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optimization of waffle formulations via D-optimal
mixture design
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This study aimed to increase the nutritional and bioactive composition of waffles by incorporating Ziziphus

jujuba seed flour without affecting their sensory quality parameters. Preliminary testing identified the

nutritional composition of the seeds, followed by FTIR and SEM characterization. Using D-optimal

design, 24 multigrain waffle formulations with varying proportions of jowar, bajra, wheat, and seed flour

were developed. The optimal formulation containing jowar (25%), bajra (25%), wheat (40%), and jujuba

seed (10%) flour achieved high nutritional and sensory scores. The formulation had a flavonoid content

of 48.17 ± 0.01 mg QE per g, phenolic content of 32.39 ± 0.04 mg GAE per g, and antioxidant activity

(DPPH) of 25.43 ± 0.01%. The overall acceptability score was 8.24 ± 0.02. Further analyses of proximate

composition, shelf life, and antioxidant activity were conducted using two packaging materials (metallic

polyester and low-density polyethylene) at three temperatures (8 °C, 25 °C, and 37 °C). The metallic

polyester retained the bioactive components during the selected storage period. The results suggest that

Ziziphus jujuba seed flour significantly enhances the nutritional value of waffles while maintaining

sensory qualities, indicating commercial potential.
Sustainability spotlight

This study highlights a sustainable approach to food innovation by valorizing Ziziphus jujuba seeds, an underutilized by-product of fruit processing, into value-
added functional ingredients. Through D-optimal mixture design, the research optimizes waffle formulations that not only enhance nutritional quality but also
minimize food waste and promote resource efficiency. By integrating food waste valorization with product development, the work contributes to sustainable
food system goals and supports circular economy principles within the food industry.
1 Introduction

Waffles are a popular breakfast option worldwide owing to their
avor and versatility. Nevertheless, there is an increasing need
for healthier options that satisfy customers who care about their
health. This has led to interest in improving the nutritional
proles of traditional foods without compromising their taste.1

Ziziphus jujuba, commonly known as jujube or Chinese date, is
a deciduous species in the family Rhamnaceae. It is native to
China, where it has been cultivated for more than 4000 years for
both nutritional and medicinal purposes. Over time, Ziziphus
jujuba spread to other regions of Asia, the Middle East, Europe,
and parts of Africa, adapting well to diverse climatic conditions.
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The many health advantages of jujube seeds are attributed to
their rich nutritional qualities, which include high concentra-
tions of avonoids, phenolic compounds, and antioxidants.2

The seeds of Ziziphus jujuba are valuable resources with a wide
range of uses. Studies have shown that these seeds are rich in
fatty acids such as oleic and linoleic acids, which possess anti-
inammatory and antioxidant properties.3 They can be used as
natural nutritional supplements to delay aging, treat insomnia,
and improve learning and memory. Mature seeds of wild jujube
have positive effects on central nervous system disorders.4

Ziziphus jujuba seeds, typically discarded as waste, can be
repurposed to produce functional beverages such as herbal tea
or coffee, which may improve sleep and cognitive function
through their sedative and neuroprotective effects.2

The novelty of this study lies in the use of Ziziphus jujuba
seed our, an underutilized fruit by-product, as a functional
ingredient in waffle formulations. The incorporation of this
seed our into bakery products has not been previously
explored. This study is the rst to demonstrate that jujube seed
our can be effectively used to enhance the nutritional value
Sustainable Food Technol.
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and antioxidant activity of waffles while maintaining acceptable
sensory characteristics.
2 Materials and methodology
2.1. Collection of raw material

Ziziphus jujuba fruits were purchased from a local market in
Ludhiana, Punjab, India. The fruits were thoroughly cleaned to
remove any unnecessary material, including dirt and debris.
The seeds were then separated aer the peel and pulp were
carefully removed. To improve their avor and aroma qualities,
the seeds were dried in a tray drier for 12 hours at 50 ± 1 °C,
following the procedure outlined by Kanbargi et al.5 Aer
drying, the seeds were ground with a commercial mixer grinder
(Bajaj Electrical and Electronics Pvt. Ltd, Rex 500, Punjab, India)
to obtain a ne powder. The resulting seed powder and other
powder ingredients were sieved through a 75 mm British sieve,
as shown in SI Fig. 1. The Ziziphus jujuba seed powder was
stored at 4 °C and sealed in zip-lock laminate packaging
materials (Well-worth Packers Pvt. Ltd, Delhi, India) until
analysis and processing.
2.2. Experimental design

The experimental design for the development of multigrain
waffles incorporated with Ziziphus jujuba seed our was estab-
lished using a D-optimal mixture design. This statistical
approach was selected for its efficiency in evaluating multiple
formulation components and their interactions while mini-
mizing the number of experimental runs. Four ingredients,
including jowar our, bajra our, wheat our, and Ziziphus
jujuba seed our, were used as independent variables within
predened ranges. To ensure a light texture, bajra our, jowar
our, wheat our, and corn starch were sieved to remove lumps.
Modications were made using the preparation method
described by Antonic et al.6 to optimize the waffles. The
proportions of jowar and bajra ours ranged from 25–30%,
wheat our from 40–50%, and seed our from 0–10%. Based on
these constraints, the D-optimal mixture design generated
a total of 24 experimental formulations. The complete compo-
sition and detailed description of all waffle formulations are
presented in Table 3, which lists the exact percentage of each
ingredient used in every treatment. This table provides a clear
and comprehensive overview of the experimental samples,
ensuring transparency and reproducibility of the formulation
design. The waffles were cooked for 15 to 20 minutes, until they
were crisp and golden brown (SI Fig. 1). Each formulation was
prepared according to standardized processing conditions and
evaluated for biochemical, antioxidant, and sensory responses.
The data obtained from these formulations were used to iden-
tify the optimal combination based on overall desirability and
performance criteria.
2.3. Nutritional composition analysis

The proximate composition of the samples was assessed by
analyzing their protein content,7,8 fat content,9 crude ber
Sustainable Food Technol.
content,10 moisture content,11 ash content,10 and carbohydrate
content.12

2.4. Biochemical and antioxidant activity determination

To detect the biochemical compounds and antioxidant activi-
ties in a sample, 500 mg of the sample was weighed and
subsequently blended with 100 mL of 80% ethanol. Following
centrifugation of the extract at 6000×g for 15 min, the ethanol-
based supernatant was stored in glass vials at −20 °C before
quantication.13 The total phenolic content of the samples was
determined according to a previously described method.14 To
determine the total avonoid content of the samples, the
colorimetric method was used as described by Orsavová et al.15

The ascorbic acid content of each sample was calculated by the
method of Singh et al.14

Ascorbic acid

�
mg

100 g

�
¼ Dye factor

V 1 ðmLÞ � V 2 ðmLÞ
5 ðmLÞ

� 100 mL

Weight of sample ðgÞ � 100 (1)

where V1 = the volume of dye consumed by standard ascorbic
acid and V2 = volume of dye consumed by the sample
solution.

The radical scavenging potential of each sample was evalu-
ated by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay,
following the procedure outlined by Rajaei et al.16 Briey,
ethanoic extracts (0.1 mL) were mixed with a DPPH solution (2.9
mL), and the absorbance of the resulting solution was
measured at 517 nm using a UV-vis spectrophotometer (LB-925,
Labcare, Mumbai, India) aer a 30 min incubation period. The
percentage of inhibition of DPPH radical scavenging activity
was determined by eqn (2):

DPPH radical scavenging ð%Þ ¼ A0 � A1

A0

� 100 (2)

where A0 is the absorbance of the control and A1 is the absor-
bance of the sample.

2.5. Determination of antinutrients

The tannin content and phytic acid content estimation proce-
dure followed themethods described by Nwakife et al.,10 and the
saponin content was calculated according to Arjmand et al.17

2.6. Techno-functional properties

Water absorption and solubility indices were determined
through the methods of Budiman et al.18 The oil absorption
capacity was calculated via the procedure described by Kakar
et al.,19 the swelling power and solubility were calculated by the
procedure described by Timothy and Abigail,20 the dispersibility
of the sample was calculated through the procedure described
by Singh et al.,14 the emulsion capacity and stability of emul-
sions were determined by the method described by Geng et al.,21

the foaming capacity and stability, bulk density, and tapped
density were calculated by the method described by Aro et al.,22

and the Hausner ratio and Carr's index were analyzed via the
method described by Singh et al.14
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nutritional and functional properties of Ziziphus jujuba seedsa

Nutritional and functional properties
Ziziphus jujuba
seed composition

Moisture content (%) 2.66 � 0.25
Ash content (%) 3.38 � 0.28
Carbohydrate content (%) 49.18 � 0.08
Protein content (%) 30.98 � 0.21
Fat content (%) 3.26 � 0.11
Fiber content (%) 10.54 � 0.38
Ascorbic acid (mg per 100 g) 46.91 � 0.87
Total phenolic content (mg GAE per g) 73.66 � 0.40
Total avonoid content (mg QE per g) 118.61 � 0.63
DPPH activity (%) 58.09 � 0.61
Tannins (%) 7.06 � 0.12
Phytates (mg per 100 g) 290.34 � 0.23
Saponins (mg per 100 g) 6.04 � 0.28

a The obtained results are represented as mean ± standard deviation
values (n = 3).
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2.7. Characterization of Ziziphus jujuba seeds

2.7.1. Scanning electron microscopy (SEM). Scanning
electron microscopy (SEM) was used to study the particle
morphology of the powders. This characterization was per-
formed using a scanning electron microscope (Hitachi, Model:
S-3400 N, Tokyo, Japan).23

2.7.2. Fourier transform infrared spectroscopy (FTIR).
FTIR analysis was performed using a Shimadzu 8400S FTIR
spectrophotometer equipped with a KBr beam splitter to
enumerate the functional groups present in the powdered
sample. The maximum resolution of −0.85 cm−1 of the FTIR
spectrophotometer was used with a spectrum range of 400–4000
cm−1. For the various tested samples, corresponding spectra
were obtained, which were analyzed by Stuart's guidelines.14

2.8. Sensory evaluation

Sensory evaluation was carried out for the different concentra-
tions of the sample in comparison to the control through
a questionnaire with a hedonic scale for each parameter, as
described by Ahmed et al.24 The organoleptic analysis of the
prepared waffles was carried out by 20 semitrained panellists
(10 females and 10 males) from Lovely Professional University,
Phagwara. A 9-point hedonic scale ranging from the lowest 1
(dislike extremely) to the highest 9 (like extremely) was used.
The evaluation was performed on the basis of appearance,
texture, smell, taste, and overall acceptability parameters.24,25

2.9. Principal component analysis (PCA)

To determine the interrelationship between the antioxidant
activity (TPC, TFC, and DPPH) and sensory parameters
(appearance & colour, texture, avour & sweetness, and overall
acceptability) of the optimised jujuba-based waffles, principal
component analysis (PCA) was performed through
OriginPro.26,27

2.10. Microbial growth determination

The microbial growth analysis of the prepared product followed
themethods described by Siddique et al.28 and Asadi et al.29 A 1 g
sample was aseptically mixed with 9 mL of sterile distilled water
and homogenized. Serial dilutions were prepared, and 1 mL
from each dilution was plated. Nutrient agar medium was used
for total plate count determination, potato dextrose agar was
used for yeast and mold counts, and MacConkey agar was used
for coliform count determination. All the plates were incubated
at different temperatures for total plate counts and coliform
counts (37 °C for 24–48 hours) or for yeast and mold (25–30 °C
for 24–48 hours). Colonies were subsequently counted on plates
with 30–300 colonies, and the results are expressed as colony-
forming units per gram (cfu g−1).

2.11. Shelf-life study

The shelf-life of the Ziziphus jujuba seed-based waffles was
evaluated under controlled storage conditions to assess the
effect of temperature and packaging material on product
stability. Freshly prepared waffles were packed separately in
© 2026 The Author(s). Published by the Royal Society of Chemistry
low-density polyethylene (LDPE) and metallic polyester (MP)
packaging materials and sealed to prevent external contami-
nation. The packaged samples were stored at three tempera-
tures: 0 °C, 25 °C, and 37 °C. At predetermined storage intervals,
the samples were analyzed for changes in biochemical param-
eters andmicrobial quality tomonitor quality deterioration over
time.
2.12. Data analysis

The data collected from the design experiments were subjected
to ANOVA for each experiment, and all the experiments were
carried out in triplicate. The data were statistically analyzed via
a Tukey post hoc test (P < 0.05), and the statistical soware SPSS
V. 22 (SPSS Inc., Chicago, IL, USA) was used to analyze the
experimental data. The collected data are presented as themean
± standard deviation, taking into account the indicated
signicant (>0.05) p values. Moreover, to study the impact of
various parameters on treatments generated by Design Expert,
the data were analysed using OriginPro for Principal Compo-
nent Analysis.
3 Results and discussion
3.1. Nutritional and antioxidant properties of Ziziphus
jujuba seeds

The moisture content of the Ziziphus jujuba seed our was
determined, and the estimated value was 2.66 ± 0.25% (Table
1). On the other hand, Ziziphus lotus seeds have a moisture
content of 6.05%.30 The reported moisture content was higher
than that of the present study. The estimated value denotes the
equilibrium moisture in the environment. The dried seed
powder had a reduced moisture content because of its larger
surface area, reduced particle size, and removal of free water
present in our particles. The varying values of moisture
content indicate that seeds of Ziziphus jujuba typically have
a low moisture content, which is advantageous for both storage
and consumption. The rich nutritional composition and
Sustainable Food Technol.
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possible therapeutic effects of these seeds make them suitable
for a variety of uses, such as nutritional and mineral supple-
ments, and their low moisture content contributes to their
suitability.

The ash content of the moisture-free Ziziphus jujuba seed
our was analyzed, and the value obtained was 3.38 ± 0.28%
(Table 1). Ziziphus jujuba seeds contain an ash concentration of
7.2%, according to research by Fukalova et al.,31 whereas Yerima
& Adamu9 reported that the ash percentage for Ziziphus jujuba
seeds collected from different locations in Nigeria was 2.79%,
and as observed by Adilah et al.,32 it was 3.62%. The ash content
analysis of the above mentioned studies was in agreement with
the estimated value of ash content obtained in this study. The
ndings of these studies on the ash content of jujuba seed our
are relatively similar to our ndings.

The fat content of the jujuba seed our was estimated, and
the value obtained from the triplicate analysis was 3.26± 0.11%
(Table 1). Studies conducted by Fukalova et al.31 support this
statement, and the determined fat content was 8.45%. Another
study conducted by Snoussi et al.33 reported fat contents
ranging from 20.13% to 24.57%, which was signicantly
different from the results reported. Furthermore, the location
and method of cultivation of Ziziphus jujuba seeds might affect
their fatty acid prole, resulting in differences in fat content
among various production zones. Overall, the fat content of
Ziziphus jujuba seeds makes them an excellent source of
necessary fatty acids with certain nutritional advantages.

Fiber content estimation was performed, and the estimated
value was 10.54 ± 0.38% (Table 1). A study on Ziziphus maur-
itiana seeds reported a ber content of 11.04 ± 0.88% in the
samples.9 This study supports the ber estimation of our nd-
ings and is in agreement with the compositional value. These
results highlight the signicant amount of ber found in Zizi-
phus seeds, highlighting their nutritional value and possible use
as industrial raw materials and in food formulations.

The protein content of the jujuba seed our was determined
by the Kjeldahl method, and the estimated value was 30.98 ±

0.21% (Table 1). Additionally, a study on Ziziphus mauritiana
seeds reported a crude protein content of 36.10 mg per 100 g of
sample.9 Another study conducted by Fukalova et al.31 reported
crude protein contents of 11.56% and 19.11% in Ziziphus lotus
seeds, which were signicantly different from the results re-
ported. The difference was due to the species' genotype, growth,
and environmental conditions, such as rainfall, day duration,
and light intensity. All of these results indicate the high amount
of protein found in Ziziphus jujuba seeds, which makes them an
excellent source of this important nutrient that may be used for
a variety of purposes, including as a supplement to diets.

The carbohydrate content was obtained by subtracting the
proximal values of moisture, ash, protein, fat, and ber from
100. The carbohydrate content of the jujuba seed our obtained
was 49.18± 0.08% (Table 1). Yerima & Adamu9 reported that the
carbohydrate content of Ziziphus jujuba seeds collected from
different locations in Nigeria was 21.26 ± 0.63 mg/100 g. Zizi-
phus oenopolia seeds contain high carbohydrate contents of
42.96%,34 whereas the carbohydrate content is 35.25% in Zizi-
phus spina Christi seeds.35 These estimated values are in
Sustainable Food Technol.
disagreement with our ndings concerning the carbohydrate
composition of jujuba seed our, which may be due to differ-
ences in species and genotype. The carbohydrate content indi-
cates the starch and sugar contents, such as those of amylose
and amylopectin. It acts as an energy-providing source to meet
the desired dietary requirements.

The total phenolic content of the jujuba seed our was
analyzed to determine the quantitative composition of the
phenolic components responsible for its antioxidative proper-
ties. The total phenolic content estimated in this study was
approximately 73.66 ± 0.40 mg GAE per g (Table 1). Phenolic
substances are bioactive metabolites found in fruits and vege-
tables that inuence both the functional properties, including
anticancer, antioxidant, and antidiabetic effects, and the
sensory qualities, such as taste, avor, and color, of food
materials.36 Ziziphus spina-christi seeds presented a total
phenolic content ranging from 4.84 to 49.58 mg g−1.37 The
difference in the total phenolic content was due to the distinct
genotypes, types of extraction methods, extraction times,
extraction temperatures, and concentrations of the sample seed
extracts. In comparison, our ndings revealed a greater total
phenolic content in the ethanolic seed extract, which indicates
that jujuba seed our is composed of components responsible
for antioxidant activity, which is a key factor for the pharma-
cological importance of incorporating jujuba our into the daily
diet.

The total avonoid content of the jujuba seed our was
analyzed to determine the quantitative composition of the
phenolic components responsible for its antioxidative proper-
ties. The total avonoid content estimated in this study was
approximately 118.61 ± 0.63 mg QE per g (Table 1). Ziziphus
lotus L. seeds had avonoid contents of 69.19 ± 0.10 mg g−1 in
the ethanolic extract and 53.13 ± 0.55 mg g−1 in the methanolic
extract.37 Our ndings revealed a relatively high total avonoid
content in the ethanolic seed extract, which indicates that
jujuba seed our is composed of components responsible for
antioxidant activity, which is a key factor for the pharmacolog-
ical importance of incorporating jujuba our into the daily diet.

The ascorbic acid content of the jujuba seeds was found to be
46.913 ± 0.87 mg per 100 g (Table 1). Z. jujuba was analyzed for
ascorbic acid content, and the value was approximately 4.752
mg of vitamin C per 1 g of seed.38 This study was consistent with
the values obtained in our study. The ascorbic acid content of
the Ziziphus mauritiana seeds of the Dil-Bahar variety was the
highest at 51.69 ± 0.05 mg per 100 g. These ndings contrast
with our results, possibly because of genotypic changes or
differences in geographic factors.39 The estimated ascorbic acid
content indicates that jujuba seeds possess potent antioxidant
capacity, capable of neutralizing free radicals.

The DPPH activity of the jujuba seeds was analyzed for their
antioxidant potential, and the % inhibition was 58.09 ± 0.61%
(Table 1). The antioxidant potential of DPPH was 4.53 mg mL−1

according to Akanda & Hasan.40 A DPPH assay of Z. jujuba seed-
derived protein hydrolysate revealed that the obtained value was
approximately 8.36%.5 These ndings contrast with our study,
in which the highest antioxidant potential was achieved due to
higher phenolic and avonoid contents.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Techno-functional and physicochemical properties of Zizi-
phus jujuba seed floura

Techno-functional properties
Jujuba seed our
composition

Water absorption capacity (%) 134.66 � 0.74
Water absorption index (g g−1) 3.65 � 0.02
Oil absorption capacity (g g−1) 2.39 � 0.80
Swelling power (g g−1) 16.95 � 0.39
Solubility (%) 7.66 � 0.34
Dispersibility (%) 65.46 � 0.39
Emulsion capacity (%) 70.36 � 0.61
Stability of emulsions (%) 54.75 � 0.41
Foam capacity (%) 73.66 � 0.95
Bulk density (g ml−1) 0.780 � 0.04
Tapped density (g ml−1) 0.895 � 0.02
Hausner ratio 1.375 � 0.03
Carr's index 29.73 � 0.10

a The obtained results are represented as mean ± standard deviation
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3.2. Antinutritional properties of Ziziphus jujuba seeds

The tannin content of the jujuba seed our was analyzed, and
the value obtained was 7.06% (Table 1). The tannin content in
Ziziphus seeds varies among different species. Research on
Ziziphus lotus L. seeds revealed that the methanol extract had
a relatively high tannin content of 9.12 ± 1.07 mg g−1, whereas
the ethanol and aqueous extracts had tannin contents of 4.97 ±

0.95 mg g−1 and 1.88 ± 0.47 mg g−1, respectively.41 This
comparison demonstrates differences in tannin concentrations
across species and extraction techniques, highlighting the
importance of selecting an appropriate extraction solvent in
inuencing tannin results. Tannins are known to inhibit the
activities of enzymes such as trypsin, amylase, and lipase, and
interfere with the absorption of dietary iron. However, high
contents may lead to calcium and iron deciencies in the body
and oen cause osteoporosis and anemia. Tannins in jujuba
seeds are benecial because of their antioxidant, anti-inam-
matory, and antimicrobial properties, which help neutralize
harmful free radicals, reduce inammation, and protect against
bacterial infections.42 Additionally, tannins support digestive
health by improving gut integrity and protecting against diar-
rhea. These ndings highlight the presence of tannins in Zizi-
phus seeds, suggesting their potential health benets and
supporting their traditional medicinal uses; however, tannins
also add nutritional value when consumed in moderation,
enhancing overall health benets.43 This balance between
benecial effects and potential drawbacks further emphasizes
the importance of dosage and processing techniques when
incorporating tannin-rich foods into the diet.

The concentration of phytate used for Ziziphus jujuba seeds
was 290.34 mg per 100 g (Table 1). Research on Ziziphus lotus L.
seeds revealed a high content of phytates (8764.63 ± 0.16 mg
per 100 g).10 The concentration of phytate in the seeds was
greater than that in the pulp. The negative effect of the presence
of phytate on mineral uptake is of major concern. Phytate is
reported to interact with carbohydrates, which limits their
bioavailability and digestion. Phytic acid is a well-known anti-
nutrient that can bind to essential minerals such as iron, zinc,
and calcium, inhibiting their absorption in the digestive
system. High levels of phytic acid in foods can reduce the
bioavailability of these vital minerals, potentially leading to
nutrient deciencies in individuals who rely heavily on seed
our as a dietary staple.

The saponin concentration of Ziziphus jujuba seeds was 6.04
mg/100 g (Table 1). Research on Ziziphus jujuba seeds revealed
high saponin contents ranging from 52.10 to 75.20%.44 Differ-
ences in saponin content were observed due to differences in
genotype, type of extraction method, time, temperature of
extraction, and concentration of the sample seed extract.
Furthermore, research on Ziziphus jujuba Mill. fruit identied
saponins such as Ziziphus saponin III, jujuboside B, and juju-
boside A, indicating that a diverse range of saponins are present
in different parts of the plant. Saponins extracted from Ziziphus
jujuba seeds have been found to possess antioxidant properties,
increasing resistance to oxidative damage and increasing anti-
oxidant enzyme activities. Additionally, saponins from Ziziphus
© 2026 The Author(s). Published by the Royal Society of Chemistry
jujuba seeds have shown hypoglycemic effects by inhibiting
digestive enzymes, improving glucose consumption, and acti-
vating key proteins involved in energy metabolism and insulin
resistance, thus potentially assisting in the management of
hyperglycemia and related symptoms. Furthermore, saponins
from Ziziphus seeds have been reported to exhibit anti-inam-
matory, antiulcer, and anticancer activities, highlighting their
diverse pharmacological potential.
3.3. Techno-functional properties

The water absorption capacity of the jujuba seed our was
examined, and the value was 134.66 ± 0.74% (Table 2). A higher
water absorption capacity indicates that our can entrap larger
amounts of water molecules, which is favorable for preparing
slurries from instant mixture formulations.45 The water
absorption index (WAI) of the dried powder of jujuba seed our
was analyzed, and the WAI was 3.65 ± 0.02 g g−1 (Table 2). The
WAI indicates that our contains hydrophilic components such
as starch and protein, which are responsible for swelling and
gelatinizing properties.46 These ndings indicate that jujuba
seed our has good starch gelatinization properties, which are
important for rehydration and cooking in instant mixture
formulations. The oil absorption capacity (OAC) of the powder
was analyzed, and the value was 2.39± 0.80 g g−1 (Table 2). This
property indicates that the sensory characteristics of our
particles increase the OAC, providing an enhanced mouth feel
and palatability. The reason behind the high oil absorption
capacity was found to be that amylose can freely disperse in an
aqueous solution.14 The highest swelling power was observed
because of the increased molecular mobility in the amorphous
region, resulting in weaker binding forces. The lowest solubility
was found because of the lower amylose and higher amylo-
pectin contents. Dispersibility was determined for the powder
particles of jujuba seed our and was 65.46 ± 0.39% (Table 2).
The higher dispersibility ratio implies that our particles have
a high rehydration ratio, indicating that they reconstitute well
for the preparation of batter. It also correlates with the protein
values (n = 3).
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content of our particles. The dispersibility value was greater
because of the higher protein content of jujuba seed our.47

The emulsion capacity and stability of the Jujuba seed our
samples were analyzed, and the values were 70.36 ± 0.61 and
54.75 ± 0.41%, respectively (Table 2). High emulsion activity
was correlated with increased total protein content, and the two
major protein fractions, albumin and globulin, are responsible
for emulsion formation. These two protein fractions can
migrate through the oil–water interface, resulting in emulsi-
cation.48 The foam capacity and stability of the jujuba seed our
were 73.66± 0.95 and 57.30± 0.53%, respectively (Table 2). The
foam capacity and stability indicate that the protein present in
jujuba seed our can strongly interact with aqueous solutions.
This leads to strong interactions at the air–water interface, and
the protein structure enables cohesive foam lm formation with
increased strength and stability. At 10 min, it showed the
highest stability; as time increased, the bubble collapsed, and
the foam stability decreased.14

The bulk density of the jujuba seed our was analyzed, and
the value obtained was 0.780 ± 0.04 g mL−1 (Table 2). The bulk
density indicates the matrix composition of our and its ow
properties during packaging. In contrast, a lower bulk density
results in better mixing and cooking properties in the prepa-
ration of instant-mixed food formulations because of their
loose-owing properties.49 The tap density of the jujuba seed
our was analyzed, and the estimated value was 0.895 ± 0.02 g
mL−1 (Table 2). This property shows that jujuba seed our
particles have better compressibility and density due to their
ner particle size and lower aerated density.50 The Hausner ratio
and Carr's index of the jujuba seed our were found to be 1.375
± 0.036 and 29.73 ± 0.10, respectively (Table 2). These results
indicate that jujube seed our hasmoderate ow characteristics
and compressibility, both of which are essential for a variety of
uses, including food preparation.51
Fig. 1 Scanning electron microscopy of the Ziziphus jujuba seed powde
×1000 20.0 kV SEI WD 7.8 mm, (D) ×1000 20.0 kV SEI WD 7.8 mm, (E) ×

Sustainable Food Technol.
3.4. Characterization of Ziziphus jujuba seeds

3.4.1. SEM. To investigate the morphology of the sample,
scanning electron microscopy (SEM) was employed with a JEOL-
SEM 7610F instrument. The imaging conditions and parame-
ters were meticulously recorded to ensure reproducibility and
clarity.

Using scanning electron microscopy (SEM), we observed the
morphology of the sample. The SEM images reveal that the
structures are predominantly spherical in shape. An example of
such a structure is shown in Fig. 1. The SEM parameters for this
image are a scale bar representing 10 mm, a magnication of
500×, an accelerating voltage of 20.0 kV, and a working distance
of 10 mm. These settings were chosen to optimize the resolu-
tion and clarity of the spherical structures. A high accelerating
voltage of 20.0 kV was utilized to ensure sufficient electron
penetration and detailed imaging of the sample surface. The
chosen working distance of 10 mm provided an optimal depth
of eld, allowing for clear visualization of the spherical
morphology across the sample. The magnication level of ×500
allowed to observe the microscale features of the structures
effectively, with the scale bar indicating that the observed
structures were within the 10 mm range.

A study on a Ziziphus jujube waste seed-derived biomass
adsorbent (ZYB) by Fakhar et al.52 presented SEM images, which
revealed a porous and uneven surface morphology with a range
of particle sizes. The surface of ZYB featured pores and cracks,
which suggested that an adequate surface area might be used to
adsorb Cd2+ ions from aqueous solutions. The irregularities and
pores present at the surface enhance the texture and increase
the crispiness of the waffles, as studied by Kelley et al.53

3.4.2. FTIR. The data point at 3288.23 cm−1 with 94.49%
transmittance on the FTIR graph suggested weak absorption,
likely due to N–H or O–H stretching vibrations, indicating the
presence of amines, amides, alcohols, or phenols in the sample.
r: (A) ×500 20.0 kV SEI WD 8 mm, (B) ×500 20.0 kV SEI WD 8 mm, (C)
2000 20.0 kV SEI WD 7.7 mm, and (F) ×2000 20.0 kV SEI WD 7.8 mm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR of Ziziphus jujuba seed flour.
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The high transmittance value demonstrated that the absorption
by this functional group was relatively weak.

The data point at 2922.33 cm−1 with 91.17% transmittance
on the FTIR graph indicated moderate absorption, likely due to
the C–H stretching vibrations of alkanes. The transmittance
value indicated that the absorption by this functional group was
noticeable but not very strong, suggesting a moderate presence
of methylene (CH2) or methyl (CH3) groups in the sample.

The data point at 1644.98 cm−1 with 93.69% transmittance
on the FTIR spectrum showed weak to moderate absorption,
likely due to C]C stretching vibrations in alkenes or C]O
stretching vibrations in amides. The transmittance value indi-
cated that the absorption by this functional group was relatively
weak, suggesting a low to moderate presence of the respective
functional group in the sample.

The data point at 1407.79 cm−1 with 94.94% transmittance
on the FTIR graph suggested weak absorption, likely due to C–H
bending (deformation) vibrations in alkanes, bending vibra-
tions in methyl (CH3) and methylene (CH2) groups, or possibly
C–O stretching in phenols and some carboxylic acids. The high
transmittance value indicated that the absorption by this
functional group was relatively weak, suggesting a low presence
of the respective functional group in the sample.

The data point at 1231.73 cm−1 with 94.66% transmittance
on the FTIR graph demonstrated weak absorption, likely due to
C–N stretching vibrations in amines; C–O stretching vibrations
in alcohols, ethers, carboxylic acids, or esters; or C–H bending
vibrations in aromatic compounds. The high transmittance
value indicated that the absorption by this functional group was
relatively weak, suggesting a low presence of the respective
functional group in the sample.

The data point at 1049.12 cm−1 with 89.26% transmittance
on the FTIR graph represents moderate absorption, likely due to
C–O stretching vibrations in alcohols, ethers, and esters or Si–O
stretching vibrations in silicates and silicones. The trans-
mittance value indicated that the absorption by this functional
© 2026 The Author(s). Published by the Royal Society of Chemistry
group was noticeable but not very strong, suggesting amoderate
presence of the respective functional group in the sample.
Similarly, Ziziphus oenopolia seed extract was analyzed via FTIR,
conrming the presence of various compounds, such as alco-
hols, alkanes, and carboxylic acids, indicating potential phar-
macological activities (Fig. 2).
3.5. Model tting and adequacy of experimental data

The optimization of jujube seed our-based waffles was performed
aer all the interactions between variables and responses were
analyzed. All four components, namely jowar our, bajra our,
wheat our, and jujuba seed our, were set within a particular
range, as shown in Table 3, and accordingly, 24 treatments were
suggested by the D-optimal design. The responses, such as total
phenolic content, total avonoid content, DPPH, appearance and
color, texture, avor and sweetness, and overall acceptability, were
considered when nalizing the optimized proportions for the
preparation of the waffles (Tables 3 and 4).

Table 1 presents the experimental data on the quality char-
acteristics of the jujuba seed waffles, including the total avo-
noid content (mg GAE per g), total phenolic content (mg GAE
per g), antioxidant activity (DPPH (%), appearance and color,
texture, avor, and sweetness, and overall acceptability. These
characteristics were analyzed via analysis of variance (ANOVA),
coefficient of determination (R2), standard deviation, mean, and
coefficient of variation (C.V. %) with Design Expert soware,
version 13. Special quartic model equations were employed to
evaluate the strength of the experimental data. Eqn (3)–(9)
illustrate the model equations for the total avonoid content
(mg GAE per g), total phenolic content (mg GAE per g), DPPH
(%), appearance and color, texture, avor and sweetness, and
overall acceptability of the jujuba seed waffles (Fig. 4).

3.5.1. Total avonoid content. Flavonoids, a group of
bioactive compounds found in various plant-based foods,39

offer numerous health benets that can be incorporated into
pancakes to increase their nutritional value. The avonoid
Sustainable Food Technol.
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Table 3 Effect of jowar flour, bajra flour, wheat flour, and jujuba seed powder on biochemical and antioxidant activity of prepared wafflesa

Run
Jowar our
(%)

Bajra our
(%)

Wheat our
(%)

Jujuba seed
powder (%)

Total avonoid content
(mg QE per g)

Total phenolic content
(mg GAE per g) DPPH (%)

W1 30.00 25.00 45.00 0.00 33.22 � 0.36j 15.70 � 0.06k 5.06 � 0.06n

W2 27.79 25.00 43.70 3.51 38.39 � 0.14f 17.75 � 0.24h 12.60 � 0.24h

W3 30.00 30.00 40.00 0.00 33.2 � 0.03j 15.62 � 0.08k 3.16 � 0.01o

W4 25.00 25.00 42.55 7.45 44.18 � 0.02c 24.44 � 0.02c 21.26 � 0.09b

W5 27.08 26.45 45.42 1.05 34.52 � 0.08i 18.04 � 0.04g,h 8.55 � 0.09k

W6 27.79 25.00 43.70 3.51 38.39 � 0.04f,g 17.76 � 0.04h 12.58 � 0.03h

W7 25.00 27.37 47.63 0.00 32.76 � 0.04j 17.41 � 0.08i 8.16 � 0.02k

W8 25.00 28.35 43.26 3.39 37.89 � 0.04g 18.13 � 0.03g 13.30 � 0.05g

W9 25.00 30.00 45.00 0.00 32.65 � 0.02j 14.80 � 0.08l 7.12 � 0.02m

W10 27.30 25.01 40.00 7.69 44.76 � 0.01b 25.71 � 0.01b 19.82 � 0.02c

W11 25.00 27.59 40.00 7.41 44.12 � 0.08b,c 25.44 � 0.02b 20.12 � 0.02c

W12 25.00 28.35 43.26 3.39 37.89 � 0.02g 18.09 � 0.02g,h 13.29 � 0.02g

W13 27.90 28.81 43.29 0.00 32.82 � 0.01j 18.03 � 0.01g,h 5.27 � 0.01n

W14 25.00 25.00 50.00 0.00 32.75 � 0.01j 14.64 � 0.02l 9.10 � 0.02j

W15 25.00 25.00 40.00 10.00 48.17 � 0.01a 32.39 � 0.04a 25.43 � 0.01a

W16 27.85 28.71 40.00 3.44 38.22 � 0.08f,g 18.67 � 0.02e,f 11.01 � 0.02i

W17 25.00 25.00 47.54 2.46 36.45 � 0.08h 15.63 � 0.08k 13.10 � 0.01g

W18 29.61 25.00 40.00 5.39 41.38 � 0.08d 20.03 � 0.01d 14.25 � 0.02f

W19 25.00 25.00 44.95 5.05 40.57 � 0.08e 19.07 � 0.08e 17.32 � 0.02d

W20 30.00 30.00 40.00 0.00 33.11 � 0.04j 15.64 � 0.01k 3.17 � 0.02o

W21 27.85 28.71 40.00 3.44 38.20 � 0.01f,g 18.67 � 0.08f 11.02 � 0.01i

W22 30.00 26.50 41.55 1.95 36.10 � 0.01h 17.95 � 0.01g,h 7.68 � 0.02l

W23 30.00 25.00 45.00 0.00 33.20 � 0.02j 15.70 � 0.03k 5.12 � 0.04n

W24 25.00 30.00 40.00 5.00 40.50 � 0.01e 16.98 � 0.04j 15.33 � 0.02e

a Data are expressed as mean± standard deviation (n= 3), and values with different lowercase letters in the same column are signicantly different
(Tukey, p < 05).

Fig. 3 The effect of different variables on selected parameters: (A) total phenolic content interaction of AD; (B) total phenolic content interaction
of BD; (C) total phenolic content interaction ofCD; (D) antioxidant activity DPPH; (E) appearance and color; (F) texture, (G) flavour and sweetness;
(H) overall acceptability.

Sustainable Food Technol. © 2026 The Author(s). Published by the Royal Society of Chemistry
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content ranged from 32.65 to 48.17 mg QE per g, as shown in
Table 3. The highest avonoid content was observed in the
formulations with 25% jowar our, 25% bajra our, 40% wheat
our, and 10% jujuba seed powder at 48.17 ± 0.01 mg QE per g.
All the components presented p-values greater than 0.05 (SI
Table 1) for the TFC content during their interaction with the
seed our, indicating nonsignicant effects. Interactions
between A,B, andD are represented, which had negative effects
on overall acceptability, as shown in Fig. 4A.

TFC = 33.52 × A + 32.67 × B + 32.75 × C + 48.15 × D + 0.2256

× AB + 0.4775 × AC − 0.1263 × AD − 0.1125 × BC

+ 0.1629 × BD − 0.1235 × CD − 4.39 × ABC

− 1.67 × ABD + 0.2817 × ACD − 1.08 × BCD (3)

3.5.2. Total phenolic content. Phenolic compounds are
potential antioxidants that can reduce oxidative stress by scav-
enging free radicals.37 A higher TPC in pancakes and waffles is
therefore desirable for their potential health benets. The total
phenolic content of the waffles ranged from 14.64 to 32.39mgGAE
per mg, as shown in Table 3. The highest phenolic content was
detected in the formulations with 25% jowar our, 25% bajra
our, 40% wheat our, and 10% jujuba seed powder, with 32.39±
0.04 mg GAE per g. The interactions of AD, BD, and CD had
signicant p values of less than 0.05, as shown in Fig. 3A, B, and C.
Compared with the other interactions, such as ACD and ABD (SI
Table 1), the interaction of BCD (Fig. 4B) had the lowest value of p.
Interactions between B, C, andD are represented, which had
negative effects on overall acceptability, as shown in Fig. 4B. This
Fig. 4 The effect of different variables on selected parameters: (A) to
interaction of BCD; (C) antioxidant activity DPPH interaction of ABD; (D) a
(F) flavour and sweetness interaction of BCD; (G): overall acceptability in

© 2026 The Author(s). Published by the Royal Society of Chemistry
equation is a regression model showing the effect of four formu-
lation variables (A, B, C, and D) on total phenolic content (TPC).
Positive coefficients indicate variables or interactions that increase
TPC, while negative coefficients indicate a reducing effect. Among
themain effects,D andC contributemost positively, whereas B has
a negative inuence. The interaction terms (e.g., AB and BC)
highlight synergistic effects between components, while negative
interactions (e.g., AD and CD) indicate antagonism. The three-
factor interaction terms have minor inuence, suggesting limited
higher-order effects. Overall, the model explains how ingredient
proportions and their interactions govern TPC.

TPC = 10.43 × A − 6.60 × B + 14.64 × C + 32.39 × D + 54.86

× AB + 12.66 × AC − 9.08 × AD + 43.15 × BC + 16.34

× BD − 18.12 × CD + 0.5674 × ABC − 0.0073 × ABD

− 0.0969 × ACD + 0.2283 × BCD (4)

3.5.3. DPPH. The DPPH (2,2-diphenyl-1-picrylhydrazyl)
content of waffles is an important measure of their antioxidant
potential. The DPPH content of the waffles ranged from 3.17 to
25.43%, as shown in Table 3. DPPH activity was highest in the
formulations with 25% jowar our, 25% bajra our, 40% wheat
our, and 10% jujuba seed powder (25.43 ± 0.01%). Higher
DPPH values indicate greater antioxidant activity, and waffles
with higher DPPH values have been found to have increased
antioxidant potential.5 A signicant interaction between C and
D was observed, as shown in Fig. 3D, with a p value of 0.0486 (SI
Table 1). Interactions between A,B, andD are represented, which
showed negative effects on the DPPH, as shown in Fig. 4C. This
tal flavonoid content interaction of ABD; (B) total phenolic content
ppearance and color interaction of BCD; (E) texture interaction of ACD;
teraction of ACD.
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polynomial equation describes how DPPH radical-scavenging
activity is affected by four formulation variables (A–D) and their
interactions. The main effects show that D has the strongest
positive contribution, followed by C and B, indicating their key
role in enhancing antioxidant activity. Several two-factor inter-
actions (AB, AC, BC, BD, and CD) have negative coefficients,
suggesting that certain combinations of ingredients can
suppress DPPH activity despite positive individual effects. In
contrast, the three-factor interaction terms (especially ABD and
BCD) contribute positively, though to a lesser extent. Overall, the
model demonstrates that DPPH activity is primarily driven by
individual components, with interaction effects ne-tuning the
antioxidant response.

DPPH = 1.11 × A + 5.56 × B + 9.11 × C + 25.42 × D − 0.6797

× AB − 0.0826 × AC + 0.0780 × AD − 0.7675 × BC

− 0.7201 × BD − 0.0871 × CD + 0.1457 × ABC

+ 1.11 × ABD + 0.0924 × ACD + 0.6270 × BCD (5)

3.5.4. Appearance and color. Appearance and color are
critical factors in the initial acceptance of any food product.
According to the hedonic scale assessment, the score of appear-
ance and color ranged from 5.13 to 8.83 (Table 4). The incorpo-
ration of jujube seed powder inuences these attributes,6 with
the highest scores observed in waffles containing 30% jowar
our, 25% bajra our, 45% wheat our, and 0% jujube seed
powder. The lowest percentages were observed for waffles with
25% jowar our, 25% bajra our, 42.55% wheat our, and 7.45%
Table 4 Effect of jowar flour, bajra flour, wheat flour and jujuba seed p

Run
Jowar our
(%)

Bajra our
(%)

Wheat our
(%)

Jujuba seed
powder (%) Appearance an

W1 30.00 25.00 45.00 0.00 5.63 � 0.11b,c

W2 27.79 25.00 43.70 3.51 7.97 � 0.26c,d

W3 30.00 30.00 40.00 0.00 5.15 � 0.01g

W4 25.00 25.00 42.55 7.45 8.83 � 0.20a,b

W5 27.08 26.45 45.42 1.05 5.50 � 0.03f,g

W6 27.79 25.00 43.70 3.51 7.67 � 0.02c,d

W7 25.00 27.37 47.63 0.00 5.60 � 0.06b,c

W8 25.00 28.35 43.26 3.39 7.59 � 0.01c,d

W9 25.00 30.00 45.00 0.00 5.33 � 0.01f,g

W10 27.30 25.01 40.00 7.69 8.45 � 0.03a,b

W11 25.00 27.59 40.00 7.41 8.17 � 0.01a,b,c

W12 25.00 28.35 43.26 3.39 7.95 � 0.08b,c

W13 27.90 28.81 43.29 0.00 5.39 � 0.04f,g

W14 25.00 25.00 50.00 0.00 5.95 � 0.01e,f

W15 25.00 25.00 40.00 10.00 8.74 � 0.02a

W16 27.85 28.71 40.00 3.44 7.11 � 0.03d

W17 25.00 25.00 47.54 2.46 7.90 � 0.01b,c

W18 29.61 25.00 40.00 5.39 8.34 � 0.01a,b

W19 25.00 25.00 44.95 5.05 8.36 � 0.04a,b

W20 30.00 30.00 40.00 0.00 5.50 � 0.01f,g

W21 27.85 28.71 40.00 3.44 7.18 � 0.08d

W22 30.00 26.50 41.55 1.95 6.20 � 0.01e

W23 30.00 25.00 45.00 0.00 5.13 � 0.28f,g

W24 25.00 30.00 40.00 5.00 8.53 � 0.01a,b

a Data are expressed as mean± standard deviation (n= 3), and values with
(Tukey, p < 05).

Sustainable Food Technol.
jujube seed powder. A signicant interaction between C andD, as
shown in Fig. 3E, was observed, with a p value of 0.0065, as shown
in SI Table 1. Interactions between B, C, andD are represented,
which had negative effects on appearance and color, as shown in
Fig. 4D. This regression model explains the inuence of formu-
lation variables (A–D) on appearance and colour scores. All four
components show positive individual effects, with B and D
contributing most strongly to visual quality. However, several
binary interactions (notably AB and BC) have negative coeffi-
cients, indicating that certain ingredient combinations may
adversely affect colour and appearance. In contrast, some inter-
actions such as AD and CD, along with higher-order terms
(especially BCD), enhance the visual attributes. Overall, themodel
suggests that while individual ingredients improve appearance,
their proportions and interactions play a crucial role in achieving
an appealing nal product.

Appearance and colour = 5.92 × A + 9.80 × B + 6.12 × C + 8.58

× D − 10.03 × AB − 2.72 × AC + 3.62

× AD − 9.48 × BC − 2.88 × BD + 4.87

× CD + 5.43 × ABC − 3.14 × ABD

+ 1.91 × ACD + 9.26 × BCD (6)

3.5.5. Texture. Texture, which affects mouthfeel and overall
eating experience, varies across different formulations.6 According
to the hedonic scale assessment, the score for the texture of
waffles ranges from 5.13–8.85, as shown in Table 4. The incor-
poration of jujube seed powder inuenced these attributes, with
owder on sensory parameters of prepared wafflesa

d colour Texture Flavour and sweetness Overall acceptability

5.83 � 0.28h,i 5.19 � 0.06j,k 5.62 � 0.11h,i,j

7.04 � 0.17f 7.82 � 0.04d 7.30 � 0.08e,g

5.21 � 0.04i 5.89 � 0.05h 5.87 � 0.02h,i,j

8.85 � 0.03a 8.04 � 0.01c,d 8.44 � 0.02a

5.13 � 0.08i 5.22 � 0.02j,k 5.77 � 0.02i,j

7.50 � 0.04e,f 7.26 � 0.03f 7.31 � 0.08e,f

5.45 � 0.03h,i 5.32 � 0.08j,k 5.48 � 0.008l

7.86 � 0.02c,d,e 7.41 � 0.03e 7.52 � 0.08c,d

5.40 � 0.02h,i 5.12 � 0.04k,l 5.91 � 0.03h

8.15 � 0.01b,c,d 8.27 � 0.04g 8.30 � 0.01a

8.24 � 0.02b,c 7.98 � 0.02c,d 8.40 � 0.02a

7.70 � 0.04d,e,f 8.04 � 0.01c,d 7.50 � 0.02c

5.35 � 0.12h,i 5.15 � 0.04j,k,l 5.19 � 0.04l

5.74 � 0.12h 5.52 � 0.01i 5.68 � 0.08j,k

8.62 � 0.02a,b 8.67 � 0.01a 8.24 � 0.02a,b

7.29 � 0.01f 7.05 � 0.01f 7.33 � 0.01d,e

7.71 � 0.03d,e,f 8.02 � 0.04c,d 7.10 � 0.08f

8.55 � 0.04a,b 8.25 � 0.01b 8.39 � 0.01a

8.57 � 0.02a,b 8.27 � 0.08b 8.07 � 0.08b

5.72 � 0.28h 4.99 � 0.02l 5.9 � 0.04h,i

7.34 � 0.04e,f 7.50 � 0.01e 7.33 � 0.02c,d,e

6.36 � 0.08g 6.63 � 0.08g 6.77 � 0.01g

5.82 � 0.08h 5.31 � 0.02i,j 5.63 � 0.01j,k

8.68 � 0.01a,b 8.15 � 0.01b,c 8.48 � 0.02a

different lowercase letters in the same column are signicantly different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the highest scores observed in waffles containing 27.08% jowar
our, 26.45% bajra our, 45.42% wheat our, and 1.05% jujube
seed powder. The lowest percentages were observed for waffles
with 25% jowar our, 25% bajra our, 42.55% wheat our, and
7.45% jujube seed powder. A signicant interaction between C
and D, as shown in Fig. 3F, was observed, with a p value of 0.0016,
as shown in SI Table 1. Interactions between A, C, andD are rep-
resented as negative effects on texture, as shown in Fig. 4E. This
model describes the effect of formulation variables (A–D) on
texture. Themain effects are all positive, with B and A showing the
strongest contributions, indicating their key role in improving
textural quality. Several two-factor interactions (notably AB and
BC) exhibit strong negative effects, suggesting that certain ingre-
dient combinations can weaken texture. In contrast, CD and
selected three-factor interactions (ABC, ABD, and BCD) positively
inuence texture, while ACD shows a marked negative impact.
Overall, the equation highlights that texture is governed by both
individual components and complex interactions among them.

Texture = 9.08 × A + 10.37 × B + 5.84 × C + 8.46 × D − 16.91

× AB − 6.71 × AC − 1.30 × AD − 9.79 × BC − 3.02

× BD + 5.99 × CD + 7.01 × ABC + 5.51 × ABD

− 13.44 × ACD + 5.68 × BCD (7)

3.5.6. Flavor and sweetness. Flavor and sweetness are
crucial for the overall taste perception of waffles.6 According to
the hedonic scale assessment, the avor and sweetness scores of
the waffles ranged from 4.99 to 8.67, as shown in Table 4. The
incorporation of jujube seed powder inuenced these attributes,
with the highest scores observed in waffles containing 30% jowar
our, 30% bajra our, 40% wheat our, and 0% jujube seed
powder. The lowest percentages were observed for waffles with
25% jowar our, 25% bajra our, 42.55% wheat our, and 7.45%
jujube seed powder. A signicant interaction between C andD, as
shown in Fig. 3G was observed, with a p value of 0.0401, as shown
in SI Table 1. The interactions between B, C, andD were repre-
sented, which had negative effects on avor and sweetness, as
shown in Fig. 4F. This regression equation illustrates the inu-
ence of formulation variables (A–D) on avour and sweetness. All
four ingredients exhibit positive individual effects, with B and D
contributing most strongly to sensory liking. Several two-factor
interactions (particularly AB, AC, and BC) negatively affect avour,
indicating that certain combinations may suppress sweetness
perception. In contrast, CD and the three-factor interactions—
especially BCD and ABD—enhance avour complexity and
acceptability. Overall, the model suggests that avour and
sweetness depend not only on individual ingredients but also on
carefully balanced interactions among them.

Flavour and sweetness = 8.27 × A + 9.06 × B + 5.86 × C

+ 8.33 × D − 12.76 × AB

− 7.42 × AC − 0.1397 × AD

− 8.57 × BC − 2.27 × BD

+ 4.89 × CD + 8.02 × ABC

+ 8.32 × ABD + 4.91 × ACD

+ 14.65 × BCD (8)
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.5.7. Overall acceptability. Overall acceptability is
a comprehensive measure that considers all sensory attributes.6

According to the hedonic scale assessment, the overall accept-
ability score of waffles ranged from 5.19–8.48, as shown in Table
4. The incorporation of jujube seed powder inuenced these
attributes, with the highest scores observed in waffles contain-
ing 27.90% jowar our, 28.81% bajra our, 43.29% wheat our,
and 0% jujube seed powder. The lowest percentages were
observed for waffles with 25% jowar our, 30% bajra our, 40%
wheat our, and 5% jujube seed powder. A signicant interac-
tion between C and D, as shown in Fig. 3H, was observed, with
a p value < 0.0001, as shown in SI Table 1. Red and blue regions
indicate maximum andminimum response values, respectively.
The interaction between A,C, andD has negative effects on
overall acceptability, as shown in Fig. 4G. This model explains
how formulation variables (A–D) inuence overall acceptability.
All components show positive main effects, with A, B, and D
contributing similarly and strongly to consumer acceptance.
Most two-factor interactions (notably AB and AC) have negative
coefficients, indicating that certain ingredient combinations
reduce overall liking, while CD shows a favorable interaction.
The three-factor interaction terms are small and mostly nega-
tive, suggesting a limited inuence on acceptability. Overall, the
equation indicates that overall acceptability is largely driven by
individual ingredients, with interactions playing a secondary
role.

Overall acceptability = 8.66 × A + 8.57 × B + 5.67 × C + 8.25

× D − 10.92 × AB − 6.17 × AC − 0.2089

× AD − 4.84 × BC + 0.3179 × BD + 4.40

× CD − 1.72 × ABC − 0.6618 × ABD

− 0.5864 × ACD − 0.0392 × BCD (9)
3.6. Constraints

Jowar and bajra our were kept in the range of 25% as the
minimum range and 30% as the maximum range, with upper
and lower weights of 1 and an importance of 3. Wheat our was
in the range of 40% as a minimum and 50% as the maximum
range, with upper and lower weights of 1 and an importance of
3. Jujuba seed powder was in the range of 0% as the minimum
and 10% as the maximum range, with upper and lower weights
of 1 and an importance of 3. The total avonoid content was in
the range of 32.65%, which was the minimum, and 48.17%,
which was the maximum range, with an upper and lower weight
of 1 and an importance of 3. The total phenolic content was in
the range of 14.64%, which was the minimum, and 32.39%,
which was the maximum range, with an upper and lower weight
of 1 and an importance of 3. DPPH was maximized by 3.16% as
the minimum and 25.43% as the maximum range, with an
upper and lower weight of 1 and an importance of 5. The
appearance and color ranged from 5.13% as the minimum
value and 8.83% as the maximum value, with upper and lower
weights of 1 and an importance of 5. The texture was optimized
within a range of 5.13% to 8.85%, with upper and lower weights
set to 1 and an importance level of 4. Flavor and sweetness were
Sustainable Food Technol.
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maximized by 4.99% as the minimum and 8.67% as the
maximum range, with upper and lower weights of 1 and an
importance of 4. The overall acceptability ranged from 5.19% as
the minimum value and 8.48% as the maximum value, with
upper and lower weights of 1 and an importance of 3, as shown
in Table 2.
3.7. Predicted vs. observed values

Table 5 compares the predicted and observed values for various
parameters related to a study on a particular substance, most
likely a food product. Table 5 clearly shows that the observed
and predicted values signicantly differed (P < 0.05). In Table 5,
the predicted values refer to the responses estimated by
a statistical or mathematical model developed during the study,
rather than values obtained directly from experimental
measurements. These predicted values are generated to
describe how the studied parameters are expected to behave
under specic experimental conditions. Typically, predicted
values are obtained through modelling approaches such as
Response Surface Methodology (RSM), regression analysis, or
other optimization techniques.

According to the best combination suggested by the D-
optimal design (Table 3, Fig. 3 and 4), sample W15 (jowar our
= 25 g, bajra our = 25 g, wheat our = 40 g and jujuba seed
powder = 10 g) was the most preferable and had high desir-
ability (SI Fig. 2), a sensory value of 8.24 ± 0.02 and an antiox-
idant DPPH value of 25.43 ± 0.01% (Tables 3 and 4). This
sample was further chosen for proximate analysis and shelf-life
analysis.
3.8. Principal component analysis (PCA)

This study used PCA to describe treatments, analyze the rela-
tionships between traits, and effectively discriminate treat-
ments. PCA is a statistical technique that is widely used for
a variety of traits in similar applications. It is a very effective way
to group highly correlated variables and is used to extract
signicant information from high-dimensional data to low-
dimensional data. The rst principal component (PC1)
accounted for 88.53% of the total variance, while the second
principal component (PC2) explained 8.91%, together capturing
Table 5 Predicted and observed optimum responses for prepared
wafflesa

Responses
Predicted
values Observed values

Total avonoid content (mg QE per g) 48.150b 48.18 � 0.01a

Total phenolic content (mg GAE per g) 32.39b 32.40 � 0.02a

DPPH (%) 25.421b 25.45 � 0.08a

Appearance and colour 8.577b 8.76 � 0.04a

Texture 8.457b 8.60 � 0.02a

Flavour and sweetness 8.335b 8.69 � 0.04a

Overall acceptability 8.248b 8.25 � 0.010a

a Data are expressed as mean ± standard deviation (n = 3), and values
with different lowercase letters in the same column are signicantly
different (Tukey, P < 0.05).

Sustainable Food Technol.
97.44% of the total variability, indicating that the PCA model
effectively summarized the multivariate relationships among
treatments and measured traits. The PCA biplot illustrates the
relationships between experimental treatments and measured
traits based on the rst two principal components. Treatments
positioned close to each other exhibit similar multivariate
characteristics, while greater distances indicate dissimilarity.
The vectors for total phenolic content (TPC), total avonoid
content (TFC), and antioxidant activity (DPPH) showed strong
loadings on the rst two components, indicating their major
contribution to sample discrimination. Treatments W4, W10,
and W11 were positioned closer to these vectors, suggesting
a stronger association with antioxidant-related traits. Although
W15 was oriented in the same general direction, its greater
distance fromW4 indicates that it does not cluster with W4 and
exhibits a distinct overall response prole. In coordinate-1, W4,
W10, W11 and W15 were clustered where the vectors for total
phenolic content (TPC), total avanoid content (TFC) and
antioxidant activity (DPPH) are shown, ensuring a strong bond
between them (W10, W11 and W15) as shown in Fig. 5.
3.9. Optimized product proximate composition

The moisture content of the Ziziphus jujuba seed-based waffles
was determined, and the estimated value was 10.76 ± 0.15% (SI
Table 3). A study conducted by Chen et al.54 described a method
for increasing the moisture content of cooked pancakes by 6 to
12%. The moisture content analysis of the above-mentioned
studies was in agreement with the estimated value of moisture
content obtained in this study. The estimated value denotes the
equilibrium moisture in the environment. The higher the
moisture content, the greater the chance of bacterial and
microbial growth, which can lead to a decrease in the shelf-life
period of the waffles.
Fig. 5 Two-dimensional principal component analysis ordination plot
showing the multivariate relationships between experimental treat-
ments and seven traits on the first two axes, where TPC: total phenolic
content, TFC: total flavonoid content, DPPH: antioxidant activity, OA:
overall acceptance, AC; appearance & colour, TX: texture, and FS:
flavour & sweetness.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The ash content of the moisture-free Ziziphus jujuba seed-
based waffles was analyzed, and the value obtained was 4.26 ±

0.16% (SI Table 3). Research conducted by Rani et al.55 on
pancakes incorporated with eld pea our and besan revealed
ash contents ranging from 1.57 to 3.07%. The ash content
analysis of the abovementioned studies was in disagreement
with the estimated value of ash content obtained in this study.
The ndings of these studies on the ash content of jujube seed
our-based waffles are relatively high compared with our nd-
ings. This proves that a greater mineral content is present in the
sample.

The carbohydrate content was obtained by subtracting the
proximal values of moisture, ash, protein, fat, and ber from
100. The percentage of carbohydrates obtained from the jujube
seed our-based waffles was 16.81 ± 0.12% (SI Table 3). A study
conducted by Kennedy et al.56 revealed the presence of 20 to
50% carbohydrates in pancakes. These estimated values were in
agreement with our ndings concerning the % carbohydrate
composition of jujuba seed our. The carbohydrate content
indicates the starch and sugar contents, such as those of
amylose and amylopectin. It acts as an energy-providing source
to meet the desired dietary requirements.

The protein content of the jujuba seed-based waffles was
determined via the Kjeldahl method, and the estimated value
was 39.34 ± 0.31% (SI Table 3). Additionally, a study on waffles
containing pea protein, chicory root syrup, apple ber, nger
millet, pearl millet, resistant starch, and sacred lotus stamen
revealed an increase in protein content.57 This nding is in
agreement with the results indicating that this incorporation
signicantly increased the protein content of the waffles.

The fat content of the jujuba seed-based waffles was esti-
mated, and the value obtained aer triplicate analysis was 10.34
± 0.09% (SI Table 3). Studies conducted by Huber & Schoen-
lechner58 reported the use of a mixture of margarine and Raf-
tilin in waffle crisps at a ratio of 23.33–25.98%. This is in
disagreement with the results due to the use of different fats,
which might affect their fatty acid proles, resulting in differ-
ences in fat content. Overall, the fat content of waffles is due to
the milk and butter used, which makes them excellent sources
of necessary fatty acids with certain nutritional advantages.

Fiber content estimation was performed, and the estimated
value was 18.49 ± 0.11% (SI Table 3). A study on waffles by
Ioni ţ ă–Mı̂ndrican et al.59 revealed the presence of 5 g of ber
per serving. These studies do not support the ber estimation of
our ndings and disagree with the compositional value. The
results highlighted a signicant increase in the amount of ber
of waffles due to millet and seed powder incorporation, high-
lighting their nutritional value and possible use as industrial
raw materials and in food formulations.
3.10. Shelf-life study of the optimized product

3.10.1. Moisture content. The moisture content of the
waffles at 12th day was signicantly greater than that of the
waffles (P < 0.05), especially at ambient and room temperatures
(ANOVA at P < 0.05 and post hoc Tukey test at P < 0.05). The
increased moisture in the waffles could be due to compositional
© 2026 The Author(s). Published by the Royal Society of Chemistry
changes, as the waffles contain milk and butter (Table 6).
Initially, the moisture content was similar across all the
samples (2.44–2.47%). Over time, it increases, with the most
signicant increase observed at higher temperatures. By 12
days, the moisture content reached 4.01–4.04% at 37 °C, indi-
cating a pronounced increase compared with that at lower
temperatures (2.94–2.96% at 8 °C). This suggests that higher
temperatures accelerate moisture absorption. Both LDPE and
MP show comparable performance in terms of moisture
retention.

3.10.2. Total yeast and mold count. Under all storage and
packaging conditions, no microbial colonies were observed over
12 days, which means that a sample containing seed our, even
at this minute concentration, can maintain proper preservation
of food products. Microbial growth was high aer 12 days. Our
results are consistent with those reported by Panza et al.,60 who
reported that the incorporation of seed our in breaded cod
sticks maintained the microbial load within an acceptable limit
for up to 17 days.60 However, our results need validation
through long-term studies. The microbial load starts low (0.01–
0.04) and increases over time, especially at relatively high
temperatures. At 4 days, the total plate count increased to 0.45–
0.43 at 37 °C. By 12 days, it peaks at 1.56–1.57 at 37 °C. These
results highlight the substantial increase inmicrobial activity as
the storage temperature and duration increase. The differences
between LDPE and MP are minimal but tend to occur where
relatively high temperatures are correlated with relatively high
microbial growth.

The total yeast and mold counts followed a similar trend to
that of the total plate count. Initially, the yeast and mold counts
were low (0.02–0.05) and increased over time. By 12 days, the
counts reached 0.77–0.78 at 37 °C. The data revealed a clear
increase in yeast andmold growth with increasing temperatures
and extended storage periods.61 The differences between pack-
aging materials are that LDPE and MP provide similar levels of
protection, with LDPE slightly outperforming MP under some
conditions. Both materials effectively manage moisture content
and microbial growth, but higher temperatures and longer
storage durations lead to increased moisture and microbial
proliferation.62 In summary, the results of this study indicate
that the shelf-life of Ziziphus jujuba seed-based waffles is
signicantly inuenced by the storage temperature and dura-
tion. Higher temperatures and extended storage times result in
increased moisture content and microbial growth. While both
LDPE and MP packaging materials are effective, LDPE shows
a marginal advantage in controlling these parameters under
certain conditions.

3.10.3. Biochemical and antioxidant parameters. The
initial avonoid content of the samples ranged from 31.43 to
31.56 mg QE per g on day 0, indicating minor differences
between the LDPE and MP packaging materials. As storage
progressed, the avonoid content decreased, with signicant
reductions observed at relatively high temperatures. By day 12,
the avonoid content had decreased to 13.44–13.45 mg QE per g
at 37 °C, indicating substantial degradation. In contrast, lower
temperatures (8 °C) led to less drastic decreases, with values
ranging from approximately 19.32–19.33 mg QE per g,
Sustainable Food Technol.
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suggesting that cooler storage conditions better preserved the
avonoid content. The performance of LDPE and MP packaging
in preserving avonoids was similar.

Additionally, the phenolic content tended to decrease over
the storage period, with a gradual decline.63 Initially, the
phenolic content was relatively stable across all the samples at
15.5–15.7 mg GAE per g, as shown in Table 6. However, the
phenolic content decreases over time, especially at relatively
high temperatures. By day 12, the phenolic content was signif-
icantly lower at 37 °C (7.44–7.45 mg GAE per g). At lower
temperatures (8 °C), the decline is less severe, with values
ranging from approximately 13.77–13.78 mg GAE per g. The
stability of phenolic compounds decreases with time and
temperature.64 Both packaging materials exhibit comparable
effectiveness in retaining phenolic content.

Initially, the DPPH activity was approximately 5.01–5.03%.
Over time, there is a slight reduction, with a more noticeable
decline at higher temperatures. By day 12, the DPPH activity
decreased to 4.56–4.57% at 37 °C, whereas at 8 °C, it remained
relatively high (4.8–4.9%). Similar results were observed, in
which the DPPH activity decreased with increasing temperature
and time for the food products.65 LDPE and MP both main-
tained similar levels of antioxidant activity. A shelf-life study
revealed that storage temperature and duration signicantly
impact the biochemical and antioxidant properties of Ziziphus
jujuba seed-based waffles. Higher temperatures and longer
storage durations lead to greater degradation of the avonoid
content, phenolic content, and antioxidant activity. Both LDPE
and MP packaging materials provide comparable protection,
with LDPE offering a slight advantage under certain conditions.
Maintaining lower storage temperatures can help preserve the
quality of waffles over time.66

LDPE (low-density polyethylene) is more effective than
multilayered polyethylene (MP) for packaging, especially in
preserving the quality of products such as waffles. LDPE offers
superior moisture resistance, which is crucial for maintaining
the texture and freshness of food items. Its exibility also
ensures an airtight seal, reducing the risk of contamination and
spoilage.

4 Conclusion

The current study aimed to increase waffle nutritional value by
incorporating Ziziphus jujuba seed our while maintaining its
sensory quality parameters. The optimal formulation of 25%
jowar our, 25% bajra our, 40% wheat our, and 10% jujuba
seed our achieved high nutritional and sensory scores. This
formulation had a avonoid content of 48.17 ± 0.01 mg QE per
g, a phenolic content of 32.39 ± 0.04 mg GAE per g, and an
antioxidant activity (DPPH) of 25.43 ± 0.01%. The sensory
scores included 8.74 ± 0.02 for appearance, 8.62 ± 0.02 for
texture, 8.67 ± 0.01 for avor, and 8.24 ± 0.02 for overall
acceptability. Further analysis of proximate composition and
shelf-life stability via microbial studies and biochemical assays
was conducted. Compared with metallic polyester (MP), low-
density polyethylene (LDPE) has superior results in preserving
the antioxidant activity, avonoid content, and overall
© 2026 The Author(s). Published by the Royal Society of Chemistry
freshness of waffles, making it the preferred choice for
extending shelf-life. The incorporation of Ziziphus jujuba seed
our signicantly enhanced nutritional qualities, particularly
avonoid and phenolic contents, without compromising
sensory attributes. This study demonstrates the potential for
nutritionally enriched, sensory-pleasing waffle products,
offering health benets and market growth in the functional
food industry.
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