

  processes-13-03898




processes-13-03898







Processes 2025, 13(12), 3898; doi:10.3390/pr13123898




Article



Nanoemulsion of γ-Oryzanol-Rich Rice Bran Oil Obtained by Ultrasound and Supercritical Fluid Extraction from White and Parboiled Rice Brans



Sarah Alves Prado, Micheli Legemann Monte, Mery Luiza Garcia Vieira, Anelise Christ Ribeiro, Débora Pez Jaeschke, Tito Roberto Sant’Anna Cadaval Jr. * and Luiz Antonio de Almeida Pinto





School of Chemistry and Food, Federal University of Rio Grande (FURG), km 8 Italia Avenue, Rio Grande 96203-900, RS, Brazil









*



Correspondence: titoeq@gmail.com; Tel.: +55-5332336610







Citation: Prado, S.A.; Monte, M.L.; Vieira, M.L.G.; Christ Ribeiro, A.; Jaeschke, D.P.; Cadaval Jr., T.R.S.; Pinto, L.A.d.A. Nanoemulsion of γ-Oryzanol-Rich Rice Bran Oil Obtained by Ultrasound and Supercritical Fluid Extraction from White and Parboiled Rice Brans. Processes 2025, 13, 3898. https://doi.org/10.3390/pr13123898



Academic Editor: Paolo Trucillo



Received: 26 October 2025 / Revised: 27 November 2025 / Accepted: 28 November 2025 / Published: 2 December 2025



Abstract


This study aimed to extract rice bran oil rich in γ-oryzanol from white (WB) and parboiled rice bran (PB) using ultrasound as a pre-treatment to supercritical fluid extraction (US + SFE), supercritical fluid extraction (SFE), and conventional solvent extraction. PB oil exhibited superior quality compared to WB, with low free fatty acid (FFA) levels and higher γ-oryzanol content. PB oil extracted by US + SFE achieved a yield of 18.2 ± 0.4%, γ-oryzanol content of 1.53 ± 0.19 g 100 g−1, and low FFA content (0.27 ± 0.01%), showing improved oil quality compared to SFE (yield 13.5 ± 0.3%, γ-oryzanol 1.13 ± 0.08%, FFA 0.55 ± 0.01%) and conventional extraction (yield 25.0 ± 1.3%, γ-oryzanol 2.03 ± 0.04%, FFA 1.12 ± 0.01%). The US + SFE oil also showed lower peroxide value (1.7 mEq kg−1) and preserved fatty acid profiles containing palmitic, oleic, and linoleic acids. US induced structural disruption in bran, enhancing oil release. Additionally, chitosan–gelatin nanoemulsions were developed to protect the extracted oil. Formulations exhibited droplet sizes of 119–352 nm, polydispersity indices below 0.3, and zeta potentials from –12.4 to 38.8 mV. Gelatin-based nanoemulsions maintained FFAs at 0.56 ± 0.2% and peroxide values at 4.71 ± 0.2 mEq kg−1 over 90 days, demonstrating superior oxidative stability. These results highlight the potential of US and SFE combined with nanostructured delivery systems to valorize agro-industrial byproducts and develop stable, functional ingredients and drug carrier systems.
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1. Introduction


Rice is considered one of the world’s most important food crops, with significant importance in both economic and nutritional contexts. Brazil is the leading producer in South America, with annual production reaching approximately 7.2 million metric tons, while China is the world’s largest producer, with around 144 million metric tons [1]. After harvesting, rice undergoes processing steps in which the husk and bran are removed, making it suitable for human consumption.



White rice is obtained after polishing, during which the outer layers of the grain are removed. The bran generated from this process exhibits high lipase and lipoxygenase activities, making it highly susceptible to enzymatic hydrolysis and oxidation, which limit its stability and shelf life. In contrast, parboiled rice undergoes a hydrothermal (partial precooking) treatment prior to dehulling. This process promotes starch gelatinization, improves nutrient retention, and partially inactivates enzymes, resulting in greater oxidative stability, although it requires more energy and increases production costs [2]. Regardless of its origin, rice bran is an important source of carbohydrates (34–54% w w−1), lipids (13–23% w w−1), proteins (12–17% w w−1), fiber (6–14% w w−1), ash (8–18% w w−1), and several bioactive compounds [3]. Despite its nutritional value, most rice bran is still underutilized, being primarily used as poultry feed, burned as fuel, or discarded, with only a small fraction processed into rice bran oil (RBO). This limited valorization results in resource loss and environmental impacts. Its commercial value remains low, averaging USD 180–280 per ton, with less than 10% used for food applications [4].



Although rice bran is still underutilized, it represents a promising raw material due to its high stability of bioactive compounds, such as polyunsaturated fatty acids (PUFAs) and γ-oryzanol [5]. γ-oryzanol is a compound with numerous beneficial properties for health, including reducing the incidence of cancer, controlling coronary heart disease, reducing cholesterol levels, antioxidant properties and anti-inflammatory activity [6]. However, the extraction of RBO still presents specific challenges, particularly in preventing oxidation. The susceptibility to oxidation is primarily attributed to the interaction between the oil and rice bran lipase and lipoxygenase, which results in the hydrolysis of the oil into free fatty acids [7].



Therefore, the methods employed in RBO extraction are crucial for avoiding oxidation and preserving the bioactive compounds [8]. Cell disruption and thermal stabilization techniques of rice bran can be applied as pretreatment for oil extraction [5]. Among the extraction methods, solvent extraction remains the most widely used for RBO extraction, both in research and industry, requiring high volumes of solvent (ethanol, hexane, dichloromethane, ethyl acetate, petroleum ether, ethyl ether), high temperatures, and long processing times [9]. However, in the current context of the climate crisis, there is a growing interest in unconventional alternatives, such as the use of ultrasound (US), electrical technologies, and supercritical fluid extraction (SFE) [10]. These methods offer advantages such as shorter processing times, reduced use of solvents, lower temperatures (which are favorable to the preservation of bioactive compounds), and better control of acidity [9,11].



US as an extraction pretreatment is a promising and relatively unexplored technique for extracting RBO. The process utilizes sound waves that promote the formation of cavitation bubbles, the collapse of which causes cell rupture, mass transfer, and the extraction of intracellular compounds [12,13]. Given its advantages, US can be combined with other non-conventional methods, such as SFE [14]. SFE is widely applied for plant matrices oil extraction [15,16]. In this technique, fluids exist in a supercritical state, exhibiting properties of both liquids and gases, when subjected to conditions above their critical temperature and pressure. The specific temperature–pressure combination governs fluid diffusivity, which directly impacts extraction efficiency. Because viscosity and diffusivity are inversely related, reduced viscosity facilitates deeper solvent penetration into the sample matrix, thereby enhancing lipid extraction yields [17].



The food industry has been exploring the expansion of unsaturated fatty acid intake by the population through the development of functional foods. In this sense, nanoemulsions have been studied as delivery systems for the transport of different functional ingredients. Designed to protect bioactive compounds for various administration purposes, nanoemulsions are produced from emulsions with droplet sizes ranging from 20 to 500 nm. The efficacy of nanocapsules depends, among other factors, on the characteristics of the wall material and the level of interactions [18]. Chitosan is a biodegradable and non-toxic linear cationic polysaccharide obtained by alkaline deacetylation of chitin [19,20]. Gelatin is a protein derived from the partial hydrolysis of animal collagen, presenting many different functional groups accessible in its structure [21]. Chitosan and gelatin can be used to prepare nanocapsules of various shapes and sizes, enhancing shelf life, texture, and stability through their surface properties [22,23].



Although nanoemulsions are widely studied, several formulation approaches have been proposed depending on the type of oil, surfactant system, and processing method. Recent studies have shown the use of high-energy and low-energy techniques, multicomponent stabilizing systems, and biopolymer-based coatings to enhance stability and protect bioactive compounds [24,25,26]. Nonetheless, the application of nanoemulsions specifically designed to encapsulate RBO rich in γ-oryzanol is still limited, particularly when targeting oxidative protection during long-term storage. Furthermore, there is a lack of studies integrating emerging extraction technologies (US pretreatment + supercritical CO2 extraction) with biopolymer-based nanoemulsion stabilization.



The aim of this study was to perform a practical and environmentally friendly extraction of RBO rich in γ-oryzanol using ultrasound combined with supercritical fluid (US + SFE), and to evaluate chitosan and gelatin as carriers for the oxidative protection of RBO rich in γ-oryzanol in nanocapsules of these biopolymeric materials.




2. Materials and Methods


2.1. Material


The raw materials, white (WB) and parboiled (PB) rice brans, were obtained from a rice processing industry located in Pelotas, RS, Brazil and stored at −18 °C until further use. Rice brans were characterized according to the AOAC methodology [27] for moisture (method 925.10), ash (method 945.46), and protein content (method 960.52). Carbohydrates were estimated by difference following AOAC guidelines. The lipid content was determined by the Bligh and Dyer method [28].



Chitosan (high molecular weight ~ 670 kDa, deacetylated degree > 70%), and gelatin from bovine skin (type B, gel strength of 225 g Bloom) were purchased from Sigma-Aldrich (Barueri, SP, Brazil). Ethyl alcohol, ethyl ether, phenolphthalein, sodium hydroxide, isopropyl alcohol, acetic acid, and surfactant Tween 80® (Polyoxyethylen–20–sorbitan–monooleate) were acquired from Êxodo Científica (Sumaré, SP, Brazil). All other used reagents were of analytical grade. Carbon dioxide (99.9%) was supplied by White Martins (Rio de Janeiro, RJ, Brazil).




2.2. Rice Bran Oil Extraction


RBO was extracted using: US + SFE; SFE; and a conventional method. For US + SFE, US was used as a pretreatment to promote tissue disruption, thereby evaluating its effect on the oil extraction yield from rice bran. The experiments were conducted using a probe-type ultrasonic device (Ultrasonic Homogenizer EL-HX1000E, Elevelab, Porto Alegre, RS, Brazil; 20 kHz, 6 mm probe diameter, 1000 W) operated at 60% of amplitude for 30 min. This condition was selected based on a preliminary assessment in which amplitudes between 45% and 60% were tested, and the highest amplitude consistently resulted in greater oil extraction yields. A total of 20 g of WB or PB was used for each trial, mixed with 100 mL of distilled water (solid-to-solvent ratio of 0.2 g mL−1) in a 250 mL jacketed glass cell. US treatments were conducted under controlled temperature conditions (≤30 °C), and the temperature was continuously monitored throughout the process. After treatment, samples were centrifuged (6000× g, 20 min) to separate the supernatant and then freeze-dried (Liobras, K108, São Carlos, SP, Brazil) for 48 h, −80 °C and 52 µmHg to remove residual moisture. The samples were then subjected to SFE. Control experiments were also performed using SFE without the US pretreatment.



Figure 1 presents a scheme of the SFE setup. The CO2 cylinder was connected to the syringe pump (model 500D ISCO, TELEDYNE, Lincoln, NE, USA) which is equipped with a water jacket coupled to a termostatic bath, ensuring that CO2 remained cooled before pressurization. The equipment also comprised a 62.4 cm3 stainless steel extraction vessel, with 19 mm diameter and 220 mm bed height, coupled to a circulation bath. The experiments were realized with supercritical CO2 and ethanol as cosolvent. Ethanol increases CO2 polarity, improving solubility and mass transfer of more polar components such as γ-oryzanol. For that, approximately 20 g of sample was loaded into the extraction vessel. Supercritical CO2 was used as the solvent, and ethanol was employed as a cosolvent at a cosolvent-to-feed mass ratio (CFR) of 4:1. The extraction temperature and pressure were maintained at 40 ± 2 °C and 25 MPa, respectively. After pressurization, a static period of 5 min was applied to allow thermal and mechanical equilibrium. Then, the dynamic extraction took place, with a CO2 flow rate of 5.0 g min−1 for a total extraction time of 60 min. The process parameters, such as temperature, pressure, flow rate and CFR, were selected based on previous studies [29,30]. After the extraction period, decompression was performed gradually by opening the control valve at a constant rate (5.0 g min−1), allowing CO2 to expand and separate from the extract in the separator vessel. The extract was collected from the separator after complete depressurization.



The cosolvent (ethanol) was evaporated from the oil extracts in an oven at 40 ± 2 °C, under vacuum conditions, until constant weight, resulting in RBO. The RBO samples were collected in glass flasks, weighted using an analytical balance, and stored at −18 °C for further analysis. The extraction yield (gRBO100 g−1dry solid) was calculated as the ratio of the total mass of RBO to the mass of raw material used to feed the system on a dry basis, according to Equation (1).




   Extraction   Yield     %   =    Mass   of   RBO   Mass   of   raw   material    × 100   



(1)





Soxhlet extraction with ethanol solvent was used as a conventional method of extraction for comparison [30]. The extraction was performed at the solvent’s boiling temperature at atmospheric pressure for 8 h, using 5 g of WB or PB and 180 mL of solvent. After, the solvent was evaporated from oil extracts in an air-circulating oven at 40 ± 2 °C, under vacuum conditions until constant weight. All extractions were performed in triplicate.




2.3. Analytical Methodology for Extract Characterization


The γ-oryzanol content was determined according to the method of Codex Stan 210-1999 [31], with minor modifications [32]. Approximately 0.01 g of sample was dissolved in 10 mL of isopropyl alcohol, and the absorbance was read at 327 nm in a 1 cm cell (UV-1601, Shimadzu Corporation, Kyoto, Japan). The γ-oryzanol content (g 100 g−1) was calculated using Equation (2).


  γ  - oryzanol     ( % )  = 10 × (    1   W     )  × A ×  (     1   E      )  



(2)




where W is the weight of the sample, A is the extinction coefficient (absorbance) of the sample solution, and E is the specific extinction coefficient     E   1 c m   1 %     = 338.



The percentage of free fatty acids (%FFAs) and peroxide value (PV) were determined according to AOCS methodology [33] and calculated by Equations (3) and (4).


  P V = (     V   N   a   2     S   2     O   3     −   V   B       N   N   a   2     S   2     O   3     × 1000 ) / W  



(3)






  % F F A =     ( V   N a O H   −   V   B   )   M   N a O H   × 28.2 × 1000   / W  



(4)




where     V     N a  2   S 2   O 3      is the volume of sodium thiosulfate spent on the sample titration, VB is the volume of the blank titration,     N     N a  2   S 2   O 3      is the normality of the sodium thiosulfate, and W is the oil weight.,     V   N a O H     is the volume of sodium hydroxide spent on the sample titration, and     M   N a O H     corresponds to the molarity of the NaOH solution.



The iodine value (IV) and the saponification value (SV) were determined by nuclear magnetic resonance (NMR) (Bruker High Field, model 400 MHz Ascend, Rheinstetten, Germany). NMR spectra were recorded using a 400 MHz (1H) spectrometer equipped with a 9.4 T magnet and a 5 mm probe. For analysis, 20 mg of lipid were dissolved in 0.7 mL of CDCl3 and placed in the instrument. A standard 1H pulse sequence with a 90° pulse was applied, using an acquisition time of 9.109 s, 2000 scans, and a spectral width of 24.03 kHz. By using the integrated signal of 1H NMR spectra data of aliphatic and olefinic hydrogens, Equations (5)–(7) were used to determine the average molecular weight, iodine value (IV), and saponification value (SV).


  M w = 119.70 + 7.036   T + 5.983   V  



(5)






  IV =  ( 126.91  × 100   V  ) /  M w  



(6)






  SV = − 0.2358     M   w   + 398.42  



(7)




in which Mw is triacylglycerol molecular weight, T is the total hydrogen content (%), and V is the vinyl hydrogen.



Fatty acids were identified by gas chromatography (Shimadzu, GCMSQP2010 Plus, Tokyo, Japan), and the injection in the equipment was in the methyl esters form [34]. The samples were derivatized following the protocol of Hartman & Lago [35]. A 10% (w/v) KOH solution in methanol was added, and the mixture was dispersed in an ultrasonic bath. It was then incubated in a water bath at 60 °C for 90 min. Afterward, 1 M H2SO4 was introduced and the incubation step was repeated for another 90 min. Once cooled, n-hexane was added, the tube was vortexed, and briefly centrifuged to allow phase separation. The upper organic layer was collected and stored in an amber vial under refrigeration until chromatographic analysis.




2.4. Nanoemulsions Preparation


The RBO rich in γ-oryzanol obtained from the better extraction method was used in the formulations of chitosan and gelatin nanoemulsions to evaluate the use of different biopolymeric carriers for oxidative protection. The aqueous phase was prepared by dissolving chitosan in 1% (v v−1) acetic acid solution and gelatin in distilled water for 12 h, under stirring (300 rpm) at 25 °C. The total biopolymer concentration was 1% (w v−1), with different mass ratios of chitosan to gelatin: 100CH:0G; 50CH:50G; 0CH:100G. Afterward, RBO (1%, w v−1) and surfactant Tween 80® (Polyoxyethylen–20–sorbitan–monooleate) (5% of the total amount of biopolymer) were added to the aqueous phase. This surfactant was selected for its biocompatibility and effectiveness in stabilizing oil-in-water nanoemulsions [36]. The biopolymer solutions were not buffered, so the pH remained the same as the solutions formed, being approximately 4.4. The nanoemulsions were produced using a high–energy emulsification method by a mechanical stirrer (Dremel, model 300, Mount Prospect, IL, USA) at 13,000 rpm, always checked with a tachometer, for 20 min.




2.5. Nanoemulsion Characterization


2.5.1. Physicochemical Stability


The stability of the nanoemulsions was evaluated in test tubes over a period of 90 days at room temperature (25 °C) [37]. Weekly visual assessments were conducted to monitor phase separation. Nanoemulsions that remained stable (i.e., without visible phase separation) were characterized regarding their size distribution and polydispersity index (PDI) using dynamic light scattering (DLS) at 25 °C (Litesizer™ 500, Anton Paar, Graz, Austria), after a 500-fold dilution of the samples [25].



The zeta potential was determined via electrophoretic light scattering (ELS) using a Litesizer™ 500 (Anton Paar, Austria) at 25 °C. Electrolytes within the nanoemulsions passed through a capillary channel, producing distinct electrophoretic mobilities. These mobilities were calculated from the Doppler shift in scattered light according to the Helmholtz–Smoluchowski equation [25]. The pH of the nanoemulsions was measured by a digital pH meter (Marte, MB–10, Santa Rita do Sapucaí, MG, Brazil) at room temperature. The rheological properties of the nanoemulsions were evaluated immediately after their preparation. The apparent viscosity (ƞₐ) was measured using a viscometer (DV-III Ultra, Middleboro, MA, USA).




2.5.2. Oxidative Evaluation


The stability of RBO encapsulated in chitosan and gelatin nanoemulsions stored at 25 °C was assessed immediately after preparation (day zero) and up to 90 days thereafter by monitoring the %FFAs and PV until unacceptable values were observed according to the General Standard for Food Additives [38].





2.6. Electron Microscopy Analysis


The morphology and structure of nanoemulsion droplets were examined through transmission electron microscopy (TEM) (JEM-1230, Japanese Electronics, Tokyo, Japan) [39]. A drop of the nanoemulsion was placed on a copper grid pre-stained with phosphotungstic acid. Excess liquid was blotted with filter paper, and the sample was allowed to dry. The morphology was subsequently examined under a microscope, and the images were processed using Digital Micrograph software v 3.4 (Gatan, Pleasanton, CA, USA).



The microstructure of WB and PB, both before and after extraction, was evaluated using scanning electron microscopy (SEM, Jeol JSM-6610LV, Akishima, Tokyo, Japan) to determine the morphological changes resulting from extraction. The samples were mounted on stubs with double-sided adhesive and sputter-coated (Denton Vacuum, Desk V, Moorestown, NJ, USA) with gold. An accelerating voltage of 10 kV and magnifications of 1000× and 3000× were employed.




2.7. Statistical Analysis


Software Statistica 12.0 (Statsoft Inc., Tulsa, OK, USA) at a significance level of 95% (p ≤ 0.05) was used to perform data analysis. The experiments were performed in triplicate. The differences among the average values were evaluated by Analysis of variance (ANOVA) and Tukey’s test of multiple comparisons.





3. Results and Discussion


3.1. Rice Bran Characterization


For WB and PB, the moisture contents were 10.1 ± 0.1% and 9.2 ± 0.1%, the ash contents were 9.4 ± 0.5% and 12.3 ± 0.3%, lipids contents 11.0 ± 0.1% and 20.0 ± 0.4%, protein contents 10.9 ± 0.2% and 15.6 ± 0.1%, and carbohydrates contents 58.5 ± 0.1% and 42.9 ± 0.4%, respectively. The chemical compositions of WB and PB cited in the literature were: approximately 8–18% ash, 12–23% lipids, 12–17% proteins, and 34–54% carbohydrates [40]. The influence of different extraction methods on the yield, composition, and structure of RBO and rice bran was investigated. The results are presented and discussed in the following sections according to the type of material analyzed and the characterization approach applied.




3.2. Effect of Extraction Techniques on Rice Bran Yield, Bioactive Content, and Microstructure


Table 1 presents the extraction yield, %FFAs, and γ-oryzanol concentration for all extraction experiments. As expected, conventional solvent extraction produced the highest oil yield, given the strong solvating power of organic solvents toward both neutral and polar lipid fractions. In contrast, supercritical CO2 extraction typically results in lower yields because CO2 is highly selective for non-polar compounds and exhibits reduced solubility for polar lipids [16]. The use of ethanol as co-solvent increases CO2 polarity but still limits the extraction of lipid compounds, compared to Soxhlet extraction. Even when US was applied as a pretreatment, the US + SFE process did not fully compensate for the lower solvating capacity of CO2, leading to reduced extraction efficiency compared to the conventional method.



The extraction yield of PB oil using the US + SFE method was significantly higher (p ≤ 0.05) (18.2 ± 0.4%) compared to the SFE method (13.5 ± 0.3%), representing an extraction efficiency of around 72% of conventional extraction (25.0 ± 1.3%) for the same sample. This result proved that US treatment contributed to cell rupture, promoting a more significant release of RBO. Kayathi et al. [3] reported a yield of approximately 20% (w w−1) for the SFE of oil from rice bran using a high CO2 flow and an extended extraction time of 29.8 g min−1 and 2 h, respectively. In the present work, a satisfactory yield (8.3–18.2%) was achieved using an inferior CO2 flow rate (5 g min−1) and a shorter extraction time (1 h), with US treatment applied.



However, the effects of US treatment on WB did not result in significant differences (p > 0.05) in extraction yield, with values ranging from 8.3 ± 0.4% to 8.5 ± 1.1% for US + SFE and SFE methods, respectively. This fact may be associated with the parboiling process, which subjects the rice grain to heat, making the effect of US more pronounced in the oil extraction process. According to Aluthge et al. [5], the extractability of RBO can be increased through processes that use heat, steam, modification of cellular structure, tissue rupture, and drying.



Regarding the %FFAs, the US + SFE method yielded oils with significantly lower values (p ≤ 0.05), at 0.69 ± 0.01% and 0.27 ± 0.01% oleic acid for WB and PB, respectively. These values are below the threshold established by the Food and Drug Administration, making the oil suitable for human consumption (<1% oleic acid) [33]. Danielski et al. [38] applied SFE to reduce the FFA content while minimizing phytosterol loss in RBO during extraction. They found an FFA content of 1.46% oleic acid. In the present study, it was observed that US treatment promoted lower acidity values, mainly due to the cavitation-induced thermal and mechanical effects that contribute to the partial inactivation of lipase and lipoxygenase. The collapse of cavitation bubbles generates localized hotspots, shear stress, and micro-turbulence, which reduce the activity of these enzymes responsible for hydrolyzing triacylglycerols into FFAs. As a result, less lipid hydrolysis occurs prior to extraction, leading to lower FFA levels in the final oil [41]. Aluthge et al. [5] reported various thermal stabilization methods for rice bran to improve oil extractability and oxidative stability, including microwave heating, chemical stabilization or refrigeration, infrared radiation, ohmic heating, steam heating, and enzyme-based biological approaches. However, no results have been found so far regarding US treatment, highlighting the relevance of the present study.



In addition to the effect of US, the differences in FFA content among the extraction methods can be explained by the characteristics of each process and solvent system. In the conventional method (Soxhlet with ethanol), the solvent operates at reflux for extended periods (8 h), under continuous heating. Ethanol is known to extract FFAs [42], and these prolonged and exhaustive conditions enhance the solubilization of FFAs in the bran matrix, leading to the highest FFA levels. In contrast, supercritical CO2 extraction preferentially extracts non-polar lipids due to its low polarity. Although ethanol was added as a co-solvent to increase CO2 polarity, the overall polarity of the CO2/ethanol mixture remains lower than that of pure ethanol. As a result, SFE produced oils with lower FFA contents.



The γ-oryzanol contents ranged from 0.92 ± 0.03 to 2.03 ± 0.04 g 100 g−1, with the highest value observed in oils obtained by conventional extraction. Although the conventional method provided the highest levels of γ-oryzanol, the extracted oils presented acidity levels higher than the limits established by regulation, requiring a refining step to deacidify them. This additional step can result in significant losses of bioactive compounds, such as γ-oryzanol itself, in addition to increasing the complexity of the process. Losses are reported in the refining steps with a decrease in γ-oryzanol content from 4% (neutralization step) to 2.3% (during bleaching and deodorization step) [38,43].



The PB oil extracted by the US + SFE method showed a γ-oryzanol content of 1.53 ± 0.19 g 100 g−1, corresponding to 63% of the total content. Furthermore, a comparison between extraction methods for PB revealed that US + SFE produced RBO with significantly higher (p ≤ 0.05) amounts of γ-oryzanol than RBO obtained by the SFE method alone. These findings demonstrate that the US + SFE approach offers the advantage of obtaining RBO with reduced acidity while preserving desirable levels of bioactive compounds such as γ-oryzanol.



Although three analytical parameters were evaluated (extraction yield, %FFA and γ-oryzanol concentration), the selection of the optimal extraction condition was guided primarily by oil quality indicators rather than yield alone. For the nanoemulsion application proposed in this study, lower FFA levels and greater retention of γ-oryzanol were prioritized, as these parameters directly influence oxidative stability and functional bioactivity. Conventional solvent extraction indeed provided higher yields; however, it resulted in oils with elevated acidity and lower γ-oryzanol retention. In contrast, the combined US + SFE method produced slightly lower yields but offered clear improvements in FFA reduction and bioactive compound preservation. Therefore, when balancing both yield and quality criteria, the US + SFE condition was identified as the most advantageous extraction strategy.



Physical changes that happened on the particle surface were analyzed before and after extraction. The microstructures of the untreated material, as well as extracted samples using SFE and US + SFE are presented in Figure 2.



The US treatment acted by disrupting the cellular structure, thereby enhancing solvent permeation during the SFE process, as observed in the microscopies (Figure 2). It is evident that the rice bran residues following the extraction treatments appeared less agglomerated compared to the untreated samples. Furthermore, visible structural damage is observed in the PB after the US + SFE treatment, which supports the higher extraction yield of 18.2 ± 0.4%.



Martínez-Padilha et al. [44] reported that the use of US resulted in a higher oil yield, with %FFA and PV below the industrial specification level and enhanced phenolic compounds. Chen et al. [45] reported a similar effect on SEM images of coffee powders after using US combined with microwaves to remove oil. The mechanical vibration effect of the US wave and the simultaneous enhancement in the US system produced heavy vibration and instantaneous energy, leading to the destruction of the coffee cells, due to which the oil leaked out quickly rather than through a slow permeation process, resulting in higher extraction yields of green coffee oil.



Ruttarattanamongkol et al. [46] also reported an increase in the yield of RBO extraction by applying pre-extraction treatment with supercritical fluid. These structural changes in the rice bran facilitate the enhanced penetration of the supercritical fluid, thereby improving the efficiency of the oil extraction process.




3.3. Comparative Characterization of Rice Bran Oil: Conventional vs. Alternative Extraction Approaches


Only PB oil was selected for detailed characterization because this sample presented the most promising extraction results, with higher oil yield, lower FFA content, and higher γ-oryzanol concentrations. The quality and compositional parameters of RBO obtained from PB are compared in Table 2. Additionally, gas chromatography was used to identify fatty acid profiles, and 1H NMR spectroscopy (Figure 3) was employed to assess the chemical profile and potential compositional changes in RBO resulting from different extraction approaches.



To determine the most suitable extraction method, all parameters in Table 2 were considered. However, for the nanoemulsion application proposed in this study, oil quality parameters were prioritized, particularly FFA content and PV, as these directly influence oxidative stability and long-term emulsion performance. Although the conventional method produced oil with higher γ-oryzanol content and a greater proportion of unsaturated fatty acids, it also resulted in oil with significantly higher FFA and PV, indicating a more advanced stage of oxidation. In contrast, the RBO obtained through the US + SFE method showed a significant reduction (p ≤ 0.05) in %FFA and PV compared to the RBO obtained by the conventional extraction method, while maintaining acceptable γ-oryzanol levels. This is likely due to the mild temperature conditions of the process (40 °C), as well as the selectivity of supercritical extraction in removing impurities. Therefore, the US + SFE method was selected as the best extraction strategy when balancing compositional properties with overall oil quality. The values obtained are within the acceptable limits for human consumption. According to the Codex Alimentarius Commission, these values (PV ≤ 5 mEq kg−1 and %FFA ≤ 0.3) confirm that the oil used in this study meets the required quality standards, classifying it as refined RBO [31,47].



Ruttarattanamongkol et al. [46] observed that the concentration of γ-oryzanol increased significantly with the extraction time using SFE, becoming consistent after 80 min and reaching the maximum content at 100 min. The authors obtained a γ-oryzanol content in RBO stabilized at around 10,000 and 30,000 mg kg−1 after 80 min and 100 min. In the present work, values close to γ-oryzanol were found, equivalent to 15,300 mg kg−1 (1.53 ± 0.19 g 100 g−1) using a shorter extraction time of 1 h with the US + SFE method. These findings suggest that US + SFE is an effective method for extracting high-value bioactive compounds from rice bran, particularly for maximizing γ-oryzanol production.



By using the integrated signal of the 1H NMR spectra (Figure 3) corresponding to aliphatic and olefinic hydrogens (a–k) and applying Equations (5)–(7), it was possible to determine the iodine value (IV) and saponification value (SV), which were approximately 92 ± 2 cgI2 g−1 and 163 ± 1 mgKOH g−1 for RBO (conventional method), and 90 ± 2 cgI2 g−1 and 168 ± 1 mgKOH g−1 for RBO (US + SFE method). These results are consistent with literature data for RBO [30]. The IV is associated with the unsaturation degree of the oil, while the SV indicates the average molecular weight of the fatty acids; these values were not significantly changed (p > 0.05) by the different extraction approaches, confirmed by the similarity of 1H NMR spectrum for both samples of RBO (Figure 3).



The dominant fatty acids in all RBO samples are palmitic (C16:0), oleic (C18:1), and linoleic (C18:2) acids (Table 2), which is consistent with previous reports [30,48]. A reduction in linoleic acid content was observed for RBO (US + SFE). Phan et al. [48] reported that ultrasonic intensity had a strong effect on unsaturated fatty acids, particularly linolenic acid in RBO. This was attributed to US-induced cavitation, which altered the structural and functional components of unsaturated fatty acids.




3.4. Characterization of Chitosan-Gelatin-Rice Bran Oil Nanoemulsions


The RBO used in the nanoemulsion experiments was extracted from PB using the combined US + SFE process, in accordance with the previously presented results. The physical characteristics of the chitosan and gelatin nanoemulsions were evaluated to understand their colloidal stability and structural behavior. The parameters analyzed included particle size, PDI, zeta potential, viscosity, and pH (Table 3). Among the evaluated parameters, particle size, PDI, and zeta potential were prioritized, as they are most directly associated with the physicochemical stability of the nanoemulsions.



All emulsions exhibited droplet sizes within the nanoemulsions range (20–500 nm). However, a significant reduction in droplet size was observed in the nanoemulsions 50CH:50G and 0CH:100G compared to the pure chitosan nanoemulsion (100CH:0G). All samples showed a PDI lower than 0.3. The PDI is a measure of the breadth of the particle size distribution, with values ranging from 0 to 1. The lower the value, the more homogeneous the sample, and values below 0.3 are considered appropriate.



The zeta potential increased with the chitosan amount, with values ranging from 36.3 to 38.8 mV for 50CH:50G and 100CH:0G nanoemulsions, while pure gelatin formulation (0CH:100G) exhibited a negative value of −12.4 mV. The positive results for nanoemulsions 50CH:50G and 100CH:0G should be attributed to the presence of a positive charge on the chitosan molecule when in an acidic medium (pH ≈ 3.7) [49]. Vilanculos et al. [25] prepared chitosan–xanthan gum–PUFA nanoemulsions and found a pronounced positive zeta potential value (39.8 mV) for the nanoemulsion of pure chitosan, which is related to protonated amino groups through the chitosan structure. The reduction in droplet charge in the blends can be explained by the partial substitution of chitosan (a cationic biopolymer) with gelatin, which is an amphoteric biopolymer and, therefore, has a lower charge on the droplet surface.



The negative charge of 0CH:100G nanoemulsion can be attributed to the amphoteric character of gelatin. Gelatin is an amphoteric polyelectrolyte macromolecule, meaning it contains both cationic and anionic groups in its structure and can act as either an acid or a base, depending on the pH of the medium. Type B gelatin obtained by alkaline hydrolysis of collagen (generally from bovine leather) has an isoelectric point (Ip) of approximately 4.7 to 5.2. This indicates that nanoemulsions with a pH above the isoelectric point will acquire a negative charge [49]. Khramtsov et al. [50] developed nanoparticles from type B gelatin, which had a zeta potential of around –11 mV. This value is significantly below the conventional limit of ±30 mV associated with colloidal stability conferred by electrostatic repulsion [51]. This observation suggests that the stability of the nanoparticles is not due exclusively to electrostatic interactions, but rather to the contribution of other stabilizing forces, as confirmed by the results obtained in the detailed analysis of colloidal stability conducted by the authors.



It was observed that the apparent viscosity of the nanoemulsions decreased with the addition of gelatin, with values of 24, 20, and 5 mPa. s for 100CH:0G, 50CH:50G, and 0CH:100G, respectively. The higher viscosity values can be explained by the high molecular weight (≈670 kDa) of the chitosan used in the preparation of nanoemulsions. In contrast, the average molecular weight of gelatin (225 Bloom) is 40–50 kDa, with this value being related to the Bloom number, which measures the gel strength. The differences in polymer molecular weight are significant for modulating the rheological and texture properties of the nanoemulsions, which may affect not only their physicochemical stability but also the development of distinct food products. Vilanculos et al. [25] found apparent viscosity values ranging from 5 to 20 mPa. s for chitosan emulsions with low to medium molecular weight (<300 kDa).



TEM analysis was performed to identify the size, shape, and dispersion of components in polymer matrices and verify the formation of aggregates and structural homogeneity (Figure 4). TEM images reveal predominantly spherical nanocapsules, characteristics previously described in studies [25,50]. The observed dimensions are in accordance with the size range previously determined by dynamic light scattering (DLS) analyses, in the range of 200–300 nm for 100CH:0G and 100–200 nm for 50CH:50G and 0CH:100 G. The average diameter of the pure gelatin 0CH:100 G nanoemulsion obtained by TEM (<100 nm) was smaller than the hydrodynamic diameter (Table 3), which is explained by the well-known tendency of DLS to overestimate the size of the nanoparticles. Furthermore, microscopy revealed a more homogeneous size distribution of the 0CH:100 nanoemulsion.




3.5. Stability of Chitosan-Gelatin-RBO Nanoemulsions


The stability of nanoemulsions upon storage is necessary for their practical application in any field. The chitosan–gelatin–RBO nanoemulsions presented visually stably after 90 days (Figure 5) with no phase separation. All formulations maintained physical stability throughout storage, with no creaming, sedimentation, or other visual destabilization phenomena. After storage, when creaming is formed (phase separation), emulsions separate into an optically opaque layer at the top, a strongly turbid layer in the middle, and/or a slightly turbid layer at the bottom. Due to its small droplet size, the nanoemulsions have shown increased stability to gravitational separation or aggregation. The stability of the chitosan–gelatin–RBO nanoemulsions was evaluated over 90 days by monitoring the %FFA and PV (Figure 6).



As expected for lipid-based systems, both %FFA and PV increased throughout storage due to hydrolytic and oxidative reactions. However, the nanoemulsion with pure gelatin (0CH:100G) remained more stable during the storage period, exhibiting the lowest %FFA and PV at the end of 90 days, with 0.56 ± 0.2% oleic acid and 4.71 ± 0.2 mEq kg−1, respectively. The presence of gelatin (a non-ionic agent) acting as a cosurfactant in association with Tween 80 (a non-ionic agent) is capable of forming interfacial complexes on the surface of the dispersed globules. These may have contributed to greater emulsion stabilization compared to when only one emulsifying agent is used. The interfacial complex helped gelatin adhere to the lipid surfaces, forming an electrically charged film and providing a better barrier to oxidation [21]. In contrast, nanoemulsions containing chitosan (100CH:0G) exhibited higher %FFA and PV, likely due to the polymer sensitivity to pH, which can reduce droplet charge and weaken electrostatic repulsion. Moreover, the interfacial layer formed by chitosan was less dense and rigid compared to gelatin, providing a less effective barrier against oxidation and droplet coalescence [24]. Consequently, the 0CH:100G nanoemulsion demonstrated the best stability results after 90 days of storage, with values within the acceptable limits according to the CODEX Alimentarius Commission (PV ≤ 5 mEq kg−1 and %FFA ≤ 1).



These results have significant implications for the development of nanoemulsions to enhance food and beverages. With the additional biopolymer coating on the droplets, stable emulsions containing RBO rich in γ-oryzanol were successfully prepared. These edible coatings, based on biocomponents (gelatin and chitosan), have functional qualities and provide protection and stability for the emulsion.





4. Conclusions


This study demonstrated that US + SFE yielded PB oil with higher extraction efficiency (18.2 ± 0.4%) and better preservation of γ-oryzanol (1.53 ± 0.19%) compared to SFE alone (yield 13.5 ± 0.3%, γ-oryzanol 1.13 ± 0.08%). Oils extracted by US + SFE exhibited improved quality parameters, including lower acidity (0.27 ± 0.01% oleic acid) and PV (1.7 mEq kg−1), reflecting enhanced oxidative stability. Encapsulation of the oil in chitosan, gelatin, and their blends produced nanoemulsions with droplet sizes ranging from 50 to 400 nm. Over 90 days, gelatin-based nanoemulsions showed superior oxidative stability, effectively preserving γ-oryzanol and protecting the oil from degradation. These findings underscore the potential of US + SFE for producing high-quality RBO and demonstrate that biopolymeric nanoemulsions, particularly gelatin-based systems, are promising carriers for the stable delivery of bioactive compounds. This approach expands the applicability of γ-oryzanol-rich oil in nutraceutical, cosmetic, and functional food products while adding value to an underutilized agro-industrial byproduct.
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Figure 1. Supercritical fluid extractor. 
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Figure 2. Representative SEM micrographs of untreated white (WB) and parboiled (PB) rice bran and the bran residues after the extraction methods (SFE and US + SFE). The micrographs have a magnification of 1000× (A–C; G–I) or 3000× (D–F; J–L). 
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Figure 3. 1H NMR spectrum of RBO conventional and US + SFE methods. The characteristic signals of unsaturated fatty acids include the olefinic hydrogens at δ 5.40–5.26 ppm (k–j), which also comprise glycerol carbons. Hydrogens bonded to glycerol methylene groups appear at δ 4.32–4.10 ppm (i–h); to bis-allylic carbons at δ 2.80–2.70 ppm (g); and to α-carbonyl methylene groups at δ 2.35–2.20 ppm (f). Allylic hydrogens are observed at δ 2.10–1.90 ppm (e), followed by β-carbonyl methylene groups at δ 1.70–1.50 ppm (d). Other methylene carbons of fatty acids resonate at δ 1.40–1.15 ppm (c). Methyl groups of linolenic acid appear at δ 0.95 ppm (b), while the remaining methyl groups of fatty acids are detected at δ 0.88 ppm (a). 
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Figure 4. Transmission electron microscopy (TEM) of nanoemulsions. Scale bars are 500 nm (A–C) or 200 nm (D–F). Samples were prepared with different mass ratios of chitosan to gelatin: 100CH:0G, 50CH:50G, and 0CH:100G. 
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Figure 5. Visual appearance of chitosan–gelatin–RBO nanoemulsions upon storage. Samples were prepared with different mass ratios of chitosan to gelatin: 100CH:0G, 50CH:50G, and 0CH:100G. 
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Figure 6. (A) free fatty acid (%FFA) and (B) peroxide value (PV) of chitosan–gelatin–RBO nanoemulsions through 90 days. Samples were prepared with different mass ratios of chitosan to gelatin: 100CH:0G, 50CH:50G, and 0CH:100G. 
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Table 1. Extraction yield (%), free fatty acid (FFA), and γ-oryzanol content for rice bran oil from different extraction methods.






Table 1. Extraction yield (%), free fatty acid (FFA), and γ-oryzanol content for rice bran oil from different extraction methods.





	Exp.

(no.)
	Sample
	Extraction

Method
	Extraction Yield (%)
	FFA

(%, oleic acid)
	γ-Oryzanol

(g 100 g−1)





	1
	WB
	US + SFE
	8.3 ± 0.4 d
	0.69 ± 0.01 c
	0.92 ± 0.03 c



	2
	PB
	US + SFE
	18.2 ± 0.4 b
	0.27 ± 0.01 d
	1.53 ± 0.19 b



	3
	WB
	SFE
	8.5 ± 1.1 d
	1.03 ± 0.01 b
	0.99 ± 0.08 c



	b
	PB
	SFE
	13.5 ± 0.3 c
	0.55 ± 0.01 c
	1.13 ± 0.08 c



	5
	WB
	Conventional
	15.5 ± 0.3 b,c
	6.62 ± 0.13 a
	1.74 ± 0.21 a,b



	6
	PB
	Conventional
	25.0 ± 1.3 a
	1.12 ± 0.01 b
	2.03 ± 0.04 a







Mean values ± standard deviation (n = 3). Different superscript letters in the same column indicate statistically significant differences (p < 0.05). FFAs: free fatty acids; WB = white rice bran; PB = parboiled rice bran; US + SFE = ultrasound with supercritical fluid extraction; SFE = supercritical fluid extraction.













 





Table 2. Quality and compositional parameters of parboiled rice bran oil (RBO) obtained from conventional and US + SFE.






Table 2. Quality and compositional parameters of parboiled rice bran oil (RBO) obtained from conventional and US + SFE.










	Parameter
	RBO

(Conventional Extraction)
	RBO

(US + SFE)





	FFA (% oleic acid)
	1.12 ± 0.01 a
	0.27 ± 0.01 b



	PV (meqperoxide kg−1oil)
	12.1 ± 1.2 a
	1.7 ± 0.5 b



	SV (mgKOH g−1)
	163 ± 2 a
	168 ± 1 a



	IV (cgI2 g−1)
	92 ± 2 a
	90 ± 2 a



	γ-oryzanol content (g 100 g−1)
	2.00 ± 0.04 a
	1.53 ± 0.19 b



	Fatty acids (most abundant)
	
	



	C14:0
	0.16 ± 0.04
	0.02 ± 0.01



	C16:0
	21.05 ± 0.29
	27.55 ± 0.10



	C16:1
	0.13 ± 0.01
	5.88 ± 0.18



	C18:0
	1.47 ± 0.14
	3.20 ± 0.22



	C18:1
	39.94 ± 0.49
	40.36 ± 0.51



	C18:2
	34.25 ± 0.04
	20.41 ± 0.10



	C18:3
	1.40 ± 0.08
	1.45 ± 0.14



	Σ Saturated
	22.68 ± 0.10
	30.77 ± 0.02



	Σ Unsaturated (PUFA + MUFA)
	75.72 ± 0.56
	68.10 ± 0.25







Mean values ± standard deviation (n = 3). Different superscript letters in the same row indicate statistically significant differences (p < 0.05).













 





Table 3. Size distributions, polydispersity index (PDI), zeta potential, viscosity, and pH of nanoemulsions.






Table 3. Size distributions, polydispersity index (PDI), zeta potential, viscosity, and pH of nanoemulsions.





	Sample
	Size

(nm)
	PDI
	Zeta

Potential (mV)
	Viscosity

(mPa. s)
	pH





	100CH:0G
	352.5 ± 6.7 a
	0.26 ± 0.40 a
	38.8 ± 1.4 a
	23.9 ± 1.1 a
	3.8 ± 0.1 a



	50CH:50G
	247.1 ± 2.7 b
	0.27 ± 0.30 a
	36.3 ± 1.3 a
	20.8 ± 1.4 b
	3.8 ± 0.1 a



	0CH:100G
	119.3 ± 1.4 c
	0.21 ± 0.10 a
	−12.4 ± 0.2 b
	5.0 ± 1.4 c
	5.9 ± 0.1 b







Mean values ± standard deviation (n = 3). CH: chitosan; G: gelatin. Samples were prepared with different mass ratios of chitosan to gelatin: 100CH:0G, 50CH:50G, and 0CH:100G. Different superscript letters in the same column indicate statistically significant differences (p < 0.05).
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