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Abstract

:

This study explores the effect of ultrasonic treatment followed by fermentation on the in vitro protein digestibility, protein solubility, functional properties, antioxidant activity, total carotenoid content, and gamma-aminobutyric acid (GABA) levels in millet grains. Ultrasonic treatment was applied at different temperatures (20, 40, and 60 °C). The findings indicated significant improvements in phenolic and flavonoid contents and antioxidant activity in terms of the results of the DPPH, FRAP, and ABTS assays of millet grains after ultrasonic treatment alone or combined with fermentation. Moreover, the carotenoid and GABA contents were found to be significantly higher in the ultrasonic-treated grains. The protein solubility functional properties of the millet grains were also improved after the ultrasonic treatment alone or coupled with the fermentation process. Principal component analysis (PCA) revealed that the combined ultrasonic treatment and fermentation of the millet grains could enhance their antioxidant activity, functional characteristics, and vital compounds. Furthermore, the partial least squares (PLS) validation model emphasised that the ultrasonic treatment of millet at 40 °C, followed by fermentation, is the most optimal treatment among the other treatments. Hence, the conclusions highlight the potential of combined ultrasonic (40 °C) and fermentation treatments to improve grains’ nutritional value and functional properties, making millet more suitable for use in health-promoting food products.
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1. Introduction


Pearl millet (Pennisetum glaucum (L.) is vital to agriculture and food in many developing countries due to its ability to thrive in hot and dry conditions. Millet, in particular, is recognised for its nutritional and medicinal benefits [1,2]. Millet is a small-seeded cereal from the Poaceae family. The various types of millet include pearl millet, foxtail millet, finger millet, kodo millet, proso millet, little millet, and barnyard millet [3,4]. It was initially domesticated in arid and semi-arid climates, with minimal water and nutrient involvement, making it a more drought-resistant cereal crop in contrast to the other millet varieties Foxtail millet (Setaria italica) and Proso millet (Panicum miliaceum). Due to this, pearl millet offers a rich nutritional profile. It is protein-rich, containing a significant amount of essential amino acids. Prolamin, the primary storage protein in millet, makes up over 55% of its protein content. High in hydrophobic amino acids, this protein can release bioactive peptides during digestion [5]. Also, millet contains phytochemicals, phenolic acids, flavonoids, amino acids, vitamin B, and minerals such as iron, potassium, phosphorus, calcium, and zinc [3,4,6,7]. Grains, including millet, must be processed to enhance nutrients’ bioavailability, bio-accessibility, and digestibility [8]. This processing can involve both traditional and innovative methods. The processing ways, such as cooking, soaking, sprouting, and fermentation, are used to create various millet-based dishes [9,10]. Processing also boosts enzymatic activity, reduces the dry mass, changes the microstructure, improves water and oil retention, and enhances nutrients’ bio-accessibility and bioavailability [11]. Several food processing methods impact the nutritional and sensory qualities of grains, which cause a substantial impact on the physicochemical content and functional properties of proteins [12]. Many processing methods have been explored to improve protein formation and functionality, enhancing food quality.



Numerous research studies have demonstrated that applying ultrasonic treatment as a source of non-thermal energy can affect grains’ nutritional, chemical, and functional characteristics. Recently, ultrasound technology has been explored as a promising and eco-friendly technology for modifying the structure and optimising the function of biological macromolecules, particularly proteins [13,14,15,16]. Ultrasonic energy can modify food components, particularly proteins, through several actions, including cavitation, shear, crushing, and stirring. Additionally, unlike traditional food processing methods, ultrasound reduces the processing costs, speeds up processing, preserves the heat-sensitive ingredients, and simplifies the food processing operations [17].



The fermentation processing of grains enhances the nutritional and functional aspects of various foods. Particularly, fermenting with sourdough, due to its diverse microbial community, increases the number of bioactive compounds, enhances protein digestibility, improves mineral bioavailability, lowers the glycemic index, boosts the dietary fibre content, and removes antinutritional factors [18,19]. During fermentation processing, beneficial compounds and organic substances are formed as a result of microorganism action in the breakdown of carbohydrates and proteins in cereal flour [20,21]. It has been reported that the fermentation of millet flour significantly increases its digestibility, the bioavailability of nutrients, and the available bioactive compounds and improves the antioxidant properties and functional properties [22,23,24]. In contrast, unfermented cereals often have natural antioxidants, such as phenolic compounds, bound or polymerized, reducing their bio-accessibility [25,26].



Combining ultrasonication with other treatments (e.g., germination) has been shown to optimise the nutritional profile of grains by reducing the amount of antinutrients and enhancing the quantity of beneficial compounds, like antioxidants in kodo and little millet [27]. Although several techniques have been applied to enhance the nutritional value and functional quality of millet, the evidence of the use of ultrasonication subsequent to fermentation on millet to improve its nutritional and functional properties is very scant. Hence, in this study, we aim to investigate the impact of ultrasonic treatments at different temperature levels, followed by fermentation, on the protein digestibility, solubility, functional properties, antioxidant capacity, and γ-aminobutyric acid (GABA) levels of pearl millet grains.




2. Materials and Methods


2.1. Sample Preparation and Ultrasonic Treatment


The local pearl millet genotype (baladi) used in this study was obtained from a local market in Saudi Arabia. The grains were cleaned and then kept in plastic bags in a refrigerator at 4 °C until they were used for experiments. Ultrasonic treatments were performed using 250 W and 40 kHz ultrasonic equipment. Whole millet grains were held in a glass jar and treated at 20, 40, and 60 °C temperatures for 20 min. The control and treated grains were ground and passed through a 0.4 mm sieve. The fermentation process was conducted naturally by mixing millet flour with H2O (1:3 w/v) and incubated at 37 °C for 14 h until the pH dropped to 3.9. In millet fermentation, common LAB species, including Lactobacillus, Lactococcus, Pediococcus, and Leuconostoc species, are involved [28]. The dried fermented flour was then ground into a fine powder and kept at 4 °C for analysis.




2.2. Phytochemical Content and Antioxidant Activity


Methanolic (100%) extracts of the control and treated samples were prepared according to Talhaoui et al. [29]. The Folin–Ciocalteu’s reagent method of Waterhouse [30] was applied to estimate the total phenolic content of millet. The absorbance of the extract was assessed at 765 nm using a UV–Vis spectrophotometer (UVIKON 930, BIO-TEK Kontron, Eching, Germany). The gallic acid standard curve was set at different absorptions, and the samples’ TPC was stated as mg gallic acid equivalents mg GAE/g dry weight (R2 = 0.9974).



The flour’s total flavonoid content (TFC) was calculated as designated by Kim et al. [31]. The absorbance of the extracts was read using a UV–Vis spectrophotometer (510 nm). The standard curve was set at different concentrations of catechin (R2 = 0.99316), and the TFC was expressed as mg catechin equivalents (mg CE/g) dry weight.



The scavenging activity of the DPPH radicals of the pearl millet extracts was measured as described by Chang et al. [32]. The spectrophotometer was used to calculate the DPPH scavenging at the absorbance of 517 nm. The calculated DPPH scavenging was expressed as Trolox equivalents per g (mg Trolox/g). The ferric-reducing antioxidant power (FRAP) assay of pearl millet extracts were measured according to the procedure of Oyaizu, [33]. The absorbance of the FRAP solution was detected at 593 nm against a blank using a UV–visible spectrophotometer. Trolox was used as a standard for setting the calibration curves, and the values were expressed as mg Trolox equivalent/g. Re et al. determined the ABTS radical scavenging activity of the samples as described by [34]. The ABTS mixture solution was produced and added to the extracted samples. Then, ABTS cation radical scavenging activity was detected using an ultraviolet–visible spectrophotometer (734 nm) and expressed as Trolox equivalent (mgTE/g).




2.3. γ-Aminobutyric Acid Content


The γ-aminobutyric acid (GABA) content was measured by the method of Sansenya et al. [35]. The absorbance of the resulting solution was detected at 645 nm using a spectrophotometer. The GABA content of the test sample was calculated by comparing the absorption value with the standard GABA content curve (R2 = 0.9923).




2.4. Determination of Carotenoids


Carotenoids were measured according to the method of Jacques et al. [36]. The carotenoids were extracted with acetone (25 mL) and then fractionated using petroleum ether (20 mL) and H2O (100 mL). The absorbance was measured at 450 nm using an ultraviolet–visible (UV–VIS PD-303 UV) spectrophotometer, and the total carotenoid content was expressed as μg/g of DM.




2.5. In Vitro Protein Digestibility and Protein Solubility


The in vitro protein digestibility (IVPD) of the samples was determined using the enzymatic method (pepsin—0.1 N HCl;1 mg:15 mL) following the procedure of Maliwal [37]. The enzyme digestible protein was assessed using the AOAC [38] method. Abd Elmoneim and Bernhardt’s [39] protocol was followed to estimate the protein solubility in millet samples. The soluble protein content in the clear supernatant was quantified using the AOAC [38] method.




2.6. Holding Capacities


The holding capacities, such as the water-holding capacity (WHC) and oil-holding capacity (OHC) of samples of flour, were measured following the procedure of Sudha et al. [40]. Flour samples were suspended in water for the WHC and in sunflower oil for the OHC in a ratio of 1w:10v. The WHC was assessed as the amount of water taken per gram of the sample, whereas the OHC was expressed as the amount of oil bound per gram of dry matter of the sample.




2.7. Emulsification Properties


The emulsifying properties, such as the emulsifying activity index (EAI) and emulsion stability index (ESI), of the flour samples were measured using the method described by Klompong et al. [41]. About 0.3 g of the sample was mixed with deionised water (30 mL) and then 10 mL of sunflower vegetable oil. The mixture was homogenised at a speed of 20,000 rpm for 1 min. The aliquot of the emulsion, 50 μL, was transferred from the bottom of the container at 0 and 10 min after homogenisation and dissolved with 0.1% sodium dodecyl sulphate (5 mL) solution. The absorbance of the diluted solution was measured at 500 nm using a spectrophotometer (UVIKON 930, BIO-TEK Kontron, Eching, Germany).
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where A0 is the absorbance at 0 min; A10 is the absorbance at 10 min after; Δt = 10 min; and ΔA = A0 − A10.




2.8. Foaming Properties


The foaming properties, such as the foaming capacity (FC) and foam stability (FS) of the samples, were determined according to Wang et al. [42]. A blend of flour (0.7 g) and H2O (100 mL) was whipped in a high-speed laboratory blender for 5 min and then decanted, and the foam volume was recorded. The FS was calculated based on the decrease in the foam’s volume after one hour.




2.9. Statistical Analysis


All analysis measurements were done in triplicate. Two-way ANOVA statistically evaluated the data in the XLSTAT premium software package (XLSTAT 2023.2). The significance levels were compared using the least significant difference test (LSD). The HJ-biplot PCA algorithms test and the partial least squares regression test (PLS) were achieved through XLSTAT software, as described by Vidal et al. [43] and Tenenhaus et al. [44].





3. Results and Discussion


3.1. Effect of Ultrasonic Treatment Followed by Fermentation on the Total Phenolic Content and Total Flavonoid Content of Millet Grains


The results of the total phenolic content (TPC) and total flavonoid content (TFC) of the millet grains after ultrasonic treatment alone or followed by fermentation are shown in Table 1. The findings indicated that ultrasonic treatment of millet grains at different temperatures caused a significant (p < 0.001) increment in the TPC. The highest value of the TPC was obtained when the grains were treated at 60 °C. Interestingly, the fermentation process of the ultrasonic-treated millet significantly (p < 0.001) enhanced its TPC.



It was also shown in Table 1 that the content of the total flavonoid of the millet grains was significantly (p < 0.001) influenced by the ultrasonic treatment, fermentation, and the interaction between both processes. It was stated that the TFC of millet increased significantly (p < 0.001) as the ultrasonic temperature rose, and the higher value of 4.44 mg CE/g was detected at 60 °C ultrasonic treatment. Interestingly, fermentation alone or ultrasonication followed by fermentation was found to enhance the TFC of millet grains (p < 0.001).



The significant increment of the TPC and TFC in the millet grains after ultrasonic treatment alone or coupled with fermentation might be due to the mechanisms of the cell structure disruption, microbial activity, and improved extraction efficiency [45]. Similar to our findings, Swieca et al. [46] found that the content of total phenolics and flavonoids in lentil seeds increased significantly due to fermentation. Interestingly, Zhao et al. [47] stated that a combination of ultrasonic treatment and fermentation enhanced the phenolic content of soybeans. Hence, ultrasonic treatment alone or coupled with fermentation can increase the phenolic compounds of millet, making them more valuable for human health.




3.2. Effect of Ultrasonic Treatment Followed by Fermentation on the Antioxidant Activity of Millet Grains


The antioxidant activity of control and treated grains was described in terms of DPPH, FRAP, and ABTS (Table 2). As shown in the table, the antioxidant activity of DPPH and FRAP of millet gain was found to be significantly (p < 0.001) affected by ultrasonic treatment, fermentation, and the interaction of both treatments. The DPPH of the untreated millet sample was 3.16 mg Trolox/g. Ultrasonic treatment of millet grain for 20, 40, and 60 °C significantly (p < 0.001) increased the DPPH to 3.36, 5.07, and 6.95 mg Trolox/g, respectively. Interestingly, the DPPH of the fermented millet grains was significantly higher than that of unfermented grains. The highest DPPH value, 10.4 mg Trolox/g, was observed in the grain treated with ultrasonication for 60 °C, followed by fermentation (Table 2). The ultrasonic treatment and fermentation impact the ferric-reducing antioxidant power (FRAP) similarly to DPPH. Increasing the temperature of the ultrasonic treatment significantly (p < 0.001) increased the FRAP from 3.7 to 4.2, 4.7, and 4.7 mg Trolox/g. The fermentation process also caused significant (p < 0.001) increments to 5.9 mg Trolox/g. Moreover, the FRAP of the fermented grains after ultrasonic treatment was higher than that of those treated at 60 °C (Table 2). On the contrary, the ABTS of the grains was found to be significantly reduced after ultrasonic treatment. However, fermentation of untreated millet grains significantly (p < 0.001) increased the ABTS to 5.39 mg Trolox/g. Additionally, fermentation of ultrasonic-treated grains increased the ABTS antioxidant, and the highest ABTS value, 6.03 mg Trolox/g, was obtained in the fermented millet grains treated with ultrasonication at 60 °C (Table 2). The reduction in the ABTS values of millet after ultrasonication might be associated with several mechanism actions. It has been stated by Chemat et al. [48] that ultrasonication may cause a structural change in certain antioxidants, which can decrease the ABTS scavenging ability.



In this study, the increases in the antioxidant activity (DPPH, FRAP, and ABTS) are principally due to several factors associated with ultrasonic and fermentation treatments of the grains. These factors include the metabolic actions of microorganisms during fermentation and a breakdown of cell walls during ultrasonic treatment [49,50]. Hence, both processing treatments may enhance the extraction and bioavailability of antioxidant compounds in millet. Moreover, combining the ultrasonic treatment with fermentation can dramatically increase the antioxidant capacity of grains; however, they increase the phenolic compounds’ content and availability, which results in increased antioxidant activity. Tiwari et al. [50] reported that ultrasonic treatment significantly increases the DPPH and FRAP values due to the increased content of phenolic compounds in fruit and vegetable extracts. The combination of ultrasonic treatment and fermentation resulted in a more efficient release of antioxidants, contributing to the higher DPPH, FRAP, and ABTS values. The increase in antioxidant activity in soybeans was also observed due to the combination of ultrasonic treatment and fermentation, as Zhao et al. [47] reported.




3.3. Effect of Ultrasonic Treatment Followed by Fermentation on the In Vitro Protein Digestibility and Protein Solubility of Millet Grains


Table 3 describes the in vitro protein digestibility (IVPD) and protein solubility of millet grains as affected by ultrasonic treatment with or without fermentation. The IVPD was found to be significantly (p < 0.001) increased after ultrasonic treatment, particularly at 20 and 40 °C. However, treatment of millet grain with ultrasonication at 60 °C reduced the IVPD to 31.4%. Also, the lowest IVPD value, 28.7%, was detected in fermented millet grains treated with ultrasonication at 60 °C (Table 3). The protein solubility of untreated grains was found to be 19.7%. Ultrasonic treatment caused a significant (p < 0.001) increment in the protein solubility of the grains, particularly at the highest treated temperature, 60 °C (41.9%). Compared to unfermented millet samples, the protein solubility was found to be significantly higher in the fermented samples (p < 0.001), particularly in those samples treated with ultrasonication at 20 and 40 °C (Table 3).



Changes in the protein solubility and digestibility in millet grains due to ultrasonic and fermentation treatments might be attributed to the breakdown of protein aggregates and the partial hydrolysis of protein structures. The protein solubility of soybeans was found to be significantly improved after ultrasonic treatment [47]. Due to the fermentation process of grains, the reduction in the antinutritional factor and increased enzyme activity improved protein digestibility [51]. Moreover, coupled ultrasonication and fermentation cause a significant enhancement in protein solubility and digestibility of grain [52]. The combination of ultrasonication and fermentation has a synergistic impact on the protein solubility and digestibility of grains, which may improve protein functionality.




3.4. Effect of Ultrasonic Treatment Followed by Fermentation on the Gamma-Aminobutyric Acid and Total Carotenoids of Millet Grains


The results of the total carotenoids and Gamma-aminobutyric acid (GABA) of the millet grains after ultrasonic treatment alone or followed by fermentation are shown in Table 4. The total carotenoid of the control sample was 41.2 μg/g. Ultrasonic treatment of millet grains at 20, 40, and 60 °C caused a significant (p < 0.001) increment in the total carotenoids to 45.0, 55.3, and 69.4 μg/g, respectively. Stimulatingly, the fermentation process of the control and ultrasonic-treated millet significantly (p < 0.001) enhanced its total carotenoids. The highest value of the total carotenoid was 78.5 μg/g, observed in the ultrasonic-treated grains at 60 °C. The increment of the carotenoids in millet due to the ultrasonication alone or combined with fermentation might be due to the disruption of the cellular matrix and increasing microbial breakdown during the process. An increase in carotenoids in grains due to the ultrasonication and fermentation processes has also been observed in corn and fermented food [53,54], respectively.



The GABA content of the millet grains was found to be 4.86 mg/g. Ultrasonic treatment of millet grains at 20, 40, and 60 °C significantly (p < 0.001) increased its GABA content to 4.59, 6.04, and 6.75 mg/g, respectively (Table 4). However, the GABA content was found to be significantly (p < 0.001) lower in the fermented millet grains compared to unfermented samples (Table 4). The enhancement of GABA in millet grains might result from the increasing activity of glutamate decarboxylase (GAD) during the ultrasonic treatment. Stimulation of the GAD catalyses the conversion of glutamate to GABA due to ultrasonication, which has been observed in various grains like brown rice [55]. Moreover, combining ultrasonic energy, particularly at temperatures up to 40 °C, with fermentation stimulates the synthesis of GABA in millet due to the action of the microbial decarboxylation of glutamate [56]. Regarding the obtained results, the increment of the GABA and carotenoid contents in millet due to the combination of both treatments offers a synergistic consequence, leading to higher bioavailability and content of these imperative bioactive substances, improving the nutritional quality of grains.




3.5. Effect of Ultrasonic Treatment Followed by Fermentation on the Functional Properties of Millet Grains


Figure 1A–F illustrates the effect of the ultrasonic treatment and ultrasonic treatment followed by fermentation on the millet’s functional properties in terms of the water-holding capacity (WHO), oil-holding capacity (OHC), emulsion activity index (EAI), emulsion stability index (ESI), foaming capacity (FC), and foaming stability (FS). The WHC of the millet grains was found to be significantly (p < 0.001) influenced by ultrasonic treatment, particularly at the treatment temperatures of 20 and 40 C. Fermentation of the raw millet samples or fermentation of the ultrasonic-treated grains significantly (p < 0.001) increased its WHC (Figure 1A). The OHC was found to be similar in the control sample and ultrasonic samples. However, the OHC of fermented millet and ultrasonic-treated samples followed by fermentation was significantly higher (p < 0.001). Fermentation of the control sample increased the OHC to 1.17 mL/g, while the fermentation process of ultrasonic-treated samples for 20, 40, and 60 °C caused increments of the OHC to 1.38, 1.38, and 1.53 mL/g, respectively (Figure 1B).



The EAI of the millet sample was found to be 7.02 m2/g. Ultrasonic treatment of millet at 20, 40, and 60 °C significantly (p < 0.001) increased the EAI to 8.46, 8.11, and 8.11 m2/g, respectively (Figure 1C). However, the fermentation process caused a significant reduction in the EAI of the millet. The ESI stability of the millet grains was found to be 2.81 min (Figure 1D). The ESI of the millet was significantly (p < 0.001) increased due to the ultrasonic treatment, particularly at 20 °C (6.91 min). The ESI of the fermented millet was found to be 8.87 min. Fermentation of the ultrasonic-treated millet at 20 and 40 °C significantly (p < 0.001) increased the ESI to 9.82 and 10.20 min, respectively.



Figure 1E describes the foaming capacity of raw and processed millet. As shown in the figure, ultrasonic treatment caused no significant (p < 0.001) changes in the FC of millet grains, particularly at 20 and 40 °C. However, ultrasonic treatment at 60 °C caused an increment in the FC to 3.83%. The fermentation process was found to have a significant (p < 0.001) influence on the millet FC. It was found to be significantly lower in the fermented raw samples.



Interestingly, fermentation of ultrasonic-treated millet at 20 and 40 °C sharply increased the FC to 4.77 and 4.39%, respectively. However, fermentation of ultrasonic-treated grains at 60 °C reduced the FC to 2.20% (p < 0.001). The foaming stability of millet grains was found to be significantly similar in the raw and processed samples, as illustrated in Figure 1F.



The changes in the millet’s functional properties, such as the action of ultrasonic treatment and fermentation processes, might be due to the interference of several actions, such as physical disruption, chemical modification, and enzymatic activity. It has been stated that ultrasonication enhances the functional properties of the grain since it causes the breakdown of the component structure of the grain, which may lead to modified protein and starch structure conformation. These changes enhance the functional performance of the macromolecules that are required in food production [57]. The solubility and functional properties of whey protein were improved after ultrasonic treatment due to the mechanisms of cavitation and protein unfolding [52]. Moreover, Yeo and Liong [51] stated that fermentation improves soy-based foods’ solubility emulsification properties and water-holding capacity. Similar to our findings, combining ultrasonication and fermentation significantly improved cereal grains’ protein solubility and emulsification characteristics [47]. The significant enhancement of the functional properties of millet grain due to ultrasonic treatment, either alone or followed by fermentation, may result in grains with superior functional and nutritional qualities.




3.6. Principal Component and Partial Validation Squares Regression Analyses


The principal component analysis (PCA) shows the interrelationships between ultrasonic treatment at different temperatures (0, 20, 40, and 60 °C) or ultrasonic treatment followed by fermentation and the protein digestibility and solubility, total carotenoids, GABA, functional properties, and antioxidants of the millet grains in Figure 2A. The axes contribution of the PC1 and PC2 are explained as 50.14% and 19.82%, which resulted in a variability (69.97%) of the plotted components. A high positive correlation was also observed between ultrasonic treatments at 20, 40, and 60 C of the grains, followed by fermentation and grains’ quality parameters. The PCA biplot revealed a clear clustering of the untreated millet samples (control and control-fermented) in the third quadrant of the plot compared to the ultrasonic-treated samples. Moreover, ultrasonication combined with fermentation samples scattered in the first and second quarters is perfectly separated based on their interactions with the bioactive compounds (GABA and carotenoid), phenolic compounds (TPC and TFC), antioxidant activity (DPPH, FRAP, and ABTS) and the functional properties (WHC, OHC, ESI, FC, and FS). Concerning Yan et al. [58], the eccentricity and observation of the variables that appear at a < 90° angle are positively connected, whereas that of angels > 90° are linked with a negative association, and those with a 90° angle do not show a connexion in the biplot. Therefore, observations revealed that combined ultrasonic treatment and fermentation of millet grains could enhance their bioactive content, antioxidant activity, functional characteristics, and vital compounds.



The partial least squares regression analysis (PLS) was described in Figure 2B. The PLS demonstrated the interactive effect of the ultrasonic treatments at different temperatures alone or followed by natural fermentation (x variables) on the assessed quality parameters of the millet grains. As shown in the model, the PLS model validated that the treatments, particularly ultrasonic treatment at 40 °C followed by fermentation, achieved the most suitable treatment for nutritional and functional applications for the millet grains, which might be considered for further food industry requests.





4. Conclusions


In conclusion, this study demonstrates how fermentation and ultrasonic treatment improve millet’s nutritional makeup and practical qualities; however, a more thorough comprehension of the underlying mechanics would be beneficial. By causing cavitation, which damages cell walls and improves nutrient accessibility, ultrasonic treatment affects protein conformation and cell structure. Additionally, partially unfolding proteins and changing their structure improves the solubility and digestibility of proteins. Certain bacteria, such as Lactobacillus, Lactococcus, Pediococcus, and Leuconostoc species, are essential for fermentation because they change millet’s nutrient profile and functionality. Hence, future studies should concentrate on measuring these impacts and investigating how the regulated application of ultrasonic treatment and particular microbial strains could provide millet’s nutritional and functional advantages, offering a more reliable and useful method of processing millet-based foods.
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Figure 1. Effect of ultrasonic treatment followed by fermentation on the water holding capacity (A), oil holding capacity (B), emulsion activity index (C), emulsion stability index (D), foaming capacity (E), and foaming stability (F) of millet grains. Values with the same letter are not significantly different at p < 0.05 according to LSD. Each value represents the average of 3 replications. 
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Figure 2. Principal component analysis (A) and partial least squares regression analysis (B) for the parameters determined of control and treated millet grains. 
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Table 1. Effect of ultrasonic treatment followed by fermentation on the total phenolic content (TPC) and total flavonoid content (TFC) of millet grains.






Table 1. Effect of ultrasonic treatment followed by fermentation on the total phenolic content (TPC) and total flavonoid content (TFC) of millet grains.





	
Ultrasonic Treatment

	
TPC (mg GAE/g)

	
TFC (mg CE/g)




	
Raw

	
Fermented

	
Raw

	
Fermented






	
Control

	
3.7 ± 0.35 d

	
6.0 ± 0.20 c

	
0.6 ± 0.08 g

	
4.4 ± 0.13 c




	
20 °C

	
5.6 ± 0.14 c

	
5.8 ± 0.03 c

	
1.4 ± 0.13 f

	
4.0 ± 0.08 cd




	
40 °C

	
7.5 ± 0.11 b

	
7.6 ± 0.05 ab

	
2.3 ± 0.08 e

	
5.1 ± 0.08 b




	
60 °C

	
8.3 ± 0.28 a

	
7.7 ± 0.46 ab

	
4.4 ± 0.23 c

	
5.8 ± 0.27 a




	
Two-way ANOVA




	
Ultrasonic (U)

	
***

	
***




	
Fermentation (F)

	
***

	
***




	
U * F

	
***

	
***




	
SE± (U)

	
0.101

	
0.062




	
SE± (F)

	
0.071

	
0.044




	
LSD

	
0.426

	
0.185








Letters indicate that values do not differ significantly at p < 0.05 according to LSD; (*) indicate significant variation: ***, significant at p < 0.001 level. Each value represents the average of 3 replications.













 





Table 2. Effect of ultrasonic treatment followed by fermentation on the antioxidant activity of millet grains.
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Ultrasonic Treatment

	
DPPH (mg Trolox/g)

	
FRAP (mg Trolox/g)

	
ABTS (mg Trolox/g)




	
Raw

	
Fermented

	
Raw

	
Fermented

	
Raw

	
Fermented






	
Control

	
3.2 ± 0.14 f

	
7.9 ± 0.47 c

	
3.7 ± 0.00 g

	
5.9 ± 0.00 c

	
4.9 ± 0.12 c

	
5.4 ± 0.11 b




	
20 °C

	
3.4 ± 0.33 f

	
8.5 ± 0.14 bc

	
4.2 ± 0.00 f

	
6.2 ± 0.04 b

	
4.1 ± 0.00 d

	
4.8 ± 0.04 c




	
40 °C

	
5.1 ± 0.26 e

	
8.8 ± 0.07 b

	
4.7 ± 0.01 e

	
6.0 ± 0.01 c

	
4.2 ± 0.02 d

	
5.5 ± 0.02 b




	
60 °C

	
6.9 ± 0.26 d

	
10.4 ± 0.14 a

	
4.7 ± 0.00 d

	
6.9 ± 0.05 a

	
4.3 ± 0.04 d

	
6.0 ± 0.05 a




	
Two-way ANOVA




	
Ultrasonic (U)

	
***

	
***

	
***




	
Fermentation (F)

	
***

	
***

	
***




	
U * F

	
***

	
***

	
***




	
SE± (U)

	
0.106

	
0.018

	
0.037




	
SE± (F)

	
0.075

	
0.013

	
0.018




	
LSD

	
0.317

	
0.073

	
0.055








Letters indicate that values do not differ significantly at p < 0.05 according to LSD; (*) indicate significant variation: ***, significant at p < 0.001 level. Each value represents the average of 3 replications.













 





Table 3. Effect of ultrasonic treatment followed by fermentation on the in vitro protein digestibility and protein solubility of millet grains.
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Ultrasonic Treatment

	
IVPD (%)

	
Protein Solubility (%)




	
Raw

	
Fermented

	
Raw

	
Fermented






	
Control

	
31.8 ± 0.31 d

	
33.6 ± 0.29 b

	
19.7 ± 0.49 f

	
33.6 ± 0.29 e




	
20 °C

	
32.8 ± 0.00 c

	
30.4 ± 0.15 f

	
39.0 ± 0.09 d

	
50.3 ± 0.15 a




	
40 °C

	
38.5 ± 0.51 a

	
31.0 ± 0.40 e

	
37.7 ± 0.06 d

	
47.0 ± 0.40 b




	
60 °C

	
31.4 ± 0.15 de

	
28.7 ± 0.15 g

	
41.9 ± 0.17 c

	
40.1 ± 0.15 cd




	
Two-way ANOVA




	
Ultrasonic (U)

	
***

	
***




	
Fermentation (F)

	
***

	
***




	
U * F

	
***

	
***




	
SE± (U)

	
0.118

	
0.367




	
SE± (F)

	
0.084

	
0.259




	
LSD

	
0.820

	
1.484








Letters indicate that values do not differ significantly at p < 0.05 according to LSD; (*) indicate significant variation: ***, significant at p < 0.001 level. Each value represents the average of 3 replications.













 





Table 4. Effect of ultrasonic treatment followed by fermentation on the gamma-aminobutyric acid and total carotenoids of millet grains.
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Ultrasonic Treatment

	
Total Carotenoid (μg/g)

	
GABA (mg/g)




	
Raw

	
Fermented

	
Raw

	
Fermented






	
Control

	
41.2 ± 2.23 e

	
54.0 ± 6.68 cd

	
4.7 ± 0.17 e

	
3.8 ± 0.04 f




	
20 °C

	
45.0 ± 2.27 de

	
59.2 ± 8.03 bc

	
4.6 ± 0.04 d

	
4.9 ± 0.04 d




	
40 °C

	
55.3 ± 2.23 cd

	
69.4 ± 0.00 ab

	
6.0 ± 0.42 c

	
6.2 ± 0.00 b




	
60 °C

	
69.4 ± 0.00 ab

	
78.5 ± 4.46 a

	
6.8 ± 0.07 a

