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Abstract

:

This study focuses on mitigating the decrease in the quality of mulberry after harvest and increasing the value of mulberry products through microwave vacuum drying. The effects of mulberry moisture content on texture properties were investigated, and the test method was optimized through the membership function model and the central composite technique. The influences of the material surface temperature, vacuum degree, and microwave power on the quality of instant mulberry were analyzed comprehensively. A regression model was established to analyze the relationship between each test factor and quality index. The results show that, with increases in the moisture content, both the hardness and chewiness of mulberry present a decreasing trend; when elasticity increases gradually, adhesivity is presented in an inverted V-shaped variation trend, and the cohesiveness remains basically constant. Moreover, the moisture content of mulberry had significant correlations with elasticity, glueyness, chewiness, and hardness (R2 > 0.9). When the moisture content of the samples reached ≤44.07%, the total plate count reached a minimum and changed gradually; thus, the moisture content (44.07%) of mulberry was determined for the technological optimization test. The combination of optimal technological parameters was as follows: material surface temperature = 51.0 °C, vacuum degree = 0.07 MPa, and microwave power = 370 W. Under these optimal technological parameters, the soluble solid content was 42.37%, chewiness was 9.08, and the Vc content was 0.725 mg·(100 g)−1. The average error between the test results and software optimization parameters was 5.88%. The optimized microwave vacuum drying technological parameters improved the drying quality of mulberry significantly. The results can provide theoretical support for the microwave vacuum drying of berries.
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1. Introduction


Mulberry, also known as mulberry fruit and sorosis, is the fruit of the mulberry tree Moraceae. Owing to its unique flavor and nutrient-rich characteristics, it is widely consumed [1]. Mulberry has a short shelf life due to its thin pericarp and high moisture content. It is mainly consumed fresh in markets, or after drying. In comparison to other fruit products, the unity of mulberry product restricts the development of the mulberry industry. Drying is a method that eliminates most water in fruits and vegetables, decreases the activity of enzymes, inhibits microbial growth and reproduction, and prolongs their storage period [2]. Changes in moisture content during the drying process often influence the taste and flavor of fruit. Hence, controlling the moisture content is important when drying products. Since mulberry has a high sugar content, high viscosity, and strong water retention, it is often difficult to dehydrate, has a long drying time, and incurs serious damage owing to the active components that are at play under high-temperature and oxygen-enrichment conditions during drying [3]. Microwave vacuum drying is a new technology that integrates the advantages of microwave drying and vacuum drying, and it involves heating the materials using microwaves under vacuum conditions. It combines the fast temperature rise and uniform heating of microwave drying with the low boiling point of water and low oxidizing reaction of materials under negative pressure. Applying microwave vacuum drying technology to the drying of agricultural products can mitigate the adverse influences of excessive drying temperatures on the product, and it can shorten the drying period of products significantly [4]. Hence, microwave vacuum drying is more applicable to the drying production and processing of mulberry.



Recently, microwave vacuum drying has been applied increasingly for the drying production of fruits and vegetables. To improve the quality of dry products, Alvi [5] found that the microwave power, vacuum degree, and processing time had great influences on the color, rehydration capacity, and drying characteristics of tomatoes during microwave vacuum drying. Zhang Qian et al. [6] carried out orthogonal test optimization experiments of microwave vacuum drying for Undaria pinnatifida under different microwave power densities, vacuum degrees, and pulse intervals. The results showed that the rehydration rate of Undaria pinnatifida was 1885.69% after continuous drying for 16 min under a microwave power density of 4.5 W/g and a vacuum degree of 80 kPa. The leaves were deep green and had flat surfaces without burnt flavor and bubbles, thus exhibiting the best quality. Wang Li et al. [7] discussed the effects of the infiltration dehydration of mulberry before drying on the drying kinetics. Their results showed that the drying rate and water diffusion rate declined due to infiltration dehydration, while the internal resistance against the external diffusion of water increased. Senem Suna et al. [8] discussed the effects of hot wind, microwaves, and vacuum drying on the drying characteristics, effective water diffusion rate, color, and oxidation resistance of mulberry bark. They found that the microwave drying technique is more suitable for the production of mulberry products than hot wind drying and vacuum drying as it shortened the drying time most significantly. Moreover, the total phenol content and oxidation resistance of mulberry were increased by (1.41–57.13%) and (0.37–72.79%), respectively. The abovementioned studies have proven the potential of microwave vacuum drying technology in food drying; further, it has been shown that the drying test parameters can influence the taste and quality of products to different extents. However, the ultimate moisture content was controlled to below 20% (wet basis) in most studies on the drying of fruit and vegetables. Further, there is a lack of research on instant fruit and vegetable foods with a fresh and sweet taste, and the influences of moisture content on the nutrients and taste are often ignored. Mitra and Meda et al. [9] explored the influences of microwave vacuum drying technology on the moisture content and water activity of berries by using a central composite rotatable design and response surface method, and then they carried out technological optimization. Their results showed that the moisture content and moisture activity production of fruits decreased by 20% and 0.50% after drying for 51.5–55 min under a microwave power of 5.7–6 kW and a fruit load of 10–9.75 kg. However, they did not discuss the influences of dry control parameters on the drying quality of berries. Nagalakshmi et al. [10] studied the effects of microwave processing variables on the quality of microwave drying products through the central composite rotatable design and response surface method, whereby they constructed a regression model of the hardness, adhesivity, chewiness, microwave power, drying time, and fruit loads of dried berries. However, they did not optimize the drying quality factors and parameters of the berries. Meda et al. [11] explored the influences of microwave vacuum drying technological variables on the moisture content, rehydration ratio, hardness, L value, and total chromatic aberration of berries by combining the response surface method and central composite rotatable design. The results showed that the moisture content of fruit declines quickly when the microwave power and drying time increase and the vacuum degree decreases. However, the rehydration rate, hardness, L value, and chromatic aberration was found to increase. None of the abovementioned studies considered the influences of the material surface temperature on the quality of berries under drying conditions. Moreover, the influence laws of different parameters on the nutrient quality of mulberry must be further investigated.



In this study, a safe moisture content of mulberry products was chosen according to changes in the total plate count in mulberry under different moisture contents in storage, and the influences of the moisture content of mulberry on texture characteristics were discussed. Moreover, the influences of material surface temperature, power, and vacuum degree on the quality of instant mulberry were discussed using the membership function model. The optimal microwave drying technological parameters of mulberry were discussed by combining factor analysis and response surface optimization to enrich the processing techniques of mulberry and increase the economic value of mulberry products.




2. Materials and Methods


2.1. Materials


Purple-black mulberry samples were collected from Alear City, Xinjiang, China. Complete individuals were measured and screened using a vernier caliper (Shanghai Shenhan Measuring Tools Co., Shanghai, China; Accuracy 0.02 mm) and an electronic scale (FA1104, Shanghai Sunny Hengping Scientific Instrument Co., Ltd., Shanghai, China; Accuracy 0.01 g). The longitudinal diameter and horizontal diameter were measured to be 33 ± 0.5 mm and 16.5 ± 0.5 mm, respectively. Fresh mulberries, with a weight of 3 ± 0.5 g per fruit, were chosen as the test objects. The microwave vacuum drying box (HTWB-01: Nanjing Huaiteng Machinery Technology Co., Ltd., Nanjing, China) used in this test was configured with a temperature control module and a temperature induction system that can detect the surface temperature of materials at any time. The material surface used the preset temperature to avoid burning owing to excessively high temperatures at drying. The magnitude of the vacuum degree in the tests was determined using the vacuum gauge above the drying box, whose accuracy was ±0.001 MPa; the accuracy of the temperature sensor was ±0.5 °C. The initial moisture content of the mulberry was tested to be 79.7 ± 0.5% through the vacuum drying technique [12].




2.2. Drying Test


2.2.1. Effect of the Moisture Content on the Texture Characteristics, Sensory Quality, and Colony Number


To investigate the influencing laws of drying control parameters on the drying features of mulberry and to obtain the optimal parameter combination, an appropriate number of fresh mulberries was put in a microwave vacuum drying box. The material surface temperature, microwave power, and vacuum degree were 40.0 °C, 500 W, and 0.08 MPa, respectively. According to the pre-experiment conducted, the drying time required for mulberries was 23 h, the drying interval was 2 h, and the corresponding test times were set to be 11 times according to different drying times. In order to reduce errors, each experiment was repeated 3 times. The safe water content of mulberries was determined by exploring the changes between the water content and texture characteristics, sensory evaluation, and the total number of bacterial colonies.




2.2.2. Parameter Optimization Tests


Before the test, mulberry samples were taken out and left at room temperature for 1 h for cooling. The bases of the mulberry samples were eliminated, and the samples were rinsed; this was followed by drying on spun lace non-woven fabric for subsequent testing. The safe water content of the mulberries was determined based on an analysis of the change of the total number of colonies with water content. During the tests, the material surface temperature, vacuum degree, and microwave power were chosen as the test factors, and their independent influences when the moisture content of mulberry was 44.07% were analyzed. The drying parameters are listed in Table 1. The specific test process was as follows: ① 110 ± 3 g of mulberry samples were placed uniformly on the entire tray before drying (tray size: 137 mm × 158 mm, mulberry thickness: 10 mm). ② Trays full of mulberry samples were put in the microwave vacuum drying box, and the samples were dried according to the preset drying conditions and intervals. ③ When samples were dried to the target moisture content, the samples were taken out to detect their color, moisture content, soluble solid content, and texture characteristics. Three parallel tests were carried out and the mean was selected.





2.3. Evaluation Indexes


2.3.1. Moisture Content


The vacuum drying technique was chosen to test the moisture content. A total of 2.00–5.00 g of mulberry samples were weighed and put in a weighing disk dried to a constant weight. The control parameters of the vacuum oven were set as follows: temperature = 70.0 °C, and vacuum degree = 93.3–98.6 KPa until reaching the constant weight [10].




2.3.2. Testing of Microbiological Indexes


This section references GB 4789.2-2022 [13] State Criteria for Food Safety Total Plate Count Test of Food Microbiological Test.




2.3.3. Color Changes


The apparent color of mulberry can be measured directly using a chromatic aberration meter (SC-10, 3nh, Guangzhou, China; repeatability accuracy ≤ 0.03 and difference between stations ≤ 0.2). To mitigate the influence of the mulberry size and shape on the test results, samples were first ground and then put into the instrument disk for compaction. Each sample was measured 3 times. The means of L*, a*, and b* were chosen [14]. According to CIE color spaces, the color indexes were expressed as L″, a′, and b, respectively. The color values of each sample were tested 6 times, and the test results were expressed by their mean + standard deviation. The chromaticity (C) and chromatic aberration (∆, E) were calculated according to the measured basic color parameters:


    C   *   = √       a   *       2   +       b   *       2   ,  



(1)






  Δ   E   *   =        L   0   *   −   L   t   *       2   +       a   0   *   −   a   t   *       2   +       b   0   *   −   b   t   *       2    ,  



(2)




where     L   0   *     is the brightness color value of mulberry before drying;     a   0   *     is the red-green color value of mulberry before drying;     b   0   *     is the yellow-blue color value of mulberry before drying;     L   t   *     is the brightness color value of mulberry after drying for t;     a   t   *     is the red-green color value of mulberry after drying for t; and     b   t   *     is the yellow-blue color value of mulberry after drying for t.




2.3.4. Soluble Solid Content


The soluble solid content was tested by a portable refractometer (PAL-1, ATAGO CO., Ltd., Tokyo, Japan, measuring range Brix 0.0–53.0%, measuring accuracy 0.01%) [15], and it was expressed as a mass fraction (%).




2.3.5. Texture Analysis


The texture was tested according to the methods found in other studies, and the TPA analysis of mulberry samples was carried out using a TMS-Pro texture analyzer (TMS-Pro, Sterling, VA, USA; force range 1–2500 N, stroke range 330 mm, and measurement accuracy is ±0.015% of the selected sensor range). The P/5 cylindrical probe was used, and the test speed was 60 mm/min. The deformation quantity was 50% and the recovery height was 20 mm. Each group of samples was compressed and tested 10 times, and the means were then chosen [16].




2.3.6. Vc Test


A total of 50 mL of the extraction liquid was collected accurately, to which 75 mL was freshly boiled and cooled distilled water was added. Further, 10 mL of 2 mol/L of acetum solution and 3 mL of 0.5% starch solution were added. The calibrated iodine standard solution with a standard concentration was used for titration, and the consumed volume of iodine standard solution was recorded. The means of three repeated tests were collected, and the baseline value was deducted [17]. The Vc content in the samples was then calculated.




2.3.7. Sensory Evaluation


Group scoring was applied for the sensory evaluation of the instant mulberry in this test. Some adjustment was made based on the state criteria [18]. Ten people (aged 20–40) with experience in the research and development of instant foods were invited, including 5 males and 5 females, to describe the qualities of the mulberry samples with different moisture contents from their appearance, sweetness, flavor, and taste. Each index had 5 scores, with a total score of 20. The evaluation standards are listed in Table 2. The score was determined using the average score of the 10-member evaluation group.




2.3.8. Statistical Analysis of Data


The membership function comprehensive evaluation method, as a mathematical method of fuzzy comprehensive evaluation, can quantify some factors with unclear boundaries, but they are difficult to quantify. After this, comprehensive evaluation was carried out. In order to obtain a more accurate optimization effect, the membership function comprehensive evaluation method was selected [19]. Then, the principal component analysis (PCA) results and membership function method were combined to comprehensively assess the mulberry drying quality in single-factor tests. The evaluation index system includes the chromatic aberration value, soluble solid content, chewiness, and hardness, that is, the factor set U = (chromatic aberration (μ1), soluble solid content (μ2), chewiness (μ3), elasticity (μ4), and Vc (μ5)). According to the positive and negative influences on mulberry quality, the index data can be divided into positive indexes (soluble solid content (μ2), chewiness (μ3), and Vc (μ5)) and negative indexes (chromatic aberration (μ1) and hardness (μ4)). The fuzzy transfer matrix [20] was then built.



The standardization formula for indexes is


  μ     x   j     =      x   j   −   x   m i n        x   m a x   −   x   m i n     × 100 %       j = 1,2 ,   , n  



(3)




where xj is the jth comprehensive index, u(xj) is the membership function value of the jth comprehensive index, and xmax and xmin are the maximum and minimum of the jth comprehensive index, respectively.



The Excel 2019 statistical data were chosen. SPSS26.0 was used for variance and correlation analysis. The test design and results analysis were carried out in Design-Expert12.






3. Results and Discussion


Various mulberry indexes with different water contents were determined, and the total number of colonies was taken as the end point of spoilage at different water contents to ascertain the law of influence of the water content on the texture characteristics of the mulberry products. The results of this study will help optimize the drying process of mulberries, improve the quality and taste of products, and better meet the needs of consumers for high-quality food.



3.1. Effects of the Moisture Content of Mulberry on the Texture Characteristics and Total Plate Count


3.1.1. Effects of the Moisture Content on the Texture Parameters of Instant Mulberry


Texture profile analysis is widely used to understand the taste quality of products, and it can simulate the action of chewing food and provide the texture parameters of the product under test. A texture analyzer can ascertain the correlation between food texture and its mechanics. This can help quantify the test results, thereby mitigating the subjective influence of human factors and increasing the accuracy and objectivity of findings [21]. It can be seen from Figure 1a that, with an increase in the moisture content in the samples, the hardness and chewiness of mulberry exhibit a decreasing trend. Further, the elasticity increases gradually, adhesivity increases first and then decreases, and the cohesiveness remains nearly constant. This is basically consistent with the research results of Yao Zhoulin et al. [22] on texture parameters. Furthermore, the cohesiveness could reflect the structural integrity and contractility among cells in the internal tissue of samples [23]. The cohesiveness of mulberry under different moisture contents changes slightly, fluctuating between 0.3 and 0.5. The results show that the internal tissue structure of mulberry is maintained well during microwave vacuum drying. Moreover, there is no obvious effect of moisture content on the tissue structure of mulberry. This is consistent with research conclusions of Moghaddam et al. [24].



The correlation analysis results of the texture characteristics of mulberry when the moisture content was in the range of 79.74–19.78% are shown in Table 3. The fitting effect of its linear equation is shown in Figure 1b. Specifically, the elasticity, glueyness, chewiness, and hardness all had significant correlations with the moisture content. The relative structural parameters of the elasticity, adhesion, mastication, and hardness of mulberries can be calculated by the fitting formula.




3.1.2. Effects of the Moisture Content on the Sensory Quality of Mulberry


Sensory quality is an important index to measure the quality of ready-to-eat products, and the water content has a great influence on the sensory quality of such products. The sensory assessment results are listed in Table 4. It can be seen from the table that the sensory taste results of dried mulberry with different moisture contents differed significantly. The dried mulberry with a higher moisture content had higher sensory scores, but the sweetness score increased with reductions in the moisture content. This might be because drying may remove the water in mulberry, thus concentrating the sugar content. An overall analysis of the appearance, fragrance, and tastes of mulberry was carried out. Dried mulberry with a higher moisture content was found to be more appreciated.




3.1.3. Effects of the Moisture Content on the Total Plate Count of Instant Mulberry


Mulberry samples with different moisture contents were put in a refrigerator at 4.0 °C for 5 d before testing the total plate count; the results are shown in Figure 2. The total plate count of the samples declined with decreases in the moisture content. This is a similar result to the conclusions of Faiqa et al. [25]: the sterilizing effect was strengthened as the microwave processing time increased, and the total plate count presented an increasing trend. This can be explained as follows: the microbial metabolism and reproduction capacity increased with increases in the moisture content, thus resulting in the fast growth of the total plate count between 44.07% and 79.74%. Foods qualify if their total plate count is lower than 5 log (CFU/g). Hence, instant mulberry conforms to the safety standards of bacterial colonies when the moisture content is lower than 60%. However, the total plate count changes greatly and has poor stability when the moisture content of the mulberry is between 44.07% and 79.74%, and it reaches the minimum when the moisture content is lower than 44.07%, where it is accompanied by stable changes. Therefore, the moisture content of mulberry should be controlled to lower than 44.07%.





3.2. Optimization Results and Analysis of Mulberry Drying Technology


By studying the influence of the water content on the number of bacterial colonies, the safe water content of mulberry was determined to be 44.07% based on the total number of bacterial colonies, and the mulberry was dried to 44.07%. The effects of the material surface temperature, vacuum degree, and microwave power on the dry color difference, sugar content, chewing ability, hardness, and Vc of mulberry were investigated. Compared with traditional sensory evaluation, texture analyzers have the advantages of abundant and quick operation when evaluating the texture indexes of fruits and vegetables. Texture data mainly include the following types of metrics: hardness, elasticity, cohesion, viscosity, and chewability [26]. According to a study by Li [27], there is a close relationship among the metrics in the texture data, where hardness and elasticity are usually inversely proportional, that is, objects with a higher hardness have a lower elasticity. Chen’s research [28] found that there was a very significant positive correlation between the texture adhesiveness and masticity (p < 0.01). In the pre-test of the mulberry drying, it was found that the cohesiveness of the mulberry changed little during the drying process. Therefore, hardness and chewability were selected as the representative indexes of the texture characteristics according to the pre-test studies and the previous literature.



3.2.1. Effects of the Material Surface Temperature on Mulberry Quality


Single drying was performed by fixing the vacuum degree at 0.07 MPa and microwave power at 350 W to investigate the effects of mulberry surface temperature (40.0 °C, 42.0 °C, 44.0 °C, 46.0 °C, 48.0 °C, 50.0 °C, 52.0 °C, 54.0 °C, 56.0 °C, 58.0 °C, and 60.0 °C) on its quality. The test results are listed in Table 5. With increases in the drying temperature, the chromatic aberration of mulberry first decreased and then increased; the soluble solid content and Vc content increased first and then decreased; and then the chewiness decreased gradually. The hardness increased with increases in the temperature.




3.2.2. Effects of the Vacuum Degree on Mulberry Quality


The effects of the vacuum degree (0.01 MPa, 0.02 MPa, 0.03 MPa, 0.04 MPa, 0.05 MPa, 0.06 MPa, 0.07 MPa, 0.08 MPa, and 0.09 MPa) on the mulberry quality were investigated at a fixed material surface temperature (52.0 °C) and microwave power (350 W). The test results are shown in Table 6. With an increase in the vacuum degree, the chromatic aberration and chewiness of the mulberry products increased first and then decreased; the soluble solid content and Vc content presented a rising trend; and the hardness declined accordingly.




3.2.3. Effects of the Microwave Power on the Quality of Mulberry


The effects of microwave power (200 W, 250 W, 300 W, 350 W, 400 W, 450 W, and 500 W) on the mulberry quality were investigated at a fixed material surface temperature (52.0 °C) and vacuum degree (0.07 MPa). The test results are shown in Table 7. With an increase in the microwave power, the chromatic aberration of the mulberry increased and then stabilized. In contrast, the chewiness, soluble solid content, and hardness evidently increased, and the Vc content presented an inverted V-shaped variation trend.




3.2.4. Variance Analysis of the Mulberry Quality under Different Drying Technological Parameters


The variance analysis of the abovementioned test factors was carried out using SPSS26.0. The calculation results are shown in Table 8. The material surface temperature, vacuum degree, and microwave power all had significant influences on the indexes of the dried mulberry (p < 0.05). The drying optimization test was carried out according to the analysis results.




3.2.5. Determining the Weights of the Comprehensive Indexes


The common factor variance in the evaluation indexes was determined by principal component analysis (PCA), and the proportions of the common factor variance of the indexes were used as weights for the indexes [29]. The results are shown in Table 9. The soluble solid content, chewiness, and VC content of the mulberry all accounted for more than 20% of the weights. According to the test results, these were the three indexes for the microwave vacuum drying of mulberry.




3.2.6. Comprehensive Evaluation of the Mulberry Quality Based on the Membership Function Model


The membership function values and comprehensive scores of the mulberry quality under single-factor control parameters were calculated. Higher scores indicate a higher comprehensive mulberry drying quality (Table 10). The optimal ranges of the single-factor control parameters were determined as follows: material surface temperature—46.0–54.0 °C; vacuum degree—0.05–0.09 MPa; and microwave power—300–500 W. Under these conditions, the mulberry quality reached its highest after microwave vacuum drying. The comprehensive score ranking of the membership function reflects the comprehensive results of the effects of the single-factor test control parameters on the indexes of the mulberry products. To acquire more accurate drying technological parameters of mulberry, the interactive influencing laws of the control parameters on mulberry indexes and the optimal parameter combination were investigated through response surface optimization analysis.





3.3. Optimization of the Microwave Vacuum Drying Technology


3.3.1. Test Design Scheme and Results


To investigate the influencing laws of the drying control parameters on the drying features of mulberry and to obtain the optimal parameter combination—in addition to determining the influence laws of the drying control parameters on the drying features of mulberry and to obtain the optimal parameter combination—mulberries with a longitudinal diameter of 33 ± 0.5 mm and a horizontal diameter of 16.5 ± 0.5 mm were chosen as research objects, and these were determined according to the single-factor experimental results. The material surface temperature (X1), vacuum degree (X2), and microwave power (X3) were chosen as independent variables, while the sweetness (Y1), chewiness (Y2), and VC content (Y3) were chosen as dependent variables. The ternary quadratic regression orthogonal rotary optimization test was carried out using the star point design–response surface method. The factor level codes are listed in Table 11, and the experimental design and results are shown in Table 12.




3.3.2. Construction of the Regression Model and Variance Analysis


The quadratic multinomial regression models of the material surface temperature, vacuum degree, and microwave power with the soluble solid content, chewiness, and Vc content were constructed. The coding spatial regression equation after insignificant factors were eliminated as follows:


Y1 = 388.13x2 + 0.169x3 − 0.188x12 − 524.6,










Y2 = 6.67 − 0.919x1 + 0.1x3 − 768.19x22,










Y3 = 262.7x2 + 0.223x3 − 0.0008x1x3 − 0.057x12 − 0.00026x32 − 208.7,








where Y1, Y2, and Y3 are the soluble solid content, chewiness, and Vc content, respectively, and x1, x2, and x3 are the material surface temperature, vacuum degree, and microwave power (code values), respectively.



It can be seen in Table 13 that, after the variance analysis of the test results, the regression equation models of the soluble solid content, chewiness, and Vc content were extremely significant in the significance test results (p < 0.01), and the lack-of-fit test results were also found to be insignificant (p > 0.05). This indicates that the regression model had a good fitting degree in the test range.




3.3.3. Effects of the Interaction of Factors on Test Indexes


The experimental data were analyzed and processed using Design-Expert12. According to the established regression models, the surface diagrams of the effects of the factor interaction on the indexes was obtained [30] (Figure 3, Figure 4 and Figure 5).



	(1)

	
Effects of the test factors on the soluble solid content
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Figure 3. Effects of two factors on the soluble solid content. (a) Effect of the surface temperature and vacuum degree on the soluble solid content. (b) Effect of the material surface temperature and microwave power on the soluble solid content. (c) Effect of the vacuum degree and microwave power on the soluble solid content. Note: The response surface color in the figure is usually used to represent the numerical size or degree of the response variable, where darker areas represent higher response values and lighter areas represent lower response values. 






Figure 3. Effects of two factors on the soluble solid content. (a) Effect of the surface temperature and vacuum degree on the soluble solid content. (b) Effect of the material surface temperature and microwave power on the soluble solid content. (c) Effect of the vacuum degree and microwave power on the soluble solid content. Note: The response surface color in the figure is usually used to represent the numerical size or degree of the response variable, where darker areas represent higher response values and lighter areas represent lower response values.
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It can be seen from Figure 3 that the soluble solid content increased and then decreased with increases in the material surface temperature, and it only increased with increases in the microwave power and vacuum degree. At a fixed microwave power (350 W), the soluble solid content changes in the mulberry during microwave vacuum drying were mainly divided into two classes in the temperature range of 48.0–56.0 °C. One was caused by dehydration and the other was caused by the cleavage reaction of the polysaccharide structure. The water content in the mulberry decreased owing to drying and heating. As the concentration of polysaccharide molecules increased, the soluble solid content of the mulberry increased. When the drying temperature exceeded 52.0 °C, the spatial structures of the internal polysaccharides changed. However, the interaction of the polysaccharide molecules was enhanced after cooling, thus inducing aggregation. At high temperatures, hydrogen bonds break and some heteropolysaccharides are decomposed into monosaccharides, thus decreasing the heteropolysaccharide content [31]. This is consistent with research results of Huang Yan [32] and Alagbe et al. [33]. At a constant temperature, the soluble solid content of mulberry increases gradually with increases in the vacuum degree and microwave power in the threshold intervals; the retention rate of polysaccharides was also increased to a certain extent. This might be because the corresponding drying temperature increases with decreases in the vacuum degree. Due to microwave radiation, the degradation of polysaccharides in mulberry increases, thus increasing the degree of the Maillard reaction at the same time. Hence, the vacuum degree should be increased appropriately to decrease the loss of polysaccharides in the products. Given the small microwave intensity, it takes a longer time to dry products, and it also takes longer time for the heating-induced degradation of polysaccharides and the Maillard reaction of proteins to take place. As a result, the soluble solid content decreased. This conclusion is similar to the research results of Gómez [34].



	(2)

	
Effects of the test factors on the chewiness
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Figure 4. Effects of the two factors on chewiness. (a) Effect of the surface temperature and vacuum degree on the chewability of the materials. (b) Effect of the surface temperature and microwave power on the masticability of the materials. (c) Effect of the vacuum degree and microwave power on the mastication of the materials. Note: The response surface color in the figure is usually used to represent the numerical size or degree of the response variable, where darker areas represent higher response values and lighter areas represent lower response values. 






Figure 4. Effects of the two factors on chewiness. (a) Effect of the surface temperature and vacuum degree on the chewability of the materials. (b) Effect of the surface temperature and microwave power on the masticability of the materials. (c) Effect of the vacuum degree and microwave power on the mastication of the materials. Note: The response surface color in the figure is usually used to represent the numerical size or degree of the response variable, where darker areas represent higher response values and lighter areas represent lower response values.
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It can be seen from Figure 4 that the chewiness decreased gradually with increases in the material surface temperature, and this then increased with increases in the microwave power; however, it increased first and then decreased with increases in the vacuum degree. The reasons for this are as follows. Given the fixed microwave power and vacuum degree, the time for mulberry drying was shortened significantly with increases in the temperature, and the dehydration volume of the mulberry per unit time increased. The pulp cells shrank quickly and formed a layer of hard film on the mulberry surface. The internal structure of the products was tight [35], thus increasing the hardness significantly, as well as tightening the internal structure and decreasing chewiness [36]. At a fixed vacuum degree (0.07 MPa) and material surface temperature (52.0 °C), the chewiness of the mulberry increased with increases in the microwave power. At a fixed material surface temperature and microwave power, the vacuum degree had positive effects on the chewiness of the mulberry. Similarly, at a fixed material surface temperature and microwave power, the vacuum degree had negative linear effects on the chewiness of the mulberry. The maximum chewiness force was observed when the material surface temperature was 52.0 °C, the microwave power was 350 W, and the vacuum degree was 0.07 MPa. The variation found in the chewiness of the mulberry with microwave power and vacuum degree conformed to the research conclusions of Agalakshmi [10].



	(3)

	
Effects of the test factors on the Vc content
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Figure 5. Effects of two factors on the VC content. (a) Effect of the material surface temperature and microwave power on the Vc content. (b) Effect of the material surface temperature and vacuum degree on the Vc content. (c) Effect of the vacuum degree and microwave power the on Vc content. Note: The response surface color in the figure is usually used to represent the numerical size or degree of the response variable, where darker areas represent higher response values and lighter areas represent lower response values. 
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It can be seen from Figure 5 that the Vc content increased first and then declined with increases in the material surface temperature and power; however, it only increased with increases in the vacuum degree. The Vc is extremely sensitive to heat, and it can be lost at high temperatures and oxidization levels [37]. With increases in the temperature, the drying time of mulberry was shortened, decelerating the Vc degradation [38]. However, the Vc may be oxidized to a brown color at high temperatures; such browning pigments are furfural compounds [39]. When the drying temperature is relatively high, the Vc was significantly destroyed. This is consistent with the research results of Silvana M et al. [40], where the Vc was damaged more seriously if the microwave power was higher because excessive microwave power can destroy the cell structure and release bioactive compounds to the external environment [41]. Hence, the thermal degradation of the Vc content at 400 W of microwave power was higher than that at 350 W. The Vc content in the mulberry increased first and then decreased with increases in the microwave temperature and power, which is consistent with research results of Deepa [42]. Moreover, it takes a longer time to dry if the vacuum degree is lower and the Vc is damaged more severely. Sernikli et al. [43] found that Vc degradation is increased as the drying process is prolonged. It can prevent the degradation of easy-to-oxidize component substances effectively at low-temperature and vacuum conditions; however, the Vc retention degree remained relatively high. Therefore, the vacuum degree must be increased appropriately to maintain the Vc content.




3.3.4. Parameter Optimization


To obtain the combination of optimal microwave vacuum drying parameters, the model was optimized using the Design-Expert software (v.13) under the target values of the soluble solid content, chewiness, and maximum Vc content. On this basis, the combination of optimal technological parameters in the experimental range was a material surface temperature of 50.761 °C, a vacuum degree of 0.073 MPa, and a microwave power of 370.558 W. Under these conditions, the soluble solid content, chewiness, and Vc content were 43.967%, 9.701, and 0.785 mg·(100 g)−1, respectively.



A verification experiment was carried out with the optimization parameters in the laboratory. To eliminate random errors, experimental parameters were optimized and rounded-off numbers were taken: material surface temperature—51.0 °C, vacuum degree—0.07 MPa, and microwave power—370 W. Three repeated tests were carried out and the mean was chosen (Table 14). According to the analysis, the average error between the test results and software-optimized parameter values was 5.88%. This proves that the test results were basically consistent with the optimization results. In other words, it is reasonable for choosing the influencing factors of mulberry drying quality.






4. Conclusions


In this study, the effects of the microwave vacuum drying technological parameters on the sensory quality and nutrient quality of the mulberry drying were studied through single-factor and multi-factor tests. Some conclusions can be drawn:




	(1)

	
According to the analysis of the single-factor test results, the material surface temperature, vacuum degree, and microwave power had significant influences on the drying quality of the mulberry (p < 0.05).




	(2)

	
The comprehensive scores of the single-factor test factors were compared against the membership function model. The best mulberry quality was achieved when the material surface temperature was 46.0–54.0 °C, the vacuum degree was 0.05–0.09 MPa, and the microwave power was 300–500 W.




	(3)

	
The following optimal parameter combinations for the microwave vacuum drying technology was obtained through a central composite test design: material surface temperature—50.761 °C, vacuum degree—0.073 MPa, and microwave power—370.558 W. Under the optimal parameters, the soluble solid content, chewiness, and Vc content were 43.967%, 9.701, and 0.785 mg·(100 g)−1, respectively. To eliminate random errors, the test parameters were optimized, and the integral values were chosen as follows: material surface temperature—51 °C, vacuum degree—0.07 MPa, and microwave power—370 W. Under these conditions, the soluble solid content was 42.37%, chewiness was 9.08, and Vc content was 0.725 mg·(100 g)−1. The average error between the test results and software optimization parameters was 5.88%, thereby indicating that the optimized technological parameters can improve the drying quality of mulberry.









An optimized technological parameter combination of microwave vacuum drying can effectively decrease nutrient loss and improve the drying quality of mulberry. It can provide references for the practical initial processing technology of mulberry, as well as offer some theoretical references to further understand the importance of the drying of mulberry.
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Figure 1. (a) Effects of the moisture content on the cohesiveness, elasticity, adhesivity, chewiness, and hardness of mulberry. (b) The structural characteristics of the mulberries with different moisture content were fitted. 
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Figure 2. The total plate count of mulberry with different moisture contents. 
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Table 1. Single-factor test factors and levels.
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	Level
	Vacuum Degree/MPa
	Microwave Power/W
	Material Surface Temperature/°C





	1
	0.01
	200
	40.0



	2
	0.02
	250
	42.0



	3
	0.03
	300
	44.0



	4
	0.04
	350
	46.0



	5
	0.05
	400
	48.0



	6
	0.06
	450
	50.0



	7
	0.07
	500
	52.0



	8
	0.08
	550
	54.0



	9
	0.09
	
	56.0



	10
	
	
	58.0



	11
	
	
	60.0










 





Table 2. Sensory evaluation standards of the dried mulberry.
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Index

	
Score

	
Quality Description and Scoring Criteria






	
Appearance

(5 points)

	
>2.5~5

	
Uniform color, purplish black, and the overall appearance is compact and complete




	
0~2.5

	
Uneven color, yellow brown, and the overall appearance is not compact




	
Sweetness

(5 points)

	
>2.5~5

	
The characteristic sweetness of mulberries is intense




	
0~2.5

	
It essentially has the special sweet taste of mulberry




	
Fragrance

(5 points)

	
>2.5~5

	
The mulberries are fragrant and odorless




	
0~2.5

	
The mulberries have a plain, unpleasant smell




	
Taste

(5 points)

	
>2.5~5

	
Soft, tender, and sweet




	
0~2.5

	
Rough taste











 





Table 3. Equation of the regression between the moisture contents of the mulberry and the texture characteristics.
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	Texture Properties
	Correlation Equation
	R2





	Cohesiveness
	Y = 2 × 10−5x2 − 0.037x + 0.5179
	0.2139



	Elasticity
	Y = 0.0501x − 0.2228
	0.9664



	Glueyness
	Y = −0.0039x2 + 0.3948x − 4.1976
	0.9406



	Chewiness
	Y = −0.2125x + 26.129
	0.9783



	Hardness
	Y = 0.0051x2 − 0.787x + 37.005
	0.9802










 





Table 4. The sensory score of mulberry with different moisture contents.
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	Sample

Moisture

Content/%
	Appearance
	Sweetness
	Fragrance
	Taste
	Global Sensory

Score





	79.74
	4.82 ± 0.14 c
	2.53 ± 0.21 a
	4.72 ± 0.12 c
	4.81 ± 0.03 c
	16.88 ± 0.49 c



	73.56
	4.25 ± 0.18 c
	2.58 ± 0.35 a
	4.58 ± 0.14 c
	4.72 ± 0.14 c
	16.13 ± 0.81 c



	68.03
	4.05 ± 0.21 bc
	2.96 ± 0.15 ab
	4.37 ± 0.18 c
	4.63 ± 0.12 c
	16.01 ± 0.66 c



	62.56
	3.95 ± 0.24 bc
	3.24 ± 0.16 b
	4.18 ± 0.23 bc
	4.58 ± 0.27 c
	16.57 ± 0.9 c



	56.71
	3.72 ± 0.13 b
	3.54 ± 0.28 b
	3.96 ± 0.18 bc
	4.21 ± 0.35 bc
	15.34 ± 0.94 bc



	50.35
	3.59 ± 0.16 b
	3.69 ± 0.24 b
	3.86 ± 0.28 bc
	3.95 ± 0.17 bc
	15.09 ± 0.85 bc



	44.07
	3.48 ± 0.24 b
	3.86 ± 0.25 bc
	3.57 ± 0.19 b
	3.76 ± 0.18 b
	14.67 ± 0.86 bc



	38.59
	3.26 ± 0.16 b
	4.08 ± 0.31 bc
	3.26 ± 0.14 b
	3.53 ± 0.26 b
	14.13 ± 0.87 b



	32.78
	2.58 ± 0.24 a
	4.25 ± 0.16 c
	2.85 ± 0.05 a
	2.78 ± 0.26 ab
	12.46 ± 0.71 ab



	25.91
	2.46 ± 0.17 a
	4.38 ± 0.32 c
	2.62 ± 0.15 a
	2.54 ± 0.04 a
	12 ± 0.68 a



	19.78
	2.32 ± 0.21 a
	4.85 ± 0.12 c
	2.54 ± 0.24 a
	2.35 ± 0.21 a
	12.06 ± 0.78 a







Note: a, b, and c indicate food tasting sensory ratings: excellent, good, and average.













 





Table 5. Effects of the material surface temperature on the drying quality of mulberry.
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	Material Surface

Temperature °C
	Value of

Chromatism
	Soluble

Solid %
	Chewiness
	Hardness N
	Vc

mg·(100 g)−1





	40.0
	2.01
	38.23
	10.45
	4.38
	0.32



	42.0
	2.27
	38.98
	10.04
	4.60
	0.58



	44.0
	2.42
	39.7
	9.97
	4.94
	0.72



	46.0
	2.42
	40.58
	9.46
	5.04
	0.88



	48.0
	2.65
	41.7
	9.05
	5.23
	0.93



	50.0
	2.53
	42.08
	8.89
	5.33
	1.14



	52.0
	2.86
	42.85
	8.44
	5.24
	1.38



	54.0
	2.79
	41.5
	8.33
	5.46
	1.16



	56.0
	2.89
	39.2
	7.81
	5.53
	0.98



	58.0
	3.21
	38.7
	7.33
	5.59
	0.54



	60.0
	3.68
	37.5
	7.03
	5.59
	0.37










 





Table 6. Effects of the vacuum degree on the drying quality of mulberry.
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	Vacuum Degree

/MPa
	Value of

Chromatism
	Soluble

Solid %
	Chewiness
	Hardness

N
	Vc

mg·(100 g)−1





	0.01
	3.23
	37.74
	6.35
	6.32
	0.27



	0.02
	3.02
	38.58
	7.53
	5.96
	0.48



	0.03
	2.97
	39.02
	8.56
	5.67
	0.56



	0.04
	2.98
	39.64
	8.97
	5.36
	0.68



	0.05
	2.75
	39.99
	9.65
	5.33
	0.83



	0.06
	2.54
	40.65
	9.89
	4.99
	1.15



	0.07
	2.56
	42.85
	10.34
	4.74
	1.28



	0.08
	2.33
	42.30
	8.94
	4.23
	1.33



	0.09
	2.22
	42.41
	7.65
	3.20
	1.45










 





Table 7. Effects of the microwave power on the drying quality of mulberry.
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	Microwave

Power

W
	Value of

Chromatism
	Soluble

Solid

%
	Chewiness
	Hardness

N
	Vc

mg·(100 g)−1





	200
	2.93
	37.7
	6.43
	3.80
	0.28



	250
	2.85
	38.2
	7.79
	4.16
	0.57



	300
	2.79
	39.7
	8.04
	4.32
	0.79



	350
	2.96
	40.85
	9.34
	4.44
	1.38



	400
	2.88
	41.9
	9.65
	4.50
	0.88



	450
	2.46
	42.5
	9.91
	4.49
	0.56



	500
	2.77
	43.6
	10.23
	4.54
	0.54










 





Table 8. Variance analysis of the mulberry quality under different drying technological parameters.
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	Element
	Value of Chromatism
	Soluble Solid
	Chewiness
	Hardness
	Vc





	Material surface temperature/°C
	0.02 *
	0.012 *
	0.016 *
	0.03 *
	0.035 *



	Vacuum degree/MPa
	0.008 **
	0.004 **
	0.002 **
	0.008 **
	0.002 **



	Microwave power/W
	0.04 *
	0.009 **
	0.024 *
	0.011 *
	0.014 *







Notes: * is significance at the 0.05 level. ** is significance at the 0.01 level.













 





Table 9. The linear combination coefficient and weight results.
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	Index
	Principal

Component 1
	Principal

Component 2
	Principal

Component 3
	Composite Score Coefficient
	Weight/%





	Value of chromatism
	−0.098
	−0.703
	0.632
	−0.110
	9



	Soluble solid
	0.515
	0.366
	−0.130
	0.369
	31



	Chewiness
	0.128
	0.929
	−0.045
	0.281
	23



	Hardness
	−0.082
	−0.108
	1.085
	0.115
	10



	Vc
	0.574
	0.052
	−0.142
	0.329
	27










 





Table 10. Membership functional values of the test factors and comprehensive evaluation results.
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Element

	
Level

	
Soluble

Solid

	
Chewiness

	
Vc

	
Synthesis

Score

	
Paired

Comparison

Ranking






	
Microwave drying temperature/°C

	
40.0

	
0.000

	
1.000

	
0.404

	
0.299

	
11




	
42.0

	
0.207

	
0.837

	
0.514

	
0.405

	
9




	
44.0

	
0.366

	
0.785

	
0.656

	
0.512

	
7




	
46.0

	
0.520

	
0.687

	
0.671

	
0.584

	
5




	
48.0

	
0.664

	
0.566

	
0.769

	
0.660

	
4




	
50.0

	
0.784

	
0.550

	
0.774

	
0.729

	
2




	
52.0

	
1.000

	
0.329

	
0.801

	
0.812

	
1




	
54.0

	
0.798

	
0.381

	
0.826

	
0.707

	
3




	
56.0

	
0.572

	
0.285

	
0.802

	
0.546

	
6




	
58.0

	
0.424

	
0.171

	
0.847

	
0.440

	
8




	
60.0

	
0.269

	
0.019

	
0.905

	
0.323

	
10




	
Vacuum degree/MPa

	
0.01

	
0.220

	
0.129

	
1.000

	
0.335

	
9




	
0.02

	
0.320

	
0.325

	
0.930

	
0.427

	
8




	
0.03

	
0.353

	
0.474

	
0.897

	
0.475

	
7




	
0.04

	
0.439

	
0.494

	
0.838

	
0.521

	
6




	
0.05

	
0.492

	
0.650

	
0.828

	
0.587

	
4




	
0.06

	
0.655

	
0.669

	
0.708

	
0.667

	
3




	
0.07

	
0.861

	
0.709

	
0.696

	
0.798

	
1




	
0.08

	
0.844

	
0.485

	
0.406

	
0.686

	
2




	
0.09

	
0.908

	
0.187

	
0.000

	
0.585

	
5




	
Microwave power/W

	
200

	
0.135

	
0.000

	
0.177

	
0.111

	
7




	
250

	
0.226

	
0.254

	
0.357

	
0.255

	
6




	
300

	
0.476

	
0.282

	
0.432

	
0.424

	
5




	
350

	
0.828

	
0.359

	
0.600

	
0.681

	
1




	
400

	
0.651

	
0.541

	
0.631

	
0.622

	
3




	
450

	
0.488

	
0.774

	
0.563

	
0.567

	
4




	
500

	
0.586

	
0.751

	
0.675

	
0.639

	
2











 





Table 11. The test-factor level codes.
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	Level
	Material Surface

Temperature/°C
	Vacuum Degree

/MPa
	Microwave Power

/W





	1.682
	58.0
	0.10
	430



	1
	56.0
	0.09
	400



	0
	52.0
	0.07
	350



	−1
	48.0
	0.05
	300



	−1.682
	45.0
	0.04
	260










 





Table 12. The technological parameter test design and results of the microwave vacuum drying of the mulberry.






Table 12. The technological parameter test design and results of the microwave vacuum drying of the mulberry.





	Number
	Material Surface

Temperature
	Vacuum

Degree
	Microwave

Power
	Soluble

Solid %
	Chewiness
	Vc mg·

(100 g)−1





	1
	−1
	−1
	−1
	38.61
	9.35
	0.26



	2
	1
	−1
	−1
	38.76
	9.03
	0.23



	3
	−1
	1
	−1
	39.39
	9.37
	0.67



	4
	1
	1
	−1
	39.32
	9.21
	0.98



	5
	−1
	−1
	1
	38.96
	9.78
	0.28



	6
	1
	−1
	1
	39.15
	9.76
	0.25



	7
	−1
	1
	1
	41.54
	9.75
	1.72



	8
	1
	1
	1
	39.73
	7.98
	0.7



	9
	−1.682
	0
	0
	35.95
	10.98
	0.38



	10
	1.682
	0
	0
	35.85
	9.02
	0.4



	11
	0
	−1.682
	0
	39.92
	8.94
	0.71



	12
	0
	1.682
	0
	44.99
	8.21
	1.57



	13
	0
	0
	−1.628
	42.02
	8.08
	0.86



	14
	0
	0
	1.628
	44.35
	10.08
	1.35



	15
	0
	0
	0
	43.93
	9.46
	2.84



	16
	0
	0
	0
	43.87
	9.48
	2.82



	17
	0
	0
	0
	43.81
	9.51
	2.96



	18
	0
	0
	0
	43.74
	9.45
	2.85



	19
	0
	0
	0
	43.88
	9.32
	2.94



	20
	0
	0
	0
	43.98
	9.72
	2.93










 



