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The production of functional flour from local barley grains represents a promising approach to expand the range of health-oriented food products. This study aimed to develop a technology for producing barley flour enriched with resistant starch by evaluating the chemical composition, bioactive compounds, and technological properties of hulled and hull-less barley varieties. The “Abu G‘ofur” and “HM-140” varieties were selected and subjected to hydrothermal treatment, followed by physicochemical, rheological, microbiological, biochemical, and organoleptic analyses. The results showed that steaming for 6 min at 0.4 MPa, followed by moistening to 15 % and drying at 110 °C, was optimal for functional flour production, increasing resistant starch content by 8.63 %. The obtained flours demonstrated a water absorption capacity of 70.1–76.4 % and dough stability of 10.2–11.5 min, confirming their suitability for bakery applications. Sugar-free cookies produced from barley flour exhibited higher total dietary fiber content (15.47–16.0 %) and insoluble fiber (9.52–9.80 %) compared to wheat-based products, along with a low glycemic index (GI 48–50). Hydrothermal treatment also improved microbiological stability, extending shelf life from 4 to 6 months. The developed technology enables the production of functional flour from hull-less barley and supports the manufacture of low-glycemic, resistant starch-rich food products using local raw materials.
Introduction
[bookmark: _Hlk227843720]Barley (Hordeum vulgare L.) is one of the oldest and most versatile cereal crops, widely cultivated for food, fodder, and industrial purposes. Due to its resilience to adverse conditions, short growing season, and adaptability, barley is considered important for food security and sustainable agriculture (Sangwan et al., 2026). Recently, its physicochemical, nutritional, and processing properties have gained attention because of their role in human health, food innovation, and industrial applications (Xia et al., 2024). Studying these properties is essential for fully utilizing barley in modern food systems and the bioeconomy (Hu and Gilbert, 2025).
The use of barley flour in food products is limited by its weak gluten-forming ability, high fiber content, and starch sensitivity to processing conditions (Oscarsson et al., 1996). Hydrothermal treatment has been shown to modify barley’s structural and functional properties by transforming starch, affecting amylose-amylopectin interactions, reducing anti-nutritional factors, and improving the bioavailability of beneficial compounds (Hu et al., 2025). These changes influence dough rheology, digestibility, and final product quality, which are important for industrial production (Emami et al., 2010). However, data on the effects of controlled moisture and temperature regimes on different barley varieties remain insufficient. In particular, local hulled “Abu G‘ofur” and hull-less “HM-140” barley varieties have not been comparatively studied under hydrothermal treatment. Therefore, this study aims to evaluate how grain structure affects resistant starch formation, dough rheology, glycemic response, sensory quality, and microbiological stability, with the goal of developing sugar-free, low-glycemic bakery products from nutritionally valuable barley flour.
2. Methods
2.1 Materials and sample preparation
Barley grains harvested in 2024 from two local genotypes—hulled “Abu G‘ofur” and hull-less “HM-140”—were used in the study. The samples were cleaned using laboratory sieves. “Abu G‘ofur” grains were dehulled, whereas “HM-140” was processed without dehulling, ensuring uniform and high-quality barley samples for further analysis.
Barley grains of each variety were subjected to heat-moisture treatment in 1 kg batches. The samples were steamed at 0.4 MPa for 6 minutes, with pressure controlled by a gauge and maintained through steam regulation. After steaming, grain moisture was adjusted to 15 %, 25 %, and 35 % by adding the calculated amount of distilled water, followed by uniform spraying and manual mixing. The moistened grains were sealed in polyethylene bags and equilibrated for 12 hours at room temperature to achieve even moisture distribution. The conditioned samples were dried in a hot-air oven at 90 °C, 110 °C, and 130 °C for 2 hours. During drying, the grains were spread in a thin layer on stainless-steel trays, exposed to forced-air circulation, and periodically mixed to prevent local overheating. The dried grains were then cooled at 4 ± 1 °C for 12 hours and stored in airtight containers under refrigerated conditions until milling and analysis. This step stabilized the grain structure before milling. The stabilized samples were milled using a pin mill and sieved through a 250 μm mesh to obtain fine flour. Untreated barley flour served as the control sample. This methodological approach allowed a detailed evaluation of the effects of controlled heat-moisture treatment parameters on the physicochemical properties of barley flour. All experiments were carried out in triplicate to ensure reliability and reproducibility of the results.

2.2 Physicochemical and biochemical analyses
Resistant starch and starch digestibility fractions were determined using an in vitro enzymatic assay (McCleary, 2023). A 200 mg sample was suspended in 10 mL of 0.1 M sodium acetate buffer at pH 5.2 and incubated at 37 °C for 10 min. Subsequently, 4 mL of α-amylase solution (300 U/mL) and 0.2 mL of glucoamylase solution (330 U/mL) were added. The reaction mixture was maintained at 37 °C under continuous stirring. Aliquots were collected at 20 and 120 min, then boiled for 10 min to inactivate enzymes and centrifuged at 6,000 × g for 10 min. The released reducing sugars were quantified using the DNS method with a UV-755 spectrophotometer at 530 nm. The amounts of rapidly digestible starch, slowly digestible starch, and resistant starch were calculated from glucose released at 20 and 120 min, using a conversion factor of 0.9.
2.3 Rheological analysis
The rheological properties of barley flour dough were evaluated using the Mixolab instrument according to standard protocols. The test determined water absorption capacity (WA), dough development, thermal and enzymatic stability, starch gelatinization, and retrogradation. Torque values C2, C3, C4, and C5 represented protein/gluten weakening during heating, maximum starch swelling and gelatinization, starch stability under heat, and retrogradation during cooling, respectively. The C3–C2 value indicated gelatinization intensity. These parameters provided a reliable basis for assessing the suitability of barley flour in bakery and flour confectionery products.
2.4 Preparation and evaluation of sugar-free cookies
Sugar-free cookies were prepared using wheat flour and barley flours from the “Abu G‘ofur” (hulled) and “HM-140” (hull-less) varieties. A standardized dough formulation (225 g flour, 64 g fat, 2.1 g salt, 2.5 g baking soda, one egg ≈50 g, 50 g water) was followed, with homogenization of fat, salt, baking soda, and water, then incorporation of flour and egg and mixing for 6 min. The dough was sheeted (5 mm), cut (45 mm diameter), baked at 205 °C for 10 min, cooled, and stored in sealed containers. This protocol ensured consistent processing for all samples.
Comprehensive evaluation encompassed organoleptic, physicochemical, nutritional, and functional properties, including dietary fiber content (total, soluble, insoluble), in vitro starch digestibility, and glycemic index (GI), using standard protocols. Microbiological stability was monitored by quantifying mesophilic aerobic and facultative anaerobic microorganisms, as well as molds. Toxic elements and mycotoxins were analyzed to ensure safety and compliance. These analyses provided a holistic assessment of the technological, nutritional, and safety attributes of the sugar-free cookies.
2.5 Statistical analysis
All experiments were carried out in triplicate. The obtained results were expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way analysis of variance (ANOVA). When significant differences were detected, Tukey’s post hoc test was applied to compare the mean values. Differences were considered statistically significant at p < 0.05.
3. Results and discussion
3.1 Effect of heat-moisture treatment on resistant starch formation
Heat-moisture treatment significantly changed the starch digestibility of both barley varieties (Lv et al., 2022). In untreated HM-140 flour, rapidly digestible, slowly digestible, and resistant starch contents were 60.35 %, 14.88 %, and 24.77 %, respectively. The best result was observed at 110 °C and 15 % moisture, where rapidly digestible starch decreased to 54.98 %, while resistant starch increased to 33.40 %. In Abu G‘ofur, the same treatment reduced rapidly digestible starch from 62.47 to 57.10 % and increased resistant starch from 22.31 to 30.94 %.
Table 1: Effect of hydrothermal treatment on starch fractions in HM-140 and Abu G‘ofur barley varieties
	Samples
	RDS (%)*
	SDS (%)*
	RS (%)*

	HM-140

	NA
	60.35 ± 0.31d
	14.88 ± 0.18b
	24.77 ± 0.24e

	90 °C – 15 %
	61.57 ± 0.28c
	10.96 ± 0.15g
	27.47 ± 0.26c

	90 °C – 25 %
	63.23 ± 0.35b
	12.99 ± 0.19e
	23.78 ± 0.21f

	90 °C – 35 %
	64.27 ± 0.37b
	15.18 ± 0.20b
	20.55 ± 0.19h

	110 °C – 15 %
	54.98 ± 0.26f
	11.62 ± 0.16f
	33.40 ± 0.32a

	110 °C – 25 %
	61.48 ± 0.30c
	10.37 ± 0.14g
	28.15 ± 0.27b

	110 °C – 35 %
	63.74 ± 0.34b
	14.64 ± 0.18c
	21.62 ± 0.20g

	130 °C – 15 %
	59.96 ± 0.29d
	13.53 ± 0.17d
	26.51 ± 0.25d

	130 °C – 25 %
	62.75 ± 0.33c
	16.90 ± 0.22a
	20.35 ± 0.18h

	130 °C – 35 %
	67.30 ± 0.41a
	17.12 ± 0.24a
	15.58 ± 0.16i

	Abu G‘ofur

	NA
	62.47 ± 0.32d
	15.22 ± 0.19c
	22.31 ± 0.22e

	90 °C – 15 %
	63.68 ± 0.35c
	11.31 ± 0.15f
	25.01 ± 0.24c

	90 °C – 25 %
	64.45 ± 0.36c
	13.57 ± 0.17e
	21.98 ± 0.21e

	90 °C – 35 %
	65.39 ± 0.38b
	15.52 ± 0.20b
	19.09 ± 0.18g

	110 °C – 15 %
	57.10 ± 0.27f
	11.96 ± 0.16f
	30.94 ± 0.30a

	110 °C – 25 %
	61.60 ± 0.31e
	9.71 ± 0.13g
	28.69 ± 0.28b

	110 °C – 35 %
	62.86 ± 0.33d
	16.98 ± 0.23a
	20.16 ± 0.19f

	130 °C – 15 %
	62.08 ± 0.32d
	13.87 ± 0.18d
	24.05 ± 0.23d

	130 °C – 25 %
	63.87 ± 0.34c
	14.24 ± 0.18d
	21.89 ± 0.20e

	130 °C – 35 %
	69.42 ± 0.44a
	15.46 ± 0.21b
	15.12 ± 0.15h


*RS-Resistant starch; RDS-Rapidly digestible starch; SDS-Slowly digestible starch; NA-untreated native sample
Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same column indicate statistically significant differences at p < 0.05.

The increase in resistant starch after moderate heat-moisture treatment was associated with partial gelatinization, amylose redistribution, amylose-lipid complex formation, and starch retrogradation (Liu et al., 2019), which reduced enzyme access to starch granules. However, intensive treatment at 130 °C and 35 % moisture decreased resistant starch to 15.58 % in HM-140 and 15.12 % in Abu G‘ofur, indicating structural disruption and higher enzymatic susceptibility. Therefore, steaming at 0.4 MPa for 6 min, moistening to 15 %, and drying at 110 °C was the optimal condition for producing resistant starch-rich barley flour.
3.2 Rheological properties of functional barley flour
The Mixolab analysis revealed distinct rheological differences between barley and wheat flours. HM-140 barley flour exhibited a water absorption capacity of 70.1 %, closely resembling that of wheat flour, whereas Abu G‘ofur barley flour demonstrated a notably higher absorption capacity of 76.4 %. This elevated value is likely attributable to increased dietary fiber content and the enhanced water-binding capacity of barley flour constituents. Such findings underscore the unique hydration properties of barley genotypes, which may influence end-product quality in food processing applications.
Table 2: Rheological properties of wheat and barley flour doughs
	Flour sample
	WA (%)
	C2 (Nm)
	C3 (Nm)
	C4 (Nm)
	C5 (Nm)
	Stability (min)
	C3–C2 (Nm)

	First-grade wheat flour
	69.2 ± 0.4ᵇ
	0.54 ± 0.02ᶜ
	1.77 ± 0.04ᵃ
	1.40 ± 0.03ᵃ
	2.10 ± 0.05ᵃ
	9.8 ± 0.3ᶜ
	1.30 ± 0.04ᶜ

	Abu G‘ofur barley flour
	76.4 ± 0.5ᵃ
	0.78 ± 0.03ᵃ
	1.40 ± 0.03ᶜ
	1.38 ± 0.03ᵃ
	1.84 ± 0.04ᶜ
	11.5 ± 0.4ᵃ
	1.70 ± 0.05ᵃ

	HM-140 barley flour
	70.1 ± 0.4ᵇ
	0.60 ± 0.02ᵇ
	1.70 ± 0.04ᵇ
	1.41 ± 0.03ᵃ
	1.98 ± 0.04ᵇ
	10.2 ± 0.3ᵇ
	1.41 ± 0.04ᵇ


Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same column indicate statistically significant differences at p < 0.05. WA — water absorption capacity.

The rheological analysis showed that barley flours had higher dough stability than wheat flour, ranging from 10.2 to 11.5 min. Abu G‘ofur showed the highest stability (11.5 min), followed by HM-140 (10.2 min), confirming their suitability for confectionery products. Higher C2 values indicated improved protein thermal stability, while the C3 value of HM-140 (1.70 Nm) reflected strong starch swelling and gelatinization. The C3–C2 difference (1.41–1.70 Nm) further confirmed intensive gelatinization in barley dough. Thus, heat-moisture-treated barley flours can improve technological functionality, texture, and structure, especially in sugar-free cookies where reduced gluten strength is beneficial (Li et al., 2018).
3.3 Dietary fiber and glycemic response of sugar-free cookies
Enriching sugar-free cookies with barley flour significantly increased their nutritional value, particularly the dietary fiber content.
Table 3: Dietary fiber content of cookie samples prepared from barley and wheat flours
	Samples
	First-grade wheat flour
	Abu G‘ofur
	HM-140

	Total dietary fiber (%)
	11.40 ± 0.21c
	15.47 ± 0.28b
	16.00 ± 0.30a

	Soluble dietary fiber (%)
	3.34 ± 0.08c
	5.67 ± 0.12b
	6.48 ± 0.15a

	Insoluble dietary fiber (%)
	8.06 ± 0.17b
	9.80 ± 0.20a
	9.52 ± 0.19a


Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same row indicate statistically significant differences at p < 0.05.

Specifically, while the total dietary fiber content in cookies made with wheat flour was 11.40 %, substituting it with Abu G‘ofur and HM-140 barley flours increased the fiber content to 15.47 % and 16.00 %, respectively. Notably, the soluble dietary fiber fraction increased from 3.34 % in the wheat-based cookies to 5.67 % in the Abu G‘ofur cookies and 6.48 % in the HM-140 cookies. Similarly, the amount of insoluble dietary fiber in the cookies containing Abu G‘ofur and HM-140 flours rose to 9.80 % and 9.52 %, respectively. These results indicate that incorporating barley flour can significantly enhance the functional and nutritional properties of sugar-free baked goods, aligning with current trends in developing health-conscious confectionery products.
Table 4: Digestibility and glycemic index indicators of flour and cookie samples
	Samples
	soft wheat
	Abu G‘ofur
	HM-140

	
	flour
	cookie
	flour
	cookie
	flour
	cookie

	RDS (%)
	70.21 ± 0.42a
	65.33 ± 0.36b
	64.74 ± 0.35c
	50.50 ± 0.28e
	61.98 ± 0.33d
	48.50 ± 0.26f

	SDS (%)
	14.38 ± 0.20a
	12.47 ± 0.18b
	3.96 ± 0.07f
	9.14 ± 0.14c
	4.62 ± 0.08e
	8.28 ± 0.13d

	RS (%)
	15.41 ± 0.19f
	22.20 ± 0.25e
	31.30 ± 0.31d
	40.36 ± 0.39b
	33.40 ± 0.32c
	43.22 ± 0.41a

	GI
	70.22 ± 0.45a
	66.85 ± 0.40b
	58.85 ± 0.34c
	50.15 ± 0.29e
	56.25 ± 0.33d
	48.37 ± 0.27f


RDS - rapidly digestible starch: SDS - slowly digestible starch: RS - resistant starch: GI - glycemic index.
Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same row indicate statistically significant differences at p < 0.05.

The changes in flour composition significantly affected starch digestibility and the glycemic index (GI) of cookies. Wheat flour cookies showed the highest rapidly digestible starch content and GI values, whereas barley flour cookies contained more resistant starch and less rapidly digestible starch. The GI values of barley-based cookies were 50.15 for Abu G‘ofur and 48.37 for HM-140, classifying them as low-glycemic products. This reduction is mainly related to the combined effects of resistant starch, soluble and insoluble fibers, which slow starch hydrolysis, increase intestinal viscosity, and reduce postprandial glucose release (Yang et al., 2019). These results confirm the potential of barley flour for producing functional bakery products with improved glycemic response.
3.4 Organoleptic and technological quality of cookies
The organoleptic assessment demonstrated that cookies formulated with barley flour exhibited favorable sensory attributes, surpassing those of wheat flour counterparts. Total sensory scores were 3.6 for wheat flour cookies, 4.2 for Abu G‘ofur, and 4.5 for HM-140, respectively. The organoleptic evaluation was performed using a 5-point scoring system. The total score included product structure and appearance at breakage (maximum 0.6 points), surface shape and condition (maximum 0.9 points), color (maximum 1.0 point), taste (maximum 1.5 points), and odor (maximum 1.0 point). Higher scores reflected better sensory acceptability. Barley-based cookies had a uniform surface, attractive color, and characteristic barley flavor. Cookies made with HM-140 flour received the highest sensory score, confirming the potential of hull-less barley flour for producing sugar-free cookies with improved consumer acceptability. These findings support the use of barley flour in functional bakery formulations to enhance both nutritional and sensory quality.
Table 5: Organoleptic evaluation results of sugar-free cookies prepared from wheat and barley flours
	Product quality indicators
	Sugar-free cookie prepared from first-grade wheat flour
	Sugar-free cookie prepared from Abu G‘ofur barley flour
	Sugar-free cookie prepared from HM-140 barley flour

	Product structure / appearance at breakage (max 0.6)
	0.40 ± 0.03ᵇ
	0.50 ± 0.03ᵃ
	0.50 ± 0.02ᵃ

	Surface shape and condition (max 0.9)
	0.40 ± 0.04ᶜ
	0.80 ± 0.05ᵇ
	0.90 ± 0.04ᵃ

	Color (max 1.0)
	0.80 ± 0.04ᵇ
	0.80 ± 0.04ᵇ
	0.90 ± 0.05ᵃ

	Taste (max 1.5)
	1.20 ± 0.06ᶜ
	1.30 ± 0.07ᵇ
	1.40 ± 0.06ᵃ

	Odor (max 1.0)
	0.80 ± 0.04ᵃ
	0.80 ± 0.04ᵃ
	0.80 ± 0.03ᵃ

	Total score (maximum 5.0)
	3.60 ± 0.12ᶜ
	4.20 ± 0.14ᵇ
	4.50 ± 0.15ᵃ


Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same row indicate statistically significant differences at p < 0.05. Higher scores indicate better sensory acceptability.

[image: ][image: ][image: ]The firmer texture of barley-based cookies compared with wheat flour cookies can be explained by their higher dietary fiber content and coarser particle structure caused by heat-moisture treatment and milling. However, this firmness remained within acceptable sensory limits and improved product stability. These findings confirm the potential of heat-moisture-treated barley flour as a functional ingredient for sugar-free bakery and confectionery products aimed at health-oriented food development.
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Figure 1: Appearance of sugar-free cookies after baking: (a) wheat flour, (b) Abu G‘ofur barley flour, and (c) HM-140 barley flour
3.5 Microbiological stability and shelf-life
Microbiological data confirm that hydrothermal treatment significantly improves storage stability.

Specifically, mesophilic aerobic and facultative anaerobic microorganisms stay well below the permissible limit of 5×104 CFU/g throughout storage. Additionally, the mold count rises only slightly from 7 to 29 CFU/g and remains within the permissible level of 100 CFU/g. Together, these results not only demonstrate enhanced microbial safety but also strongly support confidently extending the safe shelf life of barley-flour-based products from 4 to 6 months.
Table 6: Microbiological stability of barley flour cookies during storage
	[bookmark: _Hlk196163922]Indicator name
	GOST 31743-2012
	Shelf life (months)

	
	
	1
	3
	6
	9
	12

	The count of mesophilic aerobic and facultative anaerobic microorganisms, CFU/g
	≤ 5×10⁴
	2.0×10² ± 0.2×10²ᵈ
	3.0×10² ± 0.3×10²ᶜ
	6.0×10² ± 0.4×10²ᵇ
	7.0×10² ± 0.5×10²ᵃ
	7.0×10² ± 0.5×10²ᵃ

	Coliform group bacteria, g
	Not permitted in 0.1 g
	Not detected
	Not detected
	Not detected
	Not detected
	Not detected

	Mold, CFU/g, not more than
	≤ 100
	7 ± 1ᵉ
	10 ± 1ᵈ
	13 ± 2ᶜ
	19 ± 2ᵇ
	29 ± 3ᵃ


Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same row indicate statistically significant differences at p < 0.05. CFU/g — colony-forming units per gram. GOST 31743-2012 — microbiological standard requirement. “Not detected” indicates the absence of coliform bacteria in the tested product mass.
4. Conclusions
In conclusion, this study shows that controlled hydrothermal treatment is an effective method for producing value-added functional flours from local hulled “Abu G‘ofur” and hull-less “HM-140” barley varieties. The optimal conditions—steaming at 0.4 MPa for 6 min, moistening to 15 %, and drying at 110 °C—promoted resistant starch formation and reduced rapidly digestible starch, particularly in HM-140. The treated barley flours showed improved water absorption, dough stability, and suitability for sugar-free bakery products. Their use in cookie formulations increased dietary fiber content and reduced the glycemic index while maintaining acceptable sensory quality. In addition, improved microbiological stability supported a shelf life of up to six months and confirmed product safety. Overall, local barley genotypes have strong potential as sustainable ingredients for developing functional and health-promoting bakery products.
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