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Nutrient-rich puffed snacks developed using
blended flours and lignin Pickering emulsions
containing curcumin and vitamin D5
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Charles Brennan,® Nitin Mantri,® Benu Adhikari @ *9¢ and Nisha P. {2 *abd

This study explores the use of blended flours and fortification with health-promoting compounds to
improve the nutritional profile of extruded puffed snacks (EPS). Lignin particles extracted from Ayurvedic
spent materials were used to create lignin Pickering emulsions (LPEs) for incorporating the lipophilic
compounds, curcumin and vitamin Dsz. A blended flour composed of pearl millet, spent coconut, and
corn grits was used to replace 80% of the traditionally used corn grits. Fortification was achieved by
incorporating LPE containing curcumin and vitamin Ds. Protein content, dietary fiber, texture profiles,
and structural integrity of the snacks were evaluated. Compared to a control made solely from corn
grits, the EPS with blended flour showed higher protein (13.8%) and dietary fiber (19.2%) contents.
However, the increase in protein and fiber content resulted in lower expansion ratios for EPS produced
with the blended flour, with or without LPE. The EPS containing LPE had similar hardness,
microstructure, fracturability, chewiness, and gumminess as those without LPE. Sensory analysis scores
confirmed the acceptability of both EPS and EPS containing LPE. Importantly, the inclusion of LPE
enhanced the stability of curcumin (69.0%) and vitamin Ds (65.7%), highlighting the protective
encapsulation effect of lignin particles. This study underscores the potential of lignin-based Pickering
emulsions loaded with lipophilic compounds, combined with blended flours, for producing nutrient-rich
and health-promoting ready-to-eat snacks through extrusion.

The sustainability goals of this study align with SDG 2 (Zero Hunger), SDG 3 (Good Health and Well-being) and SDG 12 (Responsible Consumption and
Production). By utilizing nutrient-dense blended flours and lignin particles derived from agricultural and Ayurvedic waste, the study promotes food waste

valorization and a circular economy. Fortifying snacks with curcumin and vitamin D3 addresses nutritional deficiencies, while producing affordable, shelf-

stable, and health-promoting ready-to-eat snacks enhances food security and supports sustainable food innovation.

1. Introduction

time (HTST) nature of extrusion enables rapid cooking and
facilitates the production of a wide variety of snack products.*

Extrusion cooking is a widely used industrial process that
applies high pressure, heat, and mechanical force in a short
time, resulting in significant transformations in food matrices.
This method is effective for producing ready to eat (RTE) snacks
with unique textures and flavors. The high-temperature short-
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However, the intense conditions can also degrade heat-sensitive
nutrients like vitamins, essential fatty acids, and bioactive
compounds, which poses a challenge in the development of
nutritionally fortified snacks.

Fortifying extruded snacks with bioactive and nutritional
compounds has become increasingly important because it
offers health benefits beyond basic nutrition.* Traditional
fortification methods typically involve the direct addition of
vitamins, minerals, or other bioactive compounds to the food
matrix before extrusion. However, these methods often result in
significant nutrient losses due to the harsh processing condi-
tions, thereby reducing the effectiveness of fortification.* When
carried out as a preceding step, microencapsulation protects
bioactive compounds like omega-3 fatty acids and probiotics
from the detrimental effects of extrusion by creating a protective
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barrier, thereby enhancing the nutritional quality of the final
product.>® Pickering emulsions that are stabilized by solid
particles rather than surfactants have attracted increasing
attention as delivery vehicles owing to their higher stability and
better ability to protect encapsulated bioactive compounds.”
Studies have focused on improving the nutritional characteris-
tics of extruded products by incorporating biopolymers, such as
inulin and chitosan.?® Incorporating inulin, a prebiotic fiber,
into extruded snacks has been shown to enhance dietary fiber
content, improve gut health, and boost antioxidant activity,
thereby making the snacks nutritionally superior.® Another
study highlighted the role of chitosan in enhancing the func-
tional properties of proteins, reducing fat absorption during
extrusion, and improving the textural attributes of snacks.’

Lignin, a natural biopolymer derived from plant cell walls, is
gaining attention for its potential to create delivery systems that
enhance the bioavailability of encapsulated bioactive
compounds.’®" A recent study showed that lignin, as a Picker-
ing particle, effectively protects sensitive nutrients like vitamins
(e.g., vitamin Dj3) and polyphenols (e.g., curcumin) from heat
and mechanical degradation, while improving their stability
and delivery.” Curcumin, a polyphenol found in turmeric, is
well-known for its anti-inflammatory, antioxidant, and antimi-
crobial properties, while vitamin D; is essential for calcium
absorption and bone health.”” The combination of these
bioactives in lignin-based Pickering emulsions represents
a novel approach for fortification, particularly in high temper-
ature processes like extrusion.

Extruded snacks are commonly made using corn flour,
which is favored for its high starch content that supports the
puffing and expansion processes during extrusion. However,
corn-based extruded snacks often lack significant nutritional
value, as they are typically low in protein, fiber, and essential
micronutrients.”'* In developing nutritionally enhanced
extruded snacks, the choice of raw materials is of prime
importance, and blended flours offer a practical solution.*
These flour blends typically combine grains, tubers, legumes,
and seeds, providing a balanced mix of proteins, carbohydrates,
fibers, and micronutrients.**** Ahmed et al. demonstrated that
twin-screw extrusion can produce granules containing iron and
vitamin D3, using a blend of corn and lentil flours as the carrier
matrix. These granules exhibited excellent chemical stability
and bioactive effects when tested on human osteoblast cells,
suggesting their potential applications for bone health.* Grasso
reviewed the use of industrial by-products in extruded snacks,
emphasizing nutritional and sustainability benefits.'> These
studies highlight the versatility of blended flours in developing
nutrient-rich extruded snacks. Spent coconut flour, a by-
product of virgin coconut oil production, is rich in dietary
fiber, protein, and antioxidants, making it an excellent ingre-
dient to enhance the health benefits of snacks, particularly for
gluten-free and vegan consumers.'® Similarly, pearl millet flour,
rich in essential minerals and other nutrients, is derived from
a crop known for its drought resilience."”

This study aimed to develop fortified extruded puffed snacks
(EPS) using blends of pearl millet, corn grits, and spent coconut
flour, enriched with LPE-encapsulated curcumin and vitamin D;.
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The EPSs were compared to a corn-based control for their phys-
icochemical, textural, and sensory properties. The stability of the
encapsulated bioactives (curcumin and vitamin D;) was also
compared to that of the non-encapsulated formulation. This
research achieves improved stability of curcumin and vitamin D;
while creating healthier snacks that contribute to improved
micronutrient intake and support better overall nutrition.

2. Materials and methods
2.1. Materials

Lignin was isolated from Ayurvedic spent materials and con-
verted to nano lignin using a planetary mill (Pulverisette, Fritsch,
Germany), as reported by Abraham.” Spent coconut meal, a by-
product of virgin coconut oil processing, was supplied by Apex
Coco Solar Energy Pvt. Ltd (Tamil Nadu, India). The residual oil
was removed to produce spent coconut flour (SCF). Pearl millet
and corn were sourced from the local market in Thir-
uvananthapuram, cleaned, ground into flour, and sieved through
a 200 mm mesh to achieve uniform particle size. Curcumin and
cholecalciferol (vitamin D) were procured from Sigma-Aldrich
Chemicals Pvt. Ltd (Massachusetts, USA). All other chemicals
and reagents used in this study were of chromatography grade
and were sourced from reliable local suppliers.

2.2. Preparation of O/W Pickering emulsions

Oil-in-water (O/W) Pickering emulsions were formulated using
lignin nanoparticles as the stabilizing agent. LNP solution was
prepared at a concentration of 2000 ppm at a pH of 8.0.
Sunflower oil (10% w/w), containing 50 ppm curcumin and
50 ppm vitamin D; was used as the dispersed phase. This
emulsion was prepared by sonicating with a VCX-750 Vibra Cell
(Sonics & Materials, USA) for 45 min (using a 10 s on/10 s off
cycle at 50% amplitude) according to the recent study.” The
resulting Pickering emulsion (LPE) was used for fortification of
the extruded snacks.

2.3. Preparation of extruded snacks

The composition of the flour blend was determined through
preliminary trials and contained 15% Spent Coconut Flour (SCF),
65% Pearl Millet Flour (PMF), and 20% Corn Grits (CG) on a w/w
basis. This formulation yielded extrudates with sensory and
physical properties comparable to the control made with only corn
grits. The control, prepared using only corn grit, is referred to as
C1, and the product with optimized flour blend is denoted as S1.
This optimised flour blend was subsequently infused with
LPE. The resulting LPE infused (which contained curcumin and
vitamin Dj; as stated above) extrudates are referred to as S2.

2.4. Extrusion process

The blended flour (S1) was uniformly mixed using a laboratory-
scale mixer (Basic Technology Private Ltd, Kolkata, India) and
conditioned with 16 + 1% water to achieve optimal expansion
and texture during extrusion cooking. The hydrated flour was
equilibrated for 1 h at ambient temperature (30 £+ 2 °C) in an
airtight container before extrusion. After conditioning, the flour

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixtures were extruded. For all the EPSs, the time and
temperature were kept the same.

Extrudates were prepared using a laboratory scale twin screw
extruder employing hot extrusion technology (L-TSE, Basic Tech-
nology Private Ltd, Kolkata, India). The operating parameters of
the extrusion process including screw speed, feed moisture
content, and cooking temperature, were optimized through
preliminary trials. The extrusion process is illustrated in Fig. 1.
Before operation, the extruder was primed, and a 2 mm circular
die was attached to the barrel end. The barrel was heated to 105 °©
C and 80 °C. The screw speed (350 rpm), feeder speed (10 rpm),
and cutter speed (70 rpm) were adjusted via the main control
panel. Once the desired barrel temperature was reached, the
optimized flour blend was fed using a semi-automatic feeder, and
the extruded product emerged from the die. The extrudates were
cut uniformly using a cutter assembly, cooled to room tempera-
ture, and promptly packed into pouches. The extrudates were
toasted in a conventional oven (Bajaj OTG oven, India) at 160 °C
for 3 min. This temperature-time combination was determined
through trials. The toasted extruded products were coated with
refined sunflower oil and a seasoning agent (Symega Food
Ingredients Limited, Cochin, Kerala, India) for sensory appeal.

2.5. Analysis of the physical and functional attributes of
extrudates

2.5.1. Proximate composition of flours and extrudates.
Moisture, ash, fat, and protein contents were determined

Blending of raw material

N\

Pre - conditioning the flour (moisture content - 16%)

A4

Extrusion ( Temp - 105 °C, Screw speed - 350 rpm)

A4

Cooling to ambient temperature (30 °C *2%)

A4

Toasting (160 °C, 3 min)

S

Packaging

Fig. 1 Flowchart of the extrusion process for producing EPS: C1 -
control, S1 — EPS with blended flour, and S2 — EPS with lignin-based
Pickering emulsion (LPE) fortification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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according to the procedures outlined by the AOAC.*® Samples
were oven-dried at 105 °C, and then transferred to a desiccator
and allowed to cool to room temperature (32.0 + 2 °C). For
determining ash content, the mass of the samples was recorded
before and after the ashing step using a muffle furnace (550 °C
for 6 h). Protein content was determined using the Micro Kjel-
dahl method with a nitrogen-to-protein conversion factor of
6.25. The fat content was determined via Soxhlet extraction.
Total carbohydrate was determined by difference.

2.5.2. Estimation of dietary fiber. The dietary fiber content
of EPSs - S1, S2 and C1 - was determined according to the
Bureau of Indian Standards Method with a slight modifica-
tion.” Fat- and moisture-free samples were autoclaved with
water, the pH was adjusted, and pepsin, pancreatin, and glu-
coamylase were added. The mixture was then incubated for
enzymatic digestion. After incubation, the pretreated extract
was centrifuged at 1118000 x g for 10 min to separate the
residue and supernatant. The residue, containing insoluble
fiber, was collected, washed three times with acetone and
diethyl ether, and lyophilized to obtain a stable weight of
insoluble dietary fiber. The supernatant, containing soluble
fiber, was precipitated using ethanol and refrigerated overnight.
It was then centrifuged (Model 7780; KUBOTA, Tokyo, Japan)
again at 1118 000 x g for 10 min, and the resulting residue was
collected. This residue was washed three times with alcohol,
acetone, and diethyl ether, and then lyophilized in a pilot scale
freeze dryer (SP Scientific VirTis Genesis 35L Pilot Lyophilizer,
Warminster, USA) to achieve a constant weight, yielding the
soluble dietary fiber.**

2.5.3. Expansion ratio. The expansion ratio of an EPS was
measured by comparing the diameter of the extruded product to
that of the die.”* A digital vernier calliper (0.1 accuracy) was used
to measure the diameter of ten randomly selected extrudates,
and the mean value was recorded. The expansion ratio of the
extrudates was calculated using eqn (1).

cross sectional diameter of extrudate
ER = - - - —. 1
cross sectional diameter of the die opening

2.5.4. Bulk density. The length and diameter of ten EPS
samples were measured using a digital vernier caliper. The
mass of these 10 EPS samples was also measured. The bulk
density was measured using eqn (2) considering they were
cylindrical in shape.?

Bulk density (g cm™>) = 4m/(rd*L). (2)

where, L is the length (cm), m is the mass (g) and d is the
diameter (cm) of the extruded snacks, respectively.

2.5.5. Colour analysis. The colour parameters of the EPS
were measured using a colorimeter (Hunter lab, Colour Flex EZ,
Virginia, USA). The empty cuvette was calibrated initially using
standard white and black plates. The hue of the samples was
assessed on the L* (lightness), a* (red-green), and b* (yellow-
blue) colour systems. To measure the color values, the
extruded products were pulverized and transferred into cylin-
drical glass sample cuvettes, which were then placed in the
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sample port. The color values were recorded after 10 rotations of
each sample, with measurements taken in triplicate.”

2.5.6. Texture analysis. The textural properties of extru-
dates were analyzed using a texture analyzer (TA. XT texture
analyzer, Stable Microsystems, Surrey, England). Texture profile
analysis (Stable Microsystems) was employed to measure
properties such as hardness, gumminess, chewiness, fractur-
ability. A 2 mm cylindrical probe was used in these measure-
ments. The tests were carried out in compression mode using
the following parameters: pre-test speed: 1 mm s ', post-test
speed: 5 mm s, test speed: 1 mm s~ ', trigger force: 5 g, and
distance (compression): 10 mm. The texture of EPSs was
analyzed at three different positions of the sample, and each
sample was tested in triplicate.

2.5.7. Sensory analysis. Sensory analysis was conducted to
evaluate the acceptability of extrudate snacks. A semi trained
panel of 25 members, aged 25 to 45, assessed the samples based
on appearance, color, aroma, taste, and overall acceptance.
Panelists were instructed to focus on one attribute at a time and
cleanse their palate with water between samples to prevent
cross-sensory contamination. Participants were encouraged to
provide candid feedback based on their overall sensory experi-
ence. A 9-point hedonic scale was used for the evaluation, with
scores ranging from 1 (‘dislike extremely’), 5 (‘neither like nor
dislike’), and 9 (‘like extremely’), following the guidelines of ISO
4121:2003. The average score across all criteria was calculated to
determine the sensory attributes.**

2.5.8. Cross-sectional microscopic images. The micro-
structure of the EPS was observed using an Olympus CX41
microscope (Olympus, Shinjuku, Tokyo, Japan). Images of the
surface morphology of the extrudates were captured at 4x
magnification using a camera attached to the microscope and
equipped with QCapture software (QImaging).

2.5.9. Observing microscopic morphology. The EPSs were
sliced and mounted onto an aluminum specimen holder using
carbon tape. Prior to microscopic examination, a thin layer of
gold was applied using a gold/palladium sputter coater (SC7620,
Emitech, Quorum Technologies Ltd, Kent, UK). Scanning elec-
tron microscopy (ZEISS; EVO 18, Germany) was used to acquire
and analyse the microscopic surface morphology of the
extruded samples. The instrument operated at an accelerating
voltage of 15 kV. Micrographs were captured at 500x
magnification.

2.5.10. Stability of curcumin and vitamin D;. The bioactive
stability, representing the percentage retention of curcumin
and vitamin D; in the extruded product, was determined using
high-performance liquid chromatography with a diode-array
detector (HPLC-DAD). For the analysis, 1 g of powdered EPS
was mixed with 5 mL of methanol and magnetically stirred for
3 h. The methanolic extract was centrifuged at 1118 000 x g for
10 min, and the supernatant was collected and filtered through
a 0.22 pm PTFE syringe filter. The HPLC analysis was performed
as previously described by the authors.” Briefly, a Prominence
UFLC system (Shimadzu, Japan) was used, equipped with
a Phenomenex Gemini C18 column (250 x 4.6 mm, 5 pm). The
system operated with an isocratic flow of 100% methanol at
arate of 1 mL min ", with detection wavelengths of 420 nm for
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curcumin and 261 nm for vitamin D;. Retention times for cur-
cumin and vitamin D3 were 3.2 min and 7.6 min, respectively.
The column temperature was maintained at 40 °C throughout
the analysis.

2.6. Statistical analysis

Experiments were carried out in triplicate, except where other-
wise mentioned. All analyses were conducted with three tech-
nical replicates, and the results are presented as mean =+
standard deviation (SD). The data were subjected to analysis of
variance (ANOVA) using GraphPad Prism 5.0 statistical software
to determine if there were statistically significant differences
between any two mean values or samples (p < 0.05).

3. Results and discussion
3.1. Nutritional profile of extruded snacks

The nutritional profiles of EPS are shown in Table 1. The fat
content showed a slight increase in S2 (1.64%), attributed to the
inclusion of sunflower oil in the emulsion, while S1 (0.10%) and
C1 (0.08%) showed comparatively lower fat levels. Variations in
carbohydrate content were observed, likely due to differences in
ingredient composition, such as dietary fiber. Other parame-
ters, including moisture and ash content, showed no significant
differences among C1, S1, and S2. EPS produced using the
blended flour showed significantly higher protein content as
compared to C1. Typically, extruded snacks are made with corn
flour to achieve better expansion and texture. However, it is low
in protein and other essential nutrients. Over-reliance on corn
flour results in nutritionally deficient snacks with a high gly-
cemic index. The use of blended flour in this study produced
snacks with increased protein content (13.5%) in S1 against
9.8% in the corn-based control (C1). The increased protein
content resulted from the spent coconut flour (SCF), a known
protein-rich ingredient. SCF contains 25.5% protein; thus, it
significantly contributed the protein content in the formula-
tion. Additionally, pearl millet, with a reported protein content
of 12.5%,” further enhanced the protein profile of the blend. A
similar increase in protein content was reported in enriched
extrudates; for example, Gojiya et al. observed an increase in

Table 1 Nutritional profile of EPSs made from corn grit (C1), blended
flours (S1), and blended flours infused with curcumin and vitamin D3
(S2)*

Composition (Wb%) C1 S1 S2

Protein 9.8 + 0.0° 135+ 01>  13.8+0.2°
Moisture 2.9 £+ 0.5° 2.8 +0.1° 3.3 £ 0.0°
Fat 0.1 + 0.2° 0.1 & 0.2° 1.6 + 0.1°
Ash 1.4 +0.2° 2.0+£01>  1.74+0.0°
Carbohydrate 85.8 + 0.2% 81.6 £ 0.5° 79.5 £ 0.1¢
Total dietary fiber 13.0 £0.2°? 18.9 + 0.1° 19.2 £ 0.1°
Insoluble dietary fiber 9.6 + 0.1° 142 +01° 146+ 02°
Soluble dietary fiber 3.4 +0.2° 4.6 +0.1° 4.6 + 0.2°

“ Different superscripts within the same row denote significant
differences between the samples and control (p > 0.05; n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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protein content from 14.0% to 26.7% when 10% to 40% defat-
ted sesame flour was added into the formulation.>*

The addition of PMF and SCF to the blended flour signifi-
cantly enhanced the dietary fiber content in the EPS. SCF
contains 54.0% total dietary fiber, including 44.5% insoluble
fiber and 9.5% soluble fiber. Similarly, pearl millet contributes
to the fiber profile of S1, as it contains 11.5% total dietary fiber,
comprising 9.1% insoluble fiber and 2.3% soluble fiber."” S1
contained significantly higher levels of total dietary fiber
(18.9%), insoluble dietary fiber (14.2%), and soluble dietary
fiber (4.6%) compared to C1, which contained 13.0%, 9.6%, and
3.4%, respectively (Table 1). This increase in fiber content can
be attributed to the contributions of pearl millet and SCF. A
recent study reported a 5% increase in protein content in
extrudates with the addition of green gram and cowpea flour,
along with a 3% reduction in total carbohydrate content,
making it a healthier snack option.”” Similarly, another study
reported significant increases in protein (7.6% to 27.2%) and
fiber content (0.1% to 2.6%) in extrudates with the incorpora-
tion of cowpea (10% to 30%) and whey protein concentrate
(WPC) (5% to 20%) compared to the control. The formulation
containing 15% cowpea and 5% WPC achieved the highest
acceptance, with a protein content of 14.6% and a total dietary
fiber content of 1.6%.* These findings highlight that the use of
blended flour containing fiber- and protein-rich ingredients can
significantly improve the nutritional profile of extruded
snacks."?® The snacks developed in this study were significantly
dense in protein and dietary fiber and can be considered
a healthier option.

3.2. Expansion ratio and bulk density

The expansion ratio and bulk density are important indicators
of texture, mouthfeel, and overall consumer acceptance of
extruded snacks. Bulk density reflects the degree of puffing in
extruded products and the blended flour and LPE are expected
to alter the bulk density of the snack samples. As shown in Fig.
2a, the bulk density of S1 (0.70 g cm™?) and S2 (0.72 g cm™?)
were higher than that of the control C1 (0.50 g cm ™). The
similar bulk density values of S1 and S2 indicated that the
incorporation of LPE did not significantly alter the physical or
internal structure of the snacks. Bulk density is influenced by
the interactions among starch, protein, and fiber components.*
SCF is rich in dietary fiber, which enhances the compactness of
extruded snacks and increases their bulk density. The observed
increase in bulk density with the addition of dietary fiber
suggests that higher fiber content contributes to a denser and
more compact extrudate structure. Previous studies have shown
that increased fiber content in extruded products correlates
with higher bulk density.

The higher expansion ratios typically signify lighter, crispier
textures. The control sample (C1) had the highest expansion
ratio of 4.01, while the expansion ratio of both S1 and S2 was
only 37.2% of that of the control (Fig. 2b). The inclusion of
soluble and insoluble fibers in extruded snacks significantly
influences their physicochemical characteristics, particularly
the expansion ratio and bulk density. The observed decrease in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the expansion ratio can be attributed to the increased protein
and fiber content, resulting in a denser, less expanded struc-
ture. An increase in protein content also affects the extent and
rate of starch gelatinization, which could lead to a decrease in
the expansion ratio.”® Studies have shown that incorporating
dietary fibers from various sources, such as polydextrose, gum
acacia, inulin, xanthan gum, and resistant starch, into corn-
based feed reduces the expansion of extruded snacks.** The
addition of fiber increases the viscosity of the starchy dough
during extrusion, reducing the water available for gelatinization
and thereby limiting starch expansion at the die.*

Fiber typically functions as an inert filler within the
expanded starch matrix. At low concentrations, the fiber is
insufficient to be evenly distributed throughout the extrudate
matrix. However, as its content increases, the starch matrix may
become overwhelmed, causing it to collapse as fiber particles
penetrate. This process ultimately reduces the expansion
ratio.®* A previous study reported reduced expansion index
values in extruded products containing okara and mung bean
powder. This was attributed to the high fiber content (60.8% in
okara; 15.2% in mung bean) and notable protein levels (26.5%
in okara; 20.2% in mung bean).*> Similarly, extruded snacks
made with 80-90% broken rice and 10-20% lupin flour showed
that higher rice content increased the expansion index, whereas
higher lupin flour content reduced it.**

During snack extrusion, dietary fiber significantly impacts
starch gelatinization by competing with starch for available
water. This competition reduces amylose leaching and limits
the full gelatinization of amylose and amylopectin, potentially
affecting amylose retrogradation and disrupting the structure of
amylopectin. Additionally, fiber increases dough viscosity, dis-
rupting the starch matrix and hindering expansion. These
structural disruptions weaken the matrix, reducing the expan-
sion ratio and producing denser snacks with higher bulk
density and less puffiness. As a result, the texture of fiber-
enriched snacks differs markedly from fiber-free products.”*>*

The extruded product formulated with 15% spent coconut
flour (SCF) and 65% pearl millet flour successfully replaced 80%
of corn flour, marking a significant step toward replacing
traditional corn-based snacks. Similarly, an extruded snack
developed using 80% pearl millet flour, 10% African walnut
flour, and 10% corn starch achieved moderate sensory
acceptance.*

3.3. Texture profile analysis

Texture attributes like hardness, fracturability, gumminess, and
chewiness are essential for evaluating the quality and appeal of
extruded snacks. Hardness affects the perception of freshness,
while fracturability can be correlated with the crispiness.
Gumminess indicates the effort required to chew, and chewi-
ness influences the overall sensory experience. All of these
attributes are vital for creating products that satisfy the
consumers. The texture qualities of the extruded snacks are
shown in Fig. 3. The increase in hardness observed in S1 and S2
compared to C1 is primarily due to the higher protein and fiber
content from SCF and PMF, which disrupt the starch matrix,
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(p < 0.05).

leading to reduced expansion and a denser texture. The strong
relationship between hardness and expansion suggests that
higher protein and fiber levels enable the formation of
a compact structure that affects the overall texture. This type of
relationship was also noted by Kumar et al.,” who found that
fortification of snacks with chitosan led to the increase in die-
tary fibre content. Similarly, the incorporation of 5 to 20%
tomato pomace powder in extruded snacks was found to
increase hardness.*® A protein-starch interaction that inhibited
expansion might be attributed to an increase in hardness in
sorghum-based extruded snacks when protein-rich soy meal
flour was added up to 20% of the formulation.*” The control
sample (C1) had the highest chewiness compared to S1 and S2.
Earlier research also showed that chewiness was significantly
reduced from 1.63 N to 0.42 N when corn flour was supple-
mented with soy and chickpea flour about 20-40%.%* The
gumminess of EPS increased with the addition of SCF and PMF
compared to the control. Fiber acts as both a structure-forming
and water-absorbing component, creating a denser matrix that
resists deformation and thereby enhances gumminess. This
aligns with previous studies showing that incorporating soy and
chickpea flour into corn flour significantly increases gummi-
ness, demonstrating a positive correlation between dietary fiber
content and gumminess in extruded products. It has also been
reported that gumminess increased significantly from 0.33 N in
the control to 1.99 N when 20% soy and 20% chickpea flour
were substituted for corn flour.*® Fracturability is an important
texture attribute that reflects the brittleness or crispness of
a snack. A higher fracturability value indicates that the snack
can break with less force, indicating its crunchy and crisp
texture. In extruded snacks, it is affected by several factors,
including the composition of the ingredients (e.g:, starch, fiber,
moisture, fat, or emulsifiers), the extrusion process parameters
(e.g., temperature and pressure), and the extent of product
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(b)

Expansion ratio

C1 S1 S2
Extruded snacks

(a) Bulk density and (b) expansion ratio content in the extrudates. Different letters denote significant differences between the samples

expansion. It was observed that the addition of fiber rich SCF
and PMF resulted in a slight reduction in fracturability
compared to the control. Fiber-rich ingredients, such as SCF
and PMF, disrupt the continuous starch network, reducing
product expansion and creating a denser texture. This compact
structure absorbs more force before breaking, thereby reducing
the product's brittleness. The lower expansion caused by high
fiber content also decreases porosity, making the product less
brittle and slightly tougher to fracture. These findings are
consistent with studies that reported similar effects when high-
fiber ingredients, such as tomato pomace, were incorporated
into extruded snacks, resulting in reduced fracturability due to
the compact and dense structure.’>**

Notably, the similar texture profiles of S1 and S2 suggest that
incorporating lignin-based Pickering emulsions (containing
curcumin and vitamin D3) does not significantly alter the core

200
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160 A b uCl

140 u Sl
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uS2
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40 < d

%
20 C o d

Hardness

Fracturability
Textural parameters

Gumminess Chewiness

Fig. 3 Texture profile of extruded puffed snacks. All the parameters
expressed in Newton (N). Different letters denote significant differ-
ences in the values between the samples (p < 0.05).
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Table 2 Colour analysis of EPSs formulated with different combinations of blended flours®

Extruded puffed snack L* a* b* Yellowness index (YI)
C1 67.9 + 0.1* 3.9 £ 0.0% 38.5 + 0.2% 80.9 + 0.0?
s1 61.5 + 0.0° 3.0 +0.0° 24.9 +0.1° 57.8 £ 0.1°
S2 67.8 + 0.3% —0.4 £ 0.0° 62.2 £ 0.2¢ 131.3 £ 0.5¢

¢ Entries within the same column with different superscripts denote significant differences between the sample and control (p > 0.05; n = 3).

textural properties of the snacks. This finding indicates that
these emulsions can be used to fortify extruded snacks without
compromising their overall texture profile, making them
a promising option for enhancing nutritional value.

3.4. Color analysis

The color properties of the extruded snacks, as indicated by the
L* (lightness), a* (red-green), b* (yellow-blue), and yellowness
index (YI) values, showed significant variation among C1, S1,
and S2 in terms of colour (Table 2). Sample C1 exhibited the
highest lightness value suggesting a brighter appearance
compared to the other samples. The a* and b* values of C1
indicated a more pronounced reddish and yellowish hue,
contributing to its high yellowness index (YI = 80.86). This is
due to the presence of corn grits, whose yellow colour primarily
results from natural carotenoid pigments, particularly lutein
and zeaxanthin.

In contrast, S1 displayed the lowest lightness value and
reduced a* and b* values, resulting in the lowest yellowness
index (YI = 57.78). The lower colour intensity of S1 can be
attributed to the incorporation of SCF and PMF, with the latter
likely responsible for the darker colour. Pearl millet contributes
to the dark color of extrudates due to its high phenolic content,
including tannins and flavonoids, which act as natural
pigments. During extrusion, the high temperatures and pres-
sures trigger the Maillard reaction, forming brown melanoidins
that further enhance the dark color. Pigments such as antho-
cyanins present in the bran layer of pearl millet further intensify
the darkening effect during processing. It has been reported

Overall
acceptance

Crispiness

Taste

that reactions such as Maillard browning, caramelization,
pigment degradation, and lipid oxidation contribute to the
reduction in lightness of extruded snacks.** S2, however,
exhibited a markedly different colour profile. While its lightness
was comparable to that of C1, the a* value shifted toward the
green spectrum, and its b* value was significantly higher than
that of other samples, resulting in the highest yellowness index
(YI =131.26). This indicates that S2 had a strong yellow hue due
to the presence of curcumin and lignin, which carry yellow and
brown pigments.” The colour profile of the extruded snacks
formulated in this work aligns with research showing that the
addition of vegetable ingredients and other agricultural by-
products to rice-, barley-, and corn-based extruded snacks
improves their colour desirability.">*"** Furthermore, the
inclusion of lignin in extruded snacks not only supports the
stability of bioactives like curcumin and vitamin D; but also
enhances the product's visual appeal.

3.5. Sensory profile of snacks

The sensory profile of the EPSs was evaluated to determine their
potential acceptance by the consumers. Attributes such as color,
texture, flavor, and overall acceptability were evaluated (Fig. 4).
All samples received mean scores above 8.0 out of 9 for each
attribute, indicating a high level of acceptance among the
panellists. The panellists noted that the sample fortified with
LPE (S2) had a distinct darker yellow hue compared to both the
control and the one produced using blended flour without the
emulsion fortification, yet it received similar sensory scores for
texture, flavor, and crispiness.

Fig. 4 Sensory profiles of extruded puffed snacks. Corn grit (C1) and blended flours (S1), blended flours infused with curcumin and vitamin

D3 (S2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The high sensory scores across all samples suggest that the
inclusion of SCF and PMF did not negatively impact consumer
acceptability. The positive sensory attributes of S1 and S2
snacks, including taste, texture, and crispness could be attrib-
uted to the unique combination of pearl millet and coconut
flour, which created a distinct flavor profile compared to
commercial snacks. The crispness resulted from the extrusion
process and the interaction of the ingredients.

The distinct darker yellow colour of the product fortified
with LPE (S2) enhanced its visual appeal without compromising
texture and flavour. A similar result was observed with the
addition of tomato pomace powder to ready-to-eat (RTE) snacks.
When included at levels of 5-10%, the snacks achieved the
highest sensory scores. However, acceptability decreased at
inclusion levels above 10%.%® Likewise, Hoglund*® incorporated
bilberry press cake into extruded snack formulations. Substi-
tutions of up to 25% were tested, but products with 10%
inclusion were the most preferred by panellists. In another
study, oat flour was added at levels of 5-20% to extruded snacks.
Formulations containing 10% oat flour achieved the highest
overall sensory scores.** These studies highlighted that
moderate inclusion levels of natural fiber-rich ingredients
enhanced snack sensory appeal, whereas excessive amounts
reduced acceptability. The findings confirm that the blend of
SCF, PMF, and corn grits—fortified with LPE—improves the
nutritional profile of extruded snacks while maintaining strong
sensory appeal. Notably, the blended flour in this study con-
tained 15% SCF and 65% PMF, replacing 80% of corn grits in
extruded puffed snacks while still delivering desirable sensory
properties.

3.6. Microstructural analysis

The microstructural analysis of EPS samples using an optical
microscope (Fig. 5a-c) revealed notable differences among C1,
S1, and S2. The control sample (C1) displayed a uniform pore

Frcta o, = 9154

WO 115mm  ProtoNo, s 915 WO = 120 mes
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distribution with large, homogeneous edges, indicating greater
expansion and aeration during extrusion. In contrast, S1 had
smaller pores and a denser, less porous structure due to the
higher fiber content in SCF and PMF, which promoted a more
compact matrix. S2 showed a similar structure to S1 but with
a distinct yellow hue caused by the presence of curcumin.

The microstructural characteristics of EPS samples—C1, S1,
and S2—were examined through SEM (Fig. 5d-f). Fig. 5d reveals
a rough, fractured surface with air pockets formed during the
extrusion process. This porous structure results from the
expansion of starch and protein components at the end of the
extrusion process. The visible cracks may be due to moisture
evaporation and rapid expansion. In contrast, Fig. 5e shows
a more fibrous, layered structure with elongated strands, sug-
gesting partial melting of starch or proteins that solidify into
fibrous formations, enhancing the snack's crunchiness. Fig. 5f
displays a microstructure similar to that of the control (C1),
indicating that LPE did not affect the EPS microstructure. Similar
findings were reported in extruded snacks made from rice starch
and pea protein blends, which showed an even distribution of
proteins and carbohydrates throughout the porous structure.*

3.7. Stability of bioactives in lignin-encapsulated extrudates

Emulsions stabilized by lignin show promise in encapsulating
health-promoting compounds like vitamin D; and curcumin for
fortifying snack products.’* Incorporating these bioactive
compounds into extruded snacks can significantly enhance
their nutritional profile. Preserving the stability of curcumin
and vitamin D; within the emulsion is crucial for maintaining
the health benefits of fortified snacks over time. To evaluate
LPE's ability to protect curcumin and vitamin D; during extru-
sion, a control EPS (C2) was prepared by adding these
compounds directly to the blended flour without emulsifying
with lignin particles. The stability of curcumin and vitamin Dy
in C2 was then compared to that in the S2 sample. Fig. 6 shows

Teon 162220

Fig. 5 Microscopic images, (a—c) optical microscopy images, and (d—f) SEM images of extruded puffed snacks.
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the chromatograms of the extrudates S2 and C2, showing the
stability of curcumin and vitamin D; in the products. The
bioactive stability of curcumin and vitamin D; in S2 was 69.0
and 65.7%, respectively. In contrast, the stability of curcumin
and vitamin D; significantly decreased to 7.4 and 8.2%,
respectively in C2. These results indicate that lignin stabilised
emulsions effectively protect curcumin and vitamin D3 during
the extrusion process.

View Article Online

Sustainable Food Technology

The significant difference in bioactive stability between S2
and C2 underscores the vital role of lignin as a protective agent
in extrusion processes. Lignin acts as a stabilizer, shielding
curcumin and vitamin D5 from the harsh thermal conditions,
thereby maintaining their integrity and activity. Without lignin,
as observed in C2, curcumin and vitamin D3 are highly
susceptible to thermal degradation their stability is compro-
mised. These findings are in accordance with those of Bertolo,*
which demonstrated that lignin particles protect bioactive
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Fig.6 HPLC chromatograms of extruded snacks showing bioactive stability: (a) curcumin content in C2, (b) curcumin content in S2, (c) vitamin
D3 content in C2, (d) vitamin D3 content in S2 (e) standard curcumin, and (f) standard vitamin Ds. (g) Bioactive stability of curcumin and vitamin Dz
in extruded snacks; different letters denote significant differences in values between C2 and S2.
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compounds (such as curcumin) in food systems. The notably
higher stability of curcumin and vitamin D; in S2 underscores
lignin's potential as a protective agent, demonstrating its suit-
ability for the production of fortified extruded snacks. Lignin
has also been shown to possess antioxidative properties, with
the ability to protect oxygen-sensitive compounds.”” In this
study, lignin's role as a Pickering particle was vital for
successfully encapsulating curcumin and vitamin D3, ensuring
their stability during high-temperature extrusion (110 + 2 °C).
These findings align with the existing literature, where lignin is
consistently highlighted as an encapsulating and protective
agent for bioactive compounds.*”**

4. Conclusion

This study successfully developed and characterized nutrition-
ally and functionally superior extruded puffed snacks (EPSs).
The EPSs were formulated using a blend of spent coconut, pearl
millet flour, corn grits, and lignin Pickering emulsions (LPE) in
which curcumin and vitamin D; were encapsulated. Notably,
80% of the corn flour typically used in traditional snacks was
replaced with the blended flour, resulting in increased protein
and dietary fiber content. Although the expansion ratio, bulk
density, and textural properties of the blended flour snacks were
lower than those of traditional corn flour snacks, the inclusion
of LPE enhanced their nutritional profile. The overall sensory
acceptance of these snacks was comparable to that of conven-
tional snacks, indicating their suitability as nutritionally
enriched alternatives. The study also confirmed that curcumin
and vitamin D; were effectively encapsulated within the snacks’
matrix, with their structural integrity and bioactivity preserved
during the extrusion process. Lignin played a vital role in
maintaining the stability and bioavailability of curcumin and
vitamin Dj in the snacks. These findings highlight the potential
of lignin-stabilized emulsions for incorporating bioactive
compounds into healthier, ready-to-eat snacks.
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