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ARTICLE INFO ABSTRACT

Keywords: Millets are rich in nutritional and bioactive compounds, including polyphenols and flavonoids,
Bioactive ) and have the potential to combat malnutrition and various diseases. However, extracting these
g“trace“t:"‘_ls bioactive compounds can be challenging, as conventional methods are energy-intensive and can
S(jle::niec niques lead to thermal degradation. Green-assisted techniques have emerged as promising methods for

sustainable and efficient extraction. This review explores recent trends in employing green-
assisted techniques for extracting bioactive compounds from millets, and potential applications
in the food and pharmaceutical industries. The objective is to evaluate and comprehend the
parameters involved in different extraction methods, including energy efficiency, extraction
yield, and the preservation of compound quality. The potential synergies achieved by integrating
multiple extraction methods, and optimizing extraction efficiency for millet applications are also
discussed. Among several, Ultrasound and Microwave-assisted extraction stand out for their
rapidity, although there is a need for further research in the context of minor millets. Enzyme-
assisted extraction, with its low energy input and ability to handle complex matrices, holds sig-
nificant potential. Pulsed electric field-assisted extraction, despite being a non-thermal approach,
requires further optimization for millet-specific applications, are few highlights. The review
emphasizes the importance of considering specific compound characteristics, extraction effi-
ciency, purity requirements, and operational costs when selecting an ideal technique. Ongoing
research aims to optimize novel extraction processes for millets and their byproducts, offering
promising applications in the development of millet-based nutraceutical food products. There-
fore, the current study benefits researchers and industries to advance extraction research and
develop efficient, sustainable, and scalable techniques to extract bioactive compounds from
millets.
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1. Introduction

Millets are considered a dietary staple in various regions, including Africa, Asia, and India. Millets are a group of the cereal crops
family Poaceae characterized by their small seed size [1]. They are grown in semi-arid regions where there is limited rainfall, and they
can also adapt to different agro-climatic conditions [2]. They can be utilized as functional foods and nutraceuticals to support overall
human diet and well-being [3,4]. There is a range of bioactive compounds abundantly found in millets which include polyphenols,
flavonoids, phenolic compounds, carotenoids, alkaloids, anthocyanins, phytoestrogens, saponins, antinutritional compounds (tannins
and phytic acid) and others phytochemicals [5-7]. This indicates that millets not only provide energy but also offer health-promoting
substances, making them a valuable addition to a healthy diet. The seed coat of millet contains the highest concentration of bioactive
compounds, while the starchy endosperm has a relatively low concentration [8,9]. The extraction of bioactive compounds is an
important process in food processing [10] as it allows for the isolation and concentration of compounds offering antioxidant and
anti-inflammatory activities, which can help to reduce the risk of chronic diseases such as cancer, cardiovascular disease, and diabetes
[11-13].

The extraction of bioactive compounds from a source is influenced by several factors, such as the quality of the starting materials,
solvent, and extraction method applied [14]. Conventional extraction methods such as maceration, hydro-distillation, and Soxhlet
extraction use organic solvents, heat, and mechanical agitation to extract compounds. These techniques are extensively energy-driven
and use high temperatures and prolonged extraction time, resulting in the thermal degradation of bioactive compounds [15]. It
triggered the industry towards developing novel "green" extraction techniques that are more sustainable, rapid, reliable,
energy-efficient, and safer for humans and the environment [16]. The typical characteristics of ‘green extraction techniques’ are more
eco-friendly, require less energy or solvents, produce a higher yield of the desired compound with minimal thermal degradation, and
permit easy separation of the solvent from the solute [17]. In the last decade, extraction techniques such as supercritical extraction,
deep-eutectic solvent (DES) extraction, pressurized liquid extraction, ultrasound-assisted extraction, microwave-assisted extraction,
pulsed electric field extraction, electric high-voltage discharge extraction, and high hydrostatic pressure extraction, have been
employed to extract bioactive compounds using certain fluids and energy sources [15,18]. The natural progression in enhancing
extraction processes involves merging contemporary techniques to create hybrid methods. These techniques are designed for
continuous technological processes and scaling-up, resulting in improved efficiency, enhanced yields, reduced time, and costs,
minimized solvent consumption, and selectivity of target compounds [19].

Research has demonstrated that these novel extraction techniques can potentially improve the quality of bioactive extracts ob-
tained from millet grains. These techniques are useful in creating new nutraceutical products that can combat various age-related and
lifestyle diseases. Currently, there exists a substantial literature addressing innovative extraction methods for extracting bioactive
compounds from millets and their by-products. For example, recently the novel and green-assisted extraction techniques including DES
assisted technique for phenolic [20] and flavonoid compounds in sorghum [21], foxtail millet [20,22], Supercritical fluid extraction of
phenolic compounds in Foxtail millet [23,24] and sorghum [25-28], US assisted technique for phenolic and flavonoid compounds in
sorghum [29-32] and proso millet [33], Microwave-assisted technique for 3-DXA (3-deoxyanthocyanidins) flavonoid [34]and
phenolic compounds in sorghum [34-37] and kodo millet [38], enzyme assisted technique for polyphenol and flavonoid compounds in
pearl millet [39,40], finger [39,41,42], sorghum [39,43], foxtail [44]and proso millet [45] and accelerated assisted technique for
phenols compounds in sorghum millet [46], have been employed for the extraction of millet bioactive components. However, after an
extensive review of the literature, and to the author’s best knowledge, no comprehensive review articles have been identified that offer
an in-depth analysis of novel extraction techniques and their potential applications in the context of millet grains. Within the scientific
literature, there exists a conspicuous lacuna in the systematic examination of sustainable and efficient extraction methodologies for
these bioactive constituents within millets. The novelty lies in its comprehensive exploration of advanced extraction methodologies,
including thermal and non-thermal techniques, with a specialized emphasis on millet bioactive compounds. Unlike existing literature,
this review provides an exhaustive compendium of the latest green extraction methods relevant to millets, bridging knowledge gaps
and offering insights into pioneering methodologies that unlock the full potential of millets bioactive compounds for enhancing
nutraceuticals benefits. Its emphasis on eco-friendly, energy-efficient alternatives and the potential for developing nutraceutical food
products further distinguishes this work. By fostering a shift from conventional to sustainable extraction practices, this article catalyzes
innovative applications in millet-based nutraceutical product development, making it a pivotal scientific resource for researchers and
industry professionals alike.

In terms of scientific contributions, this article is multifaceted. First and foremost, it abates a conspicuous void within the existing
millet extraction knowledge, providing both researchers and industry professionals with an exhaustive compendium of the latest green
extraction techniques pertinent to millets. This elucidation is invaluable in that it offers insights into pioneering methodologies that
unlock the full potential of millets as reservoirs of health-enhancing nutraceuticals. Furthermore, the review accentuates the shift from
conventional, energy-intensive extraction methods towards eco-friendly, purity, low-energy alternatives. This transition is under-
scored by its significantly reduced environmental footprint and concomitant enhancement in yield. Lastly, this article fosters the
prospect of formulating nutraceutical food products capable of mitigating age-related and chronic diseases, all while underscoring the
advantages of the aforementioned green extraction techniques. In essence, this review serves as a pivotal scientific resource, metic-
ulously bridging existing knowledge lacunae, promoting the adoption of sustainable extraction methodologies, and catalyzing inno-
vative applications in the field of millet-based nutraceutical food product development. The objective of this article is to deliver a
comprehensive discussion on bioactive compounds in millet, and novel and green extraction techniques tailored to the realm of millet
extraction. The focus is to elucidate the underlying principles and specific process conditions that govern the extraction of these
bioactive constituents. Additionally, the potential avenues of future research within millet bioactive extraction and the practical
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application of this knowledge in the development of nutraceutical food products are elucidated.
2. Methodology

A systematic search was conducted using databases such as PubMed, Scopus, Google, and Google Scholar. The keywords or their
combination used were “extraction” OR “phytochemicals "OR“ bioactive compounds ”OR* millets” OR “isolation” OR “polyphenols”
OR “nutraceuticals” OR “assisted extraction” OR “sorghum” OR “pear]” OR “kodo” OR “finger” OR “foxtail” OR “barnyard” OR “millet
husk” OR “millet barn” OR Phenols” OR “flavonoids” OR “3-DXA” OR “BHT” OR “byproduct” OR “flour” OR “sterol” OR “terpenes” OR
“oils” OR “terpenoids” OR “millet waste” OR “antioxidant” OR “proso” OR “polysaccharides” OR “tannin” OR “anthocyanin” OR
“carotenoids” OR “compound extraction” OR "Combination" OR "X-ray assisted" OR "Gamma assisted" OR "Electron beam assisted" OR
"Mechanochemical assisted" OR “Irradiation assisted”” OR “Ultrasound assisted” OR “Enzyme assisted” OR “Supercritical fluid assisted”
OR “Microwave assisted” OR “Deep Eutectic Solvent assisted” OR “Pulsed electric field assisted” and “Accelerated solvent assisted”.
The search was conducted for published articles during the last six years (2018-2024) to retrieve articles about the novel and green
extraction methods in millets and their byproducts. In cases where there was limited literature availability for millets, the search was
extended back to 2015 for specific extraction methods (microwave, enzyme, supercritical fluid, pulsed electric field, accelerated
solvent, and deep eutectic solvent) applied to millets or rice, thereby ensuring an adequate pool of relevant studies to comprehend and
elucidate the effect of extraction methods on bioactive extraction.

3. An overview of bioactive compounds of millets

The bioactive compounds found in millets are phenolic compounds such as flavonoids, stilbenes, lignin, and condensed tannins
[47]. The concentrations of various bioactive compounds in different varieties of millets are summarized in Table 1. For instance,

Table 1
Concentration of various bioactive compounds in different varieties of millets.

Bioactive compound Millet variety Concentration (mg/g) Reference

Saponin Foxtail 0.39 [60]
Pearl 0.44

Saponin Proso 1.67 [61]

Saponin Sorghum 0.086 [62]

Saponin Finger 2.13-2.63 diosgenin eq [63]
Barnyard 8.38-10.26 diosgenin eq

Saponin Kodo 0.92 [64]

Saponin Little Absent [65]

Tannin Proso 15.59 TAE [66]
Foxtail 14.07 TAE

Tannin Pearl 2.3 [67]

Tannin Sorghum 6.533 CE [68]

Tannin Finger 3.5 [5]1
Kodo 1.0-1.2
Little 3.32-3.37 CE

Tannin Barnyard 3.25-3.96 [63]

Flavonoids Proso 0.284-0.978 RE [69]

Flavonoids Foxtail 28.1 RE 1.721-2.484 CE [70]
Pearl

Flavonoids Sorghum 1.06 to 1.18 CE [71]

Flavonoids Finger 0.757 RE [72]

Flavonoids Barnyard 29.02 RE [70]

Flavonoids Little 3.7 CE [73]

Flavonoids Kodo 87.53 mg RE [5]

Total Phenolic Content Proso 1.2 GAE [74]
Foxtail 1.7 GAE

Total Phenolic Content Pearl 2.64 GAE [75]

Total Phenolic Content Sorghum 0.166-0 0.362 GAE [76]

Total Phenolic Content Barnyard 1.51 GAE [771

Total Phenolic Content Little 4.6 CE [73]

Total Phenolic Content Kodo 0.8 GAE [78]

Anthocyanin Sorghum 0.22 LE [79]

Anthocyanin Finger 58-69 [80]

Carotenoid Proso 0.00366 [81]
Foxtail 0.00173

Carotenoid Pearl 0.0028 [82]

Carotenoid Sorghum 0.0006357 [83]

Carotenoid Finger 0.00199 [81]
Little 0.00078

Carotenoid Barnyard 0.04271 [63]

eq, equivalent; TAE, telluric acid equivalent; CE, catechin equivalent; RE, rutin equivalent; GAE, gallic acid equivalent; LE, lutein equivalent.
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sorghum grain’s phenolic acids include caffeic acid, p-coumaric acid, ferulic acid, sinapic acid, chlorogenic acid, protocatechuic acid,
p-hydroxybenzoic acid, vanillic acid, salicylic acid, gallic acid, and syringic acid [48]. Flavonoids are abundant in the outer layers,
which include anthocyanins, dihydro flavanol, flavones, flavanones, flavanols, flavanols, and isoflavones, with anthocyanins being the
predominant compound [48]. Sorghum grains contain varying amounts of xanthophylls such as lutein and zeaxanthin, with lutein,
zeaxanthin, and p-carotene being the most frequently found [49]. Pearl millet is characterized by a low or negligible tannin content
[50], a high level of phenolic acid, and total flavonoid content [50,51], two of the flavonoids present in pearl millet are quercetin and
catechin [52]. The carotenoid levels in pearl millet were significantly higher than in other millet species [52]. Additionally, C-glycosyl
flavones (vitexin) were present in pearl millet [10]. Foxtail millet is another rich source of phenolics [50,51] and moderate amounts of
flavonoids [51], bioactive peptides, carotenoids, and tocols. The major phenolic acids are ferulic acid, vanillic acid, and soluble forms
of caffeic and sinapic acids [53]. Zeaxanthin and lutein are the most common carotenoids in foxtail. The saponins and terpenoids are
present in foxtail, in addition to alkaloids, while tannins are either negligible or absent [50]. Finger millet contains ferulic acid,
quercetin, and tannins. Hydroxybenzoic acids make up the major fraction of free phenolic acids in the grain. In contrast, hydrox-
ycinnamic acids form most bound phenolic acids in finger millet [54]. Finger millet is also known to contain several flavonoids,
including catechin, epicatechin, epigallocatechin, gallocatechin, and quercetin [55]. Moreover, proanthocyanidins, which are olig-
omeric or polymeric flavonoids, are also present [56]. Proso millet has high levels of total carotenoids, especially beta-cryptoxanthin,
xanthophyll, and zeaxanthin [57]. Kodo millet, on the other hand, was found to be rich in alkyl resorcinol, coumarins, flavonoids,
phenolics, and tannins [58]. Similarly, barnyard millets are rich in ortho-dihydroxy phenols, saponins, and tannins [59]. Furthermore,
little millets are abundant in alkaloids, apigenin, flavonoids, luteolin, phenols, saponins, tannins, terpenoids, and kaempferol [5,50].

4. An overview of bioactives of cereals and pseudocereals

Maize is the largest cereal crop cultivated worldwide for both food and feed purposes. It contains variable concentrations of an-
thocyanins, with the cob containing up to four times more (3.28-3.97 g/100 g dry basis) than the grain (0.31-0.85 g/100 g dry basis).
Cyanidin-3-glucoside is the predominant anthocyanin, constituting 75 % in cob and 45-47 % in grain [84]. Purple maize is rich in
various phenolic acids such as ferulic, chlorogenic, and caffeic acids. Pigmented Mexican maize contains approximately 2 mg/100 g of
ferulic acid, while waxy Chinese purple maize contains 0.30 g/100 g of caffeic acid [84]. Phenolic compounds like ferulic and
p-coumaric acids are bound to non-starch polysaccharides in the cell wall [85]. The pericarp of purple maize exhibits significantly
higher flavonoid concentrations (15 times that of the kernel), with kaempferol (84 %) and morin (76 %) being the major flavonoids
[86]. Creole maize varieties from Brazil and China exhibit diverse total carotenoid content, with purple maize containing 0.117
mg/100 g, orange maize 0.007 mg/100 g, yellow maize 0.0108 mg/100 g, black maize 0.0086 mg/100 g, and gold maize 0.023
mg/100 g. Yellow maize is particularly rich in lutein (over 70 %), while purple and black maize contain over 90 % zeaxanthin [84].

Wheat, as the second largest cereal crop, contains various beneficial components such as anthocyanins, flavonoids, phenolic acids,
tocols, carotenoids, dietary fiber, etc. The flavonoids including flavones, flavone C-glycosides, and anthocyanins, vary from 20.14 to
67.69 mg of CE/100 g. Flavonoid levels in different wheat fractions, such as bran, germ, and endosperm, also show variation ranging
from 214.8 to 272.9 mg/100 g for bran or germ and 17.4-23.2 mg/100 g for endosperm [87]. Blue, purple, and red wheat whole meals
exhibit different total anthocyanin levels of 150.9, 101.6, and 5.8 pg/g, respectively. Ferulic acid is the predominant phenolic acid in
wheat with concentrations ranging from 269.2 to 744.7 ug/g. Wheat bran exhibits higher DF content (6.5-52.4 g/100 g) than wheat
grains (11.6-17.0 g/100 g) [88]. Moreover, common, spelt, and durum wheat have an average total tocol content of approximately 5.0
x 10° pg/100 g. Carotenoids, the primary yellow pigment, include lutein, zeaxanthin, p-carotene, p-cryptoxanthin, and a-carotene,
with lutein accounting for 80-90 %. Soft winter wheat bran has a total carotenoid level ranging from 130 to 180 pg/100 g [88].

Rice, the third most important cereal cultivated and consumed extensively in Asian countries, contains a range of phytochemicals
and nutrients. Rice contains abundant bioactive compounds such as flavonoids (specifically anthocyanin and proanthocyanidin),
carotenoids (including a—, f—carotene, lutein, and lycopene), phenolic compounds (like caffeic acid and ferulic acid), phytosterols
(such as B-sitosterol, stigmasterol, and capesterol), vitamin E isoforms (a—, y—, §— tocotrienols and tocopherols), y-oryzanol, coumaric
acid, tricin [89,90]. The highest concentrations of bioactive compounds are typically found in the bran [91], with phenolic acids
distributed across the endosperm (68 %), bran (51 %), husk (61 %), and whole grain (77 %) [89]. Tricin, among the seven reported
flavonoids in rice, is predominantly present in the bran, constituting 77 % of all seven flavonoids (131.5 mg/100 g) [92]. Other
flavonoids in rice include luteolin (14 %), apigenin (6 %), quercetin (3 %), isorhamnetin (1 %), myricetin (<1 %), and kaempferol (<1
%) [89]. Furthermore, rice harbors approximately 18 anthocyanins, with cyanidin-3-O-glucoside (51-84 %) being the most quantified,
followed by peonidin-3-O-glucoside (6-16 %), cyanidin-3-O-rutinoside (3-5%), and cyanidin-3-O-galactoside (1-2%), showcasing
significant health benefits. The mean values of these four quantified anthocyanins in pigmented rice varieties have been reported as
1252.7 and 345.8 mg/100 g in the rice bran and whole rice grain, respectively [89]. Proanthocyanidins in rice mainly consist of flavon
3-ols, such as 3-O-gallates, catechin, epicatechin, and epigallates. The husk of pigmented rice varieties is particularly abundant in
catechin and epicatechin, reported with concentrations ranging from 1.57 to 3.16 and 0.57-6.14 mg/100 g, respectively [89]. The
presence of a-tocopherol in rice whole grain ranges from 0.240 to 4.38 mg/100 g. The distribution of vitamin-E in rice varies in the
order of husk (0.29-0.87 mg/100 g) < endosperm (1.44-1.65 mg/100 g) < whole grain (5.31-6.01 mg/100 g) < bran (24.4-24.7
mg/100 g), depending on the pigmentation phenotype of the rice grain. In whole grain, the most abundant tocotrienol out of four is
y-tocotrienol, ranging from 0.86 to 4.7 mg/100 g. y-oryzanol varies in different parts of rice, with bran having the highest concen-
tration (317.4-317.6 mg/100 g), followed by whole grain (41.3-47.3 mg/100 g), husk (10.2-32.3 mg/100 g), and endosperm
(4.9-23.2 mg/100 g) [89].

Barley is rich in functional nutrients, such as p-glucan, arabinoxylan, and polyphenols. The aleurone layer of barley contains
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B-glucan (26 %) and arabinoxylan (67 %), while the endosperm cell wall contains $-glucan (75 %) and arabinoxylan (20 %). p-glucan
constitutes 22 % and 38 % of the total dietary fiber (TDF) and soluble fiber in bran, and 20 % and 27 % in flour, respectively. The
Arabinoxylan contents in bran vary from 1.97 % to 8.42 %, and 0.7 %-2.13 % in flour [93]. While, Blue barley grains exhibit sig-
nificant variations in phenolic compound content, including free, bound, and total phenolic acids ranging from 166.2 to 237.6,
170.1-240.8, and 336.3-453.9 mg/100 g, respectively [94]. Blue and purple barley grains have the highest flavonoid content,
including potent antioxidants like oligomeric and polymeric flavan-3-ols. Significant variations exist in free (14.91-22.38 mg/100 g),
bound (14.91-22.38 mg/100 g), and total flavones (37.91-47.98 mg/100 g) in 12 blue grains [93]. The predominant anthocyanin in
purple barley bran is cyanidin malonyl glucoside (CMG) (9.142 g/100 g), along with cyanidin-3-galactoside pelargonidin (C3GP)
(2.393 g/100 g), and cyanidin acetyl galactoside(CAG) (330.49 mg/100 g) [95]. These three anthocyanins (CMG, C3GP, CAG)
constitute 98 % of the total anthocyanins in purple bran. When it comes to tocols, the endosperm holds 95 % of them, while barley hulls
and germs contain about 63 % and 10 %, respectively. The tocol is also found in whole grain (5.38-12.49 mg/100 g) and pearling flour
(19.5-36.3 mg/100 g), with ratios of total tocotrienols to total tocopherols approximately ranging from 1.6 to 3.9 [93].

Oat beta-glucan is the prime soluble fiber in oats, known for its cholesterol-lowering properties due to its unique viscous poly-
saccharide structure [96]. Additional constituents in oats are tocols, phenolic compounds, and sterols. Tocopherols and tocotrienols,
collectively forming tocols, primarily constitute vitamin-E in oats [97]. The various phenolic compounds, including avenanthramides,
tricin, apigenin, luteolin, kaempferol, quercetin, p-hydroxybenoic, vanillic, ferulic, caffeic, protocatechuic, syringic, p-coumaric,
sinapic acids. The most abundant phenolic compounds in oat products is ferulic acid (58-78 %), followed by caffeic acid and sinapic
acid. Saponins, present in rolled oats and oat porridge, demonstrate effectiveness against the growth of colon cancer cells, with re-
ported contents of 0.9 g/kg and 0.1 g/kg (as consumed), respectively [98].

Bitter quinoa varieties exhibit saponin content ranging from 140 to 2300 mg/100 g, while in sweet it ranges from 20 to 40 mg/100
g. Quinoa’s phytosterol content varies from 38.8 to 82.5 mg/100 g, with major components being p-sitosterol, campesterol, brassi-
casterol, and stigmasterol [99,100]. It is rich in phytoecdysteroids, ranging from 13.8 to 57.0 mg/100 g. The total polyphenol content
in quinoa seeds ranges from 46. to 184 mg/100 g, with flavonol glycosides, especially quercetin and kaempferol derivatives, being the
most abundant [100]. Individual phenolic acids like ferulic, caffeic, and p-coumaric acids are present, with concentrations of 25.15,
0.631, and 0.11 mg/100 g, respectively. Ferulic acid-4-glucoside is the predominant free phenolic compound, with concentrations
ranging from 13.2 to 16.1 mg/100 g. Isoflavones, such as genistein and daidzein, are identified, ranging from 0.05 to 0.41 mg/100 g
and 0.70-2.05 mg/100 g, respectively. Quinoa also contains tannins, with a content of 0.05 %, comparable to amaranth but higher
than rice and soybean [100].

In buckwheat, bioactive compounds include flavonoids, phenolic acids, and their derivatives, triterpenoids, and stilbenes. Notably,
Tartary buckwheat generally boasts a higher flavonoid content of approximately 4 g/100 g, compared to Common buckwheat’s
roughly 1 g/100 g. Tartary buckwheat leaves stems, and flowers are estimated to contain around 1 g/100 g of flavonoids [101,102].
Common buckwheat flowers and leaves contain 8.3-10 % and 1.2-2.6 % flavonoids, respectively [103]. The concentration of phenolic
acids is highest in the brans, with p-hydroxybenzoic acid (up to 0.36 g/100 g fine bran), caffeic acid (38. mg/100 g fine bran),
chlorogenic acid (21 mg/100 g fine bran), and protocatechuic acid (18 mg/100 g fine bran) being the most abundant [101,102]. On
the other hand, protocatechuic acid is the most prevalent phenolic acid in hulls (54 mg/100 g) [101]. Buckwheat contains only one
stilbene called resveratrol. Tartary buckwheat seeds contain 0.343-0.350 mg/100 g trans-resveratrol, and leaves contain 0.019-0.020
mg/100 g trans-resveratrol. In contrast, common buckwheat leaves and seeds contain 0.181-0.182 mg/100 g and 0.098-0.168
mg/100 g trans-resveratrol, respectively. Seven triterpenoids, including olean-12-en-3-ol and urs-12-an-3-ol, have been isolated from
three Fagopyrum species (F. esculentum, F. tataricum, and F. cymosum). Similarly, glutinol and glutinone were identified from
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Fig. 1. Schematics of bioactive compounds in millet grains and their extraction.
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F. cymosum rhizomes [102]. In fonio, the content of phenolic acids is reported as 134.42 mg/100 g of dry matter (DM), flavonoids as
3.79 mg/100 g of DM, and tannins as 34.65 mg/100 g of DM [104]. Drought-resistant amaranth accessions VA3, VA14, and VA16
showcase bioactive compounds such as polyphenols (18.425 mg GAE/100 g), ascorbic acid (158.54 mg/100 g), betaxanthins (50.54
pg/100 g), dietary fiber (7.82 g/100 g), beta-carotene (81.25 mg/100 g), flavonoids (33.55 ug RE/100 g), betacyanins (50.21 pg/100
g), total chlorophyll 77.15 mg/100 g, carotenoids 138.79 mg/100 g), and betalains (100.71 pg/100 g) [105].

5. Conventional extraction techniques and their limitations

Millets, being rich in bioactive compounds, introduce complexities in the extraction process, particularly the solubility challenge
which calls for specialized methods to efficiently extract bioactive compounds [106]. Classical techniques for extracting bioactive
compounds from plant materials include solid-liquid extraction (such as Soxhlet), maceration, hydro distillation, heat reflux, agitation,
boiling, and leaching-out [15]. The efficiency of these conventional extraction methods primarily relies on the selection of solvents,
which is dependent on the polarity of the target compound [107]. The schematic view of bioactive compounds in millets and the
extraction process is shown in Fig. 1. Traditional techniques often result in low extraction yields, longer processing times, and low
efficiency [15]. Additionally, the extract quality may be inferior due to residual traces of organic solvents [108]. These techniques
often require mild to high temperatures (between 50 and 90 °C), thus leading to thermal degradation of the bioactive compounds
[109] and oxidative degradation of sensitive constituents (e.g., reflux boiling) [110]. These methods fail to be cost-effective as they
often require expensive solvents and energy-intensive techniques [109]. Furthermore, solvents exhibit low degrees of extraction
selectivity, which inevitably leads to adding multiple extraction steps using different solvent steps, increasing the expenses and
processing time.

Following the extraction, the solvent is evaporated, leaving behind the solutes containing the bioactive compounds. Although this
step seems simple, its repercussions on the environment and human health must not be underestimated. These organic solvents exhibit
a greenhouse effect and dose-dependently threaten human health [111]. The goal of extracting bioactives is for their positive impact
on the health of the consumer, but the conventional methods seem to do more harm during the process of extraction alone. Therefore,
there is a growing need to explore eco-friendly extraction and separation techniques. The solvents, although easy to volatilize, leave
backtrace residue and are a threat to the quality of air, especially since scaling up is a part of the development process. As a result,
developing green solvents and extraction techniques for millet bioactive in food applications has gained significant attention in the last

Microwave

Ultrasound Deep Eutectic

Assisted Extraction

The cavitation effect disrupts
the cell structure &
accelerate the leaching of
intracellular compounds.
Enhances solubility of
g compounds & mass transfer.

Radiation
Assisted Extraction

Radiation penetrates cell
wall, disrupts cell
structure, decompose [}
chemical bonds, and
release the cellular
compounds during

extraction.

Pulsed Electric
Field Extraction

PEF disrupts cell membranes
due to electroporation,
creating hydrophilic pores
that permit large molecules
transfer and enhances the
~ extraction of target

compounds.

Assisted Extraction

Rapid heating results in
migration of dissolved ions,
disrupt the cell wall and their
integrity, facilitating solvent
penetration, and release of
secondary metabolites.

Novel Green Assisted
Extraction Techniques

Accelerated
Solvent Extraction

ASE involves 3 steps,
desorption of analytes from
matrix, diffusion of analytes

+ solvent through matrix’s
pores, and transfer analyte
to flowing solvent for its

% extraction.

Solvent extraction

DES diffuses into sample,
solubilize the compounds
under applied energy (heat or
agitation) & diffuses out as a
filtrate containing target
compounds which is then

separated.

Super Critical
Fluid extraction

SC fluid at super critical
condition diffuses into
L ] sample, solubilize the
constituents and extract
them. The dissolved material
is then separated in a
chamber.

Enzyme
Assisted Extraction

Enzymes during extraction,
degrades the cell wall,
disrupt their structural

integrity, increase
permeability of cell wall,
results in higher yield

% during extraction.

Fig. 2. Summary of the novel and green-assisted techniques for extracting bioactive compounds from millet.
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decade in response to the growing demand for sustainable and environmentally friendly processes [112]. The green-assisted tech-
niques employed in the extraction of bioactive compounds in millets and their benefits have been summarized in Fig. 2. The appli-
cation of green assisted techqniues for extraction of millet bioactives has been discussed in the following sub-sections.

6. Novel and green extraction methods for millets
6.1. Ultrasound-assisted extraction

6.1.1. Principle and mechanism of extraction

The origin and progress of ultrasound can be traced back to the exploration of sound waves. The main difference lies in their
frequencies: audible waves (20 Hz-20 kHz), infrasonic waves (less than 16 Hz), and ultrasonic waves (greater than 20 kHz and less
than 10 MHz). Ultrasound applications are categorized into low and high intensity. Low-intensity ultrasound, with high frequency
(2-10 MHz) and low power (up to 10 W), is non-invasive and widely used in the food industry [113]. High-intensity ultrasound, on the
other hand, utilizes high power (100 W-10 KW) and lower frequencies (20 kHz-100 kHz) and is considered disruptive, causing
mechanical and biochemical changes in liquids and gases [113,114]. Ultrasound treatment can be performed using either an ultrasonic
probe or an ultrasonic bath. Probe systems are preferred for extraction due to higher power and minimal energy loss (Fig. 3).

Ultrasound assisted extraction involves creating cavitation through sound waves, disrupting the matrix structure, and enhancing
the extraction process [115]. Acoustic cavitation generates shockwaves, accelerating inter-particle collisions and breaking down
cellular structures. This fragmentation increases solubilization efficiency by reducing particle size and increasing the surface area and
mass transfer rates [116]. Cavitation can be categorized into two types: stable and transient [117]. In stable cavitation, bubbles grow
and collapse elastically over each cycle of ultrasound without collapsing at low acoustic pressure. In transient cavitation, bubbles grow
rapidly and violently collapse at high acoustic pressure, resulting in extreme temperature (up to 5000 K) and pressure (up to 100 MPa)
[118]. This can break down water molecules into highly reactive free radicals, such as H+ and OH", that can modify other molecules
and accelerate certain chemical reactions [118].

6.1.2. Ultrasound-assisted extraction of bioactive compounds from millets

Ultrasonic-assisted extraction employs high-frequency sound waves to disrupt cell walls and enhance mass transfer during
extraction. This mechanical action promotes the release of bioactive compounds from millet matrices, leading to increased extraction
yields within shorter processing times. UAE also operates at lower temperatures compared to conventional extraction methods,
minimizing the thermal degradation of sensitive compounds and preserving their bioactivity. The UAE method is considered relatively
safe and sustainable, aligning with modern trends in green extraction technologies. These benefits make the UAE one of the most
promising approaches for enhanced extraction of bioactive compounds. The UAE enables efficient leaching of intracellular contents,
such as alkaloids, flavonoids, phenolics, phytates, and saponins [32,119], from the plant matrix into the medium, as summarized in
Table 2. Lohani and Muthukumarappa [29] employed ultrasound-assisted extraction (UAE) to extract the free-bound phenolics from
sorghum flour. Both batch and continuous operations were conducted while varying flour-to-water ratio (10-20 % w/v), ultra-
sonication intensity (30—80W/cm2), and time (120-240 s). The amount of phenolics obtained by the continuous ultrasonication
process (709 mg GAE/100 g d.m.) was higher than the batch process (656 mg GAE/100 g d.m.). This was due to the specific energy
involved in the continuous method being lower (by 33 %) than the batch process. Additionally, the continuous flow process saved 35 %
of processing time. Hou et al. [30] used ethanol-water solvent systems to extract phenolics and antioxidants from sorghum. The highest
phenolics content of 52.23 mg GAE/g was obtained due to the high solubility of phenolics in ethanol (60 and 80 % v/v) at 50-80 °C
[120]. Similarly, UAE was used with aqueous ethanol as the solvent to extract polyphenolic compounds from red sorghum bran [31].
The yield was considerably (28.7 %) higher than conventional solvent extraction (CSE). Carrera et al. [121] reported that higher
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Fig. 3. Schematics showing the setup required for ultrasound-assisted extraction of bioactive compounds from millet.
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Table 2
Summary of studies using ultrasound-assisted techniques for the extraction of bioactive compounds from millets.
Method Food matrix Process parameters Inference Reference
Continuous Sorghum flour SSR: 10-30 % TPCyield of 7.09 g GAE/kg d.m. and AA of 1.44 mmol TE/kgd.m. at10% w/  [29]
UAE US intensity: 20-60 W/ v SSR ratio with a UAE at 20 W/cm? for 130 s with a flow rate of 15 ml/s
cm?,
Sonication time: 90-150 s
Probe diameter: 22 mm
Batch UAE Sorghum flour SSR: 10-20 % (w/v), TPCyield of 6.56g GAE/kg d.m. and AA of 1.41 mmol TE/kg d.m.at 10 % w/  [29]
US intensity: 30-80 W/ v SSR with an UAE at 30 W/cm? for 200 s
cm?,
Sonication time: 120-240
s
Probe diameter: 13 mm
UAE Sorghum bicolor 1. Temperature: 40-60 °C. The highest TPC of 57.19 g GAE/kg was extracted with 80 % ethanol and [30]
Moench shells Solvent: 40-95 %. 1:15 SSR at 0.32-W/cm? for 10 min each for two consecutive extractions.
SSR: 1:10-1:20.
US intensity: 0.24-0.40
W/cm?
Sonication time: 10-20
min.
UAE Sorghum bran US power: 100-300 W The highest TPC of 49.743 g GAE/kgd.m.(28.7 % higher than CSE) was [31]
(Red) Sonication time: 10-30 extracted with 53 % ethanol and 1:52 SSR at 200 W for 21 min.
min
Ethanol concentration:
30-70 %
Temperature: 30-70 °C
SSR: 20-60 mL/g
UAE Proso millets US intensity: 60-100 % An extraction for 12.5 min at 80 % US intensity yielded a TPC of1.9 pg GAE/  [122]
Sonication time: 5-20 g, which was a 15.2 % increase over the control sample.
min.
UAE Sorghum sprouts US intensity: 40-60 % -About 14 % enhanced germination at 40 % US intensity for 5 min [32]
Sonication time: 5-10 min  -The extraction for 10 min at 60 % US intensity yielded higher alkaloids,
phytates, and saponins.
UAE + DES Foxtail millet bran DES: Betaine and Glycerol ~ About 225 % higher TPC and 204 % higher TFC were extracted when treated ~ [20]

in a 1:2 ratio
Water content for DES:

at 247 W US power for 31 min at 61 °C, while water content for DESs was 29
mL/100 mL.

20-40mL/100 mL

US power: 200-300 W
Temperature: 50-70 °C
Sonication time: 20-40
min

US, ultrasound; UAE, ultrasound-assisted extraction; DES, deep eutectic solvent; SSR, solid-to-solvent ratio; TPC, total phenolic content; TFC, total
flavonoid content.

temperatures lead to higher recovery rates in solid-liquid extractions. However, the high-temperature conditions also promoted the
oxidation degradation of phenolic compounds.

Ultrasonication can speed up the process of soaking and germination of stored seeds [123,124]. Hassan et al. [32] reported that the
sonication at 40 % amplitude for 5 min increased the germination rate of sorghum sprouts from 80 % to 94 %. Additionally, the al-
kaloids, phytates, and saponins in the untreated sample were increased from 0.051 to 0.062, 146-154.4, and 0.15-0.17 mg/100 g,
respectively, after sonication at 60 % amplitude for 10 min. The quality and nutritional profile of the grains are enhanced due to the
breakdown of complex substances into simpler compounds during germination. These simpler compounds are transformed into
essential nutrients that can be more easily absorbed by the developing plant embryo, resulting in variations in bioactive compounds.
The high-intensity ultrasound pretreatment can also improve the nutritional quality of millet bran by converting its insoluble/bound
dietary fiber and antioxidant compounds into a soluble/free form, making them more available for absorption by the body. Mustac
et al. [122] employed ultrasound pretreatment to increase the freely available bioactive in proso millets. A soaking of 15 % millet bran
in water and sonication at 80 % amplitude (400 W/cm?) for 12.5 min resulted in a 15.2 % higher total phenolic content and 16.3 %
improved antioxidant activity. Raj et al. [125] suggested that sonication enhances the TPC yield because of high-intensity ultrasound’s
effect on polyphenol oxidase (deactivation), leading to less breakdown of polyphenols, resulting in higher yields. These studies confirm
that ultrasonication emerges as a potent green extraction method for millet bioactive compounds, showcasing its efficacy in leaching
diverse constituents from cereal flour. Continuous ultrasonication proves superior, yielding higher phenolic content with reduced
energy consumption and processing time. Solvent variations, including ethanol-water systems, elevate phenolic yields, surpassing
conventional methods. Ultrasonication not only facilitates extraction but also accelerates seed soaking and germination, enhancing
millet’s nutritional profile. High-intensity ultrasound pretreatment transforms insoluble compounds in millet bran, improving their
bioavailability. Future research should optimize ultrasonication parameters, explore nutritional changes during germination, inves-
tigate enzyme interactions, devise scalable strategies, and conduct comparative studies for a comprehensive understanding of ultra-
sonication’s environmental impact and energy efficiency. These endeavors may advance the application of ultrasonication in green
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extraction techniques, addressing both efficiency and sustainability concerns.

6.1.3. Combination of ultrasound and deep eutectic solvent

A promising new type of solvent that is gaining attention is called deep eutectic solvent (DES). DES has been applied in combination
with other techniques in recent days to extract bioactive like alkaloids, cannabinoids, ginkgolides, polyphenols, etc. [112]. Compared
to traditional solvent extraction, DES-based UAE produced higher levels of total phenolics, flavonoids, in vitro antioxidant activity, and
acetylcholinesterase inhibitory activity. Ultrasound assisted extraction (UAE) using DES was carried out to extract phenolic com-
pounds from foxtail millet bran (FMB) [20]. A mixture of betaine and glycerol, in a ratio of 1:2, was chosen based on its ability to
extract the most phenolic compounds. The total phenolic content (TPC) of 7.80 mg ferulic acid equivalents (FAE)/g and total flavonoid
content of 8.89 mg rutin equivalents (RE)/g were twice the yield obtained using CSE [54]. FMB treated with UAE-DES showed more
pores and cracks on the surface than CSE-treated grains. Wang et al. [126] correlated the TPC extraction efficiency with the DES water
content, which was increased from 10 mL/100 mL-30 mL/100 mL. This may be attributed to the weakening of the hydrogen bonds,
which reduce the viscosity of the DESs, thus facilitating the extraction of TPC. The phenolic extract from FMB using DES-based UAE
contained fifteen main phenolic compounds, with p-coumaric acid, apigenin-C-dihexoside, and N',N"-di-p-coumaroylspermidine being
predominant. Noteworthy that 1-O-p-coumaroylglycerol was detected in FMB for the first time [11].

Understanding the mechanisms of UAE, the interaction between waves and components, and its effect on quality extracted
compounds is crucial for its effective utilization in food processing. There is limited research on ultrasound-assisted extraction in
millets, particularly in minor millets. Further research is needed to explore the potential of the UAE in comprehending the effect of
ultrasound on biochemical constituents and their extraction from millets. The integration of Deep Eutectic Solvents (DES) with
Ultrasonic-Assisted Extraction (UAE) emerges as a promising strategy for enhancing millet bioactive extraction. UAE-DES exhibits
notable advantages, surpassing traditional methods by yielding higher phenolic and flavonoid contents in foxtail millet bran. The
morphological changes observed in grains post-UAE-DES treatment highlight its potential for modifying millet matrix characteristics, a
crucial aspect in bioactive extraction. However, a critical research gap exists, particularly in minor millets, necessitating in-depth
exploration of the underlying mechanisms of UAE-DES interactions. The optimization of UAE parameters, along with an expanded
application spectrum in millet processing, holds tremendous potential for future advancements in green extraction techniques,
ensuring efficient and sustainable utilization of millet bio actives for diverse applications, including functional foods and nutra-
ceuticals. The advantages of UAE include enhanced mass transfer, increased extraction yields, and reduced thermal degradation due to
lower operating temperatures. UAE is relatively safe, and sustainable, and aligns with green extraction principles by minimizing
solvent usage and energy consumption. However, drawbacks such as equipment costs, potential cavitation-induced sample damage,
and the need for optimization to achieve maximum efficiency must be considered. Precautions involve optimizing parameters like
ultrasonication intensity, duration, and solvent composition to prevent over-processing or sample degradation. Additionally, safety
measures to mitigate exposure to high-frequency sound waves and adherence to standard operating procedures are essential. A
thorough understanding of UAE’s mechanisms, coupled with careful parameter optimization and safety protocols, ensures its effective
and responsible application in bioactive compound extraction from millets.

6.2. Microwave-assisted extraction

6.2.1. Principle and mechanism of extraction

Microwaves are a non-ionizing electromagnetic wave that falls within the frequency range of 300 MHz to 300 GHz [127]. Domestic
and industrial microwave systems utilize 2450 MHz microwaves with a wavelength of 0.122 m, while large-scale industrial systems use
915 MHz microwaves with a higher penetration depth and wavelength of 0.327 m [128]. Microwave induces heat through ionic
conduction and dipole rotation mechanisms [129]. Ionic conduction involves ion movement in an electromagnetic field, generating
heat in polar solvents. Dipole rotation causes random molecular movement and heat generation, particularly in polar solute molecules
[130]. Both mechanisms often occur in unison under microwave radiation of frequency 2450 MHz, which causes dipoles to align and
randomize at 4.9 x 10° Hz [131]. Dielectric materials with permanent dipoles attempt to align with the electric field, but friction from
rapid changes leads to molecular vibration and heat generation [131].

Waterinlet
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Fig. 4. A schematic showing the setup required for microwave-assisted extraction of bioactive compounds from millet.
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Microwave assisted extraction (MAE) is a method that rapidly delivers energy to a mixture of solvent and solid matrix, causing both
to heat up almost instantaneously. Additionally, the migration of dissolved ions facilitates solvent penetration into the matrix,
resulting in increased chemical release. Closed microwave systems are suitable for extreme conditions [132] and consist of a
magnetron tube, an oven with rotating platforms for extraction vessels, temperature and pressure monitoring equipment, and elec-
tronic components (Fig. 4). The process involves adding the sample and solvent and sealing the vessel. Microwave radiation heats the
solvent in a short pre-extraction step (<2 min), followed by irradiation and extraction for 10-30 min. Open-system extractions are
conducted at atmospheric pressure, limiting the maximum temperature to the boiling point of the solvent [133].

6.2.2. Microwave-assisted extraction of bioactive compounds from millets

Microwaves are also considered green-assisted techniques as they do not use harmful chemicals or solvents for extraction. The
method is also known as solvent-free microwave extraction. Microwaves can also be integrated with conventional solvent or vacuum
microwave-assisted techniques that use no solvents or green solvents such as water, ethanol, and methanol acetone to enhance
extraction efficiency, reduce processing time, and increase the yield of compounds [134]. The integration of vacuum offers a benefit
and alternate option to perform the extraction of heat-sensitive compounds at lower temperatures. Microwave assisted extraction
(MAE) has proven itself to be a booming technology for the isolation of phenolic compounds from millet’s bran matrix [135]. Table 3
summarizes the studies using microwave-assisted techniques for the extraction of bioactive compounds from grains. Duke et al. [37]
subjected sorghum bran to MAE in acidified methanol and microwaved for 10 min between 300 and 1200 W. The MAE yield was
significantly higher (3-32 times) than the conventional solvent extraction (CSE). MAE enhanced the extractability via deglycosylation
and depolymerization reactions. On the other hand, MAE is one of the least effective methods for extracting pigments such as an-
thocyanins from plant tissue [136]. It is theorized that the degradation of anthocyanins through nucleophilic attack leading to hy-
dration at C-2 is a major mechanism induced by MAE. Herrman et al. [35] employed microwave radiation (1-30 min at 300-1200 W)
to ground sorghum grains in a 10:1 solvent (1 % HCl in methanol (v/v%) to sample ratio. The yield increased 2 folds compared to CSE,
which might be attributed to thermal stability and the resistance of the heterocyclic ring to cleavage of 3-DXA [35].

MAE over traditional alkaline refluxing offers several benefits, including higher extraction efficiency, accelerated processing, and
reduced solvent usage [138]. Chiremba et al. [36] investigated the relationship between grain hardness and bound phenolic acids and
found no correlation. However, extraction of sorghum-bound phenolic acids was done for 90 s in 2 M NaOH, which displayed

Table 3
Summary of studies using microwave-assisted techniques for the extraction of bioactive compounds from millets.
Method Matrix Process parameters Inference References
MAE Sorghum Power: 300-1200 W The sample treated for 30 min at 600 W yielded about 3.1 mg/g of 3-DXA [35]
grains Time: 1-30 min (twice the CSE yield)
SSR: 1:10
MAE Sorghum Power:400 W Phenolic acids were extracted faster after 45 s at 400 W [79]
grains Time: 15-90 s
SSR: 1:25
Solvent: 2 M NaOH
MAE Sorghum Power:300-1200 W -Phenolic yield, antioxidant capacity, andhydroxycinnamic acids increased by [371
bran Time: 10 min > 3 times after 10 min extraction at 1200 W
SSR: 1:40
Solvent: 1 % HCI in methanol
UAE and Sorghum UAE: -MAE (63 W/101 s with 100 pm) offered the highest TFC of 195 mg CE/g dw  [34]
MAE hulls US intensity: 916-1120 W/cm? (13 % higher than UAE)
Time:20-30 min -UAE for 23.6 min at 1078 W/cm? yielded TPC of 779.0 mg GAE/g d.w (29 %
Solvent: 60 % ethanol higher than MAE) when the particle size was 100 pm
Particle size: 100-500 pm
MAE:

Power: 50-70 W

Time:90-120 s

Solvent: 60 % ethanol

Particle size: 100-500 pm

US-MAE Sorghum Power: 14-33W 3-DXA pigment yield was 3.6 times higher than CSE after 20 min of extraction ~ [137]

husk Time: 10-30min

US intensity: 7.45 W/cm?

Pulses: 2s ON and OFF

Temperature: 45-65 °C

SSR: 1:30

Solvent: 7:3 ethanol and water

(1 % HCl v/v)

MAE Kodo millet Time: 2-6 min Treatment for 5.81 min at 100 °C with 49.8 % ethanol v/v extracted 175.24 ug  [38]
husk Temperature: 60-100 °C ferulic acid equivalents/g (17 times higher than CSE)
Solvent: 30-90 % ethanol in
water

CSE, conventional solvent extraction; MAE, microwave-assistedextraction; SSR, solid-to-solvent ratio; TPC, total phenolic content; UAE, ultrasound-
assisted extraction; US, ultrasound.
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outstanding improvement in processing duration. The drastic improvement in the processing rate must be credited to the ether bonds,
heat-labile at 170 °C, while the reaction mixture was at 190 °C [36]. The waste generated during millet processing majorly comprises
husk, which has been utilized in the production of bioethanol [139]. However, extracting phenols and other bioactive before those uses
could be a potent valorization technique. Palaniswamy [38] investigated the valorization of kodo millet husk by extracting phenols
and other antioxidants by MAE. The finalized protocol suggested that yields of phenols were significantly greater compared to CSE
[140].

Microwave-Assisted Extraction (MAE) has demonstrated remarkable efficacy in extracting bioactive compounds from millets,
particularly phenolic compounds from bran matrices. Studies reveal significantly enhanced yields compared to conventional methods,
attributed to MAE’s ability to induce deglycosylation and depolymerization reactions. However, challenges persist, such as the reduced
effectiveness in extracting certain pigments like anthocyanins due to potential degradation mechanisms. The exploration of MAE’s
benefits, including accelerated processing and reduced solvent usage, positions it as a superior alternative to traditional methods,
offering valuable insights into the relationship between grain characteristics and bound phenolic acids. Future implications include
optimizing MAE parameters for diverse millet varieties, addressing pigment extraction challenges, exploring valorization techniques
for millet waste, aligning with sustainable practices, and advancing the extraction efficiency of bioactive compounds for various
applications in the food and pharmaceutical industries.

6.2.3. Microwave in combination with other techniques

UAE and MAE are becoming more common in the extraction industry. A comparison of UAE and MAE in extracting phenolic
compounds from discarded sorghum hulls was carried out [34]. MAE was more efficient in extracting anthocyanin (28.2 %), flavonoids
(13.2 %), and red pigments (22.5 %), while UAE extracted higher total phenols (28.6 %). Flavonoids showed the highest yield under
MAE at higher exposure times as they increased the contact time between solute and solvent but started decomposing at microwave
power beyond 60W [141]. In the case of TPC, a higher yield was obtained by the UAE. A higher sonication power intensity promoted
cell wall disruption, facilitating solvent access to the cell content, and intensifying the mass transfer rate. At lower particle size, the
contact surface area of the solute and solvent was higher, thus increasing the mass transfer rate [137].

Sorghum husk was subjected to ultrasound-microwave-assisted extraction in 70 % acidified ethanol while varying temperature and
time at ultrasound intensity of 7.45W/cm? and microwave intensity between 14 and 33W [142]. The yield of pigment molecules
mainly containing 3-DXA was enhanced by 3.6 folds compared to CSE [35]. This is credited to the combination of ultrasound and
microwave in a single reactor, where ultrasound facilitates the solubilization of bioactive components in solvents due to reduced
particle size, increased surface area, and higher mass transfer rates in the solid matrix boundary layer [143,144]. The microwave
causes rapid heating while decreasing the viscosity of solvents and improving penetration into the matrix, thereby improving the
extraction efficiency [142]. While numerous studies have investigated MAE on a small scale in laboratories, future research should
focus on upscaling the extraction process from millets. To enhance the performance of MAE, process intensification techniques can be
explored. These techniques involve integrating microwave heating with other extraction methods such as ultrasound, pressurized
techniques, or enzyme-assisted extraction. Combining different techniques can achieve synergistic effects, leading to improved
extraction efficiency.

The combination of MAE and UAE has emerged as a potent strategy for extracting bioactive compounds from sorghum hulls and
husks. Comparative studies reveal that MAE excels in extracting specific compounds like anthocyanins and flavonoids, while UAE
demonstrates superiority in total phenol extraction. The synergistic effects of ultrasound and microwave in a single extraction process
enhance solubilization and improve mass transfer rates. Future implications include upscaling MAE from millets, exploring process
intensification techniques, and leveraging synergies with other extraction methods for enhanced efficiency, opening avenues for large-
scale applications in the food and pharmaceutical industries. Microwave assisted extraction (MAE) presents several merits but also
requires scrutiny regarding its advantages, drawbacks, and necessary precautions. Benefits include rapid heating and energy delivery,
increased extraction efficiency, and reduced solvent usage, making it a green-assisted technique. MAE’s ability to induce deglyco-
sylation and depolymerization reactions enhances bioactive compound yields, particularly phenolic compounds from millet matrices.
However, drawbacks such as reduced effectiveness in extracting certain pigments like anthocyanins due to potential degradation
mechanisms must be considered. Precautions involve optimizing parameters like microwave power and duration to prevent excessive
heating, and degradation of heat-sensitive compounds like flavonoids and the sample itself. A comprehensive understanding of MAE’s
mechanisms, coupled with careful parameter optimization and safety protocols for handling microwave radiation, ensures its effective
and responsible application in bioactive compound extraction from millets.

6.3. Deep eutectic solvents extraction

6.3.1. Principle and mechanism of extraction

Mixtures with a melting point lower than the ideal eutectic temperature are called deep eutectic solvents (DES’s). These solvents
typically have freezing points that fall within the range of —69 °C to —149 °C, with all of them having a freezing point below 150 °C
[145]. However, DES is employed in liquid form at room temperature or below 70 °C [146]. Unlike ionic liquids, which are often
expensive, non-biodegradable, and can have high toxicity, DES’s are typically inexpensive, biodegradable, non-toxic, and easy to
prepare [146]. Natural DES comprises organic acids, amino acids, sugars, polyols, and choline derivatives, all primary metabolites
[147]. Its components are found in daily diet, such as choline, citric acid, betaine, amino acids, and sugars [148]. Natural DES is
generally recognized as safe by the FDA, and the resulting extracts can be directly added to food products to improve their nutritional
value.
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An appropriate DES is selected based on the specific target compounds, considering the solubility requirements (Fig. 5). The DES is
then prepared by thoroughly mixing the selected components in the desired ratio, typically through heating and stirring to ensure
proper dissolution [149]. After which, the raw material containing the bioactive compounds undergoes preparation, which may
include grinding [150], drying, or other pre-treatment methods [22,151]. The prepared sample is mixed with the DES, and selected
extraction techniques are applied. Following extraction, the DES mixture is separated from the solid residue [20] using filtration or
centrifugation techniques. This separation step yields a filtrate that contains the bioactive compounds dissolved in the DES. The
subsequent recovery stage involves further processing to isolate and purify the desired bioactive compounds [152].

6.3.2. Application of DES-assisted technique in the extraction of bioactive compounds

Eutectic solvents offer a unique advantage by providing a tailored solvent environment that can effectively dissolve specific
bioactive compounds. These solvents are composed of natural, biodegradable components, making them environmentally friendly
alternatives to traditional organic solvents. DES can be customized to match the polarity and solubility requirements of target com-
pounds, thereby improving extraction efficiency and selectivity. The DES method is considered relatively safe and sustainable, aligning
with modern trends in green extraction technologies. DES is affordable, environmentally friendly, safe, and straightforward to create.
It is also recognized as safe by the FDA, these DES extracts can be seamlessly integrated into food items to enhance their nutritional
profile. Its ability to enhance extraction efficiency while maintaining the integrity of bioactive compounds makes it a promising option
for researchers and industries focused on extracting valuable components from millets for various applications in food, pharmaceu-
ticals, and nutraceuticals. However, the application of DES to extract bioactive compounds from millets is still in its infancy stage.
There are few studies demonstrating this technique in extraction (Table 4). The use of DES for lignocellulosic biomass pretreatment is
relatively new; DES can improve enzymatic hydrolysis by facilitating the dissolution of lignin from cellulosic biomass [153]. Das et al.
[21], extracted lignin from sorghum biomass using DES followed by catalytic transfer hydrogenolysis (CTH), which produced lower
molecular weight phenolic compounds. Under optimal conditions (270 °C, reaction time of 60 min with 15 % Ru/C catalyst), about
36.3 % of lignin oil yield was recorded.

6.3.3. Combination of DES and other assisting extraction techniques

Zhang et al. [150] utilized 6-di-tert-butyl-4-methylphenol (BHT) and additional phenolic antioxidants to impede oxidation of the
B-carotene from millet powder, coupled with different extraction techniques to optimize the yield. The finalized protocol (0.25g of
millet powder in 1 mL DES with grinding-assisted extraction) achieved 91 % of total p-carotene yield, 3-fold higher than ethanol
extract. The enhanced yields were attributed to the DES facilitating better contact between the sample and extraction solvents,
resulting in efficient extraction of B-carotene. Effective extraction of bioactive compounds relies heavily on the pretreatment of the
sample. High hydrostatic pressure (HHP) is a trending process technology that utilizes pressure between 100 and 1000 MPa. This
process results in the rupture of cells and the formation or damage of non-covalent bonds such as hydrogen, hydrophobic, and ionic
bonds [154]. Zhang et al. [154] subjected millets to HHP pretreatment followed by DES extraction. The optimized protocols were 500
MPa for 15 min, followed by DES extraction with octanoic acid + linalool at a 1:1 M ratio, with a solid-to-liquid ratio of 1:10 g/mL for
80 s. This recorded polyphenol yields 1.5-3 folds greater than CSE. HHP treatment disrupts the salt bridges and deprotonates the
charge groups and hydrophobic bonds in the cell membrane, which results in higher permeability. The decrease in the dielectric
constant of water also plays a role in enhancing bioactive compound content by reducing the bipolar properties of the media [155]. The

/D"

m () ¢ L . __.;
p T°m (B) Mixing by

g

2 "

& heating or

& | Liquid & Liquid & agitation

E | solidA Solid B

2

Eutectic point
Eutectic T® S - R
SoldAandB | DES preparation  Millets sample

Mole fraction of B

-~
g
i 4
R!
/
7 L)
R
/
Hydrogen Hydrogen o
bond donor bond acceptor 1 HNJ\NH \
Ks e '
<N I W™ |
\
- I ! DES extraction of |
I extraction ot I
| S compounds ‘j\ | -
B albi Y VR
RY R! R2 . . & "
Mixing of selected R Centrifugation for Bioactive
compounds I | I separation compounds extract
1 0" “R' 1

Fig. 5. A schematic showing the principle of deep eutectic solvent-assisted extraction of bioactive compounds from millet.

12



N. Nayak et al.

Heliyon 10 (2024) e30921

Table 4
Summary of studies using deep eutectic solvent (DES) assisted techniques for the extraction of bioactive compounds from millets.
Method Matrix Process parameters Inference Reference
DES Sorghum Solvent: Choline chloride: Lactic acid = 1:2 M ratio Lignin oil content of 36.3 % and 2.63 Ru/C of phenol [21]
bicolor SSR: 1:9 were obtained at reaction conditions of 270 °C for 1h
biomass RPM: 200 with 15 % Ru/C catalyst.
Temperature: 270 °C
Time: 0.5, 1, and 3 h
Catalyst: 0,2, 5, 15 and 20 Ru/C
DES + Unknown DES: N,N-dimethylcyclohexylamine/N,N- -The highest yield was observed when 0.25 g/mL of [149]
GAE/ millet dimethyloctylamine/N,Ndimethylbenzylamine -+ n- millet powder in DES (N,N-dimethylcyclohexylamine +
WBE/ variety butanol molar ratio: 6:1, 5:1, 4:1, 3:1, 2:1, 1:1, 1:2, and n-butanol at a molar ratio of 3:1) with 3 mg/mL of BHT
UAE 1:3 when used along with GAE.
Phenolic Antioxidants: 2,6-di-tert-butyl-4-methylphenol =~ —About 91 % recovery was achieved after DES was used
(BHT), 2(3)-tert-butyl-4-methoxyphenol (BHA), and 2- 5 times with hydrophilic and hydrophobic
tert-butyl1,4-benzenediol (TBHQ) at0.1, 1, 2, 3, 4, 10, transformation each time.
and 15 mg/mL
SSR:0.1-0.5 g/mL
Time: 5-60s
Extraction Methods: GAE, WBE, and UAE
Switch: NaOH (Hydrophobic) or HCI (Hydrophilic)
DES reuse: 1-6 times
HHP + Unknown HHP: Millet + water1:1 Pressure: 300-600 MPa -The optimal extraction was obtained at 500 MPa for 15 [153]
DES millet Time: 5-20 min. min, followed by DES extraction with octanoic acid +
variety DES: Octanoic/Nonanoic/Decanoic acid + Linalool linalool at a 1:1 M ratio, with SSR of 1:10 g/mL for 80 s
molar ratio: 3: 1,2:1,1: 1, 1: 2, and 1: 3 with B- cyclodextrin concentration of 16 mg/mL.
B-Cyclodextrin concentration: 10-30 mg/mL -The antioxidant activity of DES extract was
SSR: 1:50-1:5 g/mL significantly higher (1.5-3 times) than that of CSE with
Time: 20-120 s ethanol as solvent.
UAE + DES Foxtail millet DES: Betaine/1-lactic acid/Sodium acetate + Glycerol/ -The optimized yield was obtained when extracted for [22]
and husk Glycol/L-lactic acid molar ratio of 1: 4, and 1: 2 41 min at 51 °C with a DES (15 % water v/v)of L-lactic
UAE Water in DES: 10-20 % acid and glycol in a 1:2 M ratio andan SSR ratio of 25
SSR: 0.1 g/mL DES mL/g and ultrasonic power of 304 W.
Temperature: 40-60 °C -UAE + DES yielded TPC of 7.38 mg FAE/g d.m. (67 %
Time: 30-50 min. higher than UAE) and TFC of 4.30 mg RE/g d.m. (63 %
US intensity: 250-350 W higher than UAE).
Control: Extraction with 80 % methanol for UAE
UAE Foxtail millet ~ DES: Choline chloride/1-proline/Glycine/Betaine/ -The highest yield was observed at betaine/glycerolina  [11]
+ bran Glycerol + Oxalic acid/Lactic acid/Glycerol/i-lactic 1:2 M DESs containing 29 %(v/v) water, 247 W, 61 °C
DES acid/Citric acid, Sodium acetate molar ratio: 1: 1, 1: 2, for 31 min.

1:3,2:5,1:1,1:5,3: 1
Water in DES(v/v): 20-40 %
SSR: 1:10 ratio
Temperature: 50-70 °C
Time: 20-40 min

US intensity: 200-300 W

-Corresponding yields of TPC was 7.8 mg FAE/g d.m.
(2.25 times CSE), and TFC of 8.89 mg RE/g d.m. (2
times CSE).

US, ultrasound; UAE, ultrasound-assisted extraction; DES, deep eutectic solvent; HHP, High hydrostatic pressure; SSR, solid-to-solvent ratio; TPC,
total phenolic content; TFC, total flavonoid content; GAE, grinding-assisted extraction; WBE, water bath extraction.

use of switchable hydrophilicity solvents (SHSs) with their ability to recover analytes effectively by switching between a hydrophilic
(dissociated form) and a hydrophobic state (molecular form). This switch can be achieved through pH or temperature adjustments and
other methods, permitting enhanced yield of target components [156]. The application of Deep Eutectic Solvents (DES) in millet
bioactive compound extraction is a nascent but promising field. Studies demonstrate its efficacy in lignin extraction and pretreatment,
yielding lower molecular weight phenolic compounds. Combinations of DES with antioxidants and extraction techniques significantly
enhance the yield of compounds like B-carotene. High Hydrostatic Pressure (HHP) pretreatment coupled with DES extraction show-
cases a substantial increase in polyphenol yields. The use of Switchable Hydrophilicity Solvents (SHS’s) adds versatility, offering a
dynamic approach to recovering analytes efficiently. Future implications involve further exploration of DES applications, optimization
of combined techniques, and the development of sustainable extraction protocols for millet bioactives.

6.3.4. Comparison between DES and ultrasound-assisted extraction techniques

The foxtail millet husk (FMH) had a notably higher level (5-17 times) of phenolics compared to the dehulled millet used for cooking
[140]. Chunging Wang et al. [22] employed DES with the UAE to extract phenols from foxtail millet husk, along with flavonoids,
a-glucosidase, and acetylcholinesterase inhibitors. To extract a significant quantity of bioactive compounds, the UAE and DES were
combined [22,157]. A significantly higher TPC (67.7 %), TFC (63.49 %), antioxidant activity, a-glucosidase, and acetylcholinesterase
inhibitory activities (ICs5p) was obtained for combined UAE and DES extracted mass compared to UAE alone. When UAE is integrated
with DES, ultrasonication significantly disrupts the cell architecture of the fox millet husk, creating pores and cracks on sample surfaces
as per the scanning electron microscopy (SEM) observations. This indicated significantly improved yield results for such combination
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techniques. Further studies are required to assess the potential toxicity of the extract before its use in food applications [157]. Finger
millet bran is composed of polyphenols, y-oryzanol, phytosterols, and unsaturated fatty acids that exhibit greater antioxidant activity
compared to millet grain [140,158]. To optimize the yield, a study explored ultrasonic-assisted deep eutectic solvent extraction of
finger millet bran, utilizing various combinations of DES, ultrasonic intensities, and temperatures [20]. The yields of TPC and TFC were
at least 200 % higher than the CSE method. Thus, ultrasonic-assisted DES extraction may offer a promising approach for enhancing the
yield and bioactivity of finger millet bran extracts.

Although DESs have been in use for about two decades and have shown successful applications in various extraction processes,
there is still a need for a deeper understanding of the underlying mechanisms involved. It is crucial to explore the interactions between
DES and the target compounds and develop strategies to improve the transfer rates of the target compounds to the DES phase.
Furthermore, comparative studies, comprehensive evaluations of efficiency, selectivity, and environmental impact of DES with
traditional solvents are the future scope of research. The combination of DES with UAE proves effective in extracting bioactive
compounds from foxtail millet husk, resulting in significantly higher yields and enhanced bioactivity. The SEM observations con-
firming structural disruption further validate the efficacy of the combined technique. Exploration of potential toxicity and optimi-
zation for food applications is crucial. Additionally, while DES applications exhibit success, a deeper understanding of underlying
mechanisms, interactions, and comparative studies with traditional solvents is essential for advancing the field and ensuring sus-
tainable and efficient extraction processes.

DES extraction techniques for bioactive compounds from millets present both advantages and challenges that require careful
consideration. One of the primary advantages of DESs is their cost-effectiveness compared to ionic liquids, making them a more
accessible option for research and industrial applications. Additionally, DESs are environmentally friendly as they are biodegradable
and non-toxic, aligning well with the growing emphasis on green extraction technologies. Their safety, recognized by the FDA, allows
for direct integration of DES extracts into food products, enhancing their nutritional value. Furthermore, DESs offer customizability,
allowing researchers to tailor solvent properties to match the solubility or polarity requirements of specific target compounds, thus
improving extraction efficiency and selectivity. These advantages make DESs a promising option for various industries, including food,
pharmaceuticals, and nutraceuticals. However, some notable drawbacks and precautions merit attention. Despite their potential, the
application of DES in extracting bioactive compounds from millets is still relatively new, necessitating further research to fully un-
derstand its efficacy and limitations. Toxicity concerns, although DESs are generally regarded as safe, require comprehensive
assessment before widespread use in food applications to ensure consumer safety. Mechanistic understanding of DES extraction
mechanisms is also essential for optimizing protocols and addressing any unforeseen challenges. Comparative studies comparing DES
efficiency, selectivity, and environmental impact against traditional solvents are crucial for informed decision-making. To maximize
the benefits of DES extraction while mitigating risks, studies should focus on thorough toxicity assessments, mechanistic studies, and
continuous optimization of extraction protocols. This approach will ensure that DESs can be safely and effectively utilized in extracting
valuable bioactive compounds from millets for various applications, contributing to sustainable and innovative practices in the food
and pharmaceutical industries.

6.4. Supercritical fluid extraction

6.4.1. Principle and mechanism of extraction

When a fluid exceeds its critical point in temperature (T.) and pressure (P.), it becomes a supercritical fluid, a dense fluid with
unique characteristics between a gas and a liquid. Its density mimics a liquid’s, while its viscosity and diffusivity are akin to a gas’s
[158]. As a result, a supercritical fluid can function as a solvent similar to a liquid but with improved kinetics for mass transfer.
Supercritical fluid extraction (SFE) can use a variety of solvents, including carbon dioxide, nitrous oxide, ethane, propane, n-pentane,
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Fig. 6. A schematic showing the set-up and principle of supercritical fluid extraction of bioactive compounds from millet.
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ammonia, fluoroform, sulfur hexafluoride, and water [159]. However, CO3’s critical point at 31.06 °C and 7.38 MPa is optimal for
supercritical fluid extraction. It is the preferred solvent due to its favorable properties, such as being non-flammable, non-corrosive,
cost-effective, and generally recognized as safe [160]. SFE is a method of extracting the selected component, called the extractant, from
another component, called the matrix, using supercritical fluids as the extracting solvent. This extraction process typically occurs from
a solid matrix but can also involve liquids [161]. The SFE process typically involves two primary stages: (1) extracting soluble
components from solid substrates using a supercritical solvent and (2) separating the extracted compounds from the solvent after
expansion [161]. A typical supercritical CO5 extraction unit comprises a CO, pump, a sample holder, a pressure regulator, and a
collecting vessel (Fig. 6). The solvent is heated to supercritical conditions. This supercritical CO5 can diffuse into the sample, effectively
solubilizing its constituents. The dissolved material is subsequently carried away from the extraction chamber into a separator
operating at lower pressure, allowing the extracted substances to settle out. The CO; is then cooled down, recompressed, and recycled
or released into the atmosphere [162].

6.4.2. Supercritical fluid extraction of bioactive compounds from millets

Supercritical fluid extraction (SFE) has become a popular extraction technique in the oil industry due to its ability to extract oils at
low temperatures with high efficiency [163]. Table 5 represents a consolidated summary of studies using supercritical fluid-assisted
techniques for the extraction of bioactive compounds from millets. Pang et al. [24] optimized the protocols for supercritical CO5
extraction of oils from FMB while varying pressure (25, 30, 35 MPa), temperature (40, 45, 50 °C), and time (1.5, 2, 2.5 h). Higher
sterols were observed compared to conventional solvent extract (CSE). The highest sterol found was p-sitosterol, comprising 56.2 % of
the total sterols. Campesterol and stigmastanol were the next most abundant, each making up approximately 15.9 % and 15.1 %,
respectively. Other phytosterols (or phytostanols), including ergostanol, stigmasterol, and fucosterol, were also present. Similarly,
sorghum bran accounts for approximately 7 % of the total grain and is rich in non-starch polysaccharides, phenolic compounds, and
natural wax, making it a valuable source of various compounds [164]. Black pericarp sorghum contains the highest levels of 3-deox-
yanthocyanidins, which are highly resistant to oxidation compared to other anthocyanidins [165]. The black sorghum bran was
subjected to supercritical CO, extraction, followed by a subsequent extraction using a mixture of 50 % (v/v) ethanol and water. SFE
yielded the highest phenol yields (13.9 mg GAE/g bran) [25]. The SFE extract revealed the presence of four primary phenolic acids:
cinnamic acid, caffeic acid, p-coumaric acid, and ferulic acid. Among the samples, the prevailing flavonoids were apigenin,

Table 5
Summary of studies using supercritical fluid-assisted techniques for the extraction of bioactive compounds from millets.
Method Matrix Process parameters Inference Reference
SCE Foxtail millet bran Pressure: 25-35 MPa -Optimal recovery (7.97 %) was obtained for 2.3h at [24]
Temperature: 40-50 °C 30.03 MPa, 47.93 °C.
Time: 1.5-2.5h -The total sterols content of the oil was 1.55 % (1.4

CSE with petroleum ether for 24 h times higher thanthe CSE yield)
at 60 °C with SSR of 1:10

SCE vs Foxtail millet bran SCE: Yields were 17.1 % (75 % of total oil) for CSE, 19.6 % [80]
SPE Pressure: 28 MPa (86 % of total oil) for CSE, and 21.7 % (96 % of total oil)
Temperature: 40 °C for SPE.
Time: 2.5 h
SPE:

Pressure: 0.5 MPa
Temperature: 40 °C

Time: 1.5 h
CSE with n-hexane for 3 h
SCE + ethanol ~ Milled black sorghum bran Pressure: 30 and 40 MPa -The highest lipid yield of 5.7 % was obtained at 60 °C  [25]
extraction Temperature: 40 and 60 °C and 40 MPa.
Time: 3 h -SCE (3 h at 40 MPa and 40 °C) + 1:1 ethanol-water

Followed by extraction with 100 %  extraction resulted in a yield of 13.9 mg GAE/g bran.
or 50 % (v/v) ethanol in water at
15 % (w/w) SSR

SCE Sorghum (whole kernel, bran,  Pressure: 30 and 40 MPa -SCE at 40 MPa and 70 °C produced a higher wax yield  [26]
and dried distillers’ grains Temperature: 50 and 70 °C of 4.9 % from DDGS compared to the whole kernel (0.6
with soluble [DDGS]) Time: 0.5-5 h %) and bran (3.3 %) fractions.

-Whole kernel extracts had the highest wax (89 %)in
SCE, while DDGS and bran had 53.3 % and 26.8 % wax,
respectively, after SCE at 40 MPa and 70 °C.

SCE vs Sorghum distillers’ grains SCE: The total yield of lipids obtained after SCE at 27.5 MPa  [81]
RSE Pressure: 20 and 27.5 MPa and 70 °C was 15 % (w/w), which is about 77 % higher
Temperature: 40-70 °C than the RSE yield.
Time: 4 h
RSE:

Solvent: n-hexane
Temperature: 45-69 °C
Time: 6 h

CSE, conventional solvent extraction; RSE, recirculated solvent extraction; SCE, supercritical CO, extraction; SPE, subcritical propane extraction; SSR,
solid-to-solvent ratio.
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apigeninidin, luteolinidin, 7-methoxy apigeninidin, and luteolin. This increased yield may be attributed to the solvency of SC-COs,
which can be further optimized by incorporating GRAS co-solvents commonly used in phenolic compound extraction [166]. Sorghum
also contains natural wax that could serve as a domestically grown substitute for Carnauba or a similar additive. Demand for natural
waxes is increasing in the food packaging industry due to health concerns associated with paraffin wax [167]. A green supercritical
CO, extraction was developed to extract natural wax from sorghum and its by-products, including sorghum dried distillers’ grains with
soluble (DDGS) and sorghum bran [26]. The impact of pressure on wax extraction from the whole kernel was greater at 70 °C than at
50 °C. There was no significant difference in the yield obtained at 30 MPa and 50 °C (0.5 %) and 40 MPa and 50 °C (0.4 %). However,
the yield increased significantly to 0.8 % at 40 MPa/70 °C. The effect of temperature and pressure on yields was credited to the
domination of the “vapor pressure effect” over the “solvent density effect” at a higher temperature and pressure combination [26].
Supercritical fluid extraction (SFE) emerges as a potent technique for extracting bioactive compounds from millets, offering high
efficiency at low temperatures. Studies on foxtail millet bran and sorghum bran showrcase the versatility of SFE in yielding sterols,
phenols, and natural wax. The optimization of SFE parameters enhances the extraction of specific compounds, such as B-sitosterol and
phenolic acids, providing valuable insights for the food and oil industries. The utilization of sorghum’s natural wax as an alternative to
conventional waxes presents an eco-friendly option for the packaging industry. As the demand for natural alternatives rises, SFE’s role
in extracting functional components gains significance. Future implications involve further optimization of SFE conditions, exploration
of additional bioactive compounds, and the development of sustainable practices for diverse industrial applications. The potential of
SFE in contributing to the sustainability and quality of millet-derived products is promising and warrants continued exploration.

6.4.3. Comparison of supercritical and subcritical fluid extraction

SCE and subcritical propane extraction (SPE) were compared using foxtail millet bran. Subcritical extraction is carried out below
the critical point of a liquid. The pressure of SPE for oil extraction is lower by at least an order (one-tenth) of magnitude than su-
percritical extraction (SCE). SC-CO5 extraction provided a higher yield (14.6 %) than solvent extraction; subcritical propane extraction
(SPE) yielded significantly higher (11.6 %) amounts than SCE. This was attributed to the fact that subcritical propane is a superior
solvent for triacylglycerols compared to supercritical carbon dioxide [23].

6.4.4. Comparison of supercritical and recirculated extraction

Sorghum-dried distillers’ grains with soluble (DDGS) are the byproducts obtained during the fermentation of sorghum grains with
Saccharomyces cerevisiae for ethanol production. With the valorization of this byproduct by extraction of lipids as a goal, a study [27]
explored SC-CO, extraction and recirculated solvent extraction (RSE) at different temperatures and pressures. SC-COy extraction
yielded over 75 % higher than RSE. This difference might be attributed to the varying polar characteristics of the solvents. While
hexane is a non-polar solvent, SC-CO; has intermediate polarity due to its large molecular quadrupole. Though it is a non-polar solvent,
SC-CO3 also has a limited affinity towards polar solutes. This enables it to dissolve more polar lipids, proteins, and sugars, resulting in
higher extract yields than hexane [27,28].

SFE holds great promise as a technique that surpasses conventional methods. It offers several advantages, but research gaps still
need exploration. One area of interest is finding alternative solvents and co-solvents to carbon dioxide (CO;) that can enhance
extraction efficiency and selectivity. By investigating other supercritical fluids, such as water, ethane, propane, or nitrogen, we can
unlock new possibilities and expand the scope of this technique. Moreover, the combination of SFE with other extraction techniques
holds the potential to improve overall efficiency. Future research should investigate the mechanisms and optimization of these
combined techniques to further enhance their performance for commercial applications. SFE offers numerous advantages, making it a
popular choice for extracting bioactive compounds from millets. Advantages of SFE include its high efficiency at low temperatures,
allowing for the extraction of heat-sensitive compounds without degradation. CO5 as a solvent is environmentally friendly and safe for
food applications, aligning with green extraction principles. The versatility of SFE is evident in its ability to extract a wide range of
compounds from millets, such as sterols, phenols, and natural waxes. These extracted components have various industrial applications,
from functional food ingredients to eco-friendly packaging materials. The drawbacks and precautions that need to be considered
include that SFE can be capital-intensive to set up initially, requiring specialized equipment and expertise. Optimization of SFE pa-
rameters is crucial for achieving desired extraction yields, which may require time and resources. There are also safety considerations
when working with high-pressure systems, necessitating proper training and maintenance protocols to prevent accidents. Precautions
in SFE involve ensuring the purity of the CO5 solvent, as contaminants can affect the quality of extracted compounds. Proper handling
of high-pressure equipment and adherence to safety guidelines are essential to prevent hazards. Additionally, thorough optimization of
extraction conditions is needed to maximize yields and minimize energy consumption.

6.5. Enzyme-assisted extraction

6.5.1. Principle and mechanism of extraction

Enzymes are proteins made up of a single polypeptide chain; they act as biological catalysts and have a globular shape [168].
Enzymes can be obtained from different sources, such as bacteria, fungi, animal organs, or plant extracts and fruits. Intracellular
enzymes are located inside the cell, while extracellular enzymes are released and can function outside the cell [169]. To extract
bioactive materials from plants, it is often necessary to use a range of enzymes, including cellulases, pectinases, and hemicelluloses
[170]. These enzymes work by breaking down the structural integrity of the plant cell wall, thus increasing the permeability of the cell
wall components [171] (Fig. 7). By hydrolyzing the cell wall components, the enzymes enable a greater yield of bioactive materials to
be extracted from the plant. The increased cell wall permeability ultimately results in a higher extraction yield of bioactive materials
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[172]. Using this approach under mild process conditions can efficiently extract and release bioactive compounds from the cell wall
matrix. Enzymatic reactions are typically carried out at lower temperatures ranging from 15 °C to 45 °C; this makes it a particularly
useful tool in extracting compounds such as bioactive compounds that are heat sensitive [173]. Temperatures exceeding 60 °C can
induce irreversible structural changes in enzymes because of the thermal effect on molecular vibrations. The vibrational effects can
potentially modify the conformation of proteins and disrupt the internal cross-linkages in their polypeptide chains [174]. To ensure
maximum enzyme activity, it is important to standardize the operational conditions for each application, including enzyme con-
centration, incubation time, incubation temperature, and optimal pH.

6.5.2. Engyme-assisted extraction of bioactive compounds from millets

The enzyme-assisted extraction of bioactive compounds from millets involves the selection of enzymes that revolve around key
principles. Firstly, enzymes must exhibit specificity, targeting the bonds relevant to the bioactive compounds of interest. For instance,
proteases are chosen to break peptide bonds in proteins, while enzymes like amylases act on carbohydrate bonds [175]. Secondly,
enzyme selection considers compatibility with optimal pH and temperature conditions for extraction, ensuring their activity and
stability during the process [176]. Moreover, safety and regulatory compliance are crucial, with enzymes needing approval for food
applications. Efficiency is also a priority, as enzymes should demonstrate high extraction yields of bioactive compounds from millets.
Enzymes cleave specific bonds based on their type and function. For example, proteases cleave peptide bonds in proteins, producing
peptides or amino acids [177]. The amylases break down a-1,4 glycosidic bonds in starch, while cellulases target $-1,4 glycosidic bonds
in cellulose and lipases hydrolyze ester bonds in triglycerides, releasing fatty acids and glycerol [178]. By selecting enzymes that target
these specific bonds in millet components, enzyme-assisted extraction efficiently releases bioactive compounds for various applica-
tions in the food and pharmaceutical industries.

A summary of studies using enzyme-assisted extraction of bioactive compounds from millets has been presented in Table 6.
Bioactive peptides produce several biological effects at the tissue level by being absorbed through the intestine [179]. A study [40]
reported that the protein hydrolysate from pearl millet bran showed a moderate decrease of 16 % in the DPPH assay results compared
to BHT, indicating its potential antioxidant activity. Remarkably, the hydrolysate demonstrated over five times higher activity than the
pearl millet protein isolate [40]. This difference in antioxidant activity can be attributed to bioactive substances within the pearl millet
protein hydrolysate. Later, Agral et al. [43] utilized green tender sorghum as the substrate, employing alcalase (endo-protease) to
fragment proteins. The hydrolysate was then fractionated using various techniques, such as ultrafiltration, gel filtration, and HPLC, to
isolate the antioxidative peptides. The highest activities observed were for fractions labeled GF2 obtained by gel filtration. The
antioxidant peptides (2-20 amino acids long) were formed because of the proteolysis of the parent protein [43]. The basis for these
properties is the aromatic rings they carry, excessive donor electrons, and appropriate hydrophobic character.

Siddiq and Prakash [39] divided certain grain flour into coarse and fine fractions and measured the antioxidant capacity of dietary
fiber, which comprises substances like polyphenols, flavonoids, and tannins. The authors examined the effect of enzyme treatment on
finger millet, pearl millet, sorghum, and wheat. Finger millet exhibited a significant increase of 28-46 % in polyphenol levels while
experiencing a 3 to 4-fold decrease in flavonoid levels and a 2.3 to 1.3-fold decrease in tannin levels. Similarly, pearl millet showed a
2-2.5-fold increase in polyphenols, accompanied by approximately 30 % and 17 % decrease in flavonoids and tannins, respectively,
after enzyme treatment. Sorghum treated with enzymes displayed a remarkable over 5-fold increase in polyphenol content, with
flavonoids increasing from undetectable to nearly 6 mg/100 g, and tannins increased by 2-fold. Wheat demonstrated approximately a
3-fold increase in polyphenols, a 2-fold increase in flavonoids, and a 2-fold increase in tannins following enzyme treatment. Overall,
the antioxidant activity of the grains increased by 26 %-139 %. The enzyme treatment releases more active compounds from the
grains, enhancing antioxidant activity [39].

Finger millet was subjected to combined enzyme treatment and ultrasonication to develop a sustainable approach to extract and
utilize polyphenols in producing nutraceuticals and functional foods. The use of hydrolytic enzymes results in the breakdown of the
cellulosic network, leading to improved distribution of solvents, reduced particle size, and enhanced mass transfer rate. These com-
bined effects ultimately contribute to more efficient extraction of bound phenolics [180]. Balasubramaniam et al. [41] tried to improve
and optimize the extraction of phenolic compounds from the seed coat of finger millet using enzyme treatments (xylanase and
cellulase) and ultrasound assisted extraction. The process rate was three times higher, and the yields of polyphenols approximately
doubled. The difference in results could be attributed to the solubility of flavonoids and tannins about the polarity of the solvent used
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Table 6
Summary of studies using enzyme-assisted extraction of bioactive compounds from millet.
Method Matrix Process parameters Inference Reference
EAE Pearl millet bran Temperature: 37 °C -The amino acid sequence of the peptide was SDRDLLGPNNQYLPK. [40]
Time: 3 h pH: 6.5 -Protein from hydrolysate exhibited a higher radical scavenging capacity
1 % trypsin (78 % ABTS).
EAE Green tender sorghum Temperature: 50 °C -The antioxidant activity for protein hydrolysate was 61.7 % DPPH assay  [43]
Time: 5 h pH:9.5 and 78.6 % ABTS.
1 % alcalase -The highest activity observed for GF2 was obtained by gel filtration.
EAE Finger millet, Pearl Temperature: 37 °C -Finger millet showed about 28 % increase in polyphenols and 1.3-fold [39]
millet, Sorghum, and Time: 2 h pH:2.0 drops in tannin levels after EAE.
Wheat 0.12 % pepsin - Pearl millet showed a 2-fold increase in polyphenols and about 17 %
+ Pancreatin with pH 7 and  drop in tannins after EAE.
incubated for2h -Sorghum displayed a 5-fold increase of polyphenols while tannins
increased by 2-fold after EAE.
-Wheat polyphenols were increased by 3-fold, and tannins were elevated
by 2-fold after EAE.
EP-UAE Finger millet seed coat Enzyme: Xylanase and -Polyphenol yields were increased by 1.8 and 2.2 folds by xylanase and [41]
cellulase cellulase pretreatment, respectively, while reducing the time by three-fold
SSR: 10%w/v and solvent consumption.
Temperature: 50 °C
Time: 2 h
+
Solvent: 50 % ethanol
US power: 500 W
Time: 30 min
EP-UAE Proso millet EP: 1 % a-amylase + -The dietary fiber yield was increased from 38 % to 94 % by EP-UAE [45]
vs. protease treatment for 30 compared to UAE treatment.
UAE min
UAE:
Temperature: 50 °C
Time: 7 min
US power: 150W
Frequency: 37 kHz
EP-UAE Finger millet Enzyme: p-glucosidase Maximum polyphenol release was noticed at 2.327 mg/mL for 0.3:1 at [42]
Solid to enzyme extract 30 °C.
ratio: 0.3:1 to 0.6:1 w/v
Temperature: 30-60 °C
Time: 1-4 h
EP-UAE Foxtail millet Liquid-solid ratio: 25:1 to The polysaccharide yield was 3.87 % with a liquid:solid ratio of 31:1 when  [44]
35:1 hydrolyzed at 59 °C for 22 min.

Temperature: 55-65 °C
Time: 10-30 min

EAE, enzyme-assisted extraction; EP-UAE, enzyme pretreated ultrasound-assisted extraction; UAE, ultrasound-assisted extraction; SSR, solid-to-
solvent ratio.

and the potential thermal degradation of phenolic compounds during retort processing [121].

The primary dietary fiber components in millet include hemicellulose, lignin, cellulose, cutin, and silica [181]. Among various
sources and raw materials, it was observed that the enzymatic extraction method assisted by ultrasound was the most effective. The
extraction process involved treating the sample with 1 % a-amylase for a specific duration, followed by adding protease for an
additional 30 min. Subsequently, ultrasonicated at 50 °C for 7 min. The yield percentages ranged from 18.5 % in whole-seed quinoa to
94.2 % in millet flour [45]. Ultrasonic extraction significantly increased the dietary fiber content in flour fractions by more than 2.4
times compared to the control method. Similarly, the dietary fiber content in whole seed fractions increased by 1.6 times. However, the
ultrasonication process may cause damage to the cell walls, which could negatively impact the extraction yields of soluble dietary fiber
(SDF), especially when present in high amounts [182]. Ultrasonication facilitates water penetration into the cell wall structure, thereby
increasing the accessibility of constituents such as starch to enzymatic digestion in the subsequent extraction step [45]. The dietary
fiber is liberated from the structures of starch and proteins during the extraction process. However, simple ultrasonication was not an
effective method for extracting SDF in the examined raw materials, particularly in the case of millet samples [183].

Yadav et al. [42] explored the extraction and evaluation of the antioxidant properties of the total polyphenol content in samples
derived from fermented and enzymatically treated fractions of finger millet. For the extraction of polyphenols, 80 % ethanol was
employed on the dried fermented biomass of finger millet. The activity of p-glucosidase enzymes began to decline after the 6th day of
incubation. The highest release of polyphenols was observed at concentrations of 2.32 mg/mL for a ratio of 0.3:1 and 2.23 mg/mL for a
ratio of 0.6:1, both at 30 °C [42]. The p-glucosidase facilitated the release of phenolic compounds attached to the terminal ends of wall
polysaccharides. As a result, the polyphenols are freed from their linkages with cell wall polymers, increasing the total polyphenol
content. Zong et al. [44] found that the yield of millet bran polysaccharide extraction using enzymes was higher (3.87 %) compared to
extraction without enzymes (about 1.8 %). The maximum yield of polysaccharide was achieved when the ratio of pectinase to cellulase
was 1:4 (g/g). The cell wall of millet rice bran consists of 20 % pectin and 80 % cellulose. Pectinase acts on the intercellular space,
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breaking down pectin macromolecules into smaller molecules to facilitate cell separation. In contrast, cellulase acts on the cell wall,
breaking it down to release the polysaccharides. Complex enzyme mixtures generally exhibit higher efficiency compared to single
enzymes. Therefore, the optimal complex enzyme ratio for extracting millet bran polysaccharide was 1:4 (g/g), resulting in a nearly
threefold increase in polysaccharide yield under optimal conditions [44].

EAE shows great potential in improving the extraction of bioactive compounds from various sources. Developing customized
protocols tailored to different substrates is essential, especially when dealing with complex matrices and challenging compounds.
Additionally, exploring new sources and recovering valuable compounds from industrial by-products can greatly broaden the appli-
cations of EAE. Furthermore, proper pre-treatment of the substrate is crucial, and future studies could focus on developing sustainable
and efficient methods like microwave-assisted pre-treatment and ultrasonication. By tackling these research gaps and limitations, EAE
can achieve higher efficiency and effectiveness in extracting bioactive compounds from diverse sources. Enzyme-assisted extraction
(EAE) proves to be a promising and the best technique for extracting bioactive compounds from millets, offering enhanced antioxidant
activities and improved release of polyphenols. Various enzymes, such as alcalase, xylanase, cellulase, and p-glucosidase, contribute to
the breakdown of complex structures, facilitating the extraction of valuable compounds. Studies on pearl millet, sorghum, finger
millet, and other millet varieties demonstrate increased polyphenol levels, antioxidant activities, and dietary fiber content through
EAE. The combination of enzymes with ultrasonication further amplifies the efficiency of polyphenol extraction. Future implications
involve customizing EAE protocols for different substrates, exploring new sources, and addressing challenges in complex matrices.
Sustainable pre-treatment methods, like microwave-assisted and ultrasonication, could enhance EAE’s sustainability and efficiency.
Overcoming these challenges can unlock the full potential of EAE in extracting bioactive compounds, contributing to diverse appli-
cations in the food and pharmaceutical industries.

Enzyme assisted extraction (EAE) presents several advantages in extracting bioactive compounds from millets. One key advantage
is its specificity, as enzymes target specific bonds relevant to the bioactive compounds of interest, leading to higher extraction yields.
Additionally, EAE operates at lower temperatures or negligible heating, preserving heat-sensitive compounds, and is environmentally
friendly. The enzymatic breakdown of complex structures enhances the release of valuable compounds like polyphenols and anti-
oxidants, contributing to improved nutritional profiles and functional properties of millet extracts. The drawbacks of the technique are
related to enzyme selection must align with optimal pH and temperature conditions for extraction, and safety concerns regarding
enzyme activity and regulatory compliance are paramount. Ensuring the purity and stability of enzymes, along with standardized
operational conditions, is crucial for consistent and efficient extraction results. While EAE offers enhanced extraction efficiency, its
effectiveness may vary depending on the substrate and enzyme combination used, requiring customized protocols for different millet
varieties. Proper pre-treatment of substrates, such as ultrasonication, and addressing challenges in complex matrices are areas that
merit further exploration to optimize EAE’s sustainability and efficacy in extracting bioactive compounds from millets.

6.6. Accelerated solvent extraction

6.6.1. Principle and mechanism of extraction

Pressurized liquid extraction (PLE), also known as accelerated solvent extraction (ASE), pressurized solvent extraction (PSE), and
pressurized fluid extraction (PFE), is an automated method used to extract analytes from solid and semi-solid samples [184]. It
operates at temperatures higher than the boiling point of most solvents and uses pressure to keep the solvents in a liquid state
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Fig. 8. A schematic showing the set-up for pressure solvent extraction of bioactive compounds from millet.
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throughout the process. This technique enables efficient filling of the extraction cell, facilitates solvent penetration into sample pores,
and maintains the solvent in liquid form at operating temperatures [185]. Various solvents like methanol, water, toluene, dichloro-
methane, ethyl acetate, and acetonitrile can be used in ASE for food. The selection of the extraction solvent should consider properties
such as boiling point, polarity, specific density, and toxicity [186]. The process of extracting analytes from solid samples involves three
key steps: desorption of analytes from solid particles, diffusion of analytes through the solvent within the particle pores, and transfer of
analytes to the flowing fluid (Fig. 8). Extraction typically takes 15-25 min and uses a small amount of solvent. Higher temperatures
accelerate extraction kinetics, while elevated pressure ensures efficient and safe extraction [187]. Dry, finely divided solid samples are
preferred to facilitate the flow of the extraction solvent and ensure thorough permeation of the matrix particles. Grinding larger
particle sizes (>1 mm) can increase the interaction surface between the solvent and the matrix, enhancing extraction efficiency. For
wet or sticky samples, drying agents such as sodium sulfate, pelleted diatomaceous earth, or dispersing agents like Ottawa sand can be
added before extraction [185].

There are two primary configurations for ASE: static and dynamic instruments. In the dynamic system, high-pressure pumps
facilitate the continuous circulation of the extraction solvent through the sample vessel [188]. In this mode, the solvent is constantly
pumped through the sample matrix extractor while the outlet valve remains open throughout the extraction process [188]. On the
other hand, in the static set-up, the extraction process operates in a batch mode, involving one or more extraction cycles by introducing
fresh solvent between each cycle [189]. Static mode pressurizes the extractor through the solvent inlet while keeping the outlet valve
closed. Once the extraction is complete, the valve is opened, allowing the solvent-extract mixture to be released and collected [190].

6.6.2. Accelerated solvent extraction of bioactive compounds from millets

Higher pressures (>1000 psi) in accelerated solvent extraction (ASE) facilitate rapid heating of solvents beyond their boiling point,
resulting in enhanced diffusion rates, disruption of solute matrix interactions, and reduced solvent viscosity, thus facilitating improved
penetration into the matrix, and leading to improved extraction efficiency. The literature on applying ASE of bioactive compounds
from millets is currently limited. Barros et al. [46] evaluated the extractability of sorghum phenolic compounds using ASE compared to
CSE. The extraction at 150 °C using 50 % and 70 % ethanol/water (v/v) demonstrated notable efficacy in extracting the identical
quantity of phenolic compounds (45 mg GAE/g) and marginally higher antioxidants (628 mmol TE/g) from black sorghum compared
to CSE methods(560 mmol TE/g). ASE extraction at temperatures above 100 °C (120 °C and 150 °C) significantly increased the levels
of extractable phenols and antioxidants in black sorghum extracts. This is because of increased diffusion rates, disruption of some of the
solute matrix interactions, and formation of phenols during the Maillard reaction.

Table 7
Summary of studies exploring the accelerated solvent extraction of bioactive compounds from grains.

Method Matrix Process parameters Inference Reference

ASE Black
Sorghum

Pressure: 1500 psi
Static time: 1 min
Temperatures: 60-150 °C
Solvents: 50-70 % v/v ethanol/
water or acidic water (pH 2.5)
ASE and Black rice ASE

MAE Pressure: 1500 & 2500 psi
Static time: 5 & 10 min
Temperature: 25 & 50 °C
MAE
Power: 300 & 1200 W
Temperature: 50 & 70 °C
Time: 10 & 20 min
Pressure: 100-200 atm
Temperature: 100-200 °C
Static time: 5-10 min
Flushing: 50-100 %
Purge time: 60-120 s
Sample: 2.5-5.0 g
Solvent: 80-100 % ethyl acetate in
methanol
Rice berry ASE:

Highest phenols (45 mg GAE/g) and antioxidant compounds (628 mmol [46]
TE/g) extracted at 150 °C using 50 % and 70 % ethanol/water (v/v)

-ASE at 50 °C, 2500 psi, for 10 min using 5 cycles and a 100 % flush volume [135]
yielded 3379 pg/g of anthocyanins.
-MAE at 50 °C, 1200 W, and 20 min extracted 3485 ug/g of anthocyanins.

ASE Rice -All the phenolics were extracted for 10 min with 2.5 g samples in 60 % [186]

ethyl acetate in methanol at 190 °C, 200 atm, and 100 % flush volume

ASE, UAE, -ASE offered TPC and TAC of 19.70 GAE/g and 885.4 g/g, respectively. [187]

and CSE bran (RBB)

Pressure: 100-200 atm
Temperature: 60-80 °C

Static time: 10-15 min

Sample: diatomaceous earth in a
1:1 ratio

UAE and CSE:

Temperature: 60-80 °C

Sample to ethanol: 1:20 w/v
Time: 15-45 min

-ASE reduced solvent requirement by 90 %, extraction time by 3 times, and
increased extraction of TPC by 3 times and TAC by 4 times compared to
UAE and CSE.

ASE, accelerated solvent extraction; CSE, conventional solvent extraction; MAE, microwave-assisted extraction; SSR, solid-to-solvent ratio; TAC, total
anthocyanin content; TPC, total phenolic content; UAE, ultrasound-assisted extraction; US, ultrasound.
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Substantial research has been conducted on ASE in rice, and interesting findings have been summarized in Table 7. ASE in rice
appears to be an interesting approach to extracting phenolic compounds due to several benefits associated with high pressure and
temperature conditions. Setyaningsih et al. [191] demonstrated that 100 % extraction of phenolics from rice was achieved for ASE with
a solvent mixture of 60 % ethyl acetate in methanol at 190 °C and 200 atm. In another study on ASE in black rice, under optimal
conditions (10 min extraction, with 5 cycles and 100 % flush volume at 50 °C and 2500 psi), successful extraction of anthocyanin
pigments (3379 pg/g) was achieved. However, the results were slightly lesser than MAE (3485 pg/g) [136]. This difference can be
attributed to the distinct chemical structures of the phenolic compounds and their varying reactivities in terms of stability when
subjected to higher extraction temperatures. A comparative study between ASE, UAE, and CSE on extracting phenolic acids and an-
thocyanins from rice berry bran (RBB) was performed [192]. The ASE method offered several benefits, such as a reduction in solvent
consumption by up to 90 %, a 3-fold reduction in extraction time, a 3-fold higher extraction of TPC, and a 4-fold high extraction of TAC
compared to UAE and CSE. In addition, the yield of phenolics and anthocyanins was 3-5 times higher in ASE compared to UAE and
CSE. Concomitantly, the prolonged high-temperature extraction is not ideal due to the hydrolysis of glycoside compounds and the
formation of unstable aglycones or due to the hydrolytic opening of the heterocyclic ring that would form chalcone in the case of
anthocyanins [143].

These studies affirm the potential of ASE as a sustainable extraction technique. Consequently, a burgeoning interest in ASE has been
driven by increasing environmental concerns and demand for greener extraction practices. However, scaling up ASE from laboratory to
industrial levels may present challenges, necessitating research to assess scalability and implement necessary modifications.
Furthermore, the synergistic effects of combining ASE with other extraction techniques, such as ultrasound or microwave-assisted
extraction, can be investigated to enhance efficiency, yield, and rapid extraction. The above studies demonstrate the ASE tech-
nique’s efficacy in extracting phenolic compounds from sorghum and rice, showcasing benefits such as increased diffusion rates and
disruption of solute matrix interactions. While limited literature exists on ASE in millets, studies on rice suggest its potential for
achieving high extraction yields and reducing solvent consumption. The environmental sustainability of ASE aligns with growing
concerns, but scaling up from laboratory to industrial levels poses challenges requiring further investigation. Future implications
involve assessing scalability, exploring synergistic effects with other techniques, and optimizing ASE protocols for diverse millet
varieties. Addressing these aspects will unlock the full potential of ASE, contributing to greener and more efficient bioactive compound
extraction practices.

This method offers several advantages such as its ability to operate at higher pressures and temperatures accelerating the extraction
kinetics, leading to enhanced diffusion rates and improved extraction efficiency. ASE also reduces solvent consumption and extraction
time compared to conventional methods, making it a more environmentally sustainable option. However, the elevated temperatures in
ASE can lead to the hydrolysis of glycoside compounds and the formation of unstable compounds, impacting the stability of extracted
bioactive compounds. Additionally, scaling up ASE from laboratory to industrial levels may pose challenges that require careful
assessment and modifications. Ensuring proper calibration of extraction parameters, such as pressure, temperature, and solvent
composition, is crucial to obtaining consistent and reliable results. Furthermore, integration of Accelerated Solvent Extraction (ASE)
with ultrasound or microwave-assisted extraction (MAE) can create synergistic effects that enhance extraction efficiency, yield, and
speed. Ultrasound and MAE can disrupt cell structures, increasing solvent penetration and extraction rates during ASE. This combi-
nation optimizes the extraction process, leading to higher yields of bioactive compounds in a shorter time frame. Investigating these
synergies allows for the development of more effective and rapid extraction methods, benefiting industries reliant on efficient
extraction of valuable compounds from natural sources like millets. The studies on comparison and/or integration of ASE with UAE or
MAE are limited in the literature. However, the proposed prospect might suggest developing a hybrid approach to leverage their
synergistic effects and optimize extraction outcomes for bioactive compounds in millets.

6.7. Pulsed electric field

6.7.1. Principle and mechanism of extraction

The pulsed electric field (PEF) technique is a non-thermal method that employs short-duration pulses with high electric fields,
typically ranging from 10 to 80 kV/cm and lasting from microseconds to milliseconds. The number of pulses applied to the product
determines the effectiveness of the process [193]. The samples are placed between two electrodes and subjected to a high-voltage
electric field. The specific parameters for PEF vary depending on the desired process, including electric field intensity (kV/cm) and
specific energy (J/kg) [194]. PEF can be applied using different methods, such as exponentially decaying waves, bipolar waves, and
oscillatory pulses, and implemented at different temperature conditions. PEF causes transformation or rupture of the cell membrane,
increasing its electrical conductivity and permeability, thus resulting in reversible electroporation and enhancing extraction [195].
Effective extraction involves low specific energy (1-10 kJ/kg) and pulse cycles of nanoseconds to milliseconds [196]. Delicate plant
tissues require electric field strengths (0.1-10 kV/cm), while tougher materials like seeds need higher intensities (10-20 kV/cm) for
efficient extraction. The magnitude of the electric field strength directly impacts the extent of damage caused [196].

A PEF unit consists of a high-voltage pulse generator, a treatment chamber with a fluid monitoring assembly, and a monitoring/
control system (Fig. 9). The generator includes a charger for converting AC to DC and an energy storage device. The switch in the
generator activates and deactivates the high-voltage circuit to generate electric pulses. The treatment chamber has two electrodes
separated by insulating materials, with the sample placed in the gap. The effectiveness of the treatment depends on electrode distance,
applied voltage, and chamber geometry, which determine the electric field strength and energy delivery [197]. PEF treatment pa-
rameters for extraction can be categorized into high (E > 1 kV/cm), medium (E ~ 0.1-1 kV/cm), and low (E < 0.1 kV/cm) electric
fields [198]. PEF extraction can be performed in batch [199] or continuous systems [196].
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6.7.2. Pulsed electric field (PEF)-assisted extraction of bioactive compounds from millets

Lohani and Muthukumarappan [200] assessed the impact of flour-to-water ratio, electrical field intensity, and treatment time on
the extraction of total phenolic content (TPC) and antioxidant activity (AA) of sorghum flour. Increasing the solid concentration from
10 % to 45 % (w/v) increased the electrical conductivity from 770 pS/cm to 1560 pS/cm. The higher electrical conductivity promoted
electroporation and release of phenolics into the sample, influencing the TPC and AA [201]. Increasing the electric field intensity from
2 kV/cm to 3 kV/cm had no significant effect on TPC and AA. Despite the higher average specific energy of 8.99 kJ/kg transmitted
during the PEF treatment at 3 kV/cm, the energy efficiency was reduced due to increased tissue disintegration caused by the higher
electrical conductivity (2023 pS/cm). As a result, there was no further release of phenolic compounds. The higher energy input (10.8
kJ/kg) at 3 kV/cm may have caused lethal damage to the cells, resulting in irreversible loss of cell membrane permeability and
subsequent degradation of the phenolic compounds [202]. The optimal condition was the extraction with a flour-to-water ratio of 45 %
(w/v), an electric field intensity of 2 kV/cm, and a treatment time of 875 ps. Under the optimal conditions, the TPC increased by 24.8
%, and the AA increased by 33.9 % compared to the control sample. Furthermore, an increase in treatment time from 500 ps to 875 ps
resulted in a significant increase of 5.7 % and 6.3 % in TPC and AA, respectively, for the sorghum flour. The number of pulses applied to
the sample increased with longer treatment times. At 875 ps, the number of pulses induced a metabolic response by opening pores in
the cell membrane, resulting in the release and absorption of phenolic compounds. However, further increasing the number of pulses to
1250 ps treatment time could irreversibly break the cell wall and damage the membrane, preventing further release of phenolic
compounds [203].

The literature using PEF to extract bioactive compounds from millets is currently limited. Nevertheless, studies are exploring PEF-
assisted extraction of bioactive compounds from rice, as summarized in Table 8. Salee et al. [204] compared the effects of pulse electric
field (PEF), microwave, and ultrasonic-assisted water extractions on bioactive compounds in black rice. PEF with 3000 pulses and
microwave treatment yielded high concentrations of TPC (486.8 and 486.2 mg GAE/g, respectively). The extract from PEF with 3000
pulses exhibited significantly higher DPPH scavenging activity and sirtuinl enzyme stimulating activity than microwave and ultra-
sonic extractions. Another study by Salee et al. [205] optimized PEF treatment parameters such as the intensity of the electric field, the
number of pulses, and the solid/water ratio to enhance the extraction yield of cyanidin-3-glucoside (C3G) and peonidin-3-glucoside
(P3G) from black rice grain using PEF. The optimized conditions (5 kV/cm, 3000 pulses, 0.5 g/mL) resulted in higher yields of
C3G (92.59 mg/g) and P3G (4.59 mg/g) compared to the untreated sample. Additionally, PEF extract exhibited the ability to stimulate
sirtuinl enzyme activity.

Similarly, Rajchasom et al. [206] applied PEF to extract anthocyanins from purple rice. They observed that the total antioxidant
capacity (TAC) also increased as the number of pulses increased. The TAC peaked under both low (300 pulses at 4 kV cm™! at 1.17
mg/L) and high (5000 pulses at 6 kV cm ™! at 3.28 mg/L) PEF treatments. Another study was conducted to extract phenolic compounds,
flavonoids, and anthocyanins from brown rice using electric field intensity (1-3 kV/cm), pulses (10-1000), pulse duration (100 ps),
and pulse repetition frequency (5 Hz) [207]. At 2 kV/cm and 1000 pulses, there was a 50 % increase in antioxidant activity. To
summarize, pulsed Electric Field studies indicated the impact on total phenolic content (TPC) and antioxidant activity (AA). Opti-
mizing PEF parameters, including flour-to-water ratio, electric field intensity, and treatment time, showcased increased TPC and AA in
sorghum flour. The research on PEF-assisted extraction from millets is currently limited, but promising findings from studies on rice
highlight its efficacy in enhancing TPC, DPPH scavenging activity, and enzyme-stimulating activity. PEF exhibits potential in
extracting anthocyanins, phenolic compounds, and flavonoids from various rice varieties. Future implications involve extensive
exploration of PEF on different millet varieties, optimizing parameters for maximum bioactive compound extraction, and tailoring
strategies for specific applications. PEF’s ability to induce a metabolic response, open cell pores, and enhance extraction efficiency
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Fig. 9. A schematic showing the set-up and principle of pulse electric field (PEF) assisted extraction of bioactive compounds from millet.
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Table 8

Pulsed electric field (PEF) assisted extraction of bioactive compounds from grains.
Matrix Process parameters Inference Reference
Purple Pulses: 0-500 Poor anthocyanin content (0.7 mg/L) obtained at 4 kV and 100 pulses [201]

rice Intensity: 2-4 kV/cm
Frequency: 1 Hz

Purple Pulses: 1000-5000 [201]
rice Intensity: 6 kV/cm -Optimal anthocyanin content (3.28 mg/L) was obtained at 6 kV and 3000 pulses
Frequency: 1 Hz
Black Pulses: 1000-3000 Higher levels of cyanidin-3-glucoside (92.59 mg/g) and peonidin-3-glucoside (4.59 mg/g) were [200]
rice Intensity: 3-5 kV/cm obtained at 5 kV/cm with 3000 pulses a biomass to water ratio of 0.5 g/mL
Biomass-to-waterratio:
0.1-0.5 g/mL
Black Pulses: 1000-3000 -PEF at 5 kV/cm and 3000 pulses and microwave treatments (800 W/20 min) yielded high [199]
rice Intensity: 5 kV/cm concentrations of total phenolic compounds and cyanidin-3-glucoside.

-Antioxidant activity in the extract was 30.8, 28.3, and 25.3 % after PEF (3000 pulses/5 kV/cm),
microwave (800 W/20 min), and ultrasound (60 °C/20 min) treatments, respectively.

Brown Pulses: 10-1000 -PEF of 2 kV/cm and 1000 pulses showed highest antioxidant activity (50 %). [202]
rice Intensity: 1-3 kV/cm Pulse -Phenolic compounds detected were protocatechuic acid, a-tocopherol, 4-hydroxybenzoic acid,
width: 100 ps y-oryzanol, y-oryzanol, chlorogenic acid, vanillic acid, caffeic acid, syringic acid, cyanidin-3-
Frequency: 5 Hz. galactoside, cyanidin-3-glucoside, cyanidin-3-rutinoside, p-coumaric acid, ferulic acid

underscores its role in advancing millet-based bioactive compound extraction.

The PEF extraction offers notable advantages as it operates as a non-thermal method, minimizing heat-related degradation of
sensitive compounds. PEF can enhance extraction efficiency by promoting reversible electroporation of cell membranes, leading to
increased permeability and release of bioactive from cells. This technique allows for precise control over parameters like electric field
intensity, treatment time, and pulse cycles, optimizing extraction conditions for specific compounds. Furthermore, PEF can be inte-
grated into batch or continuous systems, offering flexibility in processing. However, prolonged or excessive PEF treatment may cause
irreversible cell damage, impacting the quality and stability of extracted compounds. Optimal parameters must be carefully deter-
mined to avoid over-processing. Additionally, equipment complexity and energy requirements can be significant, necessitating proper
calibration, training, and maintenance. Ensuring uniform treatment across samples and standardizing protocols are crucial for
reproducibility and consistency in results. Furthermore, studies on PEF-assisted extraction from millets are relatively limited compared
to other techniques, highlighting the need for further research to fully understand its efficacy, scalability, and potential impacts on
bioactive compound integrity.

6.8. Other pretreatments and assisted extraction techniques

6.8.1. Irradiation-assisted extraction

Food irradiation refers to exposing food to ionizing radiation [208]. Linear accelerators or Van de Graaff generators are utilized to
accelerate electrons, and when these accelerated electrons interact with a heavy metal film, they generate X-rays [209]. X-rays have
notable energy levels, up to a maximum of 5 MeV, allowing them to easily penetrate the cellular structure of plants [210]. Electron
beam irradiation utilizes a stream of high-energy electrons to irradiate the sample. Similarly, gamma rays emitted by radioisotopes like
80Co or 1%7Cs also possess strong penetration capabilities [211]. The radiation after penetrating materials can effectively disrupt the
cellular structures, promote the decomposition of chemical bonds, and result in the release of targeted compounds. Gamma irradiation
can cause structural changes in plant cell walls, leading to increased permeability and easier release of targeted compounds during
extraction. Irradiation as a pretreatment was applied to enhance the extraction of polyphenols, flavonoids, and other beneficial
compounds from various grains, such as sorghum [212]. The treatments with gamma radiation doses at 1 kGy and 2 kGy had a positive
effect on TPC proportional to the dose. The enhancement in the extraction of phenolic compounds results from the hydrolysis of
phenolic glycosides and the subsequent liberation of aglycone [213]. The radiation-based extraction techniques offer an improved
extraction, reduced extraction time, and preservation of heat-sensitive compounds. However, it is important to optimize the irradiation
dosage, duration, and wavelength to ensure extraction efficiency and maintain the quality of the bioactive compounds.

Irradiation-assisted extraction presents several advantages in the extraction of bioactive compounds from food materials. It can
effectively disrupt cellular structures, enhancing the release of targeted compounds such as polyphenols and flavonoids. This method
often leads to improved extraction efficiency, reduced extraction time, and preservation of heat-sensitive compounds, making it
suitable for delicate bio-actives. Irradiation can penetrate plant cell walls, increasing their permeability and facilitating the extraction
process. Additionally, irradiation can induce structural changes that aid in the liberation of compounds of interest. However, opti-
mizing irradiation dosage, duration, and wavelength is crucial to ensure a balance between extraction efficiency and avoiding over-
dosage treatment that may lead to the degradation of bioactive compounds, which is yet to be explored. The studies related to the
application of irradiation in millet extraction are limited. Regulatory compliance and safety standards regarding food irradiation must
be strictly followed to ensure the quality and safety of extracted compounds. Furthermore, irradiation setup is expensive, and processes
require specialized handling and expertise, adding to operational complexities. Careful monitoring and control of irradiation pa-
rameters are necessary to maintain the integrity and bioactivity of extracted compounds, highlighting the importance of rigorous
quality control measures in irradiation-assisted extraction processes.
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6.8.2. Mechanochemically assisted extraction

Mechanochemically assisted extraction (MCAE), an advanced pre-extraction method, is a technique that utilizes high-speed
grinding to pulverize plant materials, including their tissues and cell membranes. This process plays a crucial role in effectively
releasing intracellular molecules. These molecules can then interact with chemical auxiliaries, leading to the formation of chemical
bonds. Consequently, this interaction facilitates the extraction of target compounds, resulting in improved extraction efficiency and
enhanced hydrophilicity [214]. For instance, calcium phytate was extracted from rice bran enzymatically with the aid of MCAE; the
yield was over 3-fold, with a 17-fold reduction in processing time than enzymatic treatment alone [215]. The MCAE technology
comprises three main steps: (1) initial mechanical preparation of the raw material (sample preparation); (2) mechanochemical
treatment of pre-activated materials using a solid reagent, wherein they are ground under high mechanical pressure in a ball mill; (3)
subsequent extraction procedures. Through this mechanochemical treatment, the raw material undergoes both physical and chemical
transformations, leading to an enhanced water solubility of the target compound. Due to its high efficiency, low operating temper-
ature, and reduced or negligible consumption of organic solvents, MCAE has garnered significant attention in the food and phar-
maceutical industries [216]. The potential mechanisms underlying the MCAE technique include reducing particle size, breaking down
the cell wall, decomposing cellulose, and accelerating the dissolution kinetics. These mechanisms collectively contribute to increasing
the extraction efficiency and reducing the processing time [217].

7. Comparison of extraction techniques and recommendations

The various extraction techniques explored for millet bioactive compounds offer a range of advantages and considerations, pre-
senting a diverse knowledge for the selection of extraction methodology (Fig. 2). Among several techniques explored for millet
bioactive compounds, UAE and MAE stand out for their rapid extraction capabilities, yielding high quantities of compounds with good
purity. However, the energy consumption in UAE and MAE processes tends to be higher compared to other methods. DES technique
exhibits promises with its eco-friendly nature, offering moderate yields and purity, although requiring a deeper understanding of mass
transfer rates and mechanisms for broader applications. SFE showcases potential in preserving compound quality but requires further
assessment of stability and shelf life for commercial viability. The PEF-assisted technique presents a non-thermal approach with
promising results, although necessitating further optimization of parameters for millet-specific applications. PEF and MAE demand
relatively higher energy for producing high-voltage pulses and microwave radiation, respectively. In addition, conventional methods
such as Soxhlet and traditional solvent extraction techniques also consume significantly higher energy due to their prolonged heating
and solvent evaporation processes.

Enzyme assisted extraction (EAE) displays considerable potential, especially for challenging compounds (polyphenols and an-
thocyanins), leveraging enzymes to enhance extraction efficiency and yield. EAE technique has the lowest energy input compared to
any other technique. This is because of milder operating conditions and enzymatic reactions that catalyze the breakdown of cell walls
and complex molecules, without the need for high temperatures or external force. Mechanochemically assisted extraction (MCAE)
demonstrates high efficiency and reduced processing time by utilizing high-speed grinding to release intracellular compounds. This
method, with its capacity to significantly reduce processing duration, presents an appealing option in terms of time efficiency. Despite
each technique involving distinctive benefits, an ideal technique often involves a combination of these techniques considering specific
compound characteristics, extraction efficiency, purity requirements, and operational costs. The integration of techniques and their
optimization may provide synergistic effects, enhancing extraction efficiency and addressing the unique demands of extracting
bioactive compounds from millet. Considering the energy efficiency, the enzyme assisted extraction technique may be regarded as a
greener and more energy-efficient approach due to its mild operating conditions, shorter extraction times, and reduced need for high
temperatures or solvents. However, the exact comparison of energy consumption varies based on several factors, including operating
conditions, scale, and efficiency of each extraction method. Future research focusing on maximizing extraction yield, purity, and
sustainability while minimizing energy usage and processing costs will be instrumental in advancing green extraction techniques for
millet bioactive compounds.

8. Conclusion and future research scope

Millets are a rich source of bioactive compounds, including alkaloids, carotenoids, fatty acids, flavonoids, glycosides, phenolic
compounds, phytosterols, saponins, and tannins. Traditional solvent extraction methods often prove costly and energy intensive.
Therefore, alternative extraction techniques have been explored to enhance the efficiency of extracting these valuable compounds
from millets. Among the alternative green-extraction techniques explored to extract bioactive compounds from millets, ultrasound-
and microwave-assisted extraction have shown promise in rapid extraction. Still, there remains a need for more extensive research,
particularly in the context of minor millets. One key aspect is the need for further research into optimizing and fine-tuning green
extraction methods for millets. This includes exploring the synergistic effects of combining different techniques such as ultrasound,
microwave-assisted extraction, and enzyme-assisted extraction to enhance efficiency, yield, and rapid extraction. Investigating the
specific parameters that influence extraction outcomes, such as energy efficiency, extraction yield, and compound quality preserva-
tion, will be crucial for advancing the field. Additionally, future research should focus on the application of extracted bioactive
compounds in developing functional food products and nutraceuticals. Exploring the bioavailability, stability, and potential health
benefits of these compounds in millet-based products will be essential for validating the methods for potential application in food and
pharmaceutical industries.

Deep eutectic solvents have succeeded in various extraction processes, including those for bioactive compounds from millets.
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However, a deeper understanding of their mechanisms and transfer rates is necessary for broader applications. Supercritical fluid
extraction holds promise, and assessing the quality, stability, and shelf life of extracted compounds from millets is essential for
commercial viability. Combining a single extraction technique with another complementary technique may further enhance the
extraction efficiency, necessitating research into optimization and mechanisms. The pulsed electric field is a promising non-thermal
tool, but its parameters require further optimization, especially in millets, considering the wide range of bioactive compounds pre-
sent. Enzyme-assisted extraction offers significant potential, especially when dealing with complex matrices and challenging com-
pounds like millets. Customized protocols, sustainable pre-treatment methods, and exploring new sources can improve effectiveness.
Moreover, accelerated solvent extraction has proven effective in extracting bioactive compounds from cereals although there are
limited studies. Future research in millet extraction processes should explore synergies between accelerated solvent extraction (ASE)
and other methods like ultrasound or microwave assisted extraction (MAE). Investigating these combinations could enhance the ef-
ficiency, yield, and speed of bioactive compound extraction. For example, studies could evaluate how ASE combined with ultrasound
disrupts cell structures more effectively, leading to increased extraction rates. Similarly, combining ASE with MAE could leverage
rapid heating and solvent penetration for improved extraction outcomes. These investigations would contribute valuable insights into
optimizing extraction techniques for millets, addressing gaps in current understanding, and paving the way for more efficient and
sustainable extraction processes in the food and pharmaceutical industries.

Moreover, there is a growing demand for developing scalable and sustainable extraction processes that can be applied at industrial
levels. Scaling up green extraction techniques for millets requires addressing challenges such as process optimization, cost-
effectiveness, and compatibility with large-scale production. Further research and optimization are essential to harness their full
capabilities. Advanced analytical techniques like mass spectrometry and metabolomics can provide a comprehensive understanding of
the extracted compounds. Besides, to scale up the extraction process for industrial applications, further investigation into equipment
design, energy efficiency, and process scalability is warranted.
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