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Protein Content, Essential Amino Acid Profile and Functional Properties of Mucuna pruriens Seed Flour as affected By Bio-Thermal Processes


.
ABSTRACT 

	Mucuna pruriens seed is a poorly utilized legume but contains appreciable amount of protein/ amino acids that get altered during thermal processing to make it wholesome necessitating the combination of bioprocess and thermal processes.  This study evaluated the protein content, amino acid profile and functional properties of Mucuna pruriens seed as affected by combined bioprocess and thermal processes. Soaking, boiling (1:5 w/v, distilled water, 100°C), roasting (150°C), germination (dark) and fermentation (vinegar 2.85 ml/100g seed, Rhizopus oligosporus 0.4g/kg seed) was carried out. The treatments were combined: 72 h soaked + 60 min cooked, 48 h germinated + 60 min cooked, 48 h germinated + 15 min roasted and 72 h fermented + 15 min roasted. After the combined treatments, the seeds were dried (70°C) to constant weight, grinded and stored in high-density polyethylene bags. The protein content, amino acid profile and functional properties were evaluated. Crude protein content was significantly (p<0.05) increased by all the treatments. Leucine increased significantly (p<0.05) from 8.87 to 10.05 g/100g protein using 72 h soaking+60 min cooking, followed by tryptophan from 1.05 to 6.71 g/100g using 72 h fermentation+15 min roasting and histidine from 3.51 to 4.60 g/100g using 48 h germination+60 min cooking. Methionine was increased but the increase was not significant. Water absorption capacity, and foam capacity were significantly increased (p<0.05) while bulk density, and viscosity got reduced. This research indicates that the combination of bioprocess and thermal processes could be used to improve the protein content as well as leucine, tryptophan and histidine of Mucuna pruriens seed flour. The relative high water absorption capacity will encourage proper hydration of the flour in batter and is crucial for dough development in baked products while high foam capacity suggests suitability for use in cakes and pastries.
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1. INTRODUCTION
Mucuna pruriens, commonly known as velvet bean, cowitch, or cowhage, is a legume belonging to the family Leguminosae, genus Mucuna (Dhanasekaran et al., 2025). In Enugu State, Nigeria, it is locally called “Egbara” or “Agbara.” The genus includes about 100 tropical climbing species found in Africa, India, and the Caribbean (Sardjono et al., 2025). The plant is a vigorous twining annual that can grow up to 15 m long. Its pods are curved and hairy, containing four to six smooth, glossy black or brown seeds about 12 mm long; the hairs can cause severe skin irritation (Ezegbe et al., 2023).
According to Ezegbe et al. (2023), Mucuna pruriens seeds are nutritionally rich, containing about 24.00–31.44% crude protein, 42.79–64.88% crude carbohydrates, 4.10–14.39% crude lipids, 5.3–11.5% crude fibre, and 2.9–5.5% ash. Their protein digestibility has been reported to be comparable to that of other commonly consumed legumes such as soybean, rice bean, and lima bean (Mugendi et al., 2010).
There is need to improve the nutritional quality and effective utilization of grain legumes by adopting varying processing methods (El-suhaibani et al., 2020). These processing methods include soaking, dehulling, cooking, fermentation, germination, toasting/roasting and autoclaving (Mugendi et al., 2010; El-suhaibani et al., 2020). The use of single thermal non-bioprocess treatments only on M. pruriens seeds in reducing antinutrients and making it tender for consumption takes a relatively long time and reduces its amino acids significantly (Ezegbe et al., 2022). The aforestated demerits brings to bare the need for the combination of bioprocesses with non-bioprocesses for its processing.  Double treatments involving the combination of bioprocesses with non-bioprocesses for Mucuna pruriens seed processing were also observed from literature search to be scantily documented. 
During these double process treatments, there are possibilities of reduction or improvement of proteins, amino acids as well as change in some functional properties whose details are also largely lacking. The aforementioned dearth of data reflects the need for a research to investigate the effect of combined bioprocess and thermal treatments on the crude protein, amino acid profile and functional properties of Mucuna pruriens seed flour.            
2.  MATERIALS AND METHOD
2.1 Procurement of Raw Materials and preparation
Raw seeds of Mucuna pruriens were purchased from New Market, Enugu State, Nigeria. The seeds were subjected to different processing techniques, namely soaking, cooking (boiling), roasting, and germination.
2.1.1 Soaking
A total of 1.2 kg of whole seeds were manually cleaned to remove debris and defective seeds, then washed thoroughly with distilled water. The cleaned seeds were portioned into three equal lots of 400 g each and labeled S24h, S48h, and S72h. Each portion was immersed in distilled water at a seed-to-water ratio of 1:5 (w/v) for 24, 48, and 72 hours, respectively. The soaking medium was replaced every 6 hours throughout the process. At the completion of each soaking period, the seeds were drained and oven-dried at 70°C for 18 hours, with intermittent turning every 4 hours until a constant weight was achieved. The dried samples were milled into flour and packaged in low-density polyethylene bags pending analysis.
2.1.2 Boiling
Cleaned and washed whole seeds were divided into four portions of 400 g each. These samples, coded C20m, C40m, C60m, and C80m, were boiled in distilled water (1:5 w/v) for 20, 40, 60, and 80 minutes, respectively. After boiling, excess water was decanted and the samples were oven-dried at 70°C for 18 hours, with periodic turning every 4 hours until constant weight was obtained. The dried seeds were then milled into flour and stored in low-density polyethylene bags for subsequent analyses.
2.1.3 Roasting
The seeds were sorted to eliminate impurities and divided into three 400 g batches labeled R10m, R15m, and R20m. Each batch was roasted at 150°C for 10, 15, and 20 minutes, respectively. Following roasting, the samples were allowed to cool, milled into flour, and packaged in low-density polyethylene bags prior to analysis.
2.1.4 Germination
Germination was carried out following the method described by Mugendi et al. (2010), with slight modification. One hundred grams of seeds were briefly treated with ethanol (1:2 w/v) for 1 minute to reduce surface contamination. The seeds were then steeped in distilled water at a ratio of 1:10 (w/v) for 12 hours at ambient temperature (27 ± 2°C). After draining, the soaked seeds were divided into three groups labeled G24h, G48h, and G72h. Each group was spread on moistened jute bags placed over wool cloth, covered with black low-density polyethylene sheets, and allowed to sprout in darkness. The respective groups were removed after 24, 48, and 72 hours of germination. The sprouted seeds were dried in a hot air oven at 70°C for 18 hours, with turning at 4-hour intervals until constant weight was attained. The dried germinated seeds were ground into flour and stored in low-density polyethylene bags for further analyses.
2.1.5 Fermentation
Fermentation was conducted following the method reported by Egounlety (2003). One kilogram of Mucuna pruriens seeds was initially boiled in distilled water at a ratio of 1 kg to 6 L for 45 minutes. After boiling, the seeds were manually dehulled and cut into approximately two to three fragments per seed. The dehulled pieces were soaked twice in distilled water (1 kg in 3 L) for 12 hours per soaking cycle, with the soaking water discarded after each period. The soaked seeds were subsequently boiled again for 45 minutes (1 kg/6 L), drained, and allowed to cool. To suppress undesirable microbial growth and create a suitable pH environment for the proliferation of Rhizopus oligosporus, the substrate acidity was regulated by adding grape vinegar at a rate of 2.85 mL per 100 g of substrate. The prepared grains were then separated into three equal portions and inoculated with Rhizopus oligosporus at 0.4 g per kilogram of drained substrate. Each portion was packaged in perforated polyethylene bags (50 μm thickness) and incubated at 29°C for 24, 48, and 72 hours, producing samples designated as F24h, F48h, and F72h, respectively.

2.2 Combinations of bio and non-bio treatments.
Double treatments were formed by choosing one bioprocess and combining it with one non-bioprocess. The intensity of the treatments were based on already established intensities that are adequate for the reduction of antinutrients in M. pruriens seed to permissible limits. The chosen combinations were as follows:
i. 72 hours soaking & 60 minutes cooking.
ii. 48 hours germination & 15 minutes roasting. 
iii. 48 hours germination & 60 minutes cooking.
iv. 72 hours fermentation & 15 minutes roasting.

2.3 Determination of Crude Protein (Kjeldahl Method)
Exactly 0.6 g of milled sample was weighed into a Kjeldahl digestion flask.  Thereafter, 3 mL of concentrated H₂SO₄ was carefully introduced into the flask using a burette, followed by the addition of 0.5 g of CuSO₄. The flask was placed inside a fume hood and heated gently, with intermittent swirling, until the mixture became completely clear. After digestion, the flask was removed and allowed to cool. 1m distilled water was added to dilute the digest. The solution was transferred into a 100 mL volumetric flask, and the volume was made up to the calibration mark with distilled water. The contents were thoroughly mixed to ensure uniformity. The distillation apparatus was steamed for about 30 minutes to eliminate any residual alkaline contaminants. Using a pipette, 10 mL of the digest was introduced into the micro-distillation unit through a funnel. Separately, 10 mL of 50% sodium hydroxide (NaOH) solution was measured and added into the funnel while the stopcock or glass rod remained in position to prevent premature mixing. A condenser was attached to the distillation setup, with its outlet directed into a 100 mL conical flask serving as the receiving vessel. The receiver contained 10 mL of 4% boric acid solution along with two drops of a mixed indicator (bromocresol green and methyl red). The condenser tip was positioned below the surface of the boric acid solution to ensure efficient trapping of the liberated ammonia. The glass stopper was then gently removed to allow the sodium hydroxide solution to combine completely with the digest, rendering the medium strongly alkaline. Distilled water was added to the funnel to facilitate transfer, and steam was introduced into the system. Under alkaline conditions, ammonia (NH₃) was released and distilled into the boric acid solution over a period of approximately 15 minutes. About 50 mL of distillate, exhibiting a bluish-green coloration, was collected. The condenser tip was rinsed with distilled water to ensure complete transfer of ammonia into the receiving flask. Finally, the distillate was titrated with 0.1 N hydrochloric acid (HCl) until the endpoint was reached, indicated by a color change from green to pink. A reagent blank was run as a control and the protein content then calculated by multiplying Nitrogen obtained with the factor of 6.25, expressed on dry basis. The experiment was carried out in triplicates. The formula for % crude protein is given below:


Where W = Weight of sample, N = Normality of titrant, Vt = Total digest volume, Va = Volume of digest analysed, T = Sample titre value, B = Blank titre value
2.4 Amino acid profile Analysis	
[bookmark: _Toc16967]A 2.0 g portion of each sample was accurately measured and placed into an extraction thimble. Lipids were removed using a chloroform–methanol solvent system in a Soxhlet extractor in accordance with the AOAC (2015) procedure. The extraction process was continued for six hours to ensure complete fat removal. From the defatted material, a 35 mg portion was transferred into a clean glass ampoule. Seven millilitres of 6 M hydrochloric acid (HCl) were added, and nitrogen gas was introduced to displace oxygen, thereby minimizing oxidative degradation of susceptible amino acids during hydrolysis. The ampoules were then sealed using a Bunsen burner flame and incubated in an oven maintained at 105 ± 5 °C for 22 hours. After hydrolysis, the ampoules were cooled and carefully opened by snapping the tip. The contents were filtered to separate insoluble humin residues. The clear filtrate was concentrated to dryness under reduced pressure at 40 °C using a rotary evaporator. The resulting residue was reconstituted in 5 mL of acetate buffer solution, transferred into labelled plastic sample bottles, and preserved in a deep freezer until analysis. Amino acid determination was performed by ion-exchange chromatography (IEC) following the method outlined by Adeyeye and Afolabi (2004). For each sample, an injection volume of 5–10 µL was used for chromatographic analysis. The prepared samples were loaded into the analyser cartridge for determination. Amino acid profiling was carried out using a Technicon Sequential Multi-sample Amino Acid Analyzer (TSM) manufactured by Technicon Instruments Corporation, New York. This instrument is specifically configured to separate and quantify free acidic, neutral, and basic amino acids present in the hydrolyzed sample. Each analytical run required approximately 76 minutes per sample. The chromatographic column operated at a temperature of 60 °C with a flow rate of 0.50 mL per minute, and the method demonstrated a reproducibility within ±3%. The peaks generated on the chart recorder, each corresponding to an individual amino acid, were measured based on their net height for quantification. Reported results represent the mean values obtained from duplicate analyses.


[bookmark: _Toc1663]2.5 Determination of functional properties of Mucuna pruriens seed
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2.5.2 Determination of Oil Absorption Capacity (OAC)
The oil absorption capacity was determined according to Onwuka (2018). One gram of the sample was combined with 10 mL of refined vegetable oil and left to stand at room temperature for 30 minutes. The mixture was then centrifuged at 2000 rpm for 30 minutes. Oil absorption capacity was expressed as the percentage of oil retained per gram of sample.

2.5.3 Determination of Bulk Density
Bulk density was measured using the method described by Bala et al. (2020). Five grams of each sample were gradually placed into a 10 mL graduated cylinder. Both the weight and the volume of the sample were recorded. Bulk density was calculated as the weight of the sample divided by its volume (g/mL). All measurements were performed in triplicate to ensure accuracy.

2.5.4 Determination of Water Absorption Capacity (WAC)
Water absorption capacity was determined with slight modifications of the procedure by Onwuka (2018). Ten grams of each sample were placed in a 100 mL beaker. An initial 5 mL of water was added, and the mixture was gently stirred before allowing it to stand at room temperature (28 ± 2 °C) for one hour to reach equilibrium. Additional small portions of 0.01 mL water were added at 10-minute intervals until no free water was visible. The total volume of water absorbed was recorded, and WAC was calculated as the amount of water (in grams) absorbed per 10 g of dry sample.

[bookmark: _Toc19646]2.5.6 Emulsification capacity (EC) determination
Emulsifying ability was determined in accordance with the method described by AOAC (2015). A 2 g portion of each flour sample was combined with 25 mL of distilled water at ambient temperature and homogenized for 30 seconds using a Waring blender set at 1,600 rpm to ensure complete dispersion. After uniform mixing was achieved, 25 mL of vegetable oil was incorporated, and blending continued for another 30 seconds. The emulsion formed was subsequently transferred into centrifuge tubes and centrifuged at 1,600 rpm for 5 minutes. Following centrifugation, the volume of oil released was measured directly from the graduated tube. The emulsification capacity was calculated as the amount of oil emulsified and retained per gram of flour sample, using the formula provided below:


Where   X = height of emulsified layer
	Y = height of whole solution in the centrifuge tube.
[bookmark: _Toc16295]2.5.7 Foam Capacity and Stability   
The foaming properties (capacity and stability) of the flour samples were evaluated using the method described by AOAC (2015). A 2 g portion of each sample was dispersed in 100 mL of distilled water and homogenized with a Waring blender. The resulting suspension was whipped at 1,600 revolutions per minute for 5 minutes to incorporate air. Immediately after whipping, the mixture was carefully transferred into a 100 mL graduated cylinder, and the total volume was noted after standing for 30 seconds. Foaming capacity was calculated as the percentage increase in volume, as shown below:


Triplicate measures were taken for each sample and mean value recorded. The foam stability of the sample was recorded at 15, 30, 60, 120 sec after whipping to determine the foam stability (FS). 


[bookmark: _Toc6939]2.5.9 Viscosity determination
The AOAC (2015) was adopted. In each sample, 10 g of the flour sample was suspended in distilled water and mechanically stirred for 2 h at room temperature. Therefore, the viscosities of the sample were measured using Brookfield Viscometer (BYK-Gardner 7900, Model LVDV-E, USA) 
3. RESULTS AND DISCUSSION
[bookmark: _Hlk117235838]3.1 Crude protein and essential amino acids in Mucuna pruriens seed flours that received double treatments.
Table 1 presents the crude protein values of double-treated Mucuna pruriens seeds. Statistical analysis indicated that significant differences (p < 0.05) existed among the various treatment combinations. An increase (p < 0.05) in crude protein content was observed in nearly all treated samples, with the exception of the sample subjected to 72-hour soaking followed by 60 minutes of cooking (SC1), which showed a significant decline. The reduction in protein content in this particular treatment may be attributed to the combined influence of prolonged soaking and thermal processing, which likely promoted nutrient leaching into the soaking and cooking media (Huma et al., 2008). In contrast, treatments involving 48-hour germination followed by 15 minutes of roasting (GR2), 48-hour germination followed by 60 minutes of cooking (GC3), and 72-hour fermentation followed by 15 minutes of roasting resulted in significant (p < 0.05) increases in crude protein content. The observed improvement in protein levels may be associated with biochemical changes occurring during germination and fermentation, processes widely reported to enhance the protein content of legumes (Nkhata et al., 2018).

3.2 Essential amino acid profile of Mucuna pruriens seed flours that received double treatments.
The essential amino acid composition of the samples subjected to combined processing treatments is summarized in Table 1. Amino acids constitute the fundamental units of proteins, and evaluating the amino acid composition of food materials provides valuable information on the nutritional quality of their proteins (Fitriyah et al., 2021). Essential amino acids are those that cannot be produced endogenously by the human body and therefore must be supplied through dietary intake (Fitriyah et al., 2021).
The following ranges of values were obtained, leucine; 4.74-10.05g/100g protein with sample SC1 (72h soaked + 60m cooked) having the highest value, lysine; 0.16-5.62g/100g protein with sample CON (raw) having the highest value, isoleucine; 0.11-3.47g/100g with sample CON(raw) having the highest value, for Phenylalanine; 0.47-4.26g/100g with sample CON(raw) having the highest value, tryptophan; 0.47-6.71g/100g with sample FR4 (72h fermented + 15 m roasted) having the highest value, valine; 0.21-4.50g/100g with sample CON having the highest value, methionine; 1.13-1.61g/100g with sample GC3 (45 h germinated + 60 m cooked) having the highest value, histidine; 1.62-4.60g/100g with sample GC3 (45 h germinated + 60 m cooked) having the highest value and threonine; 3.01-4.33 g/100g with sample CON (raw) having the highest value.  
The double treatments significantly reduced (p<0.05) most (lysine, isoleucine, phenylalanine, valine, and threonine) of the essential amino acids in Mucuna pruriens seed flours except leucine, tryptophan and histidine. This is in agreement with the report of Nwajagu et al. (2021) wherein processing (soaking, roasting, boiling and autoclaving) significantly (p<0.05) reduced the majority of the amino acids in M. flagellipes seed flour. On a separate note, leucine was significantly increased from 8.87 to 10.05 g/100g protein in 



Table 1: crude protein and essential amino acid profile (g/100g protein) of Mucuna pruriens seed flours that received double treatments
	[bookmark: _Hlk129599476]S/No
	Sample code
	Treatment
	Crude 
protein 
	Leucine
	Lysine
	Isoleucine
	Phenylalanine
	Tryptophan
	Valine
	Methionine
	Histidine
	Threonine

	1.
	CON
	Raw (control)
	25.34d
	8.87a
	5.62a
	3.47a
	4.26a
	1.05b
	4.50a
	1.44a
	3.51c
	4.33a

	2.
	SC1
	72 h soaked +
60 m cooked
	24.10e
	10.05b
	1.41b
	0.15d
	0.34d
	0.47c
	1.26c
	1.55a
	3.98b
	3.01d

	3.
	GR2
	48 h germinated +
15 m roasted 
	28.78b
	4.74d
	0.16c
	0.11d
	1.44c
	0.98b
	1.26c
	1.55a
	3.98b
	4.01b

	4.
	GC3
	48 h germinated + 60 m cooked
	27.04c
	4.91d
	1.58b
	1.18b
	0.47d
	0.62c
	0.21d
	1.61a
	4.60a
	4.02b

	[bookmark: _Hlk118702470]5.
	FR4
	72 h fermented + 15 m roasted
	30.40a
	6.12c
	0.18c
	0.97c
	2.12b
	6.71a
	1.51b
	1.13b
	1.62d
	3.23c

	
	SEM
	
	0.61
	0.57
	0.54
	0.33
	0.38
	0.64
	0.39
	0.05
	0.27
	0.14


Values are means of three replicates. Means in the same column with different superscripts are significantly different (p<0.05); SEM-Standard error of the mean.

In the sample subjected to 72-hour soaking followed by 60 minutes of cooking (SC1), changes were observed in several essential amino acids. Notably, tryptophan content rose markedly from 1.05 g/100 g protein in the raw seed to 6.71 g/100 g protein in the sample fermented for 72 hours and roasted for 15 minutes (FR4), corresponding to an increase of 639%. Histidine levels were significantly elevated by most of the combined processing treatments; however, the 72-hour fermentation plus 15-minute roasting treatment (FR4) resulted in a significant decline, reducing histidine from 3.51 g/100 g protein in the raw seed to 1.62 g/100 g protein.
When compared with previously reported data on singly processed Mucuna pruriens seeds (soaking, cooking, roasting, germination, or fermentation) documented by Ezegbe et al. (2022), the combined (double) treatments generally led to greater reductions in essential amino acids, with the exception of histidine. The more pronounced decreases observed under double-treatment conditions may be due to the cumulative effects of sequential processing methods. This trend suggests that applying two processing techniques in combination may not be advantageous for enhancing most essential amino acids in M. pruriens seeds. In general, methionine remained the limiting amino acid in many samples, with values falling below the 2.5 g/100 g protein reference pattern recommended by FAO/WHO (1991), a pattern similarly reported for numerous other legumes (Bhat et al., 2007).
 Ade-Omowaye et al. (2015) buttressed this point as well, by noting that legumes like Mallotus subulatus (white variety), Cassia hirsutta, Canavalia ensiformis, Vignea subterranean (checkered variety), Vigna racemosa, Mallotus subulatus (red variety), Vignea subterranean (cream variety), Sphenostylis sterocarpa and Cajanus cajan are rich in lysine, phenylalanine and arginine but deficient in sulphur-containing amino acids (methionine and cystine). Therefore, amino acid deficiencies in lesser known legumes like Mucuna pruriens seed could be complemented by combining it with cereals, which are rich in amino acids containing sulphur (Jukanti et al., 2012). On the other hand, the leucine value for the sample that received 72 h fermentation and 15 min roasting was significantly (p<0.05) higher than the value of 6.6 g/100g for FAO/WHO (1991) reference pattern.
3.3 Functional Characteristics of Mucuna pruriens Seed Flours Subjected to Combined Processing
The application of dual processing methods resulted in statistically significant variations (p < 0.05) across all assessed functional parameters, with the exception of oil absorption capacity (OAC) (Table 2). The functional behaviour of seed flours is a key consideration in food product formulation and development (Bhat et al., 2007). 
 
Table 2: Functional properties of Mucuna pruriens seed flours that received double treatments.
	S/No
	Sample code
	Treatment
	WAC (g/g)
	OAC (g/g)
	Bulk Density (g/cm3)
	Gel. Temp. (°C)
	EC (%)
	Viscosity (Pa. s)
	Foam Capacity (%)
	Foam Stability (%)

	1.
	CON
	Raw (control)
	2.92b
	1.70a
	0.692a
	50.50b
	2.35bc
	4.50a
	5.66e
	94.80c

	2.
	SC1
	72 h soaked + 
60 m cooked
	3.04ab
	1.72 a
	0.391b
	54.61a
	2.41b
	4.20b
	11.72a
	95.10b

	3.
	GR2
	48 h germinated +
15 m roasted 
	3.12a
	1.81 a
	0.333b
	48.17e
	2.20c
	1.74d
	8.09c
	91.45d

	4.
	GC3
	48 h germinated + 60 m cooked
	2.90b
	1.71 a
	0.351b
	49.60d
	2.30bc
	2.42c
	8.89b
	95.62a

	5.
	FR4
	72 h fermented + 15 m roasted
	3.02ab
	1.78 a
	0.274b
	50.12c
	3.20a
	1.30e
	7.70d
	86.04e

	
	SEM
	
	0.03
	 0.02
	  0.05
	0.58
	0.10
	0.35
	0.53
	0.96


Values are means of three replicates. Means in the same column with different superscripts are significantly different (p<0.05); SEM-Standard    error of the mean; WAC – Water absorption capacity; OAC – Oil absorption capacity; Gel. Temp. – Gelatinization temperature; EC - Emulsification capacity

3.3.1 Water Absorption Capacity (WAC)
Water absorption capacity (WAC) varied between 2.90 and 3.12. Water absorption capacity (WAC) refers to the quantity of water retained per unit weight of flour and plays an important role in determining product characteristics such as moisture retention, starch retrogradation, and staling (Bala et al., 2020). The combined processing methods led to significant increase in water absorption capacity (with the exception of GC3; 48 h germinated + 60 min cooked). The WAC values recorded in this investigation are lower to the ranges of 3.57–4.14 ml/g previously reported for velvet bean flours by Duru et al. (2020). The elevated WAC observed in the double-processed samples indicates a higher proportion of hydrophilic constituents, which enhances their affinity for water. This improved water interaction suggests that the resulting flours may possess better handling characteristics during dough preparation for baked products. Since polar amino acid residues facilitate the binding of water molecules to proteins, variations in WAC may reflect differences in the composition and distribution of polar amino acids in Mucuna pruriens seed flour (Bhat et al., 2007). Flours exhibiting high water absorption capacity are particularly advantageous for the formulation of soups and gravies due to their superior thickening and hydration properties (Ezegbe et al., 2022).
3.3.2 Oil Absorption Capacity (OAC)
Oil absorption capacity (OAC) ranged from 1.70 to 1.81.  The OAC values recorded in this investigation are comparable to the range of 1.71–1.82 ml/g, previously reported for velvet bean flours by Duru et al. (2020). No statistically significant difference (p < 0.05) was detected among the five samples with respect to oil absorption capacity. The ability of seed flours to retain liquids serves as an indicator of protein functionality in binding and holding water and/or oil, which in turn affects food texture and sensory quality. This property is especially important in products such as comminuted meat, meat substitutes, and baked items (Okezie and Bello, 2006). Oil absorption capacity is therefore crucial in food formulations where flavour retention, palatability, and extended shelf stability are desired (Bhat et al., 2007).
3.3.3 Bulk Density
Bulk density ranged from 0.274 to 0.692 g/cm³. Bulk density values (except for sample SC1; 72 h soaked + 60 min cooked) showed significant reduction with the combined treatments. However, discrepancies were observed when compared with the findings of Duru et al. (2020) for bulk density (0.758–0.844 g/cm³) of differently processed velvet bean.  All the flour samples exhibited low bulk density values. This observation may be linked to the prior drying treatment applied before milling, which likely altered the structural compactness of the particles. Bulk density is largely influenced by flour particle size (Adebowale et al., 2012) as well as the original moisture level of the material. These factors are important in determining packaging requirements, storage considerations, material handling efficiency, and suitability for wet processing operations within the food industry.
3.3.4 Gelatinization Temperature
Emulsification capacity values were 2.20 – 3.20%. Emulsification capacity (EC) reflects the ability of proteins to interact with both oil and water phases, thereby contributing to the formation and stability of emulsions in baked goods (Bessada et al., 2019). There was significant reduction (p < 0.05) in the gelatinization temperature of the samples (except ample SC1; 72 h soaked + 60 min cooked). This decline could be attributed to the combined processing, which may have modified the structural properties of starch components. Germination combined with cooking decreased the value (49.60°C), while germination + roasting produced the lowest temperature (48.17°C), likely due to enzymatic starch degradation and reduced crystalline structure.
3.3.5 Emulsification Capacity
No significant difference (p < 0.05) was observed in the emulsification capacity among samples CON (2.35%), SC1 (2.41%), and FR4 (2.30%). Similarly, samples CON (2.35%), GR2 (2.20%), and GC3 (2.30%) did not differ significantly (p < 0.05). Protein-based emulsion properties are key contributors to food functionality (Bhat et al., 2007). The emulsifying performance of seed flours depends on protein type, concentration, and solubility (Wang and Kinsella, 2006). Furthermore, factors such as protein aggregation, surface hydrophobicity, and molecular characteristics can significantly influence emulsification behavior.
3.3.6 Viscosity
Viscosity ranged from 1.30 to 4.50 Pa·s. The viscosity values of all samples differed significantly (p < 0.05) and showed significant reductions with process treatments. Among them, GR2 and FR4 recorded the lowest viscosities, 1.74 Pa·s and 1.30 Pa·s respectively. Both samples underwent roasting for 15 minutes, a treatment that may have contributed to the reduction in viscosity. In contrast, SC1 (72 h soaked + 60 min cooked) and the raw control (CON) exhibited relatively similar viscosity values of 4.20 Pa·s and 4.50 Pa·s, respectively, although the difference between them was still statistically significant (p < 0.05). However, discrepancies were observed when compared with the findings of Duru et al. (2020) for bulk density (0.758–0.844 g/cm³) of processed velvet bean, suggesting that variations in processing techniques or sample conditions may account for the differences.
 3.3.7 Foam Capacity and Foam Stability
Significant differences (p < 0.05) were observed among all samples for both foam capacity and foam stability. The double-processed samples generally demonstrated improved foaming capacity compared to the raw control (CON), with SC1 (72 h soaked + 60 min cooked) showing the highest foaming capacity at 11.72%. Slight improvements in foam stability were noted in SC1 and GC3—both subjected to 60 minutes of cooking—with stability values increasing from 94.80% (CON) to 95.10% and 95.62%, respectively. Overall, foam stability varied significantly across treatments, with FR4 (72 h fermented + 15 min roasted) exhibiting the lowest stability at 86.04%. These findings differ from those reported by Bhat et al. (2007), who observed no significant enhancement in the foaming capacity of irradiated Mucuna pruriens flours and noted a reduction in foam stability. The discrepancies may be attributed to variations in processing methods and treatment conditions. Okaka and Potter (2006) documented that the relatively high protein content of legume seed flours accounts for their strong foaming characteristics.

4. CONCLUSION
Combining thermal and non-thermal treatments improves the nutritional (protein - Leucine, tryptophan, and histidine) and functional quality of Mucuna pruriens seed flour. Specifically, combine non-thermal and thermal treatments have the ability to increase water absorption capacity, foaming capacity, and pH, and decrease bulk density and viscosity. High water absorption and foaming capacities of the double-treated M. pruriens seed flour indicate suitability for baked products and proper dough development while nutritionally can boost the nutritional value and food utilization of Mucuna pruriens seed flour.
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