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Abstract

:

Changes in the microbial, physicochemical, and sensory properties of blended strawberry–apple–lemon juice were investigated to comparatively assess the influence of three processing treatments, namely high hydrostatic pressure (HHP) (500 MPa/15 min/20 °C), ultrasound (US) (376 W/10 min/35 °C), and heat treatment (HT) (86 °C/1 min) over 12 days of storage at 4 °C. The results showed that the total aerobic bacteria (TAB) counts in the HHP-, US-, and HT-treated juice blends were less than 2 log10 CFU/mL, the yeast and mold (Y & M) counts were less than 1.3 log10 CFU/mL, and the coliforms most probable number (MPN/100 mL) was less than 3 after 10 days at 4 °C. Anthocyanins were maintained by HHP, but decreased by 16% and 12% after US and HT, respectively. Total phenols increased by 18% and 7% after HHP and US, respectively, while they were maintained by the HT. Furthermore, better maintenance of total phenols, total anthocyanins, ascorbic acid, antioxidant capacity, color, and sensory values were observed in the HHP-treated juice blend stored for 10 days at 4 °C, compared to both the US- and HT-treated samples. Therefore, HHP was proposed to be a better processing technology for juice blend.
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1. Introduction


Juice blending is one of the best methods to improve the flavor, taste, and the nutritional qualities of juice [1]. A strawberry–apple–lemon juice blend, for example, has an attractive red appearance and is rich in polyphenols, anthocyanins, ascorbic acid, and antioxidant compounds. Heat treatment (HT) is the most commonly used preservation technique to extend the shelf life of juices [2]. However, this process often induces undesirable changes that include nutrient loss, color alteration, and sensory property changes [3,4]. Non-thermal technologies have the potential to ensure health safety while maintaining the fresh-like characteristics of food products [5]. Such non-thermal processing methods, including high hydrostatic pressure (HHP) and ultrasound (US), can not only achieve the purpose of pasteurization but also maximally reserve the natural ingredients and bioactive contents of fruit juices because of their lower processing temperatures [6]. HHP is effective in inactivating microbes and enzymes while minimizing chemical reactions in food [7]. It reportedly decreases the loss of bioactive compounds (such as vitamin C, anthocyanins, and polyphenols) and maintains the physicochemical properties, including color, viscosity, and flavor, of products such as strawberry juice [8], blueberry juice [9], apple juice [10], and pomegranate juice [11]. Most studies have, however, investigated the effect on HHP on single fruit juices, and there are limited data on the use of HHP in juice blends [12]. Fernandez et al. [13] revealed that no differences were found (p > 0.05) in the antioxidant capacity, vitamin C, sugar, or carotene content of an orange–lemon–carrot juice blend after HHP at 500 MPa/5 min over 21 days’ storage at 4 °C. These results suggest that HHP might be a promising technology for the processing of juice blends.



Ultrasound (US), which produces sound waves of 20 kHz or more [14], can inhibit and destroy microorganisms due to the phenomenon of cavitation, in which the generation and collapse of micro bubbles result in high localized temperatures and pressure, causing disruption to the cell walls, membranes, and DNA of microorganisms [15]. Nadeem et al. [16] reported that US (525 W/5 min/15 °C) could be a suitable technology for the retention or enhancement of bioactive compounds in a carrot–grape juice blend. Gao et al. [17] demonstrated that a US-treated (20 kHz/10 min/25 °C) apple–carrot juice blend maintained (p > 0.05) its color, pH, titratable acid, total soluble solids, and antioxidant capacity over storage at 4 °C for 1 month, compared to the HT-treated (98 °C/3 min) samples.



Most studies have focused on the comparison of HHP or US treatments to HT in juice or juice blend processing; however, limited comparative studies have been carried out on the comparison of different non-thermal processing treatments. Therefore, in this paper, HHP, US, and HT with equivalent microbial inactivation effects on the quality of a strawberry–apple–lemon juice blend was compared and the changes in the microbial levels, pH, TSS, turbidity, instrumental color parameters, total phenols and anthocyanins, ascorbic acids, and antioxidant capacities over 10 days of storage at 4 °C were investigated. The objective of this study was to compare these treatments and ascertain the most suitable technology for strawberry–apple–lemon juice blend processing.




2. Materials and Methods


2.1. Samples


Strawberries (chocolate strawberry, cultivar Red), apples (candy apple, cultivar Fuji), and lemons (Ulrich) were purchased from a local supermarket (Chengdu, China).




2.2. Chemicals


Folin–Ciocalteu reagent (FCR) was purchased from Feijing Biotechnology Co., Ltd. (Fuzhou, China). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 2,6-dichloro-phenol-indophenol were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Plate count agar, potato dextrose agar, lauryl sulfate (lauryl tryptose) broth, and brilliant green bile lactose broth were purchased from Aoboxing Biological Technology Co., Ltd. (Beijing, China). Other chemicals were obtained from Kelong Chemical Reagent Factory (Chengdu, China).




2.3. Preparation of Juice Blend


Apples, strawberries, and lemons were washed thoroughly, peeled with a steel knife, and cut into slices (0.2 mm). Ascorbic acid and salt (15 g/L and 0.5 g/L, respectively) were added to the apple slices in the water (25 °C) to prevent oxidation and color change. The strawberry, apple, and lemon juices were extracted separately using a domestic fruit processor (MJ-BL25C4, Guangdong Midea Electric Appliance Manufacturing Co., Ltd., Guangdong, China). Pectinase (0.02%) was added to the strawberry juice at 45 °C for 25 min to increase juice yield [18]. The three fruit juices were then filtered separately through four layers of gauze. The fruit juice blend was prepared according to the sensory evaluations of taste, aroma, color, and consistency of 25 assessors from Xihua University, after mixing strawberry juice, apple juice, and lemon juice at ratios of 43.8%, 54.8%, and 1.4% (v/v), respectively. The TSS of the resulting juice blend was 7.80 ± 0.01 °Brix and the pH was 3.38 ± 0.01. The juice blend was kept at 4 °C and used within 1 h.




2.4. HHP, US, and HT Treatments of the Juice Blend


Preliminary studies found that HHP at 500 MPa/15 min/20 °C, US at 376 W/10 min/35 °C, and HT at 86 °C/1 min could achieve equivalent microbial inactivation effects and meet the total aerobic bacteria (TAB) and yeast and mold (Y & M) requirements of Chinese national food safety standards for fruit and vegetable juice (GB 7101-2015) in this study’s juice blend. Therefore, the juice blends were processed under these treatment conditions and their quality attributes were then analyzed.



For HHP treatments, according to the methods of Wang et al. [19], 50 mL screw-cap polyethylene terephthalate (PET) bottles were filled with the juice blend and placed into the vessel for processing. HHP treatments were carried out using a hydrostatic pressurization unit (HPP 600 MPa/3–5 L, Shanghai Wodi Intelligent Equipment Co., Ltd., Shanghai, China) with a capacity of 5.0 L at an ambient temperature (≈20 °C). The samples were treated at 500 MPa for 15 min at 20 °C, based on our preliminary studies. The pressurization rate was about 120 MPa/min and the depressurization was immediate (<3 s). Distilled water was used as the pressure-transmitting fluid. The treatment times reported in this study do not include the pressure-increase time and pressure-release time.



For US treatments, the 50 mL juice blends in the PET bottles were treated by an ultrasound machine (SCIENTZ-IID, Ningbo Xinzhi Biological Polytron Technologies Inc., Ningbo, China) in a water bath (35 °C) at 376 W for 10 min. The probe had a diameter of 6 mm and the operating immersion depth was 2 cm. Pulse intervals of 2 s on and 2 s off were applied until completion. Before and after each experiment, the ultrasound probe was sterilized with 75% ethanol prior to sonication of the sample in order to avoid any contamination. After US treatment, the sample bottle was removed from the chamber and covered with a PET plastic cap to avoid microbial pollution in the air, after which the juice was diluted for further analysis.



For HT treatment, 50 mL samples were poured into beakers and placed in a water bath (DK-98-II, Tianjin Taist Instrument Co. Ltd., Tianjin, China). The samples were treated at the desired center temperature (86 °C) for 1 min, and the beakers were then removed from the hot water bath and immediately cooled in an ice bath. The heating time was 15 min and the cooling time 10 min. The HT-treated juice was aseptically transferred into 50 mL PET bottles identical to those used for the HHP and US. For all treatments, samples stored in PET bottles without any treatment were used as the control.




2.5. Storage Study


The treated samples were stored at 4 ± 2 °C in the dark [20]. Sample analyses were carried out after 0, 2, 4, 6, 8, 10, and 12 days’ storage.




2.6. Microbial Analysis


The total plate count method [21] was used to count the viable microorganisms in the treated juice blends. Each treated and control sample was serially diluted with sterile 0.85% NaCl solution, and 1.0 mL of each dilution was plated onto duplicate plates of appropriate agar. Plate count agar was used to count the TAB after incubation at 37 °C for 48 ± 2 h, and potato dextrose agar was used to count the Y & M after incubation at 28 °C for 120 ± 2 h [21]. After incubation, the colonies were counted. Microbial data were transformed into logarithms of the number of colony-forming units (log10 CFU/mL).



According to Feng et al. [22], at least three consecutive dilutions are required for most probable number (MPN) analysis. Therefore, 1 mL aliquots were inoculated from each dilution into three LST tubes, which were then incubated at 36 ± 1 °C. The tube contents were examined and the reactions recorded at 24 ± 2 h for gas, then the gas-negative tubes were reincubated for an additional 24 h after being examined and the reactions recorded again at 48 ± 2 h. Confirmation tests were performed on all presumptive positive (gas) tubes. From each gassing LST or lactose broth tube, a loopful of suspension was transferred to a tube of brilliant green bile broth BGLB broth. The BGLB tubes were then incubated at 36 °C ± 1 °C and examined for gas production at 48 ± 2 h. The MPN of coliforms was calculated based on the proportion of confirmed gassing LST tubes for three consecutive dilutions.




2.7. pH and TSS Analysis


The pH values were measured with a digital pH meter (FZ-600T, Chengdu Century Ark Technology Co., Ltd., Chengdu, China) at 25 °C. The total soluble solids (TSS) were determined using a FAL-102 refractometer (Shenzhen Yuanhengtong Technology Co., Ltd., Shenzhen, China) at 25 °C, and the results were reported as °Brix.




2.8. Turbidity Analysis


For the turbidity evaluation, 30 mL of the juice blend sample was centrifuged at 3500× g for 15 min [23]. The absorbance of the supernatant was measured at 660 nm in a spectrophotometer (WFJ7200, Shanghai Unico Instrument Co., Ltd., Shanghai, China), using distilled water as the blank. The results for absorbance readings were correlated with the turbidity as described by Kubo et al. [24].




2.9. Instrumental Color Assessment


According to the method described by Chen et al. [25], color assessment was conducted at 25 ± 2 °C using a color difference meter (WF32, Shenzhen Weifu Optoelectronics Technology Co., Ltd., Shenzhen, China). Samples of juice blend were poured into 50 mL beakers and CIE Lab values were determined in the dark. Color was expressed in L*, a*, and b* values. In addition, total color differences (ΔE*) were calculated using the following equation.


  Δ  E *  =      (   L *  −  L 0 *   )   2  +    (   a *  −  a 0 *   )   2  +    (   b *  −  b 0 *   )   2     








where L0*, a0*, and b0* are the values of the control, and L*, a*, and b* are the values of the treated sample.




2.10. Ascorbic Acid Analysis


Ascorbic acid was quantified by 2,6-dichloro-phenol-indophenol titration with minor modifications [26]. Samples of 10 mL juice blend were poured into 50 mL beakers, to which 10 mL oxalic acid solution and 4 g kaolin were added. The mixture was filtered and an aliquot of 10 mL supernatant was removed for titration with indophenol solution for 15 consecutive seconds, until a faint pink color was observed.



Vitamin C was calculated as follows.


   A s c o r b i c   a c i d   (    m g   100 m L    )  =    A ∗ B ∗   V 1   ∗ 100     V 2   ∗ a l i q u o t   i f   t h e   e x t r a c t   t a k e n     








where A is volume in mL of standard dye used for titration, B is the weight in mg of ascorbic acid equivalent to 1 mL of indophenol solution (the dye factor), V1 is the made-up volume (10 mL), and V2 corresponds to the volume of sample (10 mL).




2.11. Total Phenol Analysis


The total phenols were determined using the Folin–Ciocalteu method as described by Cao et al. [27], with some modifications. Samples of 1 mL (previously diluted 20-fold with distilled water) were mixed with 5 mL Folin–Ciocalteu reagent (1 moL/L) and 4 mL 7.50% sodium carbonate solution, then left to sit for 1 h in the dark at room temperature. The mixture was then measured at 765 nm using a spectrophotometer (WFJ7200, Shanghai Unico Instrument Co., Ltd., China). Results were expressed as milligrams of gallic acid equivalent (GAE) per liter of juice blend (mg GAE/L), according to the calibration curve (y = 0.0105x + 0.0427), where y is the absorbance at 725 nm and x is the milligram of gallic acid equivalent (GAE) per liter.




2.12. Total Anthocyanin Analysis


The spectrophotometric pH differential method with minor modifications [28] was used to quantify anthocyanins. Two dilutions of the same sample were prepared using 0.025 M potassium chloride solution and 0.4 M sodium acetate solution, adjusted to pH 1.0 and 4.5 with HCl, respectively. The absorbance of each dilution was measured at 510 and 700 nm against a distilled water blank using a spectrophotometer (WFJ7200, Shanghai Unico Instrument Co., Ltd., Shanghai, China). Anthocyanin content was calculated using the following equation.


   A n t h o c y a n i n   p i g m e n t   ( m g   / L )   =       A × M   w     × D F × 10   3     ε × L     



(1)




where A = (A510 − A700) pH1.0 − (A510 − A700) pH4.5, MW is the molecular weight of cyanidin-3-glucoside (449.2 g/moL), DF is the dilution factor, ε is the molar extinction coefficient (26, 900 L/cm/moL), and L is the path length (1 cm). Total anthocyanin content was reported as milligrams of anthocyanins per liter of sample (mg/L).




2.13. Determination of Antioxidant Capacity


The scavenging activity of the juice blend was measured by DPPH (2,2-diphenyl-1-picrylhydrazyl) radical quenching [29]. DPPH solutions of 4 mL (0.2 mM in absolute ethanol) were added to 4 mL samples (previously diluted 20-fold with distilled water) of the juice, after which they were incubated in the dark for 30 min at room temperature (25 °C). The same procedure was conducted for the blank but absolute ethanol was used instead of the sample solution. Decreases in the absorbance were measured at 517 nm using a spectrophotometer (WFJ7200, Shanghai Unico Instrument Co., Ltd., China). The DPPH radical scavenging activity was calculated as


     D P P H   r a d i c a l   s c a v e n g i n g   a c t i v i t y   ( % )   =   [ ( A   0     - A   1     ) / A   0   × 100 ]   








where A0 is the absorbance of the control, and A1 is the absorbance of the extracts.




2.14. Sensory Analyses


The juice blends were evaluated on the Days 0 and 10 of storage [20]. The juices were subjected to sensory evaluation by 25 trained assessors from Xihua University. Samples stored in a refrigerator at 4 °C were presented to the assessors in transparent plastic cups for evaluation in the panel booths at the university sensory laboratory, which conforms to the ISO (1988) international standard. The coded samples were presented to the sensory panelists randomly to prevent any flavor carryover effects, and they were asked to evaluate the samples from four aspects (aroma, color, taste, and consistency) as listed in Supplementary Table S1 according to Kaya et al. [30]. The scores were collected and the average values and total scores were calculated.




2.15. Statistical Analysis


All experiments were performed in triplicate. The data were analyzed using the Statistical Program for Social Sciences (SPSS 12.0, Chicago, IL, USA) software for analysis of variance. The Duncan test was used for multiple comparisons. The data chart was carried out using Microcal Origin 8.0 (Microcal Software, Inc., Northampton, MA, USA). The significance was established at p < 0.05.





3. Results and Discussion


3.1. Microbial Counts after Storage in Juice Blends Treated by HHP, US, and HT


The results presented in Figure 1 and Table 1 show the changes in the TAB, Y & M, and coliform counts in the juice blends treated by HHP, US, and HT both immediately and after 12 days of storage at 4 °C. The initial counts of TAB, Y & M, and coliforms in the untreated juice blend were measured as 4.19, 4.21 log10 CFU/mL (Figure 1), and 120 MPN/100 mL (Table 1), respectively. HHP, US, and HT all caused a decrease (p < 0.05) in the TAB, Y & M, and coliform counts in the juice blend, and the inactivation effects of the different treatments were similar. After three treatments, the TAB and Y & M in the juice blend were below 2.0 log10 CFU/mL and 1.3 log10 CFU/mL, respectively.



It was found that the microbial counts in the HHP-, US-, and HT-treated juice blends increased slightly over the 12 days of storage at 4 °C (Figure 1); however, the Y & M count of the HT-treated juice blend was higher than 20 CFU/mL on the 12th day, which was therefore considered to be the acceptance limit in determining the end of the juice blend’s shelf life. After 10 days of storage at 4 °C, the TAB in the juice blend was below 100 CFU/mL, the Y & M in the juice blend was below 20 CFU/mL and the levels of coliforms detected by MPN in all treated samples were below 3 MPN/100 mL. These results showed that all three of these treatments could ensure the microbial safety of this juice blend for 10 days at 4 °C. The findings concurred with those of Varela-Santos et al. [11], who found that HHP (350–550 MPa for 30, 90 and 150 s) was sufficient to keep microbial populations of pomegranate juice below the detection limit (<1.0 log10 CFU/mL) for 35 days at 4 °C. Kaya et al. [30] found that lemon-melon juice blends treated by HT (72 °C, 71 s) exhibited no microbial growth for 30 days at 4 °C. Lavinas et al. [31] found no microorganism growth (<1.0 log10 CFU/mL) in cashew apple juice treated with HHP at 350 MPa for 7 min or 400 MPa for 3 min during storage for 8 weeks at 4 °C. Martinez-Flores et al. [32] reported that the TAB count in carrot juice treated by US (24 kHz, 10 min, 58 °C) was only 2.02-log for 20 days at 4 °C. Since the inactivation effects of HHP, US, and HT on the juice blend microbes were similar, the sensory and physicochemical qualities after storage at 4 °C were compared to ascertain the most suitable processing treatment.




3.2. pH, Total Soluble Solids (TSS), and Turbidity after Storage in Juice Blends Treated by HHP, US, and HT


The variations in the pH, TSS, and turbidity in the juice blends treated by HHP, US, and HT after 12 days of storage at 4 °C are shown in Table 2. The initial pH value of the juice blend was 3.38. This value was not changed (p > 0.05) by either the HHP or the HT; however, it was increased (p < 0.05) to 3.43 by the US. This increase in pH value after the US treatment could be attributed to the new chemical compounds in the juice created the ultrasound action [33]. After 10 days’ storage at 4 °C, the pH values in the US- and HT-treated juice blends were decreased (p < 0.05), while they remained unchanged (p > 0.05) in the HHP-treated juice blends. After 10 days at 4 °C, pH values in the HHP-, US-, and HT-treated juice blends reached 3.37, 3.26, and 3.37, respectively. Decreases in the pH values during the cold storage period might have been due to the activity of acid-producing bacteria such as Alicyclobacillus acidoterrestris [34].



The TSS of the juice blend was not changed (p > 0.05) by either the HHP, US, or HT treatments, and was well maintained for 10 days at 4 °C. Previous studies have shown that HHP can maintain the TSS of apple juice [10] and of pomegranate juice [11], and also that US would not alter the TSS of orange juice [35].



The turbidity of juice blends was not changed (p > 0.05) by HHP, but was decreased (p < 0.05) by HT and increased (p < 0.05) by US. The turbidity increased by 195% after US, while it was decreased by 74% after HT in comparison to the control. The increase in the turbidity of US-treated juices could be attributed to the high pressure gradient exerted by cavitation, which might break larger molecules into smaller ones and, ultimately, thoroughly homogenizes the juice [6]. During the 10 days of storage at 4 °C, turbidity in the HHP- and US-treated juice blends decreased (p < 0.05), but it increased (p < 0.05) in the HT-treated products. Turbidity in the HHP- and US-treated juice blends was reduced by 55% and 95%, respectively, while it increased by 240% in the HT condition after 10 days at 4 °C. Cao et al. [36] found that the turbidity of cloudy strawberry juices treated by HHP (600 MPa, 4 min) during storage at 4 °C was reduced with increased storage time. Tiwari et al. [37] found that the turbidity of orange juice treated by US (40%, 70%, and 100%; 2, 6, and 10 min) during storage at 10 °C was decreased with an increase in storage time. Decreases in turbidity might be due to a loss of the viscosity, as well as to reduced stability in the juice system caused by the precipitation of bigger pulp particles and the polymerization of phenolic compounds and proteins [36].




3.3. Total Phenols, Total Anthocyanins, and Ascorbic Acid after Storage in Juice Blends Treated by HHP, US, and HT


As shown in Figure 2A, the initial concentration of total phenols in the untreated juice blend was 877.69 mg GAE/L. Total phenol content in the juice blends was increased (p < 0.05) by 18% and 7% after HHP and US, respectively; however, it was slightly decreased (p > 0.05) by HT compared with the control. The increase in the phenolic compounds of US-treated juice blend could be attributed to cavitation, which caused breakage in cell walls due to the sudden change in pressure induced by bubble implosions and, thus, the release of the bound forms of these compounds [38]. Similarly, HHP might improve the extraction efficiency of these compounds by breaking the cell wall through enhanced pressure, thereby increasing their availability in the juice [39]. After the initial 2 days of storage, total phenols in the HHP- and US-treated juice blends were increased (p < 0.05); however, after 10 days of storage at 4 °C, the content of total phenols in all treated juice blends decreased (p < 0.05). Furthermore, after 10 days of storage at 4 °C, total phenols in the HHP-, US-, and HT-treated juice blends were 725, 766, and 613 mg GAE/L, respectively. Similarly, Varela-Santos et al. [11] reported that the phenolic content in pomegranate juice treated at 450–550 MPa for 30–150 s showed an increase in the first 3 days of storage, but decreased after 5 days. In this study, total phenols were possibly degraded by oxidation degradation and the polymerization of phenolic compounds with proteins in the juices [27].



As shown in Figure 2B, the anthocyanin content in the untreated juice blend was 10.95 mg/L. Compared with the control, anthocyanin content in the juice blend was not influenced (p > 0.05) by HHP, but was decreased (p < 0.05) by 12% and 16% after US and HT, respectively. This result indicated that HHP treatment had few undesired effects on the anthocyanin content of the juice blend. Cao et al. [27], similarly, reported that the total monomeric anthocyanins in strawberry juice exhibited no change (p > 0.05) with different treatment times (5, 10, 15, 20, and 25 min) at 400, 500, and 600 MPa. Degradation of juice blend anthocyanins by US could be attributable to the hydroxyl radicals produced by cavitation, which could open rings and thus induce the formation of chalcone [40]. Dubrovi et al. [41] found that total anthocyanin content in thermally treated strawberry juice (85 °C /2 min) was reduced by 0.7%–4.4% compared with sonicated strawberry juice (600 W/3, 6, 9 min/25 °C). Degradation of anthocyanins during heating could be related to their decomposition into a chalcone structure and further transformation into a coumarin glucoside derivative with loss of the B-ring [42]. In this study, anthocyanin content in all treated juice blends decreased as storage time increased to 10 days at 4 °C. After 10 days of storage at 4 °C, the anthocyanin contents in the HHP-, US-, and HT-treated juice blends were 8.90, 6.09, and 8.9 mg/L, respectively. These results implied that HHP had better capacity to retain anthocyanin content for 10 days of storage compared with the US and HT treatments. Anthocyanins have been previously reported to be unstable at high temperatures during processing or storage [43]. Loss of anthocyanins might also occur due to oxidation, as well as the condensation of anthocyanin pigments with phenolic compounds [44].



As shown in Figure 2C, the ascorbic acid (AA) content of the untreated juice blend was 2.78 mg/100 mL. Compared with the control, AA content in the juice blends were decreased (p < 0.05) by 9%, 11%, and 23% after HHP, US, and HT, respectively. HHP and US processing were generally regarded to be less destructive to AA than thermal processing [45,46]. This result was in agreement with previous observations [47], which found that AA content was higher (p < 0.05) for HHP-treated strawberry juice and blackberry juice (400, 500, 600 MPa/15 min/10–30 °C) compared to that of HT-treated samples (70 °C/2 min). Here, the AA contents in all treated juice blends decreased (p < 0.05) as storage time increased. After 10 days of storage at 4 °C, the content of AA in the HHP-, US-, and HT-treated juice blends was 1.44, 1.4, and 0.9 mg/100 mL, respectively. Dede et al. [48] found that HHP applications (250 MPa, 35 °C, 15 min) provided better AA values in tomato and carrot juices than HT (80 °C, 1 min) over 30 days at 4 °C and 25 °C. Zenker et al. [49] observed a higher AA retention in sonicated orange juice as compared to thermally processed samples (75 °C/1–30 s) over 49 days at 4 °C. During 10 days of storage, a strong deterioration in AA content was observed for all treatments. This deterioration could be explained first by the oxidation of AA to dehydroascorbic acid (DHAA), which was then further irreversibly converted into 2,3-diketogulonic acid [50,51].




3.4. Antioxidant Capacity after Storage of Juice Blends Treated by HHP, US, and HT


Changes in the antioxidant capacity of juice blends immediately after treatment and after storage are shown in Figure 2D. Compared with that of the untreated juice blends, antioxidant activity in the HHP- and US-treated samples increased (p < 0.05) by 2.7% and 2.4%, respectively, but was maintained in the HT-treated ones. Similarly, Varela-Santos et al. [11] found that HHP-treated pomegranate juices (550 MPa for 30–150 s) exhibited higher (p < 0.05) antioxidant capacity than untreated samples. This increase in antioxidant capacity could be due to better extractability of antioxidant components [42]. Martinez-Flores et al. [32] found that the antioxidant activity of fresh carrot juice treated by US (24 kHz/10 min/58 °C) was increased (p < 0.05) compared with that of untreated juice. The increase of antioxidant capacity in the US-treated juice blend could be directly attributable to ultrasonically induced cavitation [52].



Over the 10 days of storage at 4 °C, the fluctuations in the antioxidant capacity of HHP- and US-treated juice blends were similar to that of the total phenols, in that they increased after the first 2 days of storage and then decreased in the following days leading up to Day 10. The antioxidant capacity in the HT-treated juice blend decreased (p < 0.05) over the 10 days at 4 °C. The antioxidant capacities in the HHP-, US-, and HT-treated juice blends were 91.3%, 92.9%, and 89.2%, respectively, after 10 days of storage at 4 °C. Generally, antioxidant activity was related to the total phenol, anthocyanin, and AA contents of fruits and vegetables. This study found a positive (p < 0.01) correlation with high coefficients between the total phenols and antioxidant capacities of the HHP- (r = 0.971) and HT-treated (r = 0.961) juice blends after 10 days at 4 °C. Furthermore, the antioxidant capacity of the US-treated juice blend (p < 0.05) after 10 days of storage at 4 °C was also correlated to its total phenols (r = 0.854) (Table 3). Similarly, Cao et al. [36] found high correlations between the total phenols and antioxidant activity (r = 0.886 or r = 0.919) of HHP-treated (600 MPa/4 min/25 °C) cloudy strawberry juice and clear juice. These high correlations suggested that total phenols played an important role in the scavenging activity of juice blends towards the DPPH • radical. Many previous studies have reported that phenolic compounds were responsible for the antioxidant capacities of fruits, and that fruits with higher phenolic contents generally showed stronger antioxidant capacities [43,53,54].




3.5. Color Changes after Storage in Juice Blends Treated by HHP, US, and HT


Changes in the color of the HHP-, US-, and HT-treated juice blends are shown in Table 2. The L* value of the US-treated juice blend did not change (p > 0.05) in comparison to the control; however, it was decreased (p < 0.05) in the HHP- and HT-treated samples, in which the liquid became darker. The a* value of the juice blend was not influenced (p > 0.05) by HT; however, it was increased (p < 0.05) by HHP and decreased (p < 0.05) by US; the juice blend became more red after HHP but less red after US. There was no difference (p > 0.05) in the b* values of the untreated, the HHP-, US-, and HT-treated juice blends immediately after the treatments. The decrease in L* value marked browning in the HHP- and HT-treated juice blends, probably due to the release of intracellular compounds that made the juice slightly darker [55]. Patras et al. [42] found that HHP-treated (400, 500, 600 MPa/15 min/10–30 °C) strawberry and blackberry purées also had higher (p < 0.05) a* values compared to those of the HT-treated (70 °C/2 min) samples, whereas the a* values for both treated purées were lower (p < 0.05) than those of the untreated samples.



The L*, a*, and b* values in all treated juice blends were decreased (p < 0.05) with increasing storage time. After 10 days of storage at 4 °C, the US-treated juice blend presented the highest L* value, while the HHP-treated juice blend presented the highest a* and b* values. The total color changes (ΔE*) of the juice blend were 1.6, 0.4, and 2.2 by HHP, US, and HT, respectively. The ΔE* value in the HT-treated juice blend increased (p < 0.05) faster than in the HHP- and US-treated ones, thus indicating the deterioration of its quality. Furthermore, all treated juice blends were observed to become darker, less red, and less yellow over the 10 days at 4 °C. Similarly, Cao et al. [36] reported that L*, a*, and b* values decreased (p < 0.05) in cloudy and clear strawberry juices over 6 months’ storage at 4 °C, while Tomadoni et al. [56] found that thermal treatment (90 °C/60 s) reduced (p < 0.05) the L* value of strawberry juice. Here, the a* values of all treated juice blends decreased (p < 0.05) over 10 days at 4 °C, which was in accord with the change of anthocyanins. Moreover, the accordance between a* and anthocyanins is evidence that the primary red pigment in the juice blend was that of anthocyanins, the destruction of which caused the decrease of the a* values in all the treated juice blends. Typically, increased color degradation was associated with thermal processing as it enhanced the formation of the degradation products that affected color [57]. The decrease in the color parameters of the US-treated juice blend could be attributed to the lower polyphenol oxidase activity and the lower availability of oxygen in sonicated samples, as ultrasound waves also promoted liquid degasification [55]. It was for this reason that the HHP-treated juice blend presented better color stability than the US- and HT-treated samples.




3.6. Sensory Evaluation


No sensory changes were noted in the taste, color, aroma, or consistency of the HHP- and US-treated juice blends compared with the control (Table 4). Barbosa-Cánovas et al. [58] reported that the pressure levels generally proposed and adopted by the food industry were not sufficient to disrupt covalent bonds, therefore maintaining the color, aroma, and flavor compounds responsible for the sensory quality of food. The positive effect of ultrasound in the preservation of similar processed products compared to raw products had been attributed to the removal of oxygen in this treatment [39,59,60].



Taste however, decreased (p < 0.05) by HT in comparison to the control. This result was similar to the findings of Sentandreu et al. [61], who reported a significant decrease in the fresh taste of citrus juices heated above 70 °C. Thermal processing had often been reported to affect the flavor, color, and taste of juice [5,62,63].



The HHP-treated juice blend in this study maintained stable taste, aroma, color, and consistency levels over the 10 days of storage at 4 °C. In the US-treated juice blend, the aroma, color, and consistency levels were maintained after 10 days of storage; however, a decrease (p < 0.05) in the taste of the US-treated samples was observed by the assessors. Color, taste, aroma, and consistency levels of the HT-treated juice blend began to decrease (p < 0.05) after the 10th day of storage. This was mainly due to the Maillard reaction, which caused the enhancement of browning and the development of an off flavor that affected the sensorial quality of juice samples after refrigerated storage [64]. These results, therefore, indicated that the HHP-treated juice blend had more acceptable taste, aroma, color, than those treated by US and HT.





4. Conclusions


HHP, US, and HT processing could all effectively reduce TAB, Y & M, and coliform counts in strawberry–apple–lemon juice blends. No significant differences (p > 0.05) were observed in the TAB, Y & M, and coliform counts between the HHP-, US-, and HT-treated juice blends after 10 days of storage at 4 °C. The total phenols and AA were more effectively maintained in the juice blends treated by HHP and US than those treated by HT, and they exhibited a higher antioxidant capacity than HT-treated samples. The juice blend treated by US was found to have a lower content of total anthocyanins compared with the HHP-treated samples. The sensory quality of the HHP-treated juice blend was judged by the assessors to be superior to those of the US- and HT-treated juice blends after 10 days of storage at 4 °C. Therefore, this study ascertained that HHP could be a potentially useful method through which to preserve bioactive compounds and reduce quality loss in strawberry–apple–lemon juice blends during refrigerated temperature (4 °C) storage for up to as 10 days.








Supplementary Materials


The following are available online at https://www.mdpi.com/2304-8158/9/2/218/s1, Table S1: Sensory attributes and reference scores used for sensory evaluation of juice blend.





Author Contributions


Experiment running, data collection, manuscript writing, X.F., Methodology, Z.Z., Data analysis, X.W., Experimental design, manuscript editing and revision, X.B.; Statistical Analysis, Y.M.; Writing editing, Y.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Technology Innovation Project of the Chengdu Science and Technology Bureau (2018-YF05-00095-SN), Science & Technology Support Project of Yibin (2018ZSF002) and Key Project of Sichuan Provincial Department of the Science and Technology (2019YFN0174, 2018NZ0008).




Conflicts of Interest


We have no conflict of interest to declare.




References


	



Rathod, A.S.; Shakya, B.; Ade, K.D. Studies on effect of thermal processing on preparation of bael fruit RTS blended effect of thermal processing on preparation of bael fruit RTS blended with aonla. Int. J. Res. Eng. Adv. Technol. 2014, 2, 1–5. [Google Scholar]

	



Rojo, M.C.; Cristiani, M.; Szerman, N.; Gonzalez, M.L.; Lerena, M.C.; Mercado, L.A.; Combina, M. Reduction of Zygosaccharomyces rouxii population in concentrated grape juices by thermal pasteurization and hydrostatic high pressure processing. Food Bioprocess Technol. 2019, 12, 781–788. [Google Scholar] [CrossRef]

	



Adekunte, A.; Brijesh kumar, T.; Cullen, P.J.; Scannell, A.; O’Donnell, C. Effect of sonication on colour, ascorbic acid and yeast inactivation in tomato juice. Food Chem. 2010, 122, 500–507. [Google Scholar] [CrossRef]

	



Gómez-López, V.; Orsolani, L.; Martínez-Yépez, A.; Tapia, M. Microbiological and sensory quality of sonicated calcium-added orange juice. LWT-Food Sci. Technol. 2010, 43, 808–813. [Google Scholar] [CrossRef]

	



Santhirasegaram, V.; Razali, Z.; George, D.; Somasundram, C. Effects of thermal and non-thermal processing on phenolic compounds, antioxidant activity and sensory attributes of chokanan Mango (Mangifera indica L.) Juice. Food Bioprocess Technol. 2015, 8, 2256–2267. [Google Scholar] [CrossRef]

	



Aadil, R.; Zeng, X.A.; Han, Z.; Sun, D.W. Effects of ultrasound treatments on quality of grapefruit juice. Food Chem. 2013, 141, 3201–3206. [Google Scholar] [CrossRef]

	



San Martin-Gonzalez, M.F.; Barbosa-Cánovas, G.; Swanson, B. Food processing by high hydrostatic pressure. Crit. Rev. Food Sci. Nutr. 2002, 42, 627–645. [Google Scholar] [CrossRef]

	



Ferrari, G.; Maresca, P.; Ciccarone, R. The effects of high hydrostatic pressure on the polyphenols and anthocyanins in red fruit products. Procedia Food Sci. 2011, 1, 847–853. [Google Scholar] [CrossRef]

	



Barba, F.; Jäger, H.; Meneses, N.; Esteve, M.J.; Frigola, A.; Knorr, D. Evaluation of quality changes of blueberry juice during refrigerated storage after high-pressure and pulsed electric fields processing. Innov. Food Sci. Emerg. Technol. 2012, 14, 18–24. [Google Scholar] [CrossRef]

	



Juarez-Enriquez, E.; Salmeron, I.; Gutierrez-Mendez, N.; Ramaswamy, H.; Ortega-Rivas, E. Shelf life studies on apple juice pasteurised by ultrahigh hydrostatic pressure. LWT-Food Sci. Technol. 2014, 62, 915–919. [Google Scholar] [CrossRef]

	



Varela-Santos, E.; Ochoa, A.; Tabilo, G.; Reyes, J.; Pérez-Won, M.; Briones-Labarca, V.; Morales-Castro, J. Effect of high hydrostatic pressure (HHP) processing on physicochemical properties, bioactive compounds and shelf-life of pomegranate juice. Innov. Food Sci. Emerg. Technol. 2011, 13, 12–22. [Google Scholar] [CrossRef]

	



Xu, Z.; Wang, Y.; Lin, T.; Liao, X. Quality assurance in pepper and orange juice blend treated by high pressure processing and high temperature short time treatment. Innov. Food Sci. Emerg. Technol. 2015, 31, 28–36. [Google Scholar] [CrossRef]

	



Fernandez, A.; Butz, P.; Bognàr, A.; Tauscher, B. Antioxidative capacity, nutrient content and sensory quality of orange juice and an orange-lemon-carrot juice product after high pressure treatment and storage in different packaging. Eur. Food Res. Technol. 2001, 13, 290–296. [Google Scholar] [CrossRef]

	



Piyasena, P.; Ohareb, E.; McKellar, R.C. Inactivation of microbes using ultrasound: A review. Int. J. Food Microbiol. 2013, 87, 207–216. [Google Scholar] [CrossRef]

	



O’Donnell, C.; Brijesh kumar, T.; Bourke, P.; Cullen, P.J. Effect of ultrasonic processing on food enzymes of industrial importance. Trends Food Sci. Technol. 2010, 21, 358–367. [Google Scholar] [CrossRef]

	



Nadeem, M.; Ubaid, N.; Qureshi, T.; Munir, M.; Mehmood, A. Effect of ultrasound and chemical treatment on total phenol, flavonoids and antioxidant properties on carrot-grape juice blend during storage. Ultrason. Sonochem. 2018, 45, 1–6. [Google Scholar] [CrossRef]

	



Gao, J.; Rupasinghe, H.V. Nutritional, physicochemical and microbial quality of ultrasound-treated apple-carrot juice blends. Food Nutr. Sci. 2012, 3, 212. [Google Scholar] [CrossRef]

	



Beirão-da-Costa, S.; Steiner, A.; Correia, L.; Empis, J.; Moldão-Martins, M. Effects of maturity stage and mild heat treatments on quality of minimally processed kiwifruit. J. Food Eng. 2006, 76, 616–625. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, F.; Cao, X.; Chen, F.; Hu, X.; Liao, X. Comparison of high hydrostatic pressure and high temperature short time processing on quality of purple sweet potato nectar. Innov. Food Sci. Emerg. Technol. 2012, 16, 326–334. [Google Scholar] [CrossRef]

	



Daoudi, L.; Quevedo, J.; Trujillo, A.J.; Capdevila, F.; Bartra, E.; Mínguez, S.; Guamis, B. Effects of high-pressure treatment on the sensory quality of white grape juice. Int. J. High Pressure Res. 2002, 22, 705–709. [Google Scholar] [CrossRef]

	



Engmann, F.; Ma, Y.; Tchabo, W.; Ma, H.; Zhang, H. Optimization of ultrasonic and high hydrostatic pressure conditions on quality parameters of mulberry (Morus Moraceae) juice using response surface methodology. J. Food Qual. 2014, 37, 297–308. [Google Scholar] [CrossRef]

	



Feng, P.; Weagant, S.D.; Grant, M.A.; Burkhardt, W.; Shellfish, M.; Water, B. BAM: Enumeration of Escherichia coli and the coliform bacteria. Bacteriol. Anal. Manual. 2002, 213, 290–296. [Google Scholar]

	



Abid, M.; Jabbar, D.S.; Wu, T.; Hashim, M.; Hu, B.; Shicheng, L.; Zhang, X. Effect of ultrasound on different quality parameters of apple juice. Ultrason. Sonochem. 2013, 20, 1185–1187. [Google Scholar] [CrossRef] [PubMed]

	



Kubo, M.; Augusto, P.; Cristianini, M. Effect of high pressure homogenization (HPH) on the physical stability of tomato juice. Food Res. Int. 2013, 51, 170–179. [Google Scholar] [CrossRef]

	



Chen, D.; Pan, S.; Chen, J.; Pang, X.; Guo, X.; Gao, L.; Liao, X.; Wu, J. Comparing the effects of high hydrostatic pressure and ultrahigh temperature on quality and shelf life of cloudy ginger juice. Food Bioprocess Technol. 2016, 9, 1779–1793. [Google Scholar] [CrossRef]

	



Cassani, L.; Tomadoni, B.; Ponce, A.G.; Agüero, M.; Moreira, M. Combined use of ultrasound and vanillin to improve quality parameters and safety of strawberry juice enriched with prebiotic fibers. Food Bioprocess Technol. 2017, 10, 1454–1465. [Google Scholar] [CrossRef]

	



Cao, X.; Zhang, Y.; Zhang, F.; Wang, Y.; Yi, J.; Liao, X. Effects of high hydrostatic pressure on enzymes, phenolic compounds, anthocyanins, polymeric color and color of strawberry pulps. J. Sci. Food Agric. 2011, 91, 877–885. [Google Scholar] [CrossRef]

	



Zou, H.; Lin, T.; Bi, X.; Zhao, L.; Wang, Y.; Liao, X. Comparison of high hydrostatic pressure, high-pressure carbon dioxide and high-temperature short-time processing on quality of mulberry juice. Food Bioprocess Technol. 2015, 9, 217–231. [Google Scholar] [CrossRef]

	



Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT-Food Sci. Technol. 1995, 28, 25–30. [Google Scholar] [CrossRef]

	



Kaya, Z.; Yildiz, S.; Ünlütürk, S. Effect of UV-C irradiation and heat treatment on the shelf life stability of a lemon-melon juice blend: Multivariate statistical approach. Innov. Food Sci. Emerg. Technol. 2015, 29, 230–239. [Google Scholar] [CrossRef]

	



Lavinas, F.; Miguel, M.; Lopes, M.; Valente Mesquita, V. Effect of high hydrostatic pressure on cashew apple (Anacardium occidentale L.) juice preservation. J. Food Sci. 2008, 73, M273–M277. [Google Scholar] [CrossRef] [PubMed]

	



Martinez-Flores, H.E.; Garnica-Romo, M.G.; Bermudez-Aguirre, D.; Pokhrel, P.; Barbosa-Cánovas, G.V. Physico-chemical parameters, bioactive compounds and microbial quality of thermo-sonicated carrot juice during storage. Food Chem. 2015, 172, 650–656. [Google Scholar] [CrossRef] [PubMed]

	



Del Caro, A.; Piga, A.; Vacca, V.; Agabbio, M. Changes of flavonoids, vitamin C and antioxidant capacity in minimally processed citrus segments and juices during storage. Food Chem. 2004, 84, 99–105. [Google Scholar] [CrossRef]

	



Kang, D.; Dougherty, R.; Swanson, B. Controlling Alicyclobacillus acidoterrestris in fruit juices by high pressure and high temperature. Nutr. Reprod. Food Sci. Human Nutr. 2003, 34, 311–316. [Google Scholar]

	



Brijesh kumar, T.; Muthukumarappan, K.; O’Donnell, C.; Cullen, P.J. Effects of sonication on the kinetics of orange juice quality parameters. J. Agric. Food Chem. 2008, 56, 2423–2428. [Google Scholar]

	



Cao, X.; Bi, X.; Huang, W.; Wu, J.; Hu, X.; Liao, X. Changes of quality of high hydrostatic pressure processed cloudy and clear strawberry juices during storage. Innov. Food Sci. Emerg. Technol. 2012, 16, 181–190. [Google Scholar] [CrossRef]

	



Tiwari, B.K.; O’Donnell, C.P.; Muthukumarappan, K.; Cullen, P.J. Effect of sonication on orange juice quality parameters during storage. Int. J. Food Sci. Technol. 2009, 44, 586–595. [Google Scholar] [CrossRef]

	



Huang, W.; Bi, X.; Zhang, X.; Liao, X.; Hu, X.; Wu, J. Comparative study of enzymes, phenolics, carotenoids and color of apricot nectars treated by high hydrostatic pressure and high temperature short time. Innov. Food Sci. Emerg. Technol. 2013, 18, 74–82. [Google Scholar] [CrossRef]

	



Kim, H.K.; Leem, K.H.; Lee, S.; Kim, B.Y.; Hahm, Y.; Cho, H.Y.; Lee, J. Effect of high hydrostatic pressure on immunomodulatory activity of cloudy apple juice. Food Sci. Biotechnol. 2012, 21, 175–181. [Google Scholar] [CrossRef]

	



Sadilova, E.; Carle, R.; Stintzing, F. Thermal degradation of anthocyanin and impact on color and in vitro antioxidant capacity. Mol. Nutr. Food Res. 2007, 51, 1461–1471. [Google Scholar] [CrossRef]

	



Dubrovi, I.; Herceg, Z.; Režek Jambrak, A.; Badanjak Sabolović, M.; Verica, D.U. Effect of high intensity ultrasound and pasteurization on anthocyanin content in strawberry juice. Food Technol. Biotechnol. 2013, 49, 196–204. [Google Scholar]

	



Adams, J. Thermal degradation of anthocyanins with particular reference to the 3-glycosides of cyanidin. I. In acidified aqueous solution at 100 °C. J. Sci. Food Agric. 1973, 24, 747–762. [Google Scholar] [CrossRef]

	



Patras, A.; Brunton, N.; Brijesh kumar, T.; Butler, F. Stability and degradation kinetics of bioactive compounds and colour in strawberry jam during storage. Food Bioprocess Technol. 2011, 4, 1245–1252. [Google Scholar] [CrossRef]

	



Castañeda, A.; de Lourdes Pacheco-Hernandez, M.; Páez-Hernández, M.E.; Rodriguez, J.A.; Galán-Vidal, C.A. Chemical studies of anthocyanins: A review. Food Chem. 2009, 113, 859–871. [Google Scholar]

	



Sánchez-Moreno, C.; Plaza, L.; Elez-Martinez, P.; De Ancos, B.; Martin-Belloso, O.; Cano, M.P. Impact of high pressure and pulsed electric fields on bioactive compounds and antioxidant activity of orange juice in comparison with traditional thermal processing. J. Agric. Food Chem. 2005, 53, 4403–4409. [Google Scholar] [CrossRef]

	



Korn, M.; Primo, P.M.; de Sousa, C.S. Influence of ultrasonic waves on phosphate determination by the molybdenum blue method. Microchem. J. 2002, 73, 273–277. [Google Scholar] [CrossRef]

	



Patras, A.; Brunton, N.; Pieve, S.; Butler, F. Impact of high pressure processing on total antioxidant activity, phenolic, ascorbic acid, anthocyanin content and color of strawberry and blackberry purées. Innov. Food Sci. Emerg. Technol. 2009, 10, 308–313. [Google Scholar] [CrossRef]

	



Dede, S.; Alpas, H.; Bayindirli, A. High hydrostatic pressure treatment and storage of carrot and tomato juice: Antioxidant activity and microbial safety. J. Sci. Food Agric. 2007, 87, 773–782. [Google Scholar] [CrossRef]

	



Zenker, M.; Heinz, V.; Knorr, D. Application of ultrasound-assisted thermal processing for preservation and quality retention of liquid foods. J. Food Prot. 2003, 66, 1642–1649. [Google Scholar] [CrossRef] [PubMed]

	



Davey, M.W.; Montagu, M.V.; Inze, D.; Sanmartin, M.; Kanellis, A.; Smirnoff, N.; Benzie, I.J.J.; Strain, J.J.; Favell, D.; Fletcher, J. Plant L-ascorbic acid: Chemistry, function, metabolism, bioavailability and effects of processing. J. Sci. Food Agric. 2000, 80, 825–860. [Google Scholar] [CrossRef]

	



Siddiqui, M.W.; Chakraborty, I.; Ayala-Zavala, J.; Dhua, R. Advances in minimal processing of fruits and vegetables: A review. J. Sci. Ind. Res. 2011, 70, 823–834. [Google Scholar]

	



Bhat, R.; Kamaruddin, N.; Min-Tze, L.; Karim, A. Sonication improves kasturi lime (Citrus microcarpa) juice quality. Ultrason. Sonochem. 2011, 18, 1295–1300. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, F.L.; Escribano-Bailón, M.T.; Alonso, J.J.P.; Rivas-Gonzalo, J.C.; Santos-Buelga, C. Anthocyanin pigments in strawberry. LWT-Food Sci. Technol. 2007, 40, 374–382. [Google Scholar] [CrossRef]

	



Gorinstein, S.; Zachwieja, Z.; Katrich, E.; Pawelzik, E.; Haruenkit, R.; Trakhtenberg, S.; Martin-Belloso, O. Comparison of the contents of the main antioxidant compounds and the antioxidant activity of white grapefruit and his new hybrid. LWT-Food Sci. Technol. 2004, 37, 337–343. [Google Scholar] [CrossRef]

	



Costa, M.; Fonteles, T.; De Jesus, A.L.; Almeida, F.; Miranda, M.; Fernandes, F.; Rodrigues, S. High-intensity ultrasound processing of pineapple juice. Food Bioprocess Technol. 2011, 6, 997–1006. [Google Scholar] [CrossRef]

	



Tomadoni, B.; Cassani, L.; Viacava, G.; Moreira, M.; Ponce, A.G. Effect of ultrasound and storage time on quality attributes of strawberry juice. J. Food Process Eng. 2017, 40, e12533. [Google Scholar] [CrossRef]

	



Sadilova, E.; Stintzing, F.; Kammerer, D.; Carle, R. Matrix dependent impact of sugar and ascorbic acid addition on color and anthocyanin stability of black carrot, elderberry and strawberry single strength and from concentrate juices upon thermal treatment. Food Res. Int. 2009, 42, 1023–1033. [Google Scholar] [CrossRef]

	



Barbosa-Cánovas, G.; Rodríguez, J. Update on nonthermal food processing technologies: Pulsed electric field, high hydrostatic pressure, irradiation and ultrasound. Food Aust. 2002, 54, 513–520. [Google Scholar]

	



Mason, T.J.; Paniwnyk, L.; Lorimer, J. The uses of ultrasound in food technology. Ultrason. Sonochem. 1996, 3, S253–S260. [Google Scholar] [CrossRef]

	



Brijesh kumar, T.; O’Donnell, C.; Patras, A.; Cullen, P.J. Anthocyanin and ascorbic acid degradation in sonicated strawberry juice. J. Agric. Food Chem. 2008, 56, 10071–10077. [Google Scholar]

	



Sentandreu, E.; Carbonell, L.; Carbonell, J.; Izquierdo, L. Effects of heat treatment conditions on fresh taste and on pectinmethylesterase activity of chilled mandarin and orange juices. Food Sci. Technol. Int. 2005, 11, 217–222. [Google Scholar] [CrossRef]

	



Parish, M. Orange juice quality after treatment by thermal pasteurization or isostatic high pressure. LWT-Food Sci. Technol. 1998, 31, 439–442. [Google Scholar] [CrossRef]

	



Igual, M.; Contreras, C.; Camacho, M.; Martínez-Navarrete, N. Effect of thermal treatment and storage conditions on the physical and sensory properties of grapefruit juice. Food Bioprocess Technol. 2014, 7, 191–203. [Google Scholar] [CrossRef]

	



Brijesh kumar, T.; O’Donnell, C.; Muthukumarappan, K.; Cullen, P.J. Ascorbic acid degradation kinetics of sonicated orange juice during storage and comparison with thermally pasteurised juice. LWT-Food Sci. Technol. 2009, 42, 700–704. [Google Scholar]








[image: Foods 09 00218 g001a 550][image: Foods 09 00218 g001b 550] 





Figure 1. Changes in the total aerobic bacteria (A) and yeast and mold (B) counts in juice blends treated by HHP, US, and HT after 12 days of storage at 4 °C. HHP: high hydrostatic pressure (500 MPa/15 min/15 °C), US: ultrasound (376 W/10 min/35 °C), HT: heat treatment (86 °C/1 min). 
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Figure 2. Changes in the total phenols (A), total anthocyanin (B), ascorbic acid (C), and antioxidant activity (D) in juice blends treated by HHP, US, and HT after 12 days of storage at 4 °C. HHP: high hydrostatic pressure (500 MPa/15 min/15 °C), US: ultrasound (376 W/10 min/35 °C), HT: heat treatment (86 °C/1 min). Each column represents a mean and the vertical bars indicate the standard deviation. Means with different letters within the same color columns are significantly different (Duncan test, p < 0.05). 
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Table 1. Variations of coliforms (MPN/100 mL) in juice blends treated by HHP, US, and HT after 12 days of storage at 4 °C.
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Storage Time

	
Treatments




	
Control

	
HHP

	
US

	
HT






	
0

	
120

	
<3

	
<3

	
<3




	
2

	
ND

	
<3

	
<3

	
<3




	
4

	
ND

	
<3

	
<3

	
<3




	
6

	
ND

	
<3

	
<3

	
<3




	
8

	
ND

	
<3

	
<3

	
<3




	
10

	
ND

	
<3

	
<3

	
<3




	
12

	
ND

	
<3

	
<3

	
<3








ND: not analyzed (the microbial count was not able to be continued due to the great growth of the microorganisms). HHP: high hydrostatic pressure (500 MPa/15 min/15 °C), US: ultrasound (376 W/10 min/35 °C), HT: heat treatment (86 °C/1 min).
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Table 2. Variations of pH, TSS, turbidity, and color parameters in juice blends treated by HHP, US, and HT after 12 days of storage at 4 °C.
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Process

	
Storage (Days)

	
pH

	
TSS (°Brix)

	
Turbidity (A660)

	
Color




	
L*

	
a*

	
b*

	
ΔE*






	
Control

	
0

	
3.38 ± 0.01 bc

	
7.80 ± 0 a

	
0.19 ± 0.12 bcd

	
21.59 ± 0.92 a

	
7.29 ± 0.38 bc

	
4.3 ± 0.20 abc

	
0




	
HHP (500 MPa/15 min/15 °C)

	
0

	
3.37 ± 0.01 cde

	
7.80 ± 0 a

	
0.11 ± 0 cdefg

	
20.02 ± 0 bc

	
7.57 ± 0 a

	
4.43 ± 0.01 a

	
1.60 p




	
2

	
3.38 ± 0.01 bcd

	
7.77 ± 0.06 a

	
0.05 ± 0.06 efg

	
19.88 ± 0.02 bcd

	
7.50 ± 0 ab

	
4.4 ± 0.01 ab

	
1.73 o




	
4

	
3.38 ± 0.01 bcd

	
7.77 ± 0.06 a

	
0.09 ± 0 defg

	
19.74 ± 0.18 cde

	
7.4 ± 0.04 abc

	
4.4 ± 0 ab

	
1.86 m




	
6

	
3.38 ± 0.01 bcd

	
7.80 ± 0 a

	
0.08 ± 0 efg

	
19.40 ± 0.07 cdef

	
7.25 ± 0.01 bcd

	
4.37 ± 0 ab

	
2.02 l




	
8

	
3.37 ± 0.01 cde

	
7.77 ± 0.06 a

	
0.07 ± 0 efg

	
19.13 ± 0.10 defg

	
7.19 ± 0.01 bc

	
4.37 ± 0.04 abc

	
2.46 h




	
10

	
3.37 ± 0.01 cde

	
7.80 ± 0 a

	
0.05 ± 0 fg

	
18.91 ± 0.06 fgh

	
7.03 ± 0.02 de

	
4.21 ± 0 abcd

	
2.68 f




	
12

	
3.37 ± 0.01 cde

	
7.80 ± 0 a

	
0.03 ± 0 g

	
18.45 ± 0.16 ghi

	
6.91 ± 0.02 efg

	
4.11 ± 0.01 abcd

	
3.17 c




	
US (376 W/10 min/35 °C)

	
0

	
3.43 ± 0 a

	
7.80 ± 0 a

	
0.56 ± 0.03 a

	
21.59 ± 0.92 a

	
6.91 ± 0.04 efg

	
4.19 ± 0a bcd

	
0.40 u




	
2

	
3.35 ± 0 ef

	
7.80 ± 0 a

	
0.23 ± 0.09 b

	
21.91 ± 0.71 a

	
6.60 ± 0.06 hi

	
4.08 ± 0.05 bcde

	
0.79 t




	
4

	
3.34 ± 0.0 g

	
7.80 ± 0 a

	
0.16 ± 0.10 bcdef

	
22.34 ± 0.10 a

	
6.76 ± 0.03 fgh

	
4.11 ± 0.18 abcd

	
0.94 s




	
6

	
3.32 ± 0.02 e

	
7.80 ± 0 a

	
0.11 ± 0.07 cdefg

	
22.04 ± 0.53 a

	
6.30 ± 0.21 jk

	
3.96 ± 0.38 def

	
1.14 r




	
8

	
3.28 ± 0.03 h

	
7.80 ± 0 a

	
0.06 ± 0.05 efg

	
20.62 ± 0.31 a

	
6.31 ± 0.16 jk

	
4.11 ± 0.18 abcd

	
1.39 h




	
10

	
3.26 ± 0.01 hi

	
7.80 ± 0 a

	
0.03 ± 0.03 g

	
20.16 ± 0.05 bc

	
6.22 ± 0.05 k

	
3.78 ± 0.31 ef

	
2.15 k




	
12

	
3.25 ± 0 i

	
7.80 ± 0 a

	
0.02 ± 0 g

	
20.01 ± 0.01 bc

	
5.94 ± 0.14 l

	
3.74 ± 0.01 f

	
2.21 j




	
HT (86 °C/1 min)

	
0

	
3.39 ± 0.01 b

	
7.80 ± 0 a

	
0.05 ± 0 fg

	
19.39 ± 0.02 cdef

	
7.42 ± 0.03 abc

	
4.40 ± 0.1 ab

	
2.20 j




	
2

	
3.39 ± 0.01 b

	
7.80 ± 0 a

	
0.07 ± 0 efg

	
19.18 ± 0.04 defg

	
7.21 ± 0.02 bc

	
4.36 ± 0.01 ab

	
2.41 i




	
4

	
3.38 ± 0.01 bc

	
7.77 ± 0.06 a

	
0.08 ± 0 efg

	
19.01 ± 0.01 efgh

	
7.01 ± 0.01 de

	
4.31 ± 0.01 abc

	
2.50 g




	
6

	
3.37 ± 0 cde

	
7.80 ± 0 a

	
0.09 ± 0 cdefg

	
18.76 ± 0 fghi

	
6.94 ± 0.06 ef

	
4.29 ± 0.01 abcd

	
2.84 e




	
8

	
3.37 ± 0.01 cde

	
7.77 ± 0.06 a

	
0.10 ± 0 efg

	
18.51 ± 0.01 ghi

	
6.87 ± 0.04 ef

	
4.24 ± 0.01 abcd

	
3.11 d




	
10

	
3.37 ± 0 cde

	
7.80 ± 0 a

	
0.17 ± 0 bcde

	
18.01 ± 0.01 i

	
6.67 ± 0.03 ghi

	
4.10 ± 0.01 abcd

	
3.64 a




	
12

	
3.36 ± 0.01 def

	
7.80 ± 0 a

	
0.20 ± 0 bc

	
18.22 ± 0.02 hi

	
6.51 ± 0.01 ij

	
4.0 ± 0.02c def

	
3.54 b








Data are presented as means ± the standard deviation. Values with different letters (a–u) in same column represent that they are significantly different from each other. HHP: high hydrostatic pressure (500 MPa/15 min/15 °C), US: ultrasound (376 W/10 min/35 °C), HT: heat treatment (86 °C/1 min).
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Table 3. Pearson correlation of total phenols, total anthocyanins, ascorbic acid, and antioxidants in juice blends treated with HHP, US, and HT.






Table 3. Pearson correlation of total phenols, total anthocyanins, ascorbic acid, and antioxidants in juice blends treated with HHP, US, and HT.





	

	
Antioxidant Capacity




	
HHP

	
US

	
HT






	
Total phenols

	
0.971 **

	
0.854 *

	
0.933 **




	
Total anthocyanins

	
0.943 **

	
0.831 *

	
0.917 **




	
Ascorbic acid

	
0.968 **

	
0.963 **

	
0.922 **








* Significant at 5% (p < 0.05). ** Significant at 1% (p < 0.01). HHP: high hydrostatic pressure (500 MPa/15 min/15 °C), US: ultrasound (376 W/10 min/35 °C), HT: heat treatment (86 °C/1 min).
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Table 4. Sensory scores of juice blends treated by HHP, US, and HT after 10 days of storage at 4 °C.






Table 4. Sensory scores of juice blends treated by HHP, US, and HT after 10 days of storage at 4 °C.





	
Storage Time

	
Process

	
Sensory Attributes

	




	
Taste

	
Aroma

	
Color

	
Consistency

	
Total Score






	
0

	
Untreated

	
33.25 ± 2.25 a

	
24.38 ± 2.00 a

	
11.63 ± 1.77 a

	
12.25 ± 1.75 a

	
81.50 ± 4.87 a




	
0

	
HHP

	
33.25 ± 2.25 a

	
23.50 ± 2.20 ab

	
11.00 ± 1.6 a

	
12.25 ± 1.75 a

	
80.00 ± 5.37 a




	
0

	
US

	
31.38 ± 2.82 ab

	
22.63 ± 2.33 ab

	
11.63 ± 1.92 a

	
12.00 ± 1.51 a

	
77.25 ± 3.37 ab




	
0

	
HT

	
23.75 ± 3.78 c

	
21.63 ± 3.16 ab

	
10.38 ± 1.51 a

	
11.63 ± 1.77 a

	
67.13 ± 4.49 c




	
10

	
Untreated

	
ND

	
ND

	
ND

	
ND

	
ND




	
10

	
HHP

	
31.38 ± 3.78 ab

	
23.13 ± 2.36 ab

	
10.38 ± 1.41 a

	
12.00 ± 1.51 a

	
76.88 ± 3.44 ab




	
10

	
US

	
30.13 ± 3.76 b

	
22.9 ± 3.00 ab

	
11.00 ± 0.93 a

	
11.63 ± 1.77 a

	
73.50 ± 5.04 b




	
10

	
HT

	
20.25 ± 0.71 d

	
21.38 ± 2.13 b

	
8.38 ± 0.52 b

	
9.50 ± 0.53 b

	
61.88 ± 3.00 d








Data are presented as means ± the standard deviation. Values with different letters (a–d) in same column represent that they are significantly different from each other. ND means not analyzed. HHP: high hydrostatic pressure (500 MPa/15 min/15 °C), US: ultrasound (376 W/10 min/35 °C), HT: heat treatment (86 °C/1 min).
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