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[bookmark: _Hlk193576459][bookmark: _Hlk194523690][bookmark: _Hlk194523118]This study investigates the development and characterization of oleogels formulated from Stabilized rice bran oil (SRBO) and beeswax (BW) as functional fat substitutes in bakery products. Oleogels were prepared by varying the concentration of beeswax (3%, 6%, and 9%) and evaluating their physical, chemical, and sensory properties. The results indicated a significant reduction in gelation time, from approximately 13.4 minutes for SRBO-oleogel with BW 3% to around 4.9 minutes for SRBO-oleogel with BW 9%, suggesting that higher beeswax concentrations facilitate faster gelation. The oil-binding capacity (OBC) increased notably, reaching 95.45% at 9% BW, while the firmness of the oleogels increased from 3.52 N to 4.88 N with rising BW concentrations. Chemical analysis revealed a slight increase in free fatty acid (FFA) content, from 0.25% to 0.38%, alongside a significant reduction in peroxide value (PV) from 4.30 to 1.58, indicating enhanced oxidative stability of the oleogels. The melting point also increased, from 52.5°C to 69.5°C, as the beeswax concentration increased. Furthermore, the total phenolic content (TPC) and DPPH radical scavenging activity improved, with TPC reaching 28.55 mg GAE/g and DPPH activity rising to 46.95%. Sensory evaluation of cookies made with the oleogels showed that cookies containing 200 g of SRBO- oleogel had the highest acceptability score of 9.51, indicating the potential of SRBO- oleogels as functional fat substitutes in bakery products. This study suggests that SRBO - oleogels with beeswax are promising alternatives to traditional solid fats in food formulations.
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Introduction
[bookmark: _Hlk193573219]In recent years, the food industry has increasingly focused on incorporating healthier and more sustainable ingredients to meet the growing demand for functional foods. Solid and semi-solid fats play a crucial role in food formulations, contributing to texture, flavor, and oxidative stability. However, traditional methods such as hydrogenation and interesterification, which convert liquid oils into solid fats, lead to the formation of trans and saturated fatty acids. These fats are linked to numerous health concerns, including cardiovascular diseases, metabolic disorders, and diabetes, thus prompting the need for alternative strategies to reduce their harmful effects. Consequently, producing solid fats with lower levels of trans and saturated fatty acids has become a key priority for the food industry (Tan et al., 2023 and Widarta et al., 2025).
One promising alternative to conventional fats is oleogelation, a process where liquid oils are entrapped within a three-dimensional gel matrix using small amounts of organogelators. Oleogels offer properties similar to solid fats, but with reduced health risks, such as lower trans-fat content and improved oxidative stability (Sivakanthan et al., 2023 and Shuai et al., 2024). These structured oils are gaining attention in the food industry, particularly in the bakery sector, where they can replace traditional fats in products like margarine and baked goods.
Rice bran oil (RBO), extracted from the outer bran layer of rice grains, has emerged as an ideal candidate for oleogel formation due to its advantageous fatty acid composition and rich content of bioactive compounds, such as γ-oryzanol, tocopherols, and tocotrienols. These bioactive components contribute to RBO’s antioxidant activity and support cardiovascular health, making it a valuable ingredient in food products aimed at reducing oxidative stress (Eng et al., 2021; Sahu et al., 2020; Wijarnprecha et al., 2018). Additionally, rice bran oil (RBO) is characterized by its high smoke point, which makes it ideal for frying and other cooking methods that involve high temperatures (Chen et al., 2018). As interest grows in functional ingredients and healthier food formulations, RBO has gained attention for its role in developing innovative products like oleogels, which leverage its health benefits while addressing the demand for trans-fat-free alternatives (Patel et al., 2021).
Natural plant waxes, which are distinguished by a distinct combination of hydrocarbons, wax esters, long-chain fatty acids, alcohols, triterpenoids, and other constituents, have garnered significant attention for their potential use as organogelators (Yilmaz et al., 2021). The specific composition and proportions of these compounds within the waxes are pivotal in determining the properties of the oleogels they produce (Mattice and Marangoni, 2017).
Waxes are generally recognized as safe (GRAS) or have FDA approval for use in food products (Mattice and Marangoni, 2017). Classified as low molecular weight gelators, plant waxes act as a structural framework by creating a crystalline network that immobilizes liquid oil, forming a gel (Yilmaz et al., 2021). The process involves dissolving the wax completely in liquid oil, followed by cooling, during which wax crystals reform and establish junction zones that trap the oil, like the encapsulation seen in saturated triglycerides (Blake and Marangoni, 2015). Beeswax, a natural and edible wax, is recognized as an efficient structuring agent for oleogels (Dimakopoulou-Papazoglou et al., 2023). As such, beeswax-based oleogels can be tailored to mimic the texture and sensory attributes of traditional fats in bakery products, making them an essential ingredient in the development of healthier biscuits (Li et al., 2022). This study aimed to develop and evaluate oleogels formulated from Stabilized rice bran oil (SRBO) and beeswax (BW) as functional fat substitutes in bakery products.
Materials and Methods
Materials:
· Rice bran samples were obtained during the season of 2024 from Rice Research and Training Center (RRTC) at Sakha, Kafrelsheikh. Governorate, Egypt.
· The beeswax (BSW) was Provided by Kahlwax Co. (Kalh GmbH & Co., Trittau, Germany).
· All chemicals and solvents used for extraction and analysis were sourced from 
El-Gomhouria Pharmaceutical Company, Tanta, EL-Gharbia Governorate, Egypt.
 - All the other chemicals were analytical grads.
Methods:
Stabilization and Extraction of Rice Bran Oil (RBO):
The first step involved stabilizing the rice bran to prevent enzymatic hydrolysis and rancidity. This was achieved by heating the rice bran at 105°C for 15 minutes to deactivate lipase enzymes, following the procedure outlined by Punia et al. (2021). After stabilization, the rice bran oil was extracted using n-hexane solvent (40-60oC) in a batch extraction system to ensure efficient oil recovery, as described by Abd El-Sattar and El-Bana (2016). 
Oleogel Preparation:
Oleogels were prepared by mixing rice bran oil with beeswax at different concentrations (3%, 6%, and 9%), following the method outlined by Pradhan et al. (2023) with some modifications. Beeswax at varying concentrations was melted in a glass beaker at 80°C for 5 minutes in a water bath. Then, rice bran oil was added to the melted beeswax, and the mixture was heated to 80°C for 20 minutes while stirring at 700 rpm using a magnetic stirrer. After that, the mixtures were left to cool at room temperature overnight for gelation. The formulation with 9% beeswax was identified as the optimal formulation based on its texture and stability.
[bookmark: _Hlk194578168] Cookies Preparation:
The cookies preparation followed a modified version of the method described by Leahu et al. (2025). The ingredients were mixed as follows: 80 g of fat (margarine or oleogels, as shown in Table 1) was added to 500 g of wheat flour, and 120 mL of water was used to form a smooth dough. The dough was rolled out to a 5 mm thickness and cut using a rectangle-shaped biscuit cutter (4.9 cm in diameter). The dough pieces were placed neatly on a baking tray lined with buttered aluminum foil and baked at 160 ±2°C for 30 minutes in a pre-heated Unox steam convection oven. After baking, the biscuits were cooled to room temperature for 30 minutes. The cookies were then packed in airtight, thick zip-seal food bags, placed inside low-density polyethylene bags, and stored at 4 ±2°C.

Table (1): Cookies formulations with different levels of SRBO-Oleogel replacement
	Ingredients
	Control (Butter - 350g)
	Control (Oleogel - 350g)
	Oleogel 400g
	Oleogel 250g

	Wheat flour (g)
	500
	500
	500
	500

	Sugar (g)
	250
	250
	250
	250

	Eggs (g)
	160
	160
	160
	160

	Water (g)
	20
	20
	20
	20

	Baking powder (g)
	16
	16
	16
	16

	Sodium bicarbonate (g)
	10
	10
	10
	10

	Vanilla (g)
	3
	3
	3
	3

	Chocolate chips (g)
	80
	80
	80
	80

	Fat (g)
	350 (Butter)
	350 (Oleogel)
	400 (Oleogel)
	250 (Oleogel)

	Total Cookies Yield (g)
	-
	1115
	1150
	1100


Physico-Chemical properties of the prepared oleogels:
Gelation Time:
The organogels were melted completely in a water bath at 90 °C and kept for 2 hours for isothermal setting. The tubes were then removed from the water bath and allowed to cool to room temperature, while a timer was started. The gelation time was recorded when the tubes were turned 90° and no flow was observed (Yılmaz et al., 2015).
Oil Binding Capacity (OBC):
One milliliter of the melted organogel was transferred into a pre-weighed Eppendorf tube (a) and refrigerated at 4°C for 1 hour. After refrigeration, the tube was weighed again (b), followed by centrifugation at 9,167 g for 15 minutes at room temperature (25°C). The tube was then inverted onto a paper cloth to drain any excess liquid oil, and its final weight (c) was recorded. (Yılmaz et al., 2015).
The OBC was calculated using the following equation:
% Released oil = ((b - a) - (c - a)) / (b - a) × 100.
% OBC = 100 - % Released oil.
The centrifuge stability test: 
The centrifuge stability test was conducted by applying a centrifugation force of 1300× g for 15 minutes at room temperature to the 5 g oleogel sample placed in tubes. The stability of the gel was then visually inspected (Yılmaz and Demirci, 2021).
Firmness: 
The firmness of the oleogel samples was measured using a Texture Analyser (CT3 4500, Brookfield, USA) with a 12.7 mm diameter cylindrical probe at ambient temperature (~28 °C). The oleogel samples (30 g) were placed in a 50 mL glass beaker and stored in a fridge at 5 ºC for 24 h and then were directly taken one by one, penetrated at probe speed of 0.2 mm/s and penetration depth of 5 mm. The firmness was calculated as the maximum penetration force. All measurements were performed in triplicate Ögütcü and Yilmaz (2014).
Colors of the oleogel samples:
The color of the oleogel samples and cookies was measured using a Minolta CR-400 colorimeter (Konica Minolta Sensing, Osaka, Japan) according to CIE standards. The L, a*, and b* values were recorded (Yılmaz et al., 2015).
Melting Point:
The melting point of the oleogels was determined as described by Zampouni et al. (2022). Aliquots of molten oleogels (7 g) were placed in glass tubes (10 mm diameter) and heated in a water bath at 38°C. The samples were heated at a constant rate of 1°C/3 min until completely melted, and two temperature readings were recorded: the softening point (when the sample began to soften) and the clearing point (when the sample became fully clear and liquid-like). The melting point was calculated as the average of the two readings.
Free fatty acid and peroxide values: 
Free fatty acid (FFA) and peroxide value (PV) were determined according to method Cd 3d-63 and Cd 8b-90, respectively (AOCS, 2017).

Extraction of phenolic compounds:
The method for extracting polyphenols was modified from the one described by Saleh et al. (2024). Ten grams of sample were dissolved in 100 mL of 75% (v/v) aqueous ethanol. The solution was then sonicated in a cooled ultrasonic bath to maintain the temperature below 4 °C for 30 minutes, followed by centrifugation at 4 °C and 2700g for 10 minutes. The supernatants were carefully collected. The solvent was then removed by rotating an evaporator at 60 °C. Rotating an evaporator at 60°C was used to extract the solvent. Finally, the Faba bean flour extracts were stored at -20 °C in a brown vial until further investigation.
Determination of total phenolics content (TPC): 
100 µL of samples and standards (gallic acid) were added to 750 µL of Folin’s reagent and 750 µL of 7% Na2CO3 and incubated for 45 min at room temperature in dark. The absorbance was then read at 765 nm using spectrophotometer (Analytik Jena Specord 250). The concentration was measured using gallic acid as standard and the results were expressed as mL gallic acid equivalents (GAE)/g sample Saleh et al. (2024).
Antioxidant activity using DPPH assay: 
0.1 mL of samples were mixture with 0.2 mM DPPH solution (2 mL). A control was also performed simultaneously. In the dark, the samples were kept for 1/2 h. After that, at 517 nm the absorbance was measured using a spectrophotometer (Analytik Jena Specord 250) Saleh et al. (2024). The DPPH radical scavenging activity was determined using the provided equation. 
DPPH antioxidant activity (%) = ((control ab- sample ab) / (control ab))×100
Where: control ab represented the absorbance of the DPPH working solution without the sample, and sample ab corresponded to the absorbance of the DPPH working solution when mixed with samples.
Identifications of tocopherol from SRBO and SRBO-Oleogel:
In this extraction procedure, 50 g of oleogel were processed through a glass column packed with silica gel (60-Å pore diameter) following Steel et al. (2005) method. The column is initially conditioned with a hexane and methanol (1:1 V:V) mixture and subsequently washed with hexane and ethyl acetate (9:1 V: V) to prepare it for sample introduction. The oil sample, dissolved in hexane, is introduced into the column, where the phenolic fraction is extracted into methanol. After passing through the column, the extract is collected, and the solvent is removed under vacuum at 40 ⁰C to yield a concentrated extract. These extracts are stored at -20 ⁰C after flushing with nitrogen to prevent oxidation.
Fatty acids composition:
Fatty acids profiling was conducted by analyzing their corresponding methyl esters through gas chromatography. A CPWax 52CB column, measuring 30 meters in length with an inner diameter of 0.25 millimeters and a film thickness of 0.25 µm, was employed for this purpose. Helium served as the carrier gas, flowing at a rate of 1 mL per minute. The temperature settings for the oven, injector, and detector were established at 170 °C, 200 °C, and 230 °C, respectively. Each analysis involved the injection of 1 µL of the sample in a split mode with a split ratio of 1:50 (Besbes et al., 2004).
Sensory evaluation of cookies: 
The sensory evaluation of the oleogel and cookies samples were done by 20 panelists from the Staff of Food Technology Research Institute, Sakha Station, Kafrelsheikh, Egypt (Yılmaz and Öğütcü, 2015). 
Statistical Analysis:
The data were analyzed using SPSS software (version 16.0) to assess variance using one-way analysis of variance (ANOVA). All samples were tested in triplicate to ensure consistency and reliability of the results (Alshehri et al., 2024).
Results and discussion
Physical Properties of SRBO-oleogel with Varying Concentrations of BW:
According to the information shown in Table (2), the gelation time decreases as the concentration of beeswax (BW) increases. Specifically, SRBO-oleogel with BW 3% formulation takes the longest time to gel (13.40 minutes), while the SRBO-oleogel with BW 9% formulation gels the fastest (4.90 minutes). This trend suggests that higher concentrations of BW accelerate the gelation process, likely due to an increased availability of crystallizing agents in the oleogel matrix. Beeswax, known for its high crystallization efficiency, facilitates the rapid formation of a stable gel structure, which is beneficial in industrial applications requiring quick processing times. Similar studies have reported that higher structurant concentrations, such as waxes, decrease gelation time due to faster crystallization. For instance, Salama et al. (2024) noted similar trends in sunflower oil oleogels using beeswax. The observed values align with findings that beeswax has a higher crystallization capacity compared to other waxes, contributing to its effectiveness in oleogelation (Winkler‐Moser et al., 2019). It is also apparent from the same tables that the oil binding capacity (OBC) increases significantly with higher BW concentrations, ranging from 82.10% for SRBO-oleogel with BW 3% to 95.45% for SRBO-oleogel with BW 9%. This suggests that a higher concentration of BW improves the oleogel's ability to immobilize oil, reducing the risk of oil leakage. These findings align with previous studies, such as Indu et al. (2024), which reported that beeswax forms a dense crystal network that enhances oil immobilization. The OBC values observed in this study are notably higher than those seen in other wax-based oleogels, highlighting beeswax's superior ability to structure RBO. The values reported here (up to 95.45%) surpass those of some other wax-based oleogels, indicating beeswax’s superior structuring ability in RBO.
The centrifuge stability of all the oleogels, regardless of beeswax concentration, was reported as stable. This indicates that the oleogels formed from SRBO and beeswax maintained their structural integrity even when subjected to high centrifugal forces. The stability of these oleogels under centrifugal conditions suggests that the gel networks are well-formed and resistant to phase separation, which is important for maintaining the performance and consistency of the oleogels in various applications. Furthermore, all formulations demonstrate stability under centrifugal force, highlighting the robustness of the gel network across BW concentrations. Centrifuge stability indicates the resistance of the oleogel to external stress, making it suitable for transportation and storage.
Finally, the firmness increases with higher BW concentrations, from 3.52 N for SRBO-oleogel with BW 3% to 4.88 N for SRBO-oleogel with BW 9%. This trend reflects the stronger gel network formed with more beeswax, resulting in a firmer texture. Firmer textures are desirable for products like margarine or bakery fillings, where structural integrity is essential.
Table (2): Physical Properties of SRBO-Oleogel with Varying Concentrations of BW.
	Properties
	RBO + BW 3%
	RBO + BW 7%
	RBO + BW 9%

	Gelation time (min)
	13.40±0.53a
	6.75±0.95b
	4.90±0.78c

	Oil binding capacity (%)
	82.10±0.26c
	91.30±0.73b
	95.45±0.89a

	Centrifuge stability
	Stable
	Stable
	Stable

	Firmness (N)
	3.52±0.19c
	4.25±0.13b
	4.88±0.09a


[bookmark: _Hlk194591649][bookmark: _Hlk194592147]*Each value is an average of three determinations± standard deviations.
+Values followed by the same letter in the row are not significantly different at P < 0.05.
Similar firmness increases have been reported in studies like Hwang (2020), who showed that firmness scales with the density and strength of the gel network. Also, other results highlight beeswax’s role as a robust gelator compared to other natural waxes (Wang et al. 2023). The rapid gelation, high OBC, and stable structure of these oleogels make them suitable for applications in spreads, fillings, and fat substitutes in bakery and confectionery products.
Color Properties of SRBO-oleogel with Varying Concentrations of BW:
Color is an important trait because it can stimulate an individual's appetite. As presented in Table (3), it shows the color attributes of SRBO-oleogel with varying concentrations of BW. The color attributes are measured using the L* (lightness), a* (redness/greenness), and b* (yellowness/blueness) parameters. Significant differences (p < 0.05) in color measurements were reported. The lightness (L*) value increases significantly with higher BW concentrations, rising from 52.30 for pure SRBO to 74.10 for SRBO-oleogel with BW 9%, indicating that the addition of BW enhances the brightness and reduces the transparency of the oleogel. This effect is likely due to the crystalline structure of beeswax, which effectively scatters light. Increased lightness improves the visual appeal of the oleogels, making them suitable for light-colored food applications such as spreads or bakery fillings. Similar findings were reported by Rocha-Amador et al. (2018), who observed increased lightness in natural wax-based oleogels due to wax crystallization and enhanced light scattering. Furthermore, Meneguin et al. (2021) also noted higher L* values in beeswax oleogels, attributing this to the opacity created by the crystalline network of the wax. It is also apparent from the same table that, the a* value increases with higher BW concentrations, ranging from 1.10 for pure SRBO to 2.25 for SRBO-oleogel with BW 9%, indicating a slight shift toward red. This change may result from the intrinsic hue of beeswax or its interaction with rice bran oil. Although minor, this shift could influence the visual perception of products, particularly in applications where maintaining color uniformity is essential.
Results also showed that the b* value decreases with increasing BW concentration, dropping from 4.75 for pure SRBO to 2.95 for SRBO-oleogel with BW 9%, indicating a reduction in yellowness. This suggests that BW dilutes the natural color of rice bran oil, leading to a less saturated yellow appearance. While reduced yellowness may impact consumer perception in applications where the oil's natural yellow tint is desirable, it could be beneficial for products that require a more neutral color profile.
Table (3): Color Properties of SRBO-Oleogel with Varying Concentrations of BW.
	Properties
	RBO
	RBO + BW 3%
	RBO + BW 7%
	RBO + BW 9%

	L
	52.30±1.53d
	66.11±1.79c
	71.45±1.73b
	74.10±1.17a

	A
	1.10±0.13c
	1.76±0.10b
	2.05±0.26a
	2.25±0.52a

	B
	4.75±0.12a
	3.60±0.17b
	3.22±0.22bc
	2.95±0.47c


Each value is an average of three determinations± standard deviations.
+Values followed by the same letter in the row are not significantly different at P < 0.05.
Chemical Properties of SRBO-Oleogel with Varying Concentrations of BW:
As indicated by the results in Table (4), the Free Fatty Acid (FFA) content of the SRBO-oleogel increased as the concentration of beeswax increased. SRBO-oleogel with 3% BW exhibited an FFA value of 0.25±0.02%, while those with 6% BW showed an increase to 0.32±0.01%, and the SRBO-oleogel with 9% BW displayed the highest FFA content of 0.38±0.03%. This increase might be due to the interaction of BW with the oil matrix, possibly introducing minor amounts of free fatty acids or promoting slight hydrolysis of triglycerides during processing. A higher FFA level could impact on the oleogel's oxidative stability and flavor profile, as increased FFAs may lead to off flavors over time. However, the FFA values are still within acceptable limits for edible oils. Previous studies, such as Toro-Vazquez et al. (2007), have observed that waxes like candelilla and beeswax might slightly increase FFA content due to interactions during oleogel formation.
The peroxide value (PV) is a key indicator of primary oxidation in oils and fats. In the current study, the PV of raw rice bran oil (RBO) was recorded at 1.62 meq O₂/kg, significantly lower than the PVs observed in the oleogel samples formed with varying beeswax (BW) concentrations. Notably, the PV increased substantially upon structuring RBO into oleogels, indicating the influence of thermal processing during oleogelation. The PV values for RBO + BW at 3%, 7%, and 9% were 4.30, 4.12, and 4.58 meq O₂/kg, respectively.
The melting point rises as the BW concentration increases, ranging from 52.5 °C for SRBO-oleogel BW 3% to 69.5 °C for SRBO-oleogel with BW 9%. This trend reflects the increasing solid lipid content, which raises the crystalline structure's thermal stability. Studies like Liu et al. (2024) have similarly shown that increasing wax concentrations raise the melting point of oleogels, supporting the formation of a denser crystalline network. The melting points reported here are comparable to BW oleogels in other oils (e.g., soybean or sunflower), confirming the robustness of the structure. Higher melting points improve thermal stability, making these oleogels appropriate for use in tropical climates or in products requiring heat resistance.
Table (4): Chemical Properties of RBO-Oleogel with Varying Concentrations of BW
	Properties
	RBO
	RBO + BW 3%
	RBO + BW 7%
	RBO + BW 9%

	FFA (%)
	0.018±0.001d
	0.25±0.02c
	0.32±0.01b
	0.38±0.03a

	PV
	1.62±0.11b
	4.30±0.53a
	4.12±0.68a
	4.58±0.28a

	Melting point (°C)
	22.0±0.50d
	52.5±1.42c
	61.0±1.74b
	69.5±1.83a


Each value is an average of three determinations± standard deviations.
+Values followed by the same letter in the row are not significantly different at P < 0.05.
[bookmark: _Hlk194589786][bookmark: _Hlk193832998][bookmark: _Hlk194506512]Antioxidant properties of SRBO-oleogel with Varying Concentrations of BW:
Table (5) shows the total phenolic compounds and antioxidant activity for SRBO-oleogel with varying concentrations of BW. The total phenolic component content in the SRBO was 15.45 mg GAE/g and reached 28.55 mg GAE/g for SRBO-oleogel with BW 9%, indicating that beeswax either contributes phenolic compounds to the oleogel or enhances the retention of oil-soluble antioxidants within the gel matrix. This increase in TPC signifies enhanced antioxidant properties, which are crucial for improving the oxidative stability of the oleogels and extending their shelf life.
 The findings align with Hwang (2020), who noted that natural waxes, such as beeswax, contribute phenolic compounds that enhance the antioxidant capacity of oleogels. The TPC values are comparable to those observed in oleogels formed with other vegetable oils and waxes, as documented by Sobolev et al. (2022).
From the same table, it could be noticed that DPPH activity improves by increasing BW concentration in oleogels, rising from 32.18% for SRBO to 46.95% for SRBO-oleogel with BW 9%, indicating that BW enhances the oleogel's ability to neutralize free radicals, likely through phenolic or wax-derived compounds. This improved DPPH activity underscores the potential of these oleogels to extend the shelf life and preserve the quality of food products by effectively mitigating oxidative stress. The results are consistent with Yi et al. (2017) found that oleogels with BW exhibit higher DPPH activity due to the ability of the wax to create a dense network that retains antioxidants and reduces oxidative degradation. In addition, the observed increase in DPPH activity aligns with data from Gao and Wu (2019), where natural wax-based oleogels demonstrated enhanced oxidative stability.
The improved antioxidant properties make these oleogels suitable for applications in spreads, frying oils, or baked goods, where oxidative stability is crucial. Enhanced antioxidant activity adds functional value to the oleogels, potentially benefiting consumers by reducing oxidative by-products and preserving bioactive compounds.
Table (5): Antioxidant properties of SRBO-oleogel with Varying Concentrations of BW.
	Properties
	SRBO
	SRBO + BW 3%
	SRBO + BW 6%
	SRBO + BW 9%

	TPC (mg GAE/g)
	15.45±0.84
	20.15±0.96
	25.35±1.04
	28.55±1.63

	DPPH (%)
	32.18±1.25
	40.22±1.73
	43.60±0.75
	46.95±1.95


Each value is an average of three determinations± standard deviations.
+Values followed by the same letter in the row are not significantly different at P < 0.05.
Tocopherols of SRBO and SRBO-Oleogel with 9% BW:
According to the data presented in Table (6), the tocopherol composition of SRBO undergoes slight changes when transformed into an SRBO-oleogel with 9% BW.
α-Tocopherol decreases from 150.94 mg/kg to 143.12 mg/kg, while β-Tocopherol shows a small reduction from 3.93 mg/kg to 3.64 mg/kg. Similarly, γ-Tocopherol decreases from 500.42 mg/kg to 490.68 mg/kg, and δ-Tocopherol decreases from 120.28 mg/kg to 116.42 mg/kg for SRBO and SRBO-oleogel with 9% BW, respectively. These reductions suggest that tocopherols are slightly affected during the oleogelation process, possibly due to their interaction with the beeswax matrix or exposure to heat during preparation. Beeswax contains a crystalline network that may partially immobilize or bind tocopherols, leading to minor reductions in their measurable concentrations. Additionally, the moderate heating involved in the process could cause slight thermal degradation of tocopherols. Although tocopherols are relatively heat-stable, extended exposure or higher temperatures may contribute to minor losses, as supported by findings from Grajek and Olejnik (2010). Tocopherols, being antioxidants, may also be consumed during oleogel preparation to counteract oxidative reactions, as indicated by Günal-Köroğlu et al. (2024).
Table (6): Tocopherol Content of SRBO and SRBO-Oleogel with 9% BW
	Tocopherol Type
	Rice Bran Oil (mg/kg)
	Oleogel (9% Beeswax) (mg/kg)

	α-Tocopherol
	150.94±2.53*
	143.12±1.83

	β-Tocopherol
	3.93±0.53
	3.64±0.68

	γ-Tocopherol
	500.42±3.78*
	490.68±3.52

	δ-Tocopherol
	120.28±1.52*
	116.42±2.32


Despite these slight reductions, the tocopherol content in the oleogel remains high, preserving its antioxidant capacity and enhancing its oxidative stability. The dominant presence of γ-tocopherol indicates that the oleogel retains its nutritional and functional benefits, as this tocopherol is particularly effective in scavenging free radicals. These findings are consistent with studies such as Peixoto et al. (2021), which observed minor reductions in tocopherols in wax-based oleogels while retaining sufficient levels to maintain oxidative stability. Park, Bemer, and Maleky (2018) also highlighted that tocopherol degradation during oleogelation is minimal under moderate processing conditions. Overall, the oleogel retains the nutritional value of rice bran oil, making it suitable for applications where antioxidant properties and oxidative stability are critical, such as in spreads, bakery products, and other functional foods.
Fatty Acid Composition of SRBO and SRBO-Oleogel with 9% BW:
Table (7) shows the fatty acid profiles of SRBO and SRBO-oleogel with 9% BW. The compositions of fatty acids of (SRBO) change slightly when converted into an SRBO-oleogel with 9% BW. Palmitic acid decreases from 18.0 % in SRBO to 16.6 % for SRBO-oleogel with 9% BW, while stearic acid shows a notable increase from 1.9 % to 3.2 %, indicating that the beeswax contributes long-chain saturated fatty acids to the oleogel matrix. Oleic acid and linoleic acid, the dominant unsaturated fatty acids, decrease marginally from 40.0 % and 34.0 % in SRBO to 38.0 % and 33.5 %, respectively, in SRBO-oleogel with 9% BW. Linolenic acid shows minimal change, decreasing slightly from 1.2 % to 1.1 %, while arachidic acid remains constant at 0.6%. These changes suggest that the oleogelation process, influenced by the crystalline structure of beeswax, may selectively encapsulate certain fatty acids, slightly altering the fatty acid profile without causing significant degradation.
The increased stearic acid content reflects beeswax's natural composition, contributing to the structural integrity and stability of the oleogel. The minor reductions in oleic and linoleic acids may result from their incorporation into the gel matrix, indicating good retention of unsaturated fatty acids. This stability is consistent with findings in similar studies, such as Salama et al. (2024), which observed minimal degradation of unsaturated fatty acids during oleogelation with natural waxes. These changes are nutritionally significant as the oleogel retains a favorable fatty acid profile rich in unsaturated fats, maintaining the health benefits of rice bran oil while providing enhanced textural and functional properties for potential applications in food products.


Table (7): Fatty Acid Composition of SRBO and SRBO-Oleogel with 9% BW
	Fatty Acid
	Rice Bran Oil (%)
	Oleogel (BW 9%) 

	Palmitic Acid
	18.0±0.48*
	16.6±0.52

	Stearic Acid
	1.9±0.11
	3.2±0.09*

	Oleic Acid
	40.0±0.87*
	38.0±1.02

	Linoleic Acid
	34.0±1.36
	33.5±1.73

	Linolenic Acid
	1.2±0.08
	1.1±0.04

	Arachidic Acid
	0.6±0.00
	0.6±0.01



[bookmark: _Hlk194589868]Color properties of cookies prepared with SRBO-oleogel with 9% BW:
As indicated by the results in Table (8), the color properties of the prepared cookies reveal significant variations based on the fat source used. Cookies made with 300 g of butterfat exhibited the lowest L* value (lightness) (L* = 59.21). Resulting in a darker appearance, while those with 200 g of SRBO-oleogel with 9% BW had the highest lightness (L* = 70.43). This difference can be attributed to the lighter color of SRBO-oleogel compared to butter fat, which contains carotenoids and other pigments that darken the product. Furthermore, the lower Maillard reaction intensity, potentially due to differences in moisture retention and sugar availability, may have contributed to the lighter appearance of the SRBO-oleogel-containing cookies.  In terms of a* values (red - green), the cookies showed minimal variation, with the highest value (13.41) observed in cookies with 400 g SRBO-oleogel and the lowest (12.48) in those with 200 g SRBO-oleogel. This suggests that replacing butter fat with SRBO-oleogel had a negligible effect on the red-green axis of color. However, b* values (yellow-blue) were notably higher in cookies containing SRBO-oleogel, especially at 200 g (b* = 38.99) compared to butterfat cookies (b* = 34.70). This increased yellowness may be linked to the natural pigments present in (SRBO), such as tocopherols and oryzanol, and their interaction with other ingredients, enhancing the yellow tones. These findings align with recent studies demonstrating the role of oleogels in improving the visual and functional properties of baked goods. The lighter and more yellow appearance of the cookies made with SRBO-oleogel may appeal to consumers, as these attributes are often associated with health and freshness. Additionally, the ability to enhance color without significantly altering redness supports SRBO-oleogel suitability as a functional fat alternative. Such substitutions not only improve nutritional quality but also maintain or enhance the sensory appeal of the final product, making SRBO-oleogel a promising ingredient in biscuit production (Shahbazi et al., 2021; Rodríguez et al., 2023).
Table (8): Color properties of cookies prepared with SRBO-oleogel with BW 9%:
	Sample
	L (Lightness)
	a (Red-Green)
	b (Yellow-Blue)

	300 g Butter Fat
	59.21±0.38 d
	13.26±0.50a
	34.70±0.23c

	300 g Oleogel
	67.65±0.94 c
	13.02±0.68a
	36.84±0.55b

	400 Oleogel
	65.86±0.80 b
	13.41±0.25a
	36.27±0.77b

	200 Oleogel,
	70.43±0.78a
	12.48±0.71a
	38.99±0.21a


Each value is an average of three determinations± standard deviations.
+Values followed by the same letter in the column are not significantly different at P < 0.05.
[bookmark: _Hlk194589887]Sensory evaluation of cookies prepared with SRBO-oleogel with BW 9%:
[bookmark: _Hlk194496484]According to the results in Table (9), the sensory evaluation results indicate significant differences in color, flavor, taste, texture, appearance, and overall acceptability of the cookies prepared with butter fat and varying amounts of SRBO-oleogel with 9% beeswax. Among the samples, cookies prepared with 200 g of oleogel scored the highest across all sensory attributes, with overall acceptability reaching 9.51, compared to lower scores for butterfat cookies (8.03) and other SRBO-oleogel formulations. This superior sensory performance of the 200 g SRBO-oleogel cookies can be attributed to an optimal balance of fat replacement, which maintained a desirable texture and enhanced flavor and appearance.
Cookies made with butter fat and higher SRBO-oleogel levels (300 g and 400 g) generally scored similarly in most sensory attributes, including color and flavor, indicating that SRBO-oleogel effectively replicated some sensory qualities of butter fat. However, these formulations received slightly lower scores for texture, appearance, and overall acceptability compared to the 200 g oleogel cookies. The texture of the 200 g SRBO-oleogel cookies likely benefited from the balanced fat content, which ensured adequate plasticity and mouthfeel without the excessive firmness or crumbliness that can occur at higher oleogel concentrations. Additionally, the unique properties of SRBO-oleogel, such as its natural antioxidants and emulsification capacity, might have contributed to the enhanced flavor profile (Shahbazi et al., 2021).  The significant improvements in sensory attributes observed in the 200 g oleogel cookies aligned with recent studies highlighting the potential of oleogels as functional fat alternatives in bakery products. Lower oleogel concentrations can enhance sensory qualities by preserving the structural integrity of the cookie's matrix while contributing to improved flavor release and appearance due to the oleogel's light color and smooth consistency (Calligaris et al., 2020). This demonstrates that partial replacement of butter fat with SRBO-oleogel, particularly at 200 g, can produce cookies with superior sensory qualities while offering nutritional benefits and aligning consumer preferences for healthier alternatives.










Table (9): Sensory evaluation of cookies prepared with SRBO-oleogel with BW 9%:
	Sample
	Color 
	Flavor 
	Taste
	Texture 
	Appearance 
	Overall acceptability 

	300 g Butter Fat
	8.75±0.86a
	8.40±1.07a
	7.75±1.69b
	7.85±1.73b
	7.40±2.23b
	8.03±1.42b

	300 g Oleogel
	8.60±0.70a
	8.00±0.94a
	7.55±1.26b
	8.00±1.15ab
	7.90±0.99b
	8.01±0.83b

	400 Oleogel
	8.95±0.90a
	8.05±1.21a
	7.90±1.58b
	8.30±1.33ab
	7.60±1.77b
	8.16±0.97b

	200 Oleogel, 
	9.50±0.53a
	9.15±1.11a
	9.70±0.48a
	9.40±0.52a
	9.80±0.42a
	9.51±0.45a


Each value is an average of twenty determinations± standard deviations.
+Values followed by the same letter in the column are not significantly different at P < 0.05.

Conclusion
According to the study, SRBO-based oleogels that contain beeswax as a structurant have superior physical, chemical, and sensory qualities, which make them suitable for various food applications. Increased beeswax concentrations enhance antioxidant activity, oxidative stability, oil binding ability, and gelation efficiency. Cookies produced with 200 g of SRBO oleogel had good consumer acceptability and optimal sensory performance, balancing texture, flavor, and appearance. These results support the use of SRBO-based oleogels as healthier fat substitutes in baked goods and confections, satisfying consumer demand for sustainable and useful ingredients.
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