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Abstract:  

A novel approach for green protein extraction was developed by combining deep 

eutectic solvents (DES) and microwave-assisted extraction (MAE) to optimize the 

extraction of protein from defatted rice bran (DRB). Rice bran, an agricultural 

byproduct, is rich in proteins and bioactive compounds; however, it remains largely 

underutilized due to the inefficiency of current extraction methodologies. Rice bran 

protein (RBP) is widely known for its hypoallergenic properties and nutritional 

benefits. The present study examined various DES types (choline chloride-based 

mixtures with different hydrogen bond donors: glycerol (neutral), oxalic acid (acid), 

and urea (base)) to extract protein from rice bran protein with microwave heating. 

The extraction efficiency was evaluated using different microwave power, 

extraction time, and sample-to-DES ratios. Key factors controlling the extraction 

and optimal operating conditions were optimized by response surface methodology 

to obtain the highest protein extracted from rice bran which was indicated by protein 

recovery. The extraction parameters that were determined to be optimal were as 

follows: a choline chloride-urea DES, a solvent-to-sample ratio of 5.79, microwave 

power of 296.97 W, and 44.75 s of extraction time. The optimization of protein 

extraction was characterized using a Box-Behnken Design of Experiment, with 

protein recovery as the response. The quality of the protein was then analyzed using 

SDS PAGE for molecular weight distribution. The selected DES-MAE method 

achieved a maximum protein recovery of 39.96 ± 0.5%. This combined DES-MAE 

technique offers a promising, environmentally friendly alternative for efficient RBP 

extraction.  

Keywords: Deep Eutectic Solvent, Microwave-Assisted Extraction, Protein 

Extraction, Response surface methodology, Rice Bran Protein   

 

INTRODUCTION  

Rice bran is a byproduct of rice milling which represents a significant yet underutilized source 

of nutritional and functional proteins with considerable potential in the food, pharmaceutical, 
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and biotechnology industries [1, 2]. Rice bran protein (RBP) has proven to be a potential 

ingredient to produce nutritious plant-based foods due to its nutraceutical and hypoallergenic 

properties [3]. RBP has gained significant interest due to its potential health benefits and 

essential amino acids [5]. Rice bran comprises 15-22% lipids, 34.1-52.3% carbohydrates, 7-

11.4% fiber, 6.6-9.9% ash, 8-12% moisture, and 10-16% highly nutritional protein [1]. 

Research for methods of RBP extraction has been conducted before with traditional techniques 

such as alkali extraction yielding only 21-48% protein recovery [4], enzymatic alcalaze 

(endoprotease) [6] and even advanced solvent combinations like water-NaCl solution- ethanol- 

NaOH or AUC (acetic acid, urea, and cetyltrimethylammonium bromide) mixtures struggling 

to consistently achieve comprehensive protein isolation at economically viable scales due to 

the multiple step extraction [7]. 

The emergence of deep eutectic solvents (DES) has opened new horizons in green extraction 

technologies, offering a promising alternative to conventional protein isolation methods. 

Recent studies have highlighted the significant impact of DES composition on extraction 

efficiency. Bowen et al (2022) comprehensively reviewed the application of DES in protein 

extraction and purification, highlighting their potential for innovative bioprocessing [8]. 

Research by Sombutsuwan et al. (2024) demonstrated the critical role of acidity and alkalinity 

in biomolecule extraction and found that alkaline DES (K2CO3-glycerol; pH 11.21) showed the 

highest levels of protein content (12.81 mg/g) [9]. Notably, Ramlee et al (2024) explored 

optimum conditions for maximizing protein extraction using choline chloride-glycerol DES 

and obtained conditions at 80°C, 3 h, and 1:5 rice bran to DES ratio yielded the highest protein 

recovery at 24,42% [10]. Back extraction is recognized to be crucial for protein separation from 

the DES phase because of the strong interfacial mass transfer resistance. The attempt to adjust 

the pH and ion strength to an isoelectric point to induce precipitate of the protein [11]. The 

addition of alcohol and changing salt concentration were reported as a method for back 

extraction [12]. Research by Liu et al. found that the lower salt concentration was advantageous 

to the protein precipitation. The isoelectric point and four times volume ethanol precipitation 

(FTVEP) method showed the highest protein precipitation efficiency (97.97%) and lowest 

precipitation time of 4 min [13]. 

Conventional water bath heating was used to ensure an even temperature transfer and found 

around 80 oC for 3 h extracted the highest protein recovery [10].  The long-time extraction 

could induce protein denaturation. Phongthai et al. overcame this long extraction time by using 

microwave-assisted extraction (MAE) of 90 sec. and obtained 1.54-fold protein recovery 

compared to conventional alkaline extraction [14]. The convergence of DES and MAE 

techniques presents an innovative approach to protein extraction that addresses several critical 

limitations of traditional methods. By leveraging the unique properties of DES and the rapid, 

energy-efficient nature of microwave irradiation, this research can potentially develop a more 
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sustainable and efficient protein extraction strategy for rice bran. 

This study investigates the optimization of protein extraction from defatted rice bran (DRB) 

using DES combined with MAE.  The study focuses on optimizing key extraction parameters, 

including DES type (using different hydrogen bond donors), extraction time, microwave 

power, and DRB-to-DES ratio, to maximize RBP recovery while maintaining RBP quality.  The 

effectiveness of this novel DES-MAE approach is evaluated by assessing RBP yield and 

characterizing the extracted RBP. 

MATERIALS AND METHODS 

1. Materials 

Rice bran (RB) was obtained from a local farmer's mill in Sidoarjo, Indonesia.  Choline chloride 

(ChCl) was obtained from HiMedia, India.  Analytical grade of ethanol absolute (≥ 99.9 %), 

sodium hydroxide (NaOH), hydrochloric acid (HCl), glycerol anhydrous, oxalic acid, and urea 

were all obtained from Merck.  Deionized water was obtained from Sumber Ilmiah Persada, 

Indonesia. 

 

2. Rice Bran Preparation 

Pretreatment was performed according to Kim et al. (2014), where the rice bran was sieved 

with a 60-mesh screen to separate contaminants [15]. The rice bran fractions that successfully 

passed each sieving were collected and combined. They were then used in Soxhlet extraction 

experiments to separate crude rice bran oil (CRBO) from rice bran, and a by-product, defatted 

rice bran (DRB), was obtained. The preparation of DRB was performed according to Ribas et 

al. (2023), 25 g of rice bran and extracted with 250 mL of n-hexane solvent using the Soxhlet 

method for 3 h [16]. After extraction, the rice bran was then oven-dried at 50 oC for 24 h to 

remove the remaining n-hexane in the sample. The DRB obtained was then collected and 

combined to be used in the RBP extraction process. The Soxhlet solution consisting of n-hexane 

and CRBO was separated using a rotary vacuum evaporator to recover the n-hexane.  

 

3. Experimental design and optimization 

For optimizing the RBP extraction, a four-variable and three-level Box-Behnken design (BBD, 

a response surface methodology (RSM) method) was applied to optimize the extraction 

parameters. There are four independent variables such sample to DES ratio (X1, mL g-1), 

microwave power (X2, W), extraction time (X3, s), and DES type (X4, HBA: HBD) were 

studied by a fixed DRB sample weight of 5 g. The RBP recovery (%) was taken as the response 

(Y). RBP recovery (%) can be calculated from equation (1). 

𝑅𝐵𝑃 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝐶 ×𝑊

𝐶0×𝑊0
      (1) 
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Where C is protein content in RBP concentrated (RBPC) (%), W is the weight of RBPC (g), 

C0 is protein content in DRB (%) and W0 is the weight of DRB (g). 

4. Preparation of deep eutectic solvent (DES) 

The preparation of DES was described by Hewage et al. (2024) and Lin et al. (2022) with slight 

modifications [17, 18]. The DES consisted of the molar ratio of HBA: HBD (1:1 for ChCl-

Oxalic Acid, 1:2 for ChCl-Glycerol, and ChCl-Urea). The DES was prepared by mixing, 

stirring, and heating HBA (ChCl) and HBD (Glycerol, urea, and oxalic acid) in a glass beaker. 

The mixture was continuously stirred and heated at 60 ◦C until it became a clear and 

homogeneous liquid for 30 minutes. 

5. Extraction of rice bran protein (RBP)  

The RBP extraction process followed the procedure by Ramlee., et al (2024) with slight 

modifications [10]. The procedure was to add 5 g DRB to 25 g DES (for a 1:5 ratio) and then 

manually stir until evenly distributed and heated by microwave at 200 W and 20 s. After the 

extraction was complete, the mixture was allowed to cool to room temperature and then 

centrifuged at 1100 g for 10 min. The remaining residue underwent re-centrifugation at 1100 

g after being treated with 5 g of fresh DES three times. The next step was protein precipitation 

from DES. The steps were taken by Liu et al. (2017) with slight modifications [13]. The 

collected supernatant was added 4 times its volume by anhydrous ethanol and adjusted to pH 

4.5 by 0.1 N HCl and 0.1 N NaOH for ChCl-Oxalic acid DES then incubated for 4 min. at room 

temperature. Then the solution was centrifuged for 1100g for 10 min to retrieve the precipitates. 

The precipitates were washed with 25 mL of deionized water to remove ethanol and re-

centrifugation at 1100 g for 10 min. After this centrifuge, the precipitate was collected and 

freeze-dried to obtain the Rice Bran Protein Concentrate (RBPC). 

6. Protein Content Determination by Kjeldahl Method.  

Protein content was determined using the Kjeldahl method according to AOAC Official 

Method 2001.11 [23] with slight modifications. The analysis was performed using a Buchi 

Speed Digester K-439 and a Buchi KjelFlex K-360 automatic titration system (Buchi, Flawil, 

Switzerland). Rice bran or RBPC samples (0.125 g) were accurately weighed and transferred 

into digestion tubes. One Kjeldahl catalyst tablet (3.5 g K₂SO₄ and 0.4 g CuSO₄·5H₂O) and 9 

mL of concentrated H₂SO₄ were added to each tube. The samples were digested at 420°C for 2 

h until a clear solution was obtained. After cooling, the digested samples were diluted with 20 

mL of distilled water, and 50 mL of 40% (w/v) NaOH solution was added. The released 

ammonia was distilled into 25 mL of 4% boric acid solution containing methyl red-bromocresol 

green indicator. Titration was performed with standardized 0.05 N HCl until the color changed 

from green to pink. A conversion factor of 6.25 was used to calculate the protein content from 
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the nitrogen content [14]. 

7. Particle Size and Zeta Potential Measurement by Dynamic Light Scattering.  

The hydrodynamic diameter and zeta potential of RBPC were measured using a Malvern 

Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). RBPC samples were dispersed 

in deionized water at a concentration of 0.1% (w/v) and adjusted to pH 7 using 0.1 M HCl or 

0.1 M NaOH. 

Dynamic light scattering (DLS) measurements were performed at 25°C. The Z-average 

hydrodynamic diameter was determined using the Stokes-Einstein equation, and the 

polydispersity index (PDI) was recorded as a measure of the width of particle size distribution. 

Zeta potential measurements were conducted using folded capillary cells (DTS1070). Each 

measurement was performed in triplicate, and the results were expressed as mean ± standard 

deviation. 

8. Protein Profile Analysis by SDS-PAGE.  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

according to the method of Laemmli (1970) with some modifications using a Mini-PROTEAN 

Tetra Cell system (Bio-Rad Laboratories, Hercules, CA, USA). Rice bran protein samples were 

dissolved in sample buffer (62.5 mM Tris-HCl buffer, pH 6.8, containing 2% SDS, 10% 

glycerol, 5% β-mercaptoethanol, and 0.002% bromophenol blue) at a concentration of 2 

mg/mL and heated at 80°C for 5 min. 

The separating gel (12% acrylamide) was prepared using 1.5 M Tris-HCl buffer (pH 8.8) 

containing 0.4% SDS, while the stacking gel (4% acrylamide) was prepared using 0.5 M Tris-

HCl buffer (pH 6.8) containing 0.4% SDS. Aliquots of 10 μL of each sample were loaded onto 

the gel along with a molecular weight marker (PageRuler Plus Prestained Protein Ladder, 

ThermoFisher). Electrophoresis was conducted at a constant voltage of 120 V until the tracking 

dye reached the bottom of the gel. 

After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 staining 

solution (0.1% Coomassie Brilliant Blue R-250, 40% methanol, and 10% acetic acid) for 1 h 

with gentle agitation. Destaining was performed using a solution containing 40% methanol and 

10% acetic acid until clear protein bands were visible against a clear background.  

9. Data analysis.  

Response Surface Methodology (RSM) with a Box Behnken Design (BBD) was used to 

investigate the interactive effects of key factors on protein recovery percentage. Protein 

recovery was measured precisely using established methods, and the resulting data were 

analyzed using Minitab software. Analysis of variance (ANOVA) was performed to determine 
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the statistical significance (p < 0.05) of the factors and their interactions. Minitab version 2017 

was used for modeling and regression analysis. As shown in Table 2. A total of 45 experiments 

were designed in random order and carried out. The variables and levels are shown in Table 1. 

Multiple regression analysis was conducted to establish an empirical second-order polynomial 

model shown in equation (2) 

  (2) 

Where β0 is defined as a constant, βi is the linear coefficient, βii is the quadratic coefficient, 

and βij is the cross-product coefficient; Xi and Xj are independent variables. 

Table 1. General parameters level and range 

Factors Variables 

Level and range 

Minimum 

level 

Central 

point 

Maximum level 

-1 0 1 

Weight ratio [Sample: 

DES] 

X1 1:3 1:5 1:7 

Microwave Power [W] X2 200 300 400 

Extraction Time [s] X3 20 45 70 

DES Type [HBA: HBD] X4 ChCl: Glycerol ChCl: Urea ChCl: Oxalic 

Acid 

 

RESULT AND DISCUSSION 

1. Optimization of RBP extraction.  

To obtain the optimal solvent extraction of rice bran protein, Choline Chloride as a hydrogen 

bond acceptor (HBA) was mixed with three types of hydrogen bond donor (HBD) such as 

glycerol (neutral), urea (basic) and oxalic acid (acid). The molar ratio of HBA and HBD used 

is 1:2 for ChCl: glycerol and ChCl: urea and 1:1 for ChCl: oxalic acid [19, 20, 21]. During 

recent years, RSM has been extensively used to develop, improve, and optimize chemical 

processes and extraction of effective substances [2, 13]. The analysis of variance is shown in 

Table 3. The significance of the model was analyzed using an F test. An F value of 9.57 and a 

p value of <0,05 indicated that the model was statistically significance. The "lack of fit F value" 

(2.85) indicates that the lack of fit is not significant relative to pure error.  
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The Response Surface Methodology (RSM) coupled with Box-Behnken Design (BBD) 

effectively modelled the microwave-assisted extraction (MAE) of rice bran protein using 

various choline chloride-based deep eutectic solvents (DESs). The model shown in Table 2 

exhibited good fitting with a statistically significant F-value (9.57, p < 0.001) and an acceptable 

coefficient of determination (R² = 85.77%), indicating that the model adequately explained the 

variability in protein recovery. The high R²-adjusted value (76.81%) suggests that the model 

accounts for a substantial portion of the variability when adjusted for the number of predictors. 

The non-significant lack-of-fit (p = 0.099) further validates the model's adequacy for predicting 

protein recovery under various extraction conditions [24] 

  (3) 

The p-value of lack of Fit is greater than 0.05 (0.099), this suggests the lack of fit is not 

significant. The coefficient of determination (R2) for the model was 0.857 showing that the 

model adequately represented the relationship between the chosen parameters. A final equation 

(3) was generated and could be used to make predictions about the response for given levels of 

each factor. The protein recovery (%) is shown in Fig 1 (b). The optimum condition has the 

maximum protein recovery (%) obtained from ChCl: urea DES with 5.79 solvent to solid ratio, 

296.97 W microwave power, and 44.75 s extraction time. 

Table 2. Design Layout for Box-Behnken Model 

No X1 X2 X3 X4 Protein Recovery [%] 

1 1 -1 0 ChCl-OA 20.11 

2 0 1 1 ChCl-OA 6.09 

3 0 0 0 ChCl-Gly 29.78 

4 0 1 1 ChCl-Gly 10.65 

5 -1 1 0 ChCl-Gly 23.99 

6 0 1 -1 ChCl-Gly 13.80 

7 -1 0 -1 ChCl-Ur 4.40 

8 -1 0 1 ChCl-OA 3.01 

9 -1 -1 0 ChCl-Gly 6.10 

10 1 -1 0 ChCl-Ur 25.99 

11 0 1 -1 ChCl-OA 7.61 

12 -1 0 1 ChCl-Ur 16.30 

13 1 0 1 ChCl-Ur 14.94 

14 0 0 0 ChCl-Ur 33.50 

15 1 0 1 ChCl-Gly 20.47 

16 0 1 1 ChCl-Ur 16.13 
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17 1 0 -1 ChCl-Ur 18.75 

18 1 1 0 ChCl-OA 12.26 

19 0 -1 1 ChCl-Gly 12.81 

20 0 -1 -1 ChCl-Gly 3.40 

21 -1 -1 0 ChCl-Ur 5.17 

22 0 0 0 ChCl-Ur 33.02 

23 0 -1 1 ChCl-OA 4.46 

24 0 1 -1 ChCl-Ur 19.14 

25 1 1 0 ChCl-Gly 8.74 

26 -1 0 -1 ChCl-Gly 6.00 

27 0 0 0 ChCl-OA 21.49 

28 0 0 0 ChCl-Gly 30.87 

29 -1 -1 0 ChCl-OA 11.05 

30 0 0 0 ChCl-OA 25.13 

31 1 1 0 ChCl-Ur 13.25 

32 1 -1 0 ChCl-Gly 11.14 

33 -1 1 0 ChCl-Ur 10.43 

34 1 0 -1 ChCl-OA 8.02 

35 0 -1 -1 ChCl-OA 6.81 

36 0 -1 1 ChCl-Ur 9.96 

37 1 0 1 ChCl-OA 22.59 

38 0 -1 -1 ChCl-Ur 15.16 

39 -1 1 0 ChCl-OA 13.82 

40 0 0 0 ChCl-OA 20.44 

41 1 0 -1 ChCl-Gly 30.74 

42 0 0 0 ChCl-Ur 34.12 

43 -1 0 -1 ChCl-OA 2.13 

44 -1 0 1 ChCl-Gly 10.40 

45 0 0 0 ChCl-Gly 29.47 

 

2. Influence of process variables on RBP recovery 

2.1 Effect of solvent-to-solid ratio 

The linear effect of the solvent-to-solid ratio demonstrated the strongest positive influence on 

protein recovery (coefficient = 4.15, p = 0.001) which indicates that higher solvent volumes 

relative to rice bran mass significantly enhanced protein extraction. This can be attributed to 

increased mass transfer efficiency and reduced viscosity at higher solvent ratios, which 

facilitate better penetration of DES into the rice bran matrix [25]. However, the significant 

negative quadratic term (ratio*ratio, coefficient = -7.88, p < 0.001) indicates that protein 
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recovery reaches a maximum value and then decreases at excessive solvent ratios, likely due 

to dilution effects that reduce the extraction efficiency [26]. 

2.2 Effect of microwave power 

Microwave power showed a positive linear effect (coefficient = 1.42), although not statistically 

significant at α = 0.05 (p = 0.199). The highly significant negative quadratic effect (coefficient 

= -11.95, p < 0.001) reveals that protein recovery increases with microwave power up to an 

optimal level, after which further increases lead to decreased recovery. This phenomenon can 

be explained by the thermal degradation of proteins at excessive microwave power, which 

disrupts their native structure and reduces extractability [27]. Additionally, localized 

superheating at high microwave power may cause protein denaturation and aggregation, 

preventing efficient extraction [28]. 

2.3 Effect of extraction time 

Extraction time exhibited the weakest positive linear effect (coefficient = 0.38, p = 0.727) 

among the process variables, suggesting that time alone does not significantly influence protein 

recovery within the studied range. However, the significant negative quadratic effect 

(coefficient = -11.06, p < 0.001) indicates that prolonged extraction beyond the optimal time 

adversely affects protein recovery. Extended microwave exposure may lead to thermal 

degradation of proteins and potential re-adsorption phenomena, where initially extracted 

proteins reattach to the rice bran matrix [29]. 

2.4 Effect of DES types 

The type of hydrogen bond donor (HBD) in the DES significantly influenced protein recovery 

(p = 0.035). Urea-based DES demonstrated superior protein extraction capability (coefficient 

= 2.32, p = 0.046) compared to glycerol-based DES (coefficient = 0.57, p = 0.611) and oxalic 

acid-based DES. This superiority can be attributed to urea's protein denaturing properties, 

which disrupt protein-protein interactions and enhance solubilization [30]. Choline chloride: 

urea likely forms stronger hydrogen bonds with protein molecules, facilitating their 

dissociation from the rice bran matrix [31]. 

2.5 Interaction effects between process variables 

The significant interaction between solvent ratio and microwave power (coefficient = -5.87, p 

= 0.001) indicates that the effect of solvent ratio on protein recovery depends on the applied 

microwave power. At lower power levels, increasing the solvent ratio substantially improves 

extraction efficiency, while at higher power levels, this effect is less pronounced. This 

interaction likely occurs because higher microwave power enhances solvent penetration and 

reduces the dependence on solvent volume [32]. Similarly, the interaction between solvent ratio 
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and extraction time (coefficient = -3.16, p = 0.048) suggests that the positive effect of increased 

solvent ratio diminishes with longer extraction times. This interaction may be explained by the 

saturation of the solvent with extracted proteins over time, reducing the advantage of additional 

solvent volume at extended extraction durations [33]. The non-significant interactions between 

process variables and DES type suggest that the optimal conditions for microwave parameters 

remain relatively consistent across different DES formulations, although the absolute protein 

recovery values differ. 

2.6 Optimal extraction conditions 

Based on the regression equations, the optimal conditions for maximum protein recovery were 

determined to be: solvent-to-solid ratio of 8.4-8.9 mL/g, microwave power of 390-410 W, and 

extraction time of 60-65 seconds, with choline chloride: urea as the preferred DES. Under these 

conditions, the model predicts a maximum protein recovery of approximately 39-42%. These 

findings align with previous studies on MAE of plant proteins, where intermediate microwave 

power and moderate extraction times typically yield optimal results [14]. The relatively short 

optimal extraction time (50-65 seconds) highlights the efficiency of microwave-assisted 

extraction compared to conventional methods, which typically require 30-60 minutes for 

comparable protein recovery [34]. 

2.7 Predictive capability and model limitations 

While the model demonstrates good predictive capability (R²-predicted = 56.63%), certain 

observations (runs 32 and 41) showed large residuals, indicating potential variability in the 

extraction process under specific conditions. These outliers may result from localized 

overheating or inconsistent microwave field distribution in certain parameter combinations 

[38]. The relatively lower R²-predicted value compared to R²-adjusted suggests that while the 

model fits the experimental data well, its predictive performance for new observations may be 

more limited. This is a common characteristic in complex extraction systems where multiple 

factors and their interactions influence the response [39]. 

Table 3. Analysis of variance (ANOVA) for the fitted quadratic polynomial model 

Source DF Adj SS Adj MS F-Value P-Value 

Model 17 4537.93 266.94 9.57 0.000 

  Linear 5 676.35 135.27 4.85 0.003 

    Ratio 1 412.47 412.47 14.79 0.001 

    Power (W) 1 48.40 48.40 1.74 0.199 

    Time (s) 1 3.47 3.47 0.12 0.727 

    HBD 2 212.01 106.01 3.80 0.035 

  Square 3 3163.29 1054.43 37.82 0.000 

    Ratio*Ratio 1 688.50 688.50 24.69 0.000 
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    Power (W)*Power (W) 1 1581.32 1581.32 56.72 0.000 

    Time (s)*Time (s) 1 1354.85 1354.85 48.60 0.000 

  2-Way Interaction 9 698.30 77.59 2.78 0.019 

    Ratio*Power (W) 1 413.38 413.38 14.83 0.001 

    Ratio*Time (s) 1 119.61 119.61 4.29 0.048 

    Ratio*HBD 2 46.14 23.07 0.83 0.448 

    Power (W)*Time (s) 1 37.59 37.59 1.35 0.256 

    Power (W)*HBD 2 77.48 38.74 1.39 0.266 

    Time (s)*HBD 2 4.10 2.05 0.07 0.929 

Error 27 752.77 27.88     

  Lack-of-Fit 21 684.19 32.58 2.85 0.099 

  Pure Error 6 68.58 11.43     

Total 44 5290.70       

 

3. Extraction of RBP 

The extraction efficiency of rice bran protein depended on the mass transfer and equilibrium 

distribution processes of rice bran protein from the rice bran cells and tissues into the solvent. 

The extraction efficiency of rice bran protein increases with increasing the solid-to-DES ratio 

across a reasonable range, and the larger DES ratio results in a slight decrease. The extraction 

process can be described as follows. Firstly, thermal and bubble cavitation effects produced by 

the microwave led to an increase in the extractive capacity of DES for the extraction of rice 

bran protein. Moreover, extended microwave effects led to penetration through the cell walls, 

enhancing the proteins out into the DES mixture. Because the protein and DES contain polar 

components, sufficient thermal transfer, and bubble cavitation can be obtained under 

microwave irradiation. Higher extraction times above 45 s were inefficient because they may 

result in the overheating of the extraction mixture, denaturation of protein, and energy losses. 

According to the volume exclusion effects [22], the mechanism of precipitation of proteins can 

be explained as follows: the protein molecules are sterically excluded from the regions of the 

solvent occupied by ChCl-based DES molecules when added by ethanol in isoelectric point 

(pl). As a result, protein gets concentrated and precipitates out when its solubility limit is 

exceeded. Since steric exclusion of ChCl-based DES also results in the preferential hydration 

of the protein structure. At an isoelectric point, the net charge of protein becomes zero leading 

to reduced electrostatic repulsion between protein molecules. This condition also promotes 

aggregation and precipitation as attractive forces between proteins become more dominant. As 

proteins aggregate, they may be serially excluded from solvent regions occupied by DES 

molecules, leading to further concentration and eventual precipitation. The addition of ethanol 

decreases the solvation layer around proteins by displacing existing hydrogen bonds within the 
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DES matrix. This reduction in hydration can lead to increased protein-protein interactions, as 

hydrophobic regions of protein become more exposed. 

The optimized MAE-DES method demonstrated superior efficiency compared to conventional 

alkaline extraction methods reported in the literature for rice bran protein, which typically 

achieve 25-35% protein recovery with extraction times of 60-120 minutes [35]. The enhanced 

performance can be attributed to the synergistic effects of DES and microwave irradiation. 

DESs effectively disrupt the cell wall structure and protein-carbohydrate/protein-lipid 

interactions, while microwave energy causes rapid internal heating, creating pressure gradients 

that accelerate mass transfer [36]. Moreover, the process avoids the use of harsh chemicals and 

extreme pH conditions typically employed in conventional alkaline extraction, potentially 

preserving the native structure and functionality of the extracted proteins [37]. The shorter 

processing time also reduces energy consumption, aligning with green chemistry principles. 

4. The molecular weight of RBPC 

SDS-PAGE is a widely used technique for analyzing the subunit composition and molecular 

weight distribution of proteins. The band reveals the overall protein composition in defatted 

rice bran (DRB) and RBPC extracted with each DES provides insights into the subunit 

composition of the rice bran protein. In Fig.1 (a) the electrophoretic profiles revealed that 

RBPC extracted using the four methods had similar subunit compositions. These results 

correspond to the MWs of prolamin (10, 13, and 16 kDa), albumin (18-20 kDa), globulin (25,5-

26), and glutein (22-23 and 37-39 kDa). A similar result was also obtained by another 

researcher for the protein of rice bran where glutelin was composed of acidic subunits (30-39 

kDa) and basic subunits (19-25) which came from a 54 kDa polypeptide precursor. Two 

subunits were linked to each other by an intermolecular disulfide bond resulting in glutelin 

molecules with MWs ranging above 54 to 100 kDa [14]. 

 

Fig. 1 SDS-PAGE profile of DRB (Defatted Rice Bran), RBPC extracted from OA 

(ChCl: Oxalic Acid), Ur (ChCl: Urea) and Gly (ChCl: Glycerol) DES (a); Protein 

recovery in optimum condition (b) 
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5. Particle Size Distribution and Zeta Potential Analysis 

The ChCl: Oxalic Acid extract produced the largest protein aggregates (1320 ± 235 nm), 

followed by ChCl: Glycerol (1160±325 nm), while ChCl: Urea yielded significantly smaller 

particles (980 ± 170 nm, p < 0.05). These differences in particle size distribution can be 

attributed to variations in protein-protein interactions and aggregation behavior influenced by 

the extraction medium [42]. 

The polydispersity index (PDI) values, represented by the black line in Figure 4.9b, were 

relatively high (0.65-0.75) for all samples, indicating heterogeneous particle size distributions. 

This heterogeneity is expected considering the complex mixture of different protein fractions 

in rice bran, as confirmed by the SDS-PAGE profiles. The slightly lower PDI value for ChCl: 

Urea extract (0.65±0.08) compared to ChCl: Glycerol (0.70±0.09) and ChCl: Oxalic Acid 

(0.73±0.11) suggests that urea-based DES produces more homogeneous protein particles, 

potentially due to its stronger and more uniform denaturing effect on different protein fractions 

[43]. 

The smaller particle size and relatively lower PDI of proteins extracted with ChCl: Urea align 

with its superior extraction performance observed in the RSM analysis. Smaller protein 

aggregates typically exhibit better solubility and functional properties, which could have 

important implications for the potential applications of the extracted rice bran proteins in food 

formulations [44]. 

 

(a) 

 

(b) 

Figure 2. Zeta Potential (mV) of RBPC extracted with each DES (a); Hydrodynamic 

Particle Size and PDI for each RBPC 
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The significant differences in both zeta potential and particle size distribution among the three 

DES extracts demonstrate that the choice of hydrogen bond donor in DES formulation not only 

affects extraction efficiency but also influences the physicochemical properties of the extracted 

proteins. These findings provide valuable insights for tailoring DES compositions to obtain 

rice bran protein concentrates with desired colloidal properties for specific applications. 

CONCLUSION 

This study successfully demonstrated the application of deep eutectic solvents (DESs) 

combined with microwave-assisted extraction (MAE) as an efficient and environmentally 

friendly approach for rice bran protein recovery. The systematic investigation using Response 

Surface Methodology with Box-Behnken Design revealed that the nature of hydrogen bond 

donor in DES formulations, solvent-to-solid ratio, microwave power, and their interactions 

significantly influence the extraction efficiency of rice bran proteins. Choline chloride: urea 

demonstrated superior extraction capability compared to choline chloride: glycerol and choline 

chloride: oxalic acid, achieving approximately 39-42% protein recovery under optimized 

conditions (5.79 solvent to solid ratio, 296.97 W microwave power and 44.75 s extraction 

time). The quadratic model developed in this study exhibited good predictive capability (R² = 

85.77%, p < 0.001) which provides a reliable tool for optimizing extraction parameters. SDS-

PAGE analysis demonstrated that the protein profiles of extracts from all DES formulations 

were consistent with that of the native protein, indicating that the DES extractions maintained 

protein integrity. Dynamic light scattering analysis demonstrated that proteins extracted with 

ChCl: Urea possessed smaller particle sizes (980±170 nm) and more uniform size distribution 

(PDI = 0.65±0.08) compared to those extracted with ChCl: Glycerol and ChCl: Oxalic Acid. 

All protein extracts exhibited negative zeta potentials, with ChCl: Glycerol and ChCl: Urea 

extracts showing more negative values (-4.0±0.6 mV and -3.6±0.5 mV, respectively) than 

ChCl: Oxalic Acid extract (-2.8±0.4 mV), indicating differences in surface charge properties 

that could impact functional characteristics. 
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