ENRICHMENT OF GLUTINOUS RICE BREAD USING ASPARAGUS OFFICINALIS
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ABSTRACT
Developing gluten-free food products is an important direction in the creation of functional and health-oriented foods. The aim of this study was to evaluate the sensory properties, chemical composition (protein, fat, carbohydrates, amino acid profile, antioxidant activity), and energy value of bread produced from white, brown, and black glutinous rice with the addition of asparagus powder. A comparative analysis was performed using control samples and samples fortified with Asparagus officinalis at 3%, 5%, 10%, 15%, and 20% (15 formulations). Based on sensory evaluation, nine formulations (control, 3%, and 5%) were selected for detailed analysis. Black rice bread showed the highest baseline protein content; however, fortification at 3–5% reduced protein by 6.64–10.14%. The highest fat content (1.20 ± 0.006 g) was observed in white rice with 5% supplementation, while other samples ranged from 0.27 to 0.48 g. Carbohydrates increased in white (+32.32%) and black (+5.11%) rice breads at 3%, but decreased in brown rice (−12.07%). Antioxidant activity in-creased significantly in white rice with 5% supplementation (+21.95%). The highest energy value was recorded for white rice with 3% addition (212.71 kcal). Samples with 5% asparagus increased the content of key amino acids, particularly arginine, proline, serine, and alanine.
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1. INTRODUCTION
The development of gluten-free bakery products as functional foods is becoming increasingly important. The use of rice in bread production has recently become one of the most promising approaches in the development of gluten-free functional food technologies. The importance and relevance of this trend are driven by the increasing prevalence of gluten-related disorders and allergies, as well as by growing consumer interest in a healthy lifestyle and products with improved physiological benefits (Culetu et al. 2021; Siminiuc and Turcanu 2023; Shevkani and Singh 2014). However, conventionally produced gluten-free products are often characterized by low nutritional value (Man et al. 2014; Rondanelli et al. 2019; Sattaka 2016). They are typically deficient in dietary fiber and protein, B vitamins, and essential minerals (Bao et al. 2004; Bardella et al. 2000; Falguera et al. 2012; Juliano 1998; Omary et al. 2012), and their sensory properties, including taste and texture, are often unsatisfactory. Therefore, the search for new raw materials and enrichment ingredients capable of overcoming these limitations remains highly relevant (Demirkesen et al. 2010; Laddha et al. 2021; Nguyin 2001; Šmídová and Rysová 2022; Utarova et al. 2024).
Glutinous rice represents a promising basis for the production of gluten-free functional bakery products (Gujral et al. 2012; King et al. 2020; Królak et al. 2017; Sedej et al. 2011; Wang et al. 2022). Waxy (glutinous) rice has a fundamentally different starch structure compared with traditional rice types (Heberle et al. 2022; Locke et al. 2019; Olsen and Purugganan 2002). Its starch consists almost entirely of amylopectin and contains minimal amounts of amylose, which explains its high water-binding capacity, viscosity, and ability to form a stable structured system (Paz et al. 2021). These properties enable glutinous rice to compensate for the lack of a gluten framework and facilitate the formation of a soft, uniform, and elastic crumb without the addition of gluten-containing ingredients (Rai et al. 2014). Bakery products made from glutinous rice are characterized by a soft and sticky texture (Park et al. 2012). In addition, its starch grains are small, which pro-motes efficient gelatinization and high hydration capacity of the dough (Melini et al. 2019). Another important advantage of glutinous rice is its hypoallergenic properties (Bordiga et al. 2014; Yawadio and Morita 2007). Therefore, glutinous rice is considered an important potential ingredient for the development of specialized bakery products applicable for functional, dietary, and therapeutic nutrition (Adom and Liu 2002; Gularte et al. 2012; Sakač et al. 2011). Different types of glutinous rice exhibit significant biochemical differences (King et al. 2020). Polished white rice contains low levels of fiber and loses some of its biologically active substances (Glover and Martin 2012; Kushwaha 2016; Luo et al. 2021). In contrast, brown rice retains its germ and bran layers and is rich in dietary fiber, vitamins, and minerals, while also exhibiting a lower glycemic index. Black glutinous rice contains higher levels of anthocyanins, flavonoids, and more than 23 other compounds with pronounced antioxidant activity (Kim et al. 2010). Such compounds are capable of neutralizing free radicals and reducing oxidative stress in the body cells, which plays an important preventive role in nutrition-related diseases (Kim et al. 2010; Zhang et al. 2006). In addition, black rice generally contains higher levels of fiber, protein, and minerals compared with white and brown types (Hou et al. 2013). However, black rice has a distinctive taste and higher cost, which may limit its widespread use (Bolea et al. 2016; Burešová et al. 2023). Furthermore, glutinous rice is a rich source of essential microelements, including iron, copper, zinc, and selenium, which are also involved in antioxidant defense and enzymatic systems in the human body. Thus, the use of glutinous rice not only contributes to the formation of the desired structure in gluten-free bread but also enhances its biological and nutritional value, transforming it from a predominantly carbohydrate-based product into a functional one (Alvarez-Jubete et al. 2009; Karakaya et al. 2016; Rini et al. 2019). Therefore, differences in functional properties and nutritional composition among rice types represent an important factor in the creation of a functional bakery product.
Despite the obvious technological advantages, bakery products made from rice flour, including glutinous rice flour, are characterized by accelerated staling and increased crumbliness, which are associated with the structural characteristics of the starch matrix and the absence of a protein network (Kohli et al. 2022). Therefore, the incorporation of plant-based ingredients as modifying agents represents a relevant approach to improve the rheological properties of dough, enhance water-holding capacity, and enrich the product with functional components (Pegiou et al. 2020). Asparagus (Asparagus officinalis) is such a promising plant mate-rial rich in vitamins, dietary fiber, and phenolic antioxidants, which allows for a targeted increase in the nutritional and functional value of the product, and with optimally selected dosages, without significant deterioration in the structural, mechanical, and organoleptic characteristics (Goñi et al. 2024). Asparagus officinalis is a valuable food plant containing a wide range of biologically compounds (Nguyen et al. 2024). It is rich in vitamins (folic acid, vitamin C, vitamins A, E, K and group B) and minerals (potassium, magnesium, iron, etc.) (Priss et al. 2024). It also contains polyphenolic compounds including quercetin, rutin, and hydroxycinnamic ac-ids derivatives with pronounced antioxidant activity (Priss et al. 2025). These compounds are capable of inhibiting lipid peroxidation, thereby contributing to increased shelf life of food products and protecting cellular structures from oxidative images (Yu and Fan 2021). In addition, asparagus is rich in dietary fiber and oligosaccharides, particularly fructans and inulin-type com-pounds with well-documented prebiotic properties. These components selectively stimulate the growth of beneficial intestinal microbiota, contribute to metabolic regulation, im-prove digestion, and enhance overall physiological resilience (Kapoor et al. 2019). From a technological perspective, asparagus component exhibits high water-holding capacity, which is especially important for functional products. Oligosaccharides and dietary fiber can bind and retain significant amounts of water, thereby slowing starch retrogradation, the primary cause of bread staling (Osokina et al. 2017). As a result, the shelf life is extended and the organoleptic characteristics are improved (Papoutsis 2023). Due to its high nutritional and biological value, asparagus was selected as a modifying component for glutinous rice bread (Priss and Bulhakov 2024). The incorporation of asparagus powder can increase the amount of biologically active compounds. However, optimization of its concentration is necessary to avoid adverse effects on the structure and organoleptic properties of the final product (Guo et al. 2020).
The combination of glutinous rice and asparagus is of considerable scientific and practical interest due to their potential synergistic effect. The unique amylopectin-rich starch of glutinous rice provides the viscoelastic structural base, while asparagus contributes biologically active compounds, prebiotic components, antioxidants, and structure-stabilizing substances. This combination may enhance the nutritional profile, technological performance, and shelf life of the final product.
Therefore, the investigation of bakery products based on glutinous rice with the addition of asparagus as a plant component represents a relevant and scientifically justified direction in food technology.
This approach enables the production of bread with improved structural and mechanical properties, enhanced nutritional and biological value, and pronounced antioxidant and prebiotic potential
Such products may contribute to expanding the range of functional foods based on plant-derived ingredients that support health and help prevent nutrition-related diseases. The aim of study is to comprehensively evaluate the effect of different concentrations of Asparagus officinalis powder on the sensory, functional, and physicochemical properties of bread produced from three types of glutinous rice (white, brown, and black), and to deter-mine the optimal levels of additives.

2. MATERIALS AND METHODS
The study utilized locally grown glutinous rice (white Chapsari, brown, and black) cultivated in the Maktaaral district of the Turkestan region, Kazakhstan. Glutinous rice is characterized by a high amylopectin content, which imparts a unique sticky texture, mild sweetness, and increased grain integrity (average grain length ~7 mm). Brown rice retains the bran layer, which is rich in dietary fiber and B vitamins, and is gluten-free. Black rice contains anthocyanins responsible for its dark pigmentation and antioxidant activity; it is characterized by a low glycemic index, a nutty flavour, and a purple coloration upon cooking (Fig. 1).

2.1. Preparation of Glutinous Rice Flour
The rice grains were previously processed into flour. The milling was carried out using a Retsch GRINDOMIX GM 200 knife mill. This mill was used to grind and homogenize the rice grains. The mill consists of two sharp hard knives, which are driven by a 1000 W motor. The milling capacity of the sample is 700 grams. The milling was carried out for 3 minutes by varying the speed of rotation from 2500 to 8000 rpm.

2.2. Preparation of Bread Product Samples
For the preparation of glutinous rice bread test samples, the following recipes were developed: pure rice-based, with the addition of Asparagus officinalis in varying proportions (0%, 3%, 5%, 10%, 15%, 20%). Asparagus officinalis itself was used in powder form. A steamer was chosen as the preparation method. The sample steaming time was 30 minutes.

2.3. Sensory Evaluation of Food Products
Sensory (organoleptic) evaluation of the bread samples was performed using a 9-point hedonic scale ranging from 1 to 9 (1 = dislike extremely, 5 = neither like nor dislike, and 9 = like extremely). A panel of ten semi-trained participants took part in the sensory evaluation by tasting the prepared samples. The participants were informed about the aims, procedures, and methodology of the study and provided their consent to participate. The bread samples were evaluated according to the following sensory attributes: appearance (external and crumb structure), texture (consistency), color, taste, and aroma. The evaluation results were expressed as the average score for each characteristic, calculated based on the panelists’ assessments (State Committee of the USSR for Standards 1987).

2.4. Protein Content Analysis
The protein content of the bread samples was determined using the Kjeldahl method (Kjeldahl 1883), which is based on the determination of total nitrogen after high-temperature mineralization of the sample. In this method, organic material is digested with concentrated sulfuric acid in the presence of a catalyst and sulfate salts at temperatures exceeding 400 °C. Under these conditions, organic nitrogen is converted into ammonium sulfate, while organic matter is decomposed into carbon dioxide and water. After digestion, the solution was alkalized with a concentrated alkali solution to release ammonia. The liberated ammonia was distilled with steam and absorbed in a boric or sulfuric acid solution. The amount of ammonia was then determined by acid–base titration using sodium hydroxide solution with a mixed indicator (methyl red and bromocresol green) or a Tashiro indicator. Based on the titration results, the mass fraction of total nitrogen in the sample was calculated. The protein content was subsequently determined by converting the nitrogen content using a protein conversion factor. For rice samples, a factor of 6.0 was applied based on the average nitrogen content of rice proteins, while 6.25 was used as the universal protein conversion factor (Latimer 2016).

2.5. Total Fat analysis
Lipid quantification was performed using the officially sanctioned Soxhlet technique. However, this conventional approach is constrained by its extended extraction period (16–24 h) and elevated temperature requirements. Automated Soxhlet extraction addresses these issues by offering enhanced efficiency through shorter run times, diminished solvent needs, and the capability for concurrent extraction of several specimens. The crude fat content of food has been determined by methodologies that involve extraction with organic solvents, drying of the extract, and gravimetric determination of fat. The method is based on the extraction of lipids from a pre-dried and homogenized sample using a non-polar organic solvent, followed by solvent removal and gravimetric quantification of the extracted fat. Samples were ground to a homogeneous mass and dried at 50–60 °C to an air-dry state. Analytical portions (3–5 g) were extracted with diethyl ether or petroleum ether in a Soxhlet apparatus until complete lipid removal. After extraction, the solvent was evaporated, and the residue was dried at 100–105 °C to constant mass. The fat content was calculated as the ratio of the extracted fat mass to the sample mass and expressed as a percentage. Results were reported as the mean of at least two parallel determinations (Shin and Park 2015).

2.6. Method of Carbohydrate Content Analysis
The content of reducing carbohydrates in the test samples was determined using the Bertrand permanganate method based on the reducing properties of sugars. Reducing sugars were oxidized with Fehling's solution, prepared by mixing equal volumes of cop-per sulfate solution (Fehling's No. 1) and an alkaline solution of potassium sodium tartrate (Fehling's No. 2). Upon heating, copper (II) ions were reduced to cuprous oxide. The resulting cuprous oxide was dissolved in an acidic medium using ferric ammonium alum or ferrous sulfate solution, resulting in the reduction of iron (III) to iron (II). The amount of iron (II) was determined by titration with potassium permanganate. The amount of reduced copper was calculated from the volume of permanganate solution, after which, using Bertrand calibration tables, the content of reducing sugars in the sample was deter-mined (Wildman and Hansen 1940).

2.7. Determination of the Energy Value of Food Products
The nutritional and energy values of the bread samples were determined by calculation based on the chemical composition of the product. Nutritional value is characterized by energy value, digestibility, and the content of essential nutrients, including proteins, fats, carbohydrates. Energy value was calculated based on the content of essential nutrients in the product per 100 g. Specific energy coefficients were used for the calculation: proteins - 4.0 kcal/g; fats - 9.0 kcal/g; carbohydrates - 3.75 kcal/g. Energy value was calculated by multiplying the mass fraction of each component by the corresponding energy coefficient and then summing the resulting values. Energy value was expressed in kilo-calories (kcal) per 100 g of product. The resulting value characterizes the total amount of energy released during digestion of the product. The calculation method is based on experimentally obtained data on protein, fat, and carbohydrate content and allows for the determination of the theoretical energy value of a product. The accuracy of the method depends on the reliability of the initial chemical composition data and does not account for potential nutrient losses during heat treatment (Ingrao et al. 2018).

2.8. Determination of Acidity of Food Products
The pH of the bread was measured using a pH meter (HACH, France). The bread crumb was mixed with distilled water to obtain a suspension using a 1:1 ratio of bread crumb to distilled water. The mixture was then measured with a suitable electrode. The pH measurements were performed in triplicate) (Tsanasidou et al. 2021).
The titratable acidity (TTA) of the bread was measured by titration with a sodium hydroxide (NaOH) solution. The bread crumb sample was mixed with water, filtered, and titrated with a pH indicator. The acidity was titrated with a 0.1 M NaOH solution (Silva et al. 2021).

2.9. Method for Determination of Amino acid Composition in Products
The mass fraction of amino acids in the samples was determined using a Kapel-105M capillary electrophoresis system (Lumex, Russia). The method is based on the acid hydrolysis of samples to liberate amino acids, their derivatization into phenylthiocarbamyl (PTC) derivatives, followed by the separation and quantification of these derivatives by capillary electrophoresis.
A 100 mg portion of ground bread was placed into a hydrolysis vial, and 10 mL of hydrochloric acid solution (diluted 1:1 with distilled water) was added. The vial was sealed tightly and stirred. Hydrolysis was then carried out in a drying oven at 110°C for 14–16 hours, as described by Kubczak et al. (2022). After hydrolysis, the vials were cooled to room temperature, and the contents were filtered. Subsequently, PTC derivatives were prepared according to the following procedure: 50 µL of the cooled hydrolysate was transferred into 10–15 mL glass beakers, and the solution was evaporated to dryness under a stream of warm air. To each beaker containing the dry residue, 0.15 mL of sodium carbonate solution (0.1 mol/L) and 0.3 mL of phenylisothiocyanate solution in isopropyl alcohol were added. The mixture was stirred thoroughly until the precipitate dissolved, covered with a lid, and left for 35 min at room temperature. The solutions were then evaporated to dryness again under a stream of warm air. The dry residues were dissolved in 0.5 mL of distilled water and used for analysis. The prepared solutions were transferred to Eppendorf tubes and centrifuged for 5 min at 5000 rpm.
Detection was carried out in the UV region of the spectrum at a wavelength of 254 nm. Data processing was performed using Elforan software. The analysis conditions were as follows: buffer: β-cyclodextrin (Fluka, Germany); phenylisothiocyanate (Sigma-Aldrich, USA) was used for the preparation of phenylthiocarbamyl derivatives; capillary column: Ltotal = 65/75 cm, ID = 50 µm; voltage: +25 kV; temperature: +30°C; detection wavelength: 254 nm. Calibration was performed using an amino acid standard mixture, LAA-21 (Sigma-Aldrich, USA) (Kubczak et al. 2022).

2.10. Determination of Antioxidant Content in Food Products
The total antioxidant content in the samples was determined using a Tsvet-Yauza-01-AA analyzer (Khimavtomatika, Moscow, Russia) based on the amperometric detection method, as described previously (Murzahmetova et al. 2015; Yashin et al. 2010). The analysis was performed using the mean value obtained from a series of five consecutive measurements. Commercially available antioxidants were used as reference standards: Quercetin hydrate (≥95%, Cat. No. 337951, Sigma-Aldrich, USA) and Gallic acid (≥97%, Cat. No. G7384, Sigma-Aldrich, USA) (Murzahmetova et al. 2015; Yashin et al. 2010).

2.11. Statistical Analysis
All experiments were replicated at least three times, and the data were expressed as “mean ± standard deviation”. Two-way analysis of variance (ANOVA) was used to identify differences between samples, with p < 0.05 considered statistically significant (CRAN n.d.; DZ Childs n.d.; GraphPad Software n.d.-a, b).

3. RESULTS 
3.1. Sensory Evaluation of Rice Bakery Products
The organoleptic properties of the bread were assessed on a nine-point scale, taking into account appearance, structure, elasticity, aroma, freshness, and taste (9 = excellent; 1 = unsatisfactory). Control samples of bread made from white, brown, and black rice without the addition of Asparagus officinalis received high scores on all parameters, indicating the high quality of the original product (Fig. 2). 
Two-way analysis of variance (ANOVA) was performed to evaluate the effect of asparagus concentration and respondents on sensory attributes of rice bread. The results demonstrated a statistically significant effect of sample formulation on appearance, consistency, color, scent, and taste (p < 0.05) (Table 1).
With the addition of 3–5% asparagus powder, sensory characteristics remained high. In the white, brown, and black rice samples, taste, aroma, structure, and elasticity did not change significantly, and average scores were at least 4.5 points. This concentration did not adversely affect the consumer properties of the product. Increasing the Asparagus officinalis content to 10% or more resulted in a deterioration in organoleptic properties. The most pronounced decrease in quality was observed in bread made from white rice, where taste and aroma scores dropped to 2.0–3.0 points. Brown and black rice samples also showed a decrease in scores to 2.5–3.0 at concentrations of 10–15%, accompanied by the appearance of off-flavour and bitter notes. Overall, the deterioration in sensory perception at high doses is due to the excessive content of asparagus plant components, which affect the product's flavour and aroma. The optimal concentration of Asparagus officinalis powder in rice bread recipes is 3–5%, ensuring the preservation of organoleptic characteristics while simultaneously enriching the product with biologically active substances. Using the additive at concentrations above 5% reduces the bread's consumer appeal and is inadvisable.
Thus, based on the results of the sensory evaluation, rice bread samples with 3% and 5% asparagus additives were selected for further analysis.

3.2. Determination of Protein Content in Rice Bread Samples
Protein content was determined in bread samples produced from three types of glutinous rice with the incorporation of asparagus powder at 3% and 5% levels. The analysis aimed to evaluate the effects of addition 3% and 5% asparagus to the protein content of the final bread product. Nine recipe formulations of bread were developed, including three control samples and six samples containing 3% and 5% Asparagus officinalis prepared from white, brown, and black glutinous rice. In the control white rice-bread samples, the protein content was 4.91 ± 0.04 g and the addition of 3% and 5% A. officinalis to the bread samples resulted in a decrease in protein to 4.04 ± 0.05 g and 3.72 ± 0.03 g, respectively, representing a 17.7% and 24.3% reduction compared to the control (Fig. 3).
The obtained data demonstrate a pronounced diluting effect of asparagus, characterized by a relatively low protein content. In brown rice bread samples, the protein content in the control group was 4.42 ± 0.03 g, while with the addition of 3% and 5% asparagus, it decreased to 4.39 ± 0.02 g and 4.31 ± 0.05 g, respectively (Fig. 3). This de-crease did not exceed 2.5%, demonstrating the relative stability of brown rice compounds. 
The highest initial protein content was found in black rice samples (5.72 ± 0.04 g) and the protein content decreased to 5.34 ± 0.05 g and 5.14 ± 0.04 g in black rice bread samples with the addition of 3% and 5% asparagus, respectively (Fig. 3), corresponding to a decrease of 6.6% and 10.1%. Despite the decrease of protein, black rice retained the highest protein content among the all studied bread samples.
Overall, the addition of Asparagus officinalis to all recipe variations resulted in a de-crease in overall protein content, most pronounced in the white rice samples. This effect is due to the partial replacement of the rice base with a plant component, the characteristic amino acid profile, and the lower protein concentration. Brown and black rice exhibit greater resistance to changes in protein composition when fortified with asparagus, making them more promising for the development of bakery products with increased nutritional value.

3.3. Fat Content Assessment in Rice Bread Samples
Fat content analysis of the bread samples showed significant differences depending on the rice type and the level of A. officinalis added. The control white rice bread sample had a fat content of 0.48 ± 0.004 g, and the addition of 3% A. officinalis reduced the fat con-tent to 0.33 ± 0.002 g, while the addition of 5% resulted in a significant increase to 1.20 ± 0.006 g, which was the highest value among all samples (Fig. 4).
In the control brown rice bread sample, the fat content was 0.33 ± 0.001 g. With the addition of 3% A. officinalis, a slight increase in fat content to 0.35 ± 0.001 g was observed, whereas a further increase in asparagus level to 5% led to a decrease in fat content to 0.29 ± 0.002 g (Fig. 4).
The fat content in the control sample of black rice bread was 0.45 ± 0.003 g. The addi-tion of 3% A. officinalis resulted in a moderate decrease to 0.40 ± 0.003 g, with a further de-crease to 0.27 ± 0.002 g at the 5% addition level.
These results indicate that the effect of A. officinalis addition on fat content depends on both the rice type and the addition level.

3.4. Determination of Carbohydrate Content in Rice Bread Samples
The results of the study demonstrate significant variability in carbohydrate content depending on the type of glutinous rice used and the concentration of Asparagus officinalis in the sample formulation. The control white rice sample had a carbohydrate content of 39.01 ± 0.47 g. When 3% asparagus powder was added to white rice bread, this value in-creased significantly to 51.62 ± 0.55 g (Fig. 5).
This increase may be attributed to the high content of easily digestible sugars (glucose, fructose, and sucrose) in young shoots of Asparagus officinalis. Furthermore, the addition of the plant component increased the proportion of extractable reducing sugars, which was reflected in the results of the permanganometric analysis. When the concentration of the additive in the bread increased to 5%, the carbohydrate content decreased to 42.60 ± 0.51 g (Fig. 5). This effect is likely due to dilution of the rice matrix, as well as the possible binding of sugars by the cell walls of the plant powder, which may reduce their availability for oxidation.
The control brown rice sample contained 38.37 ± 0.35 g of carbohydrates. The addition of 3% Asparagus officinalis to bread reduced this value to 33.74 ± 0.33 g (Fig. 5), which may be explained by the presence of significant amounts of dietary fiber and phenolic compounds in the brown rice husks that can adsorb water-soluble sugars. When the additive proportion was increased to 5%, the carbohydrate content rose to 37.80 ± 0.45 g (Fig. 5), approaching the control level. This indicates partial compensation for the ad-sorption effect due to the contribution of carbohydrates present in asparagus itself. 
The control black rice sample had a carbohydrate content of 37.97 ± 0.42 g. The addition of 3% asparagus powder increased this value to 39.91 ± 0.45 g, whereas at a con-centration of 5%, a decrease to 38.42 ± 0.31 g was observed (Fig. 5). Such fluctuations may be associated with the high content of anthocyanins and phenolic compounds in the black rice husk, which may participate in secondary oxidation-reduction reactions with potassium permanganate, partially affecting the results of the quantitative determination of reducing sugars.
Thus, the highest carbohydrate content was recorded in the white rice bread with the addition of 3% Asparagus officinalis (51.62 ± 0.55 g), making this formulation promising for the development of functional foods with increased energy value. The obtained data indicate that the effect of Asparagus officinalis on the carbohydrate content of bread is deter-mined not only by the additive concentration but also by the type of rice base used. This may be related to differences in the grain cellular structure, husk composition, dietary fiber content, and the presence of bioactive compounds. The permanganometric method is reliable for determining reducing sugars; however, when analyzing pigmented samples, particularly black rice, potential interference from phenolic compounds and anthocyanins should be considered. Overall, enrichment of glutinous rice bread with Asparagus officinalis powder makes it possible to modulate the carbohydrate content of the product, thereby creating opportunities for the targeted development of its energy and functional value depending on the intended application of the final product.

3.5. Determination of the Energy Value of Bread Samples Made from Three Types of Rice
This study assessed the energy value of bread products made from white, brown, and black glutinous rice in both control samples and samples fortified with Asparagus officinalis powder at concentrations of 3% and 5%. The results showed that the addition of 3% asparagus powder to white rice bread significantly increased the energy value of the product to 212.71 kcal, representing a 24.9% increase compared with the control value (170.25 kcal) (Table 2).
Increasing the asparagus powder content to 5% reduced this value to 185.43 kcal, remaining 8.9% higher than the control value (Table 2). This change may be due to the low content of easily digestible compounds and proteins in white rice, as well as the potentiating effect of the plant component at moderate dosages. At higher supplement levels, the rice base is partially replaced by lower-calorie plant matter, resulting in a reduction in the overall energy density of the product. 
Introducing Asparagus officinalis to brown rice bread changed the product’s energy value. When 3% asparagus was added to brown bread, its caloric content decreased to 147.23 kcal (- 10.5%), while the calorie content of bread with 5% of asparagus was to de-creased slightly to 161.60 kcal (- 1.8%) compared to the control brown rice bread without asparagus (164.54 kcal). This effect may be related to the high proportion of dietary fiber in brown rice and the relatively low-calorie content of asparagus. As a result, the energy-dense base is "diluted" by a component with a lower energy content, resulting in a reduction in the overall calorie content of the product.
Black rice samples exhibit less pronounced changes in energy value. Adding 3% asparagus resulted in a slight increase in energy value to 174.62 kcal (+3.1%), while in the sample with 5% asparagus, it decreased to 167.06 kcal (-1.3%). This stability may indicate a balanced composition of the formula's components, as well as the stabilizing effect of biologically active substances characteristic of black rice, particularly anthocyanins and polyphenols, which can indirectly influence nutrient metabolism and composition.
Data analysis shows that fortifying white rice with 3% Asparagus officinalis is the most effective in increasing the energy value of the product. In the case of brown rice, the addition of asparagus, on the other hand, allows for a reduction in calorie content, which can be used in the development of low-calorie products. Black rice exhibits little fluctua-tion in energy value during fortification, indicating its stability and balanced nutritional profile.
Therefore, the choice of rice type and the percentage of plant additive content should be based on the specific purpose of the product being developed: increasing caloric content, maintaining energy balance, or reducing energy density for dietary and preventative nutrition.

3.6. Determination of Rice Bread Samples Acidity
Determination of the pH and total titratable acidity (TTA) of bread samples prepared from different types of rice flour with the addition of Asparagus officinalis powder revealed that the pH values of the samples ranged from 5.15 to 5.65 (Table 3).
The most acidic (pH 5.15) was the control sample of bread made from white flour, and the highest pH value was found in the control sample of bread made from brown flour, which showed a neutral pH (pH 5.65). The effect of asparagus addition on the pH of bread products was inconsistent. In white rice samples with asparagus, the pH increased to 5.41 at 3% addition, while increasing the addition to 5% resulted in a slight decrease in pH to 5.32. In the brown rice bread, the pH decreased to 5.33 at 3% addition and increased to 5.53 at 5%. The acidity of black rice bread with 3% asparagus added increased to 5.57, while in the 5% sample it decreased slightly to 5.22. Total titratable acidity (TTA) values varied over a wider range, from 1.10% to 3.70%. The highest acidity was found in the control black rice sample (3.70%), while the lowest was found in the fortified white and brown rice samples with 3% asparagus added (1.10%). The addition of asparagus powder resulted in a decrease in TTA in most cases. For example, in white rice bread, TTA de-creased to 1.10% with 3% asparagus, while with 5% asparagus, it increased to 3.00%. The dynamics in brown rice bread were similar: a decrease to 1.10% with 3% asparagus and an in-crease to 3.00% with 5%. A dose-dependent decrease in the acidity of black rice bread was observed: from 3.70% (control) to 3.20% (3%) and 1.30% (5%). Thus, both black rice flour and the concentration of Asparagus officinalis additive have a significant and ambiguous effect on the acidity of bread, which must be taken into account when developing recipes.

3.7. Determination of Antioxidants Content in Rice Bread Samples
The initial level of antioxidant activity varied significantly depending on the rice type. In the water-soluble fraction, the highest values were observed for black rice, the lowest for white rice, and brown rice was intermediate. These differences are due to the high content of phenolic compounds and anthocyanins in the pigmented husk of black rice, as well as the presence of phenolic acids in the bran of brown rice (Fig. 6).
The addition of Asparagus officinalis resulted in an increase in water-soluble antioxidant activity in all samples studied. The most pronounced effect was observed in white rice bread, where antioxidant content increased from 0.41 g/g in the control to 0.50 g/g with a 5% supplement. In brown rice samples, the antioxidant content increased from 0.38 to 0.43 g/g, while in black rice it remained at a consistently high level (0.50–0.54 g/g). These results indicate a pronounced enriching effect of asparagus, associated with its high content of flavonoids and ascorbic acid.
Fat-soluble antioxidant activity in all samples was significantly lower than that of the water-soluble fraction. The highest values were recorded in black rice (0.091 g/g), which is due to the presence of tocopherols and other lipophilic compounds in the grain husk. In white rice, the addition of 5% asparagus increased the antioxidant activity from 0.049 to 0.063 g/g, corresponding to an increase of approximately 29%. In brown and black rice samples, the changes were less pronounced and, in some cases, were accompanied by a slight decrease in the antioxidant activity, likely due to matrix effects and the redistribution of lipophilic components.
Overall, fortification with Asparagus officinalis powder had a more pronounced effect on water-soluble antioxidant activity than on fat-soluble antioxidant activity. The main contribution of the supplement was associated with an increase in the content of polyphenols and vitamin C, while the contribution to the levels of tocopherols and carotenoids was limited.
Black rice had the highest initial antioxidant potential and maintained its leading position after fortification. White rice, initially low in antioxidants, demonstrated the greatest relative increase in antioxidant activity, indicating the high effectiveness of asparagus in enhancing its functional value. Brown rice exhibited intermediate properties. The obtained data confirm that the addition of Asparagus officinalis contributes to a comprehensive increase in the antioxidant activity of rice bread, mainly due to the enhancement of the hydrophilic fraction, and substantiate the feasibility of using this additive in the development of functional bakery products.

3.8. Evaluation of Amino Acid Composition
An analysis of the amino acid profile of three rice types (white, brown, and black) using capillary electrophoresis revealed different effects of asparagus powder addition (3% and 5%) on their composition (Table 4).
The control black rice sample had the highest initial concentration of key amino ac-ids, particularly for arginine (45 mg/L), threonine (44 mg/L), and proline (43 mg/L). The effect of asparagus addition varied depending on the rice variety and yielded the following results. Adding 5% asparagus to white rice samples significantly increased the con-tent of proline (to 72.0 mg/L), arginine (to 40 mg/L), and alanine (to 22 mg/L), but caused a sharp decrease in lysine (to 12 mg/L) and tyrosine (to 13 mg/L). A clear negative trend was observed in brown rice samples. With the addition of 3% and 5% asparagus, the concentration of most amino acids decreased, but the 5% sample showed an increase in glycine concentration to 10.0 mg/L. Black rice bread samples enriched with 5% asparagus had elevated proline levels (up to 56 mg/L). Thus, the addition of 5% asparagus powder has an enriching effect on the amino acid composition of white and, especially, black rice (proline, arginine, glycine, and alanine). For brown rice, the addition of asparagus is inappropriate, as it leads to a decrease in amino acid content. The optimal raw material for developing a fortified product is a composition based on white and black glutinous rice with the addition of 5% Asparagus officinalis powder, providing the best balance of nutritional value and organoleptic properties.
The growing demand for functional and nutritionally enriched bakery products has prompted researchers to explore alternative raw materials and processing aids, ranging from by-product recycling to the use of novel hydrocolloids and enzymes. As noted by Priss et al. (2025), recycling food industry by-products such as asparagus waste into protein- and mineral-rich powder represents a viable strategy for improving the nutritional profile of bread while addressing sustainability concerns. However, the incorporation of such non-traditional ingredients often poses significant technological challenges. For example, the use of pigmented rice flour, despite its well-documented high phenolic con-tent and antioxidant capacity, has been shown to degrade dough rheology and bread volume due to dilution of the gluten network and interactions of fiber and polyphenols with starch (Evangelista and Schönlechner 2025). Similar structural impairments are observed in gluten-free formulations, where the lack of a protein network results in poor gas retention and crumb hardness (Rybicka et al. 2019). To mitigate these effects, researchers have used various strategies. Stork et al. (2013) demonstrated that the addition of protein isolates (casein, albumin) in combination with transglutaminase could promote protein cross-linking, thereby improving the specific volume and texture of rice bread, although the result was highly dose-dependent. Furthermore, texture modifiers such as konjac glucomannan (KGM) have been shown to be effective; Li et al. (2024) reported that the strong water-binding capacity of KGM reduced starch swelling and gelatinization, which could increase product firmness, as well as enhance stickiness and water-holding capacity in products such as rice porridge, provided the optimal concentration (1.0%) was used.
The results of our study expand upon existing knowledge. Analysis of the nutritional energy value and amino acid composition of the developed product confirms that the chosen fortification approach achieves a nutritional value comparable to that of specialized protein isolates (Storck et al. 2013), but with a purer ingredient composition. The high antioxidant activity due to the added bioactive compounds is consistent with the findings of the re-view by Evangelista and Schönlechner (2025) on the potential of pigmented/fortified raw materials. However, in line with the observations of Priss et al. (2025) and Li et al. (2024), increasing the con-tent of functional ingredients inevitably impacts sensory properties. In our study, samples containing 3-5% asparagus powder showed good results. Adding the additive at higher concentrations negatively impacts organoleptic properties.
This interplay between technological functionality and sensory perception highlights the urgent need for a holistic approach to optimization, where the benefits of nutrient fortification are carefully balanced with consumer expectations regarding taste and texture, which ultimately determines the commercial viability of such functional bakery products.

4. CONCLUSION
The type of glutinous rice is a key determinant of the nutritional, functional, and technological properties of gluten-free bread. White glutinous rice, characterized by a high amylopectin content, ensures favourable textural characteristics and a neutral sensory profile; however, it is comparatively lower in dietary fiber and bioactive compounds. Brown glutinous rice contributes higher mineral and fiber content but tends to produce a denser crumb structure. Black glutinous rice shows the highest antioxidant potential due to its elevated anthocyanin concentration, highlighting its suitability for functional food applications.
Enrichment with Asparagus officinalis powder (3–5%) enhances dietary fiber, inulin, and vitamin content, while significantly improving antioxidant activity. The most pronounced functional improvements were observed in white rice-based formulations, indicating its high responsiveness to targeted nutritional fortification. Nevertheless, increasing the concentration to 5% may intensify herbal flavour notes and alter product color, which should be considered in relation to consumer acceptance.
Although black glutinous rice demonstrates superior intrinsic functional properties, its distinctive taste, dark pigmentation, and relatively higher cost may restrict its application in mass-market products. From a practical and economic perspective, formulations based on white glutinous rice enriched with 3–5% asparagus powder appear to provide the most balanced combination of technological performance, sensory acceptability, and improved nutritional value.
Future research should be focused on glycemic response evaluation, bioavailability of phenolic compounds, and long-term stability of antioxidant properties during storage.
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Table 1: Two-way ANOVA analyses of sensory characteristic of tree types of bread
	Sensory evaluation

	White rice bread

	
	SS
	df
	MS
	F
	P-value
	F crit

	Appearance
	
	
	
	
	
	

	Samples 
	21.20
	5
	4.30
	72.33
	0.00
	2.71

	Respondents
	0.09
	4
	0.02
	0.38
	0.82
	2.87

	Error
	1.19
	20
	0.06
	
	
	

	Consistency

	Samples 
	12.25
	5
	2.45
	13.46
	0.00
	2.71

	Respondents
	4.42
	4
	1.10
	6.07
	0.00
	2.87

	Error
	3.34
	20
	0.18
	
	
	

	Scent

	Samples 
	9.95
	5
	1.99
	23.53
	0.00
	2.71

	Respondents
	0.37
	4
	0.09
	1.10
	0.38
	2.87

	Error
	1.70
	20
	0.08
	
	
	

	Color

	Samples 
	19.23
	5
	3.85
	58.60
	0.00
	2.71

	Respondents
	0.10
	4
	0.02
	0.36
	0.83
	2.87

	Error
	1.31
	20
	0.07
	
	
	

	Taste

	Samples 
	17.13
	5
	3.43
	137.01
	0.00
	2.71

	Respondents
	0.31
	4
	0.08
	3.12
	0.04
	2.87

	Error
	0.50
	20
	0.03
	
	
	

	Brown rice bread

	
	SS
	df
	MS
	F
	P-value
	F crit

	Appearance
	
	
	
	
	
	

	Samples 
	20.39
	5
	4.08
	98.82
	0.00
	2.71

	Respondents
	0.47
	4
	0.12
	2.95
	0.05
	2.87

	Error
	0.83
	20
	0.04
	
	
	

	Consistency

	Samples 
	12.22
	5
	2.44
	14.56
	0.00
	2.71

	Respondents
	4.77
	4
	1.19
	7.11
	0.00
	2.87

	Error
	3.36
	20
	0.17
	
	
	

	Scent

	Samples 
	15.11
	5
	3.02
	94.66
	0.00
	2.71

	Respondents
	0.19
	4
	0.05
	1.51
	0.24
	2.87

	Error
	0.64
	20
	0.03
	
	
	

	Color

	Samples 
	29.81
	5
	5.96
	118.53
	0.00
	2.71

	Respondents
	0.05
	4
	0.01
	0.25
	0.91
	2.87

	Error
	1.01
	20
	0.05
	
	
	

	Taste

	Samples 
	16.56
	5
	3.31
	118.53
	0.00
	2.71

	Respondents
	1.28
	4
	0.32
	0.25
	0.05
	2.87

	Error
	2.22
	20
	0.11
	
	
	

	Black rice bread

	
	SS
	df
	MS
	F
	P-value
	F crit

	Appearance
	
	
	
	
	
	

	Samples 
	11.72
	5
	2.34
	68.61
	0.00
	2.71

	Respondents
	1.15
	4
	0.29
	8.40
	0.00
	2.87

	Error
	0.68
	20
	0.03
	
	
	

	Consistency

	Samples 
	12.22
	5
	2.44
	14.56
	0.00
	2.71

	Respondents
	4.77
	4
	1.19
	7.11
	0.00
	2.87

	Error
	3.36
	20
	0.17
	
	
	

	Scent

	Samples 
	10.51
	5
	2.10
	24.08
	0.00
	2.71

	Respondents
	0.40
	4
	0.10
	1.14
	0.36
	2.87

	Error
	1.75
	20
	0.09
	
	
	

	Color

	Samples 
	19.43
	5
	3.89
	90.57
	0.00
	2.71

	Respondents
	0.42
	4
	0.11
	2.46
	0.08
	2.87

	Error
	0.86
	20
	0.04
	
	
	

	Taste

	Samples 
	22.51
	5
	4.50
	51.10
	0.00
	2.71

	Respondents
	0.40
	4
	0.10
	1.14
	0.37
	2.87

	Error
	1.77
	20
	0.09
	
	
	


df: the Degrees of Freedom. SS = Sum of Squares. MS = Mean Square. Significance at *p < 0.05. F crit - α level (0.05). P-value (< 0.05)

Table 2: Energy value of rice bread samples
	Sample
	Energy, kcal

	White rice, control
	170.25

	White rice, 3% Asparagus officinalis
	212.71

	White rice, 5% Asparagus officinalis
	185.43

	Brown rice, control
	164.54

	Brown rice, 3% Asparagus officinalis
	147.23

	Brown rice, 5% Asparagus officinalis
	161.60

	Black rice, control
	16932

	Black rice, 3% Asparagus officinalis
	174.62

	Black rice, 5% Asparagus officinalis
	167.06



Table 3: Acidity and pH values in bread samples
	Sample
	рН
	Т,deg.

	White rice, control
	5.15
	2.00

	White rice, 3% Asparagus officinalis
	5.41
	2.80

	White rice, 5% Asparagus officinalis
	5.32
	2.31

	Brown rice, control
	5.44
	3.40

	Brown rice, 3% Asparagus officinalis
	5.65
	1.10

	Brown rice, 5% Asparagus officinalis
	5.33
	3.00

	Black rice, control
	5.20
	3.70

	Black rice, 3% Asparagus officinalis
	5.57
	3.20

	Black rice, 5% Asparagus officinalis
	5.22
	1.30



Table 4: Amino acids composition
	
	White rice, control
	White rice, 3%
	White rice, 5%
	Brown rice, control
	Brown rice, 3%
	Brown rice, 5%
	Black rice, control
	Black rice, 3%
	Black rice, 5%

	Arginine
	8,00
	28,00
	40,00
	27,00
	20,00
	15,00
	45,00
	36,00
	33,00

	Lysine
	3,90
	38,00
	12,00
	29,00
	14,00
	15,00
	34,00
	28,00
	30,00

	Tyrosine
	4,30
	22,00
	13,00
	18,00
	10,00
	6,00
	19,00
	19,00
	18,00

	Phenylalanine
	7,60
	21,00
	26,00
	15,00
	8,70
	7,80
	34,00
	32,00
	27,00

	Histidine
	2,40
	17,00
	12,00
	8,20
	5,10
	7,40
	11,00
	6,10
	8,30

	Leucine+Isoleucine
	8,90
	37,00
	32,00
	29,00
	15,00
	13,00
	42,00
	30,00
	42,00

	Methionine
	0,65
	14,00
	13,00
	12,00
	8,30
	4,80
	12,00
	11,00
	6,90

	Valin
	21,00
	28,00
	25,00
	23,00
	14,00
	11,00
	43,00
	24,00
	29,00

	Proline
	13,00
	49,00
	72,00
	39,00
	22,00
	10,00
	42,00
	37,00
	56,00

	Threonine
	7,50
	21,00
	19,00
	17,00
	9,20
	11,00
	44,00
	15,00
	21,00

	Serin
	7,20
	23,00
	30,00
	17,00
	9,70
	7,60
	30,00
	20,00
	23,00

	Alanine
	7,60
	16,00
	22,00
	14,00
	6,50
	12,00
	40,00
	13,00
	18,00

	Glycine
	7,90
	7,50
	20,00
	5,90
	4,20
	10,00
	38,00
	9,80
	8,90
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Fig. 1: Appearance of regular and glutinous rice grains: (a) - amylose rice (regular rice); (b) - white glutinous rice; (c) - brown glutinous rice; (d) - black glutinous rice


a)

b)

c)
Fig. 2: Sensory characteristics of bakery products: (a) Bakery products made from white rice; (b) Bakery products made from brown rice; (c) Bakery products made from black rice


Fig. 3: Protein content in bread made from three rice types with 3% and 5% Asparagus officinalis


Fig. 4: Fat content in bread made from three rice types with 3% and 5% Asparagus officinalis


Fig. 5: Carbohydrate content in bread made from three rice types with 3% and 5% Asparagus officinalis


a)

b)
Fig. 6: Antioxidants content in rice bread samples. (a) Water-soluble antioxidants; (b) Fat-soluble antioxidants
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