

  ijms-25-00684




ijms-25-00684







Int. J. Mol. Sci. 2024, 25(2), 684; doi:10.3390/ijms25020684




Article



Novel Fermentation Strategies of Strawberry Tree Arbutus unedo Fruits to Obtain High Nutritional Value Products



Francesca Anna Ramires 1, Miriana Durante 1, Isabella D’Antuono 2, Antonella Garbetta 2, Angelica Bruno 2, Annamaria Tarantini 1,3, Antonia Gallo 1, Angela Cardinali 2,* and Gianluca Bleve 1,*





1



Consiglio Nazionale delle Ricerche, Istituto di Scienze delle Produzioni Alimentari, Unità Operativa di Lecce, 73100 Lecce, Italy






2



Consiglio Nazionale delle Ricerche, Istituto di Scienze delle Produzioni Alimentari, 70126 Bari, Italy






3



Department of Soil, Plant and Food Sciences (Di.S.S.P.A), University of Bari, 70126 Bari, Italy









*



Correspondence: angela.cardinali@ispa.cnr.it (A.C.); gianluca.bleve@ispa.cnr.it (G.B.)







Citation: Ramires, F.A.; Durante, M.; D’Antuono, I.; Garbetta, A.; Bruno, A.; Tarantini, A.; Gallo, A.; Cardinali, A.; Bleve, G. Novel Fermentation Strategies of Strawberry Tree Arbutus unedo Fruits to Obtain High Nutritional Value Products. Int. J. Mol. Sci. 2024, 25, 684. https://doi.org/10.3390/ijms25020684



Academic Editors: Paola Faraoni, David Arráez-Román and Serena Laschi



Received: 1 December 2023 / Revised: 22 December 2023 / Accepted: 31 December 2023 / Published: 5 January 2024



Abstract

:

The strawberry tree (Arbustus unedo) is a medicinal plant and an important source of biocompounds, potentially useful for pharmaceutical and chemical applications to prevent or treat several human diseases. The strawberry tree fruits have usually been used to produce traditional products such as jams and jellies and to obtain fermented alcoholic drinks, representing the most valuable derivative products. Other fermented products are potentially interesting for their nutritional value; however, the fermentation process needs to be controlled and standardized to obtain high-quality products/ingredients. In this work, we investigated two different fermentative procedures, using strawberry tree whole fruit and fruit paste as matrices inoculated with a selected starter strain of Saccharomyces cerevisiae LI 180-7. The physical, chemical, microbiological and nutritional properties of fermented products were evaluated, as well as their antioxidant activity. The new obtained fermented products are enriched in organic acids (acetic acid varied from 39.58 and 57.21 mg/g DW and lactic acid from 85.33 to 114.1 mg/g DW) and have better nutritional traits showing a higher amount of total polyphenols (phenolic acids, flavonoids and anthocyanins) that ranged from 1852 mg GAE/100 g DW to 2682 mg GAE/100 g DW. Also, the amount of isoprenoid increased ranging from 155.5 μg/g DW to 164.61 μg/g DW. In this regard, the most promising strategy seemed to be the fermentation of the fruit paste preparation; while the extract of fermented whole fruits showed the most powerful antioxidant activity. Finally, a preliminary attempt to produce a food prototype enriched in fermented strawberry tree fruits suggested the whole fruit fermented sample as the most promising from a preliminary sensory analysis.
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1. Introduction


Arbutus unedo L., commonly known as the strawberry tree, is an economically important evergreen shrub of the Ericaceae family [1]. The Arbutus genus includes 12 species distributed across the west coast of the United States and Canada, Central America, western Europe, the Mediterranean Basin, North Africa, and the Middle East [2,3].



This shrub is ecologically relevant in southern European forests due to its resilience to abiotic and biotic stress factors [1].



Over the years, production areas of strawberry trees, previously considered a neglected species, have increased, particularly in Portugal, which is at present the world’s largest producer of these fruits [4,5].



The strawberry tree fruit is an edible spherical red berry, about 2 cm in diameter. The most abundant chemical components are represented by carbohydrates, with 40% of the total weight of fresh berries. In particular, sucrose is much more abundant in unripe fruits, while fructose is the main free sugar in the ripe phase [6]. Regarding the fatty acid composition, polyunsaturated fatty acids (PUFA) represent nearly 60% of the total, providing a high and favorable ratio of omega-3 to omega-6, due to the significant level of α-linolenic acid [7]. It has been reported that the fruits are characterized by the tasty flavor in their advanced maturation stage and the sensory characteristics derived from the combination of fatty acids and sugars. As a result, the berries are traditionally used to produce alcoholic beverages [8]. Furthermore, the fruit is an excellent source of vitamin C, dietary fiber, phenolic compounds (quinic acid, ferulic acid, protocatechuic acid, ellagic acid, gallic acid, caffeic acid, cinnamic acid, quercetin and myricetin), ascorbic acid and other fat-soluble antioxidants (lutein, α-tocopherol, β-carotene) [7,8,9].



The strawberry tree is a medicinal plant and a source of new molecules with high antioxidant potential. Polyphenols, commonly regarded as antioxidant compounds, play a major role in maintaining health [10].



This activity is owing to the high flavonoid content present in A. unedo (cyanidin, proanthocyanidins and delphinidin glycosides), vitamin C and E, as well as carotenoids, ellagic acid and its di-glucoside derivative [11].



Due to the presence of multiple bioactive compounds, strawberry tree fruits have been reported to exert therapeutic effects such as antiviral action against influenza [12,13] and HIV [14] and a reduction in cardiovascular disease risk [15]. Recent studies have also revealed that extracts of strawberry tree fruits inhibit the activity of α-amylase in the treatment of type 2 diabetes [6].



In addition, plant extracts have shown therapeutic potential against Alzheimer’s disease and Parkinson’s disease thanks to the presence of the glycoside arbutin, an inhibitor that blocks the progression of the disease [8]. Arbutin is commonly used in the cosmetic industry for skin whitening and is also found in commercial remedies for the treatment of urinary infections, often in combination with its precursor hydroquinone [16,17]. Thanks to their bioactivities, the natural compounds in strawberry tree fruit have been indicated as potentially useful for pharmaceutical and chemical applications to prevent or treat several human diseases [1].



Although the consumption of wild fruits has been shown to improve nutritional absorption and natural antioxidant levels [18], fruits are rarely consumed fresh, because of their high seed content, which is not appreciated by modern consumers, despite their pleasant flavor when fully ripe [19]. However, they have been used in folk medicine since ancient times for different purposes due to their healthful properties [20]. For this reason, the Food and Agriculture Organization (FAO) aims to increase the use of this precious wild species [21] to preserve plant biodiversity [22].



Owing to the high content of sugars, the fruits have been used in the production of traditional products such as jams and jellies and to obtain fermented alcoholic drinks, which represent the most valuable derivative products [1]. In the Algarve region (Portugal), the fully ripe fruits are fermented to produce a traditional alcoholic distillate called “Aguardente de medronho” (medronho firewater). The strawberry tree fruit fermentation is a natural process almost 36 days long, carried out by the associated yeast population, mainly Saccharomyces cerevisiae [23]. However, the results of fermentation, usually conducted in farms, are very variable in quality, with acidity issues, a lack of flavor or even the presence of off-flavors, because of uncontrolled fermentation (incomplete fermentation or overfermentation). Conversely, an interesting approach of solid-state fermentation driven by a selected yeast of S. cerevisiae was applied to berry pulp [24]. The fermented product was used for a subsequent distillation, obtaining a high-quality distilled alcoholic beverage. Studies conducted by Tejedor-Calvo and Morales [25] on newly formulated kombucha beverages also containing strawberry tree fruits treated with three different SCOBYs (symbiotic culture of aerobic mesophilic microorganisms, lactic acid bacteria, acetic acid bacteria and yeasts) for 21 days indicated that strawberry tree kombucha may be a flavored and nutritious drink, with the fermentation time and SCOBY composition identified as key factors to obtain the desired product.



Furthermore, Santo et al. [26] studied the diversity of yeast populations during solid-state industrial fermentations of strawberry tree berries. One of the main results of this study was that starter cultures can be obtained by the microbiota and can be promoted to control the fermentation of strawberry tree fruits.



To the best of our knowledge, no studies have been conducted concerning the fermentation of strawberry tree fruit or paste directly to produce new ingredients/products. As already reported for other vegetable products, process control and standardization are necessary to improve fermentation and produce consistent, high-quality end products [27].



In this work, for the first time, we investigated two strategies for the fermentation of strawberry tree fruits, driven by a selected and well-characterized yeast strain for its specific biotechnological features, for producing novel fermented products. The main goal of this study was to investigate the use of microbial-driven fermentation as a tool to stabilize the raw material and to explore for the first time a new way for strawberry tree fruit valorization. Two different strawberry tree fruit preparations, the whole fruits (STWF) and a paste preparation obtained by grinding the fruits (STFP), were produced as matrices to be fermented. The fermentation process was monitored for 12 days in terms of physical, chemical, microbiological and nutritional properties. The total antioxidant activity of the obtained products was evaluated on intestinal cell lines. Food prototypes enriched with the two fermented products were produced and their associated aromatic profiles were preliminary elaborated.




2. Results and Discussion


2.1. Strawberry Tree Fermentation Strategies


In this study, the yeast strain S. cerevisiae LI 180-7 [28,29,30] was tested as a starter candidate to ferment two different strawberry tree fruit preparations: the whole fruits (STWF) and a paste preparation obtained by grinding the fruits (STFP).



The choice to use a S. cerevisiae strain in our study was based on the successful fermentation of strawberry tree fruit pulp in solid-state conditions, resulting in a distillate, as reported in the work of Gonzalez et al. [24]. Also, Cavaco et al. [23] studied the spontaneous fermentation of strawberry tree fruits to obtain a traditional spirit, discovering that the process was essentially made by yeast populations, with S. cerevisiae being the dominant species.



The fermentation processes were conducted for 12 days at room temperature (18–22 °C) in the dark to preserve the light-sensitive bioactive compounds. In both fermentations, the initial pH value was 3.61 and remained low, around 3.14–3.21, until the end of the process, (Table 1), in line with values reported for strawberry tree fruits harvested from different locations [24,31] and for a strawberry-tree-based kombucha fermented with symbiotic cultures of bacteria and yeasts [25].



The initial acidity of the fruits and pulp favored the adaptation and growth of the yeasts, as indicated by the total counts detected at Days 0, 4, 8 and 12 during fermentation, as reported in Table 2. The ability of the inoculated starter to grow and drive the fermentation process in both the STWF and STFP samples was confirmed by the increase in the yeast total count after 4 days of inoculation with continuous increments until the end of the process. These data agree with those reported by Cavaco et al. [23] on the spontaneous fermentation process, mainly due to the yeast population.



The analysis in Table 2 also revealed a low presence of molds in both samples only in the initial stage, likely limited by the fermentative process afterwards. An aerobic colony count showed a different behavior between the two fermentation strategies. In the STWF sample, the count increased throughout the process, reaching a plateau after 4 days of fermentation. In contrast, in the STFP sample, there was a rapid decrease in this microbial population, thus suggesting a strong ability of the yeasts to colonize the biological niche and use almost all of the available sugars. As expected, in the STFP sample, lactic acid bacteria (LAB) were not detected during the entire process, probably due to a different environment produced by the fermentation of the fruit paste. Interestingly, in the STWF sample, lactic acid bacteria (LAB) appeared after 4 days of fermentation at very high count levels (>7 Log10 CFU/g), thus suggesting that the yeasts favored, with their presence and metabolism, the development of autochthonous LAB.



The pH value remaining below 4 in both fermented samples was adequate to ensure the absence of microbial contaminants. In the samples analyzed, no potential pathogens or spoilage microorganisms were detected, including Clostridium spp., Enterobacteriaceae, E. coli, Aerogenes bacteria and putative pathogenic Staphylococcus spp. (Table 2).



The correct trend of the fermentation process was also confirmed by the reduction in sugar content in both samples during fermentation, as recorded on Days 0, 4, 8 and 12 (Brix % value in Table 1).



The initial glucose + fructose content (82.44 ± 0.32 mg/g for STWF and 199.1 ± 4.6 mg/g for STFP) decreased by up to 22% in the STWF sample and was completely consumed in STFP after 12 days (Figure 1A).



A specific profile of organic acids was obtained for each sample, significantly influenced by the preparation of the raw material. In the STWF strategy, the organic acids generally increased during the fermentation process, reaching the maximum concentration after 12 days, in concordance with the decrease in sugars (Figure 1B–D). The acetic acid and the lactic acid increased from 28.48 ± 0.16 to 57.21 ± 0.78 mg/g DW and from 38.50 ± 5.22 to 85.33 ± 10.49 mg/g DW, respectively. The citric acid increased until Day 8 and then decreased to the initial value.



Generally, the STFP sample showed an initial content of organic acids higher than the STWF sample, likely due to their release from ground vegetable material, with a lower increase observed during the fermentation. In STFP, the maximum concentrations of acetic and lactic acid were obtained after 8 days of fermentation (39.58 ± 0.15 mg/g DW and 114.1 ± 2.26 mg/g DW, respectively), while citric acid reached its maximum level after 4 days of fermentation (79.60 ± 4.25 mg/g DW). This last evidence differed from previous studies that reported the absence of quantifiable amounts of citric acid in strawberry tree fruits [31,32].



It can be assumed that the initial concentrations of organic acids observed in our study depend on the plant material. In contrast, the increase in lactic and acetic acids probably arises from microbial activity [28], as well as yeasts and heterofermentative LAB which are able to generate acetic acid from fermentable material under environmental stress and metabolize citric acid [33].



The results obtained in the current work provide for the first time qualitative and quantitative information on the presence of organic acids in fermented strawberry tree fruit since the data reported thus far have regarded volatile compounds in arbutus berry distillates [24] and in strawberry tree kombuchas fermented with symbiotic cultures of bacteria and yeasts [25].




2.2. Phenolic Compound Content


The samples of strawberry trees have been analyzed for the assessment of the total phenols content (TPC), total flavonoids content (TFC) and total anthocyanins content (TAC). Figure 2A shows the data related to TPC highlighting that the fermentative process positively influenced both sample forms (whole and paste) and the recovery of polyphenols. In particular, the fermented fruit paste showed the higher amount (2682 mg GAE/100 g DW) followed by fermented whole fruits (2406 mgGAE/100 g DW), fruit paste (2185 mgGAE/100 g DW) and whole fruits (1852 mgGAE/100 g DW). This behavior was also confirmed for the other two classes of polyphenols, flavonoids (from 286 mg CAT/100 g DW to 407 mg CAT/100 g DW) and anthocyanins (from 12 mg C3G/100 g DW to 15 mg C3G/100 g DW), respectively, as reported in the Figure 2B,C, while small differences were recorded between the two forms of non-fermented samples. Although the phyto-chemical composition of strawberry tree fruits could be influenced by the ripening stage, the cultivars and the environmental and climatic conditions [34], the results reported in this study are in good agreement with those published by other authors. In particular, Zitouni, et al. [10], for some Arbutus unedo L. cultivars characteristic of Morocco, reported average total polyphenols of about 32.22 mg GAE/g DW, total flavonoids of about 5.20 mg RE/g DW and total anthocyanins of about 0.40 mg cya-3-glu/100 g DW, confirming that the strawberry tree is a rich source of phenolic compounds with a wide range of health-promoting effects and suitable application as a functional ingredient [35].



To obtain more information related to the polyphenol compounds present in the hydro-alcoholic extracts of ST samples, an HPLC-DAD analysis was performed and the results are shown in Table 3.



From the analysis. 16 compounds have been identified with gallic acid and its derivatives, ellagic acid and its derivatives and cyanidin 3-O-glucoside as the main compounds, followed by two glycosides in the form of quercetin and quercetin aglycone. The HPLC-DAD profiles of strawberry tree fruits showed a similar phenolic composition as reported in previous studies [10,11] with some differences probably related to the different cultivars and stages of ripening used. The sample preparations (whole and paste) and the biological treatments (fermentation and non-fermentation) significantly influenced the phenolic composition. Therefore, the presence of the main identified polyphenols was higher in the whole sample compared to the paste one, in which some minor compounds (myricetin and kaempferide) were undetectable. The fermentation process, instead, improved the polyphenols extractability in the paste sample by about two times compared to the non-fermented control. The highest increase was attributable to gallic acid, ellagic acid and quercetin aglycone, although a slight decrease in anthocyanins was also recorded. Furthermore, in the whole sample, the fermentation slightly reduced the polyphenol content compared to the unfermented control. Further, as reported in fermented polyphenol rich-foods, the combination with the processing influences the polyphenol amount, improving the bioavailability and boosting the growth of the beneficial bacteria inhibiting the pathogens [36].




2.3. Isoprenoids Content during Fermentation of Strawberry Tree Fruit Samples


The STWF and STFP samples were also assayed for the variation in the composition of isoprenoids (tocopherols and carotenoids) during the fermentation process at Days 0. 4, 8 and 12, as depicted in Figure 3. Isoprenoids include a group of natural products that show beneficial biological activities, finding applications in the pharmaceutical, nutraceutical and flavor fragrance industries, among others. Strawberry tree fruits are a source of α-tocopherols, the most biologically active form of vitamin E, followed by β-carotene (precursor of vitamin A), lutein and zeaxanthin.



During the fermentation of strawberry tree berries, α-tocopherol content in whole fruit (123.1 ± 2.6 µg/g DW) and fruit paste (84.7 ± 5.9 µg/g DW) increased by 1.3- and 1.8-fold, respectively, after 4 days of fermentation (164.61 ± 6.1 µg/g DW and 155.5 ± 7.5 µg/g DW in whole fruit and fruit paste, respectively), and it did not present statistically significant differences until the end of the process (Figure 3A,B). A similar trend was observed for β-carotene in paste fruit (Figure 3B). In the whole fruit preparation, the β-carotene content increased during the first 4 days of fermentation, followed by a slight decrease after 8 days (Figure 3A). The xanthophylls, such as lutein and zeaxanthin, present in low amounts, showed an increase in both samples after 4 days of fermentation compared to the initial value. In the paste fruit sample, xanthophylls showed the highest content at the end of fermentation, while in the whole fruit, lutein and zeaxanthin presented the highest values after 8 and 4 days of fermentation, respectively. In general, it is supposed that the increase in α-tocopherol and carotenoids in fermented strawberry tree berries may be related to structural changes induced by fermentation, which may increase the ability to extract isoprenoids [37].




2.4. Enzyme Activities


The enzyme activities identified in fermented vegetable matrices include both those originating in vegetable tissues and those produced by the microbial component during the fermentation process [38,39]. Moreover, the enzyme stability and concentrations change during fermentation depending on various factors including temperature, pH, microbial consortia evolution and the production of potential inhibitors.



Since the enzymatic activities can contribute to the flavor, texture, safety and nutritional traits of the final products, in this study, six of the main enzyme activities were tested on extracts obtained from the STWF and STFP starting material (T0) and the fermented samples at the end of the process (T12). The yeast-driven fermentation produced a statistically significant improvement of lipase and esterase activities in the STWF sample, with a corresponding reduction in xylanase activity (Table 4). On the other hand, the esterase and the xylanase activities increased by about 1.7 times after fermentation in the STFP sample compared with the corresponding starting raw material. Esterase and lipase activities can improve the taste of fermented products by originating esters from free fatty acids and changing their composition in the final product [40].



Among xylanases, endo-xylanases and β-xylosidases are the two most relevant enzymes responsible for the hydrolysis of the main component of hemicellulose, xylan [41,42].



To investigate the possible effect of hydrolyzing enzyme activities tested in the fermented products on the content of several bioactive compound classes, a correlation matrix analysis was completed in Table 5 using the T0 and T12 data obtained for each treatment. The total phenol, flavonoids and anthocyanin content revealed a positive correlation with esterase and protease. Indeed, the proteases produced during fermentation were effectively involved in the mobilization of phenolic compounds [43].



Earlier studies have demonstrated that most phenolic compounds in vegetable tissues are covalently bound to cell wall structural components (cellulose, hemicellulose, lignin, pectin, structural proteins, etc.) and are difficult to extract [44,45].



The total anthocyanin content was also positively correlated with cellulase activities, as already demonstrated in other studies where cellulases were able to hydrolyze insoluble-bound phenolics linked with structural protein/carbohydrates via ester linkages and with lignin via ether linkages [45,46]. A positive correlation was also observed between isoprenoid content and amylase activities. This last evidence suggests the enzymatic liberation of soluble phenolics could be an energy-demanding process, with the exception of beta-carotene, which also showed a good correlation with lipase [44,47].




2.5. Antioxidant Activity


When tested on the Caco-2 intestinal cell line, the samples STWF and STFP, before and after 12 days of fermentation (T0 and T12), showed a high and dose-dependent antioxidant activity without any detectable differences, as reported in the CAA unit values in Table 6.



Strawberry tree fruit, especially due to its antioxidants, can be considered a “health-promoting food”. Antioxidants are highly requested for their health benefits provided by natural compounds preventing the occurrence of oxidative-stress related diseases, caused by free radicals attacking lipids or nucleic acids.



However, the in vitro biological activity, especially the antioxidant activity, has to be tested [48]. Tenuta et al. [49] have tested different A. unedo extracts (different extraction techniques) for their potential free radicals scavenging activity by ABTS (2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) and DPPH (2,2-diphenyl-1-picrylhydrazyl) assays. The antioxidant properties of the extracts were concentration-dependent, in agreement with our findings in this study.



In order to compare the antioxidant activity of different extracts, the CAA assay involves the determination of the median effective dose (the concentration of bioactive compounds that induce a 50% effect), with a lower median effective dose corresponding to a higher antioxidant activity.



Analyzing the median effective doses in Figure 4, it appears that for STWF, after fermentation (T12), the median effective dose was lower than T0, and the fermented extract exhibits a strong antioxidant activity (1.22 ± 0.14 vs. 0.85 ± 0.105 µg total phenolic fraction (TPF)/g DW), although the difference is not statistically different. On the contrary, the STFP at T0 appears to have the highest antioxidant activity, with a median effective dose of 0.40 ± 0.075 µg TPF/g DW.



On the contrary, for STFP after 12 days of fermentation, the median effective dose was five times higher (p < 0.05) than T0 (0.40 ± 0.075 vs. 2.12 ± 0.52 µg TPF/g DW), and this extract appears to be the less potent extract despite the highest concentration of total polyphenols. It can be supposed that the differences in the matrix structures and formulation, due to the different preparations, influenced the fermentative process and the composition of the bioactive compounds produced.




2.6. Principal Component Analysis


An overview of the correlation between the main biochemical and physical parameters, enzyme activities and the phenolic changes and isoprenoid content was investigated using a principal component analysis (PCA) model, represented in Figure 5. The result showed that the first two validated principal components (PCs) attributed to 83.26% of the total information in terms of the original variables, could well describe the information of the original variables.



The samples treated with the inoculated yeast strain (T12) were evidently separated from the untreated ones (T0). In addition, the STFP samples were completely separated from the STWF ones in the plane. The STFP fermented (T12) sample clustered with TPC, protease, lipase and esterase activities and with carotenoids, as well as with lactic and citric acids, whereas the corresponding sample T0 grouped with TAC, TFC, cellulase and glucose + fructose content. The STWF fermented sample clustered in the plane associated with amylase, xylanase and vitamins. Finally, the STWF T0 sample was located in the opposite portion of the plane, associated with pH, as a unique variable.



The most promising strawberry tree fruit strategy to be used in the fermentation process seemed to be the STFP, depending on the developed desired end-products, although from the antioxidant activity analysis, it appeared to be the less powerful potent extract despite the highest concentration of total polyphenols.




2.7. Preparation and Descriptive Sensory Analysis of an Enriched Food Prototype


In this study, a preliminary test for the potential positive role of STWF and STFP fermented products as new ingredients for introducing new sensorial traits in food products was attempted. To this end, biscuits containing approximately 18% (w/w FW) were prepared. The obtained products were submitted to a sensory analysis. Since no established descriptors have been already established for the sensory attributes of these fermented products, the most promising acceptable flavor traits were preliminarily established by voluntary panelists with a preliminary aroma sensory evaluation of the biscuits.



This analysis revealed that the obtained products had significantly different flavor profiles (Figure 6).



In particular, the biscuits added with the fermented STWF sample were perceived with the highest scores for all the tested notes, that is, nuts, berries, chocolate, vanilla, cinnamon, must and exotic fruit, except for the sandalwood note slightly prominent in the biscuits added with fermented STFP. Finally, the apple and citrus notes were identified at the same level in both biscuits.



The use of yeasts can be suitable to generate characteristic flavor compounds in strawberry tree fruits-derived products, especially due to the alcoholic fermentation and their ester biosynthesis pathways [24].





3. Materials and Methods


3.1. Fruit Sampling


The strawberry tree fruits (Arbutus unedo L.) used in this study were obtained from trees grown at the University of Salento (Lecce, Italy), in November and December 2021. Fruits were harvested at the intermediate/final ripening levels (14–16 °Brix). Fresh fruits were immediately transported to the laboratory for the subsequent preparatory processes for fermentation.




3.2. Microbial Strain


In this study, the yeast strain S. cerevisiae LI 180-7 (DSM 27800), previously isolated from fermented black table olives, was chosen for its demonstrated capacity to drive the fermentation of vegetable matrices, also under hard conditions, such as high salt and phenol concentrations [28,29,30].




3.3. Preparation of Samples and Fermentation Conditions


The fruits were extensively washed with drinking water. After the removal of water, 2 different preparations of strawberry tree fruits were submitted to lab-scale fermentation according to the following procedures:



Strawberry tree whole fruits (STWF): Approximately 0.5 kg of whole fruits was placed in a 1 kg-capacity glass jar and drinking water was added in a ratio of 1:1 (v/v). Subsequently, the starter strain S. cerevisiae LI 180-7 was added at a concentration of about 107 CFU/g final volume (1 kg).



Strawberry tree fruit paste (STFP): Approximately 1 kg of fruit was ground using a blender and placed in a 1 kg-capacity glass jar. Subsequently, the previously prepared starter strain S. cerevisiae LI 180-7 [28] grown in Sabouraud liquid medium was added at a concentration of about 107 CFU/g final volume (1 kg).



The fermentation process was carried out at room temperature (18–22 °C) in the dark to preserve the light sensitive bioactive compounds for 12 days. Approximately 15 g of samples was collected at different time points (0, 4, 8 and 12 days) and stored for the subsequent analyses.




3.4. Physical, Chemical and Microbiological Analyses


The refractive index (Brix) and pH were evaluated at Days 0, 4, 8 and 12 of fermentation. Brix concentration was measured by using a Brix refractometer for food at 0–18% Brix with automatic temperature compensation: RHS-MR110 ATC (Giorgio Bormac srl, Carpi, Mo, Italy).



Glucose and fructose, lactic acid and acetic acid in whole fruits and paste were analyzed using a Miura enzymatic analyzer (Exacta Optech, Modena, Italy), as already reported by Guzzon et al. [50] and Catalano et al. [51].



For the microbiological assays, 1 g of each sample, obtained as described previously at different time intervals, was mixed with 9 mL of sterile peptone water and decimal solutions were prepared. The total bacterial count was carried out using plate count agar (PCA, Heywood, Lancashire, UK) added with 0.05 g/L nystatin (Sigma-Aldrich, Darmstadt, Germany) and incubated at 30 °C for 48–72 h; coli–aerogenes bacteria detection and enumeration by violet red bile agar (VRBA, LABM, Heywood, Lancashire, UK) incubated at 37 °C for 24–48 h; sulfite-reducing clostridia by sulfite polymyxin sulphadiazine agar (S.P.S. Sigma-Aldrich, Darmstadt, Germany); the enumeration of coagulase-positive staphylococci by Baird Parker agar base (BP, LABM, Heywood, Lancashire, UK) incubated at 37 °C for 24–48 h; and Enterobacteriaceae identification was performed by violet red bile glucose agar (VRBGA, LABM, Heywood, Lancashire, UK) incubated at 37 °C for 18–24 h. For the enumeration of lactic acid bacteria (LAB), de Man, Rogosa and Sharpe agar was used, added with 0.05 g/L nystatin (Sigma-Aldrich, Darmstadt, Germany) and incubated at 30 °C for 48–72 h. Yeast and mold total counts were executed on dichloran Rose–Bengal chloramphenicol agar (DRBC, Thermo Fisher Scientific, Monza, Italy) and incubated at 25 °C for 5 days.




3.5. Extraction and Analysis of Phenolic Compounds


Samples were freeze-dried until reaching a stable weight (about 40 h) using an Alpha 2-4 LSC plus freeze-dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) with a vacuum pressure of 0.015 mbar and a condenser temperature of −80 °C. The freeze-dried fruits were ground at 500 µm using a Retsch laboratory mill (Torre Boldone, Bg, Italy) to obtain a powder.



Lyophilized strawberry tree fruit samples, STWF and STFP, non-fermented (T0) and after 12 days of fermentation (T12), were extracted with 80% acidified methanol (methanol/water/trifluoroacetic acid 80:19.5:0.5) by ultrasonic water bath (Fisherbrand™ P-Series, Fisher Scientific, Monza, Italy) for 30 min, frequency 37 kHz), at room temperature and at a power setting of 50%. The extraction was performed twice, adding fresh solvent to the pellets after centrifugation, and the supernatants were collected, measured as final volume and utilized for further analysis.



The determination of total phenolic content (TPC) in the extracts was performed by Folin–Ciocalteu (FC) assay as described in Ramires et al. [52], and TPC was expressed as mg gallic acid equivalent (GAE), per 100 g dry weight of strawberry tree samples. The total flavonoid content (TFC) was determined according to Jia et al. [53]. Catechin (CAT) was used as a standard and the results were expressed as mg of CAT equivalent per 100 g of strawberry tree fruit dry weight.



The total anthocyanins concentration (TAC) was determined by a pH-differential method following the procedure reported by Giusti and Wrolstad [54]. The dilution factor for the extracts was previously determined and was 1:2. The TAC, in the original samples, was quantified in mg of cyanidin 3-O-glucoside (C3G) equivalent in 100 g of DW, using the following equation:


  M o n o m e r i c   a n t h o c y a n i n   p i g m e n t =   A × M W × D F × 1000   ( ε × 1 )    








where A: Absorbance = (A510 nm–A700 nm) pH 1.0—(A510 nm–A700 nm) pH 4.5; MW: molecular weight (449.2 g/mol); DF: dilution factor; Ɛ: molar absorptivity coefficient of cyanidin 3-O-glucoside (26,900 L/mol·cm).



The polyphenol profile was obtained by analyzing the strawberry tree extracts by HPLC-DAD, using the Agilent 1260 Infinity Series Chromatograph system (Palo Alto, CA, USA). The instrument was equipped with a 1260 HIP Degasser, G1312B Binary Pump, G1316A Thermostat, G4212B DAD Detector and supplied with Agilent Open Lab CDS Chem Station Software. For separation, an analytical Luna C18 (4.6 × 250 mm; 5 μm) column (Phenomenex Torrance, CA, USA) was used. The analytical method and elution profile were described in D’Antuono et al. [55]. The identification was performed by comparing the spectra and retention time of the pure available standards; the phenolic compounds derivatives (gallic acid and ellagic acids, anthocyanins) were identified by UV–Vis spectra and quantified by the response factors of their pure standard reference.




3.6. Extraction and Analysis of Isoprenoids (Tocopherols and Carotenoids)


The isoprenoid content was evaluated in STWF and STFP at 0, 4, 8 and 12 days, during fermentation.



The isoprenoid determination was carried out according to Blando et al. [56]. Briefly, 50 mg of freeze-dried sample was extracted with a 3 mL mixture of hexane/ethanol/acetone (2/1/1 v/v/v) containing 0.05% of BHT. Samples were shaken on an orbital shaker at 180 rpm for 15 min. Then, 3 mL of distilled water was added and the suspension was centrifuged at 4500× g for 10 min. The organic phase was collected and dried under nitrogen, resuspended in 100 µL of ethyl acetate and analyzed using an Agilent 1100 Series HPLC system as described by Durante et al. [57].




3.7. Evaluation of Enzyme Activities


The activity of six enzymes (α-amylase, protease, esterase, lipase, cellulase and endo-xylanase) was assayed in STWF and STFP, non-fermented (T0) and at the end of fermentation (T12). All experiments were conducted in triplicate.



STWF and STFP crude enzyme solutions were prepared according to the method of Lee et al. [58] with slight modifications. Briefly, 2.5 g of each sample was suspended in 5 mL of distilled water and incubated with shaking at 1000 rpm for 1 h at 30 °C. Then, solid and liquid portions of the mixture were separated by filtering with a polyamide filter 355/51 (Saati, Milan, Italy). Next, the mixture was centrifuged at 9000 rpm at 4 °C for 15 min. Subsequently, the supernatant was removed to obtain the crude enzyme solution. Before further analysis, the resulting crude enzymes were dissolved in the appropriate buffers.



Lipase, esterase and endo-xylanase activity assays were carried out according to the procedure described by Maiorano et al. [38]; α-amylase and protease activity tests followed the method described by Ramires et al. [52]. Finally, cellulases were determined using a cellulase assay kit (CellG5, Megazyme, Bray, Ireland), according to the method provided by the manufacturer.




3.8. Antioxidant Activity


The cellular antioxidant activity of STWF and STFP, non-fermented (T0) and after 12 days of fermentation (T12), was determined using the Caco-2 intestinal cell line purchased from the European Collection of Authenticated Cell Cultures (ECACC). The Caco-2 cell line was grown in 25 cm2 flasks at a starting density of 250,000 cells/mL in Dulbecco’s Modified Eagle’s Medium with 4.5 g/L glucose supplemented with 10% of FBS, 1% of L-Glutamine, 1% antibiotic and antimycotic solution and 1% non-essential amino acid solution. Density and cell viability were determined by a Scepter automatic cell counter (Merck Millipore, Milan, Italy). The cells used for experimental protocols showed a mean viability of 90%.



The antioxidant activity of hydroalcoholic extracts (mix) of samples was measured as a reduction in intracellular induced reacting oxygen species (ROS) by applying the cellular antioxidant activity (CAA) assay. The CAA assay was performed according to the procedure described by Wolfe and Liu [59] with some modifications.



Briefly, the cellular suspension was seeded on a 96-well white flat-bottom plate and incubated at 37 °C for 24 h. After seeding, cells were stained with 5 μM of 2–7-dichloro-dihydrofluorescein diacetate (DCFH-DA) and incubated for 30 min. After the staining phase, cells were treated for 30 min with the hydroalcoholic extracts in the following concentration ranges: STWF T0, from 0.38 to 240 µg TPF/gr DW; STWFT12, from 0.36 to 224 µg TPF/gr DW; STPF T0, from 0.25 to 155 µg TPF/gr of DW; STPF T12, from 0.71 to 441 µg TPF/gr of DW.



Then, cumene hydroperoxide (12.5 μM) was added to the cells as a stress inducer, and the fluorescence (Ex 485 nm, Em 530 nm) was measured every 5 min for 1 h at 37 °C using a Varioskan Flash Spectral Scanning Multimode Reader (Thermo Fisher Scientific, Milan, Italy). This procedure allowed the mathematical calculation of different parameters, including the CAA unit and the median effective dose (EC50) as described by Garbetta et al. [60].



The CAA unit was measured by integrating the area under the kinetic curve (fluorescence vs. time). Higher values of CAA units indicate a high antioxidant activity. The EC50 corresponds to the concentration of polyphenols (µg TPF/gr DW) that produces a 50% reduction in induced ROS.




3.9. Preparation and Descriptive Sensory Analysis of the Food Prototypes Enriched in Fermented Strawberry Fruit Fermented Products


Biscuits were prepared as follows: 80 g sunflower oil, 100 g sucrose, one egg, 280 g type 00 wheat flour, 100 mL of water or 100 g fermented STWF or STFP (corresponding to 18% w/w DW). The obtained biscuits were baked for 20 min at 150 °C.



For the preliminary characterization of the sensory properties of the biscuits enriched in fermented strawberry fruit products, a sensory panel was made up of ten women and ten men (ranging from 30 to 70 years old). The biscuit samples were administered to the panelists in two sessions to select the best descriptors for several aroma attributes, and a third session was conducted to identify the intensity of the selected attributes/descriptors on a seven-point intensity scale (0—none; 1—delicate; 2—delicate to moderate; 3—moderate; 4—moderate to intense; 5—intense; 6—very intense). The results were the mean values of the two sensory sessions.




3.10. Statistical Analysis


Statistical analyses were performed using SigmaPlotTM software v.12 (Systat Software, Inc., SigmaPlot for Windows, San Jose, CA, USA). The all-pairwise multiple comparisons Dunn’s method was used to evaluate significant differences between cells treated with SF extracts. A one-way ANOVA test followed by the Tukey post hoc method was applied to establish significant differences between means (p < 0.05) in isoprenoid content. Data were expressed as the mean ± standard deviation of values from 3 independent experiments. Values of p < 0.05 were considered statistically different.



To establish significant differences among glucose and fructose, lactic acid, acetic acid and citric acid values, Kruskal–Wallis tests followed by Dunn’s multiple comparisons test (p < 0.05) were carried out, whereas enzyme activities were compared by the Mann–Whitney test using GraphPad Prism 6.0 software (La Jolla, CA, USA).



The mean values related to phenolic contents (TPC, TPF, TPA and HPLC analysis) were subjected to one-way ANOVA followed by LSD’s post hoc test. Results analysis was performed using the software STATISTICA 6.0 (StatSoft, Tulsa, OK, USA) and was considered significant for p ≤ 0.05.



A two-tailed correlation test with Spearman’s rank correlation coefficient (R) was calculated among the enzyme activities and main bioactive compounds.



Principal component analysis (PCA) was used to compare the microbiological, chemical and biochemical parameters associated with the fermented and unfermented samples using the OriginPro 2016 software (OriginLab, Northampton, MA, USA).





4. Conclusions


In conclusion, the yeast strain S. cerevisiae LI 180-7 was able to ferment both the different strawberry tree fruit preparations: the whole fruits (STWF) and a paste preparation obtained by grinding the fruits (STFP). The yeast-driven fermentation produced new fermented products enriched in organic acids and stabilized at the chemical and microbiological levels.



Up to now, S. cerevisiae was the first yeast used for strawberry tree fruit fermentation; however, the evidence reported in this study can pave the way for future investigations of the potential offered by other microbial species/strains or microbial consortia, autochthonous or allochthonous, with specific biotechnological and enzymatic features.



An enrichment in nutritional traits, such as total phenolic, flavonoid, anthocyanin and isoprenoid content, was observed after fermentation. The vitamin A and vitamin E contents in the STWF and STFP fermented products were increased in comparison with the raw samples, contributing to an improved vitamin status.



Specific correlations were reported among some enzyme activities and compounds involved in conferring potential functional traits to the products. Considering the developed desired end products, the most promising strawberry tree fruit fermentation strategy seemed to be the STFP, whereas the more powerful extract in terms of cellular antioxidant activity was the fermented STWF extract.



The improved content of total phenolic, flavonoid, anthocyanin and isoprenoid and the deriving antioxidant activity in fermented strawberry tree products can be highly promising for the future use of these ingredients for formulating enriched functional foods. In this direction, for the first time, the preparation of biscuits as a food prototype enriched in ST fermented products was attempted, revealing that the STWF sample achieved the highest scores for all of the tested notes (nuts, berries, chocolate, vanilla, cinnamon, must and exotic fruit).







Author Contributions


Conceptualization, G.B. and A.C.; methodology, F.A.R., M.D., I.D., A.G. (Antonella Garbetta), A.B., A.T. and G.B.; validation, F.A.R., I.D., A.G. (Antonella Garbetta), A.B., A.T. and G.B.; investigation, F.A.R., M.D., I.D. and G.B.; writing—original draft preparation, G.B., A.G. (Antonia Gallo), A.T., M.D., A.C. and I.D.; writing—review and editing, G.B. and A.G. (Antonia Gallo); funding acquisition, G.B. and A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was also in part supported by NutrAge: “Nutrition & Active aging” CNR (FOE-2021, DAB.AD005.225). DM MUR n. 844 del 16-07-2021; “IDENTITA’—rete Integrated meDiterranean network for the observation and development of personalized Nutrition paths against malnutrition”; Trajectory 5 project “Nutraceuticals, nutrigemonics and functional foods” of the Health Operational Plan—action line 5.1 CUP: B33C22000860003; PNRR project—PE0000003, PE10 Models for sustainable nutrition; “ON Foods”—Research and innovation network on food and nutrition Sustainability, Safety and Security—Working ON Foods”—CUP B83C22004790001ONFOODS. It has received financial support from “PON Research and Innovation 2014–2020”, IV Axis “Education and research for recovery”, Action IV.4 “Doctorates and industrial research contracts on innovation issues”, A.Y. 2022-23, XXXVII Cycle, for the PhD project grant of Annamaria Tarantini.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Relevant data are contained within the article. Additional data are available from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Martins, J.; Pinto, G.; Canhoto, J. Biotechnology of the multipurpose tree species Arbutus unedo: A review. J. For. Res. 2022, 33, 377–390. [Google Scholar] [CrossRef]

	



Heywood, V.H. Flowering Plants of the World; B.T. Batsford: London, UK, 1993. [Google Scholar]

	



Stevens, P.F. Angiosperm Phylogeny Website. Version 14 July 2017. 2001. Available online: http://www.mobot.org/MOBOT/research/APweb/ (accessed on 10 July 2020).

	



Villa, R.S. Ricerche sulla biologia di Arbutus unedo L. (Ericaceae): Ciclo di sviluppo. Boll. Della Soc. Sarda Di Sci. Nat. 1982, 21, 309–317. [Google Scholar]

	



Garrido, N.; Silveira, T. Medronho: O Fruto Vermelho Que Portugal Está a (Re)Descobrir. In Público. 2020. Available online: https://www.publico.pt/2020/11/20/sociedade/noticia/medronho-fruto-vermelho-futuro-portugal-redescobrir-1939941 (accessed on 7 January 2021).

	



Ait lhaj, Z.; Bchitou, R.; Gaboun, F.; Abdelwahd, R.; Benabdelouahab, T.; Kabbour, M.R.; Pare, P.; Diria, G.; Bakhy, K. Moroccan strawberry tree (Arbutus unedo L.) fruits: Nutritional value and mineral composition. Foods 2021, 10, 2263. [Google Scholar] [CrossRef]

	



Oliveira, I.; Baptista, P.; Malheiro, R.; Casal, S.; Bento, A.; Pereira, J.A. Influence of strawberry tree (Arbutus unedo L.) fruit ripening stage on chemical composition and antioxidant activity. Food Res. Int. 2011, 44, 1401–1407. [Google Scholar] [CrossRef]

	



Nunes, R.J.D.S. Micromedronho: Design of Microencapsulated Arbutus Unedo Leaves and Fruits by Spray Drying for Supplements and Functional Foods; Universidade do Algarve: Faro, Portugal, 2017. [Google Scholar]

	



Pallauf, K.; Rivas-Gonzalo, J.C.; del Castillo, M.D.; Cano, M.P.; de Pascual-Teresa, S. Characterization of the antioxidant composition of strawberry tree (Arbutus unedo L.) fruits. J. Food Comp. Anal. 2008, 21, 273–281. [Google Scholar] [CrossRef]

	



Zitouni, H.; Hssaini, L.H.; Ouaabou, R.; Viuda-Martos, M.; Hernandez, F.; Ercisli, S.; Hanine, H. Functional and technological properties of five strawberry (Arbutus unedo L.) fruit as bioactive ingredients in functional foods. Int. J. Food Prop. 2021, 24, 380–399. [Google Scholar] [CrossRef]

	



Fortalezas, S.; Tavares, L.; Pimpão, R.; Tyagi, M.; Pontes, V.; Alves, P.M.; Santos, C.N. Antioxidant properties and neuroprotective capacity of strawberry tree fruit (Arbutus unedo). Nutrients 2010, 2, 214–229. [Google Scholar] [CrossRef]

	



Ge, H.; Liu, G.; Xiang, Y.F.; Wang, Y.; Guo, C.W.; Chen, N.H.; Xu, J. The mechanism of poly-galloyl-glucoses preventing influenza a virus entry into host cells. PLoS ONE 2014, 9, e94392. [Google Scholar] [CrossRef]

	



Saha, R.K.; Takahashi, T.; Kurebayashi, Y.; Fukushima, K.; Minami, A.; Kinbara, N. Antiviral effect of strictinin on influenza virus replication. Antivir. Res. 2010, 88, 10–18. [Google Scholar] [CrossRef]

	



Junior, C.O.R.; Verde, S.C.; Rezende, C.A.M.; Caneschi, W.; Couri, M.R.C.; McDougall, B.R.; De Almeida, M.V. Synthesis and HIV-1 inhibitory activities of dicaffeoyl and digalloyl esters of quinic acid derivatives. Curr. Med. Chem. 2013, 20, 724–733. [Google Scholar] [CrossRef]

	



Mosele, J.I.; Macià, A.; Romero, M.P.; Motilva, M.J. Stability and metabolism of Arbutus unedo bioactive compounds (phenolics and antioxidants) under in vitro digestion and colonic fermentation. Food Chem. 2016, 201, 120–130. [Google Scholar] [CrossRef] [PubMed]

	



Migas, P.; Krauze-Baranowska, M. The significance of arbutin and its derivatives in therapy and cosmetics. Phytochem. Lett. 2015, 13, 35–40. [Google Scholar] [CrossRef]

	



Jurica, K.; Gobin, I.; Kremer, D.; Cepo, D.V.; Grubesić, R.J.; Karaconji, I.B.; Kosalec, I. Arbutin and its metabolite hydroquinone as the main factors in the antimicrobial effect of strawberry tree (Arbutus unedo L.) leaves. J. Herb. Med. 2017, 8, 17–23. [Google Scholar] [CrossRef]

	



Trichopoulou, A.; Vasilopoulou, E.; Hollman, P.; Chamalides, C.; Foufa, E.; Kaloudis, T.; Kromhout, D.; Miskaki, P.; Petrochilou, I.; Poulima, E. Nutritional composition and flavonoid content of edible wild greens and green pies: A potential rich source of antioxidant nutrients in the Mediterranean diet. Food Chem. 2000, 70, 319–323. [Google Scholar] [CrossRef]

	



Miguel, M.G.; Faleiro, M.L.; Guerreiro, A.C.; Antunes, M.D. Arbutus unedo L.: Chemical and biological properties. Molecules 2014, 19, 15799–15823. [Google Scholar] [CrossRef] [PubMed]

	



Morgado, S.; Morgado, M.; Plácido, A.I.; Roque, F.; Duarte, A.P. Arbutus unedo L.: From traditional medicine to potential uses in modern pharmacotherapy. J. Ethnopharmacol. 2018, 225, 90–102. [Google Scholar] [CrossRef] [PubMed]

	



Food and Agriculture Organization (FAO). The contribution of plant genetic resources for food and agriculture to food security and sustainable agricultural development. In The Second Report on the State of the World’s Plant Genetic Resources for Food and Agriculture; Food and Agriculture Organization (FAO): Rome, Italy, 2010; pp. 182–201. [Google Scholar]

	



Macchioni, V.; Santarelli, V.; Carbone, K. Phytochemical profile, antiradical capacity and α-glucosidase inhibitory potential of wild Arbutus unedo L. fruits from Central Italy: A chemometric approach. Plants 2020, 9, 1785. [Google Scholar] [CrossRef]

	



Cavaco, T.; Longuinho, C.; Quintas, C.; Saraiva, I. Chemical and microbial changes during the natural fermentation of strawberry tree (Arbutus unedo L.) fruits. J. Food Biochem. 2007, 31, 715–725. [Google Scholar] [CrossRef]

	



González, E.A.; Agrasar, A.T.; Pastrana Castro, L.M.; Fernández, I.O.; Pérez Guerra, N. Solid-state fermentation of red raspberry (Rubus ideaus L.) and arbutus berry (Arbutus unedo, L.) and characterization of their distillates. Food Res. Int. 2011, 44, 1419–1426. [Google Scholar] [CrossRef]

	



Tejedor-Calvo, E.; Morales, D. Chemical and Aromatic Changes during Fermentation of Kombucha Beverages Produced Using Strawberry Tree (Arbutus unedo) Fruits. Fermentation 2023, 9, 326. [Google Scholar] [CrossRef]

	



Santo, D.E.; Galego, L.; Gonçalves, T.; Quintas, C. Yeast diversity in the Mediterranean strawberry tree (Arbutus unedo L.) fruits’ fermentations.  Food Res. Int. 2012, 47, 45–50. [Google Scholar] [CrossRef]

	



Callewaert, R.; De Vuyst, L. Bacteriocin production with Lactobacillus amylovorus DCE 471 is improved and stabilized by fed-batch fermentation. Appl. Environ. Microb. 2000, 66, 606–613. [Google Scholar] [CrossRef] [PubMed]

	



Tufariello, M.; Durante, M.; Ramires, F.A.; Grieco, F.; Tommasi, L.; Perbellini, E.; Falco, V.; Tasioula-Margari, M.; Logrieco, A.F.; Mita, G.; et al. New process for production of fermented black table olives using selected autochthonous microbial resources. Front. Microbiol. 2015, 6, 1007. [Google Scholar] [CrossRef] [PubMed]

	



Tufariello, M.; Durante, M.; Veneziani, G.; Taticchi, A.; Servili, M.; Bleve, G.; Mita, G. Patè olive cake: Possible exploitation of a by-product for food applications. Front. Nut. 2019, 6, 3. [Google Scholar] [CrossRef] [PubMed]

	



Ramires, F.A.; Bleve, G.; De Domenico, S.; Leone, A. Combination of Solid State and Submerged Fermentation Strategies to Produce a New Jellyfish-Based Food. Foods 2022, 11, 3974. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Rodríguez, B.M.; Morales, P.; Fernández-Ruiz, V.; Sánchez-Mata, M.C.; Camara, M.; Díez-Marqués, C.; Pardo-de-Santayana, M.; Molina, M.; Tardío, J. Valorization of wild strawberry-tree fruits (Arbutus unedo L.) through nutritional assessment and natural production data. Food Res. Int. 2011, 44, 1244–1253. [Google Scholar] [CrossRef]

	



Rodríguez, M.A.R.; Odériz, M.L.V.; Lozano, J.S.; Hernández, J.L. Estudio de la composición química de pequeños frutos: Arándano, frambuesa, grosella blanca, grosella negra, grosella roja y zarzamora producidos en Galicia. Ind. Conserve 1992, 67, 29–33. [Google Scholar]

	



Tzamourani, A.P.; Di Napoli, E.; Paramithiotis, S.; Economou-Petrovits, G.; Panagiotidis, S.; Panagou, E.Z. Microbiological and physicochemical characterisation of green table olives of Halkidiki and Conservolea varieties processed by the spanish method on industrial scale. Int. J. Food Sci. Technol. 2021, 56, 3845–3857. [Google Scholar] [CrossRef]

	



Izcara, S.; Morante-Zarcero, S.; Casado, N.; Sierra, I. Study of the Phenolic Compound Profile of Arbutus unedo L. Fruits at Different Ripening Stages by HPLC-TQ-MS/MS. Appl. Sci. 2021, 11, 11616. [Google Scholar] [CrossRef]

	



Soobrattee, M.A.; Neergheen, V.S.; Luximon-Ramma, A.; Aruoma, O.I.; Bahorun, T. Phenolics as potential antioxidant therapeutic agents: Mechanism and actions. Mutat. Res. 2005, 579, 200–213. [Google Scholar] [CrossRef]

	



Yang, F.; Chen, C.; Ni, D.; Yang, Y.; Tian, J.; Li, Y.; Wang, L. Effects of Fermentation on Bioactivity and the Composition of Polyphenols Contained in Polyphenol-Rich Foods: A Review. Foods 2023, 12, 3315. [Google Scholar] [CrossRef] [PubMed]

	



Mapelli-Brahm, P.; Barba, F.J.; Remize, F.; Garcia, C.; Fessard, A.; Khaneghah, A.M.; Meléndez-Martínez, A.J. The impact of fermentation processes on the production, retention and bioavailability of carotenoids: An overview. Trends Food Sci. Technol. 2020, 99, 389–401. [Google Scholar] [CrossRef]

	



Maiorano, G.; Ramires, F.A.; Durante, M.; Palamà, I.E.; Blando, F.; De Rinaldis, G.; Bleve, G. The Controlled Semi-Solid Fermentation of Seaweeds as a Strategy for Their Stabilization and New Food Applications. Foods 2022, 11, 2811. [Google Scholar] [CrossRef] [PubMed]

	



Ramirez, E.; Medina, E.; Brenes, M.; Romero, C. Endogenous enzymes involved in the transformation of oleuropein in Spanish table olive varieties. J. Agric.Food Chem. 2014, 62, 9569–9575. [Google Scholar] [CrossRef] [PubMed]

	



Bautista-Gallego, J.; Rodríguez-Gómez, F.; Barrio, E.; Querol, A.; Garrido-Fernández, A.; Arroyo-López, F.N. Exploring the yeast biodiversity of green table olive industrial fermentations for technological applications. Int. J. Food Microb. 2011, 147, 89–96. [Google Scholar] [CrossRef] [PubMed]

	



Rahmani, N.; Kahar, P.; Lisdiyanti, P.; Lee, J.; Yopi Prasetya, B.; Ogino, C.; Kondo, A. GH-10 and GH-11 Endo-1,4-β-xylanase enzymes from Kitasatospora sp. produce xylose and xylooligosaccharides from sugarcane bagasse with no xylose inhibition. Biores. Technol. 2019, 272, 315–325. [Google Scholar] [CrossRef] [PubMed]

	



Bajpai, P. Sources, production, and classification of xylanases. In Xylanolytic Enzymes; Academic Press: Tokyo, Japan; Elsevier: Amsterdam, The Netherlands, 2014; pp. 43–52. [Google Scholar]

	



Chen, Y.; Wang, Y.; Chen, J.; Tang, H.; Wang, C.; Liab, Z.; Xiao, Y. Bioprocessing of soybeans (Glycine max L.) by solid-state fermentation with Eurotium cristatum YL-1 improves total phenolic content, isoflavone aglycones, and antioxidant activity. SC Adv. 2020, 10, 16928. [Google Scholar] [CrossRef]

	



Bei, Q.; Chen, G.; Lu, F.; Wu, S.; Wu, Z. Enzymatic action mechanism of phenolic mobilization in oats (Avena sativa L.) during solid-state fermentation with Monascus anka. Food Chem. 2018, 245, 297–304. [Google Scholar] [CrossRef]

	



Acosta-Estrada, B.A.; Gutiérrez-Uribe, J.A.; Serna-Saldívar, S.O. Bound phenolics in foods, a review. Food Chem. 2014, 152, 46–55. [Google Scholar] [CrossRef]

	



Li, G.; Chai, X.; Zhong, Z.; Feng, Y.; Sun, H.; Wang, B. Penicillium fermentation combined with enzyme treatment to enhance the release of phenolic acids from wheat bran. Food Sci. Technol. 2023, 43, e100822. [Google Scholar] [CrossRef]

	



McCue, P.P.; Shetty, K. A role for amylase and peroxidase-linked poly- merization in phenolic antioxidant mobilization in dark-germinated soybean and implications for health. Process Biochem. 2004, 39, 1785–1791. [Google Scholar] [CrossRef]

	



Markovinović, A.B.; Brdar, D.; Putnik, P.; Bosiljkov, T.; Durgo, K.; Turković, A.H.; Kovačević, D.B. Strawberry tree fruits (Arbutus unedo L.): Bioactive composition, cellular antioxidant activity, and 3D printing of functional foods. Food Chem. 2024, 433, 137287. [Google Scholar] [CrossRef] [PubMed]

	



Tenuta, M.C.; Deguin, B.; Loizzo, M.R.; Dugay, A.; Acquaviva, R.; Malfa, G.A.; Bonesi, M.; Bouzidi, C.; Tundis, R. Contribution of flavonoids and iridoids to the hypoglycaemic, antioxidant, and nitric oxide (NO) inhibitory activities of Arbutus unedo L. Antioxidants 2020, 9, 184. [Google Scholar] [CrossRef] [PubMed]

	



Guzzon, R.; Nardin, T.; Larcher, R. The controversial relationship between chitosan and the microorganisms involved in the production of fermented beverages. Eur. Food. Res.Technol. 2022, 248, 751–765. [Google Scholar] [CrossRef]

	



Catalano, F.; Romaniello, R.; Orsino, M.; Perone, C.; Bianchi, B.; Giametta, F. Experimental Tests in Production of Ready-to-Drink Primitive Wine with Different Modes of Circulation of the Fermenting Must. Appl. Sci. 2023, 13, 5941. [Google Scholar] [CrossRef]

	



Ramires, F.A.; Bavaro, A.R.; D’Antuono, I.; Linsalata, V.; D’Amico, L.; Baruzzi, F.; Bleve, G. Liquid submerged fermentation by selected microbial strains for onion skins valorization and its effects on polyphenols. World J. Microb. Biotech. 2023, 39, 258. [Google Scholar] [CrossRef]

	



Jia, Z.; Tang, M.; Wu, J. The determination of flavonoid contents in mulberry and their scavenging effects on superoxide radicals. Food Chem. 1999, 64, 555–559. [Google Scholar]

	



Giusti, M.; Wrolstad, R.E. Characterization and Measurement of Anthocyanins by UV–visible Spectroscopy. Curren. Protoc. Food Chem. 2001, 1042, F1.2.1–F1.2.13. [Google Scholar]

	



D’Antuono, I.; Bruno, A.; Linsalata, V.; Minervini, F.; Garbetta, A.; Tufariello, M.; Cardinali, A. Fermented Apulian table olives: Effect of selected microbial starters on polyphenols composition, antioxidant activities and bioaccessibility. Food Chem. 2018, 248, 137–145. [Google Scholar] [CrossRef]

	



Blando, F.; Russo, R.; Negro, C.; De Bellis, L.; Frassinetti, S. Antimicrobial and antibiofilm activity against Staphylococcus aureus of Opuntia ficus-indica (L.) Mill. cladode polyphenolic extracts. Antioxidants 2019, 8, 117. [Google Scholar] [CrossRef]

	



Durante, M.; Lenucci, M.S.; Marrese, P.P.; Rizzi, V.; De Caroli, M.; Piro, G.; Mita, G. α-Cyclodextrin encapsulation of supercritical CO2 extracted oleoresins from different plant matrices: A stability study. Food Chem. 2016, 199, 684–693. [Google Scholar] [CrossRef]

	



Lee, J.H.; Park, J.C.; Choi, J.S. The antioxidant activity of Ecklonia stolonifera. Arch. Pharm. Res. 1996, 19, 223–227. [Google Scholar] [CrossRef]

	



Wolfe, K.L.; Liu, R.H. Cellular antioxidant activity (CAA) assay for assessing antioxidants, foods, and dietary supplements. J. Agric. Food Chem. 2007, 55, 8896–8907. [Google Scholar] [CrossRef] [PubMed]

	



Garbetta, A.; Nicassio, L.; D’Antuono, I.; Cardinali, A.; Linsalata, V.; Attolico, G.; Minervini, F. Influence of In Vitro digestion process on polyphenolic profile of skin grape (cv. Italia) and on antioxidant activity in basal or stressed conditions of human intestinal cell line (HT-29). Food. Res. Int. 2018, 106, 878–884. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 00684 g001] 





Figure 1. Consumption of glucose + fructose (A) and the evolution of lactic acid (B), acetic acid (C) and citric acid (D) during fermentation of the STWF and STFP samples. Values are the means of three independent measurements ± standard deviation. Kruskal–Wallis statistical tests followed by Dunn’s multiple comparison post hoc test were used to compare each treatment with the control (* p < 0.05 and ** p < 0.001). 
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Figure 2. Total phenolic content (TPC) (A), total flavonoid content (TFC) (B) and total anthocyanin content (TAC) (C) in strawberry tree whole fruit (STWF) and strawberry tree fruit paste (STFP) not fermented (T0) and after 12 days of fermentation (T12). Letters indicate statistical differences according to the Kruskal–Wallis test followed by Dunn’s multiple comparison post hoc test. a–d: the different letters in lines indicate significant differences among samples during the fermentation process (p < 0.05). 






Figure 2. Total phenolic content (TPC) (A), total flavonoid content (TFC) (B) and total anthocyanin content (TAC) (C) in strawberry tree whole fruit (STWF) and strawberry tree fruit paste (STFP) not fermented (T0) and after 12 days of fermentation (T12). Letters indicate statistical differences according to the Kruskal–Wallis test followed by Dunn’s multiple comparison post hoc test. a–d: the different letters in lines indicate significant differences among samples during the fermentation process (p < 0.05).
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Figure 3. Evolution of isoprenoids on different days during fermentation of the STWF (A) and STFP (B) samples. Letters indicate statistical differences according to the Kruskal–Wallis test followed by Dunn’s multiple comparison post hoc test. a–c: the different letters in lines indicate significant differences among samples during the fermentation process (p < 0.05). 
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Figure 4. Median effective dose of strawberry tree fruits-derived samples. STWF: strawberry tree whole fruits; STFP: strawberry tree fruit paste. TPF: total phenolic fraction. Data are expressed as the mean ± SD of three independent experiments. *: p < 0.05 evaluated by all pairwise multiple comparisons using Dunn’s method between STWF T0 and T12 and between STFP T0 and T12. 
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Figure 5. PCA analysis performed on parameters associated with strawberry tree fruit preparations. PCA variables were obtained from the analysis of nutritional traits, enzyme-associated activities and chemical composition values. STWF: strawberry tree whole fruits; STFP: strawberry tree fruit paste. T0: unfermented product; T12: fermented product for 12 days. 
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Figure 6. Effects of STWF and STFP fermented by a yeast starter culture on the aroma descriptors of biscuits. ST_B = Standard_Biscuit. 
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Table 1. Physico-chemical parameters associated to yeast driven fermentation of strawberry tree whole fruits (STWF) and strawberry tree fruits paste (STFP) at 0, 4, 8 and 12 days.






Table 1. Physico-chemical parameters associated to yeast driven fermentation of strawberry tree whole fruits (STWF) and strawberry tree fruits paste (STFP) at 0, 4, 8 and 12 days.





	
Time of Fermentation (Days)

	
STWF

	
STFP




	
pH

	
Brix (%)

	
pH

	
Brix (%)






	
0

	
3.61 ± 0.51 a

	
10.5 ± 0.6 a

	
3.61 ± 0.57 a

	
15.9 ± 0.6 a




	
4

	
3.45 ± 0.40 a

	
8 ± 0.5 b

	
3.49 ± 0.61 a

	
12 ± 0.6 b




	
8

	
3.23 ± 0.43 a

	
6.8 ± 0.3 b,c

	
3.28 ± 0.32 a

	
11 ± 0.4 b




	
12

	
3.14 ± 0.49 a

	
5.2 ± 0.3 c

	
3.21 ± 0.44 a

	
9.2 ± 0.4 c








Values are the means of three independent measurements ± SD. Letters indicate statistical deviation according to the Kruskal–Wallis test followed by Dunn’s multiple comparison post hoc test. The different letters in columns indicate significant differences among samples during the fermentation process (p < 0.05).













 





Table 2. Total counts (Log10 CFU/g) of microorganisms at days 0, 4, 8 and 12, during fermentation of strawberry tree whole fruits (STWF) and strawberry tree fruit paste (STFP).






Table 2. Total counts (Log10 CFU/g) of microorganisms at days 0, 4, 8 and 12, during fermentation of strawberry tree whole fruits (STWF) and strawberry tree fruit paste (STFP).





	
Microorganisms

	
Medium

	
Days




	
0

	
4

	
8

	
12




	
STWF

	
STFP

	
STWF

	
STFP

	
STWF

	
STFP

	
STWF

	
STFP






	
Yeasts

	
DRBC

	
2.56 ± 0.99 b

	
3.58 ± 2.51 b

	
6.82 ± 3.58 a

	
7.67 ± 3.13 a

	
7.07 ± 3.16 a

	
7.65 ± 4.33 a

	
7.06 ± 3.33 a

	
7.65 ± 4.59 a




	
Moulds

	
DRBC

	
3.08 ± 0.72 a

	
2.68 ± 1.88 a

	
0 b

	
0 b

	
0 b

	
0 b

	
0 b

	
0 b




	
Aerobic colony count

	
PCA

	
3.75 ± 1.23 b

	
3.66 ± 2.09 a

	
6.63 ± 3.09 a

	
2.08 ± 1.48 a

	
7.85 ± 3.12 a

	
0 b

	
6.65 ± 3.51 a

	
0 b




	
Lactic acid bacteria

	
MRS

	
0 b

	
0 a

	
7.19 ± 3.41 a

	
0 a

	
7.81 ± 3.87 a

	
0 a

	
7.85± 3.83 a

	
0 a




	
Clostridium spp.

	
SPS

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a




	
Enterobacteriaceae

	
VRBGA

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a




	
coli-aerogenes bacteria

	
VRBA

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a

	
0 a




	
Putative coagulase positive staphylococci

	
BPA

	
1.98 ± 0.81 a

	
2.03 ± 1.18 a

	
0 b

	
0 b

	
0 b

	
0 b

	
0 b

	
0 b








DRBC = Dichloran Rose–Bengal chloramphenicol agar; PCA = plate count agar; MRS = de Man–Rogosa–Sharpe agar; SPS = sulfite polymyxin sulphadiazine agar; VRBGA = violet red bile glucose agar; VRBA = violet red bile agar; BP = Baird Parker agar. Values are the means of three independent measurements ± standard deviation. Letters indicate statistical differences according to the Kruskal–Wallis test followed by Dunn’s multiple comparison post hoc test. a,b—the different letters in lines indicate significant differences among samples during the fermentation process (p < 0.05).













 





Table 3. Polyphenols composition of the extracts of strawberry tree whole fruit (STWF) and strawberry tree paste fruit (STFP) not fermented (T0) and fermented (T12), provided by HPLC-DAD analysis.
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Polyphenols

	
STWF

	
STFP




	

	
T0

	
T12

	
T0

	
T12




	

	
mg/100 g dw






	
Gallic acid der

	
149.66 ± 10.37 c

	
117.00 ± 9.30 a

	
122.45 ± 3.11 a

	
137.91 ± 4.52 b




	
Gallic acid

	
30.03 ± 3.41 b

	
23.86 ± 7.67 b

	
16.71 ± 3.70 a

	
219.87 ± 1.48 c




	
Ellagic acid der 1

	
3.12 ± 0.33 a

	
4.18 ± 0.96 ab

	
4.51 ± 1.34 b

	
nd




	
Ellagic acid der 2

	
7.04 ± 0.36 b

	
9.85 ± 2.39 c

	
10.97 ± 0.61 c

	
1.94 ± 0.20 a




	
Ellagic acid

	
20.61 ± 3.37 a

	
25.81 ± 2.10 b

	
17.57 ± 2.61 a

	
43.67 ± 0.79 c




	
Quercetin glycoside

	
2.29 ± 0.42 a

	
2.83 ± 0.83 ab

	
3.36 ± 0.78 b

	
2.81 ± 0.26 ab




	
Myricetin

	
0.91 ± 0.11 a

	
0.81 ± 0.22 a

	
nd

	
1.28 ± 0.33 b




	
Quercetin 3-O-ramnoside

	
6.06 ± 0.70 a

	
7.53 ± 0.35 b

	
7.20 ± 1.32 b

	
9.71 ± 0.65 c




	
Ellagic acid der 3

	
0.79 ± 0.24 b

	
0.97 ± 0.03 b

	
0.47 ± 0.17 a

	
0.87 ± 0.01 b




	
Quercetin

	
5.07 ± 1.10 b

	
5.58 ± 0.95 b

	
0.84 ± 0.20 a

	
10.03 ± 2.42 c




	
Kaempferide

	
0.53 ± 0.11 b

	
0.33 ± 0.06 a

	
nd

	
0.85 ± 0.18 c




	
Anthocyanin 1

	
0.32 ± 0.10 a

	
1.74 ± 0.11 b

	
1.42 ± 0.60 b

	
nd




	
Cyanidin 3-O-glucoside

	
4.10 ± 0.40 a

	
13.31 ± 4.68 ab

	
19.15 ± 17.71 b

	
1.60 ± 0.26 a




	
Anthocyanin 1

	
0.41 ± 0.15 b

	
nd

	
0.26 ± 0.05 a

	
nd




	
Anthocyanin 2

	
1.24 ± 0.30 a

	
3.94 ± 0.01 b

	
4.61 ± 0.97 b

	
1.46 ± 0.56 a




	
Anthocyanin 3

	
1.05 ± 0.09 c

	
0.43 ± 0.08 a

	
0.46 ± 0.09 a

	
0.63 ± 0.11 b




	
Total

	
233.23 ± 3.10 b

	
218.17 ± 9.89 a

	
209.96 ± 19.54 a

	
432.63 ± 0.67 c








Data are expressed as the mean ± SD of three independent experiments; dw = dried weight; nd = not detectable. Different lowercase letters in the same row indicate statistical differences (p < 0.05) in the LSD test.













 





Table 4. Enzyme activities in strawberry tree whole fruit (STWF) and strawberry tree fruit paste (STFP), not fermented (T0) and fermented (T12).
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Lipase

U/g

	
Esterase

mU/g

	
Amylase

U/g

	
Protease

U/g

	
Cellulase

U/g

	
Endo-Xylanase

U/g






	
STWF




	
T0

	
124.05 ± 9.02 a

	
10.09 ± 0.89 a

	
19.2 6 ± 1.2 a

	
40.27 ± 2.80 a

	
11.30 ± 0.19 a

	
4.41 ± 0.09 a




	
T12

	
166.97 ± 7.64 b

	
12.31 ± 0.25 b

	
24.58 ± 2.79 a

	
53.05 ± 13.23 a

	
11.89 ± 1.02 a

	
3.49 ± 0.16 b




	
STFP




	
T0

	
114.06 ± 4.70 a

	
5.59 ± 0.89 a

	
23.34 ± 0.14 a

	
13.90 ± 2.27 a

	
12.36 ± 1.58 a

	
3.48 ± 0.13 a




	
T12

	
133.13 ± 12.36 a

	
9.37 ± 0.22 b

	
23.68 ± 3.23 a

	
20.12 ± 2.57 a

	
9.84 ± 0.95 a

	
6.06 ± 0.08 b








Letters indicate statistical differences according to the Mann–Whitney test.













 





Table 5. Correlation table of bioactive compounds and enzyme activities (lipase, esterase, amylase, protease, cellulase, endo-xylanase), by a Spearman correlation two-tailed test.
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Bioactive Compound

	
Spearman’s Rho (rs)

	
Lipase

	
Esterase

	
Amylase

	
Protease

	
Cellulase

	
Endo-Xylanase






	
Total phenol content

	
Spearman Corr.

	
0.755240

	
0.929600 *

	
−0.083920

	
0.956220 *

	
0.237760

	
0.069930




	
p-value

	
0.004510

	
0.000012

	
0.795410

	
0.000001

	
0.456800

	
0.829020




	
Total flavonoid content

	
Spearman Corr.

	
0.391610

	
0.732410 *

	
−0.524480

	
0.718040 *

	
0.132870

	
0.314690




	
p-value

	
0.208060

	
0.006750

	
0.080020

	
0.008540

	
0.680600

	
0.319140




	
Total anthocyanin content

	
Spearman Corr.

	
0.237760

	
0.598610 *

	
−0.244760

	
0.605960 *

	
0.594410 *

	
−0.531470




	
p-value

	
0.456800

	
0.039740

	
0.443260

	
0.036760

	
0.041520

	
0.075360




	
α-Tocopherol

	
Spearman Corr.

	
0.584940

	
0.239860

	
0.889670 *

	
0.263160

	
−0.171630

	
0.017510




	
p-value

	
0.045740

	
0.452710

	
0.000107

	
0.408580

	
0.593790

	
0.956920




	
Lutein

	
Spearman Corr.

	
0.447550

	
0.021130

	
0.874130

	
0.038530

	
−0.447550

	
0.286710




	
p-value

	
0.144590

	
0.948040

	
0.000201

	
0.905370

	
0.144590

	
0.366250




	
Zeaxanthin

	
Spearman Corr.

	
0.447550

	
0.021130

	
0.874130 *

	
0.038530

	
−0.447550

	
0.286710




	
p-value

	
0.144590

	
0.948040

	
0.000201

	
0.905370

	
0.144590

	
0.366250




	
β-carotene

	
Spearman Corr.

	
0.711030 *

	
0.380960

	
0.742560 *

	
0.417540

	
0.073560

	
−0.101580




	
p-value

	
0.009530

	
0.221790

	
0.005670

	
0.176840

	
0.820280

	
0.753430








* Correlation is significant at the 0.05 level.













 





Table 6. CAA units of antioxidant activity in extracts from strawberry whole fruit (STWF) and strawberry paste fruit STFP) samples, not fermented (T0) and fermented (T12).
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STWF

	
STFP




	
T0

	
T12

	
T0

	
T12




	
TPF

(µg/g DW)

	
CAA

Unit

	
TPF

(µg/g DW)

	
CAA

Unit

	
TPF

(µg/g DW)

	
CAA

Unit

	
TPF

(µg/g DW)

	
CAA

Unit






	
240

	
96

	
155

	
96

	
441

	
96

	
441

	
96




	
48

	
93

	
31

	
93

	
88

	
92

	
88

	
92




	
9.6

	
77

	
6.2

	
86

	
18

	
81

	
18

	
81




	
1.92

	
58

	
1.24

	
64

	
3.5

	
55

	
3.5

	
55




	
0.38

	
31

	
0.25

	
41

	
0.70

	
33

	
0.70

	
33








TPF = Total phenolic fraction; CAA = cellular antioxidant activity.
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