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Synergistic effect of UV-C irradiation and high-pressure processing in reducing microbial load in “Nanglae” pineapple juice compared to conventional heat treatment
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Thermal processing is widely used in juice production to ensure microbial safety and to extend juice shelf life; however, it can have an impact on quality attributes such as color and nutritional content. UV-C irradiation and high-pressure processing (HPP) are non-thermal processing methods which causes little impact on the quality of fruit juice compared to conventional heat treatment (CHT). The objective of this study was to investigate the effect of combining UV-C and HPP (UV-C + HPP) treatments on microbial loads and quality of “Nanglae” pineapple juice during cold storage at 5 ± 1°C for 91 days. The treatments were as follows: (1) no treatment; (2) conventional heat treatment (80 ± 5°C, 10 min); and (3) a combination of UV-C (3 kJ/m2) and HPP (600 MPa, 5 min) treatments. The combined treatments of UV-C and HPP reduced the numbers of viable cells of aerobic microorganisms to less than the quantification limit of 1.48 log CFU/mL and yeasts and molds to <1.18 log CFU/mL throughout the 91-day storage period. Pineapple juice treated with CHT contained yeasts and molds exceeding the quantification limit of 1.18 log CFU/mL after 63 days of storage. The UV-C + HPP treatment preserved carotenoids and protein levels comparable to those found in fresh pineapple juice over 91 days of storage, whereas the CHT significantly decreased these values. Throughout the storage period, ascorbic acid levels in the CHT were slightly lower than in the combined treatments. These results clearly demonstrate that the combination of UV-C and HPP can ensure the safety of “Nanglae” pineapple juice while also retaining bioactive compounds. Combining these two technologies could be a new approach to producing healthy and safe juices.
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Introduction

Fresh fruits and vegetables, as well as minimally processed products, are increasingly popular for health reasons. Pineapple (Ananas comosus L. Merr) is high in calcium, potassium, carbohydrates, crude fiber, and minerals. These nutrients are beneficial to the digestive system and diet. Furthermore, pineapple contains bromelain, a group of enzymes that promote protein digestion and reduces inflammation. Pineapple also contains bioactive compounds such as vitamin C, polyphenols, and carotenoids that help prevent diseases, e.g., cancer, heart disease, diabetes, tooth decay, and obesity, as well as some pathogenic microorganisms (Ferreira et al., 2016). The pineapple cultivar “Nanglae” is a Chiang Rai Geographical Indication (GI) that is commonly consumed fresh; however, increased pineapple production for fresh consumption leads to oversupply and lower prices. The price of “Nanglae” pineapple sold as fresh fruit could be reduced by up to 50% during the peak season (Thanwa Aree, personal communication, 26 Jan 2022). Processed pineapple is an option for mitigating this problem while also increasing the value of pineapple. The distinct aroma and juiciness of “Nanglae” pineapple make it ideal for juice production and the development of a refreshing and healthy beverage. Conventional heat treatment (CHT) is commonly used during juice production to kill pathogens and extend its shelf life of the juice; pasteurization at temperatures lower than 100°C is commonly used for this purpose (Deak, 2014). However, thermal processing can cause a loss of antioxidants and other compounds of nutritional value (Vervoort et al., 2011) and affect juice color (Rattanathanalerk et al., 2005).

Non-thermal processing methods such as high-pressure processing (HPP), pulsed electric fields, radiation, and ultrasound have recently received attention for use in juice processing. These methods may retain the sensory characteristics and nutrient content of the juice, to levels similar to those found in raw or fresh fruits, in addition to removing microbial risk from the juice. Irradiation with UV-C light (200–280 nm) has the potential to reduce microbial loads in food and on packaging surfaces while having little effect on sensory and product quality (Abdul Karim Shah et al., 2016). Furthermore, UV-C treatment can improve the quality of fruits and vegetables by increasing the synthesis of secondary metabolites and antioxidant enzymes (González-Aguilar et al., 2007). For instance, the increased total phenolic content and antioxidant activity were obtained in UV-C treated banana at the dose of 0.01–0.3 kJ/m2 (Mohamed et al., 2017), tomato at 3.7 kJ/m2 (Charles et al., 2008), and blueberries at 4.3 kJ/m2 (Perkins-Veazie et al., 2008). Romanazzi et al. (2006) found that grapes irradiated with UV-C at 0.36 kJ/m2 induced catechin and trans-resveratrol, which later became a treatment to increase antioxidants in grapes for making a functional wine with the health-enhancing properties of resveratrol. The UV-C exposure at 13.2, 26.4, and 39.6 kJ/m2 also increased vitamin C levels in the “Phulae” pineapple pulp (Sari et al., 2016). However, the use of UV-C can shorten the shelf life of juice products due to microbial spoilage, in particular yeasts and molds. It is probably attributable to the complex cell structure of the fungi, which makes them more resistant to UV-C treatment (Torkamani and Niakousari, 2011).

As a result, combining UV-C and other non-thermal processing treatments may have a synergistic benefit and increase the shelf life of fruit juice, including “Nanglae” pineapple juice. HPP is an emerging technology that originated in Japan and has been used for a decade in food packaging and beverage production (Knorr, 1993). HPP can inactivate microorganisms such as bacteria, yeasts, and molds, as well as deactivate enzymes and chemical reactions, resulting in fewer quality changes and the preservation of aroma, taste, and nutritional value (Balasubramaniam et al., 2008). For example, HPP has been shown to retain more antioxidants and ascorbic acid in strawberry and blackberry purees than thermal processing (Abera, 2019). HPP treatment has also significantly improved the levels of total carotenoids in foods compared to untreated ones (Gamlath and Wakeling, 2011). When pressures ranging from 400 to 600 MPa were applied to tomato puree and orange juice (Sanchez-Moreno et al., 2005, 2006), a significant increase in all types of carotenoids was observed. Our previous study revealed that HPP at 400 and 600 MPa for 5 min reduced microbial load in “Nanglae” pineapple juice (Chuensombat et al., 2019). Because the average pH of “Nanglae” pineapple is around 4.6 (Kongsuwan et al., 2009), HPP at 600 MPa is recommended for application with “Nanglae” pineapple juice according to the Food Drug Administration Thailand. (2019). However, there is little information on the use of HPP in the production of “Nanglae” pineapple juice. Moreover, HPP is insufficient on its own to inactivate some enzymes that can cause deterioration and should be used in conjunction with other methods (Chandra et al., 2021). To the best of our knowledge, no research has been published on the use of UV-C in conjunction with HPP to preserve the quality of fruit juice. Therefore, the purpose of this study was to determine the combined effect of UV-C and HPP treatments on quality of “Nanglae” pineapple juice during cold storage compared to conventional heat treatment.



Materials and methods


Preparation of pineapple juice

A fully ripened and defect-free “Nanglae” pineapples were purchased from an orchard in Chiang Rai, Thailand. The pineapples were washed with tap water, peeled, cored, and cut into small pieces using a sharp stainless-steel knife. The pineapple juice was extracted using a hydraulic press (Owner Foods Machinery Co., Ltd.), collected, and immediately used for further experimentation.



UV-C treatment

The UV-C radiation chamber (Figure 1) was built with slight modifications from Sari et al. (2016). The UV-C lamps (Sylvania Ultraviolet G8W, 253.7 nm) were placed 30 cm above and below the rack, with four lamps each. The UV-C intensity in this experiment was 1.14 mW/cm2 measured using a digital UV-C meter (LUTRON UVC-254SD, Taiwan). The pineapple juice was poured into a 22 × 25 cm glass container and filled to a height of 1 cm (approximately 550 mL) before being exposed to UV-C radiation for 4.38 min to receive a dose of 3 kJ/m2. After treatment, 130 mL of pineapple juice was poured into a sterile polyethylene terephthalate (PET) bottle and prepared for high-pressure processing.
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FIGURE 1
 Schematic diagram of UV-C radiation chamber.




High-pressure processing (HPP)

UV-C-treated pineapple juice was subjected under high-pressure processing at 600 MPa for 5 min using a high-pressure generator (Bao Tou KeFa High Pressure Technology Co., Ltd., China) with a capacity of 3.0 L at room temperature (25°C). Reverse osmosis water was used as the pressure transmitting fluid. The treatment time in this study excluded the time of increasing and releasing the pressure. After treatment, all samples were stored at 5 ± 1°C. Quality changes of pineapple juice were determined every 7 days for 91 days. Untreated pineapple juice was used as a control.



Conventional heat treatment (CHT)

Pineapple juice was mixed thoroughly and heated at 80 ± 5°C for 10 min according to Chia et al. (2012). After heat treatment, 130 mL of pineapple juice was immediately filled into a sterile polyethylene terephthalate (PET) bottle, lidded and cooled down before storing at 5 ± 1°C.



Microbiological analysis

Total aerobic microbial counts and yeast and mold counts were determined using 3M Petrifilm™ Aerobic Count Plates and 3M Petrifilm™ Yeast and Mold Count Plates, respectively (AOAC, 2000). Aliquots (1.0 mL) of pineapple juice were taken and decimally diluted in 9.0 mL of 0.1% peptone water. Aliquots were then pipetted onto the film, spread, and incubated at 35 ± 1°C for 48 ± 3 h. The numbers of colony forming units (CFU)/mL were expressed as decimal logarithms. The Aerobic Count Plate was considered below the quantification limit of 1.48 log CFU/mL when <30 colonies were counted; the Yeast and Mold Count Plate was considered below the quantification limit of 1.18 log CFU/mL when <15 colonies were counted.



pH, total soluble solids, titratable acidity and color

The pH of pineapple juice was measured using a pH meter (Binder, Scientific Promotion Co., Ltd.). The total soluble solids content was measured using a digital hand refractometer (ATAGO, Japan), and the values were expressed as °Brix. Titratable acidity was determined according to the method of the Association of Official Agricultural Chemists (AOAC, 2000). Pineapple juice (5 mL) with 1% phenolphthalein solution as an indicator was titrated with 0.1 N of sodium hydroxide. The values were expressed as a percentage of citric acid. The color of pineapple juice was measured using a CR-10 color reader (Konica Minolta, Inc., Japan) and expressed as L* (lightness) and b* (brightness) values.



Ascorbic acid content

Ascorbic acid was analyzed titrimetrically according to the method of the Association of Official Agricultural Chemists (AOAC, 2000). Aliquots (2 mL) of pineapple juice were added to 5 mL of metaphophoric acid-acetic acid solution and titrated with 2,6-dichloroindophenol. The values were expressed as mg per 100 mL juice (mg/100 mL).



Total carotenoid content

Total carotenoid contents were determined according to Desobry et al. (1997) with some modifications. Juice samples (5 mL) were mixed with 95% hexane. Then, the sample was homogenized for 1 min and centrifuged at 2,000 × g, 4°C for 5 min. The yellow layer was collected to measure the absorbance at 454 nm using a spectrophotometer (GENESYS 10S UV-Vis, ThermoFisher Scientific). The results were expressed as mg per 100 mL juice (mg/100 mL).



Total phenolic compounds

Total phenolic compounds were determined according to International Organization for Standardization 14502-1. (2005) with some modifications. Pineapple juice (250 μL) was mixed with 1,250 μL of 10% (v/v) Folin-Cioculteu phenol's reagent and 1,000 μL of 7.5% (w/v) of sodium carbonate. The mixture was incubated at room temperature (25°C) for 60 min. Then, the absorbance was measured at 765 nm using a microplate reader (Multiskan Go, ThermoFisher Scientific). Gallic acid was used as a standard, and the results were expressed as mg of gallic acid equivalents (GAE) per 100 mL juice (mg of GAE/100 mL).



Total protein content

Total protein contents were measured according to Bollag et al. (1996). Aliquots (300 μL) of pineapple juice were mixed with 3 mL of Bradford reagent (95% ethanol, 86% phosphoric acid and Coomassie Brilliant Blue G 250). The absorbance was measured at 595 nm using a spectrophotometer (GENESYS 10S UV-Vis, ThermoFisher Scientific). Bovine serum albumin (BSA) was used as a standard. The results were expressed as mg per 100 mL juice (mg/100 mL).



DPPH radical scavenging activity

DPPH radical scavenging activity was determined according to Khalaf et al. (2008) with some modifications. Pineapple juice (50 μL) was mixed with 1,950 μL of 60 μM DPPH solution prepared by dissolving DPPH in 95% methanol. The mixture was incubated in the dark for 30 min then the absorbance measured at 517 nm using a microplate reader (Multiskan Go, ThermoFisher Scientific). Trolox was used as a standard, and the results expressed as μmol of Trolox per 100 mL juice (μmol Trolox/100 mL).



Ferric reducing antioxidant power

Ferric reducing antioxidant power (FRAP) was determined according to Benzie and Strain (1996). Pineapple juice (400 μL) was added to 2.6 mL of FRAP solution prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl-S-triazine (TPTZ) in 40 mM hydrochloric acid (HCl) and 20 mM iron (III) chloride (FeCl3) in ratio of 10:1:1 (v/v/v). The mixture was incubated at 37°C for 30 min and measured the absorbance at 595 nm using a microplate reader (Multiskan Go, ThermoFisher Scientific). Ferrous sulfate (FeSO4) was used as a standard. Results were expressed as μmol of FeSO4 per 100 mL juice (μmol FeSO4/100 mL).



Statistical analysis

All data were analyzed using two-way analysis of variance (ANOVA) (IBM SPSS Statistics 22.0). A two-way ANOVA analysis was performed to estimate the effect of treatment and storage period on juice quality. The data were expressed as means ± standard deviations (SD) of three replications. Significance testing was performed using Duncan's multiple range tests; differences were taken as statistically significant when P < 0.05.




Results and discussion

The effect of treatment, storage period, and their interaction on quality of “Nanglae” pineapple juice are shown in Table 1. Treatments and treatment × storage period interaction had a significant effect on all quality attributes, whereas storage period was only statistically significant on pH, titratable acidity, L*, b*, ascorbic acid, total phenolic compounds, total protein content and DPPH.


TABLE 1 Two-way ANOVA analyses of effect of treatments, storage period and their interaction on pineapple juice quality.
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Microbiological analysis

Table 2 shows the initial microbial counts, as well as those after CHT and UV-C + HPP treatments during storage. Untreated pineapple juice initially contained 7.22 log CFU/mL of aerobic microorganisms and 5.24 log CFU/mL for yeasts and molds. Both CHT and UV-C + HPP treatments reduced numbers of aerobic microorganisms to <1.48 log CFU/mL after treatment and for the entire 91-day storage period. Throughout the storage period, the yeast and mold counts in juice treated with UV-C + HPP were <1.18 log CFU/mL. Juice treated with CHT, on the other hand, contained yeasts and molds with viable cells exceeding 1.18 log CFU/mL after 63 days of storage. The increase in yeast and mold counts could be explained by heat resistance of fungi and yeasts as suggested by Shearer et al. (2002). Another possibility is that fruits with low pH and high simple carbohydrate components are ideal substrates for fungal growth, making the juice more susceptible to fungal rather than bacterial contamination (Moss, 2008). Molds, such as Byssochlamys fulva and Neosartorya fischeri, can withstand high pasteurization temperatures, low pH concentrations of about 3–4.5, and low oxygen tension in order to produce pectinolytic enzymes that affect juice stability during storage (Tournas et al., 2006). This study revealed that UV-C combined with HPP was comparable to CHT for preserving pineapple juice by inactivating aerobic microorganisms for 91 days of storage. For yeast and mold, however, the combined treatments outperformed the CHT by keeping yeast and mold counts below the quantification limit of 1.18 log CFU/mL for 91 days, whereas the CHT only did so for 63 days. Both technologies are well known for their ability to retard the growth of yeasts and molds. UV-C irradiation kills microorganisms by altering the chemical structure of DNA chains, causing cellular damage (Chang et al., 1985). As a result, cyclobutane pyrimidine dimers are produced, causing DNA molecule distortion, which may result in cell replication malfunctions and cell death (Dai et al., 2012). Several studies have revealed that fungal cell membrane damage has been observed following HPP treatment, implying that HPP is an important trigger of cell death (Hocking et al., 2006; Varela-Santos et al., 2012; Buerman et al., 2020).


TABLE 2 Total aerobic microorganisms and total combined yeasts and molds in fresh pineapple juice, CHT-treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days.
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pH

The pH of a solution indicates its acidity or alkalinity. Pineapple juice's pH value is determined by its organic acid content, classifying it as acidic food (Cárnara et al., 1995). In this study, the initial pH of fresh juice (untreated control), after CHT and after UV-C + HPP treatments were 4.98, 4.95, and 4.94, respectively (Figure 2). During the first 28 days of storage, the pH of pineapple juice did not differ between treatments; however, it significantly increased (P < 0.05) in untreated pineapple juice on day 35 of storage and remained significantly higher than those in the CHT and UV-C + HPP treatments until the end of storage. The increased pH in untreated pineapple juice was most likely caused by spoilage microorganisms, such as yeasts, and lactic and propionic acid bacteria, which thrive in acidic juice and adjust the juice pH to suit their growth (Cortés et al., 2008; Lima Tribst et al., 2009). The findings in this study agree with this statement; aerobic bacteria, yeasts, and molds were found in fresh juice, which has a slightly higher pH than CHT and UV-C + HPP treated juice.
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FIGURE 2
 The pH of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Total soluble solid (TSS)

The main soluble solid in fruit juice is sugar; other soluble solids include organic acid, amino acids, and soluble proteins (Kinhal, 2019). The TSS of pineapple juice after CHT and UV-C + HPP treatments was significantly higher (P < 0.05) than that of fresh pineapple juice (Figure 3). The CHT treatment yielded the highest TSS, which could be due to water evaporation during thermal treatment, resulting in concentrated juice (Tandon et al., 2003). Several studies have revealed that UV-C processing has no effect on the TSS of fruit juices such as apple juice (Caminiti et al., 2012), pineapple juice (Shamsudin et al., 2014), and orange juice (Bazaraa et al., 2022). In this study, however, the increased TSS in the UV-C + HPP treatment could be attributed to high pressure causing increased solubility of insoluble components in the juice because most natural compounds become more soluble under compression (Kaushik et al., 2014). During the storage period, the TSS in CHT and UV-C + HPP treatments did not differ between the initial and the last 91 days of storage, whereas the TSS in the untreated fresh juice was slightly lower at the end of storage compared to that at the initial day. The reduction in TSS during storage might be due to microorganisms using soluble solids for their activities (Wu et al., 2021). The microbial counts revealed in our study were consistent with this statement, in which decreased TSS with increased microbial populations during storage was observed in fresh juice.
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FIGURE 3
 Total soluble solids of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Titratable acidity (TA)

The titratable acidity of juice is determined by organic acids, and the major organic acid in pineapple juice is citric acid. On the initial day, there was no significant difference in the TA of pineapple juice among the treatments (Figure 4). However, when compared with CHT and UV-C + HPP treated pineapple juice on day 21, the TA of untreated pineapple juice was significantly lower (P < 0.05), and it remained significantly lower until the end of storage. The decreasing TA in untreated pineapple juice could be due to microorganisms reducing acidity through the fermentation of organic acids resulting in juice spoilage (Sodeko et al., 1987). The TA of pineapple juice decreased during storage in all treatments. Similarly, a decrease in acidity throughout storage period was also observed in mandarin juice (Pareek et al., 2011), apple juice (Hameed et al., 2019), and Kinnow mandarin juice (Singh et al., 2009).
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FIGURE 4
 Titratable acidity of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Color

Figure 5 depicts the color changes in “Nanglae” pineapple juice during storage at 5 ± 1°C for 91 days. On the initial day, there was no difference between the treatments; however, only the CHT treatment developed separation between clear juice and sediment on day 7 of storage. After 60 days of storage, the color of pineapple juice in all treatments was darker than those of the initial day. The presence of bubbles in untreated pineapple juice indicates that the juice has fermented. The color of pineapple juice was measured using the L* (lightness) (Figure 6A) and b* (yellow-blue) (Figure 6B) values. The L* value of CHT pineapple juice increased significantly (P < 0.05) after treatment compared to UV-C + HPP treated juice. The increase in the L* value after heat treatment indicates transparent juice as a result of the degradation of enzymes, proteins, colorants, and pigments (Umair et al., 2022). For instance, the loss of carotenoid pigment following heat treatment results in lighter juice (Aghajanzadeh et al., 2021), which is supported by the findings of this study. The L* value in all samples decreased slightly during storage. Similarly, a decrease in L* value was found in orange juice (Wibowo et al., 2015). The decreasing L* value indicates that the color of pineapple juice darkens with storage, most likely due to browning of the juice (Roig et al., 1999). There was no difference in b* between juice given the CHT and UV-C + HPP treatments, but there was a significant difference (P < 0.05) between treated and untreated pineapple juice. The untreated juice may have a higher b* value because the pigment is affected by heat and UV-C, as well as the precipitation of insoluble particles (Zhao, 2007).
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FIGURE 5
 Appearance of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days: (A) on the initial day, (B) after 7 days, (C) after 35 days, and (D) after 91 days.



[image: Figure 6]
FIGURE 6
 Color as measured by (A) L* and (B) b* values of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Ascorbic acid content

Ascorbic acid, also known as vitamin C, is a nutrient that is beneficial to humans. It is a water-soluble antioxidant that helps to protect compounds from free radicals in the extracellular and intracellular spaces of biological systems (Kaur and Kapoor, 2001). Changes in ascorbic acid content in food processing can indicate the quality of food after processing and during storage (Tewari et al., 2017). Ascorbic acid is a heat-sensitive compound that degrades after being heated due to heat-induced oxidation (Hounhouigan et al., 2014). In this study, the ascorbic acid content of juice was reduced by 64% after CHT (1.77 mg/100 mL) and by the UV-C + HPP treatment (1.77 mg/100 mL) compared to untreated fresh juice (4.91 mg/100 mL) (Figure 7). There was no difference between CHT and UV-C + HPP treatment in ascorbic content in the juice from the initial day until the end of the 91-day storage period. In contrast, the initial high ascorbic acid content in the untreated control rapidly decreased and remained at the same level of ascorbic content in the CHT and UV-C + HPP treatments on day 28 until the end of storage. Because ascorbic acid is a strong absorber of UV-C light, it appears normal that fruit juice with a high ascorbic content loses a significant amount of its original content after being exposed to UV-C light (Abdul Karim Shah et al., 2016), as observed in several fruit juices, including grape juice (Chia et al., 2012; Shamsudin et al., 2014), “King David” apple juice (Falguera et al., 2011), and pineapple juice (Goh et al., 2012). In addition, the degradation of ascorbic acid following UV-C treatment is dose dependent, with much greater degradation occurring with higher UV-C doses applied (Koutchma et al., 2016). Following HPP treatment, the soluble oxygen concentration in the juice increases, resulting in rapid ascorbic acid degradation (Kimura et al., 1994; Oey et al., 2006). However, ascorbic acid in fruit juice after high-pressure treatment barely degrades. In most cases, the HPP treatment preserved ascorbic acid content, such as in “Navel” orange juice (De Ancos et al., 2020), aloe vera-litchi mixed beverage (Swami Hulle and Rao, 2015), and apple juice (Kim et al., 2012). In a previous study, we found that HPP-treated pineapple juice retained more ascorbic acid than heat-treated juice (Chuensombat et al., 2019). In this study, the decrease in ascorbic acid after UV-C + HPP treatment could be presumably due to the UV-C light sensitivity of ascorbic acid.
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FIGURE 7
 Ascorbic acid of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Total carotenoid content

The carotenoid content of pineapple flesh is higher than that of pineapple juice. The primary carotenoids in pineapple juice are violaxanthin (50%), leuteoxanthin (8%), β-carotene (9%), and neoxanthin (8%) (Morgan, 1966). In this study, the initial carotenoid content in UV-C + HPP treated pineapple juice (0.51 mg/100 mL) was significantly higher (P < 0.05) than in CHT (0.34 mg/100 mL) and remained higher until the end of the 91-day storage period (Figure 8). Furthermore, CHT significantly decreased (P < 0.05) carotenoids in juice compared to the untreated control. During thermal processing, heat causes a significant loss of carotenoids. The chain of conjugated double bonds in carotenoids is responsible for their susceptibility to degradation under conditions such as high temperature, light, and oxygen (Khalil et al., 2015). The increased carotenoid contents in the UV-C + HPP treatment could be attributed to the UV-C treatment. The carotenoid content of an orange, carrot and celery juice blend also increased following UV-C treatment (Nornisa et al., 2018). UV-C acts as abiotic stress and may induce the production of reactive oxygen species (ROS) (Kovács and Keresztes, 2002). As a result, non-enzymatic antioxidants such as glutathione (GSH), phenolics, and carotenoids are activated to overcome the excess ROS (Nyathi and Baker, 2006).
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FIGURE 8
 Total carotenoid content of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Total phenolic compounds (TPC)

Phenolic compounds are plant secondary metabolites that play an important role in the color and flavor development of fruit juice and wine (Aguilar-Rosas et al., 2007). Furthermore, phenolic compounds are natural antioxidants that aid in the neutralization of free radicals; however, they decline over time. Figure 9 depicts the changes in total phenolic compounds of CHT and UV-C + HPP treated pineapple juice during storage at 5 ± 1°C for 91 days. TPC levels in the UV-C + HPP treatment were not different from those in the untreated control, though they were higher than those in the CHT on the initial day following treatment. During the entire storage period, however, pineapple juice treated with UV-C + HPP contained significantly less (P < 0.05) TPC than CHT and control. The higher TPC in CHT-treated pineapple juice could be attributed to the inactivation of the enzyme that degrades phenolic compounds (Odriozola-Serrano et al., 2008). However, UV-C treatment combined with other processing techniques has improved the retention of phenolic compounds in fruit juice. According to Sew et al. (2014), combining UV-C and mild heat treatments preserved the total phenol content in pineapple juice. While combined treatments of UV-C and sonication retained phenolic compounds in mango juice (Santhirasegaram et al., 2015). More research is needed to determine whether the combined treatments work synergistically or antagonistically.
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FIGURE 9
 Total phenolic compounds of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Total protein content

Pineapple contains proteolytic enzymes called bromelains that account for nearly half of the protein in pineapple (Smith, 2003). Over the storage period, pineapple juice treated with UV-C + HPP had significantly higher protein contents (P < 0.05) than CHT-treated pineapple juice (Figure 10). However, the protein content of untreated pineapple juice was the highest (15.00 mg/100 mL), followed by UV-C + HPP treated pineapple juice (13.56 mg/100 mL) and CHT-treated juice (5.73 mg/100 mL). This indicates that there was a significant loss of protein in pineapple juice after heat treatment. The protein losses in CHT pineapple juice can be described as high-temperature hydrogen bond breakdown and protein structure unfolding with loss of activity (Koizumi et al., 2007). Protein denaturation in UV-C + HPP could be attributed to the pressure sensitivity of high molecular weight components such as protein (Chandra et al., 2021), causing the destabilization of noncovalent bonds in the tertiary structure, particularly hydrophobic and ionic bonds (Chapleau et al., 2004). Despite the fact that protein loss occurred in the pineapple juice immediately following the UV-C + HPP treatment, its level remained close to that of fresh juice throughout the storage period.
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FIGURE 10
 Total protein content of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.




Antioxidant activity

The antioxidant activity is related to antioxidant phytochemicals, with phenolic compounds serving as the primary antioxidant and was determined by the reduction of DPPH and FRAP (Figure 11). The DPPH activity of all treatments remained stable after treatment until day 42 of storage before rapidly decreasing on day 49. The DPPH value of pineapple juice did not differ between the CHT and UV-C + HPP treatments, but it was significantly lower (P < 0.05) than the untreated juice. After 91 days of storage, DPPH was decreased by 8.0% in UV-C + HPP treated juice (125.5 μmol Trolox/100 mL) and 6.3% in CHT treated juice (127.8 μmol Trolox/100 mL) when compared to fresh juice (136.4 μmol Trolox/100 mL). Similarly, juice treated with UV-C + HPP had the lowest FRAP value compared to CHT and fresh juice throughout the storage period, except on day 91 where FRAP value was reduced by 10.1% in the UV-C + HPP treatment (617.5 μmol FeSO4/100 mL) and 22.8% in the CHT (530.0 μmol FeSO4/100 mL) as compared to fresh juice (686.7 μmol FeSO4/100 mL). These findings were consistent with lower levels of TPC and ascorbic acid in the pineapple juice in both the CHT and UV-C + HPP treatments compared to untreated fresh juice.


[image: Figure 11]
FIGURE 11
 Antioxidant activity as measured by (A) DPPH and (B) FRAP of fresh pineapple juice (untreated), CHT treated juice, and UV-C + HPP treated juice during storage at 5 ± 1°C for 91 days. Data shown are means ± SD of three replications. The different letters are significantly different at P < 0.05.


Although, the use of UV-C in combination with HPP treatment has not been reported in any fruit juice, the effect of UV-C irradiation or HPP treatment on antioxidant activity in fruit juices has been controversial. Fruit juice treated with HPP had either an increase or a decrease in antioxidant capacity. For instance, HPP treatment reduced DPPH and FRAP values in Korla pear juice (500 MPa, 10 min), red grapefruit juice (550 MPa, 10 min), and orange juice (550 MPa, 70 sec) (Gao et al., 2015; Zhao et al., 2016; Vieira et al., 2018); while apple juice (300–600 MPa, 5 min), apple juice with Sabah Snake Grass leaves (300–500 MPa, 5 min) and strawberry-apple-lemon juice (500 MPa, 15 min) showed an increase in these values (Feng et al., 2020; Hasni et al., 2020; Szczepanska et al., 2021). In some cases, such as mulberry juice (Zou et al., 2016) and pitaya juice (Quiroz-González et al., 2020), HPP had no effect on antioxidant activity. Similarly, UV-C treatment did not affect antioxidant capacity in some fruit juices, including an apple-cranberry blend, grape juice, and carrot juice (Caminiti et al., 2011; Pala and Toklucu, 2013a; Hernández-Carranza et al., 2016). Mango and starfruit juice, on the other hand, showed an increase in antioxidant capacity after UV-C treatment (Bhat et al., 2011; Santhirasegaram et al., 2015), whereas apple and orange juice showed a decrease (Caminiti et al., 2012; Pala and Toklucu, 2013b). Thus, the optimal condition of the combined UV-C and HPP treatment should be studied further in order to boost the nutritional level of the juice.




Conclusions

The combination of UV-C (3 kJ/m2) and high-pressure processing (600 MPa for 5 min) treatments demonstrated its potential to preserve the quality of “Nanglae” pineapple juice. The combined treatments effectively reduced the microbial loads in pineapple juice similarly to conventional heat treatment and retained carotenoids and protein contents close to those in the fresh juice throughout the 91-day storage period. The juice quality in terms of pH, total soluble solids, titratable acidity, ascorbic acid, total phenolic compounds, and antioxidant capacity did not differ between conventional heat treatment and the combined UV-C and HPP treatments. This study suggests that UV-C and HPP may have a synergistic effect on microbial inactivation while having less impact on quality than conventional heat treatment. However, more research into the optimal conditions for microorganism inactivation while retaining nutritional and sensory quality is recommended. Consequently, the combination of these two technologies may eventually replace traditional heat treatment.
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Data are mean % SD (n = 3). For each microbial count, different letters in the same row indicate significant statistical differences among the treatments at P < 0.05.
1.48 log CFU/mL = the quantification limit when 30 colonies were counted on Aerobic Count Plate.
1.18 log CFU/mL = the quantification limit when 15 colonies were counted on Yeast and Mold Count Plate.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Synergistic effect of UV-C irradiation and high-pressure processing in reducing microbial load in “Nanglae” pineapple juice compared to conventional heat treatment



		Introduction



		Materials and methods



		Preparation of pineapple juice



		UV-C treatment



		High-pressure processing (HPP)



		Conventional heat treatment (CHT)



		Microbiological analysis



		pH, total soluble solids, titratable acidity and color



		Ascorbic acid content



		Total carotenoid content



		Total phenolic compounds



		Total protein content



		DPPH radical scavenging activity



		Ferric reducing antioxidant power



		Statistical analysis







		Results and discussion



		Microbiological analysis



		pH



		Total soluble solid (TSS)



		Titratable acidity (TA)



		Color



		Ascorbic acid content



		Total carotenoid content



		Total phenolic compounds (TPC)



		Total protein content



		Antioxidant activity







		Conclusions



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/fsufs-07-979943-t001.jpg
Quality Factors Interaction

Treatment Storage Treatment

period
Storage
period
Total aerobic sk ns Sk
microorganisms
Yeasts and molds beed ns o
pH e . -
Total soluble solids e ns o
Titratable acidity o] b o
I . . .
b* . - -
Ascorbic acid 48 - wnr
Total carotenoid - - -
content
Total phenolic - e -
compounds
Total protein content el - o
DPPH o e -
FRAP - s -

Asterisks indicate the significance level for each factor of the ANOVA test: ns, not significant.
*P < 0.05,**P < 0.01, ***P < 0.001.





OPS/images/fsufs-07-979943-g011.gif
=4 Unircawd =@ -CHT

Strgeperiod 9m)

@ <






OPS/images/fsufs-07-979943-g010.gif
T Uniraied =@ CHT = e - UVC TR










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Sustainable Food Systems





OPS/images/fsufs-07-979943-g005.gif
Unreaed  CHT UV.C+HPP Unireated  CHT UV-C + HPP.

Uniated  CHT UV.C1IPP Unieated  CHT UVAC + HPP






OPS/images/fsufs-07-979943-g006.gif
b vale

P—

‘Storage period ay)






OPS/images/fsufs-07-979943-g003.gif
A Aty g

o T w T w e aow
Py





OPS/images/fsufs-07-979943-g004.gif
oss






OPS/images/fsufs-07-979943-g009.gif





OPS/images/fsufs-07-979943-g007.gif
4

—e-am

T Unireased

543
oo1/u) pe sy

S et





OPS/images/fsufs-07-979943-g008.gif
Tokalcaretenshd conteat (ug/M0 miL)





OPS/images/cover.jpg
& frontiers | Frontiers in Sustainable Food Systems

Synergistic effect of UV-C
irradiation and high-pressure
processing in reducing microbial
load in “Nanglae” pineapple juice
compared to conventional heat
treatment





OPS/images/fsufs-07-979943-g001.gif





OPS/images/fsufs-07-979943-g002.gif
S50 T Uniied =@ T = e - UC TR
a0 B
s
s
o
0






