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In recent years, scientific research has focused on the rational use of plant products due to the need to optimize the use of resources and develop functional food products. The focus of this study, in the conditions of the Republic of Uzbekistan is the use of melon seeds, which resulted in the formation of a significant amount of cake containing 25-45% protein and minerals. The purpose of this study is to develop a technology for the production of protein powder for the preparation of functional powdered beverages from low-fat melon seed cake. The technological scheme includes hydrothermal treatment, oil separation by pressing (reduction of lipids to 2.8-5.2% without solvents), and two-stage crushing with separation of fractions (A1 = 630 microns, A2 = 300 microns, A3 = 105 microns). The improved properties were achieved by adding inulin, pectin, and lecithin. The final product had such physico-chemical properties as a residual oil content of 5.2 ± 0.2%, moisture content of 5.2 ± 0.4% and protein content of 38.5%. The iron content in the final product was estimated to be 11.21 mg/100 g, reflecting the physiological value of the final product. The microbiological properties of the product have complied with microbiological safety requirements.
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[bookmark: _Hlk495475023]Currently, processing of agricultural products has become one of the key industries in Uzbekistan, as a significant part of agricultural products are processed, turning agricultural raw materials into various consumer goods. This activity contributes to improving food security, reducing waste, and supporting economic development. To ensure the integrity, sustainability, and resource efficiency of the food system, food waste and by-products of agriculture and the food industry must be processed into products of medium and high value for various industries, including food (for example, in cosmetology and pharmaceuticals). In addition, the processing of agricultural products leads to the formation of large amounts of biomass, such as skins, seeds, bones, bran, skimmed flour, etc., which are usually disposed of as waste and fed to livestock. Raw materials that are considered waste are indeed a rich source of valuable nutrients such as protein, fat, dietary fiber, phenols, and various other biologically active components. The biological transformation of these by-products and wastes opens up significant opportunities for obtaining valuable functional ingredients. 
As consumers strive for a more rational diet, the need for animal proteins decreases. This creates favorable conditions for the agri-food industry, paving the way for innovation in alternative protein solutions. Vegetable proteins are becoming increasingly in demand, surpassing animal proteins for several reasons: they contain no cholesterol, have less saturated fat, are more accessible, and are free of hormones and antibiotics; additionally, they are easily digested and suitable for individuals with lactose intolerance or sensitivity to dairy products. It is also known that the production of vegetable protein is more environmentally friendly: it requires significantly less water and energy, and produces fewer greenhouse gases, which reduces its carbon footprint (Bagasettihalli Kariyappa et al., 2025). 
Waste recycling statistics in India, the USA, the Philippines, and China show the annual generation of approximately 1.81, 15.0, 6.53, and 32.0 million tons of waste, respectively (Joglekar S.N et al., 2019). The main organic components remaining after food production are seeds, peel, bracts, leaves, roots, bark and the core of stems. These by-products are a rich source of biologically active compounds such as phytochemicals, antioxidants, coloring pigments, and nutrients with significant nutritional and functional value. In addition, the rational management of these organic wastes can lead to significant environmental and economic benefits, including by minimizing food losses (Dorta & Sogi, 2017). 
Oil seeds of melons (pumpkins, watermelon, melons) are valuable raw materials for producing delicatessen oils and protein cakes. The unique amino acid composition of the seed kernel protein helps to compensate for the deficiency of vitamins, minerals and amino acids in the diet (Da Silva & Jorge, 2014). Melon seeds (Cucumis melo L.) are the main by-product of its consumption and processing, accounting for 5-10% of the total weight (Zhang & Li, 2024; Namet S, et al., 2023; Trigo J. P., 2020). The seeds are a valuable source of polyphenols and antioxidants, and the peel is the main supplier of dietary fiber (Ben-Othman S et al., 2020).
In addition to biologically active compounds, agricultural waste abounds in cellulose, hemicellulose and lignin. These valuable components contained in the peel, seed shells, and pomace make waste a promising raw material (Padam B.S., et al., 2014). Melon by-products have significant biological potential, exhibiting antioxidant, antidiabetic, anti-inflammatory, antiangiogenic, anti-ulcer and antibacterial properties due to their bioactive components. This potential makes them a valuable raw material for the development of innovative functional products that enhance the sustainability of the food chain (Silva M. A., et al., 2020). Global consumer demand for products enriched with nutrients and possessing functional properties (including dyes, food additives, vitamin complexes, natural antioxidants and preservatives) is showing steady growth. The development of food products using melon seeds as an ingredient is highly desirable from the point of view of nutritional, economic and environmental aspects (Roobab U., et al., 2022). 
In this article, unlike previous studies that focused mainly on melon seeds or melon seed oil, we propose a comprehensive technology for the production of a functional powdered beverage made from low-fat melon seed cake, which does not contain solvents. The scientific novelty of the study lies in the combination of hydrothermal treatment, double mechanical pressing and controlled two-stage micronization, which made it possible to obtain a high-protein powder with improved solubility in water without the use of organic solvents. To the best of our knowledge, no previous study has reported the combined application of hydrothermal treatment, double mechanical pressing, and controlled micronization for the production of a soluble functional powder from defatted melon seed cake. In addition, the relationship between a decrease in particle size to 105 microns and an increase in powder solubility was experimentally demonstrated, which became the technological basis for the development of functional powdered beverages.  
2. Materials and methods
Melon seeds (Cucumis melo L., "Mirzachul" variety) harvested during the autumn harvest of 2025 in the Syrdarya region of the Republic of Uzbekistan were used as raw materials. Before processing, the seeds were cleaned of impurities and dried in natural conditions. The defatted cake was obtained by double mechanical pressing combined with hydrothermal treatment. After the initial pressing, the residual oil content was about 8%. As a result of repeated pressing and hydrothermal treatment, the lipid content was reduced to 2.8-5.2%. It is important to note that the chemical makeup of the feedstock can change based on the type, the weather and climate, and how it is stored. This process could make it harder to reproduce functional characteristics.
2.1 Hydrothermal treatment and lipid reduction 
Hydrothermal treatment and pressing were used as a solvent-free method of lipid reduction and modification of protein structure. Hydrothermal treatment was carried out at 80 °C for 30 min using a water-to-raw material ratio of 1:30 (w/v). The treated material was subsequently subjected to mechanical pressing. These conditions promoted partial lipid removal and loosening of the protein-polysaccharide matrix while avoiding the use of organic solvents. Unlike traditional extraction with organic solvents, this method eliminates the risk of residual solvents but does not completely remove lipids. 
2.2 Grinding and micronization 
The defatted cake was subjected to a two-stage grinding system, first in a laboratory mill (up to 600 microns) and then in a laboratory ball mill (105 microns). 
2.3 Primary coarse grinding
The primary grinding was carried out on a vertical cutting mill Spice Herb Grinder HR-06B, equipped with a stainless steel bowl with a volume of 1000 ml. The grinding was carried out in portions. The processing time ranged from 5 seconds to 5 minutes, depending on the required degree of dispersion. The design features of the equipment make it possible to minimize the heating of the sample, which is important for maintaining functional properties. However, the precise control of particle size distribution at this stage is limited, which can lead to variability in the results. 
2.4 Fine grinding (micronization) 
The fat-free melon seed cake obtained after double pressing was subjected to secondary fine grinding (micronization) using a Chocolate Ball Mill B12 ball mill (SEMMco, China) equipped with a product recycling system and a programmable logic controller (PLC). The total mass of the crushed material was 6.9 kg. The grinding was carried out in three consecutive cycles of 2.3 kg each. The duration of each cycle was 2 hours, and the mill's rotation speed was maintained at 100 rpm. Steel balls with a diameter of 10 mm and a total weight of 25 kg were used as grinding media, while the ratio of the mass of the balls to the mass of the material was approximately 11:1. To prevent overheating of the product, the mill was equipped with a water cooling system. The temperature of the product was monitored throughout the grinding process and maintained at a level not higher than 18 ° C by supplying running cold water to the cooling jacket of the device when the temperature rises. The grinding was continued until the desired particle size distribution was achieved. After micronization, the material was sequentially sieved through laboratory sieves with mesh sizes of 630, 300 and 105 microns. Sieving was performed manually using a set of Hermes BS410 laboratory sieves for 80 min. The material passed through a sieve with a mesh size of 630 microns was designated as sample A1 and used for subsequent sieving through a 300 microns sieve. The material passed through a sieve with a mesh size of 300 microns was designated as sample A2 and then sieved through a 105 micron sieve. The material that passed through a sieve with a mesh size of 105 microns was designated as sample A3.
2.5 Formulation and mixing  
To obtain a functional powdered beverage, powder from low-fat melon seed cake was mixed with inulin, apple pectin and sunflower lecithin. The mass fraction of low-fat melon seed cake powder in the basic formulation was 91.5%, inulin - 5.0%, sunflower lecithin - 1.0%, apple pectin - 0.5%. The remaining 2.0% of the composition was a mixture of additional flavoring ingredients introduced to form the organoleptic properties of the product. Additional flavoring ingredients were not considered as functional factors under study. The evaluation of the effect of the prescription components was focused on the powder of low-fat melon seed cake, inulin, pectin and sunflower lecithin. The dry components were mixed using a Jaywin JWM-0.8L laboratory mixer (Guangzhou Jaywin Machinery Co., Ltd., China) at room temperature for 5 minutes at a rotation speed of 50 rpm until a visually homogeneous mixture without visible agglomerates was obtained.  
2.6 Physico-chemical analysis
The moisture content was determined by the gravimetric method in accordance with GOST 12041-82. The lipid content was determined by the Soxhlet extraction method (Soxhlet, 1879) using extraction gasoline in accordance with GOST 10857-64. The protein content was determined by the Kjeldahl method (Kjeldahl, 1883) in accordance with GOST 10846-91. The total nitrogen content was converted to crude protein using a nitrogen-to-protein conversion factor of 6.25. The iron content was determined by flame atomic absorption spectrometry using a Shimadzu AA-7000 atomic absorption spectrometer in accordance with GOST 30178-96. All determinations were performed in triplicate. Unless otherwise stated, protein, lipid and mineral contents are expressed on a dry matter basis (dry basis, db). Moisture content was determined separately and used to recalculate the analytical results to a dry matter basis. 
2.7 Determination of solubility
Solubility was assessed by dispersing the powder in water at a temperature of 40 °C with constant stirring. The amount of dissolved substances was determined gravimetrically. It should be noted that this method reflects the total degree of dispersion and does not clearly distinguish between true dissolution and colloidal dispersion. 
2.8 Microbiological research 
The microbiological safety of low-fat melon seed cake powder was evaluated using standard culture methods in accordance with current state standards. The total number of mesophilic aerobic and facultative anaerobic microorganisms (CMAFAnM) was determined according to GOST 10444.15-94, the bacteria of the E. coli group (BGCP) - according to GOST 31747-2012, the presence of Escherichia coli - according to GOST 30726-2001, the presence of Salmonella spp. - according to GOST 31659-2012, as well as the amount of yeast and mold fungi - according to GOST 10444.12-2013. For analysis, the samples were aseptically homogenized, sequential tenfold dilutions were prepared and seeded on appropriate nutrient media according to the requirements of these standards. After incubation under regulated conditions, colony-forming units (CFU) were counted and the presence or absence of pathogenic microorganisms was determined. 
3. Results and discussion 
A sample weighing 10 kg, after mechanical cleaning and natural ventilated drying at a temperature of 25-30 °C, for 48 hours, with a humidity of 12%, was degreased by sequential double pressing in a screw press (PG-100; 1st stage: 20 MPa, 10 min; 2nd: 30 MPa, 15 min) including hydrothermal treatment between the two pressing stages. The yield of defatted cake was 6.9 ± 0.1 kg (69 ± 1%), with residual lipids ~8% after the 1st stage and 2.8-5.2 ± 0.2% after the final pressing. The results are shown in Table 1.
Table 1. Characteristics of the degreasing process
	Stage 
	Mass of cake, kg 
	Lipids, % 
	Protein, %

	After the 1st pressing 
	7,5 ± 0,2
	8,1 ± 0,3
	37,2 ± 0,5

	After the 2nd pressing with hydrothermal treatment
	6,9 ± 0,1
	5,2 ± 0,2
	38,5 ± 0,4


Skimmed cake weighing 6.9 kg was subjected to two-stage grinding to achieve submicron dispersion. The primary processing was carried out in 500-800 g portions on a vertical cutting mill Spice Herb Grinder HR-06B with a bowl volume of 1000 ml, stainless steel, with a power of 1500 watts. Time: 60-120 s, A1 output ≈ 630 microns. Sieving through a metal sieve of 630 microns (BS 410) yielded 5.175 ± 0.05 kg of fine fraction (75%). The equipment design ensured a minimal change in material temperature (<40°C), preserving protein (38.5 ± 0.3%), but the particle distribution varied (CV 12%), limiting reproducibility. Micronization on the Chocolate Ball Mill B12 ball mill (12 L, PLC, circulating discharge; water cooling, T ≤ 18°C, 100 rpm, 2 h). Sequential sieving (Alpine E20; A2≈300 microns BS410, then A3≈105 microns) isolated the final fraction of 3.459 ± 0.04 kg (50% of the cake;). The results are shown in Table 2.
Table 2. Mass balance of grinding
	Stage 
	Input, kg 
	Output < Sieve, kg 
	Output, %

	Coarse (630 microns) 
	6,9
	5,175
	75

	Average (300 microns) 
	5,175
	4,320
	83

	Thin (105 microns)
	4,320
	3,459
	80


The final powder (fine fraction 3.459 kg after formulation) was characterized by stable parameters. The chemical composition of the developed powdered product, expressed in terms of dry matter, is shown in Table 3. The results obtained indicate a high protein content with a low residual fat content, and also confirm the preservation of iron in an amount of nutritional value.
Table 3. Chemical composition of the final product (values expressed on a dry matter basis).
	Indicator 
	Method 
	Value
	Typical value

	Humidity, % 
	Gravimetry 
	5,2 ± 0,4
	<7% (stability) 

	Lipids, % 
	Soxhlet 
	5,2 ± 0,2
	3-6% (functional powders) 

	Protein, % 
	Kjeldahl
	38,5 ± 0,3
	>30% (high protein) 

	Iron, mg/100 g
	Flame atomic absorption spectrometry 
	11.21± 0,15
	4-10 (RDI 18 mg/day)


The results of microbiological studies of the finished powdered product are presented in Table 4. The total number of mesophilic aerobic and facultative anaerobic microorganisms (CMAFAnM) was 1.2 × 103 CFU/g, which is significantly lower than the maximum permissible level established by TR CU 021/2011 "On Food Safety". The content of yeast and mold fungi was 30 CFU/g, which also meets regulatory requirements. Coliform bacteria (BGKP), Escherichia coli and Salmonella spp. they were not found in the studied samples. The results obtained confirm the compliance of the developed powdered product with the requirements of TR CU 021/2011 in terms of microbiological parameters and indicate its microbiological safety.
Table 4. Microbiological indicators
	Indicator 
	The value of the final product 
	The norm (TR CU 021/2011) 

	Mesophilic aerobic and facultative anaerobic microorganisms
	1.2×103 CFU /g 
	less than 5×10⁴ CFU/g 

	Mould/Yeasts 
Coliform bacteria (BGKP)
	30 CFU/g 
Missing (in 0.1 g)
	Not more than 100 CFU/g 
Missing (in 0.1 g)

	Salmonella 
	Missing (in 25 g) 
	Missing (in 25 g) 

	Escherichia coli
	Missing (in 1 g)
	Missing (in 1 g)


A comparative analysis of the solubility of low-fat melon seed cake (powder) before the introduction of additional ingredients was carried out. The effect of particle size (630, 300 and 105 microns) on the water solubility index (WS, %) was studied. It was found that with a decrease in particle size, solubility increases from 58.2% (630 microns) to 73.8% (300 microns) and reaches a maximum value of 92.1% (105 microns). Thus, reducing the particle size leads to an increase in solubility by more than 30%, which confirms the key role of fine grinding in improving the functional properties of the powder. The results are shown in Figure 1.
[image: ]
Figure 1. Effect of particle size on the water solubility of defatted melon seed cake powder. 
For the solubility test, a simplified model formulation containing melon seed cake powder, inulin, pectin and lecithin in a ratio of 20:6:1:1 was prepared. This composition was used only for evaluating water solubility and did not represent the final product formulation. The powder (5.00 ± 0.01 g) was dispersed in 100 ml of distilled water (40 ± 1 °C, pH 6.8) on an IKA C-MAG magnetic stirrer, 300 ± 10 rpm, for 30 min. The suspension was centrifuged in a Sigma 3-16L, 5000 × g centrifuge for 10 minutes at a temperature of 20 ° C; then the precipitate was washed with 2 × 10 ml, dried at 105 ° C for 2 hours to a constant weight and weighed. The water solubility was calculated using Eq. (1):
              eq (1) where m0 is the initial mass, and msediment is the dry sediment. 
Table 5. Solubility data
	Sample 
	m₀, g 
	msediment, g
	WS, %

	1
	5,02
	0,41
	91,8

	2
	4,98
	0,38
	92,4

	3
	5,01
	0,40
	92,0


Iron content was determined by flame atomic absorption spectrometry. A 1.035 g sample was mineralized with sulfuric acid at 700 °C for 3 h. The ash was transferred into a 20 mL volumetric flask, treated with 1% CaCl₂ in an ultrasonic bath for 30 min, and diluted to volume. Calibration solutions (2, 4, and 6 mg/L Fe) were prepared from a certified LGC Limited standard.
The iron content was calculated using Eq. (2):
                       where is the iron content (mg/kg),
 is the iron concentration determined by Flame atomic absorption spectrometry (mg/L),
   is the final solution volume (20 mL), 
  is the sample mass (1.035 g).
For the analysed sample, mg/L; therefore by substituting the experimental values into Eq. (2)
 which corresponds to 11.21 mg/100 g. 
The developed technology has confirmed the possibility of obtaining a functional powder from low-fat melon seed cake without the use of organic solvents. Reducing the particle size to 105 microns increased the solubility of the powder to about 90%, and the introduction of lecithin, inulin and pectin improved its dispersibility. The resulting product was characterized by a high protein content (38.5%), a low residual fat content (2.8–5.2%) and an iron content of 11.21 mg/100 g. The microbiological parameters met the established safety requirements. The increase in solubility with decreasing particle size is consistent with the increase in specific surface area reported for plant protein powders. The obtained protein content confirms the suitability of defatted melon seed cake as a raw material for functional foods.
4. Conclusions
In conclusion, it can be said that controlled micronization in combination with hydrothermal treatment makes it possible to effectively modify the structure of melon seed cake and significantly increase its solubility. The critical parameter is the achievement of 105 microns, which ensures the transition to effective dispersion due to structural disintegration. Solvent-free degreasing up to 2.8-5.2% demonstrates a technologically sustainable alternative to traditional methods. The resulting product is characterized by high solubility, stability and nutritional value, which confirms the prospects of its use in functional food systems, but the presented recipe is not final, since this product can also be further enriched with macro and microelements. Further studies should focus on optimizing the formulation and evaluating the storage stability of the product.
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