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Abstract

:

Soybean is one of the essential ingredients when formulating a tube feeding formula. In this study, we initially focused on determining which enzyme is suitable for hydrolyzing soy and comparing the soy protein enzymatic hydrolysis of three different enzymes at the same enzyme content: Flavourzyme, Protamex, and Alcalase. The result showed that Flavourzyme attained the highest soluble protein recovery efficiency (SPRE). Secondly, the study determined the effect of thermal treatment conditions such as thermal treatment duration, and then it showed that when combining the thermal treatment and enzymatic hydrolysis, the yield reached (61.44 ± 0.22)%, which was much higher than only using enzymatic hydrolysis (52.57 ± 0.27)%. Next, optimizing the enzymatic hydrolysis (combining thermal treatment) using Flavourzyme and Alcalase, Flavourzyme achieved (62.47 ± 0.12)%, while Alcalase attained (41.32 ± 0.13)%. The soy hydrolyzate using Flavourzyme achieved an average molecular size of 3.19 kDa at the following optimizing conditions: enzyme concentration, 16.09 U·g−1; pH, 7.02; temperature, 45.8 °C; and beans/water ratio, 1:3. In contrast, when using Alcalase, the soy hydrolyzate achieved an average molecular size of 1.52 kDa at the following optimizing conditions: enzyme concentration, 28.01 U·g−1; pH, 7.2; temperature, 56.5 °C; beans/water ratio, 1:4.6. Soy protein hydrolyzate of suitable viscosity and particle size flow through the inhaler with branched-chain amino acids achieved a BCAA (Branched Amino Acid) ratio of 2:1:1 for Alcalase and 4:1:1 for Flavourzyme. Soybean hydrolyzate using both enzymes attained a high SPRE and was suitable for the digestive ability of patients recovering from surgery. Soy protein is divided into amino acids, di- and tri-amino acids, and peptides to create a soluble protein source that helps feed patients with a sonde tube easily. In addition, the molecular weight of peptides will reduce viscosity significantly when passing through a sonde tube, preventing tube congestion.
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1. Introduction


The role of biofunctional peptides in diet and nutrition products for patients is increasingly noticeable because the biological functional peptides are protein parts that have a good effect on the function, condition, or physiology of the body. The most common method for making biopeptides is to use protein hydrolytic enzymes; many biological peptides are made by hydrolysis by digestive enzymes (pepsin, trypsin, chymotrypsin) or proteases from fungi or microorganisms (such as Alcalase) [1,2,3]. Protein hydrolysates containing short-chain amino acids and peptides with different molecular weights are a trend for formula-fed products and show superiority over single-molecule formulations. Protein uptake can occur immediately in the form of peptides and is more effective than the absorption of single amino acids thanks to the specific peptide transport system and the hydrolysis of intestinal peptidases [4,5]. Numerous studies show that feeding foods similar to the normal diet improves digestibility, supporting nutrition for patients. However, the difficulties encountered when preparing liquid foods containing nutrients from natural food ingredients can become blocked when flowing through the nebulizer. Levine et al. (1985) reported that a lack of knowledge of food science and technology among health professionals contributed to the problems related to producing feeding products in the health field [6]. In this study, it is necessary to determine the appropriate enzyme to hydrolyze and the proper soybean pretreatment to form peptides and amino acids with a molecular weight that is suitable for the poor digestion capability of the patient and an appropriate viscosity to flow through sonde tubes.




2. Materials and Methods


2.1. Materials


2.1.1. Soybean


The soybeans were supplied by MTV Long Han Phu Ltd., Company (Ho Chi Minh City, Vietnam). The soybeans were packed in a polyethylene plastic bag after classifying and sent to our laboratory to ensure the quality of ingredients. The soybeans were stored at 25 °C to create stability in nutrient composition and ensure the quality of material used in the research. Soybeans are an excellent source of fiber as well as primarily a plant protein, so it is often used as a source of fiber in many feeding foods [7,8,9]. Due to fiber fermentation, it produces short-chain fatty acids (mainly butyrates) that are the power for intestinal villi [10,11]. The crude composition of the soybean included moisture content (10 ± 14)%, lipid content (11 ± 15)%, protein content (33 ± 39)%; the surface was dry, clean, and free of impurities. Beans were soaked in water following a specified water/material ratio of 1:3 and maintained at the temperature of 40 °C.




2.1.2. Enzyme and Reagent


Flavourzyme (enzyme activity 500 LAPU/g), Protamex (enzyme activity 1.5 AU/g), and Alcalase (enzyme activity 2.4 AU/g) were purchased from Novozyme® Denmark. Protamex and Alcalase were from a Bacillus protease complex, while Flavourzyme was derived from Aspergillus oryzae. Flavourzyme and Protamex give a bit or no bitterness to products [12,13]. Alcalase is considered the most effective enzyme to produce a high percentage of protein recovery [14]. These enzymes were stored in a sealed bottle at 5 °C to ensure the enzyme quality and activity. Chymotrypsin and trypsin were purchased from Sigma-Aldrich (Singapore), while Pepsin was purchased from Himedia (India). All of the other chemicals used in this study were of analytical grade.





2.2. Methods


2.2.1. Preparation of Soybean Protein Hydrolysate


Soy protein hydrolysate was prepared from local ingredients. To be specific, the soybeans, following a specified water/material ratio ranging from 1:2 to 1:5, were cooked in a pressure cooker (120 °C, 1.2 atm), and maintained at this temperature for 10, 15, 20, 25, and 30 min. The ratio between beans and water, as well as the time of thermal pre-treatment giving the highest protein recovery efficiency, were chosen for the optimization study. During the boiling, the pot was covered in order to prevent water loss. The total protein concentration was determined by Lowry assay [15], based on the color change of the sample solution in proportion to the protein concentration, which can be measured by using a UV-Vis Spectrophotometer [16]. Figure 1 showed the research process:




2.2.2. Enzymatic Hydrolysis of Soybean


To determine the effects of thermal pre-treatment, we carried out two different hydrolysis processes: one with a combination of thermal treatment and enzymatic hydrolysis and one with only enzymatic hydrolysis.



	-

	
Process 1: only enzymatic hydrolysis







The hydrolysis of soybeans for each commercial food grade proteinase was carried out at the suggested conditions by their manufacturer. The ratio between soybean and water ranged from 1:3 to 1:7. In our research, soybean hydrolysis using enzyme Flavourzyme R was carried out at the varying conditions including temperature 40–60 °C, d = 5 °C; duration 60–180 min, d = 30 min; pH 5–7, d = 0.5 and concentration of the enzyme–substrate complex (E/S) 2.5 mL·100 g−1–17.5 mL·100 g−1, d = 2.5 mL·100 g−1.



	-

	
Process 2: the combination of thermal treatment and enzymatic hydrolysis.







After thermal pre-treatment, soybean hydrolysis using enzyme Flavourzyme R and Alcalase R was conducted at the varying conditions including: temperature 40–60 °C, d = 5 °C; duration 90–210 min, d = 30 min; pH 5–8, d = 0.5 and concentration of the enzyme–substrate complex (E/S) 1 mL·100 g−1–9 mL·100 g−1, d = 2 mL·100 g−1. Enzymatic hydrolysis was carried out in a thermostatic tank. Once the enzymatic hydrolysis was completed, the hydrolysis process of the mixture was ceased by heating to inactivate the enzyme. Following that, the soybean soup was filtered, and 100 g of the hydrolysate was packed into bags for further analysis.




2.2.3. Enzyme Activity Determination


The activity of an enzyme preparation is specific to the purity of the enzyme preparation. The specific activity is expressed as the number of enzyme units/mg of protein (U/mg protein), in which the protein content is determined by the Lowry method. The Lowry protein assay is based on the biuret reaction with additional steps and reagents to increase the sensitivity of detection. A Folin–Ciocalteu reagent was used. This reagent interacts with the cuprous ions and the side chains of tyrosine, tryptophan, and cysteine to produce a blue-green color that can be detected at 660 nm.




2.2.4. Molecular Mass Distribution


Gel filtration chromatography (GPC) [17] was used to analyze the molecular mass distribution of the peptides in the hydrolysates. The mobile phase mixed 0.1 M sodium nitrate solution with distilled water twice, after which it was filtered through a 0.45 µm filter. Then, we subjected the air bubbles to ultrasound for 45 min. Static phase: Ultra hydrogel 500 column (300 mm × 7.8 mm ID). Column furnace temperature: 30 °C, probe temperature 35 °C, mobile phase flow rate: 1 mL/min, and injection volume: 20 µL.




2.2.5. Statistical Analysis


All experiments were repeated at least three times. The experimental results presented are the average values of the repetitions. Data were subjected to analysis of variance by ANOVA; mean values were accepted as significantly different at the 95% level (H0: p < 0.05). In this study, the statistical program Minitab 18 and Microsoft Excel software were used for data processing and statistical analysis. The comparison of means is analyzed by the Tukey test.






3. Results and Discussion


3.1. Enzyme Selection for Soybean Hydrolysis


To select an enzyme that is suitable for the soybean hydrolysis process, three commercial enzymes (Alcalase, Protamex, Flavourzyme) were experimented on soybean. Based on previous results, the enzyme activity was 15.54 U·g−1 and the hydrolysis time was selected as 180 min in this experiment. This activity corresponds to an E/S concentration of Alcalase 0.95%; Protamex 0.96%; and Flavourzyme 7 mL·100 g−1. Table 1 detailed the hydrolysis conditions for this experiment and described the experimental results.



Table 1 shows that soybean soup using Flavourzyme had the highest SPRE (58.79 ± 0.21%) compared to Alcalase and Protamex (29.62 ± 0.003% and 18.85 ± 0.11%). Alcalase showed the lowest viscosity (8.3 ± 0.1 cP) compared to Flavourzyme and Protamex (9.6 ± 0.1 cP and 13.4 ± 0.1 cP). As a result of the feeding product properties, the viscosity index and the proportion of amino acids generated, as well as the molecular size of the hydrolyzate, are quite significant, so in this study, we continue to use Flavourzyme and Alcalase enzymes to find the most effective enzyme for soybean enzymatic hydrolysis. When it comes to sensory evaluation, Flavourzyme prevailed over Alcalase and Protamex because of creating hydrolyzed products without bitterness. The study of Seo et al. (2008) researched the bitterness of hydrolyzed products from soybean using enzymes (Flavourzyme, Alcalase, Neutrase, Protamex, Papain, and Bromelain) and found that as the level of protein hydrolysate increased, the level of protein hydrolysis increased. The bitter taste was caused by the production of peptide chains containing hydrophobic amino acids. However, Flavourzyme is the opposite, as the level of hydrolysis increases gradually without causing a bitter taste. Many studies have shown that Flavourzyme effectively hydrolyzes hydrophobic peptides containing amino acids at the –NH2 group at the end of the vessels, reducing the bitter taste of hydrolyzed products [18,19,20]. From the preliminary results, we conducted research focusing on the enzymatic hydrolysis conditions using Flavourzyme in the absence of heat treatment and with heat treatment to determine the conditions giving the highest SPRE.




3.2. Single Factor Analysis for the Soluble Protein Extraction by Flavourzyme without Thermal Pre-Treatment


3.2.1. Soybean/Water Ratio (w/w)


Several studies have demonstrated that the substrate/water ratio affects the efficiency of hydrolysis. According to Figure 2, in turn, changing the soybean/water ratio to 1/3, 1/4, 1/5, 1/6, and 1/7, the highest ratio of soybean/water to the ratio of SPRE reached 47.33%.




3.2.2. Enzyme Content


Next, we investigated the effect of enzyme content on the hydrolysis process by Flavourzyme to determine the suitable enzyme for hydrolysis to achieve the best SPRE. Figure 3 shows that increasing the enzyme content from 2.5 to 5, 7.5, 10, and 12.5 mL·100 g−1 (corresponding to the activity of 5.55 U·g−1, 11.1 U·g−1, 16.65 U·g−1, 22.20 U·g−1, and 27.75 U·g−1), the SPRE gradually increased from 30.68% to 50.35%. Continuing to increase the enzyme content to 15–17.5 mL·100 g−1 (corresponding to activity 33.30 ug−1, 38.85 U·g−1), the SPRE reached equilibrium. Therefore, the enzyme content of 12.5 mL·100 g−1 was selected for the next experiments.




3.2.3. pH


pH plays an important role in moderating enzyme activity due to its strong influence on the ionization of protein and enzyme stability. The soluble protein recovery efficiency depends on the optimal pH, so pH is the top-priority factor to be identified. In addition, the optimal pH for hydrolysis varies depending on the substrate. To be specific, when using Alcalase, upon the substrate of salmon skin, optimal enzymatic hydrolysis was found to correspond with the pH of 8.39 [21]. The hydrolysis values of the blood of basa fish and fish waste of iridescent shark were 7.05 and 9.45, respectively [22,23]. According to the survey results, when the pH increased from 5 to 5.5, 6, and 6.5, then the SPRE increased. Continuing to increase from 6.5 to 7, the SPRE tended to decrease. From Figure 4, it is found that at pH 6.5, the SPRE was the highest (52.48%). Therefore, pH 6.5 is chosen as the appropriate pH for the enzymatically hydrolyzed soy protein using Flavourzyme.



This phenomenon is explained as follows: pH affects the reaction speed because the changing pH affects the ionization status of the ionizing functional groups involved in the enzyme activity center, changing the ability of the enzyme to link with the substrate and changing the enzyme catalytic activity as well. Besides, the enzyme’s nature is protein, so pH also affects its durability.




3.2.4. Hydrolysis Temperature


Each enzyme exhibits an optimal rate of reaction depending on the type of enzyme and substrate. In this analysis, experiments were conducted at different temperatures to find out the optimal hydrolysis temperature for maximizing the protein retention. The experiments were conducted at pH 6.5 and used the enzyme content of 12.5 mL·100 g−1, which was chosen in the previous experiments. Figure 5 shows the influence of hydrolysis temperature. It was indicated in Figure 5 that the SPRE peaked at the temperature of 50 °C and decreased thereafter.



The improved recovery rate experienced when raising the heat could be explained by the acceleration of enzymatic reactions within the optimal temperature range. In the temperature range from 45 to 50 °C, the increasing trend of SPRE could be attributed to the greater kinetic energy of the enzyme molecules. Enhancing the contact between the enzyme and substrate improves the effectiveness of the protein hydrolysis, leading to a higher SPRE. Besides, an excessively high temperature causes enzymes to denature or inactivate. The denaturation is irreversible and difficult to recover, overturning the substrate contact and in turn, lowering the SPRE. In this study, the best hydrolysis efficiency is with an SPRE of 52.48%, which was attained at 50 °C.




3.2.5. Hydrolysis Duration


The hydrolysis time is positively correlated with hydrolysis efficiency. In this experiment, the time varied from 60 to 180 min to investigate its effect on the recovered protein. Figure 6 shows that generally, the substrate hydrolysis reaction occurs quickly in the first 2 h; the SPRE increased from 25.24% to 52.57%. After that, even if it increased to 150 or 180 min, the SPRE reached equilibrium. Therefore, 120 min was chosen as a suitable duration to conduct enzymatic hydrolysis using Flavourzyme without thermal treatment.





3.3. Single Factor Analysis for the Soluble Protein Extraction Using Thermal Treatment and Enzymatic Hydrolysis


3.3.1. Duration of Thermal Pre-Treatment of Soybean


Figure 7 shows the results of changing the duration of thermal treatment from 10 to 15, 20, 25, and 30 min, respectively, while fixing the bean/water ratio at 1:3 and the temperature at 100 °C. After that, during the enzymatic hydrolysis, we chose the soybean/water ratio of 1:6, the enzyme concentration of 12.5 mL·g−1, and pH 6.5 at 50 °C for 120 min.



The results showed that the thermal treatment duration increased gradually, and the SPRE also increased. Continuing to increase the time to 20–30 min, the SPRE did not change because the heat denatured the properties of the protein in the soybeans. When the protein reaches a certain level of denaturation, despite prolonging the heat treatment time, the SPRE is also constant.




3.3.2. Comparison of the SPRE in the Enzymatic Hydrolysis with and without Thermal Treatment


Table 2 showed that in the absence of thermal treatment, the enzyme concentration used was higher because the untreated soybeans were tightly packed, so the commercial protease enzyme found it challenging to hydrolyze the substrate. In summary, the SPRE, in the case of using thermal treatment, proved that thermal treatment helped the hydrolysis process become more efficient, giving a very low peroxide value (PV) of 1.9. Thus, the thermal treatment duration for soybeans was 20 min at 100 °C, inactivating the lipoxygenase enzyme system and the preliminary protein denaturation in soybeans, leading to an increase in SPRE and acceptable PV.




3.3.3. Beans/Water Ratio


Figure 8 shows that when using Flavourzyme, changing the ratio of beans/water respectively from 1:5 to 1:3, the concentration of the substrate increased gradually, while the SPRE increased from 38.17% and reached the highest value of 54.77%. However, if the substrate concentration continued to increase (corresponding to the ratio of beans/water increasing from 1:3 to 1:2.5 and 1:2), the achieved SPRE decreased from 54.77% to 40.41%. Therefore, we chose the ratio of 1:3 for the production process to reach the highest SPRE.



On the other hand, for Alcalase, the SPRE increased when changing the ratio of beans/water from 1:5.0 to 1:4.5. When the substrate content increased, the SPRE remained constant, after which it increased insignificantly, from 23.49% to 23.61%. When changing the substrate content (corresponding to the ratio of beans/water from 1:4.5 to 1:2.0), the SPRE did not increase, but it did decrease significantly from 23.61% to 12.93%. Therefore, the ratio of 1:4.5 leads to a faster transfer rate, and the SPRE reaches its maximum. When the substrate content increases beyond the appropriate ratio, the enzyme will be inhibited, leading to a decrease in the SPRE. The SPRE obtained when hydrolyzing with Flavourzyme was higher and significantly different from Alcalase. For Flavourzyme, at the beans/water ratio of 1:3, the SPRE reached its highest, 54.77%; also, at 1:4.5, when using Alcalase, the SPRE reached its highest at 23.61%.




3.3.4. Enzyme Content


From Figure 9, when using Flavourzyme, changing the enzyme content to 1, 3, 5, 7, and 9 mL·100 g−1, respectively (corresponding to the activities of 2.22 U·g−1, 6.66 U·g−1, 11.10 U·g−1, 15.54 U·g−1, and 19.98 U·g−1), the results showed that when the enzyme content increased, the SPRE also increased. Specifically, when the enzyme content increased from 1% to 7%, the SPRE increased from 35.86% to 58.79%. However, when the enzyme content increased from 7% to 9%, the SPRE reached unchanged. According to ANOVA and LSD (Least Significant Difference) analysis, the SPRE achieved at 7% and 9% was not significantly different. The highest enzyme content of 7% (corresponding to activity 15.54 U·g−1) was selected for the next experiments. Compared with the control sample (without enzymatic hydrolysis), which only reached about 13.05%, the hydrolytic enzyme samples achieved higher figures. Similarly, when using Alcalase, the enzyme content of 1.5% (corresponding to the activity of 26.74 U·g−1) gave the highest SPRE and was selected for the next experiments.




3.3.5. pH


pH is a factor that significantly affects enzyme activity. According to Figure 10, examining the activity of two protease enzymes from pH 5 to 8 found that with Flavourzyme, when the pH changed from 5 to 5.5, 6, and 6.5, the SPRE gradually increased from 45.35% and reached the highest value of 61.27% at pH 6.5. However, when increasing the pH from 6.5 to 8, the SPRE tends to decrease, from 61.27% to 49.78%. The SPRE at pH 6.5 reached the highest value (p < 0.05) at the 95% confidence level.



For Alcalase, SPRE tends to increase gradually in the range of pH 5–7 and gradually decreased at pH 7–8. At pH 7, the highest SPRE is 32.4%. As the pH continued to rise, all the figures decreased. At pH 7, SPRE reached the highest point (p < 0.05) at 95% confidence. The results showed that using Flavourzyme in hydrolyzing soy protein gives the higher SPRE compared with Alcalase’s performance (1.89 times). Each enzyme has an optimal pH point suitable for each type of substrate. The optimal pH of Flavourzyme in this study is 6.5, which is the same as the pH of soybean after milling, so it is not necessary to adjust. According to Morten Fischer [24], the pH suitable for Flavourzyme hydrolyzed soy flour is 7, while the pH suitable for SPRE hydrolysis is 7.1 [25].




3.3.6. Hydrolysis Temperature


Figure 11 shows that for Flavourzyme, when the hydrolysis temperature increased from 40 to 45 and 50 °C, the SPRE respectively increased from 50.10% to 61.27%. Moreover, continuing to increase the temperature up to 55 and 60 °C, the SPRE achieved was reduced. To sum up, at 50 °C, the SPRE was the highest (61.27%) when using Flavourzyme for soybean enzymatic hydrolysis (p < 0.05). For Alcalase, the SPRE increased while increasing the hydrolysis temperature from 40 to 55 °C and tended to decrease slightly when increasing the temperature to 60 °C. When the hydrolysis temperature reached 55 °C, the SPRE was the highest at 37.47%. Nevertheless, when heating to 60 °C, the figure decreased to 34.38%. According to ANOVA and LSD analysis, the SPRE figure of Alcalase at 55 °C was the highest (p < 0.05). The results showed that using Flavourzyme achieved a SPRE 1.63 times higher than that of Alcalase.




3.3.7. Hydrolysis Duration


Figure 12 shows that for Flavourzyme, when the hydrolysis time increased, the SPRE also increased. The enzymatic hydrolysis reaction occurred strongly in the first stage when using Flavourzyme; the SPRE increased from 13.05% to 50.24% (at 90 min). Over time, the enzymatic hydrolysis still occurred, and the bonds decreased, while the protein content still increased but not as much as the first time. When the hydrolysis duration reached 150 min, the SPRE reached the highest level (61.44%). After that, when prolonging to 180 and 210 min, the SPRE increased insignificantly.



Similarly, when using Alcalase and increasing the duration from 90 to 180 min, the SPRE increased from 26.53% to 39.21%. However, if the duration was up to 210 min, the SPRE increase was not significant. According to ANOVA, when using Flavourzyme, the SPRE at 150, 180, and 210 min had no statistically significant difference (p < 0.05). For Alcalase, the SPRE at the duration of 180 min was not significantly different from 210 min. So, 150 min is a reasonable hydrolysis duration to hydrolyze with Flavourzyme; while 180 min is a reasonable hydrolysis duration with Alcalase to make the process highly effective and economical. Compared with some previous studies, there were differences due to the differences in substrate characteristics and hydrolysis conditions (enzyme activity, enzyme activity). According to Lee et al. (2001), the SPRE attained 59.5% when combining thermal pre-treatment and enzymatic hydrolysis 95 °C for 1 h [26].





3.4. Optimizing Protein Hydrolysis


Through two investigations of factors affecting the soy protein enzymatic hydrolysis by Flavourzyme, only enzymatic hydrolysis, and combining thermal pre-treatment and enzymatic hydrolysis, we realize that the latter yields the SPRE of 61.44 ± 0.22%, which is higher than that without thermal treatment: 52.57 ± 0.27%. Therefore, we optimize the enzymatic hydrolysis of soy protein in the case of combining thermal treatment and enzymatic hydrolysis to find the best hydrolysis conditions for two enzymes (Flavourzyme and Alcalase). We design a series of experiments by using response surface methodology (RSM) to optimize the hydrolysis conditions of food and other products [27,28,29,30,31,32]. Single factor analysis in which investigated factors would be individually varied was performed first. By using the Modde12 software, output results from the single factor analysis would be used in a response surface optimization to establish multiple models that describe the influence of the experimental conditions on the desired characteristics of the final product [33,34]. Five factors associated with the hydrolysis process (enzyme concentration, pH, hydrolysis temperature, duration, and beans/water ratio) were taken into consideration for response surface optimization.



3.4.1. Flavourzyme-Catalyzed Hydrolysis


The simultaneous influence of the investigating factors, including enzyme content, pH, hydrolysis temperature, duration, and beans/water ratio on the SPRE of soy hydrolyzate was examined with the experimental parameters presented in Table 3.



After fitting the data and adjusting the model, the final quadratic model is described:


SPRE(%) = 59.34 + 0.87x1 + 1.67x2 − 2.49x3 + 1.42x4 + 1.06x5 − 1.46x12 − 2.29x22 − 3.55x32 − 1.96x42 − 2.08x52 + 1.71x1x3 − 2.50x1x3 + 1.18x2x4 − 1.22x4x5.



(1)







Table 4 shows the Lack of Fit coefficient. In terms of model performance, both the coefficients of determination and cross-validation achieved relatively high values. This indicates that the estimated parameters are robust and reliable.



According to the Optimizer tool of the software program Modde 12.1, the maximum SPRE 61.98% at enzyme concentration, pH, temperature, duration, and beans/water ratio values were 7.25 mL·100 g−1, 7.00, 46 °C, 171 min, and 1:3, respectively.




3.4.2. Alcalase-Catalyzed Hydrolysis


Table 5 showed all parameters of enzymatic hydrolysis conditions optimization using Alcalase. After fitting the data and adjusting the model, the final quadratic model is described:


SPRE(%) = 38.95 + 0.82x1 + 1.17x2 + 2.36x4 − 2.71x12 − 2.95x22 − 2.49x32 − 1.85x42 − 1.51x52 + 0.69x1x2 + 1.72x1x3 − 1.18x1x4 + 0.56x2x4 + 1.97x2x5 + 1.32x3x4.



(2)







The regression equation is expressed in three-dimensional space and on the response surface. The SPRE reached a peak of 40.1% at an enzyme concentration of 28.01 U·g−1, pH 7.2, hydrolysis temperature of 56.5 °C for 203 min, and beans/water ratio of 1:4.6. The experiment was repeated, and the SPRE reached 41.32 ± 0.13%.





3.5. Evaluating the Quality of Hydrolyzed Soup at Optimal Conditions


3.5.1. Molecular Mass Distribution


The molecular weight of soy protein hydrolyzate using Flavourzyme and Alcalase, respectively, was analyzed by the gel chromatography method (Table 6). The enzyme Alcalase produced the hydrolysate with the lowest average molecular mass.



Compared with the study of Mo-Nan Zhang (2011), SPI hydrolysis obtained the majority of peptides with molecular weight from 2 to 10 kDa in a DH (Degree of Hydrolysis) of 6.79%, while raw fluid had a molecular weight from 10 to 23 kDa [35]. According to Jin Yeol Lee (2001), hydrolyzed skimmed soybean powder with Alcalase and Flavourzyme yields peptides with much lower molecular weight, from 0.36 to 2 kDa. In summary, soy protein hydrolysis not only contributes to protein extraction to increase the nutritional value of the product by forming short-circuit, low molecular weight, easy to dissolve peptides, increasing the absorption in the digestive process in the body, but it also produces bioactive peptides with properties such as anticancer, anti-hypertension, blood cholesterol-lowering, blood triglyceride-lowering [36].



Corresponding to the flow rate of the hydrolyzate through the common 12F inhalers with the SPRE, the viscosity and particle size of the hydrolyzate are shown in Table 7. The results showed that the viscosity values of the hydrolyzate using Flavourzyme and Alcalase were 7.9 cP and 12.2 cP in turn, which are much lower than the viscosity of other medical foods (26 cP) [37,38].




3.5.2. Amino Acids Determination


The amino acid composition of soybean hydrolyzate analyzed by gas chromatography HPLC is presented in Table 8, containing 18 kinds of necessary amino acids for the human body. The essential amino acids content (Val, Leu, Ile, Thr, Met, Phe, Lys) is quite high, with the figure of 36.5% when hydrolyzed with Flavourzyme and 32.2% when hydrolyzed with Alcalase.



The BCAA (Branched Amino Acid) from hydrolysis by Flavourzyme and Alcalase sequentially included leucine (0.94 g·100 g−1; 0.96 g·100 g−1), isoleucine (0.25 g·100 g−1; 0.44 g·100 g−1), and valin (0.28 g·100 g−1; 0.46 g·100 g−1) corresponding to leucine/isoleucine/valine ratios of 4:1:1 and 2:1:1. Thus, when hydrolyzing soy protein with Alcalase produces a BCAA 2:1:1 ratio, the enzyme Alcalase is chosen to hydrolyze soy protein. Leucine, isoleucine, and valine are effective for liver failure, and they contribute to improving the mental status for patients with hepatic coma. Moreover, BCAA can be used in peripheral tissues or wounds as a source of energy [39,40,41].






4. Conclusions


This research has proposed a thermal treatment method for soybeans and determined the optimal enzymatic hydrolysis conditions for soy protein, describing the effect of enzyme content, hydrolysis temperature, pH, and duration on the value of SPRE. Soybean hydrolysis with Alcalase reached a peptide value of 1.52 kDa with a BCAA ratio of 2:1:1, while soybean hydrolysis with Flavourzyme achieved a peptide valueof 3.19 kDa with a BCAA ratio of 4:1:1. In the feeding products, we could use other materials, so the BCAA can be changed. Based on the research results, we are clarifying the theory of the correlation among molecular size distribution, particle size, viscosity, and flow rate of a mixture of components such as protein after hydrolysis under dark conditions to the digestive ability of patients recovering from surgery. This theory identified the optimum hydrolysis conditions based on the lowest viscosity of the nutrient components. The results showed that a little viscosity mixture after hydrolysis causes no sedimentation and meets the required flow rate through the thick nasal catheter.
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Figure 1. The process of the study. 
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Figure 2. The effect of beans/water ratio on the SPRE. 
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Figure 3. The effect of enzyme content on the SPRE. 
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Figure 4. The effect of pH on the SPRE. 
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Figure 5. The effect of hydrolysis temperature on the SPRE. 
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Figure 6. The effect of hydrolysis duration on the SPRE. 
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Figure 7. The effect of thermal pre-treatment duration on the SPRE. 
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Figure 8. The effect of the beans/water ratio on the SPRE. 
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Figure 9. The effect of enzyme content on the SPRE (a) Flavourzyme. (b) Alcalase. 
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Figure 10. The effect of pH on the SPRE. 
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Figure 11. The effect of hydrolysis temperature on the SPRE. 
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Figure 12. The effect of hydrolysis duration on the SPRE. 
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Table 1. Viscosity of soy protein hydrolysates using protease enzymes.
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	Enzyme
	E/S (%)
	pH
	Temperature (°C)
	Durations
	Viscosity (cP)
	SPRE (%)





	Protamex
	0.96
	7
	55
	180
	13.4 ± 0.1
	18.85 ± 0.11



	Alcalase
	0.95
	7
	60
	180
	8.2 ± 0.1
	29.62 ± 0.003



	Flavourzyme
	7 mL·100 g−1
	7
	50
	180
	9.6 ± 0.1
	58.79 ± 0.21







E/S: enzyme–substrate complex, SPRE: soluble protein recovery efficiency (%).
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Table 2. Comparison of the SPRE in the enzymatic hydrolysis with and without thermal treatment.
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	Method
	SPRE (%)
	Bean/Water (%)
	Enzyme
	pH
	Temperature
	Duration
	PV





	(1)
	52.57 ± 0.27
	1/6
	12.5 (mL·100 g−1)
	6.5
	50
	120 (min)
	4.6



	(2)
	54.77 ± 0.22
	1/6
	12.5 (mL·100 g−1)
	6.5
	50
	180 (min)
	1.9







(1) only enzymatic hydrolysis; (2) combination of thermal treatment and enzymatic hydrolysis. PV: the peroxide value.
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Table 3. Parameters of enzymatic hydrolysis conditions optimization using Flavourzyme.
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	Parameter
	−α
	−1
	0
	1
	+α





	Enzyme content (X1, mL·100 g−1)
	3
	5
	7
	9
	11



	pH (X2)
	5.5
	6.0
	6.5
	7.0
	7.5



	Hydrolysis temperature (X3, °C)
	40
	45
	50
	55
	60



	Hydrolysis duration (X4, min)
	90
	120
	150
	180
	210



	Water/beans ratio (X5, w/w)
	2.0
	2.5
	3.0
	3.5
	4.0
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Table 4. Lack of Fit coefficient of Flavourzyme-catalyzed hydrolysis.
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	DF
	SS
	MS
	F
	P
	SD





	Total
	33
	87,396.4
	2648.38
	
	
	



	Constant
	1
	86,142.4
	86,142.4
	
	
	



	Total corrected
	32
	1254.04
	39.1889
	
	
	6.2601



	Regression
	20
	1233.39
	61.6694
	35.829
	0.000
	7.85299



	Residual
	12
	20.6546
	1.72122
	
	
	1.31195



	Lack of Fit
	6
	13.9706
	2.32843
	2.09015
	0.196
	1.52592



	Pure Error
	6
	6.68401
	1.114
	
	
	1.05546



	N = 33
	
	Q2 =
	0.695
	Cond. no. =
	4.871
	



	DF = 12
	
	R2 =
	0.984
	RSD =
	1.312
	







DF: degrees of freedom; SS: sum of squares; MS: mean squares; F: F ratio; P: P values; SD: standard deviation.
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Table 5. Parameters of enzymatic hydrolysis conditions optimization using Alcalase.
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	Parameter
	−α
	−1
	0
	1
	+α





	Enzyme content (X1, mL·100 g−1
	0.5
	1.0
	1.5
	2.0
	2.5



	pH (X2)
	6.0
	6.5
	7.0
	7.5
	8.0



	Hydrolysis temperature (X3, °C)
	45
	50
	55
	60
	65



	Hydrolysis duration (X4, min)
	120
	150
	180
	210
	240



	Water/beans (X5, w/w)
	3.5
	4.0
	4.5
	5.0
	6.0
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Table 6. Results Mw, Mn and the multiple dispersion index of the molecular weight of soy protein hydrolyzate measured by gel filtration chromatography (GPC).
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	Enzyme
	Mw (kDa)
	Mn (kDa)
	D = Mw/Mn





	Flavourzyme
	3.19
	2.13
	1.50



	Alcalase
	1.52
	0.623
	2.43
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Table 7. Flow rate through feeding tubes of size 12F and particle size in soybean juice after hydrolysis using enzyme Alcalase and Flavourzyme.






Table 7. Flow rate through feeding tubes of size 12F and particle size in soybean juice after hydrolysis using enzyme Alcalase and Flavourzyme.





	Enzyme
	Viscosity (cP)
	SPRE (%)
	Time Flows through the Inhaler





	Flavourzyme
	7.9
	61.98
	10′20″



	Alcalase
	12.2
	40.93
	8′11″
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Table 8. The amino acid composition of the hydrolyzed soup collected at the optimal conditions.






Table 8. The amino acid composition of the hydrolyzed soup collected at the optimal conditions.










	Amino Acid
	Flavourzyme
	Alcalase





	Alanine
	0.51
	



	Glycine
	0.56
	0.55



	Valine
	0.28
	0.46



	Leucine
	0.94
	0.96



	Isoleucine
	0.25
	0.44



	Threonine
	0.40
	0.44



	Serine
	0.86
	1.44



	Proline
	0.82
	0.85



	Aspatic acid
	1.33
	1.44



	Methionine
	0.13
	0.09



	Tran-4-Hydroproline
	0.06
	0.06



	Glutamic acid
	1.64
	1.89



	Phenylalanine
	0.67
	0.88



	Lysine
	1.06
	1.06



	Histidine
	0.51
	0.60



	Tyrosine
	0.16
	0.24



	Cystine
	0.04
	0.05











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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