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The study is aimed at the development of whole sorghum-based ready-to-eat extruded snacks using chickpea at different barrel
temperature (BT) (130, 145, and 170°C) and feed moisture (FM) (14, 16, and 18%) conditions, and quality changes on the
functionality aspects of prepared snacks were evaluated. Data revealed that with increment in barrel temperature and feed
moisture, the antioxidant properties, viz., ferric reducing antioxidant potential (FRAP) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) inhibition, total phenolic content (TPC), and hardness of the flakes amplified; however, elevated barrel temperature
and decreased feed moisture enhanced the expansion ratio, water solubility index, and overall acceptability of lakes. The results
of the (L*, a*, and b") color values indicated that the rates of Maillard’s reaction were higher when the BT and FM processes
were intensified. Enhanced extrusion conditions (BT and FM) lead to higher levels of resistant starch and improved in vitro
protein digestibility. The estimated glycemic index of the flakes ranges from 52 to 54, thus showing low estimated glycemic
index (E-GI) of flakes. Slowly digestible starch and Exp-GI reveal a positive correlation among themselves. Results from the
present study showed that highly acceptable flakes with commercialization properties can be successfully formulated using

extrusion processing.

1. Introduction

The rise in the occurrence of lifestyle-related illnesses like
diabetes, cardiovascular diseases (CVD), and obesity has
resulted in a greater need for nutritious food products than
ever before [1]. Convenience and nutritional value of a food
product are two main points that are considered most
important while developing a new food product; third being
the price of the food product as it should be affordable for
lower poverty line section of society as well. Breakfast cereals
are highly popular due to their convenience in consumption,
their nutritious value, and, of course, their crispiness. A
combination of easily available, cheap, and nutrient-full
raw material with a technology (green) could be utilized to
achieve a healthy food product.

Presently, sorghum has attained increased consumer
interest because of dietary modifications such as gluten-
free options, high-bioactive compound, and high fiber. Sor-
ghum is an important crop that thrives in the drought-
prone regions of Africa and India [2]. Many researchers
have leveraged sorghum as a whole grain or as an ingredient
to enhance its value [3, 4]. Furthermore, sorghum is highly
regarded for its abundant phytochemical composition,
which includes phenols, tannins, anthocyanins, hydroxyben-
zoic acids, hydroxycinnamic acids, and various other flavo-
noids [5]. These phenolic compounds do present a
significant impact on human health; these are also responsi-
ble for its antioxidant activity [6]. However, the protein
quantity and quality are the factors that limit its applications
in human food products. This problem could be tackled to
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achieve products with higher protein content along with a
good protein digestibility. Blending of whole sorghum with
legumes using an efficient technology could do the trick. In
a recent study by Kaur et al. [7], it was demonstrated that
incorporating mungbean flour into whole sorghum flour
resulted in enhanced functional and nutritional characteris-
tics of extruded snacks. There are numerous high-protein
food ingredients, including whey protein and other nutricer-
eals, which can be added to boost the protein content of
sorghum-based products [8].

Chickpea is the popular source of vegan diet owing to its
higher dietary proteins (17-22%), crude fiber, and carbohy-
drate (50%) while having low lipid content (6.48%) [9]. India
is the top producer of chickpea with a production of about
11 million metric tons (FAOSTAT). Consumption of chick-
pea is reported to have beneficial effects on lowering glucose
levels, cardiovascular diseases, cancer, hypertension, and
cholesterol [10] and is thus recommended for the develop-
ment of nutrient-dense diets to promote general well-being
and overall health [11]. The combination of chickpea and
sorghum could result in the food product with the properties
and goodness of both the crops. Moreover, the crops com-
plement each other with respect to their amino acid compo-
sition. However, in spite of all the plus points, the utilization
of sorghum is still confined to the traditional consumers, the
population living in villages, mostly the lower-economic
people, generally due to the nonavailability of ready-to-eat
(RTE) forms and convenience food products.

Extrusion technology is known to be the most useful
technique to deal with consumer’s demand owing to its var-
ious advantages such as innovation and versatility in food
production, higher food quality, and low manufacturing
costs [12, 13]. The cooking of food material in the high-
temperature short time (HTST) process via extrusion tech-
nology involves the use of mechanical shear and elevated
temperatures (Bobade et al. 2022; [14]). Extrusion, as a
method, has shown the ability to enhance the release and
availability of bioactive compounds by disrupting their con-
nections with the cellular structure and liberating those [15].
This results in the molecular transformation and chemical
reactions in order to modify the functional properties, nutri-
ent, and phytochemical composition of food [16]. Moreover,
the formulation of an affordable, healthy extruded snack will
offer a great solution in combating the issue of malnutrition
[17], and thus the addition of whole chickpea flour will com-
plement the inherent properties of sorghum and enhance its
utilization. The present study is intended to (1) establish the
BT and FM-mediated effect on the physicochemical, nutri-
tional, and functional properties of flakes prepared using
whole sorghum-chickpea and (2) conclude the optimal com-
bination of BT-FM for the development of flakes with an
improved quality attribute.

2. Materials and Methods

2.1. Material. For experimental work, white sorghum (2077
B Line) and kabuli chickpea (PBG 7) having 9.69 and
24.59% protein, 1.23 and 4.36% fat, 1.82 and 2.58% ash,
and 3.35 and 1.89%, respectively, were procured from the
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Directorate of Seed, Punjab Agricultural University. Grains
were ground in Torrento flour mill (Tech Electric Enter-
prise, Ahmedabad, India) with stator setting at no. 2 to
obtain the whole flour with average particle size of 250 p.
The preliminary trials have shown that 80:20 (sorghum:-
chickpea) was found to be best composition to achieve
improved nutritional and functional properties as well as
sensorial attributes. Therefore, the same ratio is used in the
present study. Till further analysis, the flour was stored (air-
tight packing).

2.2. Extrusion. For the extrusion process, a twin-screw
extruder from Clextral (Firminy, France), specifically Model
BC 21, was utilized. The extruder features a barrel diameter
of 25mm and a length-to-diameter ratio of 16:1. It is
equipped with corotating and intermeshing screws. The feed
was subjected to extrusion processing at a constant feed rate
of 10kg/hr and screw speed of 500 rpm via feed hopper. The
temperature of feed hopper was sustained at 35-40°C, while
it was kept fixed at 70°C for second zone and 100°C for third
zone of the extruder barrel; however, the temperature in the
last zone of barrel varied from 130 to 170°C for experiment.
The moisture content of the barrel was adjusted in the range
of 14-18% during different extrusion conditions. Figure 1
shows the flakes prepared at different extrusion conditions.
The opening of the die had a diameter of 3mm. A8.5kW
power motor with a speed variable of 0-682rpm (rotation
per minute) was used [7, 18].

2.3. Specific Mechanical Energy (SME). The specific mechan-
ical energy (SME) was determined by applying the formula
that involves calculating the torque indicated in the extruder
controls [7].

SME (Whikg) = Actual screw speed (rpm) ~ %motor torque
Rated screw speed (rpm) 100
motor power rating % 1000.
mass flow rate (kg/h)

(1)

2.4. Expansion Ratio (ER). Flakes were studied for ER by fol-
lowing the method promulgated by Bobade et al. [12] using
the following formula. Diameter of die was 3 mm.

_ Diameter of the extrudate (mm)

ER 2)

Diameter of die (mm)

2.5. Bulk Density (BD). BD of the flakes produced through
different extrusion conditions extruded was calculated by
rapeseed displacement method given by Bobade et al. [13]
which is expressed as a mean of five random samples.

mass(g)

Bulk density (BD) (g/mL) = (3)

volume(mL)

2.6. Functional Properties. Water absorption and water solu-
bility index (WAI and WSI) were estimated using methods
depicted by Anderson et al. [19]. Distilled water (30 mL)
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FI1GURE 1: Images of sorghum-chickpea flakes formulated at different extrusion conditions.

was poured to a tarred centrifuge tube, to which 2.5g of
ground sample was added at 30°C. Contents were mixed
by stirring for 30 min, followed by centrifugation (3000 x g
) for 10 min. Supernatant was added to a pre-weighed dish.
WSI was calculated from content of desiccated solids
obtained by removing the supernatant.

Weight of gel
WAI = >
(/8) Weight of dry solids
WSI (%) = Weight of dry matter in supernatant % 100,

Weight of dry solids
(4)

2.7. Hardness. Ten random extruded flakes were selected and
their hardness was determined using TA-XT2i, texture ana-
lyzer (Stable Micro System, Surrey, UK) as per methodology
of Kaur et al. [18].

2.8. Color Characteristics. The color characteristics of flakes
in terms of L, a*, b* were recorded using Hunter colorimeter
(Konia Minolta CR-410T) having Pulsed xenon lamp as
light source. The colorimeter was standardized against stan-
dard color plates black and white [12, 13].

2.9. Antioxidant Activity and Total Phenolic Content (TPC).
The procedure as described by Kataria et al. [20] was
followed to check the antioxidant activity of flakes in terms
of % DPPH inhibition and ferric reducing antioxidant
potential (FRAP). TPC was determined by the Folin-
Ciocalteu spectrophotometric method, and results were
expressed as mg GAE/g [7, 18].

2.10. In Vitro Protein Digestibility (IVPD). IVPD of extruded
flakes is assessed utilizing standard protocol [21]. The multi-
enzyme system comprises of trypsin (1.6 mg, 24.320 units),

chymotrypsin (3.1 mg, 155 units), and peptidase (1.3 mg,
0.133 units/mL). The weighed grounded flakes were dis-
persed in 10 mL of distilled water at a pH of 8.0 and a tem-
perature of 37°C. Subsequently, the mixture was incubated
using a water bath. Afterward, the mixed enzyme system
was added to the dispersion, and any changes in pH were
observed and recorded down after 10 min IVPD is calculated
by Y =210.46 - 18.10 X (change in pH after 10 min).

2.11. In Vitro Starch Digestibility (IVSD) and Estimated
Glycemic Index (E-GI). The various fractions of starch
digestibility such as rapidly digestible starch (RDS), slowly
digestible starch (SDS), and resistant starch (RS) content
were determined to assess the IVSD along with E-GI of the
extruded flakes using the method outlined by Amin et al.
[22], in which glucose release after hydrolysis of starch by
pancreatic alpha-amylase and amyloglucosidase was mea-
sured over period of 180 min. The starch hydrolyzing in first
20 min is termed as RDS, starch which is hydrolyzing within
20-120min is SDS and starch which remains undigested
after 120 min is RS.

Hydrolysis index (HI): HI was evaluated through a
digestibility curve (0 min-180 min), using white bread as ref-
erence material.

_ areaunder digestibility curve of sample (0 — 180 min)
B rea under the digestibility curve of white bread

EGI=39.71 + 0.549HI.

(5)

2.12. Sensory Properties. Sensory characteristics of the
extruded flakes such as appearance, texture, flavor, and over-
all acceptability) were analyzed via 80 semitrained judges/
panelists (20-50 years old, male and female) [23] who were
the staff and graduate students at our institute. For



determining the acceptability level of flakes, a hedonic scale
(nine-point) was used, which goes from dislike extremely
(1) through neither liked nor disliked (5) to liked extremely
9).

2.13. Statistical Analysis. All the observation were mean
three of the experiment readings (n = 3). The data obtained
was subjected to analysis of variance (ANOVA), and Dun-
can’s multiple range tests was utilized for comparison of
means using SPSS software.

3. Results and Discussion

3.1. Specific Mechanical Energy (SME). The extruder is
exceedingly responsible for converting of starch to different
forms by transmitted mechanical energy to the material.
Increased gelatinization of starch combined with higher
extrudate expansion is clearly attributed to the SME. Hence,
a higher SME is favored for achieving expanded products
[11]. The SME of extrudates developed at varying levels of
BT and FM varied significantly from 161.0 to 214 Wh/kg.
Data depicts that at 14% FM and 130°C BT, the SME was
214 Wh/kg, which reduced to 178 Wh/kg with exceeding
BT. Likewise, Wang et al. [24] have reported a similar rela-
tionship between SME and BT in case of extrudates formu-
lated from chickpea, by the reason of reduction in melt
viscosity, leading to a decreased SME. Enhanced BT is
related to flow modifications, thus lowering the transfer of
mechanical energy during extrusion [11]. Similar results
have been documented in earlier published report of Pardhi
et al. [25] where the raise in BT results an inverse impact on
SME. Enhanced SME was observed in flakes prepared from
EM (16% at 130°C (196 Wh/kg)), whereas at 18% FM at
130°C, the SME is 181 Wh/kg. The findings have indicated
that SME diminishes with increasing FM (Table 1). Energy
dissipation is affected by FM, thereby reducing the number
of viable sites which impose plasticizing phenomenon. Ele-
vating MC triggers a lubricating effect, thus diminishing par-
ticle friction at movement from barrel to screw. The dual
effect of a higher MC and BT also lowers down the motor
torque as promulgated by Sharma et al. [10], and further,
as melt viscosity decreases with increasing FM [26].

3.2. Functional Properties. Water absorption index (WAI) is
the measure of amount of water absorbed by starch as well as
other polysaccharides such as fibers and proteins and is an
important factor when it comes to extruded products as it
indicates degree of starch gelatinization and computes the
extent of water absorption by starch [27]. WAI increased
from 3.21 to 3.76 g/g at 14% FM as BT augmenting from
130 to 170°C (Table 1). WAI is positively affected by increas-
ing BT, in effect of enhanced dextrinization [28]. The find-
ings obtained in the present investigation are in agreement
with observations reported by Singh et al. [29] and Mugabi
et al. [30]. WAI incremented from 2.76 to 3.48 g/g at 16%
FM, while at 18% FM, the WAI increased from 3.07 to
3.72 g/g. Studies of Pathania et al. [31] reported a decreased
starch viscosity resulting from a higher FM, thus ensuring a
heat uniformity as well as improved gelatinization. A similar
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observation of enhancing FM on WAI was described in ear-
lier published report [32], which was found to be due to the
reduction in starch degradation incrementing the water
absorption. Table 2 represents the correlation among stud-
ied parameters. WAI is positively correlated with taste OA
(r=0.80), while it is negatively correlated with BD
(r=-0.87).

Water solubility index (WSI) is a result of dextrinization
of starch molecules occurred due to their soluble nature [33].
Moreover, it has also been suggested that WSI is not only
due to starch content but also because of other water-
soluble components [34]. WSI increased with the enhance-
ment in BT from 130 to 170°C at 14% FM, and WSI of
extruded snacks increased from 22.0 to 23.10% (170°C)
(Table 1). High BT could significantly affect the observations
associated with increased solubility of starch. Similarity in
variations related to WSI in reaction to increasing BT were
presented by Seth et al. [35] in their study on corn-rice-
based snacks with yam and Singh et al.[29] for potato
powder-based extrudates. A raise in WSI, at a higher BT
and lower FM could be accredited to the increased starch
degradation producing extended starch aggregates with sol-
uble lower chain [19]. Data shows that WSI decreased in
response to decreasing FM. At 170°C, WSI decreased from
23.10 to 18.95% when FM increased from 14 to 18%. This
trend could be explained by increased disruption of starch
caused by shear effect at lower MC, resulting in much more
solubility of starch granules in aqueous phase [30]. Similar
fluctuations in WSI in effect to decrease in FM were already
documented by Tadesse et al. [36] in which they shown that
WSI has reduced from 8.07 to 7.95% due to rising FM from
15 to 21%. WSI exhibits a significant positive correlation
with IVPD (r=0.91) and ER (r = 0.79), while it is negatively
correlated with RS (r =-0.93).

3.3. Expansion Ratio (ER). Extruded snacks exhibit certain
level of expansion ratio, which is an important physical
property of extruded products and is basically a degree
of expansion as the contents exit the extruder and it is
inversely proportional to bulk density [37]. The results
from the current study revealed that with enhanced BT,
ER of the flakes improved. At 14% FM and BT of
130°C, ER value was 1.67; however at 170°C, the value
jumped to 2.04. Koksel et al. [38] reported that high BT
results in rising potential energy in order to mop-up the
superheated steam coming from studied extrudates, thus
causing a higher linear change in viscosity near die region,
resulting in an extruded product with more expansion. Ali
et al. [32] promulgated that an amplified BT results into a
modulated water superheating, which thus favors the crea-
tion of bubble that depresses the melt viscosity. At 14%
FM, the ER modulates from 1.67 to 2.04, and similarly,
ER ranges from 1.60 to 1.92 at 16% FM and 1.55 to
1.71 at 18% FM. FM effect the ER which is expected to
be in inverse manner, as an elevated MC that tend to
diminish melt elasticity ultimately rising the fluidity [39].
Kaur et al. [40, 41] justified that the suppression of FM
assists drag forces which in turn boost the pressure in
the die which in turn gives a product an extruded snack
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TasLE 1: Effect of feed moisture and barrel temperature on physical characteristics and hardness of Sorghum-Chickpea-based flakes.
foze)d moisture Barrel t(e:g?erature SME WAI (g/g) WSI (%) Ex;;:gf)ion Bulk delr)lsitY (g/ Hazﬁlr)less

130 214.00 £2.00°° 3.21+0.31° 22'0(;; 0-3 1.67 +£0.01° 482.00 +4.66° 98.97 +0.18°

14 145 198.00£3.00 5 4610060 Z2PFEO 17710060 3350047777 90.87+0.247

170 178.00 + 0.2 376001 23.10£0.32 ) 01 004> 205.00+3.10° 79.44+0.12

130 196.00 +2.4°  2.76+0.07*" 18'3030'13 1.60 +0.03¢ 442.00 +9.32¢ 102.10bi 0.68

16 145 178.00 £ 1.5>°  2.87+0.12° 19'65; 0-09 1.72 £0.061° 424.00 + 10.88" 96.23 +0.26°

170 168.00 + 1.0°  3.48 +0.03*" 21'20? 0-34 1.92+0.11° 288.00 + 1.55°  80.12 +0.35"

130 18100420 307+017°° PEM2 55,0080 4360043100 MEIEEO

18 145 175.00 £ 3.00¢ 0271048 1592£0.20 ) oo 01f  358.00+9.32° 96.91+0.17¢

170 161,002,804 3725009 IBISEOI8 oy 600l 247.0049.320  84.62 +0.068

Values having different superscript a, b, c...i were significantly (p < 0.05) different from each other at different barrel temperature and feed moisture. SME:

specific mechanical energy; WAI: water absorption index; WSI: water solubility index.

with more expansion.ER showed positive correlation with
OA (r=0.94) ER and IVPD (r=0.87), and a negative cor-
relation was seen with hardness (r = —0.87).

3.4. Bulk Density (BD). Low value for BD of extruded snacks
is a required parameter for extruded products which pro-
duce a light and crunchy product. Results show that with
amplifying BT from 130 to 170°C, the BD of extruded flakes
reduced significantly from 442g/l to 288g/. High BT
enhances the dough temperature higher than its boiling
point, resulting in pressure alterations, resulting a flash off
in moisture. This will allow the production of bubbles, which
in turn formulate low-BD extrudates [37]. Similar findings
regarding association of BT and BD have been mentioned
in previous publications [10, 32]. As the moisture of feed
increased, the BD of extruded flakes at 14% FM ranged from
205 to 482 g/l when BT progressed from130-170°C, which
further ranges from 288 to 442 g/l at 16% FM and 247 to
436¢g/1 at 18% FM (Table 1). This kind of effect is certain,
as Singh et al. [29] in their study reported that enhanced
FM leads to an enhanced lubrication, lowering the SME
which ultimately degrades starch, increasing the extrudate
density. Sharma et al. [10] showed similar relationship
between FM and BD and promulgated that the combination
of a high BT along with low FM value aids vapor pressure
gradient leading to an increased pressure within the barrel,
giving a puffed product. Moreover, BD exhibits positive cor-
relation with hardness (r =0.87) was positive, followed by
BD and b value (r=0.81, p=0.01); however, the output
between BD and taste (r=-0.89, p=0.001) and BD and
OA (r=-0.84, p=0.005) was negative (Table 2).

3.5. Hardness. Hardness of an extruded product is related to
the expansion as well as the cell arrangement. The results
have shown that BT is inversely linked to the hardness of
sorghum-chickpea flakes. The hardness of flakes ranges
from 79.44N to 99.97N as BT goes from 170°C to 130°C
at 14% FM (Table 1). Similar effects on the hardness of
extrudates were reported by Mugabi et al. [30]. While the
results showed that snack hardness amplifies with enhanced
EM, Singh et al. [29] reported parallel variations in hardness
of potato-based snacks in response to FM, pointing out the
plasticizing effect of water on starchy materials which lowers
the viscosity along with scattered mechanical energy within
extruder, producing a denser appearance of products. Hard-
ness of extruded flakes showed negative correlation with OA
(r=-0.91) (Table 2).

3.6. Color Characteristics. Color of the products was consid-
ered a vital physical feature, so it was evaluated for studied
flakes, and the output values are represented in Table 3.
Values of L* have shown a decreasing trend with effect to
an increasing BT (130-170°C); however, it increased
(57.06-68.30) with enhanced FM (14 to 18%). Correspond-
ing values of flakes in terms of their color parameters ranged
from 0.14 to 2.82 for a* value, from 12.59 to 16.17 for b*
value, from 1.44 to 1.56 for hue angle, and from 12.59 to
16.30 for chrome. The lowest L*, a*, and b* values were seen
for flakes developed at 18% FM, 170°C BT, whereas the high-
est L* value is observed at 14% FM, 130°C BT. The color
changes in the extrudates owing to extrusion treatment rep-
resents the intense treatment in combination with the occur-
ring chemical changes. There are number of factors during
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TaBLE 3: Effect of feed moisture and barrel temperature on color characteristics of sorghum-chickpea-based flakes.

Feed moisture (%) Barrel temperature ("C) L a* b* Hue angle Chrome
130 61.63+0.23¢  243+0.10°  16.17+0.17° 1.45 +0.00° 16.30 + 0.07°

14 145 58.99 +0.10° 2.33+0.06" 15.94 +0.10° 1.45 +0.00%8 16.10 + 0.21*°
170 58.23+0.12° 1.75+0.09% 13.61 £ 0.37° 1.45+0.01% 16.06 + 0.06"
130 68.30£0.20°  2.10+0.00'  15.88+0.04° 1.48 +0.00¢ 15.73 +0.04°

16 145 63.40 £0.13" 1.64 +0.04¢ 14.96 +0.04° 1.46 +0.00° 15.05+0.10°
170 61.03 £0.32° 1.09 +0.15° 13.22+0.04° 1.56 £ 0.00% 13.72 +0.07°
130 59.71+0.07%8  2.82+0.019  15.48+0.07¢ 1.48 +0.00° 14.03 £ 0.10°

18 145 58.19+0.27% 1.16 £ 0.09° 13.98 + 0.03° 1.48 +£0.00° 13.86 + 0.03"
170 57.06 +0.72¢ 0.14+0.03° 12.59 + 0.03¢ 1.44+0.01" 12.59 +0.10°

Values having different superscript a, b, c...i were significantly (p < 0.05) different from each other at different barrel temperature and feed moisture.

extrusion process that cause alterations in the color charac-
teristics of a product such as Maillard reactions, hydrolysis,
caramelization, and nonenzymatic browning [42]. All the
color coordinates studied such as L*, a*, and b* values were
showed positively correlated among themselves. Table 2 rep-
resents the correlations values among studied parameters.
Correlation observed for a* with b* (r = 0.88) was positive,
however, it was observed as negative for a* and FRAP
(r=-0.90).

3.7. Antioxidant Properties. Antioxidant properties estimate
the free radical scavenging potential of extracts. Both FRAP
and DPPH assays were applied to explore the antioxidant
properties of extracts prepared from extruded flakes
(Table 4). Both methods have implied that the antioxidant
properties improve in effect to rising FM along with BT.
DPPH assay denotes an increase from 10.34 to 28.54 ymol
TE/g dw, whereas FRAP values uplift from 6.89 to 9.42 y mol
TE/g dw. High BT may lead to antioxidative Maillard brow-
ning in products which ultimately enhances antioxidant
properties. Sharma et al. [43] and Espinoza-Moreno et al.
[44] promulgated that various factors which affect the pro-
duction of these products, including reactant concentration,
BT, time, and water activity. Moreover, extrusion process
permits the liberation of compounds having antioxidant
properties that are deep-rooted in grains cell wall, causing
an inactivation of those enzymes which are responsible for
the phenolic oxidation. Bran portion contributes 15-18 times
more to TPC as compared to endosperm portion [45]; this
might be the reason for enhancement in antioxidant proper-
ties of samples studied during the present work. Like the
observations of present experimental work, earlier Bekele
et al. [46] has also indicated the rise in DPPH levels in case
of chickpea-sorghum snacks (a different composition) with
elevating BT. FRAP and DPPH activities also augment with
increased FM. Variations in antioxidant properties in effect
of FM in case of Fenugreek:oat:greenpea-based snacks, testi-
fying an increased destruction of antioxidant compounds at
lower FM caused by shearing effect [47].

3.8. Total Phenolic Content (TPC). Extruded flakes exhibit
good amount of TPC value, and it increased with raising
BT; the amount incremented from 3799.76 mg FE/100 g dw

(130°C) to 4025mg FE/100g dw (170°C) at 14% FM
(Table 4). Earlier published reports support the concept that
as compared to other thermal treatments, short-span pro-
cessing of samples through extrusion is beneficial as it will
help to maintain phenolic compounds [48, 49]. The findings
in the present study are in agreement to reported observa-
tions by Wafula et al. [50], which showed that cooking by
extrusion has shown a modulating effect on quality attri-
butes and nutrients of grains (rice and sorghum) and bam-
boo composites. Similarly, Bekele et al. [46] has also
reported comparable results for chickpea-sorghum blends
(50:50). A significant increase of 25-146.96% in TPC was
observed for different blends. It has been recommended that
extrusion technology can possibly lead to de-polymerization
of phenolic compounds, thus improving its extractability. It
has been mentioned that TPC rises from 4657.50 to
5005.18 mg FE/100g dw with response to increasing FM
from 16 to 18% at 170°C. The observations are in line with
those documented by Kumar et al. [51] for extrudates based
on honey-barley. Sarawong et al. [52] reported that extru-
sion technology can amplify the concentration of phenolics
especially bound forms whereas suppressing the free forms
of phenolics.

3.9. In Vitro Protein Digestibility (IVPD). IVPD values of
extruded flakes showed an increase with enhancement in
BT (Figure 2). High IVPD value (77.45%) was indicated by
flakes prepared at 14% FM and 170°C of BT. Bekele et al.
[46] also reported the similar trend. There are various rea-
sons that might be responsible for this observable fact, such
as breaching in the protein structure due to variable non-
covalent interaction along with the inactivation of protease
inhibiting and antinutritional factors; augmenting protein
digestibility caused by higher BT which may be one of the
reasons for decrease in antinutrients; process-mediated
changes in the enzymatic activity of endogenous hydrolytic
enzyme; or changing the storage protein structure matrix
[53]. Whereas an inverse relation was observed between
IVPD and FM, where with the enhancement in FM from
14 to 16%, IVPD decreased from 70.33 to 66.46%. This
might be justified by the lower shear rate along-with ampli-
fying FM. Outcomes (related to IVPD) of current research
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TaBLE 4: Effect of feed moisture and barrel temperature on chemical properties of sorghum-chickpea-based flakes.

Feed moisture (%)

Barrel temperature ("C)

DPPH (4 mol TE/g dw)

FRAP (u mol TE/g dw)

TPC (mg FE/100 g dw)

130 10.34 + 1.53¢ 6.89 +0.29° 3799.76 + 0.171
14 145 12.07 +2.22¢ 7.93 +1.72%¢ 3928.11 + 1.58"
170 17.81 +3.37° 9.42 +0.35° 4025 +0.128
130 12.37 + 1.44¢ 8.40 +0.07¢ 3914.21 + 7.94¢
16 145 16.44 + 3.14° 11.20 +0.24¢ 4302.98 + 1.57¢
170 18.92 + 1.72%¢ 13.12 £0.10° 4657.50 + 17.90°
130 20.08 +1.36°¢ 9.99 +0.18° 4260.43 +1.57¢
18 145 24.15 + 1.55*° 13.27 +0.32° 4711.56 + 11.58°
170 28.54 +0.52° 17.18 + 0.06 5005.18 + 4.85%

Values having different superscript a, b, c...i were significantly (p < 0.05) different from each other at different barrel temperature and feed moisture. DPPH:
2,2-diphenyl-2-picryl hydrazyl hydrate; FRAP: ferric reducing antioxidant power; TPC: total phenolic content.
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FiGurek 2: Effect of extrusion conditions on in vitro protein digestibility of the sorghum-chickpea flakes.

TasBLE 5: Effect of feed moisture and barrel temperature on starch digestibility profile of sorghum-chickpea-based flakes.

Feed moisture (%) Barrel temperature ("C) RDS SDS RS (g/100gm)
130 19.04 +0.10° 17.61 +3.28% 64.10 +3.28%
14 145 19.65 + 0.24>¢ 16.46 + 2.06° 63.81 +2.72°
170 19.99 +0.175¢ 15.73 +1.60° 63.29 +1.74*
130 20.13 +0.38>¢ 15.87 +0.17° 66.90 +0.56"
16 145 20.82 +0.68° 15.35 +1.74* 66.02 +2.98*
170 21.21 +1.57%° 14.86 + 0.69° 65.56 +1.58%
130 20.70 + 0.49*° 15.11 +0.17° 67.34+1.27%
18 145 21.82 +0.63*" 14.43 +2.08° 66.88 +0.90%
170 22.44 £0.29% 13.97 +1.41° 66.08 + 2.46%

Values having different superscript a, b, c...i were significantly (p < 0.05) different from each other at different barrel temperature and feed moisture. RDS:

rapidly digestible starch; SDS: slowly digestible starch; RS: resistant starch.
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F1GURE 3: Effect of extrusion conditions on expected glycemic index (Exp-GI) of the sorghum-chickpea flakes.

TasLE 6: Effect of feed moisture and barrel temperature on sensory characteristics of sorghum-chickpea-based flakes.

Feed moisture (%)  Barrel temperature ("C) ~ Appearance Taste Texture Color Overall acceptability
130 7.10+0.00**  6.50+0.31°  6.60+0.15°¢  7.00 + 0.46** 6.80 +0.31>¢

14 145 6.90+0.15*>  8.00+0.15*°  7.50+0.31°  7.50 +0.00*" 7.40 +0.31%°
170 7.80+0.47°  8.80+0.16¢  8.40+0.31*  8.30+0.31° 8.30 + 0.25°
130 7.00+0.15*®  6.00+0.31°  6.00+0.32¢  6.50+0.31%¢ 6.30 + 0.31°

16 145 7.10+0.31*°  7.40+0.47°  7.00+0.00>¢  6.50 +0.39%¢ 7.00 + 0.00>¢
170 7.60+0.46°  820+0.16¢  7.50+0.31®>  7.10+0.15"¢ 7.60 £ 0.15°
130 6.90 +0.00*®>  6.30+0.00°  6.00+0.46°  6.00+0.15¢ 6.30 + 0.47¢

18 145 6.50+0.16°  7.50+0.16°  7.00+0.15>°  6.70 + 0.31>¢ 6.90 + 0.15"
170 7.00+0.16**  7.90+0.00*®  7.20+0.16°  7.00+0.16>¢ 7.20 £ 0.16>¢

Values having different superscript a, b, c...i were significantly (p < 0.05) different from each other at different barrel temperature and feed moisture.

were in line with those reported in earlier published studies
by Bai et al. [54] and Wang et al. [24].

3.10. In Vitro Starch Digestibility (IVSD). As per classifica-
tion, the digestible starch can be RDS, SDS, and RS. The
amount of RDS showed minor enhancement (19.04-19.99)
with the rising BT from 130 to 170°C at 14% FM, while it
increased with increasing feed FM. (Table 5). The present
results obtained in the present study are in close proximity
with studies of Liu et al. [55] for finger millet. The reason
for the same might be the enhanced amount of disrupted
starch at higher BT, causing a decreased crystallinity of
starch and thus increasing susceptibility of starch to enzy-
matic action. The results indicate that RDS augments with
increasing FM as well, from 21.21% (170°C) to 22.44%
(170°C) at 16 and 18% FM. Modulation in RDS in response
to rise in FM was supported by earlier published report [56]
on extrudates based on sorghum-barley blend. Gonzalez
et al. [57] observed that SDS fraction is solely linked to
starch structure. Level of SDS may impose diminution
(17.61 to 15.73%) w.r.t. increasing BT (130-170°C) at 14%

FM. Koa et al. [56] demonstrated that high BT could
improve thermal melt process which ultimately favors starch
gelatinization. Decreasing trend in SDS values from 15.73 to
14.86% in response to raising FM from 14 to 16% at BT of
170°C was observed. Feed moisture has a tendency to sup-
port numerous transformations in the medium such as alter-
ations in melt properties which undergo numerous
transformations. Koa et al. [56] promulgated SDS decrease,
however, only after a critical BT (30°C). SDS is important
form of digestible starch when it comes to health because it
is related to slow release of blood glucose and could be uti-
lized in health-based food formulations.

Content of RS was found to be diminished with elevating
BT, from 130 to 170°C. Extrusion treatment results in reduc-
tion of starch crystallinity which increases the availability of
enzyme and eventually decreases the RS content. Moreover,
a higher temperature causes significant structural changes in
starch. Sarawong et al. [52] reported enhancement in con-
tent of RS was with an increment in FM along with dimin-
ished speed of screw. Like observations of present study
where RS content was augmented with enhanced FM which
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ultimately elevates the amount of retrograded starch and
simultaneously the content of RS. This statement is also sup-
ported by findings of Koa et al. [56]. It has been reported
that the melt properties transform to glassy state to rubbery
at high FM, leading up to higher number of molecular alter-
ations, producing higher retrograded starch [58]. Table 2
depicts the level of correlation among the studied parame-
ters. Correlation between SDS showed positive correlation
with E-GI (r=0.91) and a negative correlation RDS
(r=-0.96).

3.11. Estimated Glycemic Index (E-GI). Multiple factors are
responsible for the glycemic index of food products espe-
cially ratio of amylose-amylopectin, type of methods of food
processing, composition of food, ripening degree, size of
particle, and resistant starch. The findings indicate that sam-
ples prepared with a feed moisture level of 18% exhibit a
lower E-GI of 52 (Figure 3). This reduction in GI may be
attributed to the higher content of resistant starch (66.08-
67.34g/100 g), which leads to a slower release and metabo-
lism of glucose, resulting in a slower increase in blood sugar
levels which supports the above-said concept. The observa-
tions in Figure 3 indicate that the GI of the food products
has not been significantly affected by decreased BTs; how-
ever, at 16% FM and 130°C BT, GI is 53, which decreased
to 52 at 170°C. Klein et al. [59] observed that heat-
moisture treatment resulted in a high stability in structure
as this treatment helps in rearranging the amylose chains
in an ordered manner, leading to higher RS which gives a
low GIL. With rise in FM, the GI of the product has shown
a decreasing trend. Reshi et al. [60] reported a lower GI
(40.37) of barley-based extruded snacks as compared to that
of barley flour (45), owing to the higher RS of barley
extrudates.

3.12. Sensory Characteristics. Sensorial attributes of flakes
were estimated in terms of its five characteristics (taste, tex-
ture, color, appearance, and overall acceptability), and data
for the same is given in Table 6. It was seen that snack items
formulated at high BT (170°C) were more desirable with OA
scores of 8.3 at 14% FM, 7.6 at 16% FM, and 7.2 at 18%FM,
which indicates that FM inversely effect OA (Table 6). Sam-
ples formulated at different BT have shown a significant dif-
ference in OA. Flakes developed at higher BT and the lower
FM has shown a higher expansion with a crisped mouth feel
which is desirable feature for extruded product. Overall
sorghum-chickpea (80:20) blend-based products have a
good acceptability value with desirable attributes when pro-
duced at higher BT and moderate FM.

4. Conclusions

The research demonstrated that by adjusting the barrel tem-
peratures and feed moisture levels, while keeping the screw
speed constant, it is possible to affect the nutritional and
functional characteristics of sorghum- and chickpea-
(80:20) based ready-to-eat flakes. The findings indicated
that utilizing a higher barrel temperature (170°C) and lower
feed moisture (14%) yields the most favorable combination

Journal of Food Processing and Preservation

for producing highly desirable flakes with enhanced attri-
butes, including increased expansion, higher amino acid
content (AA), higher total phenolic content (TPC), good
in vitro protein digestibility (IVPD), higher resistant starch
(RS), and lower glycemic index due to lower expected glyce-
mic impact (Exp-GI).

Data Availability

The data used to support the findings of this study are
included within the article.

Additional Points

Practical Application. The flakes produced using inexpensive
and conventional raw materials have shown a higher antiox-
idant activity, higher total phenolic content, a good in vitro
protein digestibility, higher content of resistant starch and
lower glycemic index. Thus, these sorghum-chickpea combi-
nation flakes could be a healthier option for every segment
of population for an in between the meal munching, as com-
pared to the overly processed fat-based foods available in the
markets nowadays.
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