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Abstract

:

Red raspberries (Rubus idaeus L.) are highly appreciated by consumers. However, their postharvest shelf life scarcely exceeds 5 d under the refrigeration temperatures usually applied during commercialization, due to their high susceptibility to dehydration, softening and rot incidence. Thus, the objective of this study was to investigate the ability of UV-C radiation (UV1: 2 kJ m−2 and UV2: 4 kJ m−2), passive modified atmosphere packaging (MAP) with transmission rates (TR) for O2 and CO2 of 1805 mL d−1 and 1570 mL d−1 (MAP1), and 902 mL d−1 and 785 mL d−1 (MAP2), respectively, and the combination of both technologies to prolong raspberries’ shelf life at 6 °C. Their influence on respiration, physicochemical parameters, and microbiological and nutritional quality was assessed during 12 d of storage. The combination of 4 kJ m−2 UV-C radiation and a packaging film with O2 and CO2 transmission rates of 902 mL d−1 and 785 mL d−1, respectively, produced a synergistic effect against rot development, delaying senescence of the fruit. The UV2MAP2 and MAP2 samples only showed 1.66% rot incidence after 8 d of storage. The UV2MAP2 samples also had higher bioactive content (1.76 g kg−1 of gallic acid equivalents (GAE), 1.08 g kg−1 of catechin equivalents (CE) and 0.32 g kg−1 of cyanidin 3-O-glucoside equivalents (CGE)) than the control samples at the end of their shelf life. Moreover, the mass loss was minimal (0.56%), and fruit color and firmness were maintained during shelf life. However, the rest of the batches were not suitable for commercialization after 4 d due to excessive mold development.
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1. Introduction


The production and consumption of red raspberries (Rubus idaeus L.) increase every year because of their nutritional properties. However, raspberries’ shelf life lasts between 2 and 5 d after harvest, primarily caused by loss of firmness and the appearance of rot [1]. Moreover, their high respiratory metabolism (40–200 mL kg−1 h−1 at 20 °C) must be slowed down, so quick refrigeration after harvest is essential to delay senescence. However, the temperature must not fall below 0 °C in order to avoid frost injury. The temperature gradient between fruit and air may also provoke high dehydration, because the water vapor pressure deficit (VPD) is higher; however, it can be minimized to reduce the difference of water vapor partial pressure between the fruit and the external atmosphere. Postharvest technologies, such as modified atmosphere packaging (MAP), edible coatings, and ionizing (electron beam, X-rays and gamma-rays) or non-ionizing radiation (UV) have been studied to control decay and maintain the quality of fruit during storage and in sale. This may further enhance the positive effects of the aforementioned low temperature storage [2,3,4,5,6,7,8,9].



Irradiation is still considered an alternative technology and it has attracted interest in the last decade because of the effectiveness of e-beam and gamma-rays for microbial inactivation [6,8]. Moreover, these technologies allow in-package processing, preventing further cross-contamination [6,8,10]. However, the main drawbacks of e-beam and gamma-irradiation are the cost of application and restrictive legislation. On the other hand, UV-C light has been applied to inhibit the growth of bacteria and phytopathogen fungi, enhancing the shelf life of various fruits and vegetables [11,12,13,14,15]. Its benefits include affordability, ease of handling and a lack of noxious byproducts [10]. Nevertheless, the effectiveness of this treatment may be affected by the type of fruit, cultivar, chemical composition or skin roughness [14,15,16]. Additionally, radiation intensity must be considered because excessive doses provoke loss of firmness, the oxidation of compounds such as carotenes, vitamin C or polyphenols [6,8,17,18,19], and darkening of fruits and vegetables [8,17].



High CO2 MAP (12–20%) lengthens raspberries’ shelf life [7,9,20,21]. For example, MAP inhibits the development of gray rot caused by Botritys cinerea, which provokes considerable losses during storage [22]. However, CO2 concentrations exceeding 25% or O2 concentrations below 1% may induce physiological changes contributing to color modification and the appearance of off-flavors [7,23,24]. The use of MAP also raises the total concentration of phenols and anthocyanins, and the antioxidant activity commonly attributed to these compounds [7,25,26]. Anthocyanins are responsible for external color, which is one of the main attributes of visual acceptance. Stavang et al. [27] and Wang, Chen and Wang [28] found that both predominant anthocyanins and total anthocyanin concentration (TAC) increase during storage, demonstrating de novo synthesis. However, a negative correlation was reported between the majority of the anthocyanins quantified and the attractiveness of the berries during storage due to skin darkening [27]. Lower redness (a*) is also attributed to higher TAC, and to changes in anthocyanin conformation because of the decrease in carboxylic acid and the consequent increase of pH [29,30].



Although the effects of MAP and UV-C radiation alone or combined with other technologies have been studied in depth in a wide range of commodities [2,9,15,31,32,33], to the best of our knowledge there is no evidence about the benefits of merging both technologies to prolong red raspberry shelf life at 6 °C, which is the temperature commonly used in retail fruit aisles. In general terms, it is well known that low O2 and high CO2 concentrations coupled with refrigerated storage (0–4 °C) have a beneficial effect on fruit quality. These conditions are proposed as optimal to preserve some fresh fruit; however, commercial open-refrigerated display cabinets scarcely achieve air temperatures below 5 °C, depending on the position of the shelf [34]. Moreover, one study showed that the temperature for food stuffs exceeded 7 °C in 70% of the cases [35]. Despite fluctuations, display cabinets for fruit, including red raspberries, maintain an average temperature above what is recommended [36]. However, few studies consider the real temperature that the fruit is exposed to within their parameters [7,25,37,38], and most of them consider temperatures close to 0 °C [8,9,21,24,29,39]. Given this background, two lidding films with different transmission rates and two doses of UV-C radiation were evaluated individually and in all their possible combinations. The aim was to preserve red raspberry global quality during storage at 6 °C and prolong the shelf life, with the hope that this knowledge may benefit the fruit industry and consumers.




2. Materials and Methods


2.1. Plant Material


Red raspberries (Rubus idaeus L., ‘Glen Lyon’) (25 kg) produced in Huelva (Spain) were purchased from a local distributor established in Mercazaragoza (Zaragoza, Spain). The fruit were transported to the laboratory while maintaining the cold chain. There, they were visually inspected, and damaged berries were removed to ensure uniformity in color and size. Preliminary analyses were conducted to characterize the initial quality of the fruit. The rest of the berries were randomly divided into nine batches: non-treated and non-modified atmosphere packaged (control), treated with two different UV-C intensities (UV1 and UV2), packaged under two modified atmosphere conditions (MAP1 and MAP2), and irradiated with the two different UV-C doses and packaged under the two different MAPs (UV1MAP1, UV1MAP2, UV2MAP1 and UV2MAP2). After the application of the corresponding UV-C treatment, when necessary, polypropylene (PP) trays were manually filled with 0.15 kg of red raspberries, resulting in 15 trays for each batch, i.e., five trays containing 0.15 kg per batch and day of analysis (T4, T8 and T12). Controls were directly packaged in PP macroperforated clam shell containers using the same quantity of fruit and kept at 6 °C.




2.2. UV-C Treatment


The raspberries were exposed to 2 (UV1) and 4 kJ m−2 (UV2) of UV-C radiation (peak wave length: 254 nm) in a steel chamber (68 cm × 55 cm × 45 cm). These doses have pronounced effects on different quality parameters in strawberries [26], blueberries [5] and grapes [40] and have significantly reduced the presence of Penicillium expansum in organic cherries, strawberries and raspberries [15]. The berries were placed on a stainless steel mesh and radiation was homogenously applied by mirror-finished reflectors and four lamps (G15W T8, Feilo Sylvania Group, Budapest, Hungary) located in pairs at the top and bottom of the cabinet at a 26 cm distance from the sample. Irradiation intensities of 1, 2, 4, and 6 kJ m−2 were measured by a portable digital radiometer (HD 2102.2, Delta Ohm, Padova, Italy) to calculate the irradiation time for the specific UV-C dosages UV1 and UV2, which corresponded to 2 and 4 min, respectively.




2.3. Modified Atmosphere Packaging (MAP) and Atmosphere Evolution during Shelf Life


Approximately 150 g of raspberries were packaged in 750 mL PP trays (Linpac Packaging Pravia S.A.U, Pravia, Spain) using microperforated P-Plus film (Amcor Flexibles, Ledbury, UK). Two films with different O2 and CO2 transmission rates were used (1805 mL d−1 and 1570 mL d−1, respectively, (MAP1), and 902 mL d−1 and 785 mL d−1, respectively, (MAP2)). This selection of materials was based on the results obtained using a predictive model for the gas composition evolution [41] and the consideration of the preliminary results of the raspberries’ respiration rate, the amount of fruit included in the packages and the desired steady state gas composition. The gas composition within the packages was monitored with a Dansensor CheckMate3 O2 and CO2 analyzer (Ametek Mocon, Brooklyn Park, MN, USA) during storage.




2.4. Respiration Rate


The respiration rates (RRs) of fresh and UV-C treated (UV1 and UV2) raspberries were measured the day before the initial study (day 0) at 6 °C in a static respirometer equipped with electronic CO2 and O2 sensors and a closed-loop gas circulating system [42]. Approximately 300 g of fruit were placed in a 1250 mL glass jar, and once the respirometer was closed, gas was pumped to the sensors at a flow rate of 30 mL min−1. The initial composition of the atmosphere was that of air. The concentrations of O2 and CO2 (%) were measured every 50 min using an optical O2 sensor (Luminox LOX-02, SST Sensing Ltd., Coatbridge, UK) and a non-dispersive infrared CO2 sensor (CO2 Engine BLG, SenseAir AB, Delsbo, Sweden). The raw O2 and CO2 data were corrected for pressure and temperature registered with the sensors. The actual O2- and CO2-based RRs were calculated from the changes in the respective O2 and CO2 concentrations and were expressed in mL kg−1 h−1. The average O2 RR and CO2 RR were calculated from the linear regression of the O2 and CO2 concentrations from the data available between O2 concentrations of 5% and 15% , and were expressed in the same units. Respiration rates were measured in triplicate for each treatment.




2.5. Microbiological Quality and Rot Incidence


The fruit were visually evaluated in search of mold spoilage, which was reported as the percentage of rotten fruit per treatment. The total counts of aerobic mesophilic bacteria, yeasts and molds were also evaluated at day 0 and after 4, 8 and 12 d of storage. The fruit samples were cut into halves and two of them, which were equivalent to 20 cm2, were blended with 80 mL of 0.1% peptone water (Merck, Darmstadt, Germany) in a Vibromatic (JP Selecta, Barcelona, Spain) at 8.7 Hz for 3 min. After serial dilutions, 0.1 mL was inoculated in plate count agar (PCA) (Oxoid, Hampshire, UK) and dichloran Rose Bengal chloranphenicol (DRBC; Oxoid) for the analysis of aerobic mesophilic bacteria, and yeast and mold, respectively. The PCA plates were incubated (Incubig, JP Selecta, Barcelona, Spain) at 30 °C for 24–48 h and the DRBC plates were incubated for 5 d at 25 °C. The results were expressed as the average ± standard deviation of log CFU cm−2 of five replicates per batch and control day.




2.6. Physicochemical Fruit Quality Determination


2.6.1. Mass Loss


The percentage of mass loss was calculated by the difference between the initial mass before packaging (Mi) and the fruit mass on the corresponding day of analysis (Mf) as shown in the following formula:


% mass loss = ((Mi − Mf)/Mi) × 100



(1)








2.6.2. Total Soluble Solids (TSS)


The determination of TSS was made after filtration of the juice from 25 fruit per batch on each day of analysis with an Atago DBX refractometer (Atago Co., Ltd., Tokyo, Japan). The results were expressed as percentages.




2.6.3. Titratable Acidity (TA)


An aliquot (10 mL) of the filtrate used for TSS determination was diluted 1:10 with distilled water and titrated against a standardized solution 0.1 N of sodium hydroxide until the pH reached 8.1, using a Crison Compact automatic titrator (Hach Lange Spain S.L.U, Barcelona, Spain). Acidity was calculated as mg L−1 of citric acid, considering it is the most abundant carboxylic acid present in raspberries.




2.6.4. Color Determination by Image Digital Analysis


The CIELAB coordinates of 25 fruit per batch and control day were determined by image digital analysis (IDA). The fruit were cut into halves and scanned at a resolution of 1200 dpi in a calibrated HP ScanJet G4010 (HP Inc., Palo Alto, CA, USA) following the color standard UNE 48103:2014 (AENOR, 2014) [43]. The reflectance of the external surfaces was measured in the UV–Vis region (360 to 900 nm). An optical region of interest (ROI) was selected in each fruit half to obtain the RGB values of the samples using the Matrox Inspector 8.0 software (Matrox Electronic Systems Ltd., Dorval, QC, Canada). Equivalences between RGB and CIELAB coordinates were established in base of regression models obtained from the previous calibration of the system with the 300 color standards of the aforementioned UNE regulations.




2.6.5. Fruit Firmness


Firmness was determined on 25 fruit per batch that were free of decay with a TA-XT2i texture analyzer (Stable Micro Systems Ltd., Godalming, UK). The berries were compressed at 10 mm s−1 with a cylindric probe (2.5 cm diameter) until they reached 30% deformation of the initial diameter using a load cell of 5 kg [25]. The results were expressed in N.





2.7. Analysis of Bioactive Compounds


2.7.1. Polyphenolic Extracts Preparation


Phenolic compounds were extracted in two steps to obtain both cytoplasmic and cell membrane-bound compounds in order to achieve the maximum extraction yield [44,45,46,47]. In the first step, free phenolic compounds from 5 g of sample were extracted with ethanol:water (80:20, v:v). The supernatant was collected after homogenization (404 g for 30 s) using an ultra-turrax DI 25 homogenizer (Ika-Werke, Staufen, Germany) and centrifugation (3140 g for 15 min at 4 °C). The residue of this previous step was blended with 10 mL of 10% acidified methanol with HCl 1 N for 1 h at 85 °C in a block heater (Ohaus Europe, Greifensee, Switzerland) with continuous shaking at 1 g [44,45]. The tubes were cooled and centrifugated to obtain the supernatant, which was evaporated to dryness in a rotary evaporator at 40 °C. Then, it was reconstituted with 5 mL ethanol (80%) and combined with the extract containing the free phenolic compounds. Finally, the phenolic extracts were filtered through 0.45 μm acrylamide filters and stored at −18 °C. The extraction procedure was conducted in triplicate.




2.7.2. Total Phenolic Content (TPC)


The total phenolic content was determined by the Folin–Ciocalteu reagent method modified by Singleton, Orthofer and Lamuela-Raventos [48]. Folin reagent was added to test tubes containing 0.5 mL of the phenolic extract and mixed with 0.5 mL of 7.5% sodium carbonate. The solution was measured at 760 nm for colorimetric analysis after shaking and keeping it in darkness for 1 h. The results were obtained from a standard calibration curve (0–250 mg L−1) and expressed as g kg−1 of gallic acid equivalents (GAE) on a fresh mass (f.m.) base. The determination was made in triplicate for each extract obtained as described in Section 2.7.1.




2.7.3. Total Flavonoid Content (TFC)


The total flavonoid content was obtained by reacting phenolic extracts with 0.5% sodium nitrite, 10% aluminum chloride hexahydrate and sodium hydroxide 1 mol L−1 [49]. Flavonoid structures react with aluminum chloride and undergo Al–flavonoid complexation to form a yellow solution that immediately turns red in alkaline conditions [50]. Then, the absorbance was measured at 510 nm and the results were obtained from a catechin standard calibration curve (0–200 mg L−1). TFC was expressed as g kg−1 of catechin equivalents (CE) on f.m. The determination was made in triplicate for each extract obtained as described in Section 2.7.1.




2.7.4. 1,1-Diphenil-2-picrilhidrazil (DPPH) Scavenging Activity


The radical scavenging activity of the extracts was evaluated by modification of the method proposed by Llorach, Tomas-Barberan and Ferreres [51]. Aliquots (900 μL) of 133 μmol L−1 DPPH in methanol solution were added to 900 μL of the fruit extracts in spectrophotometric cuvettes, carefully shaken and incubated for 2 h in darkness at room temperature. Absorbance was measured at 515 nm and the results were expressed as mol kg−1 of Trolox equivalents (TE) on f.m. A standard curve (0–60 μmol L−1) was prepared from a Trolox stock solution. The determination was made in triplicate for each extract obtained as described in Section 2.7.1.




2.7.5. Ferric Reduction Antioxidant Power (FRAP)


A FRAP assay was conducted to evaluate the reducing ability of the extracts following the procedure reported by Benzie and Strain [52] with slight modifications. A 300 mmol L−1 sodium acetate buffer solution was added to 20 mmol L−1 ferric chloride and 10 mmol L−1 2, 4, 6-tripytidyl-s-triazine (TPTZ) solution at a 10:1:1 (v:v:v) ratio. The phenolic extracts (120 μL) were added to 900 μL of the FRAP reagent and incubated at room temperature for 20 min. The absorbance was measured at 595 nm and the concentrations were obtained from a Trolox standard curve made with concentrations ranging from 0 to 1000 μmol L−1. The results were presented as mol kg−1 of TE on f.m. The determination was made in triplicate for each extract obtained as described in Section 2.7.1.




2.7.6. Total Anthocyanin Content (TAC)


The methodology proposed by Dekazos [53] was followed to extract the total anthocyanin content. Extracts were measured at 525 nm, which is the wavelength at which maximum absorbance was observed corresponding to the absorbance band of cyanidin 3-O-glucoside (e = 29,600 L mol−1 cm−1, 449.2 g mol−1). Thus, the results were expressed as g kg−1 of cyanidin 3-O-glucoside equivalents (CGE) on f.m. extrapolated from the Beer–Lambert law. The anthocyanin extraction and determination were conducted in triplicate for each sample batch and control day.





2.8. Statistical Analysis


The graphical user interface R Commander for the R programming language (GNU GPL) was used to conduct two-way ANOVA and to analyze the significance of the differences between the means of the results of the batches (p value < 0.05) and of the storage time after pairwise comparison analysis (Tuckey’s post hoc). Pearson’s correlation coefficient was also determined between TPC or TFC and the antioxidant capacity of the extracts.





3. Results and Discussion


3.1. Determination of Respiratory Activity and Influence of UV-C Radiation


Raspberries have a short postharvest life, mostly due to their relatively high metabolic activity [38]. The use of modified atmosphere packaging (MAP) may be essential for their conservation and distribution. Several authors have concluded that packaging with high CO2 concentrations (15–20%) maintains the firmness of raspberries during their shelf life [7,20,54]. In addition, it slows down their respiratory activity, showing associated beneficial effects, such as maintaining the characteristic red color by inhibiting the degradation of anthocyanins. By matching the film transmission rates for O2 and CO2 (O2TR and CO2TR; mL d−1) with the respiration rate of the packaged raspberries, an optimal atmosphere can be established inside the package. The respiration rates were constant in a wide range of gas compositions, and only if the oxygen concentration decreased did the respiration rate decrease significantly (Figure 1). The CO2-based respiration rates were constant in a wider range of conditions, probably due to the gradual increase in the fermentative metabolism.



The average O2 and CO2 respiration rates determined for the raspberries at 6 °C were 10.66 ± 1.02 mL kg−1 h−1 and 10.03 ± 1.02 mL kg−1 h−1, respectively. These values are in agreement with the CO2 respiration rates found in the literature for raspberries at similar temperatures [55]. The application of UV-C at both doses obviously stressed the fruit, increasing the respiration rates of UV1 (13.72 ± 1.74 mL kg−1 h−1 and 14.67 ± 1.60 mL kg−1 h−1) and UV2 samples (12.46 ± 1.11 mL kg−1 h−1 and 13.30 ± 1.45 mL kg−1 h−1), at least at the beginning of the storage. This behavior has also been described in the case of strawberries or tomatoes treated with different UV-C doses [56,57]. Repetitive measurements of both O2 and CO2 concentrations in a closed system provide useful information about the metabolic activity and for the design of MAP packages. Approximately, when the concentration values of CO2 (15%) and O2 (5%) were reached, the rates of O2 uptake decreased progressively, while those of CO2 release began to exceed O2 uptake, which may indicate the switch to fermentative metabolic routes. Thus, optimal MAP gas compositions should not exceed these limits, at least not for a long-term storage.




3.2. Changes in O2 and CO2 Concentrations in Modified Atmosphere Packages during Shelf Life


Figure 2 shows the changes in the O2 and CO2 concentrations in the packages during storage. The effect of UV treatment on the gas composition inside the package was evident. In high transmission rate packages, the gas composition varied similarly for UV1 and UV2 treated fruit at higher CO2 and lower O2 concentrations, respectively, while it differed from controls (Figure 2A). These differences are due to the higher respiration measured for the UV treatments. Photo-oxidation reactions in plants trigger free radical and superoxide production and may accelerate senescence [56]. In low gas transmission packages (MAP2; Figure 2B) O2 and CO2 concentrations were generally lower and higher, respectively, although the relative changes for these gases were similar. The more restrictive gas composition inside the packages, mainly at the end of the fruit shelf life, may lead to anaerobic metabolism and fermentative processes resulting in off-flavors and a loss of firmness. Thus, films with higher TR should be used. However, the bactericide effect of UV-C light at 4 kJ m−2 (UV2) avoids the proliferation of anaerobic microorganisms, while achieving suitable conditions for raspberry preservation combined with a film with O2TR of 902 mL d−1 and CO2TR of 785 mL d−1.



Steady state gas compositions were not reached during storage, probably due to a gradual increase in the metabolic activity of the raspberries during storage. The increase in metabolic activity due to physiological stress has been related to the exposure to reduced concentrations of O2 (1% to 10%) and moderate concentrations of CO2 (10% to 15%) in strawberries [58] and raspberries [59], which may intensify the respiration activity in raspberries and, thus, the variation in the gas composition in the headspace. The onset of decay by microorganisms may also increase the respiration activity during storage, as reported in [60].




3.3. Influence of UV-C Radiation, MAP and Combined Treatments on the Microbiological Quality


Rot incidence (Figure 3) increased with the storage time, reaching 58.9% in the control samples and 40.6% and 42.4% in the UV1 and UV2 samples, respectively. Kim and Hung [61] reported similar results in blueberries treated with 4 kJ m−2 of UV-C light, recording approximately 25.0% rotten fruit after only eight days of refrigerated storage. Moreover, the fruit decay was reduced (43.8%) by combining UV-C with 1-MCP [5]; however, this still accounted for 18.0% rotten fruit. Siro et al. [22] reported lower mold development in raspberries packaged in equilibrium-modified atmosphere (3% O2-5% CO2); however, in the present study, MAP1 (36.5%) and UV1MAP1 (39.7%) batches also presented an excessive percentage of rotten fruit. Samples from these batches exhibited severe softening, showing that fruit firmness is correlated with resistance to mold spoilage, mainly to Botrytis cinerea gray mold, which is the predominant cause of raspberry decay [9]. After 12 d of storage, neither MAP2, UV1MAP2, UV2MAP1 nor UV2MAP2 reduced mold incidence below the limits considered acceptable for commercialization. MAP2 and UV2MAP2 showed 15.5% and 10.7%, respectively, rotten fruit at T12. Other authors [8] considered a higher percentage of decay acceptable to claim an increase in the shelf life of raspberries. However, considering the incidence of rot obtained in the present study, the raspberries’ shelf life was set at 8 d. In our opinion, considering the temperature of storage (6 °C), preserving this commodity during this period is a remarkable achievement.



Although reduced mold spoilage in UV-C treated fruit has been previously reported, the experimental results demonstrated that the application of 2 and 4 kJ m−2 alone does not delay fungal growth. However, combined treatments showed a greater lag period delaying the appearance of visual mold spoilage by 4 d. MAP2 and UV2MAP2 samples had just 1.7% rotten fruit on day 8 due to the high CO2 concentrations (10% and 16%) inside the packages. A similar behavior should have been noticed in UV1MAP2; however, the raspberries from this batch showed 12.6% decay. MAP2 as well as MAP1 and UV1MAP2 samples had 1 log unit higher total yeast counts than the controls. Total yeast counts also increased two-fold during storage (data not shown), probably related to lower O2 and higher CO2 concentrations due to the film transmission rate.



On the other hand, total yeast counts of UV2MAP2 samples increased by only 0.3 log unit compared to controls at the end of the shelf life. UV-C irradiation has been shown to reduce rot incidences and total microbial loads in blueberries and table grapes, increasing their resistance against pathogens [3,5]. However, the effectiveness depends on the characteristics of the fruit surface [15]. This is relatively irregular in raspberries due to the aggregated drupelets, which makes UV-C light a less effective technology. Thus, it is necessary to combine it with other strategies to delay microbial spoilage during raspberry preservation. Mesophilic aerobic bacteria counts (data not shown) did not reveal much relevant information. Although there are no microbiological criteria available regarding food safety for whole fresh berries, the microbial loads of treated samples closely reflected those of the controls throughout the study without exceeding 4 log CFU cm−2, which may be considered an acceptable limit for their consumption.




3.4. Influence of UV-C Radiation, MAP and Combined Treatments on the Physicochemical Parameters


Table 1 shows that the initial increase in lightness was followed by its decrease in all the samples during storage. This may be related to the accumulation of anthocyanins [27,28], which agrees with the total anthocyanin concentration and with the results obtained by Xu and Liu [5]. The redness (a*) and yellowness (b*) decreased, as observed in various berry fruit [62]; however, these results differed from those obtained from UV-C treated strawberries [26], suggesting the influence of the different anthocyanins accumulated by the various fruits. However, the UV-C treatments did not obviously affect the color of the samples [5]. The lightness of raspberries packaged in MAP2, UV1, UV1MAP1 and UV2MAP1 were higher after simulated shelf life, which may increase customer acceptance [27]. Besides reducing mold development, modified atmospheres maintained a brighter color compared with the control samples [7,24].



The total soluble solids (TSS) (Table 1) decreased in samples of all the batches while varying significantly among samples on each day of analysis. This was especially valid for UV2, MAP2, UV2MAP1 and UV2MAP2 treated raspberries, in which TSS content sharply diminished after day 4. However, raspberries treated with UV1 maintained a higher TSS content until the end of their shelf life. Contrary to the results obtained by Haffner et al. [24], MAP-stored raspberries had lower TSS, which pronouncedly declined on day 4 and day 8 for MAP2 and MAP1 samples, respectively. Significant differences were observed in the pH of the samples on each day of analysis, and also during fruit shelf life. However, these changes were not attributed to the effect of the applied treatments but were assumed to result from the variability of the samples [63,64]. Although fluctuations in TSS and titratable acidity (TA) may be related with fruit dehydration during storage, the acidity decreased from day 4 on, mainly in the control and UV-C treated samples. Non-treated blueberries cultivar ‘Duke’ have also been reported to have lower acidity than those treated with UV light [65].



The ratio of TSS:TA is called the maturity index (MI). It may give a general idea of the degree of fruit senescence because it has been inversely correlated with other quality parameters, such as fruit firmness [65,66]. From day 8, UV treated raspberries showed a higher MI than MAP or UVMAP samples, and a lower MI than the controls. This may indicate that the fruit irradiated with UV-C had a shorter period of storage and in sale. On the other hand, several factors influence the changes in TSS and TA during postharvest preservation, and it is not possible to determine the influence of UV-C radiation alone [67,68].



Raspberry firmness decreased during storage; however, modified atmosphere and combined treatments preserved fruit texture (Table 1). Among them, MAP2 and UV2MAP2 samples maintained higher firmness, which declined by 6.5% and 6.7% at the end of the study, respectively. On the other hand, in the controls and the UV1 and UV2 samples, firmness declined by 44.6%, 37.1% and 57.1%, respectively, indicating that irradiation with 4 kJ m−2 may have accelerated the metabolic activity of the fruit. Fruit firmness was also reduced (37.5%) in raspberries treated with gamma-rays [8]. UV-C inhibits the activity of cell wall degradation enzymes, such as pectinmethylesterase, polygalacturonase and cellulase, during storage [69]. However, the effects of UV-C radiation are dose-dependent (hormesis) and also may be conditioned by the type of fruit. Thus, excessive doses for raspberries, considering our results, maintained higher firmness in strawberries (4.1 kJ m−2) [26,70], mangos (11.7 kJ m−2) [71], and tomatoes (3.7 and 4.2 kJ m−2) [68,72]. The higher firmness may also be closely related with the stimulation of phenylalanine ammonia lyase (PAL) activity, a key enzyme in the synthesis of phenolic compounds and lignin-like polymers. Compounds from the phenylpropanoid pathway act as structural elements and their accumulation reinforces the physical resistance of the cell wall, making it less susceptible to degradation [72]. Consistent with this statement, the UV1 and UV2 treated samples had significantly higher total phenolic content (TPC) compared to the controls on T0 and T4. However, the TPC decreased during the experimental period, with the TPC of the UV2 treated raspberries being markedly lower than that of the control fruit at the end of the study, resulting in a loss of fruit firmness.



The mass losses of the controls and the UV treated raspberries reached 6.9% and 8.1%, respectively (Figure 4); thus, the macroperforated trays were not able to reduce water vapor exchange through the packages, which decreases the attractiveness of samples. Mass loss (1.0%) was satisfactorily reduced in MAP and UVMAP samples due to the reduced water vapor transmission of the MAP packages. Similar values were obtained by Haffner et al. [24] after 7 d of storage.




3.5. Influence of UV-C Radiation, MAP and Combined Treatments on Bioactive Compounds


Except UV2 and UV1MAP2, the samples of the other treatments maintained the TPC observed in fresh raspberries (Figure 5) during storage. However, the total flavonoid content (TFC) (Figure 6) significantly increased during storage, mainly in combined treatments (106.5–114.7%), and also in UV-C treated samples (86.9% and 72.1%). On the other hand, the flavonoid concentration in the control also increased to 1.5 g kg−1 of catechin equivalents (CE) after 12 d. UV-C treated samples showed higher TFC on the days after treatment because radiation may promote defense mechanisms, triggering the de novo synthesis of anthocyanins [18,27,28]. Both the TFC and total anthocyanin contents (TAC) of different fruits also increased after the application of UV-radiation in various studies [5,26,63,64,73]. As depicted in Figure 7, the anthocyanin content was correlated with TPC. On day 8, UV1 and UV2 treated samples had higher TAC than the controls. UV-C radiation could induce changes both in TFC and TAC during storage as a defense mechanism [5,27,63,64]. Anthocyanins contribute to the berries’ color; thus, applying UV-radiation, which is involved in the complicated process of their biosynthesis, may maintain fruit appearance.



MAP has a positive effect on the total phenolic compound content. In MAP1 and MAP2 samples, the TPC concentrations increased by 36.8% and 25.0%, respectively, during storage. The controls also showed higher TPC at the end of their shelf life; however, this effect may be attributed to their considerable mass loss. Moreover, the anthocyanin content of MAP1 samples increased during the study, reaching 0.42 g kg−1 of cyanidin 3-O-glucoside equivalents (CGE). Briano et al. [7] demonstrated that the phenolic and anthocyanin contents and the antioxidant capacity in ‘Grandeur’ raspberries packaged with different films increased, establishing a correlation between polyphenols and antioxidant activity. An increase in the anthocyanin content and antioxidant capacity was also observed in ‘Erika’ raspberries and sea buckthorn drupes packaged under several modified atmospheres when compared with control samples [25,26].



Several authors have reported a correlation between phenolic compounds and antioxidant capacity exhibited by extracts obtained from different plant tissues. For instance, the TPC, TFC and antioxidant capacity of pineapple increased after UV-C treatment [74]. Moreover, positive effects in the antioxidant compounds and shelf life of different green leaves were observed after the application of UV light [75]. The DPPH free radical scavenging activity (Figure 8) and ferric reduction power (Figure 9) increased; however, it did not show good correlation with the TPC and TFC results. The highest Pearson’s correlation coefficient was obtained between FRAP and TPC (0.62) and TFC (0.74), as occurred in coated raspberries [4]. Despite the variability in the results of antioxidant activity determinations, in some cases the differences between the samples were significant. Both FRAP and DPPH scavenging activity significantly increased in all samples during storage. Thus, the antioxidant activity of fresh raspberries was maintained during their storage by combining UV-C and MAP.





4. Conclusions


This study characterized the parameters involved in quality of red raspberries to evaluate whether the proposed treatments could prolong their storage under refrigeration. The UV-C radiation induced changes in physicochemical and microbiological parameters, and in the concentrations of bioactive compounds. However, a deeper study is needed to comprehend the biochemical processes involved in these changes in order to design other approaches for the applied technologies.



The combination of UV-C radiation and MAP, and not their separate application, improves the quality maintenance of raspberries. However, this is only valid if a suitable MAP film with optimized O2/CO2 permeability effectively controls the gas composition and thus fruit respiration within the packages. This, combined with a pretreatment of 4 kJ m−2 of UV-C radiation, successfully prolongs the shelf life and maintains high contents of bioactive compounds in fruit stored at 6 °C for up to 8 d.



This strategy is appropriate to preserve raspberries and could be an alternative to prolong the shelf life of other perishable fruits. However, further studies will be necessary to optimize the proper combination of UV-C radiation and MAP.
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Figure 1. O2 and CO2 concentration, and calculated respiration rates of: (A) controls, (B) UV1 (2 kJ m−2) and (C) UV2 (4 kJ m−2) treated raspberries. Values represent mean ± standard deviation (n = 3). 
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Figure 2. O2 and CO2 concentrations inside the packages during shelf life. Presented are the means (±S.D.; n = 5) of controls and of raspberry samples, irradiated with UV-C (UV1: 2 kJ m−2; UV2: 4 kJ m−2) and packed using films with two transmission rates (A) MAP1 and (B) MAP2. 
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Figure 3. Evolution of rot incidence during shelf life of red raspberries stored in air (control), treated with UV-C (2 KJ m−2 (UV1) or 4 KJ m−2 (UV2)), packaged in MAP (MAP1 or MAP2) and their combinations. Values represent mean ± standard deviation (n = 5 packages per batch and control day). 
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Figure 4. Mass loss during shelf life of red raspberries stored in air (control), treated with UV-C radiation (UV1 or UV2) and packaged in MAP (MAP1 or MAP2). Values represent mean ± standard deviation (n = 5 packages per batch and control day). 
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Figure 5. Total phenolic compounds (TPC) of raspberries stored in air (control), treated with UV-C radiation (UV1 or UV2), packaged in MAP (MAP1 or MAP2) and their combinations during 12 d of storage. Values represent mean ± standard deviation (n = 3). Lower case letters indicate significant differences (p < 0.05) among days within the same batch. Capital letters indicate significant differences (p < 0.05) among batches within the same day. 
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Figure 6. Total flavonoid content (TFC) of raspberries stored in air (control), treated with UV-C radiation (UV1 or UV2), packaged in MAP (MAP1 or MAP2) and their combinations during 12 d of storage. Values represent mean ± standard deviation (n = 3). Lower case letters indicate significant differences (p < 0.05) among days within the same batch. Capital letters indicate significant differences (p < 0.05) among batches within the same day. 
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Figure 7. Concentration of total anthocyanins of raspberries stored in air (control), treated with UV-C radiation (UV1 or UV2), packaged in MAP (MAP1 or MAP2) and their combinations during 12 d of storage. Values represent mean ± standard deviation (n = 3). Lower case letters indicate significant differences (p < 0.05) among days within the same batch. Capital letters indicate significant differences (p < 0.05) among batches within the same day. 
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Figure 8. Antioxidant capacity to inhibit 1,1-diphenil-2-picrilhidrazil (DPPH) free radical of raspberries stored in air (control), treated with UV-C radiation (UV1 or UV2), packaged in MAP (MAP1 or MAP2) and their combinations during 12 d of storage. Values represent mean ± standard deviation (n = 3). Lower case letters indicate significant differences (p < 0.05) among days within the same batch. Capital letters indicate significant differences (p < 0.05) among batches within the same day. 
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Figure 9. Ferric reduction antioxidant power (FRAP) of raspberries stored in air (control), treated with UV-C radiation (UV1 or UV2), packaged in MAP (MAP1 or MAP2) and their combinations during 12 d of storage. Values represent mean ± standard deviation (n = 3). Lower case letters indicate significant differences (p < 0.05) among days within the same batch. Capital letters indicate significant differences (p < 0.05) among batches within the same day. 
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Table 1. Influence of UV radiation, modified atmosphere packaging conditions and combined treatments on the physicochemical quality of raspberries during storage.
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	Day
	Sample
	TSS (%)
	pH
	TA (g Citric Acid/L)
	TSS/TA
	Firmness (N)
	L*
	a*
	b*





	0
	Non-treated, no MAP
	11.6 ± 0.1 a
	3.3 ± 0.2 a
	19.2 ± 0.2 a
	0.61 ± 0.01 a
	2.26 ± 0.17 a
	35.3 ± 1.3 a
	25.6 ± 1.7 a
	11.9 ± 0.8 a



	4
	Non-treated, no MAP
	10.7 ± 0.0 Dc
	3.3 ± 0.1 Aa
	18.7 ± 0.3 Ba
	0.57 ± 0.01 Bd
	1.67 ± 0.15 Cb
	38.8 ± 1.2 Ab
	18.1 ± 2.4 Ab
	3.2 ± 1.0 Ac



	
	UV1
	11.4 ± 0.1 Cb
	3.1 ± 0.1 Bc
	18.9 ± 0.2 Ba
	0.60 ± 0.01 ABa
	1.74 ± 0.23 Cb
	37.0 ± 1.0 BCb
	18.1 ± 1.4 Ab
	2.6 ± 0.7 Ac



	
	UV2
	10.3 ± 0.1 EFc
	3.3 ± 0.0 Aa
	17.2 ± 0.3 Db
	0.60 ± 0.01 ABa
	1.75 ± 0.20 Cb
	36.4 ± 1.2 Ca
	18.6 ± 0.8 Ab
	2.7 ± 0.3 Ac



	
	MAP1
	11.8 ± 0.1 Ba
	3.3 ± 0.1 Aa
	18.9 ± 0.3 Ba
	0.62 ± 0.01 Aa
	1.88 ± 0.23 Bb
	38.2 ± 0.8 ABb
	18.1 ± 1.1 Abc
	3.1 ± 0.5 Ac



	
	MAP2
	10.7 ± 0.1 Db
	3.3 ± 0.0 Aa
	18.2 ± 0.3 BCb
	0.59 ± 0.01 ABa
	2.14 ± 0.27 ABa
	38.1 ± 0.8 ABb
	18.2 ± 0.9 Ab
	3.0 ± 0.2 Ac



	
	UV1MAP1
	11.8 ± 0.2 Ba
	3.1 ± 0.0 Bc
	19.9 ± 0.4 Aa
	0.60 ± 0.02 ABa
	2.07 ± 0.22 Bab
	37.1 ± 0.9 BCb
	17.8 ± 2.3 Ab
	3.5 ± 0.7 Ac



	
	UV1MAP2
	12.1 ± 0.2 Ab
	3.0 ± 0.0 Bb
	19.9 ± 0.2 Aab
	0.61 ± 0.01 Aa
	2.23 ± 0.23 ABa
	37.5 ± 0.4 ABCb
	18.6 ± 1.0 Abc
	3.1 ± 0.4 Ad



	
	UV2MAP1
	10.1 ± 0.0 Fb
	3.3 ± 0.0 Aa
	17.3 ± 0.3 Dc
	0.59 ± 0.01 ABa
	2.04 ± 0.16 Bab
	38.5 ± 0.4 Abb
	18.2 ± 0.6 Ac
	3.1 ± 0.3 Ac



	
	UV2MAP2
	10.5 ± 0.1 DEb
	3.4 ± 0.0 Aa
	17.6 ± 0.4 CDb
	0.59 ± 0.01 ABa
	2.27 ± 0.34 Aa
	38.6 ± 0.3 Ab
	18.1 ± 1.1 Abc
	3.1 ± 0.5 Ac



	8
	Non-treated, no MAP
	10.9 ± 0.1 Abc
	3.4 ± 0.0 ABab
	15.6 ± 0.3 Eb
	0.70 ± 0.01 Ac
	1.72 ± 0.15 BCb
	38.2 ± 0.4 Ab
	13.9 ± 0.4 Dc
	1.6 ± 0.2 Dd



	
	UV1
	11.0 ± 0.1 Ac
	3.5 ± 0.0 Ab
	15.8 ± 0.5 Eb
	0.69 ± 0.03 Ac
	1.73 ± 0.20 BCb
	32.6 ± 0.5 Cc
	17.5 ± 0.6 Bb
	7.8 ± 0.2 Bb



	
	UV2
	10.4 ± 0.1 Bc
	3.3 ± 0.0 Ba
	15.6 ± 0.2 Ec
	0.67 ± 0.0 Ac
	1.55 ± 0.13 Cb
	38.0 ± 0.5 Ab
	14.9 ± 1.6 CDc
	1.8 ± 0.6 Dd



	
	MAP1
	10.9 ± 0.1 Ab
	3.1 ± 0.2 Cb
	17.7 ± 0.3 CDb
	0.62 ± 0.01 Ba
	1.86 ± 0.24 Bbc
	36.4 ± 0.6 Ba
	16.9 ± 1.4 BCc
	2.2 ± 0.5 CDd



	
	MAP2
	10.5 ± 0.1 Bbc
	3.1 ± 0.1 Cb
	19.4 ± 0.2 Aa
	0.54 ± 0.01 Cc
	2.14 ± 0.28 ABa
	38.0 ± 1.0 Ab
	17.1 ± 1.6 Bb
	2.8 ± 0.8 Cc



	
	UV1MAP1
	10.8 ± 0.1 Ab
	3.5 ± 0.0 Ab
	17.4 ± 0.7 Db
	0.62 ± 0.02 Ba
	1.93 ± 0.31 Bb
	32.7 ± 1.1 Cc
	17.6 ± 1.0 Bb
	7.6 ± 0.3 Bb



	
	UV1MAP2
	10.4 ± 0.1 Bc
	3.5 ± 0.1 Aa
	18.9 ± 0.4 ABb
	0.55 ± 0.02 Cc
	2.39 ± 0.16 Aa
	33.3 ± 1.1 Cc
	19.8 ± 1.4 Ab
	8.6 ± 0.4 Ab



	
	UV2MAP1
	10.1 ± 0.1 Cb
	3.2 ± 0.1 Db
	18.4 ± 0.1 BCb
	0.55 ± 0.01 Cb
	1.89 ± 0.20 Bb
	38.5 ± 0.5 Ab
	16.7 ± 1.0 BCc
	2.4 ± 0.3 CDc



	
	UV2MAP2
	10.5 ± 0.1 Bb
	3.2 ± 0.1 BCb
	19.0 ± 0.3 ABa
	0.55 ± 0.01 Cc
	2.22 ± 0.23 Aa
	38.0 ± 0.9 Ab
	17.3 ± 1.4 Bc
	2.7 ± 0.5 Cc



	12
	Non-treated, no MAP
	11.2 ± 0.1 Ab
	3.5 ± 0.1 Ab
	11.3 ± 0.3 Dc
	0.99 ± 0.02 Ab
	1.25 ± 0.22Dc
	31.8 ± 1.5 CDc
	18.7 ± 1.2 BCb
	7.8 ± 0.5 ABCb



	
	UV1
	10.6 ± 0.1 BCd
	3.6 ± 0.0 ABb
	11.4 ± 0.3 Dc
	0.93 ± 0.02 Bb
	1.42 ± 0.16 Dc
	32.8 ± 1.6 BCc
	17.5 ± 1.6 Cb
	7.3 ± 0.5 BCb



	
	UV2
	10.8 ± 0.1 Bb
	3.4 ± 0.0 Ba
	13.0 ± 0.2 Cd
	0.83 ± 0.02 Cb
	0.97 ± 0.12 Ec
	31.7 ± 2.0 CDc
	18.6 ± 2.3 BCb
	7.3 ± 0.2 BCb



	
	MAP1
	10.0 ± 0.1 DEc
	3.4 ± 0.0 Ba
	14.8 ± 0.2 Bc
	0.68 ± 0.01 DEb
	1.84 ± 0.29 Bbc
	31.0 ± 1.0 Dc
	19.7 ± 1.3 ABb
	7.7 ± 0.3 ABCb



	
	MAP2
	10.4 ± 0.1 Cc
	3.4 ± 0.0 Ba
	15.7 ± 0.2 Ac
	0.66 ± 0.01 Eb
	2.11 ± 0.23 Aa
	34.1 ± 0.6 ABc
	17.4 ± 0.8 Cb
	7.8 ± 0.5 ABb



	
	UV1MAP1
	10.1 ± 0.0 Dc
	3.4 ± 0.0 Bab
	15.5 ± 0.3 ABc
	0.65 ± 0.01 EFb
	1.67 ± 0.28 Cbc
	34.3 ± 0.5 Aa
	17.7 ± 1.1 BCb
	7.9 ± 0.7 ABb



	
	UV1MAP2
	10.4 ± 0.1 Cc
	3.4 ± 0.0 Ba
	14.9 ± 0.2 ABc
	0.70 ± 0.01 Db
	1.76 ± 0.29 BCb
	31.7 ± 0.7 CDd
	17.7 ± 2.2 BCc
	6.9 ± 0.6 Cc



	
	UV2MAP1
	9.7 ± 0.1 Ec
	3.4 ± 0.0 Ba
	16.0 ± 0.3 Ad
	0.62 ± 0.01 Fa
	1.94 ± 0.22 ABb
	32.2 ± 1.4 CDc
	21.4 ± 1.1 Ab
	8.2 ± 0.4 Ab



	
	UV2MAP2
	10.3 ± 0.1 CDb
	3.4 ± 0.0 Ba
	15.6 ± 0.1 ABc
	0.66 ± 0.01 Eb
	2.11 ± 0.25 ABa
	30.9 ± 0.7 Dc
	19.7 ± 1.9 ABb
	7.4 ± 0.7 BCb







Values are presented as mean ± standard deviation. Lower case letters indicate significant differences (p < 0.05) among days within the same batch. Capital letters indicate significant differences (p < 0.005) among batches within the same day (n = 25 fruit per determination, batch and day of analysis).
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