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Abstract

:

The salt taste-enhancing and antioxidant effect of the Maillard reaction on peanut protein hydrolysates (PPH) was explored. The multi-spectroscopic and sensory analysis results showed that the Maillard reaction products (MRPs) of hexose (glucose and galactose) had slower reaction rates than those of pentose (xylose and arabinose), but stronger umami and increasing saltiness effects. The Maillard reaction can improve the flavor of PPH, and the galactose-Maillard reaction product (Ga-MRP) has the best umami and salinity-enhancing effects. The measured molecular weight of Ga-MRP were all below 3000 Da, among which the molecular weights between 500–3000 Da accounted for 46.7%. The products produced during the Maillard reaction process resulted in a decrease in brightness and an increase in red value of Ga-MRP. The amino acid analysis results revealed that compared with PPH, the content of salty and umami amino acids in Ga-MRPs decreased, but their proportion in total free amino acids increased, and the content of bitter amino acids decreased. In addition, the Maillard reaction enhances the reducing ability, DPPH radical scavenging ability, and Fe2+ chelating ability of PPH. Therefore, the Maillard reaction product of peanut protein can be expected to be used as a substitute for salt seasoning, with excellent antioxidant properties.
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1. Introduction


Peanut is one of the most important oil crops in the world, containing fats, proteins, vitamins, minerals, and other nutrients. The global annual production of peanuts is about 45 million tons, and the protein content of peanuts is generally 25% to 30% [1]. Peanut protein (PP) contains eight essential amino acids, especially aspartic acid and glutamic acid, and its nutritional value is similar to animal protein. In addition, compared to soy protein with higher utilization, peanut protein lacks soy flavor, has fewer anti-nutritional factors, and has a higher digestibility rate of over 90%, which makes it easier to be absorbed. Numerous studies have demonstrated that peanut protein has good functional activities after enzymatic digestion, fermentation, glycosylation, and other processes, such as blood pressure-lowering [2], antioxidant [3], and antimicrobial activities [4], as well as chelating metal ions [5]. For example, Li et al. [6] modified peanut protein by glycosylation and compared its structure and solubility with that of natural peanut protein, and found that the solubility of protein–polysaccharide complexes was significantly improved. Jamdar et al. [7] found that the ferrous ion chelating activity, DPPH scavenging activity, and ACE inhibitory activity of peanut protein hydrolysates (PPH) increase with the degree of peanut protein hydrolysis. In addition, peanut proteins are also known to produce flavor compounds after the Maillard reaction. In a study, the hydrolysate of peanut protein isolate showed a stronger umami enhancement effect after the Maillard reaction with glucose [8]. It can be seen that peanut protein has the potential to develop products with flavor and functional properties; however, in actual production, peanut meal is mostly used as animal feed or fertilizer, and the utilization rate of peanut protein is low. Given that peanut meal has the advantages of sufficient materials and being rich in proteins, it is of great significance to develop and utilize peanut protein resources to improve the comprehensive utilization value of peanuts.



High sodium intake is now a major dietary risk factor for non-communicable diseases worldwide. Excessive sodium intake increases the risk of hypertension, which in turn increases the risk of cardiovascular disease, stroke, and other serious illnesses. Due to dietary habits and the influence of the food processing industry, the salt intake of most people far exceeds the recommended daily salt intake of 5 g for adults by the World Health Organization. Sodium chloride (NaCl) is the main chemical component of salt, and 90% of dietary sodium intake exists in the form of NaCl. Excessive intake of sodium in the daily diet may lead to a range of health problems, such as high blood pressure, coronary heart disease, and kidney disease [9]. Therefore, reducing sodium intake without reducing the saltiness of foods is crucial. Researchers have proposed a variety of strategies to reduce sodium content while maintaining the perceived saltiness of processed foods, including directly reducing salt content [10], altering the physical form of salt [11], and using salt substitutes [12]. The direct purpose of the reduction of salt content is to reduce salt intake without affecting people’s perception of food saltiness, and this method requires a long time. Changing the physical form of salt is mainly conducted to optimize the size and shape of salt, or change the spatial distribution of salt, which is mainly used in bakery products such as bread; however, the scope of application is relatively limited. Salt substitutes mainly include non-sodium salts or salty peptides obtained through enzymatic technology, etc. Replacing part of the salt with other salty or increasing saltiness compounds to enhance the perception of salty taste has a wider scope of application. At present, the most widely used non-sodium salt is mainly potassium chloride, but research has found that when more than 30% of NaCl is replaced by KCl, it will lead to the production of a bitter and metallic taste, which is difficult to be widely accepted by consumers [13]. Enzymatic hydrolysis of proteins to obtain enzyme products can increase food salinity, but it also has the disadvantage of producing bitterness [14]. By contrast, improving the taste of proteolytic products through the Maillard reaction can enhance both saltiness and umami, while reducing the bitterness [15]. Therefore, Maillard products have great potential in the field of salt-reduced seasoning. However, the mechanism by which the products of the Maillard reaction increase salinity is still unclear.



Maillard reaction refers to the carbonyl ammonia reaction between the carbonyl group of reducing sugars and the amino group of amino acids, which can not only give the color and flavor quality of food but also improve the functional properties of protein hydrolysate. For example, Liu et al. [16] found that enzymatic hydrolysis and glycosylation can destroy the globular structure of ovalbumin, forming a tightly ordered reticulation structure, which increases the contact area with water and oil and thus improves the emulsification of proteins. In addition, a large number of studies have found that the Maillard reaction product has strong reducing ability [17], DPPH and ABTS radical scavenging ability [18,19], and inhibition of lipid peroxidation [20]. Naik et al. [21] analyzed the products of amaranth-red seaweed coupling after the Maillard reaction and found that the Maillard reaction significantly enhanced the solubility, emulsification, and antioxidant properties of the proteins. Viturat et al. [22] prepared chitosan-based nanoparticles with enhanced antioxidant activity by an ultrasound-assisted Maillard reaction of chitosan and glucose. Han et al. [23] prepared the Maillard reaction product by reacting scallop hydrolysate with ribose. They found that the Maillard reaction can potentially be used as a food antioxidant to inhibit lipid oxidation or protect cells from oxidative damage.



This study, therefore, aims to prepare modified products with salt-enhancing properties through the peanut protein Maillard reaction. Four Maillard reaction products were prepared by hydrolyzing peanut protein with two enzyme complexes (papain and flavourzyme) and introducing four reducing sugars (xylose, glucose, arabinose, and galactose). The distribution of molecular weight and color difference were measured to determine the generation of reaction products. The salinization effects of xylose-MRPs, glucose-MRPs, arabinose-MRPs, and galactose-MRPs were compared through electronic tongue and sensory evaluation. The influence of different reducing sugar structures on the structural characteristics of Maillard reaction products was analyzed through UV and infrared spectroscopy. The changes in free amino acid content before and after the Maillard reaction were analyzed, and the reasons for the increase in salinity of MRPs were analyzed. In addition, the antioxidant properties of PPH and MRPs were studied to reflect the potential of peanut protein Maillard reactants as food antioxidants. This study provides a reference for the development of foods with salt reducing and antioxidant effects.




2. Materials and Methods


2.1. Materials


Peanut protein (750.0 g/kg, dry basis) was purchased from Xi’an Pnostic Bio-environmental Technology Co., Ltd. (Xi’an, China). Flavourzyme (150 kU/g) and papain (800 kU/g) was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). L-arabinose, D-glucose, D-galactose, D-xylose, and L-cysteine (food grade) were bought from He’nan Wanbang Chemical Technology Co., Ltd. (Zhengzhou, China). 1,2-Dichlorobenzene standard solution and phenanthrozine were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Potassium ferricyanide, ferric chloride, ferrous chloride, trichloroacetic acid, and sodium chloride were all brought from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Other reagents were of analytical grade, while all solutions were prepared in distilled water and were fresh before using.




2.2. Preparation of Enzyme-Hydrolyzed Peanut Protein and Its Maillard Reaction Products


The preparation of PPH was carried out according to our previous enzymatic hydrolysis conditions [24]. Briefly, peanut protein powder was mixed with distilled water in a ratio of 1:10 (w/v) and heat-treated at 95 °C for 20 min. The pH value of the initial solution was adjusted to 6.5 with 2 mol/L sodium hydroxide, and then papain (3020 U/g) was added and stirred at 55 °C using a magnetic stirrer with constant temperature heating (DF-101S, Yuhua, Zhengzhou, China) for 2.8 h. Then, flavourzyme (610 U/g) was added and continuously stirred for 3.8 h. After the reaction was completed, the mixed solution was heated in boiling water for 10 min to inactivate the enzyme and terminate enzyme hydrolysis. After cooling, the mixed solution was centrifuged at 4000 rpm for 40 min using a low-temperature, high-speed centrifuge (H1650R, Xiang Yi Laboratory Instrument, Changsha, China). The supernatant was collected and freeze-dried using a freeze dryer (SCIENTZ-12N, Ningbo, China) to obtain PPH with a hydrolysis degree of 16.65% (obtained from previous study) [24].



The preparation of MRPs was improved on the study of Sun et al. [25]. PPH (4 g) was mixed with 1.2 g of four small-molecule sugars (glucose, galactose, xylose, and arabinose), and then deionized water was added to achieve a final protein concentration of 10%. The pH value of the solution was adjusted to 7.5 with 1 mol/L NaOH. The solution was subjected to a Maillard reaction in an oil bath (DXY-2H, DingXingyi, Shenzhen, China) using a temperature of 120 °C and maintained in the oil bath for 2 h. The mixture was transferred to an ice bath and cooled to stop the Maillard reaction. The reactant was centrifuged at 10,000 rpm for 20 min, and the supernatant was collected. The samples were freeze-dried and stored at 4 °C for use. The samples were named glucose-MRP (Gl-MRP), galactose MRP (Ga-MRP), xylose-MRP (X-MRP), and arabinose-MRP (A-MRP), respectively.




2.3. Spectral Determination of Maillard Reaction Products of Peanut Protein


2.3.1. Ultraviolet Absorption Spectra Assay


Ultraviolet absorption spectra of PP, PPH, and four MRPs (Gl-MRP, Ga-MRP, X-MRP, and A-MRP) were found according to the method of Wang et al. [26]. The protein concentration of the samples was diluted to 1 g/L with phosphate buffer solution (pH 7.0, concentration 0.01 mol/L), and then the samples were detected using a UV–visible spectrophotometer (T6 New Century, Pukin Instruments, Beijing, China). The samples were scanned at a sampling interval of 1 nm, with a wavelength scanning range of 190–400 nm. The absorbance of the samples was determined and compared for the four MRPs (X-MRP, Gl-MRP, A-MRP, and Ga-MRP), PP, and PPH.




2.3.2. Fourier Transform Infrared Spectroscopy (FT-IR) Assay


The FTIR spectra of PP, PPH, and four MRPs (Gl-MRP, Ga-MRP, X-MRP, and A-MRP) were determined according to the method of Liu et al. [27]. The samples were mixed with potassium bromide at a mass ratio of 1:100, and pressed into a transparent sheet. The samples were scanned in the 4000–400 cm−1 region using an infrared spectrometer (PerkinElmer, Waltham, MA, USA). The resolution was set to 4 cm−1, and each sample was measured three times to analyze their molecular structure.




2.3.3. Fluorescence Spectroscopy Assay


The fluorescence spectra of PP, PPH, and four MRPs (Gl-MRP, Ga-MRP, X-MRP, and A-MRP) were determined according to the method of Liu et al. [28] with slightly modifications. The fluorescence spectra were scanned at room temperature using a fluorescence spectrophotometer (Lumina. Thermo Fisher Scientific, Shanghai, China). The samples tested were fixed at a concentration of 1 g/L using a phosphate buffer with a pH of 7.0. The excitation wavelength was set at 347 nm, while the emission wavelength was 370~550 nm. The phosphate buffer was used as the blank control.





2.4. Sensory Properties of Maillard Reaction Products of Peanut Protein


2.4.1. Electronic Tongue Assay


The sensory properties of PP, PPH, and four MRPs (Gl-MRP, Ga-MRP, X-MRP, A-MRP) were determined using an electronic tongue sensor system (TS-5000Z, INSENT, Tokyo, Japan), referring to the research method of He et al. [29]. The MRPs (Gl-MRP, Ga-MRP, X-MRP, A-MRP) of 0.5% (w/w) was mixed with 0.5% (w/w) NaCl solution to prepare the sample solution. The sample solution (40 mL) was accurately pipetted into a special measuring cup, and was measured using five sensors, including sourness, bitterness, saltiness, umami, and astringency in the flavor analyzing system. Each sample was measured four times, and the sample testing time was 120 s. The instrument was stabilized after the first measurement, and the average value of the signal data of the last three times was taken as the taste signal intensity of the sample.




2.4.2. Sensory Evaluation Assay


A sensory evaluation panel consisting of 10 internal reviewers (five females and five males, aged 20–30 years old) was established in order to perform a sensory evaluation according to the method of Yu et al. [30], with slight modifications. The sensory evaluation was conducted in a sensory analysis laboratory by tasting 0.5% (w/w) PPH, X-MRP, Gl-MRP, A-MRP, and Ga-MRP solutions dissolved in 0.5% (w/w) NaCl solution. The umami, salty, and bitter tastes were evaluated using 0.5% (w/w) NaCl solution as the reference standard. A 10-point scale was used, in which the sensory intensity of the distilled water was at 0 points and the sensory intensity of the reference standard solution was at 5 points. The evaluation was repeated three times for each sample and the average value was taken as the final score.





2.5. Color Difference Assay


The color change of the samples (PP, PPH, and Ga-MRP solutions) was carried out by referring to the method of Zha et al. [31], using a portable computerized colorimeter (NR200, 3nh, Shenzhen, China). The instrument was calibrated with a standard whiteboard. The sample solutions were poured into a transparent beaker to make sure that the liquid surface was flat and free of air bubbles. Then, the samples were placed into the transmittance measurement port of the instrument, and the color characteristics of the samples were determined. Each sample was measured three times. The L*, a*, and b* values of the samples were recorded, where L* represented the luminance value, a* represented the redness value, and b* represented the yellowness value.




2.6. Molecular Weight Distribution Assay


The molecular weight distribution of the Ga-MRP was detected according to the method of Wu et al. [32] using a high-performance liquid chromatograph (Waters 2695, Milford, MA, USA) equipped with a TSK GMPW XL column (300 mm × 7.8 mm, Tosoh Corp., Tokyo, Japan). The column temperature was set as 30 °C, flow rate was 0.5 mL/min, and detection wavelength was 220 nm. The mobile phase was the mixture of acetonitrile, water, and trifluoroacetic acid at a volume ratio of 40:60:0.1. Cytochrome C (12,500 Da), protease-inhibiting peptide (6500 Da), bacillus peptide (1450 Da), tetrapeptide GGYR (451 Da), and tripeptide GGG (189 Da) were used as standard solutions. The results were processed by the self-contained GPC software (Empower 3) of the chromatograph, and the relative molecular mass of the peptides and their distribution in the samples were calculated by the standard curve equation.




2.7. Determination of Amino Acids Contents


The determination of amino acid content was carried out according to the method of Zhao et al. [33] with slight modifications. Pre-treatment for total amino acid determination was as follows. A volume of 8 mL HCl (6 mol/L) was added to the freeze-dried sample (100 mg), and nitrogen was added to keep the solution slightly boiling. The lid of the hydrolysis tube was tightened, and the sample was hydrolyzed at 110 °C for 24 h. An NaOH neutralization solution (10 mol/L) of 4.8 mL was added, and then the volume was set to 25 mL with deionized water. The solution was filtered with double-layer filter paper and centrifuged at 10,000 rpm for 10 min. The supernatant was collected in a liquid-phase injection bottle and analyzed using an amino acid analyzer (S433D, SYKAM, Munich, Germany).



Pre-treatment for free amino acid determination was as follows. The sample (100 mg) was added to a 10% trichloroacetic acid solution of 1 mL, and allowed to stand at 4 °C for 2 h. The samples were then centrifuged at 10,000 rpm for 10 min at 4 °C, and 400 μL of the supernatant was collected in a liquid-phase injection vial, and analyzed by the amino acid analyzer.



An ODS Hypersil column (250 mm × 4.6 mm × 5 μm) was used for chromatographic analysis; mobile phase A was 0.6 mmol/L sodium acetate, while mobile phase B was 0.15 mmol/L sodium acetate/methanol/acetonitrile (at a volume ratio of 1:2:2). The flow rate was 1.0 mL/min, the column temperature was 40 °C, and the injection volume was set as 10 μL. The detection wavelength of the UV detector was 338 nm. A standard curve was prepared with standard amino acid mixtures and the amino acids were quantified using the external standard method.




2.8. Antioxidant Activity Assay


2.8.1. Reducing Capability


The reducing power of PPH and Ga-MRPs was evaluated by referring to the method of Sampath et al. [34], with slight modifications. PPH sample solutions were diluted to different concentrations (10, 20, 30, 40, 50, and 60 g/L) and MRP sample solutions were diluted to different concentrations (1, 2, 4, 6, 8, 10, 12, and 14 g/L), and then 2 mL of 0.2 mol/L phosphate buffer (pH 6.6) and 2 mL of 1% potassium ferricyanide solution were added and mixed, respectively. The mixture solutions were reacted in a water bath at 50 °C for 20 min, cooled down, and 2 mL of 10% trichloroacetic acid solution was added. The mixed solution was centrifuged at 6000 rpm for 10 min using a high-speed centrifuge (H1650R, Xiang Yi Laboratory Instrument, Changsha, China). The supernatant (2 mL) was mixed with 2 mL of deionized water and 0.4 mL of 0.1% FeCl3. The absorbance of mixed samples at 700 nm was measured by a UV–visible spectrophotometer (T6 New Century, Pukin Instruments, Beijing, China) to reflect reducing capability.




2.8.2. DPPH Radical Scavenging Activity


The DPPH radical scavenging capacity of PPH and Ga-MRPs was determined using the method of Liu et al. [35], with slight modification. PPH sample solution was diluted to different concentrations (10, 12, 15, 20, 25, 30, and 40 g/L) and MRP sample solution was diluted to different concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, and 1.2 g/L). A solution of 2 mL was added to 4 mL of 0.1 mmol/L DPPH ethanol solution. The mixture was placed in a water bath at 33 °C for 30 min to react. The absorbance of the supernatant was determined at 517 nm, and the scavenging rate was calculated by the following formula:


DPPH radical scavenging activity (%) = [1 − (As − Ac)/Ab] × 100



(1)







Abbreviations: As, the absorbance of the sample; Ac, the absorbance of the control (ethanol instead of DPPH ethanol solution); Ab, the absorbance of the blank (deionized water instead of sample solution).




2.8.3. Fe2+ Chelating Ability


The Fe2+ chelating ability of PPH and the Ga-MRPs was evaluated by referring to the method of Pino et al. [36], with slight modifications. Sample solutions (1 mL) with different concentrations (0.5, 1.0, 2.0, 4.0, 6.0, 8.0, and 10.0 g/L) were mixed with 3.7 mL of deionized water and 0.1 mL of 2 mmol/L FeCl2 solution, and the mixture was left at room temperature for 3 min. Ferrozine solution (5 mmol/L) of 0.2 mL was added to the mixture to react at room temperature for 10 min. The absorbance at 562 nm was measured, and the chelation rate was calculated as follows:


Fe2+ chelation rate (%) = [(Asample − Acontrol)/Ablank] × 100



(2)







Asample represents the absorbance value of the mixture of test sample and ferrous chloride and iron zinc at 562 nm; Acontrol represents the absorbance value of a mixture of deionized water, ferrous chloride, and iron zinc at 562 nm; Ablank represents the absorbance value of the mixture of the test sample, ferrous chloride, and deionized water at 562 nm.





2.9. Statistical Analysis


The experiment was repeated three times, the graphs were scanned three times, and the data in the table represent the mean of the three replicates, and the results are expressed as mean or mean ± standard deviation. The experimental data were analyzed by ANOVA and significant differences were analyzed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA was used to analyze the significance with a threshold of p-value = 0.05. Graphs were plotted using Origin 2018 (Origin Lab Co., Northampton, MA, USA).





3. Results


3.1. Secondary Conformation Changes of PPH and Its Four Glycation Products


3.1.1. UV–Visible Spectroscopy Analysis


The generation of brown substances during the Maillard reaction can lead to changes in the UV absorption spectrum [37]. The UV absorption spectra of X-MRPs, A-MRPs, Gl-MRPs, and Ga-MRPs in the wavelength range of 250–400 nm are shown in Figure 1a. It can be seen that the absorption peaks of pentose MRPs (X-MRPs and A-MRPs) were significantly higher than those of hexose MRPs (Gl-MRPs and Ga-MRPs). This is because the structure of the sugar directly affects the rate of Maillard reaction, thereby affecting the formation of brown components in the Maillard reaction process. The UV absorption spectra of PP, PPH, and MRPs are shown in Figure 1b. The UV spectral absorption values of MRPs were higher than the absorption peaks of PP and PPH, which may be because the Maillard reaction produces intermediate and terminal products, increasing the amount of chromophore substances with UV absorption ability. PPH has a higher absorbance than PP, which may be due to the different molecular weights of small molecules obtained after enzymatic hydrolysis of PP, exposing the chromogenic groups and resulting in a significant increase in absorbance [38].




3.1.2. FT-IR Spectroscopy Analysis


Fourier transform infrared (FT-IR) spectroscopy refers to the absorption of electromagnetic radiation energy at a certain frequency by a sample on the interferometer optical path, causing the vibration and deflection of some molecular groups. It is commonly used to identify functional groups and chemical structures and analyze the chemical composition of complex polymers and the secondary structure of proteins or peptides [20]. The Maillard reaction leads to the consumption of certain functional groups (such as -NH2) and the production of new functional groups such as C=O, Schiff base C=N, and pyrazine C-N in Amadori rearrangement products, resulting in changes in the infrared spectrum [39]. The infrared spectra of X-MRPs, A-MRPs, Gl MRPs, and Ga MRPs are shown in Figure 2a. There are no observed changes in the functional groups of MRPs in the FT-IR spectra, which may be due to the same reaction mechanism of sugar with proteins, all of which are the condensation of carbonyl and amino groups. However, the reaction rate or degree between different sugars and protein hydrolysates varies, so there is a difference in the vibration amplitude in the FT-IR. The absorption peak of the Maillard reaction product in the range of 3000–3500 cm−1 may be caused by the addition of hydroxyl groups and the consumption of amino groups, while the absorption peak at 1634 cm−1 is mainly due to the bending vibration of N-H bonds. The infrared spectra of PP, PPH, and MRPs (Figure 2b) indicated that compared to PP, the FT-IR spectrum of PPH not only did not produce new absorption peaks, but also did not remove the existing absorption peaks, suggesting that there was no change in the type of peanut protein products after enzymatic hydrolysis. The peak of Ga-MRPs at 3280 cm−1 reflects the stretching vibration of hydroxyl (-OH) functional groups under tensile stress. The peak at 1632 cm−1 is caused by the stretching vibration of the amide I band C=O. The absorption peak intensity of MRPs at 1037 cm−1 is significantly enhanced compared to that of PPH, and a blue shift phenomenon appeared, indicating that the introduction of reducing sugars onto PPH would change the structure of PPH, causing the vibration of the reactant side chains.




3.1.3. Fluorescence Spectroscopy Analysis


The changes in fluorescence spectra are attributed to the microenvironment changes of tryptophan, tyrosine, and phenylalanine residues in proteins; therefore, fluorescence spectra can be used to characterize the structure of proteins [40]. The results showed that the fluorescence intensity of the pentose-modified MRPs was higher than that of the hexose modified MRPs. The order of fluorescence intensity from high to low was X-MRPs, A-MRPs, Gl-MRPs, and Ga-MRPs (Figure 3a). This is due to the chemical interaction between the carbonyl groups of sugar molecules and the amino groups of amino acid molecules in the Maillard reaction, resulting in different reaction rates due to the different structures of reducing sugars. Samples with faster reaction rates generate higher fluorescence intensity for MRPs. The fluorescence spectra of PP, PPH, and MRPs are compared in Figure 3b. It was found that the fluorescence intensity of PPH was higher than that of PP, which is because enzymatic hydrolysis caused peptide bond cleavage in peanut protein, producing some free amino acids and small molecule peptide segments, exposing tryptophan, tyrosine, and phenylalanine residues, and increasing fluorescence intensity. The fluorescence intensity of PPH is higher than that of MRPs, which may be due to the covalent binding between sugar molecules and peptides during the Maillard reaction, which shields the internal fluorescent groups.





3.2. Analysis of Sensory Properties of Four Maillard Reaction Products


3.2.1. Sensory Evaluation of Four Maillard Reaction Products


The sensory evaluation of four Maillard reaction products are shown in Figure 4. The solution of Ga-MRPs had the highest sensory evaluation values of 8.47 and 6.77 for saltiness and umami taste, respectively, while the lowest value of 3.31 for bitter taste. The hexose-Maillard products (Ga-MRPs and Gl-MRPs) had the higher saltiness and umami and the lower bitterness than PPH; however, the pentose-Maillard products (X-MRPs and A-MRPs) had significantly lower saltiness and umami taste compared to PPH. Therefore, the sensory properties of the products were related to the type of sugar, and the taste characteristics of the products were different due to the different degrees of the Maillard reaction.




3.2.2. Electronic Tongue Evaluation of Four Maillard Reaction Products


Electronic tongue is an intelligent detection system developed based on the mechanism of simulating human taste perception. This taste sensor is a potential type of sensor similar to the human taste system, which can quickly evaluate various basic taste indicators of food in digital form. The evaluation results of Ga-MRPs, Gl-MRPs, A-MRPs, and X-MRPs using the electronic tongue are shown in Table 1. Ga-MRPs has the highest salinity and umami value (24.01 and 9.14), followed by GI-MRPs (20.04 and 8.16), A-MRPs (16.38 and 6.61), and X-MRPs (15.58 and 6.50). These results indicate that the Maillard reaction products of hexose have better salinization and umami increasing effects than those of pentose. Therefore, Ga-MRPs have been selected for the subsequent study of salinization mechanisms.




3.2.3. Correlation of Saltiness Response Values between Electronic Tongue and Sensory Saltiness Scores


To verify the reliability of salinity testing, the Pearson correlation coefficient between the saltiness value of electronic tongue and sensory saltiness scores was used, and the results are shown in Table 2. The Pearson correlation coefficient of saltiness value determined by electronic tongue and sensory was 0.909, indicating a very significant correlation between them. These results also indicated that there was a consistency between the electronic tongue and sensory evaluation in the evaluation of saltiness. The combination of electronic tongue and sensory evaluation is beneficial for obtaining more reliable results. Fu et al. [41] used the electronic tongue and sensory evaluation to analyze the taste characteristics of oyster MRPs, and found that they exhibited similar patterns. Therefore, the electronic tongue can be used to predict the sensory scores. The electronic tongue compensates for the weakness of sensory evaluators that are prone to fatigue, while sensory evaluation compensates for the weakness of electronic tongues that are not perceived by the human body. Therefore, the combination of the two can be used to better evaluate the intensity of saltiness.





3.3. Color Difference Analysis of PP, PPH and Ga-MRPs


The Maillard reaction process can be reflected by the color difference of the products. Table 3 showed the color difference values of PP, PPH, and Ga-MRPs. As the reaction proceeded, the L* values became smaller and the values of a* and b* tended to increase. Compared with PPH, the L* values of Ga-MRPs significantly decreased, while a* value significantly increased to 46.49 and 7.56. This is because there is a brown substance generated during the reaction, resulting in the decrease in the brightness of the product and the increase in the redness value. Gao et al. [42] compared the color difference of the products before and after hydrolysis of morel mushrooms, and similarly found that the L* value of the hydrolyzed product was significantly lower and the a* value was significantly higher compared to the unhydrolyzed sample.




3.4. Molecular Weight Analysis of Ga-MRPs


The molecular weight distribution can reflect the molecular weight changes of the MRPs due to peptide cross-linking, peptide degradation, and polymerization. The molecular weight distributions of Ga-MRPs are shown in Table 4. The molecular weights of Ga-MRPs are all below 3000 Da, and a large number of studies have demonstrated that small molecule proteins have the advantages of improving flavor, easy absorption, and increasing functional activity. The molecular weight of PPH below 500 Da determined in a previous study could reach 18.35%, which was higher than that of the Ga-MRPs [24]. These results were probably because the large molecular weight product was obtained through cross-linking of reducing sugars and peptide chains during the Maillard reaction process.




3.5. Amino Acid Analysis of Ga-MRPs


Amino acids play an important role in the flavor presentation of Maillard reaction products. By comparing the total and free amino acid contents of PPH and MRPs, the salinization mechanism of Maillard reaction was analyzed. Currently, research has shown that free amino acids and peptides have a significant impact on taste, and umami and sweet amino acids have a synergistic effect on increasing saltiness [43]. The total and free amino acid contents of Ga-MRPs are shown in Table 5. The contents of umami amino acids (glutamic, aspartic, glycine, and alanine) in Ga-MRPs were 9.1 mg/g, and the contents of sweet amino acids (threonine, serine, proline, glycine, and alanine) were 9.2 mg/g. In previous studies, we reported the total and free amino acid content of PPH [24]. Compared with PPH, the proportion of umami amino acids in Ga-MRPs increased from 19.81% to 26.07%, while the proportion of sweet amino acids in Ga-MRPs increased from 22.04% to 26.36%. In addition, the free amino acid content (62.6 mg/g) in PPH accounts for 7.34% of the total amino acid content (853 mg/g), indicating that the enzymatic hydrolysate is mainly composed of low relative molecular weight peptides, which provide important flavors [44]. The total and free amino acid content of Ga-MRPs decreased by 27.63% and 44.25%, respectively, compared to PPH, which may be related to the Strecker degradation of amino acids, peptide degradation, and the formation of Maillard peptides through sugar and amino acid cross-linking during the Maillard reaction process. In addition, the content of bitter amino acids in the products after the Maillard reaction significantly decreased, indicating that the proportion of bitter amino acids undergoing cross-linking during the Maillard reaction was greater than that formed by degradation. The decrease in bitter amino acids content was due to the participation of bitter amino acids in the formation of the MRPs; at the same time, the small peptides containing hydrophobic amino acids reacted with sugar molecules, which led to the structural change of enzyme degradation products and a decrease in surface hydrophobicity. Therefore, the bitterness was reduced by the Maillard reaction.




3.6. Antioxidant Properties of PPH and Ga-MRPs


The Maillard reaction is beneficial to human health, especially in improving the oxidation properties of products. The reducing power is one of the indicators reflecting the antioxidant properties of foods. In the presence of antioxidants, ferric chloride or ferricyanide is reduced to ferrous form [45]. Therefore, the reduction ability of samples can be indirectly compared by measuring the absorbance of its product Prussian blue at 700 nm, with a greater absorbance indicating greater reduction ability. PPH and Ga-MRPs have a certain reduction ability, which is positively correlated with concentration. When achieving the same reduction ability (at 0.5 absorbance), the concentration of PPH needs to be 30 g/L, while the concentration of Ga-MRPs only needs to be 0.5 g/L. It can be seen that compared with PPH, the reduction ability of Ga-MRPs was significantly enhanced.



DPPH is a compound containing a chromophore structure, and the antioxidant active substance scavenges DPPH radicals by providing hydroxyl groups into stable DPPH molecules and is accompanied by a color shift from purple to yellow, which can be used to measure the radical scavenging ability of products by determining the absorbance at 517 nm. From Figure 5c,d, it can be seen that both PPH and Ga-MRPs have a certain DPPH radical scavenging ability, and both of them increased with the increase of concentration. When the concentration of PPH was 40 g/L, its scavenging rate of DPPH radicals was 80.2%, while the scavenging rate of DPPH radicals by the sample could reach 83.5% when the concentration of Ga-MRPs was only 0.6 g/L. It can be seen that Ga-MRPs showed stronger DPPH radical scavenging ability compared with PPH.



The free radicals can be produced in the Fenton reaction only in the presence of transition metal ions, especially Fe2+ and Cu2+ [46]. The free radicals can be generated by the Fenton reaction. In addition, transition metal ions can promote lipid oxidation reactions, with Fe2+ having the strongest pro-oxidant effect. Compounds with Fe2+ chelating ability can reduce the concentration of Fe2+, thereby inhibiting lipid oxidation [47]. As can be seen in Figure 5e, the chelating ability of Fe2+ gradually increased with the increase of PPH’s and Ga-MRPs’ concentrations, and the growth rate of their chelation rates tended to level off when the concentration was greater than 30 g/L. At the same concentration of 10 g/L, the chelation rate of PPH was 80.05%, while that of Ga-MRPs was 90.93%. Therefore, Ga-MRPs had a higher Fe2+ chelating ability than PPH.





4. Discussion


The type of sugar affects the rate of the Maillard reaction. In this study, PPH was subjected to Maillard reactions with xylose, arabinose, glucose, and galactose, respectively, using the same reaction condition. It was found that the UV and fluorescence absorption spectra of pentose (xylose and arabinose) were higher than those of hexose (glucose and galactose), which was caused by the different structures of the sugars. The pentose, compared with hexose, has shorter carbon chains and smaller spatial steric hindrance of the carbon framework, which are more active and likely to penetrate deeper into the folded structure of the peptide chain to react with amino groups. During the Maillard reaction, a condensation reaction occurs between the carbonyl group of the reducing sugar and the amino group of proteins to form Schiff bases, which are then converted to the Amadori rearrangement products at a fast rate. When Shang et al. [48] investigated the effect of sugar types (xylose, ribose, glucose, fructose, and galactose) on the structure of Maillard reaction products for peony seed meal, it was found that the higher the degree of the Maillard reaction, the easier it was to promote the conversion of small molecular weight peptides into mellow-flavored glycopeptide cross-linking products through the Maillard reaction. Moreover, the concentration of umami-flavored small peptides with an increasing saltiness effect decreased, resulting in a weakened salt effect. The saltiness of the pea peptide hexose (glucose and galactose) system was significantly higher than that of its pentose (xylose, ribose, and fructose) system. Yan et al. [49] found that pentasaccharides were more active than hexasaccharides in the Maillard reaction, and the Maillard reaction products of hexasaccharides had a higher umami enhancement using electron tongue analysis of the pea peptides MRPs with different sugar sources. However, their study also found that only Gl-MRPs had a saltiness-enhancing effect, while MRPs prepared from xylose, arabinose, ribose, and galactose did not have the effect of increasing saltiness. This finding is different from the results of the present study, which may be due to the fact that the precursor of the Maillard reaction in this study was peanut protease hydrolysate. Compared to pea protein, peanut protein has a higher content of arginine; it is possible that different salinization products were generated during the Maillard reaction process. Previous researchers have found that the dipeptide Ala-Arg significantly increased the response of amiloride-sensitive receptors ENaC-α and ENaC-δ, resulting in an enhanced saltiness [50]. The molecular of 500–3000 Da in MRPs is higher than that of PPH, which may be due to the higher activity of amino acids and the fact that N-terminal amino acids of low-molecular polypeptides in the Maillard reaction can easily cause polymerization and cross-linking reactions, which cross-links the peptide chains or their degradation products by reducing sugars to obtain products with large molecular weight.



The composition and content of amino acids are important indicators of nutritional quality and sensory performance of foods. Compared with the amino acids of PPH in previous studies, the amino acid content of Ga-MRPs was reduced with varying degrees after the Maillard reaction, which was associated with Strecker degradation and thermal degradation of amino acids as well as the cross-linking of free amino acids and reducing sugars during the Maillard reaction. It has been shown that hydrophobic amino acids such as Val, Ile, Leu, Tyr, Phe, and Lys released bitterness. Comparing the amino acid content of this study with PPH in previous studies, it was found that the bitter amino acid content of Ga-MRPs was decreased, which indicated that bitter amino acids were involved in the formation of Maillard reaction products. It may be that small peptides containing hydrophobic amino acids react with the sugar molecules, causing changes in the structure of peanut peptides, covering up the exposure of bitter amino acids. Therefore, the bitterness of the PPH was reduced through the Maillard reaction. Both sensory and electronic tongue evaluations showed that the salty and umami of the products were increased after the Maillard reaction; and although the umami amino acid content of the products decreased after the reaction, the proportion of umami amino acids to the total free amino acids increased. On the other hand, the introduction of sugar groups during the Maillard reaction may also be the reason for the increased saltiness and umami of the product [37].



Maillard reactions improve the scavenging ability of DPPH radicals of PPH, probably because of the production of a large number of volatile sulfur-, nitrogen-, and oxygen-containing heterocyclic compounds during the Maillard reaction process. The uneven distribution of π electrons in the heterocyclic compounds on the ring results in excess electrons on the carbon atom and an increase in π electron cloud density, and promotes the electrophilic addition of free radicals, thereby exhibiting strong scavenging ability [51]. The chelating ability of the samples to chelate iron ions can be significantly improved by the Maillard reaction, and it may also be related to the composition of the amino acids in the samples. It has been reported that histidine has a strong chelating ability due to the imidazole ring on its residues being able to form polymers with ferric ions. Some acidic amino acids (glutamic acid and aspartic acid) or basic amino acids (lysine, arginine, and histidine) also play an important role in chelating ferric ions [52]. Qiu et al. [53] investigated the DPPH, ABTS, and hydroxyl radical scavenging capacity, and reducing capacity, of mushroom hydrolysates before and after the Maillard reaction. They found that the DPPH and ABTS radical scavenging capacity and reducing capacity of the products after the Maillard reaction were increased, while the hydroxyl radical scavenging capacity was decreased.




5. Conclusions


Taken together, the Maillard reaction between hexose (Gl-MRPs and Ga-MRPs) and peanut protein hydrolysate is not as strong as that of pentose (X-MRPs and A-MRPs) under the same conditions, but their Maillard product has higher saltiness and freshness enhancement effects than those of the pentose Maillard product. The Maillard reaction can improve the flavor of PPH. Compared with PPH, the content of amino acids and free amino acids in the MRPs decreased, and the content of small peptides with molecular weights of 500~3000 Da increased, and showed stronger salty and umami effects, which was attributed to the fact that the amino acids and the low molecular peptides reacted through cross-linking during the Maillard reaction to produce macromolecular products with increasing saltiness and umami properties. In addition, the content of bitter amino acids in Ga-MRPs was reduced compared to PPH. The content of umami amino acids in Ga-MRPs was reduced, but the proportion of umami amino acids in the total free amino acids was increased. Sensory and electronic tongue evaluations have shown that the saltiness and umami of the hydrolysate after the Maillard reactions have been improved. In addition, the Ga-MRPs had an enhanced reducing ability, DPPH radical scavenging ability, and Fe2+ chelating ability compared with PPH. This study provides a theoretical basis for the use of peanut protein Maillard products as a salt-reducing agent and a food antioxidant.
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Figure 1. (a): UV absorption spectra of the Maillard reaction products with different reducing sugars; (b): UV absorption spectra of PP, PPH, and Ga-MRPs. 
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Figure 2. (a): FT-IR spectroscopy of the Maillard reaction products with different reducing sugars; (b): FT-IR spectroscopy of PP, PPH, and Ga-MRPs. 
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Figure 3. (a): Fluorescence spectra of the Maillard reaction products with different reducing sugars; (b): fluorescence spectra of PP, PPH, and Ga-MRPs. 
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Figure 4. Sensory evaluation of PPH and four Maillard reaction products. Different lowercase letters (a–c, a’–e’ and a”–d”) above the columns indicate that one-way ANOVA of the mean values differs significantly (p < 0.05). 
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Figure 5. The antioxidant properties of PPH and Ga-MRPs. (a,b) Reducing power of PPH and Ga-MRPs; (c,d) DPPH radical scavenging capacity of PPH and Ga-MRPs; (e) Fe2+ chelating capacity of PPH and Ga-MRPs. Different lowercase letters (a–d and a’–f’) above the same line indicate that one-way ANOVA of the mean values differs significantly (p < 0.05). 
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Table 1. Electron tongue evaluation of four Maillard reaction products.
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	Sugar Type
	Sourness
	Bitterness
	Astringency
	Umami
	Richness
	Saltiness





	X-MRPs
	−12.61 ± 0.01 a
	1.56 ± 0.01 a
	−0.75 ± 0.01 a
	6.50 ± 0.03 d
	1.35 ± 0.03 d
	15.58 ± 0.02 d



	A-MRPs
	−14.37 ± 0.01 b
	1.50 ± 0.10 b
	−5.85 ± 0.02 b
	6.61 ± 0.01 c
	1.79 ± 0.02 c
	16.38 ± 0.03 c



	Gl-MRPs
	−17.73 ± 0.02 c
	0.72 ± 0.12 c
	−9.75 ± 0.01 c
	8.16 ± 0.05 b
	1.97 ± 0.01 b
	20.04 ± 0.04 b



	Ga-MRPs
	−20.17 ± 0.01 d
	0.50 ± 0.12 d
	−12.59 ± 0.01 d
	9.14 ± 0.03 a
	2.25 ± 0.02 a
	24.01 ± 0.01 a







Different lowercase letters after the means as the superscripts in the same column indicate that one-way ANOVA of the means differs significantly (p < 0.05).













 





Table 2. Pearson correlation analysis of electronic tongue and sensory saltiness evaluation.
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Electronic Tongue Saltiness Value

	
Sensory Saltiness Value






	
Electronic tongue saltiness value

	
Pearson Correlation

	
1

	
0.909 **




	
Sig.

	

	
0.000




	
Number of cases

	
20

	
20




	
Sensory saltiness value

	
Pearson Correlation

	
0.909 **

	
1




	
Sig.

	
0.000

	




	
Number of cases

	
20

	
20








** indicates a highly significant difference (p < 0.01).













 





Table 3. The color change of products before and after the Maillard reaction.
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	Samples
	L*
	a*
	b*





	PP
	52.48 ± 0.05 a
	6.96 ± 0.12 c
	7.51 ± 0.12 c



	PPH
	47.94 ± 0.34 b
	7.34 ± 0.13 b
	8.59 ± 0.17 b



	Ga-MRPs
	46.49 ± 0.31 c
	7.56 ± 0.16 a
	9.61 ± 0.15 a







Different lowercase letters after the means as the superscripts in the same column indicate that one-way ANOVA of the means differs significantly (p < 0.05).













 





Table 4. The molecular weight distribution of the Ga-MRPs.
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	Molecular Weight Range (Da)
	Ga-MRPs (%)





	<100
	1.82 ± 0.06



	100~500
	15.4 ± 0.97



	500~1000
	46.7 ± 1.76



	1000~3000
	36.08 ± 2.01










 





Table 5. The total and free amino acid contents of Ga-MRPs.
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	Amino
	Total Amino Acids (mg/g)
	Free Amino Acids (mg/g)





	Asp
	41 ± 0.37
	0.9 ± 0.00



	Thr
	13.4 ± 0.11
	1.5 ± 0.00



	Ser
	22.5 ± 0.21
	1.7 ± 0.01



	Glu
	79.7 ± 0.41
	2.2 ± 0.02



	Gly
	160 ± 0.86
	2.9 ± 0.01



	Ala
	63.0 ± 0.47
	3.1 ± 0.10



	Val
	17.7 ± 0.16
	1.1 ± 0.00



	Met
	7.7 ± 0.09
	-



	Ile
	10.9 ± 0.1
	1.1 ± 0.01



	Leu
	22.9 ± 0.22
	4.3 ± 0.02



	Tyr
	3.6 ± 0.07
	-



	Phe
	14.0 ± 0.18
	5.6 ± 0.06



	His
	4.3 ± 0.09
	2.6 ± 0.05



	Arg
	53.9 ± 0.44
	5.3 ± 0.01



	Pro
	79.3 ± 0.38
	-



	Lys
	23.4 ± 0.05
	2.6 ± 0.12



	Essential amino acid content
	110 ± 1.02
	16.2 ± 0.16



	Umami amino acids
	198 ± 1.23
	9.1 ± 0.13



	Sweet amino acids
	338.2 ± 1.37
	9.2 ± 0.12



	Bitter amino acids
	92.5 ± 1.21
	14.7 ± 0.27



	Total amount of amino acids
	617.3 ± 1.87
	34.9 ± 0.31







“-” indicates not detected.
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