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Keywords Abstract

crackers,  Groundnut  powder, Malnutrition and food insecurity remain major global health challenges,
Functional  foods, Nutritional particularly in low- and middle-income countries, driven by increased consumption
composition, Antioxidant activity, —of energy-dense, nutrient-poor foods. This study aimed to develop oat-based energy
Mineral profile, Malnutrition crackers enriched with almonds and varying levels of groundnut powder (0-40%)
and evaluate their physicochemical, nutritional, phytochemical, mineral,
antioxidant, and sensory properties. Roasted groundnut powder exhibited high fat
(48.38%) and protein (26.95%) contents, along with essential minerals and
notable phenolic (67.66 mg GAE/g) and flavonoid (14.16 mg QE/g) contents.
Increasing groundnut incorporation significantly improved protein (17.31-
21.17%) and fat (28.99-36.74%) levels in crackers. Enhanced phytochemical

content and antioxidant activity were also observed. Mineral analysis showed
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increased potassium and magnesium, with slight reductions in calcium and
phosphorus.  Sensory evaluation indicated high acceptability (7.4-8.8/9).
Qwerall, these crackers represent a nutrient-dense, functional food with potential
to improve dietary quality and address malnutrition.
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1. INTRODUCTION Report on Food Crises (2024), approximately 37.7

Malnutrition persists one of the most serious
global public health issues, affecting millions of
individuals across all age groups and regions
(Munarso et al., 2026). In 2022, approximately
390 million adults worldwide were underweight.
Among children under five years of age, an
estimated 149 million were stunted, while 45
million were wasted. According to the Global

million children aged 6-59 months across 26
countries were affected by acute malnutrition,
with the most severe conditions reported in
Sudan, Yemen, Mali, and the Gaza Strip. Global
acute malnutrition cases increased from 26.9
million in 2023 to 30.4 million in 2024, showing

the escalating severity.
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Global dietary patterns are shifting due to
urbanization, globalization, and lifestyle changes.
Traditional meal structures are increasingly being
replaced by frequent snacking and reliance on
ready-to-eat (RTE) foods, a trend often described
as “snackification” (Stratistics Market Research
Consulting, 2025; Igbal et al., 2026). The global
RTE and snack food market has expanded
significantly which is projected to grow from USD
11.25 billion in 2026 to USD 15.51 billion by
2035, driven by urbanization, rising incomes, and
demand for convenience. Globally, convenience
foods are preferred by approximately 72% of
consumers, with 58% actively seeking time-saving
meal options (Sisay et al., 2026).

Large-scale food to food fortification has also been
explored as a costeffective strategy in vulnerable
populations to address micronutrient deficiencies
which are currently adopted in more than 140
countries (Olson et al., 2021; Shabbir et al., 2026).
Alongside increasing attention beyond basic
nutrition food market is projected to reach USD
586 billion by 2030, show growing consumer
awareness of health and wellness (Costlow et al.,
2025; Coomson et al., 2025). Despite their
convenience and widespread consumption,
conventional snack foods present ' notable
nutritional concerns for sensory appeal and shelf
stability rather than nutritional quality (Asghari et
al., 2016; Gregory, 2024). Evidence from the
National Health and Nutrition Examination
Survey (NHANES) among university students,
high intake of energy-dense snacks has been
associated with such as chocolate, potato chips,
and biscuits have been associated with high fat and
sugar intake, contributing to impaired metabolic
health (Aljefree et al., 2022; Mirmiran et al.,
2014).

To growing health awareness, the food industry
has shifted toward the modern formulations of
healthier snack alternatives that increasingly
incorporate  functional ingredients. Market
analyses indicate rising consumer demand for
snacks with more than 68% of urban consumers
preferring  health-oriented  snack  options
(AlJaloudi et al., 2024; Polaris Market Research,
2025). Manufacturers are Energy-dense snack
products, particularly protein bars, granola-based

snacks, fortified cereals, and functional snack
mixes, and energy crackers, have gained
commercial interest due to their convenience and
functional applications (NielsenIQ, 2024; Barakat
et al.,, 2025). Energy bars or crackers are RTE
formulations composed of nutrient-dense
ingredients, typically providing 200-300 kcal per
serving with balanced macronutrient composition.
These products are widely consumed as between-
meal snacks and therapeutic interventions for
malnutrition (Bright et al., 2025; Argessa, 2025).
Oats (Avena sativa L.), belonging to the Poaceae
family, are a widely cultivated cereal grain which
are grown under both irrigated and rain-fed
conditions (Kaur et al., 2022; Olas, 2024;).
Adaptability to marginal soils, making them an
agronomically resilient crop that is recognized for
their nutritional and functional value in food
systems (Leszczyniska et al., 2023; Prasanthi et al.,
2025). Oats have a nutrient-dense composition,
containing approximately 11-18% protein, 5-9%
lipids, and 60-70% carbohydrates soluble
globulins, and B-glucan (2.3-8.5%), which is
bioactive component (50-80%) (Tan et al., 2021;
Cortijo-Alfonso et al., 2024). Oat flakes, bran, and
flour are incorporated into breakfast cereals,
cookies, biscuits, and crackers to improve dietary
fiber content and enhance texture and moisture
retention (Ma et al., 2026; Alemayehu et al,,
2023).

Almonds (Prunus dulcis) are nutrient-dense tree
nuts widely recognized for their functional and
health-promoting properties (Tahiri & Gilbert,
2025). It contains 20-25% protein due to their
nutritional properties, almonds are widely
incorporated into granola bars, energy bars,
cereals, bakery products, and confectionery items.
(Poznyak et al, 2022). More than 500
phytochemicals have been identified, with the
majority concentrated in the almond skin,
including catechin, epicatechin, chlorogenic acid,
and proanthocyanidins (Redondo-Puente et al.,
2021). Regular almond consumption promote
satiety, supporting body weight management, and
contribute to gut health through increased short-
chain fatty acid production and improved
intestinal barrier function (Kolahi et al., 2025).
Almond flour is particularly important in gluten-
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free formulations, providing a nutrientrich
alternative to refined flours (Wang et al., 2025).
Groundnuts (Arachis hypogaea), also known as
peanuts, are widely consumed botanically
leguminous oilseeds (Xiang et al., 2025; Zhang et
al., 2026). It belongs to the Fabaceae family later
spreading globally through trade and agricultural
expansion. Due to rich profile of 25-30%,
proteins, 36-54% lipids, 10.5-20%
carbohydrates, and 1.4-3.9% dietary fiber,
cultivated in more than 100 countries, with
China, India, Nigeria, the United States, and
Sudan among the major producers (Bonku & Yu,
2020; Farooqui et al., 2019). Their adaptability to
diverse agroecological conditions and high yield
potential make them a key crop for food security
(Rasane et al., 2015; Nunes et al., 2024). Due to
their high caloric density, affordability, and
nutrient composition, peanuts are widely used in
both staple diets and therapeutic nutrition
(RUTF) targeting malnutrition (Bodoira et al.,
2022). The present study aims to develop oat-based
energy crackers enriched with almonds and
groundnuts. Subsequently, proximate minerals,
phytochemical characterization, and sensorial
attributes of crackers was assessed.

Materials and Methods

Procurement of raw materials

All raw materials required for the formulation of
oat-based energy crackers, including oats,

almonds, groundnuts, sugar, fat, and other baking
ingredients, were procured from local markets of
Faisalabad, Pakistan. The materials were shifted to
the laboratory under hygienic conditions and
stored in airtight containers at room temperature
until further use. All chemicals and reagents used
for analyses were purchased of analytical grade

(Merck, Germany).

Preparation of groundnut powder

Groundnut seed powder was prepared following a
standardized procedure mentioned by Urooj et al,
(2026a) for plantbased seeds with slight
modification. Raw peanuts were cleaned and
sorted to remove immature or damaged seeds and
foreign materials. The cleaned groundnuts were
roasted at 150 °C for 10-15 min to enhance flavor
and promote the removal of the seed coat. After
roasting, the groundnuts were cooled at room
temperature, and the skins were manually
removed. The roasted groundnuts were then
ground using a laboratory grinder (Panasonic MX-
AC400, Malaysia). Grinding was carried out
intermittently to minimize heat generation and oil
prevent separation. The resulting powder was
passed through a 60-mesh sieve (250 pm) to obtain
a uniform particle size. The standardized
groundnut powder was packed in airtight
polythene bags and stored at 4 °C until further
analyses and product development.

Cleaning & Sorting

Grinding in Lab Grinder

Roasting at 150 °C

Sieving (60-mesh sieve)

Removal of Peanut Skins

Packing & Storage at 4 °C

Figure 1. Processing steps involved in the preparation of groundnut seeds (Arachis hypogaea) powder
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Development of oat-based energy crackers

Oat-based energy crackers formulation was carried
out using modified methods described by Igbal et
al. (2026), with slight modifications. The base
formulation consisted of a mixture of oats and
almonds, while groundnut powder was
incorporated at varying levels, control treatment
(To) consisted 100% oat and almond mixture
without groundnut powder while experimental
treatments, replacing the oat and almond mixture
at levels of 10%, 20%, 30%, and 40%, respectively
shown in Table 3.2. All dry ingredients were

accurately weighed using an electronic analytical
balance and mixed thoroughly to obtain a
homogenous blend. Dough was prepared by
adding appropriate amounts of fat and water,
followed by mixing until uniform consistency was
achieved then sheeted to a consistent thickness,
cut into desired shapes, and baked in a preheated
oven at 180 °C for 15-20 min until golden brown.
After baking, the crackers were cooled to room
temperature and packed in airtight containers for
further analysis.

Table 1: Formulation plan for oat-based energy crackers enriched with groundnut powder

Treatments Oat: Almond Mixture (%) Groundnut Powder (%)
T, (control) 50:50 0

T, 45:45 10

T, 40:40 20

T; 35:35 30

T, 30:30 40

Characterization of roasted groundnut powder
and oat-based energy crackers

Proximate analysis

The proximate composition of roasted groundnut
powder and developed crackers, including
moisture content, crude fat, crude protein, crude
fiber, total ash, and carbohydrate contents, was
determined according to the standard method of

method AOAC (2019).

Phytochemical analysis

Sample preparation

2 grams of finely ground nut powder and crackers
were separately mixed with 20 mL of diluted
methanol and extracted at room temperature for
two hours. The mixture was then filtered through
Whatman No.l filter paper, and collected in
sample vials for further phytochemical analysis,

following the procedures mentioned by Arioglu-
Tuncil and Celik (2026).

Total phenolic contents (TPC)

Total phenolic contents of the extracts were
determined using the Folin-Ciocalteu (FC)
colorimetric =~ method as  presented by
Chatziharalambous et al. (2023). In this method,
200 pL of the extract was mixed with 1 mL of
freshly diluted FCreagent (10fold). After
incubated for 5 min, 1.5 mL of sodium carbonate
solution (60 g/L) was added. The mixture was then
left at room temperature for 90 min. Absorbance
was measured at 750 nm using a UV-Vis
spectrophotometer. A standard calibration curve
of gallic acid was used to quantify the phenolic
contents, and the results were expressed as mg

GAE/100 g of sample.

\Y
TPC (mg/g of GAE) = cx M

Where,

¢ = Gallic acid concentration (mg/mL)
V = Volume of extract

M = Weight of ethanolic extract (g)
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Total flavonoid contents (TFC)

Total flavonoid contents were determined using a
colorimetric method determined by Ahmed and
Abozed (2015) and Hamed et al. (2021). In this
procedure, 0.5 mL of the extract was placed into
test tube, followed by the addition of 0.3 mL of
5% NaNO,, 4 mL of distilled water, and 0.5 mL
of methanol. The mixture was allowed to stand for
5 min, after which 0.3 mL of 10% AICI; solution
was added and stirred thoroughly. After 6 min of
incubation 10 mL of distilled water was 2 mL of 1
M NaOH solution was added to the mixture. The
solution was mixed well and allowed to stand for
10 min. The absorbance was then measured at 510
nm using a UV-Vis spectrophotometer. The
flavonoid contents were quantified using a
standard calibration curve of quercetin, and the
results were expressed as mg QE/100 g of sample.

Anti-oxidative potential (DPPH)

Antioxidant activity (ug o — tocopherol eq./g) =

Where:

The antioxidant activity of the samples was
determined using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical scavenging assay following
the method described by Chatziharalambous et al.
(2023) with slight modifications. Briefly, 1 mL of
the sample extract was mixed with 2 mL of 0.5 mM
DPPH solution prepared in methanol. The
reaction mixture was incubated in the dark at
room temperature for 30 min to permit the
reaction to proceed. After incubation, the
absorbance of the mixture was measured at 517
nm using a UV-Visible spectrophotometer. A
standard calibration curve was prepared using
different concentrations of a-tocopherol. The
antioxidant activity of the samples was calculated
from the standard curve and expressed as
micrograms of o-tocopherol equivalents per gram
of sample (ng a-tocopherol eq./g). The radical
scavenging activity was calculated using the
following equation:

CxV
w

C = concentration obtained from a-tocopherol standard curve (ug/mL)

V = volume of extract (mL)
W = weight of sample used for extraction (g)

Mineral analysis

Mineral analysis roasted groundnut powder and
developed crackers was performed following
methods similar to those used in functional
cracker formulations as outlined by Molina et al.
(2025). Wet digestion was implemented to
determine the mineral content, and quantification
was carried  out  using  colorimetric,
spectrophotometric, and titrimetric techniques. 5
g of each cracker sample was initially heated over a
Bunsen burner and then incinerated in a muffle
furnace at 550-600 °C until white ash was
obtained. The resulting ash was dissolved in
diluted acid and filtered, after which the volume
was adjusted to 250 mL with distilled water.
Mineral elements, such as calcium (Ca), iron (Fe),
zinc (Zn), were quantified using atomic absorption
spectrophotometry (Agilent AA240, Varian,
USA). Standard calibration curves were used to

determine mineral concentrations, and the results
were expressed as mg/100 g dry weight (DW).

Sensory evaluation of crackers

Sensory evaluation of energy crackers was
conducted using a 9-point hedonic scale to
determine consumer acceptability and quality
attributes,  following procedures previously
reported by Rahman & R (2024) on crackers
supplemented with edible insects and nutribite
crackers formulated with lotus root (insect)
powder supplementation as described by Ivanisovd
et al. (2023). A semi-trained panel consisting of
five postgraduate students from the National
Institute of Food Science and Technology
(NIFSAT) participated in the sensory analysis
following the procedure described by Urooj et al.
(2026b). Before the evaluation, the panelists were
briefed on the use of the 9-point hedonic scale,
where 1 = dislike extremely and 9 = like extremely.
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The crackers were assessed for sensory qualities
such as color, aroma, taste, and overall
acceptability. To minimum bias, the composition
of crackers samples was not disclosed to the
panalists. Each small portion of samples was
labeled with random 3-digit codes before being
presented to the panelist in a randomized order.
Water was provided to rinse their mouths between
samples in order to minimize carry-over effects
during the evaluation.

Statistical analysis

All experiments were performed in triplicate, and
the results were expressed as mean * standard
deviation (SD). The obtained data were
statistically analyzed using Statistix 8.1 following
the procedure described by Urooj et al. (2026¢).
Significant differences were observed among
treatments; Tukey’s Honest Significant Difference
(HSD) test was used for multiple comparisons at a
significance level of p < 0.05.

Results and Discussions

Proximate composition of groundnut powder
The proximate composition of roasted groundnut
powder was determined and the results are
presented in Table 2. The moisture content of
sample was 4.73 + 0.02%, which indicates a
relatively low level of residual water can be
attributed to the roasting process, where heat
treatment promotes evaporation of water from the
groundnuts. The value is consistent with Meng et
al. (2019) reported that raw peanuts contained
approximately 4.95% moisture, while roasted
powder showed moisture values around 4.73%.
Fat content of roasted powder was 48.38 + 0.02%,
indicating that peanuts naturally contain a high
proportion of oil as reported by Meng et al. (2019),
who found lipid content of 47.82% in raw peanuts
and values ranging from 41-49% after different
thermal processing methods. Similarly, Alhassan
etal. (2017) reported crude fat values ranging from
31-46% in different groundnut accessions
processed into powder.

Protein  content was 2695 + 0.04%,
demonstrating level falls within the typical range
reported for Meng et al. (2019) 26.63% in raw

peanuts and a range of 24-27% after various

thermal treatments, indicating that heat
processing has minimal impact on protein levels.
Similarly, Abdullahi et al. (2021) reported crude
protein values up to 30.6% in different groundnut
genotypes, highlighting peanuts as a protein-rich
food. Crude fiber content recorded 2.50 + 0.04%
which is within the range of Alhassan et al. (2017)
from 1.4-3.9% in powdered groundnut samples.
Ash content of roasted groundnut powder was
1.99 + 0.01%, comparable to reported findings by
Meng et al. (2019) 2.92% in raw peanuts, while
thermal processing produced values generally
ranging between 1-5%. Similarly, Alhassan et al.
(2017) reported ash contents ranging from 1.2-
2.3%, which fall within the typical mineral
content. Carbohydrate content was 15.46 + 0.05%
which is slightly lower than some previously
reported results by Meng et al. (2019) reported
carbohydrate content of 22.63% in raw peanuts,
with processed samples showing values ranging
from 21-31% depending on the processing
method. Similarly, Alhassan et al. (2017) reported
carbohydrate values between 21-37% in
powdered groundnut samples.

Phytochemical composition

The antioxidant potential of roasted groundnut
powder analyzed in this study is presented in Table
2, in which Total phenolic content ranged of
67.66 t 1.24 mg GAE/g, which is higher than
28.64 + 0.19 to 62.79 = 1.18 mg GAE/g as
documented by Lakhlifi El Idrissi et al. (2024). The
total flavonoid content (TFC) ranged 14.16 + 2.00
mg QE/g are also consistent with the findings of
Lakhlifi El Idrissi et al. (2024), who reported TFC
values between 4.20 + 0.07 and 18.35 + 0.06 mg
QE/g. The antioxidant activity of roasted
groundnut powder was further evaluated using the
DPPH radical scavenging assay, which showed
ranging of 430 + 4.08 pg oa-tocopherol E/g.
Thermal processing, such as roasting, is known to
influence the phenolic profile and antioxidant
potential of peanuts. Salve et al. (2021) reported
that roasting significantly alters the polyphenol
composition and improves the antioxidant
properties of peanuts due to structural changes
and release of bound phenolic compounds during
processing. Similarly, Hassan et al. (2021)
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demonstrated that  roasting  treatments
significantly increased the total phenolic and
flavonoid contents and enhanced antioxidant
activity in peanut pod shells. Likewise, Hamed et
al.  (2021) mentioned strong antioxidant

properties in peanut skin extracts due to their high
phenolic content, highlighting the role of peanut-
derived phytochemicals as natural antioxidants in
food systems.

Table 2: Proximate composition and antioxidant properties of roasted groundnut powder

Moistur | Fat Protein | Fiber Ash Carboh TPC (mg | TFC (mg | DPPH
e (%) (%) (%) (%) (%) ydrate GAE/g) | QE/g) (g o
(%) tocophe
rol E/g)
4.73+0. | 48.38+0. | 26.95+0. | 2.50+0. | 1.99£0. | 15.46+0.0 | 67.67+1.2 | 14.17+2.0 | 430+4.0
02 02 04 04 01 5 5 0 8

Mineral content of groundnut powder

Mineral composition analyzed in this study is
presented in Table 3. Calcium content (57.4 +
0.86 mg/100 g) was comparable to previous
reports for roasted peanuts (Zhao & Yang, 2022),
indicating a moderate level of this essential
mineral important for bone health. Iron content
(1.57 £ 0.02 mg/100 g) is also within the reported
range for roasted groundnuts, contributing to the
dietary requirement for hemoglobin synthesis and
oxygen transport. Magnesium (178 + 0.82 mg/100
g) and phosphorus (361.7 £+ 1.25 mg/100 g) were
present in relatively high amounts, consistent with
the values reported by Zhao & Yang (2022).
Potassium (633 + 2.45 mg/100 g) levels were also
substantial, supporting the role of peanuts in
electrolyte balance and cardiovascular health.
Sodium was low (5.9 + 0.16 mg/100 g), making
peanuts suitable for low-sodium diets.

Trace minerals such as zinc (2.77 + 0.008 mg/100
g), copper (0.42 = 0.008 mg/100 g), and
manganese (1.78 + 0.016 mg/100 g) were present
in appreciable amounts. Zinc plays a key role in

immune function and enzymatic reactions, while
copper and manganese are essential cofactors in
antioxidant defense and metabolic processes.
These findings align with Zhao & Yang (2022),
and Sanni et al. (2024), confirming the stability of
trace mineral composition in roasted peanuts.
Thermal processing, particularly roasting can lead

to marginal increases in potassium and
magnesium due to moisture loss and
concentration  effects,  whereas  calcium,

phosphorus, iron, copper, and zinc may decrease
slightly due to heatsensitive reactions or
interactions with the food matrix (Eker &
Kadiroglu, 2025). Comparative studies by Zhao &
Yang (2022) reported similar trends for peanuts
grown in different regions of China, where macro-
and trace mineral concentrations were influenced
mainly by sub-regional soil conditions rather than
processing methods. Similarly, Sanni et al. (2024)
reported that roasted peanuts maintained stable
levels of K, Mg, Ca, Mn, and Zn, while Cu varied

slightly due to variation in variety

Table 3: Mineral Composition (mg/100g) of roasted groundnut

Calcium | Iron Magnesiu | Phosphor | Potassium | Sodium | Zinc Copper | Mangan

m us ese
57.4+0.8 | 1.57+0.0 | 178.0+0.8 | 361.6+1.2 | 633.0+2.4 | 5.90+0.1 | 2.77+0.0 | 0.42+0.0 | 1.78+0.0
6 2 2 5 5 6 1 1 2
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Proximate composition of oat-based energy
crackers

Proximate composition of oatbased energy
crackers as presented in Table 4. A gradual
decrease in moisture content (6.96% to 6.07%)
was observed formulations.  Similar
reductions in moisture with formulation
modifications have been reported in multigrain
and composite snack systems, where moisture
ranged from 11.27% to 13.06% in composite
flours and 24.88% to 30.38% in protein bars,
depending on ingredient composition and
processing conditions (Amin et al, 2024;
Mosikyan et al., 2024). The reduction may be
attributed to increased dry matter content and
reduced water-binding capacity of oat-based
blends, which is technologically advantageous for
improving shelf stability and reducing microbial
susceptibility. Fat content increased markedly
from 28.99% in T, to 36.74% in T,, indicating
enhanced lipid incorporation at higher
substitution levels. A similar increasing trend in fat
content has been reported in energy bar
formulations, reaching up to 11.86% in flaxseed-
based bars and increasing further with seed or nut
enrichment (Verma et al., 2022; Alfheeaid et al.,
2023).

Protein content also increased from 17.31% to
21.17%, showing improved nutritional quality of
the formulated crackers. Comparable increases in
protein content have been widely reported in

acCross

cereal- and legume-based functional products,
where protein ranged from 8.02% to 13.13% in
multigrain composite flours and from 18.70% to
22.40% in protein bar formulations depending on
enrichment level (Mitra et al., 2022; AlJaloudi et
al.,, 2024). Fiber content showed a decreasing
trend from 6.84% to 5.10%, which is partially
consistent with findings in processed bakery and
energy bar systems, increases up to 10.48% in
enriched formulations (AljJaloudi et al., 2024),
others have demonstrated variability depending
on ingredient ratio, refinement level, and
processing losses (Amin et al., 2024). Ash content
remained relatively stable (2.16% to 2.09%),
indicating minimal variation in total mineral
composition across treatments. Similar stability in
ash content has been reported in date-based and
protein bar systems (1.77%-2.28%), where
mineral content was primarily dependent on base
ingredients rather than formulation ratio
(Alfheeaid et al., 2023). This suggests that
substitution levels in the current study did not
significantly alter mineral density. Carbohydrate
content decreased significantly from 42.25% to
31.53%, which is consistent with a proportional
increase in fat and protein fractions. Comparable
reductions have been reported in fruit- and
protein-enriched bars, where nitrogen-free extract
(carbohydrates) decreased from 27.42% to
17.49% as functional ingredient concentration

increased (Alfheeaid et al., 2023).

Table 4: Proximate composition (%) of cracker-enriched with varying concentration of groundnut

Treatments | Moisture Fat Protein Fiber Ash Carbohydrates
To 6.96 £0.03 | 2899 +0.03 | 17.31+0.03 | 6.83 +0.01 | 2.16 +0.01 | 42.25 +0.02
T, 6.73£0.02 | 30.93+0.03 | 18.27+0.03 | 6.41 +0.05 | 2.14 +0.01 | 39.57 +0.02
T, 6.51 £0.03 | 32.87+0.03 | 19.24+0.03 | 597 +0.04 | 2.12+0.01 | 36.89 +0.02
T; 6.29 £0.03 | 34.80+0.03 | 20.20+0.03 | 556 +0.05 | 2.11 +0.01 | 34.21 +0.02
T, 6.07£0.02 | 36.74+0.04 | 21.17+0.03 | 5.12+0.06 | 2.09 +0.01 | 31.53 +0.02

Antioxidant activity of oat-based energy crackers
The total phenolic content (TPC), total flavonoid
content (TFC), and antioxidant activity (DPPH
assay) of oat-based energy crackers are presented in
Figure 2. TPC increased from 150.7 mg GAE/100
g in Ty to 160 mg GAE/100 g in T, showing that
higher  substitution levels improved the

concentration of phenolic compounds. This
increase may be attributed to the incorporation of
oat-based and plant-derived ingredients rich in
naturally occurring polyphenols. A similar trend
was reported by AlJaloudi et al. (2024), where
increased inclusion of lupine seeds and wheat
germ significantly enhanced total phenolic
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content in formulated protein bars due to their
inherent bioactive compounds. Similarly, TFC
increased steadily from 69.28 mg QE/100 g to
76.6 mg QE/100 g, indicating improved flavonoid
concentration with formulation enrichment. This
trend aligns with findings of AlJaloudi et al.
(2024), who reported higher flavonoid levels in
functional protein bars formulated with plant-
based ingredients such as lupine seeds and dried
fruits, which are mnaturally rich sources of
flavonoids and other antioxidant compounds. The

180 | mTPC (mg GAE/100 g)

160
140
120
100

80

Concentrations

60

40

20

TO (100% Mix)

T1 (90:10)

ETFC (mg QE/100 g)

T2 (80:20)
Treatments

antioxidant activity, measured by DPPH assay,
increased from 48.19 to 64.91 pg a-tocopherol
equivalent/g, indicating a strong enhancement in
free radical scavenging potential across treatments.
Comparable results were reported by AlJaloudi et
al. (2024), where higher inclusion of functional
ingredients significantly improved antioxidant
activity in protein bars, confirming a strong
positive correlation between phenolic content and
radical scavenging capacity.

= DPPH (ug a-tocopherol eq./g)

T3 (70:30) T4 (60:40)

Figure 2. Phytochemical characterization of oat-based energy crackers

Mineral content of oat-based energy crackers

Mineral composition of oat-based energy crackers
is presented in Table 5. Calcium content ranged
from 164.25 mgin Ty to 121.51 mg in T4, showing
a gradual decline with increasing concentration
levels. This reduction may be attributed to dilution
of calcium-rich ingredients present in the base
formulation. AlJaloudi et al. (2024) investigated
protein bars formulated with lupine seeds and
wheat germ that calcium levels were influenced by
the composition of raw materials, as whey protein
concentrate and oat flakes used in the control bars
contained substantially higher calcium levels (548

and 270 mg/100 g, respectively) compared with
lupine seeds and wheat germ, which contributed
lower calcium contents. Iron content decreased
from 3.25 mg to 2.58 mg across treatments.
Similar variability has been reported in cereal-
based snack and protein bar products, where the
mineral profile strongly depends on the
proportion of cereal, legume, and plant-based
ingredients used in the formulation (AlJaloudi et
al., 2024).

Magnesium content ranged from 173.2 mg to
175.12 mg, showing a slight but consistent
increase across treatments. In the study by
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AlJaloudi et al. (2024), protein bar formulations
were also reported to contain high magnesium
levels (290 and 198 mg/100 g, respectively).
Phosphorus levels decreased from 426.5 mg in T
to 400.57 mg in T,, suggesting a dilution effect
caused by increasing substitution of ingredients
with relatively lower phosphorus content. Similar
patterns were noted in the protein bar
formulations developed by AlJaloudi et al. (2024),
where wheat germ and lupine seeds provided high
phosphorus concentrations (approximately 700
and 440 mg/100 g, respectively), significantly
influencing the final mineral composition of the
product. Potassium content showed a notable
increase from 490.65 mg in Tj to 547.59 mg in T,
indicating that substituted ingredients contributed
higher potassium levels to the formulation.
Protein bars developed by AljJaloudi et al. (2024),
where wheat germ and lupine seeds contained
substantial potassium concentrations (3000 and
1010 mg/100 g, respectively), leading to enhanced
potassium levels in the final products.

Sodium levels in the developed crackers remained
relatively low, increasing slightly from 4.85 mg to
5.27 mg across treatments. Such low sodium
values are nutritionally desirable, as reduced
sodium intake is associated with improved
cardiovascular  health. The protein  bar
formulations reported by AlJaloudi et al. (2024)
also demonstrated variations in sodium content
depending on ingredient composition, with the
control bars exhibiting relatively higher sodium
levels due to the use of whey protein concentrate.
Zinc content showed a slight increase from 2.49
mg to 2.60 mg, indicating a modest improvement
in micronutrient density with increasing
substitution levels. Copper and manganese
contents, however, decreased gradually from 0.65
mg to 0.56 mg and 2.35 mg to 2.12 mg,
respectively. These reductions may be associated
with lower concentrations of these minerals in
substituted ingredients or formulation dilution
effects.

Table 5: Mineral Composition (mg/100g) of treatments with varying concentrations of groundnut flour

Treat | Calci | Iron Magnesi | Phospho | Potassiu | Sodiu Zinc Copper | Manga
ment | um um rus m m nese
$
To 164.2 | 3.25+0. | 173.2040 | 426.50+0 | 490.65+0 | 4.85+0. | 2.49+0. | 0.65+0. | 2.35+0.
5+0.1 | 03 15 .20 22 02 02 01 03
2
T, 153.5 | 3.0840. | 173.68+0 | 420.02+0 | 504.89+0 | 4.96+0. | 2.52+0. | 0.63£0. | 2.29+0.
6+0.1 | 02 .14 18 .24 03 02 02 02
0
T, 142.8 | 2.91£0. | 174.16+0 | 413.53+0 | 519.12+0 | 5.06£0. | 2.55+0. | 0.60+0. | 2.24+0.
8+0.1 | 03 13 17 23 02 02 01 03
1
T; 132.2 | 2.75+0. | 174.64+0 | 407.05+0 | 533.35+0 | 5.17+0. | 2.57+0. | 0.58+0. | 2.18%0.
0+0.0 | 02 .14 .19 25 03 03 02 02
9
T, 121.5 | 2.5840. | 175.12+0 | 400.57£0 | 547.59+0 | 5.27+0. | 2.60£0. | 0.56+0. | 2.10+0.
1£0.1 | 03 12 .18 .24 02 02 01 01
0

Sensory evaluation of oat-based energy crackers
Sensory evaluation results demonstrate that
ingredient modification not only enhanced
nutritional and functional attributes but also

improved sensory quality, which is critical for
consumer acceptance of functional snack
products. Color scores increased from 7.4 (To) to a
maximum of 8.8 (T,), followed by minor variation
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in T5(8.4) and T, (8.7). The improvement in color
acceptability with substitution suggests enhanced
visual appeal due to the incorporation of plant-
based ingredients, which likely promoted Maillard
browning and caramelization during baking.
Aroma scores showed a consistent improvement
from 7.3 in T, to 8.3 in T, indicating that
substitution positively influenced volatile flavor
development.

Taste scores increased from 7.8 in T, to a peak of
8.8 in Tj;, followed by a slight decline in T (8.6).
The improvement in taste up to T; can be
attributed to the synergistic interaction between
oats and functional ingredients, which enhances
sweetness  perception and overall flavor
complexity. However, similar studies (Shabbir et
al., 2026) have reported that high levels of plant-
based fortification may slightly reduce palatability
due to stronger inherent flavors of bioactive
compounds. Overall acceptability increased
markedly from 7.4 in T, to 8.8 in T,, with
consistently high values observed across all

substituted formulations T, (8.4), T; (8.5), T, (8.7).
The highest acceptability at T suggests that a low-
to-moderate substitution level provided the most
balanced sensory profile, combining improved
flavor, aroma, and appearance without
compromising consumer preference. Importantly,
the sustained high acceptability across T, to T,
indicates that even higher substitution levels
remained organoleptically acceptable,
demonstrating strong formulation stability and
consumer tolerance for functional enrichment.
AlJaloudi et al. (2024) reported that incorporation
of lupine seeds, wheat germ, and dried fruits in
protein bars improved sensory attributes such as
taste and aroma due to enhanced flavor
complexity and natural sweetness. Similarly,
Hossain et al. (2025) observed that oat- and
flaxseed-enriched bars achieved higher sensory
acceptance at moderate substitution levels, while
excessive inclusion slightly reduced taste scores
due to intensified seed-derived flavor notes.

mColor mAroma mTaste mQverall acceptibility

[N
o

Score (-)

o P, N W b OO N 0 ©

TO (100% Mix)  T1 (90:10)

T2 (80:20)

T3(70:30) T4 (60:40)

Treatments

Figure 3: Sensory acceptability scores of oat-based energy crackers across different formulations

Conclusion
This study confirms that roasted groundnut
powder is an effective fortifying ingredient for oat-

based energy crackers, significantly enhancing
their protein content, bioactive profile, and
antioxidant capacity. The roasting process not only
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preserved essential nutrients but also improved the
availability of phenolic compounds, contributing
to the functional value of the final product. While
minor reductions in moisture, fiber, and certain
minerals were observed at higher substitution
levels, the crackers maintained a well-balanced
nutritional composition with appreciable levels of
key minerals. Sensory evaluation further
demonstrated that product acceptability was
highest at low-to-moderate inclusion levels,
indicating an optimal range for formulation.
Overall, the developed crackers represent a
promising functional snack with potential for
health-oriented food applications. Future research
should address shelflife stability, nutrient
bioavailability, and clinical validation to support
large-scale commercialization.
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