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Processing-Induced Modifications in Techno-Functional Properties of Proso Millet (Panicum miliaceum L.) Flour
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Processing-induced structural transformations significantly influence the techno-functional properties of cereal flours by modifying hydration behaviour, particle interaction and packing characteristics. The present study investigated the impact of soaking, roasting, blanching, and germination on the flowability, hydration attributes, and lipid-binding capacity of proso millet (Panicum miliaceum L.) flour. Processing treatments resulted in measurable variations in physical parameters. Bulk density ranged from 0.52–0.57 g/cm³ and did not differ significantly among treatments (p = 0.678). In contrast tapped bulk density (0.70–0.77 g/cm³; p = 0.0033) showed significant variation, indicating changes in particle packing behaviour. Flowability indices were also affected, with Hausner ratio (1.10–1.44; p = 0.0349) and Carr’s index (21.47–30.04%; p = 0.0148), demonstrating significant differences, reflecting modifications in powder cohesiveness and interparticle interactions. 
Functional characteristics were similarly influenced by processing. Water absorption capacity increased (172.1–200.5%; p = 0.0001) significantly following roasting, indicating enhanced hydration potential. Oil absorption capacity (162.0–169.1%; p = 0.1651) remained statistically unchanged, suggesting relative stability of hydrophobic lipid-binding domains. In contrast, swelling capacity (77.75–87.55%; p = 0.0001) increased significantly after germination, indicating improved starch hydration and expansion.
These changes are attributed to structural modifications within the flour matrix, including enzymatic hydrolysis during germination and partial starch gelatinization and protein denaturation during thermal processing. Overall, the findings demonstrate that targeted processing strategies can effectively modulate the techno-functional performance of proso millet flour, supporting its application in gluten-free and functional food systems.
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Introduction
Growing interest in underutilized cereals has positioned proso millet (Panicum miliaceum L.) as a promising candidate for sustainable and functional food applications due to its nutritional potential, environmental adaptability, and suitability for gluten-free diets (Mohanan et al., 2025). Proso millet is rich in complex carbohydrates, dietary fiber, essential amino acids, and bioactive phenolic compounds, and exhibits a relatively low glycemic index compared with major cereals (Saini et al., 2021). Despite these advantages, the broader incorporation of millets into food systems remains limited due to limited intrinsic structural constrains and presence of antinutritional compounds that can influence functional performance and nutrient bioavailability.
Processing treatments are therefore commonly employed to improve digestibility, nutrient accessibility, reduce antinutritional factors, and enhance functional characteristics (Gómez & Martínez, 2015). Among these methods, germination activates endogenous enzymes such as α-amylase and proteases, which modify starch and protein matrices and enhance water penetration, thereby influencing hydration and rheological behavior (Karki et al., 2025). 
Thermal treatments including roasting and blanching induce partial starch gelatinization and protein denaturation, exposing hydrophilic and hydrophobic functional groups, that alter water and oil absorption properties (Xiang et al., 2023). Chen et al. (2024) demonstrated that heat-moisture treatment improves water retention and pasting behavior of millet starch, while Sun et al. (2014) observed enhanced hydration properties in thermally treated proso millet products. Similar effects have been documented in sorghum and pearl millet, where processing improved functional attributes and reduced antinutritional factors (Kulthe et al., 2022). Similarly, soaking has been shown to modify flour particle structure by reducing bulk density and improve flow characteristics through hydration and reducing surface friction, as observed in studies on finger millet and sorghum flours (M & P, 2024). 
Although previous studies have individually examined the effects of specific processing techniques on millet grains, systematic comparative assessment of multiple processing treatments on the functional properties of proso millet flour under standardized conditions remains limited (Javed et al., 2025). A comprehensive understanding of processing-induced structural changes and their effects on techno-functional attributes is essential for optimizing millet utilization in food product development, particularly in gluten-free bakery products, extruded snacks, complementary foods, and other value-added applications.
Therefore, the present study aimed to investigate the influence of soaking, roasting, blanching, and germination on the flowability, hydration behavior, and lipid-binding capacity of proso millet flour. The study further sought to elucidate the mechanistic basis of processing- driven structural transitions affecting these functional properties. 
Materials and Methodology 
The major ingredient Proso millet were procured from the local market of Kurukshetra, Haryana (India). All the chemicals used in this study were of analytical grade throughout the study. 
2.1 Processing of Proso millet
2.1.1 Control 
Grains were cleaned, rinsed, and air-dried for 24 h before milling. 
2.1.2 Soaking
Millet grains were steeped in excess distilled water for 12 h at ambient temperature and subsequently dried at 60°C for 2 hours.
2.1.3 Roasting
Grains were roasted at 100-110°C with continuous mixing until the characteristic’s aroma developed, cooled, and stored.
2.1.4 Blanching
Millet was immersed in boiling water (98°C) for 30 s and then dried at 60°C for 2 h. 
2.1.5 Germination
Grains were soaked for 12 h, drained, and germinated for 72 h at 28°C with daily hydration under high relative humidity. 
All samples were milled, sieved, and stored at 4°C. All analysis were in triplicate. 
2.2 Functional Properties  
2.2.1 Bulk Density (BD) and Tapped Bulk Density (TBD)
10 g sample (M) was placed in a dry measuring cylinder, and the volume (V) was recorded for the loose bulk density. For the tapped bulk density, the cylinder was tapped 100 times on the bench top to remove voids and note the tapped volume (V2). BD and TBD were calculated using the formula given by M. Kaur & Singh, 2007:


Where M is the mass of flour and V1 and V2 are volumes for bulk and tapped bulk density respectively.
2.2.2 Hausner ratio (H) and Carr’s index (CI)
Hausner ratio and carr’s index are valuable to determine flow characteristics of different flour, by taking ratio BD and TBD. Further calculated using the formula given by Sharangat et al 2019. 



2.2.3 Water absorption capacity (WAC) 
1g of flour (S) sample was added to 10 ml distilled water in a pre-weighted centrifuge tube(T). The tube was agitated for 2 min and centrifuged at 4000 rpm for 20 min. The clear supernatant was decanted and discarded. The tube was weighed (T2). Following formula was used to determine WAC and OAC given by Onwuka, 2005:

where S is the sample weight, and T and T2 are the initial and final weight of centrifuge tube.
2.2.4 Oil absorption capacity (OAC)
The oil absorption capacity was determined by mixing flour with groundnut oil, followed by resting and centrifugation (Onwuka, 2005). 
2.2.5 Swelling capacity (SC)
One gram sample was mixed with 10 ml of distilled water in a weighted centrifuge tube. The tube was then placed in a water bath at 85℃ for 15 min and centrifuged at 2000 rpm for 30 min. The clear supernatant was decanted and discarded. Tube was weighed. The swelling power of the flour was calculated as the ratio of the final weight to the initial weight, multiplied by 100 (Subramanian et al, 1986).
3 Results and Discussion
Processing treatments significantly influenced the flow and hydration related characteristics of proso millet flour (PMF), reflecting modifications in particle morphology and internal matrix organization (Table 1). Functional properties such as water absorption capacity (WAC), oil absorption capacity (OAC), and swelling capacity (SC) play a crucial role in determining flour behaviour during processing and directly affects product texture, stability, applicability for various food applications. The influence of different cooking treatments- soaking, roasting, blanching, and germination on the functional characteristics of proso millet flour (PMF) are summarized in Table 2. 
3.1 Bulk Density (BD)
Bulk density is an important functional parameter influencing packaging efficiency, storage stability, and handling characteristics of flour-based food products. In the present study, bulk density of pearl millet flour ranged from 0.52 to 0.57 g/cm³ across different processing treatments (Table 1). Raw PMF exhibited the highest value (0.57 ± 0.03 g/cm³), whereas germinated PMF showed the lowest bulk density (0.52 ± 0.04 g/cm³). The slight reduction observed following soaking, roasting, blanching, and germination may be attributed to structural modifications within starch granules and protein matrices, that produce a more porous flour structure (Liu et al., 2021).
However, statistical analysis indicated that these variations were not significant (p = 0.678), suggesting that the applied processing treatments had limited impact on the bulk density of pearl millet flour. Similar trends have been reported in processed millet flours studies where germination and roasting resulted in marginal reduction in bulk density due to expansion and loosening of grain structure (Saleh et al., 2013). Lower bulk density is particularly advantageous in the formulation of nutrient-dense complementary foods, as it permits higher nutrient incorporation without increasing viscosity (Chandra et al., 2014). Reduced bulk density in germinated millet flours has also been associated with enzymatic degradation of starch and protein during sprouting (M and P, 2024b).
3.2 Tapped Bulk Density (TBD)
Tapped bulk density (TBD) reflects the compressibility of flour particles and packing efficiency under mechanical agitation. In the present study, TBD values ranged from 0.70 to 0.77 g/cm³, with blanched proso millet flour (PMF) exhibiting the highest value (0.77 ± 0.04 g/cm³) and soaked PMF the lowest (0.70 ± 0.01 g/cm³). Processing treatments significantly affected TBD (p = 0.0033), indicating alterations in particle packing characteristics.
 The higher TBD observed in blanched samples may be associated with partial starch gelatinization during heat treatment, which enhances particle cohesiveness and compactness. Conversely, soaking likely promoted hydration-induced swelling and structural modifications that decrease packing efficiency. Similar trends have been reported in millet flours subjected to soaking and germination treatments, where structural changes in starch granules contributed to lower tapped density (Adebiyi et al., 2019). These variations in TBD are relevant for food processing operations because tapped density directly influence powder flow, compressibility, and handling properties during mixing and packaging.
Table 1 Processing induced modification in flow and packing properties of Proso millet flour
	Parameters 
	Raw PMF
	Soaked PMF
	Roasted PMF
	Blanched PMF 
	Germinated PMF
	p value 

	BD (g/cm3)
	0.57±0.03

		0.55±0.01


 
		0.54±0.01


 
		0.54±0.06


 
	0.52±0.04

	0.678ns

	TBD (g/cm3)
		0.76±0.02


 
		0.70±0.01


 
	0.74±0.07

	0.77±0.04

	0.75±0.02
	0.0033**

	HR (%)
	1.34±0.08

	1.10±0.01

	1.36±0.10

	1.44±0.21

	1.43±0.07 

	0.0349*

	CI (%)
	25.19±4.17

	21.47 ±0.89

	26.57±5.71

	28.99±11.27

	30.04±3.6

	0.0148*


Mean value are presented as mean ±SD
Readings were taken in triplicate
*Significant at p=.05, ** significant at p=0.01, ns = non-significant 
3.3 Hydration Ratio (HR)
Hydration ratio (HR) indicates the capacity of grains or flour particles to absorb water during processing or cooking. In the present study, HR ranged from 1.10 to 1.44 across treatments. Raw PMF showed HR of 1.34 ± 0.08, while blanched PMF exhibited the highest hydration ratio (1.44 ± 0.21), followed closely by germinated PMF (1.43 ± 0.07). 
The increase hydration capacity following blanching and germination may result from structural disruption of starch granules and cell wall components, which facilitates greater water penetration and absorption (L. Liu et al., 2024). In contrast, soaked PMF showed the lowest hydration ratio (1.10 ± 0.01), possibly due to the leaching of soluble constituents during soaking. Statistical analysis confirmed a significant effect of processing treatments on HR (p = 0.0349), indicating that these processing treatments substantially modify the hydration behaviour of proso millet flour. Enhanced hydration capacity is advantageous in food systems such as porridge, baked goods and extruded products, where improved water absorption contributes to better cooking performance and digestibility. Similar trends have been reported in millet flours subjected to thermal processing, where starch gelatinization enhanced hydration characteristics (Bachate et al., 2025).
3.4 Carr Index (CI)
Carr index (CI) is widely used to evaluate powder flowability and compressibility and is derived from bulk and tapped bulk density measurements. In the present study, CI values ranged from 21.47% to 30.04%. The lowest CI was observed in soaked PMF (21.47%), indicating comparatively better flowability, whereas germinated PMF exhibited the highest CI (30.04 ± 3.6%), reflecting increased compressibility and reduced flowability.
Statistical analysis demonstrated a significant effect of processing treatments on CI (p = 0.0148), confirming that processing influences the flow characteristics of PMF. Higher CI values in germinated and blanched samples may be attributed to the formation of finer particles and increased surface area, which enhances interparticle friction and reduces flowability (Han et al., 2019). According to Samarpitha et al. (2023), CI values between 20% and 35% correspond to moderate flowability, a range generally considered acceptable for most food processing operations. Furthermore, enzymatic degradation of macromolecules during germination may reduce particle size and increase compressibility, contributing to higher CI values. Similar trends have been reported in germinated millet flours by M & P, 2024c.
Table 2 Processing-induced modifications in hydration and lipid-binding properties of Proso millet flour 
	Parameters 
	Raw PMF
	Soaked PMF
	Roasted PMF
	 Blanched PMF 
	Germinated PMF
	p value 

	WAC (%)
	185.8±1.94

	181.8±1.5

	200.5±3.36

	193.8±1.90

	172.1±1.39
	0.0001****

	OAC (%)
	169.10 ±1.3

	165.44±3.33
	167.7±1.87

	164.1±1.57

	162.0±2.09

	0.1651ns

	SC (%)
	77.75±1.24

	78.27±0.77

	79.10±1.75

	79.44±1.18

	87.55±0.98 
	0.0001****


Mean value are presented as mean ±SD 
Readings were taken in triplicate
 **** significant at p=0.0001, ns = non-significant 
3.5 Water Absorption Capacity (WAC)
Water absorption capacity (WAC) reflects the ability of flour constituents, particularly starch and proteins, to interact with and retain water during food processing. In this study, WAC values ranged from 172.1% to 200.5%, with significant differences among treatments (p = 0.0001). Roasted PMF exhibited the highest WAC (200.5 ± 3.36%), followed by blanched (193.8 ± 1.90%) and raw PMF (185.8 ± 1.94%), whereas germinated PMF showed the lowest value (172.1 ± 1.39%).
The increase in WAC observed after roasting and blanching may be attributed to thermal disruption of starch granules and partial protein denaturation, which expose additional hydrophilic sites capable of binding water. Heat treatment can also alter the amorphous regions of starch, facilitating greater water penetration and hydration (Tarahi et al., 2022). Blanching similarly enhances water-binding capacity through hydrothermal swelling of starch granules and partial solubilization of polysaccharides.
In contrast, reduced WAC in germinated flour likely results from enzymatic hydrolysis of starch and proteins during sprouting by endogenous enzymes such as α-amylase and protease, producing smaller molecules with lower water-binding capacity (Nkhata et al., 2018). Higher WAC values are advantageous in food formulations such as bakery products, sauces, and soups, where improved moisture retention and texture are desirable.
3.6 Oil Absorption Capacity (OAC)
Oil absorption capacity (OAC) is a key functional property associated with flavor retention and mouthfeel in food products (Chandra et al., 2014). In the present study, OAC values ranged from 162.0% to 169.1%, with raw PMF showing the highest value (169.09%) and germinated PMF the lowest OAC value  (162.0 ± 2.09%). However, these differences among treatments were statistically non-significant (p = 0.1651).
OAC is primarily governed by hydrophobic interactions between lipids and the non-polar side chains of proteins. The relatively stable OAC values across treatments suggest that processing caused minimal impact on these hydrophobic binding sites (Hota et al., 2025). The slight reduction observed in germinated flour may be attributed to protein hydrolysis during germination, which can reduce the availability of hydrophobic amino acid residues responsible for lipid binding (H. Kaur & Gill, 2020).
Overall, the consistently high OAC values indicate that proso millet flour possesses favourable fat-binding properties, supporting its potential application in food systems such as baked products, snacks, and meat analogues where fat retention contributes to flavour, texture and product quality.
3.7 Swelling Capacity (SC)
Swelling capacity (SC) reflects the ability of starch granules to absorb water and expand upon heating, which directly influences the viscosity and thickening behaviour of flour-based products (Jia et al., 2023). In this study, SC values ranged from 77.75% to 87.55%, with highly significant differences among treatments (p = 0.0001).
The highest SC was observed in germinated PMF (87.55 ± 0.98%), followed by blanched PMF (79.44 ± 1.18%) and roasted PMF (79.10 ± 1.75%), while raw PMF exhibited the lowest SC value (77.75 ± 1.24%).
The improved SC observed in germinated flour can be attributed to enzymatic modifications during sprouting, which partially degrade starch structures and produce more porous granules. These structural alterations facilitate greater water penetration and expansion during hydration, resulting in enhanced swelling capacity (L. Liu et al., 2024b). 
Thermal treatments such as roasting and blanching also slightly increased SC compared to raw flour. Heat processing can disrupt the crystalline regions of starch granules, thereby increasing the proportion of amorphous regions that readily absorb water and swell (Du et al., 2023).
Higher swelling capacity is advantageous for food applications requiring thickening and viscosity development, including porridges, soups, and infant foods.
Conclusion
The present study reveals that traditional processing treatments significantly modify the techno-functional properties of proso millet flour (Panicum miliaceum L.) through structural alterations within the starch–protein matrix. These processing-induced modifications influenced hydration characteristics, bulk density, and powder flow behaviour of the resulting flour.
Germination reduced bulk density and markedly increased swelling capacity, reflecting enzymatic degradation of macromolecules and the formation of a more porous matrix. However, germinated flour showed higher cohesiveness, as indicated by increased Hausner ratio and Carr index values. Roasting significantly enhanced water absorption capacity, likely due to partial starch gelatinization and protein denaturation that exposed additional hydrophilic binding sites. Blanching resulted in moderate improvements in hydration properties but increased compressibility, whereas soaking improved powder flowability by reducing interparticle cohesion.
Oil absorption capacity showed minimal variation among the different treatments, indicating that hydrophobic lipid-binding regions remained relatively stable despite structural changes.
Overall, the results suggest that structural changes induced by processing play a crucial role in shaping the techno-functional properties of proso millet flour. Selecting suitable processing methods can therefore help tailor its functional attributes for various food applications, promoting the use of proso millet as a valuable ingredient in gluten-free and functional food products.
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