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A B S T R A C T

The by-products of the grain processing industry are a vital resource for the valorization methods in the food
industry. In comparison to the whole grain, the broken kernels and seeds own similar nutrient and bioactive
compounds having multifaceted health properties. This study aims to develop a nutritional bar by utilizing the
by-products from barnyard millet and foxnut with added sweeteners. Furthermore, high-resolution mass spec-
trometry (HR-MS) metabolomics was carried out in positive and negative both ion modes to identify the major
bioactive compounds formed in the matrix of the best-optimized valorized bar. The formulation of the bar having
15 % foxnut flour and the barnyard flour each, was elucidated highest rheological and sensory scores. A sum of
29 bioactive metabolites has been observed in the obtained metabolome. Major metabolites were palmitoyl
serinol, glycitein, persin, bufagargarizin, apigenin, carvone, etc. covering a wide area in the mass spectrum. The
therapeutic value of these compounds is heart health promotion, anti-inflammatory, anti-carcinogenic, anti-
diabetic, anti-microbial, etc. This work highlights the bioactivity of the valorized nutritional bar employing
robust and accurate tool of mass spectrometry. The developed snack is a functional food for the consumers.

1. Introduction

Valorized food products have immense potential for being an
economical alternative to secondary foods which utilize waste or by-
products of food processing. As there is an escalation in the demand
for energy-dense and bioactive-rich foods worldwide, the by-product
utilization may address issues such as high demand, nutrient defi-
ciency, and hunger (Singh and Krishnaswamy, 2022; Kaur et al., 2023;
Singh et al., 2023). Additionally, valorization also aids in the sustain-
ability needs of the food processing facilities by minimizing carbon
footprint.

India’s position as the world’s second-largest producer and consumer
of cereals, including wheat, rice, and millet grains (Chandra et al.,
2021). The waste and by-products of the grain processing industry are
husk, hull, bran, and broken kernels that are rich in many bio-active
components such as polysaccharides, polyphenols, peptides, etc. that
own multifaceted health benefits (Annapure et al., 2023). The conver-
sion of this waste is an intriguing optimization tool for the novel
development of various types of functional products.

Foxnut (Eurale forex L.) is a non-cereal food crop, that belongs to the
Nymphaeaceae family and is grown in flood-prone regions of Bihar,
Assam, and Bengal states of India, and has high nutritional value.
Globally it is recognized by several names such as “Gorgon nut”, “Prickly
water lily”, etc. but in the Indian sub-continent, it is known as
“Makhana” and their seeds are consumed popped, and roasted (Liaquat
et al., 2022). According to a report by Singh et al. (2021), Bihar not only
provides 80 % of India’s total output of fox nut seeds (23,000 Tonnes),
but it also accounts for 85 % of the country’s total land area (15,294 Ha)
that is used for the crop. It contains ~ 9.7 % protein that is easily
digested having all essential amino acids plus phosphorus and potassium
are abundant in fox nuts (Rathod et al., 2023). Fox nut is claimed to be a
detoxifier and has its role in the treatment of chronic disorders such as
renal problems, diarrhea, excessive leucorrhoea, and spleen hypo-
function (Vikram and Mishra, 2021). The utilization of broken seeds of
foxnut in the production of any value-added product leads to the
development of a nutrition bar from it.

Millets are tiny grains that contain various minor andmajor nutrients
along with important bioactive and are popular due to their health-
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improving attributes among consumers. The global millet production
scale highlights that India produces 41 % of total data, approximately
10.5 MMT (Tagade and Sawarkar, 2023). These are gluten-free, regulate
blood sugar, depress cholesterol, combat colon tumor growth, solve
malnourishment, control obesity, and have other health benefits
(Tripathi et al., 2021). However, many food processing technologies are
doing a broad array of value-added products, but still, the imple-
mentation in the food processing industries is skimpy at the commercial
level. Millet copious potential has grasped the attention of the research
community on these grains for the development of millet-based foods on
a commercial scale.

Barnyard (Echinochloa esculentaL.) is a popular minor millet that is
mostly grown in the USA, Africa, the East Indies, Malaysia, Japan, and
China (Priya et al., 2023). Barnyard grain carries polysaccharides
(51–65 %), protein (11–12 %), lipids (2.5–6 %), and approximately 5 %
ash content and it also has the highest content of dietary fibers (6–10 %
insoluble and 3.5–4.6 % soluble) (Sharma et al., 2021). The high poly-
phenol level of barnyard millet includes caffeic, chlorogenic, gallic, p-
hydroxybenzoic, vanillic acid, ferulic, and p-coumaric acids (Akanbi
et al., 2019). Research conducted by Chethan Kumar et al. (2022) has
shown there is a significant amount of highly soluble protein in the
germinated barnyard millet flours, which implies this grain is the source
of functional nutrients. The utilization of by-products of millet pro-
cessing plants for the development of energy bars could be an efficient
valorization approach and the assessment of the bioactive compounds
formed in the bar is intriguing.

Different robust and sophisticated omics technologies are available
these days that are highly involved in the advanced search for bioactive
compounds, contaminants, anti-nutritional factors, etc. in several foods.
Efficient analytical strategies for the identification of bioactive compo-
nents in food products are elucidating the use of chromatography
coupled with mass spectrometry detectors as a preferential option owing
to better sensitivity and specificity. The metabolomics analysis of the
valorized nutritional bar with a high-resolution mass spectrometer (HR-
MS) will facilitate the bioactive compound detection on an accurate
level in real-time proving its functional value.

This study aimed to develop a nutritional bar with the potential
utilization of by-products derived from foxnut pseudo-cereal and barn-
yard millet. Additionally, a comprehensive exploration of the metabolite
composition of the developed bar was done to highlight bioactivity and
functionality in the product.

2. Materials and methods

2.1. Materials and reagents

All reagents and chemicals were purchased from Sigma-Aldrich
(Bangaluru, India) and Hi-Media (Mumbai, India). Other equipment
and consumables were procured from Fisher Scientific (Bangaluru,
India). Broken fox nut seeds were procured from the local market of
Darbhanga, Bihar. Broken barnyard millet, coconut, sucrose, and palm
sugar were bought from the local market of Varanasi. Liquid glucose was
purchased from Alka Foods Private Limited, Varanasi, India.

2.2. Development of nutritional bar

The development of the valorized bar starts with a heated pan at a
medium flame in which coconut milk (30 g w/v) is added, then after
three minutes sucrose and palm sugar were also added to the pan and
stirred for 15min. Then roasted fox nut flour (FNF) and broken barnyard
millet powder (BMP) were added to the mixture and mixed well until the
brown color appeared. Lastly, liquid glucose was added to the mixture,
and the bar mixture was poured into the mold and cooled to room
temperature.

A sum of five treatments was prepared following the procedure
suggested by Selokar et al. (2022) with slight modifications, and each

formulation was prepared thrice. The different formulations for 100 g
bar were as follows: A: 5 g FNF+25 g BMP, B: 10 g FNF+20 g BMP, C: 15
g FNF+15 g BMP, D: 20 g FNF+10 g BMP, E: 25 g FNF+5g BMP and two
control samples F1 and F2 were prepared from 30 g FNF and 30 g BMP,
respectively. The concentration of the different sweeteners in the
nutritional bar was maintained at a maximum level of 35 % so that the
taste and texture were not affected (Mridula et al., 2013). Samples were
undergone through a similar electric oven cooking temperature of
120 ◦C for 30 min to control this parameter. The molded samples were
kept at room temperature for a uniform setting followed by being stored
under refrigerated conditions at 5 ◦C until analysis. The nutrition bars
were analyzed for different sensory characteristics like color and
appearance, body and texture, aroma and taste, and overall accept-
ability by 9 semi-trained judges. After the sensorial analysis and tripli-
cates textural studies of the independent samples using XT plus texture
profile analyzer, (stable micro systems, UK) employment cylindrical
probe (TA-35) as the attachment was calibrated at 10 mm distance using
data acquisition software (Exponent Lite XT PLUS, version 4.0.13.0 lite).
With a 5 g trigger force, the test speed was set at 1.00 mm/s, and the
post-test speed was 10 mm/s (Kumar et al., 2018). The force at which
the sample crumbles, cracks, or shatters is known as fracturability.
Hardness is defined as the maximal peak force during the first
compression cycle or the first bite, and it was expressed in g.s (gram*-
second). Sample C having 15 g FNF and 15 g of BMP was found
acceptable among all.

2.3. HR-MS analysis of bar

After adding 200 µL of a 1:1 methanol: acetonitrile solvent to each of
the three technical replicates of the optimized nutritional bar samples
(20 mg), zirconia beads were used to homogenize the mixture in a
shaker for 20 min. After that, the homogenates are centrifuged for 10
min at 3500 rpm. After filtering the supernatant via a 0.22 mm syringe
filter to remove the hydrophobic component, 2 μL of the extract was
used in the LC–orbitrap–MS analysis. The LC-MS system consisted of at
tribrid high-resolution accurate mass spectrometer “Orbitrap Eclipse”
(Thermo Fisher Scientific) coupled with ultra-high pressure liquid
chromatography (DionexUltiMate 3000) system with an electrospray
source operating in both positive and negative ion mode. Bajya et al.
(2024) report that the spray voltage was 3.2 kV and the capillary tem-
perature was 300 ◦C. The high-resolution mass spectrometer was oper-
ated in full scan MS and collision-induced dissociation (CID)-based data-
dependent MS collection mode in addition to single survey scan mode
(scan range: m/z 100–1000; resolution: 60,000 at m/z). 2 µL of the
isolated sample were placed onto a Hypersil GOLDTMC18 RP-HPLC
column (1.9 μm × 2.1 mm × 100 mm particle size). The solvent A
comprises 99.9 % water and 0.1 % formic acid, while solvent B contains
99.9 %methanol and 0.1 % formic acid, and a gradient of 2 %–98 %was
used. The temperature was kept at 40 ◦C and the flow rate at 300 μL/
min, respectively. The compound discoverer software (Version 3.3.2.31)
was used for both the data collection and peak annotation.

2.4. Statistical analysis

Three separate statistical computations were performed using
Microsoft Excel, and the mean of the total data was used to show the
results. The one-way ANOVA was applied and the significance value (p-
value <0.05) was used to compare the means.

3. Results and discussion

The present investigation was done to formulate a nutritional bar
based on by-products of foxnut and millet manufacturing and then the
detailed metabolome profile of the bar was studied highlighting the
major metabolites showing bioactivity. The work started with the
development of the nutritional bar with different ingredients such as
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coconut milk and some sweeteners and the addition of different con-
centrations of BMP and FNF. Adjustment of the major ingredient ratio
was done to balance the taste and functional value of the bar in terms of
bioactivity. It has been observed that the amount of both raw ingredients
(i.e., BMP and FNF) is the primary factor that influences the
manufacturing of this valorized bar. The optimization was based on
organoleptic parameters (color and appearance, flavor, texture, and
overall acceptability) and textural attributes (cohesiveness, hardness,
gumminess, fracture ability, and chewiness). Results revealed that
sample C having 15 % BMP and FNF, was the best optimized showing an
overall acceptability value of 8.1 ± 1.21 on the hedonic scale. The
rheological attributes of formulation C (hardness 42,723.39 ± 268.49 g.
s and fracturability 19.05 ± 0.31 s) were similar to the control samples
(F1: hardness 42,939.36± 119.56 g.s; fracturability 20.17± 0.87 s) and
(F2: hardness 42,267.42± 113.61 g.s and fracturability 19.33± 0.89 s).
A similar ratio of FNF and BMP could be responsible for the desirable
textural parameters of sample C because all the sweeteners were added
in equal amounts in each formulation (Kumar et al., 2018; Li et al.,
2023b). The findings of the HR-MS untargeted metabolomics for the
valorized bar revealed the raw data of 2028 significant metabolites that
were created as a result of various interactions between the elements of
the ingredients in the matrix. Metabolome displays the 29 significantly
expressed compounds out of the total number of annotated peaks in the
obtained mass spectrum (Fig. 1), which represent distinct compounds
encompassing the principal and secondary categories of metabolites.

A detailed description of the predominant metabolites identified in
the foxnut and broken millet-based nutritional bar is given in Table 1
with their chemical formula, molecular weight, retention time (RT), the
total area covered in the mass spectrum, and their corresponding func-
tions. These bioactive metabolites are listed in Table 1 in accordance to
their presence in the obtained metabolome. Among the major 29 me-
tabolites that were identified in the valorized millet-based nutritional
bar, nine were lipids/lipid-like molecules, four were amino acids and
derivatives, four were phenolic acids, and some other important me-
tabolites including organic acids, sugar alcohols, sterols, terpenoids,
flavonoids, alkaloids, nucleotides, and derivatives.

Metabolomics has been employed extensively in numerous compre-
hensive researches to analyze the metabolites present in food products.
Metabolomics analysis of various cereal crops including millets have
revealed several important metabolites with various physiological and
bioactive functions. (Padhiyar et al., 2022) identified a total of 35 me-
tabolites throughout the development stages of the barnyard millet.
Among these metabolites, the highest were sugar/sugar alcohols fol-
lowed by organic acids, amino acids, and sterols respectively. Untar-
geted metabolomics of two different varieties of foxnut collected from
several different geographical regions revealed putative metabolites

belonging to 15 different classes of compounds including organic acids,
amino acids/derivatives, and flavonoids among others (Bao et al.,
2022).

Several of these metabolites including the ones that were identified
in the present study have shown multiple physiological effects on the
human body such as antioxidative, anti-microbial, anti-diabetic, anti-
inflammatory, anti-depressive, anti-septic, anti-biotic, anti-angiogenic,
neuro-protective, anti-carcinogenic, antipyretic and immunomodula-
tory activities, etc. Sedanolide is a phthalide-like compound found in
plant products and is known to exhibit anti-inflammatory, anti-micro-
bial, anti-diabetic, and anti-tumor activities (Lin et al., 2005). A recent
study reported that sedanolide activates the NRF2-mediated antioxidant
response by promoting nuclear translocation of NRF2, upregulating
antioxidant enzyme transcription, and enhancing glutathione meta-
bolism, as revealed by RNA sequencing. Additionally, sedanolide ex-
hibits cytoprotective effects against H2O2-induced cell death by
attenuating reactive oxygen species (ROS) generation, maintaining
mitochondrial membrane potential, and reducing caspase-3/7 activity,
suggesting its potential as a therapeutic agent for oxidative stress-related
conditions (Tabei et al., 2023). Palmitoyl Serinol is a derivative of the
fatty acid palmitic acid and the amino acid serine. It is found in cell
membranes, particularly in the skin where they help in maintaining the
skin barrier function and overall skin health (Shin et al., 2021). Palmi-
toleic acid, also known as omega-7 fatty acid, is a monounsaturated fatty
acid. While it is not considered an essential fatty acid since the body can
synthesize it, it still plays several important physiological roles in human
health such as prevention and amelioration of several skin conditions,
lowering levels of LDL (low-density lipoprotein) or “bad” cholesterol,
regulation of glucose and insulin metabolism, anti-inflammatory effects,
cognitive function and brain health (Frigolet and Gutiérrez-Aguilar,
2017).

Oleamide, which is a derivative of fatty acid and amide has shown
potential as a signaling molecule in the central nervous system. It is
known to interact with cannabinoid receptors and is believed to
modulate neurotransmission, sleep, and other neurological functions
(Roy et al., 2021). Similar biological activity has been reported in
allenic-apo-aldehyde, an aldehyde derivative that is generated as an
intermediate in lipid metabolic pathways in plants and other organisms
(Endo et al., 2014). Oleanolic acid, a pentacyclic triterpenoid abun-
dantly present in various plant-derived products, is gaining recognition
for its diverse biological effects against several physiological conditions.
These effects include antibacterial, antifungal, anticarcinogenic, anti-
inflammatory, hepato-protective, gastro-protective, hypo-lipidemic,
and anti-atherosclerotic activities (Castellano et al., 2022). Persin is a
fatty acid derivative metabolite that has anti-carcinogenic attributes of
combating cancer cell proliferation (Zhang and Kanakkanthara, 2020).

Fig. 1. The representative mass spectrum obtained after HR-MS metabolomics of the optimized nutritional bar sample. The upper and lower mass spectrum obtained
from the positive and negative ion mode of electrospray ionization, respectively.
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Another compound, alpha-tocopherol, known for its well-established
anti-inflammatory properties, was also identified in the current study.
Findings from various research studies involving cell cultures, animal
models, and human subjects suggest that alpha-tocopherol exhibits
considerable benefits by preventing cellular DNA damage over time
(Thompson and Cooney, 2020). Carvone is a monoterpene ketone found
in many essential oils and is commonly used as a flavoring agent in the
food and beverage industry due to its distinctive aroma and flavor. In
addition, recent investigations have revealed that carvone possesses

various pharmacological properties, including antibacterial, antifungal,
antiparasitic, anti-neuraminidase, antioxidant, anti-inflammatory, and
anticancer activities (Bouyahya et al., 2021).

Some of the phenolic compounds identified in the metabolome of the
nutritional bar such as ferulic acid, glycitein, kammogenin, and apigenin
have been comprehensively studied for their antioxidant and anti-
inflammatory effects. Being present in bound form in cereals including
millets, phenolic compounds can resist gastro-intestinal digestion and
remain intact as they reach the colon. Upon release via microbial

Table 1
The major metabolites from the metabolomics of valorized nutritional bars using high-resolution mass spectrometry.

Metabolite Name Classification Formula Annot.
Delta
Mass
[ppm]

Calc. MW m/Z RT
[min]

Area
(Max.)

Bioactive Function References

Palmitoyl serinol Lipid C19H39NO3 0.25 329.2931 330.3004 22.319 1,501,371 Anti dermatosis Shin et al., 2021
Sedanolide Isobenzofuran C12H18O2 − 0.48 194.1306 195.1379 12.937 24,806,411 AIF, anti-tumor activities Tabei et al., 2023
Dracocephalumoid Diterpenoid C20H24O5 − 3.03 344.1613 343.1541 22.432 8,763,817 Brain activity Nie et al., 2021
Palmitoleic acid Fatty acid C16H30O2 0.15 254.2246 237.2213 22.707 16,046,746 AIF Frigolet and

Gutiérrez-
Aguilar, 2017

Ferulic acid Phenylpropanoids C22H38O4 Si2 1.92 422.2317 421.2244 22.809 32,460,555 Anti-viral, anti-cancer, AIF Li et al., 2023◦

Docosahexaenoic
acid

Fatty acid C22H32O2 0.06 328.2403 329.2475 23.321 9,167,774 Anti-CVD Li et al., 2021

alpha-Tocotrienol Prenol lipid C29H44O2 0.13 424.3342 425.3415 26.114 7,001,575 Antioxidant Thompson and
Cooney, 2020

Oleanolic acid Prenol lipid C30H48O3 4.02 456.3585 437.3406 25.801 6,513,095 Anti-diabetic, antiviral,
anti-HIV, antibacterial,
antifungal,
anticarcinogenic, AIF,
hepatoprotective,
gastroprotective,
hypolipidemic, anti-
atherosclerotic activities

Castellano et al.,
2022

Ambiguine
isonitrile

Alkaloid C26H30N2 O3 3.77 418.2272 419.2345 24.723 2,869,169 Anti-fungal Al-Yousef and
Amina, 2021

Kammogenin Steroidal saponin C27H40O5 4.11 444.2858 443.2785 24.205 4,826,807 Anti-microbial activity Shahidi and
Chandrasekara,
2013

Persin Fatty acid derivative C23H40O4 0.3 380.2928 381.3001 24.149 8,962,168 Anti-cancer Zhang and
Kanakkanthara,
2020

Oleamide Fatty acid derivative C18H35NO 0.23 281.2719 282.2792 23.956 25,224,399 Biological activity Roy et al., 2021
Muscone Cyclic ketone C16H30O 0.19 238.2296 239.2369 23.823 8,814,079 Anti-ischemic effect Wang et al., 2020
Cholinephosphate Fatty acid derivative C5H14NO4P 0.24 183.0661 184.0734 23.813 14,975,102 Anti-bacterial Lu et al., 2020
Bartericin Amino acid

derivative
C25H28O5 − 1.86 408.1929 407.1856 23.813 81,161,204 Anti-microbial Zhai et al., 2022

Bufogargarizin Steroid C24H26O3 2.83 362.1892 385.1785 23.807 29,756,128 Cardiotonic, anesthetic,
antineoplastic

Liu et al., 2013

Geldanamycin Polyketide C29H42N2O11 1.44 594.278 595.2853 23.806 3,912,989 Anti-cancer Fukuyo et al.,
2010

Alverine Phenylpropylamines C20H27N 0.19 281.2144 282.2217 23.76 1,253,573 Anti-depressant Gupta et al., 2014
Xestoaminol Amine C14H31NO 0.17 229.2406 230.2479 22.374 590742.2 Anti-cancer Chen et al., 2011
Padanamide Fatty acid amide C31H46N6 O9 1.94 646.3314 645.3241 22.352 8,078,809 Cytotoxic Williamset al.,

2011
Allenic-apo-
aldehyde

Aldehyde C25H34O3 4.02 382.2523 381.2451 24.98 8,812,270 Anti-cancer, AIF, anti-viral,
anti-bacterial

Endo et al., 2014

Piceatannol Phenylpropanoids C14H12O4 0.16 244.0735 245.0808 19.277 53,279,671 Anti-cancer Banik et al., 2020
Dicyclomine Carboxylic acid

derivative
C19H35NO2 0.07 309.2668 310.2741 21.58 11,755,262 Anti-cholinergic, AIF Akbari and

Forotan,2009
Xanthoangelol Phenylpropanoids C22H22O5 3.7 366.1454 365.1381 21.53 29,776,283 Anti-allergic Kimura, 2005
Glycitein Isoflavonoids C16H12O5 0.34 284.0684 285.0757 19.701 6,100,141 Anti-mutagenic activity,

Antioxidant activity
Shahidi and
Chandrasekara,
2013

Dracocephalumoid Diterpenoid C20H24O5 3.03 344.1613 343.1541 22.432 8,763,817 AIF Nie et al., 2021
Spisulosine Amine C18H39NO 0.37 285.3033 286.3106 21.056 4,320,798 Anti-cancer Ganesher et al.,

2020
Carvone Prenol lipids C10H14O 0.22 150.1045 133.1012 18.922 25,590,221 Anti-microbial, antioxidant,

insecticidal, antitumor, AIF,
antidiabetic activities

Bouyahya et al.,
2021

Apigenin Flavonoids C15H10O5 3.69 270.0538 271.0611 11.447 6,418,740 AIF, anti-oxidant, anti-
tumor

Shahidi and
Chandrasekara,
2013

*Calc. MW: Calculated molecular weight; M/Z: Mass/Charge; RT: Retention time; CVD: Cardiovascular disease; AIF: Anti-inflammatory activities.
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fermentation, these compounds may exert protective effects within the
colon. This phenomenon potentially elucidates how whole grains
contribute to preventing colon cancer (Shahidi and Chandrasekara,
2013). Li et al. (2023a) reported that ferulic acid significantly reduced
the production and expression of inflammatory markers such as nitric
oxide (NO), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β)
while increasing levels of the anti-inflammatory factor β-endorphin
(β-EP) in a human HMC-3 microglial cell model.

This valorized foxnut and broken millet-based nutritional bar
developed in the present study seems to not only provide essential
nutrition but also contain metabolites with multiple bioactive proper-
ties, as identified by metabolomic analysis. Thus, the valorized bar is a
functional snack for consumers of all age groups.

4. Conclusion

The study aims to develop a novel energy bar by utilizing the by-
products of the foxnut and millet processing industry. With the appli-
cation of high-resolution mass spectrometer-equipped metabolomics,
this work highlights the major bioactive metabolites formed in the
valorized nutritional bar. The formulation of the bar having 15 g each,
foxnut, and broken barnyard millet floor had having best textural and
sensorial characteristics. Various lipids, amino acids, and phenolics
observed in the HR-MS metabolome reveal the developed nutritional
snack is also a functional food. Valorization of the waste and by-products
from the grain processing plants into different functional food products
could be an economical and environmentally sustainable option for the
food industry. The application of robust and sophisticated technology of
LC-MS omics in the characterization of bioactive ingredients is an
intriguing approach. For the future scope, detailed in-vitro and in-vivo
studies could reveal the concerned bioactivity of such valorized bars.
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