produced at higher die temperatures (110°C) had
lower moisture content than those produced at lower die
temperatures (90°C). The low moisture content of prod-
ucts is related to water evaporation during the extrusion
process. The findings indicated that feed formulation,
higher melt temperature (110°C), and die pressures were
associated with lower extrudate moisture levels, which
were congruent with the results reported by Yunusa
et al. (2022). It was observed that moisture content was
reduced upon extrusion; however, it had significant dif-
ferences (P< 0.05) among the treatments, compared to
T1 (control), as shown in Table 2. The extrudates con-
taining low moisture levels might extend the shelf-life.

Protein

Treatment T1 (control) had a protein content of 9.18%,
while extrudates produced from TN-BR had a protein
content ranging from 6.09% to 7.33% (Table 2). When the
die temperature was lowered, the protein composition of
extrudates decreased dramatically. Extrudates generated
from TN-JR were shown to produce results with a sim-
ilar pattern. T1 (control) had a protein content of 6.08%,
while that of extrudates ranged from 5.32% to 6.66%
(Table 2).
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Average values with identical superscripts in the same column differ significantly (P < 0.05).

JR: Japonica rice; BR: brown rice.
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The chosen extrusion factors, in particular die tempera-
ture and screw speed, exhibited a considerable effect
(P<0.05) on the protein content of extrudates. The ther-
mal effect triggered by an increase in die temperature
during the extrusion process could induce protein dena-
turation. Disulfide bonds, hydrogen bonds, and ionic
bonds, maintaining structure of proteins, were disrupted
during extrusion because of shear and friction. This was
in line with the results reported by Wang et al. (2022).
As the die temperature increased to 110°C, the system’s
viscosity decreased, leading to a reduction in shear force
and the extent of protein denaturation, which was con-
gruent with the findings of Yang et al. (2022). Extrusion
slightly increased protein concentration by increasing its
digestibility because of protein denaturation. The out-
comes were consistent with the results demonstrated by
Gasparre et al. (2020), wherein the protein content of TN
and rice extrudate improved from 5.34% to 6.30%. The
results indicated that TN-BR-derived extrudates under
an extrusion temperature of 110°C and a screw speed of
350 rpm comprised higher protein content (7.33%) than
the extrudates produced from TN-JR (6.66%). Protein is
an essential dietary requirement for health. The acces-
sible disposition of protein in TN-BR extrudates with
higher protein content for human consumption could
play a crucial role in meeting the dietary requirements of
humans.

Ash

The ash content of T1 (control) was 1.37% whereas that
of extrudates produced from TN-BR varied from 1.40%
to 1.59% (Table 2). Screw speed and die temperature
had no significant influence on the ash content of extru-
date samples. The TN-JR extrudates showed contrary
trends. T1 (control) had an ash content of 0.63% whereas
other extrudates had an ash level varying from 1.05% to
1.37% (Table 2). Variations in the ash content of TN-JR
extrudates were statistically significant (P < 0.05). Ash
occurs because of various chemical reactions and struc-
tural changes, particularly the development of complexes
among lipids and amylose during extrusion that gelati-
nized starch. The ash content of extrudates increased with
the increasing die temperature (90—110°C). These find-
ings were in concordance with the findings of developed
cocoyam noodles reported by Sobowale et al. (2021), in
which the higher temperature decreased the amount of
moisture during extrusion and concentrated the available
inorganic matter. The higher ash content (T2: 1.59% as
shown in Table 2) of extrudates indicated that they could
potentially be a better source of mineral elements. The
highest proportion of TN formulation (60%) could explain
an increase in the ash content of extrudates. The uptake
of certain biological macromolecules upon extrusion and
a spike in the yield of dry matter could be the reason for
elevated ash content. Similar outcomes were observed
in the study conducted by Pandiselvam et al. (2019),
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which revealed that the combination of corn flour and
water chestnut flour improved the ash content after
extrusion from 0.74% to 1.93%. According to Jabeen et al.
(2021), the extrusion process enhances the availability of
minerals by deactivating anti-nutritional factors, which
could be responsible for high ash content of developed
extrudates. Altaf et al. (2021) reported that the ash level
of extrudates produced from the rice and chickpea flour
blend was 1.23 g, which was similar to the findings of the
present investigation. The results revealed that extru-
dates generated from TN-BR had higher ash content
(1.59%) than those generated from TN-JR (1.37%) as
shown in Table 2.

Crude fat

As a processing aid for extrusion, fat influences the pal-
atability and lubricating action of snacks in feed. The fat
content of T1 (control) was 2.05% whereas that of extru-
dates produced from TN-BR ranged from 7.15% to 9.90%
(Table 2). Extrudates made from TN-JR were found to
provide results in a similar pattern. The fat content of T1
(control) was 2.04% whereas that of extrudates ranged
from 5.83% to 11.22% (Table 2).

The decreasing pattern of crude fat values was observed
with a decrease in both temperature and screw speed. Fat
disintegrates because of its internal structure, becoming
exposed to the introduction of heat. Lipids disintegrate,
increasing the concentration of lipid molecules within
the resulting solution. Lipids are transformed into liquid
oil, and the oil migration is accelerated by rise in extru-
sion temperature to 110°C. This could be due to the inter-
action between high pressure and shear stress, which
was in line with the observations reported by Dalbhagat
et al. (2019). The findings of the present study indicated
that the crude fat content of extrudates increased upon
extrusion. The higher fat content of extrudates possibly
could be caused by decreased oxidation of unsaturated
fatty acids in TN, as stated by Sobowale et al. (2021).
Increased fat content (7.15%) could also be due to high
fat content in TN and BR (formulation).

The fat content was retained and hindered from escap-
ing because of the gelatinization of starch and the alter-
ation of proteins during the process of thermal extrusion.
All the raw materials examined herein were subjected
to high shear and high temperature conditions during
extrusion, and because of their higher fat content, oil
leakage during extrusion could not take place. This is
similar to results demonstrated by Espinosa-Ramirez
et al. (2021). Following extrusion, the fat content of food
is normally reduced. Certain lipids are also lost in free oil
at the die; however, this only happens with high-fat ingre-
dients. This is in concordance with the findings observed
by Filli (2016). It is well accepted that fat may interact
with starch and proteins during extrusion, resulting in

complexes that decrease the oxidization process of extru-
dates during storage and effectively prolong their shelf-
life, as stated by Wang et al. (2022).

Crude fiber

The crude fiber content of T1 (control) was observed as
1.77% whereas that of extrudates produced from TN-BR
ranged from 2.51% to 3.92% (Table 2). Results from
extrudates produced from TN-JR were discovered to
display a different pattern. The crude fiber content of T1
(control) was observed as 1.31%, whereas that of extru-
dates (TN-JR) ranged from 2.00% to 3.54% (Table 2). The
amount of fiber in the extrudates of TN-JR was observed
to increase with an increase in screw speed. This could
be due to higher crude fiber content and the develop-
ment of resistant starch (retrograded amylose) during
storage.

The development of resistant starch is liable for an appar-
ent rise in the fiber content of extrudates. This is due to
variations that trigger an increase in the quantity of insol-
uble fiber, thus elevating total fiber content. This concurs
with the study conducted by Jabeen et al. (2021). The loss
of fiber content in TN-BR extrudates following the extru-
sion is linked to strong shear processes driven by extru-
sion at high die temperature (110°C), which physically
damages fiber-rich cell walls. Both soluble and insoluble
fibers are constituents of fibers. Soluble dietary fiber can
be formed by the break down of cellulose and hemicellu-
lose, with cellulose being more complex to degrade than
hemicellulose.

The expansion rate is influenced by extrusion. Increased
cellulose levels in flour mixtures minimize expansion
during the process of extrusion, as reported by Wang
et al. (2022). However, a moderate state of extrusion
(lower temperature [<200°C], shorter exposure time,
and higher moisture level) has a minimal impact on the
amount of contained fiber; it might help to redistribute
specific fiber components, as reported by Sobowale et al.
(2021). Since TN flour comprises considerable fiber con-
tent, incorporating it into snacks can help meet nutri-
tional needs for this excellent source. Albors et al. (2016)
and Yu et al. (2022) revealed that including TN substan-
tially enhanced the fat, fiber, and mineral attributes of
pasta. The results indicated that extrudates produced
from TN-BR had more crude fiber content (3.92%) than
those produced from TN-JR (3.54%). The fiber constitu-
ents of an extrudate could be improved by high-tempera-
ture extrusion. According to Forsido et al. (2019), fiber
levels in oats, soybean, and linseed composite extrudates
improved from 3.8% to 4.3%. According to different stud-
ies, consuming plenty of crude fiber reduces the risk of
diet-associated diseases, such as diabetes, colon cancer,
and heart-related issues. Therefore, TN-BR extrudates
could contribute to the human diet.
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Texture profile analysis

Hardness, chewiness, and springiness

Hardness is a characteristic that is frequently assessed
while reviewing food products. This is among the most
significant determining variables for the acceptability of
extrudates for consumption. This variable, which influ-
ences the excessive brittleness of commodities, must
have the lowest values feasible in extruded products
(Mikotajczak & Sobiechowska, 2019). Extrudates pro-
duced from TN-BR had hardness varying from 2.35 N to
3.37 N whereas hardness of T1 (control) was reported as
2.31 N (Table 3). Extrudates produced from TN-JR had
identical results throughout the pattern. T1 (the control)
was found to have a hardness of 1.50 N whereas the hard-
ness of TN-JR extrudates ranged from 2.46 N to 3.18 N
(Table 3).

High die temperature (110°C) and screw speed (350 rpm)
resulted in lower values for hardness as shown in Table 3.
The table illustrates the effect of processing factors on the
hardness of extrudates. It also indicates that the maxi-
mum amount of TN flour (60%) during extrusion could
have increased product hardness (2.35-3.37 N in TN-BR
formulation and 2.46-3.18 N in TN-JR formulation). This
could be associated with the melting viscosity reduc-
ing bubble formation, which resulted in extrudates (TN-
BR) with higher densities and less porosity, eventually
increasing the hardness of extrudate samples, which
was congruent with the observations reported by Yagci
et al. (2020). According to Ackar et al. (2018), incorpo-
rating more fiber of plant origin tends to make a product
harder, because this reduces cell wall thickness, resulting
in their rapid breakdown.

Die temperature and screw speed significantly affected
the extent to which the peak breakage force of an
extrudate was reduced. A higher expansion ratio and
a lower bulk density are associated with declined hard-
ness of extrudates (TN-JR). Melt viscosity is whittled
down, and water vapor pressure is simultaneously
increased with increase in die temperature and screw
speed. The generation of air at the micro-structural
cell level of an extrudate was stimulated by a rise in
vapor pressure, forming a porous and brittle tex-
ture, thus lowering the hardness of TN-JR extrudate.
Similar observations were stated by Gopirajah and
Muthukumarappan (2018). Further, similar results
were reported by Mohamad Mazlan et al. (2019), in
which the hardness values of extrudates declined with
an increase in temperature.

Chewiness describes the energy required to chew food
until it is ready for consumption. Chewiness is deter-
mined by computing hardness with springiness. The
extrudates produced from TN-BR had chewiness values

Innovative tigernut-based extruded nutritional snack

varying from 234.71 N to 256.72 N whereas T1 (control)
was reported to have a chewiness of 205.01 N (Table 3).
The extrudates produced from TN-JR had similar results
throughout the pattern. The T1 (control) of TN-JR was
found to have a chewiness of 126.34 N whereas the
springiness of TN-JR extrudates ranged from 134.93
N to 172.83 N (Table 3). Table 3 demonstrates that the
extrudates’ chewiness and hardness were dramatically
enhanced with decrease in die temperature. A substan-
tial positive association between hardness and chewiness
was observed. This was similar to the previous texture
analysis studies reported by Xie et al. (2023). It also
implied that incorporating higher amount of TN flour
(60%) during extrusion possibly increased extrudates’
chewiness, since variations in melt viscosity resulted in
extrudates with lesser porosity.

The capacity of a food product to spring back follow-
ing an initial deformation is known as springiness.
Springiness shows how well the product returns to its
original structure after the first compression, while resil-
ience describes how well the product regains its original
height. Extrudates have less springiness if they are more
porous or crispier. The extrudates produced from TN-BR
had springiness values varying from 2.30 mm to 2.64 mm
whereas the T1 (control) of TN-BR was reported to have
a springiness of 2.24 mm (Table 3). The extrudates pro-
duced from TN-JR were observed to have similar results
throughout the pattern. The T1 (control) of TN-JR was
found to have a springiness of 2.22 mm whereas the
extrudates produced from TN-JR had a springiness of
2.25-2.46 mm (Table 3).

Springiness decreased with an increase in temperature
(907110°C) and screw speed (250-300 rpm). Lowering
the screw speed, on the other hand, resulted in increased
springiness and chewiness of extrudates. Lower screw
speed (250 rpm) increased the residence time of formu-
lated flour within the extruder barrel, allowing a higher
shearing impact on the melt, resulting in increased cre-
ation of new bonds, and influencing texturization. The
presence of protein, sugar, and fat in flour contributed to
the framework of starch breaking down cell walls, which
resulted in increased porous form because of air cells and
decreased texture characteristics, such as hardness and
springiness. The results aligned with the study conducted
by Zahari et al. (2021).

The extrudates produced at higher temperatures (110°C)
and screw speeds (350 rpm) had a lower bulk density and
higher expansion than other conditions. Considering the
results, die temperature and screw speed are the extrud-
ing process variables that significantly affect texture, par-
ticularly their springiness and chewiness. Chewiness of
extrudates exhibited a similar pattern concerning hard-
ness in a study conducted by Zahari et al. (2021).
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Table 3. Textural and physical characteristics of extrudates.

Expansion ratio

Bulk density (g/cm?)

Texture profile

Treatments

Chewiness (N)

Springiness (mm)

TN-BR
2.24 +0.27¢

Hardness(N)

TN-BR
2.31+0.60°

2.35+ 0.40°

TN-JR
2.88 £0.19°

TN-BR
2.52 £0.08°

TN-JR
0.11 £ 0.01°

0.22 £0.01¢

TN-BR
0.32 £ 0.09¢

TN-JR
126.34 £ 3.02¢

TN-BR
205.01 + 3.35°

TN-JR
2.22+0.13°
2.25+0.13°¢

TN-JR
1.50 £ 0.40°
246 +0.39

T1 (control)

T2

244 £0.19°

224 +£0.09

134.93 + 3.68¢ 1.17 £ 0.15°

234.71 £ 3.40¢

2.30 £ 0.06'

2.76 + 0.543° 2.37 £ 0.07¢ 2.27 £0.10°¢ 234.93 £ 2.92¢ 137.13 £ 3.71¢ 1.26 £ 0.38° 0.25 £0.01¢ 2.21+£0.10° 2.34+0.11°

249 +0.50°

T3

2.77 £ 0.5280 2.44 £ 0.06% 2.30£0.312¢ 235.19 + 3.91¢ 138.04 + 3.15¢ 1.26 £ 0.04° 0.26 £ 0.01° 2.10 £ 0.08° 2.32£0.11¢d
2.97 £ 0.57°

3.18 £ 0.842

T4

1.30 £ 0.09° 0.39+0.01¢ 2.02 +0.08¢ 2.31+0.17¢4

165.15 £ 3.09°

242.06 + 2.84°
245.01 £ 3.86°¢

2.31£0.20%°
2.34 £0.16%°

246 +0.07°*

3.22 £ 0.50°

T5

2.29 £ 0.20%¢

0.47 £ 0.02¢¢ 2.01+0.16¢

2.57 £ 0.04°

166.82 + 2.23%¢

3.11+0.752 2.50 £ 0.06°¢

3.10 £ 0.862

3.27+0.78°

T6

2.25+0.09¢%

0.54 £ 0.07°¢ 1.9140.21¢

247.64 £ 3.47° 167.26 + 2.63°¢ 2.51£0.02°

2.39+0.16%°

2.54 +0.06>¢
2.57 £0.09%°

3.30 £ 0.532

T7

222+0.17¢

0.56 £ 0.06°¢ 1.89 £ 0.05¢

168.06 + 3.83%¢ 1.39 £ 0.25°

247.78 £ 3.15°

245 +0.38°

3.14 £ 0.632

3.07 £ 0.512

T8

212+ 013

1.79 £ 0.06'
1.65 + 0.149

0.59 + 0.113°

1.81+0.01°
2.52 +0.022

2.50 +0.222 255.13 £ 3.332 169.55 + 3.242°

246 £0.113°

2.61+0.05%°
2.64 £0.03°

3.18+0.48°
3.18 £ 0.542

3.36 £ 0.422

T9

0.66 £ 0.05° 2.12 £ 0.08

172.83 £ 3.872

256.72 + 2.57°

3.37 £0.372

T10

Notes: Results are mean values of triplicate determination.

Average values with identical superscripts in the same column differ significantly (P < 0.05).

JR: Japonica rice; BR: brown rice.

Bulk density

Bulk density, which describes expansion across all dimen-
sions, is a puffing intensity indicator. The bulk density
of the T1 (control) of TN-BR was 0.32 g/cm? whereas
extrudates produced from TN-BR had a bulk density
ranging from 1.17 g/cm?to 2.57 g/cm?® (Table 3). Bulk
density of extrudates decreased with an increase in die
temperature. A similar pattern of results was reported
from the extrudates prepared from TN-JR. The bulk
density of T1 (control) was 0.11 g/cm?® whereas TN-JR
extrudates had a bulk density ranging from 0.22 g/cm?to
0.66 g/cm? (Table 3).

Die temperature and screw speed had a substantial effect
(P < 0.05) on the production of extrudates. The lower
the bulk density, the better the extrudates. Higher bulk
density represents a lower expansion ratio. According to
Philipp et al. (2018), die temperature, or melt tempera-
ture, had a considerable effect on the rheological char-
acteristics of extruded melt, which influenced the extent
of expansion, and these observations were similar to
the findings of the present study. The increased screw
speed (350 rpm) tends to decrease the melting viscos-
ity of mixture, resulting in increased elasticity of dough
and lowered density of TN-JR extrudates. In the present
experiment, decrement in the expansion of the extru-
dates produced from TN-BR resulted in increased bulk
density. The formulation of TN-BR (60:40), which is rich
in fat and fiber, could have increased the bulk density
(2.57 g/cm?) of extrudates. High fiber causes break down
of cell walls, thereby preventing adequate expansion of
air bubbles, thereby increasing the bulk density of TN-BR
extrudates. Gasparre et al. (2020) discovered a similar
increase in the bulk density of corn, soybean husk, and
TN composite extrudate from 0.21 g/cm?to 0.65 g/cm?.
According to the findings, TN-JR extrudates had lower
bulk density (0.22-0.66 g/cm?) than that of TN-BR extru-
dates (1.17-2.57 g/cm?), as shown in Table 3.

Expansion ratio

Expansion ratio, an important extrudate attribute, is
defined as the amount of puffing that the extrudate
experiences as it exits the die hole. The expansion ratio
is significantly influenced by the extrusion processing
conditions and the biochemical and physical properties
of raw material. The expansion ratio of T1 (control) was
2.52 whereas the extrudates produced from TN-BR had
an expansion ratio ranging from 1.65 to 2.24 (Table 3). A
similar sequence of results was reported for the extru-
dates produced from TN-JR. The expansion ratio of
T1 (control) was 2.88 whereas TN-JR extrudates had
an expansion ratio ranging from 2.12 to 2.44 (Table 3).
Die temperature and screw speed were discovered to
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have a substantial (P < 0.05) effect on the expansion
ratio during extrudate production. The expansion ratio
of extrudates increased with increasing die tempera-
ture and screw speed. Gelatinization was increased at
a higher temperature (110°C) and was responsible for
improved expansion ratio, which was congruent with
the results reported by Yusuf et al. (2017). The shearing
influence of screw speed, which leads protein molecules
to move outwards, weakens the bonds and produces a
puffed product. The outcome revealed that increased
screw speed (350 rpm) was responsible for increased
puffiness (expansion). The values relied on every com-
ponent of extruded foods, including protein, fat, sugar,
and fiber. This was in concordance with the outcomes
stated by Angelova et al. (2021). The lower expansion
ratio could be due to a higher TN composition ratio,
which comprised higher insoluble fiber and a decrement
of starch during extrusion.

High fiber and fat content and decreased starch con-
tent of TN-BR (60:40) could be responsible for the lower
expansion (1.65) of extrudates. The past investigations
demonstrated that fibers had a stronger ability to bind
water than starch, hence reducing the loss of water on the
die, which directly influenced the expansion of product.
This was similar to the observations made by Ackar et al.
(2018) in their research.

The increased fat content in TN-BR samples could have
diminished the melt viscosity of extruded products,
resulting in reduced die pressure and less expanded
products with higher bulk density. On the other hand,
the extrudates produced from TN-JR exhibited higher

Innovative tigernut-based extruded nutritional snack

expansion, similar to the results stated by Pandiselvam
etal. (2019).

The results of this experiment were in line with previ-
ously reported data. For example, Gasparre et al. (2020)
reported that expansion ratio decreased with the values
ranging from 1.01 to 13.78 when TN flour was mixed
with rice flour and other materials, such as mango
peel and lentil. Maximum expansion ratio (2.24) was
obtained with a die temperature of 110°C and a screw
speed of 350 rpm. The findings suggested that TN-JR-
derived extrudates had a higher expansion ratio (2.44)
than those produced from TN-BR (2.24), as shown
in Table 3. The expansion of extrudates is shown in
Figures 2 and 3.

Color

Color is a key factor determining extrudate quality and
influencing how consumers perceive the product. Change
in color is a reliable indicator of how extrusion cooking
has impacted extrudates. Particularly, L* could be consid-
ered the most appropriate measurement for estimating
browning kinetics. Table 4 provides L*, a* and b*color
measurements of extrudates. The L* values of TN-BR were
found to range between 68.86 and 74.30 whereas values
of a* ranged between 2.31 and 2.89 and that of b* ranged
between 14.94 and 15.96. The sequence of results reported
for TN-JR extrudates was similar. The L* values of TN-JR
extrudates were found to range between 69.89 and 75.44
whereas values of a* ranged between 2.06 and 2.36 and
that of b* ranged between 14.49 and 16.08 (Table 4).

[ T6 (100°C, 300 rpm) | | T7 (100°C, 250 rpm) | | T8 (90°C, 350 rpm) | | T9 (90°C, 300 rpm) | [ T10(90°C, 250 rpm) |

Figure 2. Appearance of the extrudates produced from TN-BR at varius screw speeds and die temperatures.
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[ T4 (110°C, 250 rpm) |

[ T5 (100°C, 350 rpm) |

[ T6 (100°C, 300 rpm) | [ T7 (100°C, 250 rpm) |

[ T8 (90°C, 350 rpm) |

[ T9 (90°C, 300 rpm) | [ T10 (90°C, 250 rpm) |

Figure 3. Appearance of the extrudates produced from TN-JR at various screw speeds and die temperatures.

The production of extrudates was significantly affected
(P < 0.05) by die temperature and screw speed. The mag-
nitude of a* and b* decreased with an increase in die
temperature, resulting in a darker hue. In addition to the
observable effects of inclusion of both TN and BR, the
Maillard reaction caused during extrusion also affected
the process. The Maillard reaction caused color variation,
and the caramelizing reaction affected mobile sugars,
proteins, fat, and amino acids.

Extrusion increases the breakdown of starches to generate
free sugars at high temperatures (110°C) and high shears,
which increase caramelizing reactions. Similar results
were reported by Tangjaidee et al. (2019). Therefore, it
was anticipated that the values of L* increased and that
of a* and b* decreased with an increase in temperature
and screw speed. The existence of flavonoids, phenolics,
and other pigments may cause alteration in L*. Previous
studies conducted by Arivalagan et al. (2018) and Selani
et al. (2014) indicated that phenol compounds and oth-
ers in raw materials were subjected to nonenzymatic
browning enhanced by constituted sugars and pigment
degradation. According to the findings of the studies,
extrudates turned darker with an increase in temperature
to 110°C; however, they had an acceptable color. These
results concurred with the research conducted by Singha
et al. (2018), in which the values of L* ranged from 64.69
to 91.25, and the results illustrated that extrudates were
darkened at higher temperatures.

Chroma refers to color saturation and is closely asso-
ciated with the degree of color brightness. The chroma
values of the extrudates produced from TN-BR ranged

from 15.12 to 16.22 (Table 4), and their hue angle ranged
from 79.79° to 81.22°. The extrudates generated by TN-JR
had a comparable sequence of findings. Chroma values
for TN-JR extrudates ranged from 14.63 to 16.25, and
hue angles ranged from 81.10° to 82.06° (Table 4). The
flour formulation of extrudates increased chroma val-
ues dramatically, compared to the control (T1), which
were 12.86 for T1 (control) of TN-BR and 11.76 for T1
(control) of TN-JR. The quantity of phenolics in extru-
dates explains increased chroma values.

The caramelization of sugars in raw materials during heat-
ing was reflected in an upsurge of colors. Similar obser-
vations were demonstrated in the research conducted by
Arivalagan et al. (2018), which illustrated that chroma
values in coconut haustorium (a byproduct of the coco-
nut processing industry) increased significantly (between
7.56 and 34.6), compared to the control (7.56). The brown-
ing of products occurring throughout the process of
extrusion was apparently induced by reduced L* values
associated with the color and hue transition closer to the
red color exhibited in the studied extrudates. Regarding
the lesser expanded extrudates, the products having an
enhanced expansion ratio were distinguished by decreased
color brightness and smaller variations in chroma and hue
angle values. Similar results were observed in the study
conducted by Tomaszewska-Ciosk and Zdybel (2021).

Microstructure by SEM

An SEM was used to analyze the interior cellular struc-
tures of extrudates. The microstructural characteristics
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He
84.59 +0.312
81.90 £ 0.04°
82.06 + 0.10°
82.05 £ 0.14°
82.05 + 0.46°
82.02 +0.42°
82.01 £ 0.06°
81.35 £ 1.08°¢
81.10 £ 0.16°
81.65 + 0.47°¢

c
11.76 £ 0.26¢
14.63 + 0.20°
15.03 £ 0.120¢
15.09 £ 0.21°¢
15.14 £ 0.58°¢
15.17 £ 0.010¢
15.17 £ 0.04°¢
15.25 + 0.28°
15.27 £ 0.04°
16.25 + 0.472

TN-JR
b
11.71 £ 0.26¢
14.49 £ 0.20°
14.89 £ 0.12°¢
14.95 £ 0.22°¢
14.99 £ 0.58°¢
15.03 £ 0.01°¢
15.03 £ 0.04b¢
15.08 £ 0.32°
15.09 £ 0.04°
16.08 + 0.472

1.11£0.02°

2.06 +0.03
2.07 £0.03
2.08+0.01°
2.09+0.07°
210+0.11°
2.11+0.02
2.29 £ 0.242
2.36 £ 0.04°
2.36 £0.13°

L
82.91+0.132
75.44 +0.11°
75.33 + 0.45°
74.90 +0.73°
74.14 £ 0.08°
74.05 £ 0.04°
71.78 + 0.07¢
71.62 £ 0.30¢
70.00 £ 0.75°
69.89  0.73¢

Hue angle
85.96 + 0.08?
81.22£0.35°
80.71 £ 0.20°
80.60 £ 0.30°
80.57 £ 0.24¢
80.55 £ 0.26°
79.91 £ 0.21¢
79.72 + 0.43¢
79.79 £ 0.24¢

80.58 £ 0.21°

Chroma
15.12 + 0.86°
15.28 + 0.05°
15.28 + 0.03°
15.31 £ 0.04°
15.34 + 0.04°
15.35 + 0.06°
16.13£0.112
16.20 + 0.372
16.22 £ 0.022

12.86 £ 0.18°

TN-BR
b
14.94 £ 0.86°
15.08 + 0.06°
15.08 £ 0.03°
15.10 + 0.04°
15.13 £ 0.05°
15.15 £ 0.07°
15.88 + 0.102
15.94 + 0.372
15.96 + 0.022

12.83 £0.18°

0.91 +0.02¢
2.31+0.1°
247 +0.04°
2.51+0.05
2.51+0.06

2.50 +0.08
2.52 +0.06
2.83+0.072
2.89+0.122
2.88 £0.07°

L*
81.08 £ 0.932
74.30 + 1.27°
73.70 £ 1.90°
73.67 +1.07°
72.87 + 1.340¢
73.26 £ 0.62°
72.84 +1.440¢
70.66 £ 1.37°¢
68.86 £ 1.65
69.35 £ 1.08¢

Treatments
T1 (control)

T2
T3
T4
T5
T6
T7
T8
T9
T

Table 4. Color characteristics of extrudates.

Notes: Results are mean values of triplicate determination.

Average values with identical superscripts in the same column differ significantly (P < 0.05).

JR: Japonica rice; BR: brown rice; L*: lightness; a*: redness; b*: yellowness; C*: chroma; H: hue angle.
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of extrudates related to extrusion results were addressed
using microscopic images. Figures 4 and 5 display SEM
images of extrudates produced under different extru-
sion conditions (die temperature and screw speed). The
extrudates generated under different extrusion configu-
rations at 110°C exhibited improved surface uniformity
of extrudates (Figures 4 and 5 [T2-T4]), but those gen-
erated at lower temperatures (90°C and 100°C) and screw
speed (250 rpm and 300 rpm), as shown in Figures 4
and 5 (T8-T10), had lesser surface uniformity. Amylose
was leached from the starch matrix upon extrusion heat-
ing, increasing level of amylose. Following this, the gela-
tinization of the starch and the creation of a uniformly
enlarged smooth surface were affected by the proper
positioning of starch molecules under high shear force
in accordance with the study conducted by Pandey et al.
(2021). The control group (T1) had larger air cell dimen-
sions and enhanced expansion; however, the dimen-
sion of air cells and expansion reduced gradually with
decrease in temperature. Lesser expansion was illustrated
by the denser structure with cells of smaller size, linked
explicitly to the texture attributes of extrudates.

With increased screw speed (350 rpm), the extrudate
becomes less compact, which leads to expansion and the
extrudate becoming crispy and softer. It was observed
that the extrudates produced at higher temperature
(110°C) and screw speed (350 rpm) had higher expansion
and lower bulk density, which indicated the porousness
of extrudates (TN-BR and TN-JR). Our findings were in
line with the results reported by Azzollini et al. (2018),
who discovered that increasing the temperature and
screw speed lead to a higher expansion ratio and larger
pore size when a specific quantity of mealworm powder
(10%) was used.

Similar findings from the study conducted by Murtaza
et al. (2022) showed that BR (SUPRI cultivar) extrudates
had a microstructure with more cell pockets and consis-
tent pores per surface area, reflecting porous and crisp-
ier extruded products. It was anticipated that expanded
extrudates would have numerous air cells with weaker
cell walls than the less expanded product, which was in
line with the findings demonstrated by Yagci et al. (2020).
Smaller fiber particles functioning as nucleating agents
promote expansion by maintaining integrity of the starch
matrix, could not have been distributed appropriately
inside the starch matrix. The observations were concor-
dant with the results reported by Wang et al. (2017). It
could probably be the cause of a decrease in expan-
sion because of the presence of fiber. As an outcome, it
was challenging to distinguish between the pattern of
fibers and their layering in the image obtained through
an SEM. The findings indicated that a higher propor-
tion of TN flour (60%), which contained more fiber, could
have led to a milder increase in the degree of thickness of
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Maginification: 500x

Shrinkage

Figure 4. Scanning electron microscopic images of TN-BR extrudates.

Maginification: 500x

Shrinkage

T10

Figure 5. Scanning electron microscopic images of TN-JR extrudates.

extrudate cell walls, implying that fibers existing in TN
could influence expansion, which was in line with the
findings from the research conducted by Gasparre et al.
(2020).

On the other hand, more shrinkage in Figure 5 (T4,
T6-T9) was observed, compared to Figure 4 (T6, T9,
and T10). This suggested that the framework of starch
appeared less stable and that its original form was not
maintained, leading to shrinkage. Shrinkage implies the
initial expansion of extrudate prior to shrinking of its
outermost layer. Similar results were reported in a study
conducted by Wang et al. (2017), in which extrudate

expanded initially but shrinked later. However, compared
to other extrudates, the BR-TN extrudates were observed
to have a surface that was smoother and had an almost
undamaged cell wall.

Total phenolic content

The TPC of T1 (control) in extrudates was 41.89 mg
GAE/100 g, while that of extruded products of TN-BR
varied from 40.91 mg GAE/100 g to 49.63 mg GAE/100 g
(Table 5). A similar pattern was reported from the extru-
dates made from TN-JR. The TPC of T1 (control) was
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21.45 mg GAE/100 g whereas extrudates had a TPC
ranging from 24.85 mg GAE/100 g to 35.03 mg GAE/100
g (Table 5). Both die temperature and screw speed had a
substantial effect (P < 0.05) on the production of extru-
dates. The increase could be associated with the presence
of antioxidant monomeric phenols in the cell walls of
TN. Similar results were reported in a study conducted
by Gasparre et al. (2020), which demonstrated that using
TN as a substitute for rice flour in extruded materials led
to a considerable increase in the overall concentration of
soluble phenolics and antioxidant activity.

Including a higher percentage (60%) of TN flour could be
the reason for an increase in TPC. Owing to the impact
of shearing during extrusion, bounded phenolic com-
pounds were transformed into free polyphenols, which
could have substantially increased free TPC in BR, which
was in line with the observations reported by Ortiz-
Cruz et al. (2020). The cell structures might be disrupted
during the extrusion process, which enabled the ejection
of bioactive components from the matrix, thus elevat-
ing the extractability of associated phenolic compounds
in TN-BR composite flour. The results aligned with the
findings of Arribas et al. (2019), in which the extrudates
containing carob bean flour exhibited a substantial rise
in TPC (30-56%). That is probably why the extrusion
enhanced the extractability of certain unavailable phe-
nols pinned to cell walls.

The higher shear effect on cell walls, triggered by
increasing screw speed (350 rpm), could have enhanced
the extraction of phenolic components, leading to a rise in
TPC (49.63 mg GAE/100 g) of TN-BR extrudates. Lower
values (40.91 mg GAE/100 g for T10 of TN-BR and 24.85
mg GAE/100 g for T10 of TN-JR) were recorded at the
lowest screw speed (250 rpm), which could be due to the
extended exposure of polyphenolics to increased tem-
perature during extrusion. These results were congruent
with a study on extruded sorghum conducted by Lopez
et al. (2016) and with another research on extruded raw
hempseed husk conducted by Leonard et al. (2021). The
lower TPC values in TN-JR extrudates could have been
due to alterations in the molecular arrangements of phe-
nolic components by the degradation of phenolic com-
pounds under higher shearing and higher temperatures
of extrusion.

In the present study, die temperature had an inverse
effect on TPC. The TPC of extrudates increased with an
increase in die temperature. The occurrence of Maillard
reaction products was responsible for a spike in pheno-
lic compounds with increased temperature. A similar
increase in phenolic content was reported by Villasante
et al. (2019). According to Jan et al. (2017), increased
temperature and screw speed substantially improved the
TPC of sprouted Chenopodium album flour extrudates

Table 5. Total phenolic content and antioxidant activity of extrudates.

Antioxidant activity

Treatments

DPPH (%) Reductive potential estimation Phosphomolybdate assay

TPC
(mg GAE/00 g)

(mg AAE/100 g)

TN-BR

(mg AAE/100 g)

Innovative tigernut-based extruded nutritional snack

TN-JR

TN-JR

TN-BR

TN-JR

TN-BR

TN-JR

TN-BR

16.96 + 0.18>°

17.41 £0.03°
20.32+£0.172

15.57 £ 0.05°
17.00 £ 0.142
16.66 + 0.08°
16.57 £ 0.04°
16.67 + 0.06°
16.41 £ 0.06°

21.45+1.01" 89.08 £ 0.41° 15.80 £ 0.64°" 16.76 £ 0.11"
16.36 £ 0.11°

41.89 £ 1.41¢f

T1 (control)

T2

18.74 £ 0.512
18.63 + 0.182
18.38 £ 0.86%°
17.79 £ 0.392°

19.78 £ 0.25°
19.44 + 0.07°
18.94 £ 0.03°
18.89 £ 0.03°
18.67 £ 0.09%¢

20.84 £ 0.572
19.56 £ 0.90°
19.22 + 0.97°
18.32 £ 0.70°¢

87.91 £ 0.83°
88.18 £ 0.29°
83.95 + 0.89°

82.20 £ 1.11°

35.03 £ 0.49°
33.08 £ 0.75°
32.70 + 0.68>¢

49.63 + 0.022

19.71 £ 0.21°
19.60 + 0.21b°

47.93 + 1.24°

T3

44.67 + 0.54°
47.08 £ 0.14°

T4

19.64 + 0.16b°

31.75 + 0.20%¢

T5

17.65 £ 0.13>¢

19.26 + 0.34bcd
19.09 £ 0.20°¢

17.64 £ 0.77¢4

30.96 + 0.40¢° 81.81+1.15°

43.18 £ 0.66%¢

T6

16.76 £ 0.39%

30.26 £ 0.18¢ 81.58 + 0.76°4 16.83 £ 0.46% 18.57 £ 0.04°f

43.27 £1.03¢

T7

16.59 + 0.90°
16.23 + 0.62°
16.21 £ 0.26°

18.83 £ 0.20¢
18.86 + 0.68¢
18.75 £ 0.29¢

16.56 £ 0.03°
16.37 £ 0.03°
16.12 £ 00.13¢

16.31 £ 0.55¢f 18.78 £ 0.06°¢

80.45 + 0.41%¢

28.83 £ 0.49
27.94 £ 0.541
24.85 1 0.68¢

41.10 £ 0.29'
40.97 £ 0.36'
40.91 £ 0.59'

T8

18.42 £ 0.07°
18.22 £ 0.149

15.20 £ 0.65

13.54 £ 0.77¢

79.71 £ 0.58¢
80.41 £ 0.47%

T9

T10

Average values with identical superscripts in the same column differ significantly (P < 0.05).

Notes: Results are mean values of triplicate determination.
JR: Japonica rice; BR: brown rice; TPC: total phenolic content.
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from 56.774 mg GAE/100 g to 81.283 mg GAE/100 g.
This indicated a significant positive linear and interactive
impact of die temperature and screw speed.

Some phenolic compounds in TN included protocat-
echuic acid, catechol (pyrocatechol), gallic acid, syrin-
gic acid, caffeic acid, (+)catechin, rutin (a glycoside),
p-coumaric acid, quercetin, and kaempferol (Babiker
et al., 2021). The findings demonstrated that considerable
quality of extrudates was produced with a die tempera-
ture of 110°C and a screw speed of 350 rpm. The research
revealed that TN-BR extrudates had a noticeably higher
TPC (49.63 mg GAE/100 g) than the TPC of extrudates
produced from TN-JR (35.03 mg GAE/100 g), as shown
in Table 5.

Antioxidant activity

DPPH free-radical scavenging ability

The DPPH free-radical scavenging for the T1 (control) of
TN-BR was 89.08% whereas that of extrudates produced
from TN-BR ranged from 79.71% to 88.18% (Table 5). A
similar pattern of results was reported for the extrudates
made from TN-JR. The DPPH free-radical scavenging for
T1 (control) was 15.80% whereas that of TN-JR extru-
dates ranged from 13.54% to 20.84% (Table 5).

Both die temperature and screw speed indicated a sta-
tistically substantial effect (P < 0.05) on extrudate pro-
duction. The ability of extrudates to scavenge DPPH free
radicals improved with an increase in both die tempera-
ture (90-110°C) and screw speed (250-350 rpm). The
ejection of antioxidants besides thermal stability could
be improved by extrusion, and thermal treatment had
the potential to increase the generation of antioxidants.
These findings were in concordance with the outcomes
reported by Fu et al. (2021).

The findings were congruent with the previous research
conducted by Singh et al. (2019), in which the DPPH of
buckwheat composite extrudate improved because of
extrusion, increasing from 1.07 pM TE/mg to 1.25 pM
TE/mg. The discharge of cellular components from cell
matrix following cell lysis and the consequent improve-
ment in the capacity of extrudates to scavenge DPPH rad-
icals could be related to the lower shear effect of barrel
screw at higher extrusion temperature (110°C). Similar
observations were reported in the study conducted by
Sanusi et al. (2023).

Shear increases the disintegration of cellular compo-
nents and the strength of interaction between DPPH
radical and insoluble antioxidant molecules, leading
to increased antioxidant activity with increasing screw
speed. Therefore, the DPPH values of TN-BR and TN-JR

increased with temperature and screw speed. However,
extrudates produced from TN-BR had higher DPPH val-
ues (79.71-88.18%) because TN and BR had higher radi-
cal scavenging ability. Being the most significant natural
antioxidant found in vegetable oils, tocopherol, present
in TN, could be the reason for surge in DPPH values.
Therefore, the findings established that extrudates from
TN-BR had higher DPPH free-radical scavenging ability
(88.18%) than those produced from TN-JR (20.84%).

Reductive potential estimation

The reductive potential estimation of the extrudates
produced from TN-BR varied in values from 18.22
mg AAE/100 g to 19.78 mg AAE/100 g. The reductive
potential estimation for T1 (the control) was 16.76 mg
AAE/100 g (Table 5). The reductive potential estimation
of the extrudates from TN-JR was reported to have a sim-
ilar pattern of results. The reductive potential estimation
of TN-JR T1 (control) was 15.57 mg AAE/100 g whereas
TN-JR extrudates had a reductive potential estimation
ranging from 16.12 mg AAE/100 g to 17.00 mg AAE/100
g (Table 5). The production of extrudates was signifi-
cantly affected (P < 0.05) by both die temperature and
screw speed. In comparison to different operating tem-
peratures, it was found that reductive potential attained
its highest value at 110°C.

The effect of increased absorbance suggested that reduc-
tive potential of the evaluated extract was higher. The
outcome was in accordance with a prior study (Fu et al.,
2021) on the extrusion of BR and millet, and this could
be due to certain antioxidants having thermal resis-
tance at 110°C. Extrusion could enhance the discharge
of antioxidants having thermal resistance, and thermal
treatment was additionally acknowledged to boost the
generation of antioxidants. Similar to DPPH values, the
reductive potential estimation of both TN-BR and TN-JR
increased with increasing temperature and screw speed.
Shorter residence time (presence of raw materials inside
the extruder for a short time) at higher screw speed
(350 rpm) likely contributed to the significant increase
in antioxidants by reducing the molecular structure deg-
radation of antioxidants, which typically took place at
higher temperature (110°C); this was congruent with the
study conducted by Pandey et al. (2021). The abundance
of flavonoids and phenolic compounds, including gallic
acid, quercetin, ascorbic acid, and rutin, could cause this
behavior. The chemical composition of phenolic com-
pounds, including the amount and location of hydroxyl
groups in their aromatic rings, affected their ability to act
as antioxidants, as stated by Khiya et al. (2021).

Phosphomolybdate method assay

The antioxidant activity of ascorbic acid was used as a
standard. The extrudates produced from TN-BR varied in
values from 18.75 mg AAE/100 g to 20.32 mg AAE/100 g,
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while the phosphomolybdate assay value of T1 (the con-
trol) was 17.41 mg AAE/100 g (Table 5). TN-JR extru-
dates reported a similar pattern of phosphomolybdate
assay values. The phosphomolybdate assay value of T1
(control) was 16.96 mg AAE/100 g whereas TN-JR extru-
dates had a phosphomolybdate assay value ranging from
16.21 mg AAE/100 g to 18.74 mg AAE/100 g (Table 5).
Production of extrudates was significantly affected (P <
0.05) by die temperature and screw speed. The antioxi-
dant activity of extrudates increased with an increase
in temperature and screw speed, which indicated the
increased effects of extrusion.

The highest levels of phytochemicals could be connected
to the highest antioxidant capacity of TN. The abun-
dance of certain monomeric substances in TN (Pelegrin
et al., 2022), such as vanillic acid (dihydroxybenzoic acid),
p-hydroxybenzoic acid, cinnamic acid, trans-p-coumaric
acid, trans-ferulic acid, cis-ferulic acid, etc., could be
responsible for antioxidant improvement. In compar-
ison to raw or extruded samples, it was observed that
extrusion improved the ejection of bioactive chemicals
bonded to food matrices, improving their bioavailability
throughout digestion. This implied that extruded samples
could have aided in releasing bioactive chemicals and their
capability as antioxidants, and these results were compat-
ible with the findings of Fontes-Zepeda et al. (2023). The
findings indicated that reductive potential assessments
and the phosphomolybdate method for determining total
antioxidant capacity had a positive relationship. Some
researchers discovered a relation between TPC and anti-
oxidant activity, as determined by various methodologies.
Owing to the presence of non-phenolic antioxidants (vita-
min C) with significant antioxidant activity, weaker asso-
ciations indicated that a single factor did not cause total
antioxidant activity. The finding was congruent with the
results of Untea et al. (2018). According to the research,
antioxidant activity depended on structure, characteris-
tics, and concentration of the substance.

Water absorption index and water solubility index

Water absorption index is a gelatinization index used to
determine the volume of starch particles or polymers
upon water expansion (Saha et al., 2021). In case water is
not abundant, the water absorption properties of a prod-
uct show its capacity to bond with water. The WAI of T1
(control) was 3.49 g/g whereas that of TN-BR extrudates
ranged from 2.69 g/g to 3.45 g/g (Table 6). A similar pat-
tern of results was reported for TN-JR extrudates and
control. The WAI of T1 (control) was 4.93 g/g whereas
TN-JR extrudates had a WAI ranging from 4.02 g/g to
4.44 g/g (Table 6). Die temperature and screw speed
had a substantial (P < 0.05) effect on the WAI of extru-
dates. WALI increased exponentially with increased die
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temperature and screw speed, which was in line with the
findings of Tiwari and Jha (2017). While other variables
remained constant, WAI increased with increased die
temperature. This reflected the breaking down of starch
crystals, and the same change from a crystalline to an
amorphous phase. This change exposed more hydroxyl
groups and increased the fluidity of molecules, thus ele-
vating WAI values.

Water absorption index differs in different rice varieties
based on structure of starch granules. Other fluctuations
in WALI (such as amount of protein, fiber, carbohydrates,
and amylose) may be caused by variations in flour size,
grinding methods (wet or dry), temperature, and flour
composition. Similar observations were reported by
SubbuThavamurugan et al. (2023). Differences in the
amount of amylose could be responsible for these vari-
ations in WAI and swelling power. The ability of cereal
starches to swell is attributed to their amylopectin con-
centration; amylose inhibits swelling, particularly when
lipids are present. The findings were concordant with
the outcomes observed by He et al. (2018). The capabil-
ity of starch granules to absorb water during the starch
swelling phase was indicated by their swelling ability.
Therefore, these results showed that reduced values of
WALI of TN-BR extrudates could be due to the presence
of lipids, flour ratio, and die temperature.

Water solubility index is a criterion to determine the
extent of starch breakdown. The quantity of any compo-
nent that could dissolve in water or other liquid is indi-
cated by its solubility index. The WSI of T1 (control)
was 16.67% whereas that of TN-BR extrudates ranged
from 13.95% to 21.75% (Table 6). A similar pattern of
results was observed for TN-JR extrudates. The WSI of
T1 (control) was 27.06% whereas TN-JR extrudates had
a WSI ranging from 19.17% to 19.51% (Table 6). Die tem-
perature and screw speed had a substantial (P < 0.05)
effect on the WSI of extrudates. WSI increased with an
increase in screw speed. Owing to intense mechanical
shear, macromolecules were broken down into smaller
molecules with better solubility. Higher die temperature
(110°C) enhanced the intensity of the extruder’s thermal
treatment, resulting in more dextrinization and a higher
WSI (T2 of TN-BR: 21.75% and T2 of TN-JR: 19.51%).
Increasing WSI from 19.17% to 19.51% of TN-JR could
be due to flour formulation and leaching of soluble mol-
ecules of starch during extrusion. Lower WSI (13.95%) of
TN-BR suggested limited starch breakdown, indicating
that extrudates comprised minimal soluble molecules
and these results were compatible with the outcomes
reported by Singha and Muthukumarappan (2018). The
WSI values of TN-BR extrudates could be lowered due to
the complexity of starch with lipids or proteins because of
reduced soluble components in starch molecules. Similar
results were observed in a study with banana powder
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Table 6. WAI, WSI, and OAC of the extrudates produced from composite materials of TN-BR and TN-JR.

Treatments WAI (g/g) WSI (%) OAC (g/9)
TN-BR TN-JR TN-BR TN-JR TN-BR TN-JR

T1 (control) 3.49+0.072 4.93 £0.08° 16.67 £ 0.27°° 27.06 + 0.552 23.67 £1.03° 2397 £1.124
T2 3.19£0.16° 4.44 +£0.11° 21.75+0.79 19.51 £ 0.75° 24.58 + 0.402° 25.08 £ 0.33*¢
T3 3.10 £ 0.03°¢ 4.37 £ 0.05°° 18.14 + 1.31° 19.49 + 0.46° 25.59 £ 0.572 25.63 £ 0.927°
T4 2.94 £0.13¢ 4.36 £ 0.03>¢ 16.37 + 0.11b¢ 19.34 + 1.10° 25.64 £ 0.95 25.81+0.1920
T5 3.01 £0.10%¢ 4.28 £0.09%¢ 16.39 + 0.39°¢ 19.41 + 0.52° 23.65 +0.99° 24.01 £ 0.85¢
T6 3.33£0.09 4.24 +0.10c¢ 15.82 + 0.14>¢ 19.24 +0.84° 24.68 + 0.28%0 24.32 +0.93%4
T7 2.69 + 0.08° 4.20 £0.10¢f 15.04 + 0.89>¢ 19.23 + 0.66° 24.40 £ 0.75%° 25.67 £0.827¢
T8 3.45+0.03° 4.11 £ 0.04%¢ 14.63 + 0.70°¢ 19.20 + 0.35° 24.70 £ 0.782> 24.55 + 0.42¢
T9 2.96 + 0.02¢¢ 4,08 £ 0.07%9 14.19 £ 0.29¢ 19.18 £ 0.76° 24.71 £ 0.85%° 25.40 £ 0.80*¢
T10 2.87 +0.23¢ 4.02 £0.04¢ 13.95 £ 0.94¢ 19.17 £ 0.48° 24.99 + 0.202° 26.09 +0.712

Notes: Results are mean values of triplicate determination.

Average values with identical superscripts in the same column differ significantly (P < 0.05).
WAI: water absorption index; WSI: water solubility index; OAC: oil absorption capacity; JR: Japonica rice; BR: brown rice.

extrudates conducted by Kaur et al. (2015). Considering
both WAI and WSI, it was observed that a die tempera-
ture of 110°C and a screw speed of 350 rpm were the
most effective parameters for producing extrudates. The
results indicated that TN-JR-derived extrudates had a
minor difference from TN-BR extrudates.

Oil absorption capacity

Based on the protein content and presence of hydro-
phobic groups, the OAC of a product reflects the rate of
absorption of fat or lipids from starches. OAC is dramat-
ically reduced by the oil content present in extrudates.
The physical trapping of oil in extruded products or the
absorption of oil by nonpolar side chains of its chemical
constituents could be the two factors responsible for the
oil being absorbed by extrudates. OAC of the T1 (con-
trol) of TN-BR was 23.67 g/g whereas that of TN-BR
extrudates ranged from 23.65 g/g to 25.64 g/g (Table 6).
The extrudates produced from TN-JR showed similar
behavior. OAC of the T1 (control) of TN-JR was 23.97
g/g whereas TN-JR extrudates had an OAC ranging from
24.01 g/g to 26.09 g/g (Table 6). Results suggested that
the oil-entrapped activity could have a substantial effect,
because lower OAC was demonstrated in samples with
more hydrophilic elements, which slow down oil absorp-
tion; similar results were reported by Arivalagan et al.
(2018). In the case of TN flour, OAC elevated marginally
with increase in die temperature. The study conducted by
Wang et al. (2019) exhibited a similar pattern of results,
with the oil holding capacity of sorghum flour extrudate
increasing briefly from 1.39 g/g to 1.51 g/g with increased
temperature. The elevated rate of starch breakdown in

the extrudate triggered by thermal energy (high tempera-
ture of 110°C) could potentially be responsible for a surge
in oil absorption. Samples generally lose some of their
hydrophobicity during extrusion, which elicits the possi-
bility of protein denaturation, aggregation, and hydropho-
bic group interaction. This was illustrated by a decrease in
OAC. Varying protein levels, nonpolar amino acid levels,
structural properties, and starch—protein-lipid interac-
tion of flours (TN, BR, and JR) may have a role in deter-
mining the oil absorption capacity of extrudates. Similar
results were reported by Rayan et al. (2018).

Conclusion

Extrusion screw speed and die temperature significantly
influenced the extruded products’ physicochemical
characteristics such as proximate composition, texture,
expansion ratio, bulk density, color, microstructure, TPC,
and antioxidant activity. It was discovered that extru-
dates produced at a die temperature of 110°C and a screw
speed of 350 rpm had improved physicochemical charac-
teristics. This study also revealed that TN-BR extrudates
were superior to TN-JR extrudates because of firmer tex-
ture, enhanced antioxidant properties, improved prox-
imate composition and enhanced expansion ratio, and
lower bulk density. Accordingly, the TN-based extruded
snack could potentially have a significant share in the
global snack market considering consumers demands for
nutritional products. The findings of the present study
could improve food security by promoting the sustain-
able production of novel food products with superior
quality. Affordable TN-based snacks could ensure ade-
quate nutrition value, contributing to food nutrition
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improvement and achieving zero hunger. Future research
based on this concept could potentially promote sustain-
able production and underutilized crop valorization.
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