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As far as we know, plasma-activated water (PAW) and hydrogen-infused water (HW) have been barely used in starch modification studies, especially bean starches. Therefore, the combined effect of annealing (ANN) and distilled water, HW, and PAW on the multi-structure, physicochemical properties, and in vitro digestibility of mung bean starch was investigated in this study. The scanning electron microscope results showed that the surface of annealed samples was much rougher than that of native mung bean starch (NMBS). Compared to that of NMBS, the typical “C”-type X-ray diffraction pattern of different annealed starches did not change, but their relative crystallinity increased. The annealed sample with PAW (PAnn) had the highest relative crystallinity (34.9%). Meanwhile, ANN significantly increased the amylose content, gelatinization properties, and water absorption capacity of mung bean starch, while it decreased swelling power and viscosity. The total hydrolysis rate and rapidly digestible starch content of mung bean starch significantly decreased after ANN, and the resistant starch level was markedly increased, with PAnn having the highest value (25.4%). The influence of ANN with HW and PAW on the above properties was much more extensive, respectively, than that of the annealed sample with distilled water, and the PAnn had the highest value, which might be based on the acidic environment and reactive oxygen and nitrogen species. These results from this research not only provided a novel strategy for improving the thermal stability and functionality of mung bean starch but also extended the application of HW and PAW in starch modification.
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1 Introduction

Mung bean (Vigna radiata L.) is an edible crop belonging to the legume family. It originated in China and has been cultivated for more than 3,500 years (1), which is mainly distributed in Southeast Asia, Africa, South and North America, and Australia (2). In recent decades, various studies have shown that mung bean is a rich source of nutrients, including phenolic compounds, minerals, vitamins, lipids, protein, and starch (3). These properties have endowed mung bean with antidotal, antibacterial, antioxidant, antidiabetic, anti-hyperlipidemia, and anti-tumor capacities (4). Traditionally, mung beans have been applied into porridge, snacks, beverages, etc. as whole grains and into cakes or sweetened bean pastes after grinding and milling. Meanwhile, sprouts germinated from mung beans are eaten as a popular vegetable in China since they are a good and inexpensive source of high nutrition (5). However, as a “hard-to-cook” legume, consumption of mung beans is tricky, which has limited its application in the food industry (6). Starch is the dominant component in mung bean grain, accounting for ~50–60% of dry weight, which contains an amylose content in the range from 30% to 45% based on variety and growing environment (7). Although mung bean starch has been considered as a new starch resource and applied in soup, sauces, and bakeries as a thickener, the drawbacks of high syneresis, poor storage stability, and low swelling power of native mung bean starch (NMBS) greatly restrict its applications (8). Therefore, to meet the demand for specific purposes, modification of mung bean starch is urgent to improve its performance for further wide application in the food industry.

Generally, various methods have been used for starch modification, including chemical, physical, enzymatic, and a combination of these methods (7). Since physical modification of starch is not only environmentally friendly but also easily controlled, it has been widely studied and popularly used in the recent decade. Several physical modification methods have been applied to study the properties of mung bean starch, such as heat-moisture treatment (9), high hydrostatic pressure (10), microwave treatment (11), dry heating (7), etc. Among these methods, annealing (ANN) has gained long-standing concern based on its low cost, simple, and practical process (12). As “clean-labeled” technology, ANN is carried on with excess water at a temperature between the glass transition and the gelatinization temperature of native starch. Previous studies have indicated that ANN would increase relative crystallinity (RC), raise water absorption capacity, decrease viscosity, and improve resistant starch level without destroying granules (13). These changes in annealed starches improved their application in manufacturing noodles, bread, and canned foods. However, the systematic influence of ANN on the properties of mung bean starch with different types of water has not been studied.

In recent years, plasma-activated water (PAW) has been produced by treating distilled water with plasma. Because it contains highly reactive oxygen and nitrogen species (RONS) like H2O2, NO2−, NO3−, and O3, PAW has a low pH, high oxidation–reduction activity, and electrical conductivity (14). Although PAW has been broadly utilized in food and agriculture areas for preserving seafood, promoting plant growth, and sterilizing products (15), it has barely been applied in research on starch modification. As an antioxidant, molecular hydrogen (H2) has been proven to have therapeutic value in the human body by selectively reducing cytotoxic reactive oxygen species (ROS) (16). Meanwhile, hydrogen inhalation (2%) could also significantly ameliorate the inflammation during intestinal transplant injury through its antioxidant effects (17). Recently, drinking hydrogen-infused water (HW) with a therapeutic dose of hydrogen has been an alternative choice for delivering molecular hydrogen into humans, which is a portable, easily administered, and safe way. However, HW is rarely applied to starch modification either, and its effects on starch properties are not clear. Furthermore, according to these preliminary studies, the use of PAW alone had a negligible influence on the structure and properties of starches. Therefore, combining PAW or HW with physical technologies can be an innovative strategy for starch modification. In this study, both PAW and HW were used along with ANN to alter the structure, physicochemical properties, and in vitro digestibility of mung bean starch. These results will provide a new way to modify mung bean starch and further enrich the evidence for PAW and HW to expand their application into the starch modification area.



2 Materials and methods


2.1 Materials

Grains of the new mung bean variety (BL01-55) were provided by the Center for Agricultural Genetic Resources Research, Shanxi Agricultural University. The HW was provided by Shanxi Yuemingtang Biotechnology Co., Ltd., Taiyuan, China. Enzymes, including pepsin (P7125; ≥400 U/mg), porcine pancreatic α-amylase (A3176; 5 U/mg), and amyloglucosidase from Aspergillus niger (A9913), were purchased from Sigma-Aldrich (Shanghai) Trading Co. Ltd. (Shanghai, China). The glucose oxidase-peroxidase (GOPOD) assay kit was purchased from Megazyme International Ireland Ltd. (Bray, Ireland). All other chemicals were of analytical grade.



2.2 Starch isolation

The mung bean starch was isolated using a wet milling scheme published by Liu et al. (18) with minor modifications. The initial deposition was washed with water and centrifuged at 975 × g for 10 min to remove impurities. Then, 0.2% sodium hydroxide solution was added to eliminate the protein. After centrifuging, the protein layer was manually scraped, and the precipitate was washed with distilled water at least three times until the supernatant was clear and no longer yellow. Afterward, the obtained NMBS was dried at 40 °C for 24 h in a constant temperature convection oven and ground into powder for further research.



2.3 Preparation and characterization of PAW

The PAW was obtained by treating distilled water with a jet plasma device (PG-1000ZD, Nanjing Suman Plasma Engineering Research Institute Co., Ltd, China) under atmospheric pressure at 750 W for 120 s, which must be used within 12 h. The pH, oxidation–reduction potential (ORP), and electrical conductivity of the waters were, respectively, tested by a pH/ORP meter and an electric conductivity meter (Yidian Scientific Instrument Co. Ltd., Shanghai, China). The content of H2O2, NO2−, and NO3− in the different waters was determined using corresponding assay kits.



2.4 Annealing treatment

The ANN treatment was conducted using the method from Liu et al. (12). The starch slurry was obtained by dispersing NMBS into distilled water, HW, and PAW at a ratio of 1:4 (w/v), which were sealed in containers to equilibrate overnight at 4 °C. Subsequently, the containers were annealed for 24 h at 50 °C in a constant temperature convection oven. The samples were air-dried at 40 °C after cooling, and the annealed samples were referred to as DAnn, Hann, and PAnn based on the type of water used.



2.5 Scanning electron microscope (SEM) observation

The morphology of samples was observed using a scanning electron microscope (SEM; Regulus8240, Hitachi Ltd., Tokyo, Japan). Samples were mounted on a double-sided adhesive tape attached to a metal stub, which was coated with 20-nm gold layer under vacuum. Then, the samples were imaged under an acceleration potential of 20 kV.



2.6 X-ray diffraction (XRD)

The XRD pattern and relative crystallinity (RC, %) of starches were tested with an X-ray diffractometer (D/MAX 2500 V, Rigaku Corporation, Japan). Under 40 kV and 30 mA current, the samples were scanned from 5° to 60° (2θ) at a rate of 4 °/min. The RC values were calculated using Jade 6.0 software (OriginLab Corporation, USA).



2.7 Fourier transform-infrared (FT-IR) spectroscopy

The FT-IR spectra of the samples were obtained using a Fourier transform-infrared spectrometer (Vertex 70, Bruker, Karlsruhe, Germany) at wave numbers from 4,000 to 400 cm−1.



2.8 Water and oil absorption capacities

The water and oil absorption capacities of different starches were determined by a method reported by Liu et al. (19). The starch samples (4 g, [dry weight, db]) and 20 mL water or peanut oil were transferred to 50-mL centrifuge tubes, stirred with a glass rod for 30 min at 30 °C, and centrifuged at 7,385 × g for 15 min. The volume of the decanted supernatant was measured, and the volume of water or oil retained per gram of sample was calculated (in mL/g).



2.9 Alkaline water retention and amylose content

Alkaline water retention (AWR) of different starches was measured using the method published by Adebowale et al. (20). Sample (1.0 g, db) was transferred into a tube and weighed (W1). Subsequently, 0.1 M NaHCO3 (5 mL) was added and mixed for 30 s. The mixture was allowed to stand for 20 min at 30 ± 2 °C. After incubation, the tube was centrifuged (35 × g, 15 min) and drained for 10 min at an angle of 10–15° with respect to the horizontal. The tube with contents was weighed (W2) again. The AWR was calculated as follows,

AWR (g/g) of sample= W2-W1      (1)

The procedure reported by Juliano et al. (21) was conducted to determine the amylose content (AMC) of all samples. In brief, the defatted starch (100 mg, db) and 1 M NaOH were equilibrated in a flask for 24 h at room temperature. The solution volume was made up to 100 mL with distilled water and vigorously mixed. Starch dispersion (5 mL), 1 M acetic acid, and 2 mL of iodine solution were mixed and made up to 100 mL again with distilled water. After 20 min, the absorbance of the mixture was determined at 620 nm.



2.10 Solubility and swelling power (SP)

The SP and solubility of different starches were tested according to the method from Liu et al. (22). Sample (50 mg, db) was transferred into dry centrifugal tubes, weighed, and mixed with distilled water (5 mL). The tubes were incubated in a shaking water bath at 50, 60, 70, 80, and 90 °C for 30 min, cooled to room temperature, and centrifuged at 657 × g for 15 min. The supernatant was carefully decanted, and the resulting tubes with their contents were weighed. The residue obtained after drying the supernatant represented the amount of starch dissolved in water. Solubility and SP were calculated on a dry weight basis using the following equations:

Solubility=the weight of dried supernatantweight of starch      (2)

SP=W2-W1weight of starch      (3)

where W1 represents the weight of the tube with the starch sample, and W2 represents the weight of the tube with the resulting precipitate after decanting the supernatant.



2.11 Differential scanning calorimetry (DSC)

Gelatinization characteristics of starches were assessed with a differential scanning calorimeter (Q2000, TA Instruments, New Castle, DE, USA). Starch (3 mg, db) was sealed in a sample pan after mixing with 9 mL DW and equilibrated overnight. With an empty sample pan as control, the samples were heated from 30 to 130 °C at a rate of 10 °C/min. The onset temperature (To), peak temperature (Tp), conclusion temperature (Tc), and gelatinization enthalpy (ΔH) were determined.



2.12 Pasting properties

The pasting properties of different samples were tested with a Rapid Visco Analyzer (RVA-4, Newport Scientific Co., Ltd., Warriewood, NSW, Australia) based on the procedure reported by Liu et al. (22). The setback viscosity (SB), breakdown viscosity (BD), peak viscosity (FV), pasting temperature (PT), and final viscosity (FV) were measured.



2.13 In vitro digestibility
 
2.13.1 In vitro digestion of starch

In vitro digestibility of different starches was determined according to a published research of Liu et al. (22). Starch (50 mg, db) was put into a 50-mL flask with 5 mL of distilled water. After gelatinization and cooling, 10 mL of HCl-KCl buffer (0.05 M, pH l.5) and 0.2 mL of the pepsin solution were added to each flask. It was incubated in a shaking water bath at 40 °C for 60 min. Subsequently, the total sample volume was adjusted to 25 mL with sodium acetate buffer (0.5 M, pH 6.9). Amylase solution (5 mL, 2.6 UI) was added and incubated in a shaking water bath at 37 °C for 3 h. Aliquots (1 mL) were obtained from each flask every 10 min during the first 30 min of hydrolysis and every 30 min during the remaining 2.5 h of hydrolysis. The obtained samples were transferred into dry centrifuge tubes, which were immediately placed in boiling water to inactivate the amylase. After cooling, sodium acetate buffer (0.4 M, pH 4.75, 3 mL) and amyloglucosidase (60 μL) were added to each tube. The tubes were then shaken at 60 °C for 45 min. The GOPOD kit was used to determine the glucose content of samples, and the starch amount was calculated by multiplying the glucose content by 0.9. The digestion rate was expressed as the percentage of total starch hydrolyzed after different periods.



2.13.2 Resistant starch (RS) content

The levels of rapid digestible starch (RDS), slow digestible starch (SDS), and resistant starch (RS) were calculated according to the hydrolysis curve. RDS is the starch digested in the first 20 min, while SDS is the starch digested between 20 and 120 min. The RS is the starch remaining after 180 min.




2.14 Statistical analysis

All data were triply measured to gain mean values and standard deviations, which were analyzed by one-way analysis of variance (ANOVA) using SPSS software (version 20.0, SPSS Inc., Chicago, IL, USA). The statistical significance was set at a level of p < 0.05. Principal component analysis (PCA) was performed using Minitab version 17 (Minitab Inc., USA).




3 Results and discussion


3.1 Properties of the waters

The properties of three different waters, especially the content of some active substances, are shown in Table 1. The pH of HW was 8.3, containing more than 3.0 μmol/L hydrogen atoms, both of which were significantly higher than those of distilled water. The chemical reactions that occurred between the interface of plasma and liquid would generate active substances, including singlet oxygen, ozone, hydroxyl radicals, and active molecule nitrogen species, to change the pH, ORP, and electric conductivity values of the liquid (23). In this study, the pH of distilled water significantly decreased from 6.70 to 2.32 after being treated with plasma. This demonstrates that plasma treatment can acidify water. Compared with those of distilled water, the electric conductivity of PAW markedly increased from 17.97 to 1,123.34 μS/cm, and the ORP also increased from 266.30 to 577.36 mV, probably by the generation of ROS (24). This improved conductivity of PAW might be due to the development of soluble active groups and ions (ROS or RNS) (25), which further resulted in oxidation–reduction performance in PAW. In addition, the content of H2O2, NO2−, and NO3− increased from 0 to 158.25, 1,987.12, and 2,172.36 μmol/L, respectively. They were consistent with the above results.

TABLE 1  Properties and content of active substances in different waters.


	Types of water
	pH
	ORP (mV)
	Conductivity (μS/cm)
	NO3−(μmol/L)
	NO2−(μmol/L)
	H2O2 (μmol/L)
	Hydrogen atom (μmol/L)





	DW
	6.70 ± 0.55b
	266.30 ± 0.19c
	17.97 ± 1.15c
	-
	-
	-
	-



	HW
	8.30 ± 0.45a
	356.52 ± 0.27b
	268.25 ± 0.68b
	-
	-
	-
	> 3.0



	PAW
	2.32 ± 0.73c
	577.36 ± 0.79a
	1,123.34 ± 1.05a
	2,172.36 ± 0.51
	1,987.12 ± 1.75
	158.25 ± 0.45
	-




Means of triplicate determination ± SD with different letters in a column within each property are significantly different (p < 0.05). DW: distilled water; HW: hydrogen water; PAW: plasma-activated water; ORP: oxidation–reduction potential; “-”: not detected.





3.2 Morphology of starches

The SEM images of native and annealed starches are shown in Figure 1. The surface of NMBS granules was smooth, with a mixture of kidney, spherical, and ellipse shapes varying with size (Figure 1A). After the ANN treatment, some pits were observed on the surface of DAnn samples (Figure 1B). Compared to DAnn, HAnn granules had fissures and even some cavities on their surfaces (Figure 1C), while many deeper dents and holes were found on PAnn granules (Figure 1D). The degree of morphology change in the different samples was significantly related to the difference among the three types of water. Similar results have also been reported on talipot starch annealed with PAW (26).


[image: Four microscopy images labeled A, B, C, and D, displaying close-up views of spherical and oval starch granules from 4 samples, on a dark background. Each image shows slight variations in shape and distribution among different samples, with some aggregation and surface details visible. Scale bars and magnification settings are at the bottom of each image.]
FIGURE 1
 The SEM photos (1.5 k ×) of different samples. (A) NMBS; (B) DAnn; (C) HAnn; (D) PAnn.


Generally, ANN can induce the recombination of amylose and amylopectin molecules in starch granules, which contributes to a more compact amorphous structure and leads to the morphology alteration of the starch granule (12). This is the main mechanism for the morphological changes in DAnn. The morphological changes in HAnn were worse than those in DAnn, which might be ascribed to redox reactions that happened on the granule surface, resulting from hydrogen atoms and hydrogen molecules in HW. Furthermore, the various active substances and acidic environment of PAW contributed to more transformation or rearrangement of central molecules in NMBS granules in this study. This would not only induce severe surface degradation of PAnn but may also facilitate its hydrolysis rate. These results indicate that the degree of starch morphological changes was dependent on the type and properties of water used during ANN.



3.3 XRD analysis

XRD patterns of native and annealed samples with RC are shown in Figure 2. The NMBS had four characteristic diffraction peaks at 2θ angles of 15.33, 17.41, 17.91, and 23.37°, which indicated a typical “C”-type crystalline pattern. In comparison with NMBS, all annealed samples had diffraction peaks at similar diffraction angles. This indicates that the XRD pattern of NMBS was not altered by ANN with the three types of water. According to a previous report by Yan et al., the crystalline pattern of potato and pea starches was not affected under ANN with PAW (27).


[image: Graph showing relative intensity versus diffraction angle (2θ) for four samples labeled PAnn (34.9% a), HAnn (33.6% b), DAnn (32.5% c), and NMBS (31.3% d). The RC of each sample was shown just in the parenthesis behind correspondent sample. Each sample has a distinct but overlapping peak pattern, centered around 20 degrees.]
FIGURE 2
 XRD pattern and RC (in parenthesis) of different starches.


The RC of NMBS was 31.3%, which had been significantly increased after ANN in the following order: DAnn (32.5%) < HAnn (33.6%) < PAnn (34.9%). A similar increase in RC had also been found on buckwheat and sorghum starches following ANN as well (12). This RC increment in annealed starches was related to various factors during ANN, like increased AMC, increased crystalline size, improved new crystallite formation by interactions between starch chains, and enhanced crystalline perfection (28). More aggregation of small crystallites and organization of double helix chains in NMBS granules might be other reasons for the increase in the RC (29). In addition, the RC values of HAnn (33.6%) and PAnn (34.9%) were significantly higher (p < 0.05) than that of DAnn (32.5%). This increase by the participation of HW might be due to the preferential hydrolysis of amorphous regions in starch caused by the alkaline environment, while the acidic environment and RONS present in PAW were the main factors for the RC increase in PAnn. These would improve parallel packing of double helices or reorientation of unpacked double helices within the crystalline array of starch granules.



3.4 FT-IR spectroscopy analysis

The FT-IR spectra of different starches were scanned at wavelengths from 400 to 4,000 cm−1 (Figure 3), and the values of R1047/1022 are shown in Table 2. Compared to NMBS, the annealed starches had similar absorption peaks on the spectra to show neither new functional groups formed nor existing groups were destroyed during ANN under the current circumstances. In general, the FT-IR band recorded at 1,022 cm−1 represents amorphous content in granules, while the band recorded at 1,047 cm−1 is related to an ordered crystalline structure (30). Therefore, the ratio of 1,022 and 1,047 cm−1 absorbance (R1047/1022) can indicate the relative content of short-range ordered structure domains in starch (27). The R1047/1022 of native and annealed starches followed the order: NMBS < DAnn < HAnn < PAnn. The R1047/1022 ratios of HAnn and PAnn were significantly higher than those of DAnn and NMBS. This increase in R1047/1022 of DAnn mainly depended on superfluous water and moderate heating conditions of ANN, which improved the double helix stacking in starch granules (13). Meanwhile, the increase in R1047/1022 of HAnn might be correlated with the cross-link between starch chains facilitated by hydrogen ions, hydrogen atoms, and the high pH of HW. The increase in R1047/1022 was attributed to the formation of new double-helical structures from short-chain amylose during ANN generated by RONS and acidic environment in PAW (27). These findings were in agreement with the results of XRD.


[image: Graph depicting transmission spectra for four samples: PAnn, HAnn, DAnn, and NMBS. The x-axis shows wavelength in inverse centimeters from 500 to 4000, and the y-axis represents transmission in arbitrary units. Key peaks are marked at specific wavelengths, including 1022, 1047, 1420, 1650, 2098, 2916, and 3450. Each compound is represented by a different colored line.]
FIGURE 3
 FT-IR spectra of all starch samples.


TABLE 2  AMC, AWR, WAC, OAC, and R1047/1022 of different samples.


	Parameters
	Samples



	NMBS
	DAnn
	HAnn
	PAnn





	AMC (%)
	29.40 ± 0.35d
	30.10 ± 0.23c
	31.62 ± 0.11b
	33.75 ± 0.15a



	AWR (g/g)
	1.47 ± 0.21c
	1.53 ± 0.34c
	1.83 ± 0.29b
	1.96 ± 0.25a



	WAC (g/g)
	1.68 ± 0.28d
	1.85 ± 0.35c
	2.21 ± 0.31b
	2.45 ± 0.19a



	OAC (g/g)
	1.56 ± 0.34a
	1.47 ± 0.28b
	1.35 ± 0.16c
	1.21 ± 0.35d



	R1047/1022
	0.93 ± 0.11c
	0.94 ± 0.25c
	0.98 ± 0.22b
	1.04 ± 0.16a




Means of triplicate determination ± SD with different letters in a row within each property are significantly different (p < 0.05). AWR: alkaline water retention; AMC: amylose content; WAC: water absorption capacity; OAC: oil absorption capacity; R1047/1022: the ratio of absorbance at 1047/1022 cm−1 in FT-IR.





3.5 Water and oil absorption capacities

As shown in Table 2, there are significant differences in water and oil absorption capacities (WAC and OAC) among NMBS and annealed starches. Compared to NMBS, annealed starches had higher WAC, but poorer OAC. The PAnn had the highest (2.45 ± 0.19 g/g) and lowest (1.21 ± 0.35 g/g) values, respectively. These results indicate a stronger interaction between hydroxyl and water molecules within the starch granules during ANN. This interaction led to opposing tendency changes in the hydrophilicity and hydrophobicity of NMBS.

A few hydrogen bonds between amorphous and crystalline regions were destroyed during ANN to improve the expansion of the amorphous region. This significantly increased the hydrophilic tendency of starch molecules, further generating higher WAC in annealed starches (20). A reorganization of double helices induced by HW and PAW would stimulate the NMBS to hold more water (27), which mainly depended on the structure of flexible amylopectin. It was an important factor for the higher WAC of HAnn and PAnn than that of DAnn. This increased WAC had also been found in annealed tartary buckwheat and sorghum starches (12), and applying annealed starches into dough improved the color, volume, and textural properties of bread (31). All above-identified annealed starches could be used to promote the quality of baked products, especially HAnn and PAnn. However, the underlying principles of ANN affecting the WAC and OAC of starches are still limited. Therefore, further research is needed to fully explain this phenomenon.



3.6 AWR and AMC results

The AWR and AMC of different starches are shown in Table 2. The AWR is an important parameter of starch affecting its processing and application, which can represent the spread potential of dough, particularly can be used to predict the cookie diameter during baking (32). Following ANN, a significant increase in AWR of NMBS had been found. Similar results had also been reported on annealed sorghum and buckwheat starches (12). These increases were mainly attributed to starch surface area and excessive dilution at high starch concentrations during ANN (33). Furthermore, compared to that of NMBS, the higher WAC of annealed starches might also be responsible for increasing AWR. These results indicate that annealed starches are more suitable for making cookies than NMBS, with PAnn being much better than DAnn and HAnn.

Compared with NMBS, the annealed starches had remarkably higher AMC: PAnn had the highest increase (4.35%), while DAnn had the lowest (0.70%). During ANN, the degradation of amylopectin was the main reason for the increase in AMC (28). Meanwhile, ANN influenced the mobility of both amorphous and crystalline regions of NMBS. These changes resulted in reorganization and interaction of amylose-amylose, amylose-amylopectin, or amylopectin-amylopectin, which would improve the iodine-binding capacity (34). Furthermore, the limited amylose leaching might be another factor to increase AMC in annealed samples. The PAW had more extensive reactive species than distilled water, while the HW had significantly higher hydrogen atoms. These would induce more networks and cross-links in starch granules during ANN to further facilitate iodine-amylose complex formation. Gao et al. (35) reported similar results on tartary buckwheat starch modified by direct dielectric barrier plasma.



3.7 Solubility and swelling power (SP)

The influence of test temperature on solubility and SP of native and annealed starches is shown in Figures 4A, B, respectively. The solubility and SP of each sample increased with test temperature (50–90 °C). However, opposite alteration trends had been found in these two properties after ANN. Generally, the solubility of starch is a consequence of amylose leaching. Thus, in this study, the increase in solubility at each temperature mainly depended on the destruction of the double-helical structure in amylopectin during ANN, which increased the leaching of amylopectin by thermal damage and improved WAC as well (36). The alkaline environment in HAnn and the acidic substances and RONS in PAnn made the starch easier to separate and diffuse than DAnn, generating higher solubility (27). Compared to that of NMBS, the SP of annealed samples significantly decreased at each temperature, mainly based on the decrease in water retention ability of amylopectin. Meanwhile, the rearrangement among starch chains and improvement of crystalline perfection during ANN restricted starch hydration, which remarkably reduced the SP of annealed starches (37). Furthermore, changes in annealed starch granules, including increased AMC, improved small networks, and stronger molecular interactions, also contributed to the SP reduction (38). As shown in Figure 4, the solubility of HAnn and PAnn gradually increased than that of DAnn, while the SP significantly decreased. These were due to the decrease in water-binding ability of starch molecules that resulted from alkaline or acid hydrolysis of the amorphous region, respectively.


[image: Chart A shows solubility (%) for four samples (NMBS, DAnn, HAnn, PAnn) under 5 different testing temperatures. Chart B displays swelling power (%) of these samples at temperatures ranging from 50°C to 90°C, with different bar patterns indicating each temperature.]
FIGURE 4
 Solubility (A) and SP (B) of native and annealed samples. Bars bearing the same letter within same temperature are not significantly different (p < 0.05).




3.8 DSC analysis

The gelatinization temperatures (To, Tp, and Tc) and enthalpy (ΔH) of different starches are shown in Table 3. The gelatinization temperatures and ΔH of annealed samples were significantly increased compared to those of NMBS, and the PAnn had the highest values. Similar results had been found on pea, maize, and non-conventional talipot starches (26, 27, 39), while inconsistent results of ΔH had also been reported for potato starch following ANN (27). These findings suggest that the combined effect of ANN and different types of water on ΔH is dependent on the starch source.

TABLE 3  Gelatinization characteristics of native and annealed samples.


	Samples
	To (°C)
	Tp (°C)
	Tc (°C)
	Tc – To (°C)
	ΔH (J/g)





	NMBS
	65.2 ± 0.41d
	70.6 ± 0.32d
	78.7± 0.17c
	13.5 ± 0.25a
	7.7 ± 0.18c



	DAnn
	66.9 ± 0.18c
	71.1 ± 0.22c
	79.2 ± 1.01c
	12.3 ± 0.31b
	8.3 ± 0.15c



	HAnn
	69.7 ± 0.21b
	74.2 ± 0.27b
	80.6 ± 0.42b
	10.9 ± 0.26c
	9.1 ± 0.35b



	PAnn
	72.8 ± 0.47a
	77.3 ± 0.16a
	82.5 ± 0.23a
	9.7 ± 0.21d
	10.8 ± 0.24a




Means of triplicate determination ± SD with the same letter in a column within each parameter are not significantly different (p < 0.05). To: onset temperature; Tp: peak temperature; Tc: concluding temperature; Tc-To: gelatinization temperature range; ΔH: transition enthalpy.



The interactions between amylose and amylopectin or amylose during ANN would limit starch granules' swelling to delay their gelatinization, further increasing the temperatures of annealed samples (40). The increased ratio of crystalline region in the annealed starch granules, which was induced by the formation of new double helices, also increased the To, Tp, and Tc values (37). These were in agreement with the results obtained in Section 3.3. Moreover, the plastification of crystallinity and suppressed hydration were correlated to the decrease in Tc-To (38). Compared to DAnn, the HAnn and PAnn had significantly increased gelatinization temperatures, which indicates a perfect crystalline structure resulting from greater reorganization of double helices (41). The rich H+ ions in PAW resulted in the formation of more hydrogen bonds, which hindered the plasticization of mung bean starch during ANN and led to the highest gelatinization values.

The ΔH represents the energy required for destroying the double helix order in the starch granule (42). Compared to NMBS, the higher ΔH values of annealed starches were due to the increase in ordered double helices formed by the organization of amylopectin, which required more energy to disrupt and was consistent with the XRD results (Figure 2). Other reasons for increasing ΔH values of annealed samples included amylose-amylose interaction, amylose-amylopectin interaction, and organization of crystalline regions (38). For HAnn and PAnn, more heterogeneous crystallites formed by alkaline environment and acidic substances with RONS (43), respectively, making ΔH values significantly higher than that of DAnn, which showed that ANN with HW or PAW further improved the thermal stability of mung bean starch.



3.9 Pasting properties of samples

The pasting parameters of native and annealed starches are summarized in Table 4. The viscosities of annealed starches markedly decreased in comparison to those of NMBS, while the PT significantly increased, and PAnn had the lowest and highest values. HAnn and PAnn had lower viscosities than those of DAnn, which was due to increased fragmentation of starch chains by alkaline and acid hydrolysis, respectively (44). These were in agreement with DSC analysis results, indicating that ANN restricted starch swelling, postponed the gelatinization, and improved its thermostability.

TABLE 4  Pasting properties of starch samples.


	Properties
	Samples



	NMBS
	DAnn
	HAnn
	PAnn





	PV (cP)
	4,155.0 ± 40.43a
	3,982.5 ± 35.21b
	2,783.0 ± 10.35c
	1,984.0 ± 21.25d



	BD (cP)
	1,388.0 ± 36.50a
	1,296.5 ± 6.32b
	965.0 ± 13.26c
	677.0 ± 41.0d



	SB (cP)
	2,076.5 ± 34.32a
	1,895.0 ± 51.73b
	1,129.0 ± 4.22c
	854.0 ± 2.8d



	FV (cP)
	4,843.5 ± 28.71a
	4,581.0 ± 45.57b
	2,947.0 ± 12.53c
	2,161.0 ± 43.8d



	PT (°C)
	74.0 ± 0.18c
	78.2 ± 0.93c
	81.4 ± 0.47b
	85.3 ± 0.42a




Means of triplicate determination ± SD with different letters in the row within each property are significantly different (p < 0.05). “cP” is the rapid viscosity unit. PV: peak viscosity; BD: breakdown viscosity; FV: final viscosity; SB: setback viscosity; PT: pasting temperature.



Viscosity is critical for the application of starch in food processing. The changes in viscosity of starch under heating and shearing generally depend on starch granule friction, amylose leaching, and granule structural arrangement (45). The significant decrease in PV and BD of annealed starches was mainly related to the inhibited granule swelling based on the increased interactions among starch chains. The lower SP of annealed samples indicates hindered amylose leaching, which resulted in a decrease in viscosities. The enhanced crystallinity might be another factor for the decrease in both PV and BD. The FV represents the increase in starch viscosity after cooling, and SB indicates the retrogradation capacity of starch (46). Compared to NMBS, the annealed starches had significantly decreased FV and SB, which was attributed to the enhanced cross-linking among starch chains during ANN. Furthermore, the FV of HAnn and PAnn were markedly lower than that of DAnn. This might be due to a lack of time required for aligning the starch molecules with the flow direction during the pasting measurement. The substantial depolymerization of amylose also contributed to the reduction by interaction with the reactive species in PAW (26) and by the alkaline environment in HW (43). The decrease in SB indicated that ANN caused mung bean starch to adopt more stable conformations. Following ANN, the increased PT of annealed starches might be ascribed to several factors, including higher bond strength, increased crystallinity, more intermolecular cross-links, and reduced space among starch chains (27). Therefore, the above results revealed the reduction in the pseudoplastic nature and retrogradation tendency of mung bean starch after ANN, especially with PAW.



3.10 In vitro digestibility properties

The in vitro hydrolysis curve for all starches is shown in Figure 5A, and the levels of RDS, SDS, and RS are presented in Figure 5B. The hydrolysis rate of NMBS and annealed starches increased as the digestion time prolonged. Compared to the annealed samples, NMBS had the highest hydrolysis rate at each digestion time point. Starch is classified into RDS, SDS, and RS based on its digestion rate (47). After ANN, the RDS content markedly decreased, while the levels of SDS and RS increased; PAnn had the lowest RDS content (28.5%) and the highest SDS level (42.7%). In comparison to NMBS, the RS proportion in annealed starches significantly increased by 2.6% (DAnn), 8.4% (HAnn), and 10.1% (PAnn), respectively. These results indicate that ANN with HW and PAW had a much greater effect on starch digestibility than with DW.


[image: Graph A shows hydrolysis rates over time for four samples: NMBS, DAnn, HAnn, and PAnn. All follow a similar upward trend around 180 minutes. Graph B compares RDS, SDS, and RS levels for the same samples. RDS level is highest in NMBS, while SDS and RS level peaks are in PAnn.]
FIGURE 5
 In vitro hydrolysis rate (A) and RDS, SDS, and RS levels (B) of native and annealed starches. Bars bearing different letters at the same time point (A) and different samples (B) within the same property are significantly different (p < 0.05).


The enzymatic susceptibility of annealed starches decreases based on the amylose to amylopectin ratio, crystalline structure, amylose-lipid complexation, and ANN conditions (28). The higher AMC and better crystalline perfection of annealed starches (shown in Table 2, Figure 2) resulted in a lower digestion rate than that of NMBS. Although the pores and fissures on the annealed sample surface facilitated digestive enzymes entering into granule interior to increase its hydrolysis rate, the results of in vitro digestibility revealed that the increment in AMC and RC could counteract the effect of morphological changes on starch hydrolysis. The increase in the content of SDS might also be due to increased crystalline perfection and molecular bonding in starch granules. The increased RS level was mainly ascribed to structural changes in granules, including starch chain interactions, higher RC, and molecular reorganization (48). These alterations significantly restricted the accessibility of starch molecules to enzymes, further decreasing the hydrolysis rate as well.

Meanwhile, the ANN with HW and PAW had a greater effect on starch than the ANN with distilled water. The reason might be based on the alkaline and acidic environment in HW and PAW, respectively, which produced lower-molecular-weight hydrolysates (such as oligosaccharides) that were resistant to the enzymatic hydrolysis. These results suggested that ANN was an effective way to decrease the hydrolysis rate of mung bean starch, and applying HW or PAW into ANN could improve more SDS and RS contents.



3.11 PCA of results

The PCA of structural, physicochemical, and in vitro digestive results among NNBS, DAnn, HAnn, and PAnn is shown in Figure 6. The PC1 and PC2, respectively, represented 86.6% and 12.1% of the total variance, a total of 98.7%. The NMBS and DAnn were at the negative part of PC1, whereas HAnn and PAnn were at the positive part, as shown on the score plot (Figure 6A). Similarly, four samples were also located on two different sides of PC2. The distance between any two starches on the score plot was positively related to the degree of difference between them. Annealed starches gradually moved farther from NMBS, which revealed that ANN had various effects on structural, physicochemical, and in vitro digestive properties of NMBS. The relatively close distance between DAnn/HAnn and NMBS suggests that the effect of ANN depends on the type of water used, with PAnn being altered to the greatest extent. Furthermore, SP90, RDS, and PV stayed at the negative part of PC1 on the loading plot (Figure 6B) and were close to NMBS on the score plot, indicating that they were highly correlated. The PT, S90, RS, RC, WAC, R1047/1022, AWR, ΔH, AMC, and Tc were at the positive part of PC1 and positively related to HAnn and PAnn. These showed that ANN with HW or PAW had huge effects on the various structures, thermostability, physicochemical properties, and digestive functions of mung bean starch. Therefore, PCA verified a strong relationship among different samples, as well as showed some clusters.


[image: Principal component analysis (PCA) score and loading plots are labeled A and B respectively. Plot A shows four groups labeled DAnn, HAnn, PAnn, and NMBS along PC1 and PC2 axes. Each group is enclosed within an ellipse. Plot B features vectors labeled PT, S90, BS, RC, WAC, RDS, SP90, AWF, R1047/1021, AVR, H, AMC, TC, and PV, radiating from the origin along the same axes. The plots illustrate data variance and variable influence.]
FIGURE 6
 PCA biplots summarizing the relationships among samples and their structural, physicochemical, and digestibility properties. (A) Clusters of different samples on score plot; (B) PCA loading plot of different properties. PT: pasting temperature; S90: solubility at 90 °C; RS: resistant starch; RC: relative crystallinity; WAC: water absorption capacity; R1047/1022: the absorbance ratio of 1,047/1,022 cm−1 in FT-IR; AWR: alkaline water retention; ΔH: transition enthalpy; AMC: amylose content; Tc: concluding temperature; RDS: rapidly digestible starch; SP90: swelling power at 90 °C; PV: peak viscosity.





4 Conclusion

The ANN with different types of water had important effects on multi-structures, physicochemical properties, and in vitro digestibility of mung bean starch. This modification significantly altered the morphological structure of NMBS, and the annealed starches had higher AMC, improved gelatinization characteristics and increased AWR, and lower SP at different temperatures. Although the “C”-type crystalline pattern of mung bean starch was not altered after ANN, the crystallinity significantly increased. Moreover, the annealed starches had higher pasting temperatures with better thermal stability than NMBS. All annealed starches revealed a decrease in vitro hydrolysis rate and less RDS content than NMBS, while having higher SDS and RS levels. Compared to distilled water, ANN with HW and PAW significantly enhanced these changes in NMBS to a much larger extent, with PAW having the greatest effect. This might be attributed to more interactions among starch molecules induced by hydrogen atoms and an acidic environment with RONS, respectively. The annealed starches with HW and PAW were more suitable than the sample with distilled water for producing soup, noodles, baked goods, and canned foods. The results of this study demonstrate that the joint use of ANN with HW or PAW not only provides an effective way for mung bean starch modification but also significantly expands the application of HW and PAW in other starch modification. Thus, further research is desired to uncover more possible underlying mechanisms of HW and PAW on starches.
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