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Abstract

:

Diets including rice and rice-cooking methods influence digestive processes and blood glucose control. In this research, the effects of three different treatments (high-temperature and low-pressure plasma cooking, high-temperature cooking at atmospheric pressure (traditional method), and high-temperature cooking at high pressure) on the texture, color, molecular structure, infrared spectrum, microstructure, debranching enzyme activity, amylopectin content, glycemic index (GI), and in vitro starch digestibility of two rice varieties were studied. The results showed that the hardness, elasticity, viscosity, and chewability of rice after the high-temperature and low-pressure plasma treatment had no obvious changes compared with the traditional cooking method. A SEM analysis showed that the physical properties of the hydrophilicity on the surface of the rice increased after the high-temperature and low-pressure plasma treatment; the debranching enzyme activity reached 3.88 U/g (Xiantao rice) and 3.81 U/g (Heyuan rice), respectively, the amylose content of raw rice reached 68.77 mg/mL (Xiantao rice) and 64.92 mg/mL (Heyuan rice), which increased by 43.31 mg/mL and 39.46 mg/mL, respectively, and the GI was within the medium glycemic index of 56–69. The resistant starch in the Heyuan and Xiantao rice varieties amounted to 88.60 ± 3.10% and 89.40 ± 3.58%, respectively, after the high-temperature and low-pressure plasma processing method. The results showed positive effects and application potential for the cooking method in respect of diabetic consumers.
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1. Introduction


There were over 537 million adult diabetes patients worldwide in 2021 [1], with the prevention and treatment of diabetes having created a heavy burden for patients, families, and societies. According to the prevention and control guidelines for diabetes mellitus type 2 (T2DM), nutritional treatments are an important part of both the comprehensive and basic treatment of diabetes. Foods with a low glycemic index (GI) are beneficial for controlling blood sugar [2,3] compared to high-GI foods [4]. GI was firstly reported by Dr. Jenkins as a relative number, usually referring to white bread or glucose, both belonging to high-GI foods (GI > 70). The long-term consumption of high-GI foods was shown to increase the risk of type 2 diabetes, while a low-GI diet could prevent the occurrence of type 2 diabetes. Rice is largely consumed worldwide, and the main factors affecting the GI value of rice include the variety, cooking method, quantity consumed, etc. [5,6,7].



The effects of the cooking methods on the GI value of rice are mainly influenced by the cooking temperature, time, other ingredients added, and postripening treatment. The gelatinization characteristics and their texture characteristics of hardness, viscosity, taste, etc., are different in varied types of rice. Although the amylose and amylopectin contents are generally of the same level, nonintuitive indexes, such as the starch digestion rate, GI value, total energy supply, etc., are different. The rice starch gelatinization temperature, the required minimum cooking time, the rice volume and weight [8], and rice hardness can change greatly, with rice hardness mainly being affected by the molecular weight of amylose, namely, the degree of the polymerization of glucose chains [9], as well as the protein content and interaction between protein and amylose, etc. [10]. The resistant starch content in rice cooked using different cooking methods varies, and the ratio of resistant starch directly affects the rice digestion rate [11].



Darandakumbura et al. found that three kinds of cooking methods (using a rice cooker, boiling and draining, and the traditional Indian cooking method) had no significant influence on the GI value of different varieties of rice [12]. In order to obtain the best taste, Lee et al. studied the ratio of different brown rice varieties to high-amylose rice and the ratio of water to rice; the results showed that the GI value of rice processed under optimal conditions was lower than that of ordinary white rice (67 vs. 89) [13]. Chiu et al. compared refrigeration effects on rice after cooking using three different methods (oven cooking, traditional rice cooking using a rice cooker, and cooking at high pressure); the resistant starch contents in the rice were different, but the GI values did not show significant differences [14].



Plasma is a gas containing free electrons, ions, and neutral particles. The plasma state can be characterized, for example, by its thermodynamic properties using thermodynamic equations of state. A distinction can be determined between thermal and nonthermal plasmas [15,16]. Plasma technology has been used in microbe sterilization, food preservation [17], activated water production [18], etc.



High-temperature and low-pressure plasma technology is a new food-processing technology that uses a variety of active particles and energy generated via collisions between high-energy electrons excited in plasma and gas molecules. The internal deoxygenation of the ingredients effectively extends the original quality of the food. During food material processing, low-pressure and high-temperature steam (up to 650 °C), as a form of plasma, was instantly released in a closed steam chamber; then, the food material was rapidly processed; for example, the rice was cooked between 12 min and 15 min [19]. In this study, in order to estimate the effects of this new processing method on the digestibility of rice, high-temperature and low-pressure plasma technology was used to process rice, and its effects on the physical properties and in vitro digestive properties of rice were compared with rice cooked with traditional methods and a high-pressure method. The results form the basis for the evaluation of new processing methods for cooking rice in respect of diabetic food production.




2. Materials and Methods


2.1. Materials and Instruments


Xiantao rice and Heyuan rice, harvested in 2019, were vacuum-packed and stored at 4 °C; the samples were provided by Shandong Kedunaopu Environmental Technology Co., Ltd. (Zhucheng, Shandong, China ); α-amylase (E.C.3.2.1.1) (Biological Reagent, BR) and pepsin (E.C.3.4.4.1) (BR) were obtained from Sinopsin Chemical Reagent Co., Ltd. (Shanghai, China); 3,5-dinitrosalicylic acid reagent (DNS) was supplied by Feijing Biotechnology Co., Ltd. (Fuzhou, China). The glucose amylase (E.C.3.2.1.3) (BR), potato amylose (AR), potassium bromide (AR), and iodine indicator (AR) came from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Porcine pancreatic α-amylase (E.C.3.2.1.1) (BR) was purchased from Shanghai Shifeng Biotechnology Co., Ltd. (Shanghai, China). Pullulan (AR) and anhydrous glucose (BR) were obtained from Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai, China).




2.2. Experimental Methods


2.2.1. Sample Processing


The two types of rice were cooked using high-temperature and low-pressure plasma equipment (GGT-DZS300, 220 V, 2.0 KW, Shandong Kedunaopu Environmental Technology Co., Ltd. (Zhucheng, Shandong, China)), a household rice cooker (FB50M205, Midea Group Co., Ltd., Foshan, China), and an autoclave (BE219006NF, Hangzhou Saidosi Technology Co., Ltd., Hangzhou, China). In order to study and compare the rice-cooking methods at high pressure and high temperature, the autoclave method was selected.



The conditions of ‘high-temperature and low-pressure plasma’ were set to 380 °C for 15 min, and the rice was cooked with the steam produced by the plasma. The “household rice cooker” processed the rice within 30 min, with the highest temperature being 100 °C. The autoclave parameters were set to 1.02 MPa and 121 °C for 20 min. After cooking, the samples were freeze-dried, crushed using a grinder (WK-2000A, Qingzhou Madsen Pharmaceutical Machinery Factory, Qingzhou, China), and sifted through a 60-mesh sieve as a powder for later use. Raw rice before cooking was crushed and sifted, and was used as the control.



The eight groups of samples after the treatments were as follows: Xiantao raw rice (XTRR), Heyuan raw rice (HYRR), Xiantao rice cooked at high temperature and low pressure using plasma equipment (XTHL), Heyuan rice cooked at high temperature and low pressure using plasma equipment (HYHL), Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker (XTHA), Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker (HYHA), Xiantao rice cooked at high pressure and high temperature (XTHH), and Heyuan rice cooked at high pressure and high temperature (HYHH). All the groups were summarized in Table 1.




2.2.2. Analysis of Texture Characteristics


In order to simulate the state of normal chewing, the texture analysis was slightly modified, based on Zhu et al. [20]. The texture analysis was undertaken using a physical property meter (probe P/5) (Texture analyzer (TA.XT PLUS-c), Stable Micro Systems, Godalming, UK) and the conditions were as follows: operation mode, pressure–time measurement; speed before measurement, 10 mm/s; test speed, 1.0 mm/s; measured speed, 1.0 mm/s; compression ratio, 70%; trigger point, 10 g; residence time, 1 s. The hardness, elasticity, adhesiveness, chewability, and resilience were analyzed using the Texture Exponent Software version 8 (Stable Micro Systems, Godalming, UK).




2.2.3. Color Analysis


The colors of the samples, expressed as   ∆  L *   ,   ∆  a *   , and   ∆  b *   , were analyzed using a color difference meter (CR-400, Minolta Corporation, Tokyo, Japan) [21].




2.2.4. Near-Infrared Spectroscopy


The different freeze-dried rice powder samples were characterized via infrared spectroscopy on a Nicolet Nexus Fourier-Transform infrared spectrometer (Nexus 870, Nicolet, Thermo Fisher Scientific, Waltham, MA, USA) [22]. The finely ground rice powder and KBr were pressed into 13 mm diameter slices at a ratio of 1:100 for detection within the scanning range of 300~4000 nm and a resolution of 8 cm−1; the scanning time was 64 times and the wavelength interval was 2 nm.




2.2.5. Microstructure Analysis after Cooking


The microstructures of the cross-sections of the rice samples were obtained via a scanning electron microscope (SEM, JSM-5600LV, Jeol, Tokyo, Japan). The samples were broken with tweezers to obtain the cross-section; then, the samples were glued to the observation plate with a conductive adhesive (with the natural section facing upward as the observation surface) and sprayed with gold; then, the samples were observed via SEM under an accelerated voltage of 10 kV.




2.2.6. Determination of Debranched Enzyme Activity


The standard curve of glucose was obtained by analyzing the standard glucose using the DNS method. A total of 1.4 g of rice lyophilized powder was added to 5 mL of an acetic acid buffer (0.1 mol/L, pH 5.5) at 4 °C for 12 h. After centrifugation at 10,000 r/min and 4 °C for 15 min, the supernatant was collected as the enzyme extraction solution for the activity analysis. After the mixtures of 1.3 mL 0.4% pullulan solution, 0.5 mL acetic acid buffer (0.1 mol/L, pH 5.5), and 0.2 mL enzyme solution reacted in 25 mL test tubes at 35 °C for 30 min, 1.5 mL of a DNS solution was added for the reaction in a boiling water bath (HH-6, Changzhou Langyue Instrument Manufacturing Co., Ltd., Changzhou, China) for 5 min. After quickly cooling the samples, 25 mL of purified water was added, and the absorbance value of the final solution was measured at 540 nm for the glucose analysis. One unit of the debranched enzyme activity was defined as follows: the enzyme quantity of 1 mol/L malt triose produced by hydrolyzing pullulan within 1 min at 35 °C was regarded as an enzyme activity unit.


  D e b r a n c h e d   e n z y m e   a c t i v i t y      U g    =   A × V × N   180 × 30 × 0.1 × W    



(1)




where:




	
A denotes the corresponding glucose content (mg);



	
V denotes the enzyme extract volume (mL);



	
N denotes the dilution ratio of the extract;



	
180 denotes the molecular weight of glucose;



	
W denotes the sample weight (g);



	
30 denotes the reaction time (min).









2.2.7. Determination of Amylose Content


The 1 mg/mL potato amylose standards of 0.25, 0.50, 1.00, 1.50, and 2.00 mL were added to 100 mL volumetric bottles, respectively. A standard solution of 1 mg/mL amylopectin was prepared; then, 5, 4.75, 4.50, 4.00, 3.50, and 3.00 mL of the standard solution was added into different volume bottles, so that the total amount reached 5 mL. Another volume bottle (100 mL) was taken and 5 mL of NaOH (0.09 mol/L) was added into the bottle as the control. Then, 50 mL of distilled water, 1 mL of acetic acid (1 mol/L), and 1 mL of an iodine indicator were added to each bottle successively, and the absorption value was read at 720 nm after 10 min. The standard curve was drawn with the amylose concentration as the horizontal coordinate and the corresponding light absorption value as the vertical coordinate.



A total of 100 mg of freeze-dried rice powder was moistened using 1 mL of anhydrous ethanol in a 100 mL volumetric flask. After the addition of 9 mL of NaOH (1 mol/L), the starch was dispersed for 10 min (boiling water bath); then, the sample was cooled rapidly and purified water was added to amount to 100 mL. A total of 5 mL of the solution was transferred to another 100 mL volume bottle; after the addition of 1 mL acetic acid (1 mol/L), 1 mL of an iodine indicator, and purified water to amount to 100 mL, the mixture solution was set for 10 min; then, the amylose was measured at 720 nm. Different volumes of the potato amylose in 1 mg/mL were used as serial standards for the amylose analysis in the samples.




2.2.8. Determination of In Vitro Glycemic Index of Rice


The method used for the in vitro glycemic index analysis was adopted from Goni [23] and was modified. Briefly, 300 mg of freeze-dried rice sample powder was added to 20 mL phosphate-buffered solution (0.2 mol/L, pH = 7.5), and the pH was adjusted to 1.5 with HCl (1 mol/L). After the addition of 0.4 mL of a pepsin solution (150 U/mL) and reacting in a 37 °C water bath for 30 min, the pH value of the solution was adjusted to 6.9 with NaOH (1 mol/L) at room temperature. Then, 2 mL of an α-amylase solution (140 U/mL) was added and the volume was adjusted to amount to 50 mL with PBS (pH = 6.9). The solution was shaken in a 37 °C water bath and 1 mL of the sample was extracted every 30 min within 0~3 h. Then, the 1 mL sample was shaken in a 100 °C water bath to inactivate the enzyme. After being cooled to room temperature and the addition of 3 mL of a sodium acetate buffer (0.4 mol/L, pH = 4.75) and 40 μL of glucose amylase (110 U/mL), the mixture was oscillated at 55 °C for 45 min. After that, 0.2 mL of the solution was mixed with 0.15 mL DNS and reacted in a boiling water bath for 5 min; then, the solution was quickly cooled, and purified water was added to amount to 2.5 mL. The glucose was analyzed as the absorption value at 540 nm and calculated via the standard method.




2.2.9. Determination of Rice Digestibility


The determination of the digestibility of starch was slightly modified according to Englyst’s method [24]. A sample of 200 mg was accurately weighed and placed in a centrifuge tube. Then, 5 glass beads and 15 mL of an acetic acid–sodium acetate buffer (pH 5.2) were added. After mixing, 10 mL of pancreas α-amylase (350 U/mL) and saccharifying enzyme (20 U/mL) were added and reacted at 37 °C for 150 r/min. After hydrolysis for different times (0, 20, 120 min), 0.5 mL of the reaction solution was added to 4 mL of anhydrous ethanol to terminate the enzyme reaction; then, the glucose content was determined via colorimetric determination using the DNS method at a wavelength of 540 nm. The contents of rapidly digestible starch (RSDS), slowly digestible starch (SDS), and resistant starch (RS) in samples were calculated according to the following Equations (2)–(4):


  R S D  %  =   G 20 − F G   T S   × 0.9 × 100  



(2)






  S D S  %  =   G 20 − G 120   T S   × 0.9 × 100  



(3)






  R S  %  =   T S − R S D − S D S   T S   × 100  



(4)




where:




	
G20 denotes the glucose content (mg) produced after the 20 min hydrolysis of G20-amylase;



	
FG denotes the free glucose content (mg) in starch before the FG enzymatic hydrolysis;



	
G120 denotes the glucose content (mg) produced after the 120 min hydrolysis of G120-amylase;



	
TS denotes the total starch content (mg) in the sample.









2.2.10. Data Analysis


The experiments were carried out three times. SPSS 28.0 (IBM, Armonk, NY, USA) was used for the one-way analysis of variance (ANOVA) data analysis using Duncan’s test (p < 0.05). Origin 2019b (Origin Lab, Northampton, MA, USA) and Microsoft Office Excel 2019 were used for the data collation and mapping.






3. Results and Analysis


3.1. Analysis of Texture Characteristics


The hardness of Xiantao rice and Heyuan rice greatly reduced and the elasticity increased after processing in three ways (Table 2). Moreover, the hardness of the XTHL group (198.69 ± 10.51) was significantly lower than that of groups XTHA (205.32 ± 9.18) and XTHH (445.69 ± 16.92), and the elasticity of the XTHL group was at the same level as that of the XTHH group; these values were both significantly higher than that of the XTHA group, which increased the edible quality of the rice. The adhesiveness of the XTHH group was significantly greater than that of the XTHL and XTHA groups, which was due to the water absorbed during the high-temperature and high-pressure treatment. Chewability (mastication value) refers to the energy required to chew and swallow an elastic sample. After the plasma treatment, the fortified rice starch molecules became loose, and the chewability was higher than that of rice treated using a rice cooker. The hardness and adhesion parameters are related to the hydration process of the starch particles. The higher the hydration degree, the stronger the binding effect, and the better the improvement effect on the texture characteristics of rice. After the high-temperature and low-pressure plasma treatment, the surface of the rice became rough and the hydrophilicity increased. During cooking, water could quickly enter into the rice and combine with starch, which indicated that the plasma technology could effectively improve the texture characteristics of rice.




3.2. Color Analysis


The value of   ∆  L *    from positive to negative indicated that the sample tested was brighter or darker than the standard whiteboard; the   ∆  a *    value from positive to negative indicated that the sample tested contained more color than the standard whiteboard from red to green; the   ∆  b *    value from positive to negative indicated that the sample tested contained more color than the standard whiteboard from yellow to blue. The color of rice changed from milky white to yellowish brown during the aging process. Here, the values of   ∆  L *    and   ∆  b *    were used as evaluation indexes for the color of rice.



The color of rice represents the direct perception of its quality [25]. As can be seen in Table 3, compared with other treatment methods, Xiantao rice and Heyuan rice showed little change in brightness and color in the XTHL group, while the other treated groups showed greater changes in color from bright to dark, with the rice turning yellow after the high-temperature and high-pressure treatment. This was probably because the high-temperature and low-pressure plasma technology allowed the rice to be steamed quickly, so the water stayed firmly in the rice. It could be seen that the plasma-treated rice could retain its original color and quality to a great extent, giving consumers a pleasant visual experience.




3.3. Infrared Spectrum Analysis


It can be seen in Figure 1 that the characteristic peaks of the infrared spectra of rice treated in different ways were almost the same, but the characteristic peaks of rice treated using the high-temperature and low-pressure plasma cooking method showed differences with other groups. The peaks indicated different wave numbers and reflected different chemical bonds. The peaks in the 3300 cm−1 region were specified as stretching vibrations of the O–H and N–H groups, which are related to the presence of polysaccharides and proteins [26]. The signal in the 2920 cm−1 region was due to the asymmetric or symmetrical stretching of –CH2 from unsaturated fats and from small contributions from proteins, carbohydrates, and nucleic acids. The spectral regions at 1650 and 1550 cm−1 were the result of oscillations or the bending of protein-derived bonds. The absorption range near 1024 cm−1 was related to the C–O stretching vibration of polysaccharides [27,28]. This indicated that the hydrophilic groups increased in rice steamed using plasma and the hydrophilicity could be improved, which also explained why the cooking quality of rice improved after the high-temperature and low-pressure plasma treatment. The two groups of HYHL and XTHL were close in Figure 1, indicating that the processing method had the same influence on the two types of rice.




3.4. Microstructure Analysis


The microstructure of the rice surface after the high-temperature and low-pressure plasma treatment is shown in Figure 2. As can be clearly seen from Figure 2, cracks and dents on the surface of the rice particles after the high-temperature and low-pressure plasma treatment could have been caused by high-energy particles produced by the plasma during cooking. A large number of high-energy particles constantly impacted the surface of the rice, reducing the surface smoothness, changing the physical structure of the surface, and increasing the roughness, so that water could easily enter the inside of the rice, which is beneficial during rice cooking for the improvement of rice quality.




3.5. Determination of Debranched Enzyme Activity


The standard curve regression equation of the glucose content was y = 0.2652x + 0.0341, and the correlation coefficient was R2 = 0.9994, indicating a good linear relationship within the glucose range 0 to 1 mg/mL.



The starch debranched enzyme acted obligately on the α-1,6 glycosideric bonds of the amylopectin or glycogen branch points in the process of starch hydrolysis, promoting the breakdown of starch branch chains to form amylose of varying lengths, which is a key enzyme in respect of the conversion rate or the utilization rate of starch [29]. The debranched enzyme activity in rice can affect the production of insoluble amylose. The debranching enzyme activities in respect of Heyuan rice, Xiantao rice, and the three different treatment conditions were shown in Figure 3. Compared with raw rice, the debranching enzyme contents in Heyuan rice and Xiantao rice increased after being treated in the three ways, among which the plasma treatment represented the most obvious increase.




3.6. Determination of Amylose Content


After the analysis of the amylose contents, the standard curve with the regression equation of the amylose content was y = 0.0013x + 0.0727, and the correlation coefficient was R2 = 0.9957, indicating a good linear relationship. The amylose contents in respect of raw Heyuan rice, raw Xiantao rice, and the two rice varieties under three different treatment conditions are shown in Figure 4. As can be seen in Figure 4, compared with raw rice, the amylose contents of Heyuan rice and Xiantao rice increased after the three treatments, among which the high-temperature and low-pressure plasma technology had the most obvious effect, showing significant differences compared with raw rice and the other treatments.



Starch can be divided into two types: one is amylopectin, which can be easily infiltrated by water, be easily digested and absorbed by the human body, and has great influence on humans’ blood sugar; the other cannot easily be digested and absorbed, and the influence of amylose on humans’ blood sugar is relatively small. If it was possible to remove the amylopectin in rice, retaining the amylose and residual amylopectin, then the effect of the sugar content on diabetic patients would be reduced.




3.7. In Vitro Glucose Index Analysis of Rice


The GI was originally proposed by Dr. Jenkins from the University of Toronto, Canada. It refers to the percentage value of the blood glucose response level in the body within 2 h after consuming food containing 50 g carbohydrate, compared with that of consuming a comparable amount of standard food (white bread or glucose). It is mainly used to evaluate the degree of influence of a certain food or dietary composition on the blood glucose level in the body [30]. The postprandial glucose response is generally represented by the area under the curve of the postprandial glucose response [31]. The GI is a relative number, usually referring to white bread or glucose, both of which have a glycemic index of 100.



Foods can be divided into three categories based on their GI value: low-GI foods (GI < 55), medium-GI foods (55 < GI < 70), and high-GI foods (GI > 70). After entering the body, due to the fast digestion and complete absorption of high-GI foods, blood sugar increases faster and the peak value increases, stimulating islet cells, accelerating the secretion of insulin, and rapidly decreasing blood sugar, leading to sharp fluctuations in the blood sugar level, which is not conducive to blood sugar control. Due to the slow digestion and absorption of low-GI foods into the body, the blood sugar fluctuation curve becomes relatively smooth, which is conducive to blood sugar control [32]. Liu et al. [33] showed that the long-term consumption of high-GI foods increases the risk of type 2 diabetes, while a low-GI diet can prevent the occurrence of type 2 diabetes. The predicted in vitro glycemic index (GI) of Heyuan raw rice, Xiantao raw rice, and the two kinds of rice under three different treatment conditions is shown in Figure 5. According to the international food GI classification, foods can be divided into three categories: low-GI food (GI ≤ 55), medium GI-food (55 < GI < 70), and high-GI food (GI ≥ 70). As can be seen in Figure 5, the predicted glycemic index of the two rice varieties under the three different treatment conditions ranged from 56.17 to 67.72 within the range 55 < GI < 70, which denoted medium-GI food. The GI value from high to low was as follows: HYHA > XTHA > HYHH > XTHH > HYHL > XTHL.




3.8. Analysis of Digestive Characteristics of Rice


According to its digestibility, starch can be divided into three types: rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS). Table 4 shows the changes in the digestibility of the rice starch granules under the various treatment conditions. By comparing the data in Table 4, it could be seen that the contents of RDS, SDS, and RS of Hyanyuan rice starch were 0.58%, 10.83%, and 23.98%, respectively, and the contents of RDS, SDS, and RS of Xiantao rice starch were 4.33%, 6.27%, and 39.02%, respectively. Compared with raw rice, the contents of RDS, SDS, and RS increased. Among them, the HYHL group and XTHL group showed the largest changes in the three kinds of starches.



It may be that the destruction of the multiscale structure of rice starch due to the high-temperature and low-pressure plasma technology, the loose crystal structure of rice after the treatments, the breaking of starch chains, the transformation of enzyme-binding sites and spatial conformation, and the rearrangement of molecular chains may have promoted the increase in the SDS content.




3.9. Application Feasibility of Plasma Technology


With the change and development of rapid lifestyles in China and some other countries, there exist large opportunities for the development of prepared foods, including low-GI foods. Cooking equipment is a necessary apparatus for canteens and restaurants; due to many consumers wanting to have dishes in canteens and restaurants during their working period, the cost of plasma equipment amounts to approximately RMB 120,000 (Chinese yuan), making it one of the choices in canteens and restaurants. As far as families are concerned, the expected price of current equipment is approximately RMB 6000, with more families being capable of affording plasma equipment. In addition, the energy consumption of the equipment is expected to be approximately 3.0 kW, according to different models, and the cooking of food can generally be completed within 15 min, with the energy consumption of the equipment being relatively low. Therefore, the plasma device is feasible for application following large-scale production.





4. Conclusions


As a new food processing technology, high-temperature and low-pressure plasma has shown great potential in improving the quality of rice products, stimulating high-energy electrons in the plasma to collide with gas molecules, in turn producing a variety of active particles and resulting in a series of complex changes, such as the rearrangement and combination of rice starch molecules and water. From the perspective of texture and color, this method improved the texture and appearance of the rice and increased the benefits to consumers for its positive effects on retarding the digestion of the rice. The infrared spectrum analysis showed that the hydrophilic groups increased and the hydrophilicity improved during the process of rice steaming. The SEM analysis showed that the surface of the rice was damaged after the high-temperature and low-pressure plasma treatment. The numbers of hydrophilic groups and the crystallinity of the rice increased, which destroyed the crystal structure of the starch in brown rice, and confirmed the reason for the improvements in the cooking and physicochemical properties of rice. According to the analysis of the relationship between debranching enzymes and amylose, the high-temperature and low-pressure plasma treatments could effectively improve the amylose content of rice. According to the results in respect of starch digestibility, rice treated with high-temperature and low-pressure plasma could slow the rice digestion and absorption, and the rice cooked with the new method had a medium glycemic index level. The results are not only of great value for diabetic patients and prediabetic people, but also of significance in helping the general population to provide more dietary choices for people in the future.
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Figure 1. Infrared spectra of rice after different treatments. Xiantao raw rice (XTRR), Heyuan raw rice (HYRR), Xiantao rice cooked at high temperature and low pressure using plasma equipment (XTHL), Heyuan rice cooked at high temperature and low pressure using plasma equipment (HYHL), Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker (XTHA), Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker (HYHA), Xiantao rice cooked at high pressure and high temperature (XTHH), and Heyuan rice cooked at high pressure and high temperature (HYHH). 
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Figure 2. (a,c,e,g) Electron microscopic images of HYRR, HYHA, HYHH, and HYHL; (b,d,f,h) electron microscopic images of XTRR, XTHA, XTHH, and XTHL. The samples were tested under the conditions of 200 times amplification. Xiantao raw rice (XTRR), Heyuan raw rice (HYRR), Xiantao rice cooked at high temperature and low pressure using plasma equipment (XTHL), Heyuan rice cooked at high temperature and low pressure using plasma equipment (HYHL), Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker (XTHA), Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker (HYHA), Xiantao rice cooked at high pressure and high temperature (XTHH), and Heyuan rice cooked at high pressure and high temperature (HYHH). Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 3. Activity of rice debranching enzymes under different treatments. Xiantao raw rice (XTRR), Heyuan raw rice (HYRR), Xiantao rice cooked at high temperature and low pressure using plasma equipment (XTHL), Heyuan rice cooked at high temperature and low pressure using plasma equipment (HYHL), Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker (XTHA), Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker (HYHA), Xiantao rice cooked at high pressure and high temperature (XTHH), and Heyuan rice cooked at high pressure and high temperature (HYHH). Different lowercase letters indicate significant differences between treatments (p < 0.05). The two rice groups were compared separately. 
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Figure 4. Amylose content in rice treated using different methods. Xiantao raw rice (XTRR), Heyuan raw rice (HYRR), Xiantao rice cooked at high temperature and low pressure using plasma equipment (XTHL), Heyuan rice cooked at high temperature and low pressure using plasma equipment (HYHL), Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker (XTHA), Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker (HYHA), Xiantao rice cooked at high pressure and high temperature (XTHH), and Heyuan rice cooked at high pressure and high temperature (HYHH). Different lowercase letters indicate significant differences between treatments (p < 0.05). The two rice groups were compared separately. 
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Figure 5. In vitro glucose index of rice treated using different methods. Xiantao raw rice (XTRR), Heyuan raw rice (HYRR), Xiantao rice cooked at high temperature and low pressure using plasma equipment (XTHL), Heyuan rice cooked at high temperature and low pressure using plasma equipment (HYHL), Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker (XTHA), Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker (HYHA), Xiantao rice cooked at high pressure and high temperature (XTHH), and Heyuan rice cooked at high pressure and high temperature (HYHH). Different lowercase letters indicate significant differences between treatments (p < 0.05). The two rice groups were compared separately. 
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Table 1. The processed samples’ names and abbreviations.
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	Sample Name
	Processing Mode





	XTRR
	Xiantao raw rice



	HYRR
	Heyuan raw rice



	XTHL
	Xiantao rice cooked at high temperature and low pressure using plasma equipment



	HYHL
	Heyuan rice cooked at high temperature and low pressure using plasma equipment



	XTHA
	Xiantao rice cooked at high-temperature atmospheric pressure using a household cooker



	HYHA
	Heyuan rice cooked at high-temperature atmospheric pressure using a household cooker



	XTHH
	Xiantao rice cooked at high pressure and high temperature



	HYHH
	Heyuan rice cooked at high pressure and high temperature
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Table 2. Effects of different treatments on texture characteristics of rice.
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	Treatment Mode
	Hardness/g
	Elasticity
	Adhesiveness
	Mastication
	Resilience





	XTRR
	1214.64 ± 24.19 a
	0.18 ± 0.01 c
	10.24 ± 0.58 d
	3.05 ± 0.19 c
	0.02 ± 0.00 d



	XTHL
	198.69 ± 10.51 d
	0.65 ± 0.03 a
	37.74 ± 1.38 c
	94.75 ± 4.22 b
	0.15 ± 0.01 b



	XTHA
	205.32 ± 9.18 c
	0.46 ± 0.03 b
	39.73 ± 2.01 b
	94.02 ± 7.13 b
	0.10 ± 0.01 c



	XTHH
	445.69 ± 16.92 b
	0.62 ± 0.03 a
	48.86 ± 3.17 a
	129.84 ± 8.48 a
	0.24 ± 0.02 a



	HYRR
	1393.98 ± 25.82 a
	0.38 ± 0.02 d
	18.45 ± 0.84 c
	2.41 ± 0.16 d
	0.02 ± 0.00 d



	HYHL
	132.07 ± 4.66 d
	0.44 ± 0.01 c
	35.46 ± 2.19 b
	95.65 ± 5.32 b
	0.19 ± 0.01 b



	HYHA
	176.69 ± 3.71 c
	0.47 ± 0.03 b
	34.62 ± 2.96 b
	91.67 ± 7.16 c
	0.16 ± 0.00 c



	HYHH
	276.80 ± 6.19 b
	0.67 ± 0.04 a
	53.66 ± 3.98 a
	153.52 ± 6.73 a
	0.23 ± 0.01 a







Different letters represent significant differences between the groups. The two rice groups were compared separately for every characteristic.
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Table 3. Effects of different treatments on color of rice.
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	Sample Groups
	     L *     
	     a *     
	     b *     
	    D  L *     
	    D  a *     
	    D  b *     





	XTRR
	88.48 ± 1.54 a
	−0.80 ± 0.07 b
	6.45 ± 0.39 b
	-
	-
	-



	XTHL
	86.68 ± 1.88 b
	−0.96 ± 0.05 c
	6.08 ± 0.09 c
	−1.80 ± 0.03 a
	−0.16 ± 0.01 b
	−0.37 ± 0.02 b



	XTHA
	82.76 ± 2.46 c
	−0.95 ± 0.09 c
	5.35 ± 0.33 d
	−5.72 ± 0.19 b
	−0.15 ± 0.03 b
	−1.10 ± 0.09 c



	XTHH
	81.88 ± 0.98 d
	−0.23 ± 0.01 a
	8.09 ± 0.18 a
	−6.60 ± 0.32 c
	0.57 ± 0.03 a
	1.64 ± 0.11 a



	HYRR
	90.70 ± 1.37 a
	−0.80 ± 0.05 b
	6.45 ± 0.39 b
	-
	-
	-



	HYHL
	82.38 ± 1.83 c
	−0.79 ± 0.06 b
	4.74 ± 0.22 d
	−8.32 ± 0.62 b
	0.01 ± 0.00 b
	−1.71 ± 0.09 c



	HYHA
	86.66 ± 1.90 b
	−0.93 ± 0.06 c
	6.34 ± 0.51 c
	−4.04 ± 0.15 a
	−0.13 ± 0.01 c
	−0.11 ± 0.01 b



	HYHH
	74.18 ± 0.99 d
	0.83 ± 0.02 a
	9.61 ± 0.29 a
	−16.52 ± 1.19 c
	1.63 ± 0.09 a
	3.16 ± 0.23 a







Different letters represent significant differences between the groups. The two rice groups were compared separately.
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Table 4. Digestive characteristics of rice starch under different treatment conditions.
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	Treatment Mode
	RDS (%)
	SDS (%)
	RS (%)





	HYRR
	0.58 ± 0.02 a
	10.83 ± 0.54 b
	23.98 ± 0.61 a



	XTRR
	4.33 ± 0.29 b
	6.27 ± 0.34 a
	39.02 ± 1.42 b



	HYHL
	12.1 ± 1.06 c
	63.92 ± 3.50 d
	88.60 ± 3.10 c



	XTHL
	12.69 ± 1.01 c
	48.29 ± 2.65 c
	89.40 ± 3.58 c



	HYHA
	11.35 ± 0.62 d
	27.24 ± 1.64 a
	61.42 ± 1.07 d



	XTHA
	8.59 ± 0.40 b
	34.05 ± 1.10 b
	57.36 ± 2.54 c



	HYHH
	9.43 ± 0.53 c
	37.55 ± 1.20 c
	53.02 ± 1.20 a



	XTHH
	8.16 ± 0.54 a
	37.29 ± 0.61 c
	54.55 ± 1.58 b







Different letters indicate significant differences between the groups.
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