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Abstract

:

Agri-food waste has proved to be a valuable bioresource that can be used to obtain a variety of valuable materials, ingredients and chemicals. The optimum conditions for extracting bioactive compounds from sweet cherry seeds (SCS) with different solvents and temperatures were tested in this work. The choice criteria were based on the most efficient extracting capacity while looking for cleaner techniques with lower health or environmental impacts. Some extracting solvents (methanol, ethanol and water) were tested in different combinations and temperatures. The obtained extracts were evaluated for total phenolic compounds and some families of phenolics as well, using spectrophotometric methods. The results obtained showed that the highest extraction of total phenolic compounds was at 70 °C with 60:40 ratio water:ethanol (2.65 mg GAE/g), while maximum flavonoids were obtained at 80 °C and 50% ethanolic aqueous solution (7.26 mg QE/g). The highest value for ortho-diphenols was 21.47 mg GAE/g for 50 °C and water:ethanol 50:50 solution. The highest proanthocyanidins and flavonols were obtained for 50:50 solution at 70 °C (6.43 mg CE/g and 3.88 mg QE/g, respectively), while the same solution at 80 °C allowed obtaining maximum phenolic acids (1.68 mg CAE/g). The extraction of anthocyanins was found to vary significantly with concentration and temperature, being highest in the range 35–40 °C, when using an 80:20 water:ethanol solution. Hierarchical clustering showed three clusters, while factor analysis resulted in two factors and four groups of samples. In conclusion, it was found that extracts obtained from sweet cherry seeds have relevant bioactive compounds with applications in the food, pharmaceutical or cosmetic industries.
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1. Introduction


Sweet cherry (Prunus avium L.) is cultivated widely [1], and consumers highly appreciate the fruits due to their excellent organoleptic characteristics [2]. Research has shown that sweet cherry has a high nutritional value and an important content of bioactive compounds [3]. The global sweet cherry production is around 4.0 million tons per year. The sweet cherry production share in 2021/2022 concerning the principal producing countries was Turkey (21.4%), followed by the European Union (16.6%), China (14.9%), Chile (9.9%) and the United States (9.8%) [4].



The extraction process is one of the fundamental steps for the recovery of phenolic compounds from the food industry and the related by-products or residues [5]. Different methodologies are available to perform this operation [6] but the choice will also depend on the kind of food product or residue under analysis [7]. The extraction of phenolic compounds can be performed by techniques such as infusion, decoction, maceration, percolation, digestion, Soxhlet extraction, aqueous alcoholic extraction by phytonics pro-cesses, supercritical fluid extraction, counter current extraction, ultrasound extraction, or by fermentation [8]. Undoubtedly, solid–liquid extraction has been the most extensively utilized to separate several phenolic compounds or families of compounds. However, the efficiency of the extraction process is highly variable and is dependent on the processing conditions, especially the type and concentration of solvent, the ratio of solvent-to-mass of the sample, the extraction time, and the temperature [9]. Naczk and Shahidi [10] showed that extraction times longer than 24 h could increase the oxidation process of phenolic compounds, therefore they should not be used in order to preserve the antioxidant properties of the phenolic compounds. Golpour et al. [6] evaluated the effect of different operating conditions on the extraction of phenolic compounds form strawberry, namely time, solvent concentration and volume/mass ratio. They found that total phenolic compounds were better extracted when using a volume/mass ratio of 12 mL/g, using a methanol aqueous solution with a concentration of 70% methanol and extraction time of 40 min. Guiné et al. [11] described the optimization of extraction of bioactive compounds from beetroot, and found that the ratio mass of sample/volume of solvent was a factor highly influencing the extraction efficiency. Ahmad et al. [12] studied the effect of solvent and temperature on the extraction of phenolic compounds from olive fruits, and reported that the type of solvent greatly influenced the extraction, while temperature did not. However, Beaufils et al. [13] reported the strong effect of temperature on the extraction of phenolic compounds, following the trends of other studies. Casagrande et al. [14] described an optimal temperature for the extraction of phenolics of 80 °C, and also Marete et al. [15] reported the best extraction temperatures in the range from 80 to 100 °C. However, some authors state that such high temperatures can have a negative effect on the compounds by degrading them and reducing their biological activity [16].



The quantification of phenolic compounds in cherry fruits has been performed by Kashyap et al. [17]. In their study, the authors used response surface methodology to optimize the extraction conditions, in particular solvent concentration (40 to 80%), solvent/mass ratio (10 to 30 mL/g), extraction time (90 to 240 s), and microwave power (300 to 600 W). The optimized extract resulted in a total phenolic content of 155.27 ± 2.76 mg GAE/g in the cherry pomace. Schmidt et al. [18] evaluated the phenolic profile of cherry fruits and found that the major phenolics were procyanidins (1380.64 to 1888.00 μg/g). Basanta et al. [19] investigated the preservation of the antioxidant effects of phenolic compounds in cherry surfaces and found that anthocyanins were more degraded by light, while flavonols remained more stable. The study of phenolic compounds from cherry seeds is scarce, but Oliveira et al. [20] studied some separation methods to isolate compounds with antioxidant activity from Brazilian cherry seeds. They found that temperature and time influenced the extraction yield of phenolic compounds.



Two main strategies are adequate to implement a circular economy in any industrial sector: reducing pollution levels and finding the most sustainable solution to manage the waste resulting from the processes of the agri-food industry. The large quantity of organic waste produced by the food industry, besides representing a significant loss of valuable materials, also poses serious management problems, both from economic and environmental points of view [21]. Waste recovery has been defined as the process of converting waste into more valuable products [22]. This constitutes a useful approach to addressing waste materials’ management, thus increasing the competitiveness of agri-food industries, where a wide variety of products can be obtained using waste as a raw material [23]. Agri-food waste is a valuable bioresource that can originate a variety of convenient materials, ingredients and chemicals [24,25]. In addition, opportunities for the application of industrial symbiosis in the valorisation of wastes in the food manufacturing industry have already been identified [21]. Because food waste has great potential to provide beneficial social and environmental benefits, several countries are already promoting strategies for its valorisation [21]. In addition to the ecological benefits, there is also an economic gain for the companies, linked with the integration of recovered ingredients into human food supply chains [26].



The fresh-cut fruit industry discards large percentages of by-products, such as peels, seeds, or even flesh that is not used for specific quality reasons. However, these residues can present similar contents of bioactive compounds or even higher than the parts effectively used, such as the flesh. These bioactive compounds include, for example, phenolic compounds, carotenoids and vitamins [21]. Sweet cherry seeds result from processing sweet cherry for the production of sweets, juices and jams. Generally, seeds are considered as production waste, which has gained strong interest due to the environmental aspects related to waste disposal. Additionally, it is well documented that production waste, such as peels, seeds, and pomace, contains high-value bioactive compounds [27]. Hence, the present work focuses on using cherry seeds that are waste derived from food manufacturing industries. The extraction potential of various organic solvents and different extraction conditions was investigated to optimize the extraction parameters such as type of solvent and temperature for maximum yield of bioactive compounds extracted. The bioactive substances evaluated in the extracts were total phenolic compounds and different families of phenolics.




2. Materials and Methods


2.1. Samples


The waste management company Nutrofertil, located in Portugal, namely in the district of Viseu (Tondela), provided the Seeds of Sweet Cherry (SSC) for this study. Since the company uses cherries from different varieties for processing, the seeds were not from a single variety, but rather from mixed varieties. This is an industrial waste to be valued instead of being discarded. The samples used were pre-dried in the sun. After this, the samples were crushed in a mill (Retsch SMI—Retsch GmbH, Haan, Germany) and sieved for 30 min at 50 rpm (Retsch AS200 sieve—Retsch GmbH, Haan, Germany). A fraction of the particles with sizes over 0.425 mm (>35 mesh) were used for the tests. Then, the fractions obtained were again dried on a stove for 24 h at a temperature of 40 °C, for better preservation during storage until further usage.




2.2. Preparations of Extracts


The extracts were obtained from the contact between 5 g of sample with 50 mL of solvent for 40 min under various experimental conditions, as depicted in Figure 1. In a preliminary assay, extractions were performed at room temperature under magnetic stirring at medium speed for different extracting solutions. One more extraction was also performed with water using an ultrasonic bath. Each extract was filtered into a 50 mL volumetric flask using Whatman No. 3 paper filter and allowed to stand in the dark at room temperature until analysis. Oxidation was prevented by leaving the flasks away from light in closed cabinets. The samples were left for a period of up to one hour, and the experiments were repeated three times. Based on the results of the preliminary assay, the experiments of the core work were made using a similar methodology, but different processing conditions, namely the extraction solvent, were now reduced to mixtures of water:ethanol but at various proportions (water:ethanol ratios—50:50; 60:40; 80:20; 100:0 %v:v), and the extraction was carried out at different temperatures of 35 °C, 50 °C, 70 °C and 80 °C, all under magnetic stirring for 40 min. Some extra experiments were made to further investigate results for the number of anthocyanins and total phenolic compounds, as depicted in Figure 1 under the additional assay.




2.3. Quantification of Total Phenols


The Folin–Ciocalteu method is one of the relatively simple spectrophotometric assays used to determine the content of total phenolic compounds [6]. For measurements, 125 μL of samples (or standard solution) were mixed with 750 μL of distilled water and 125 μL of Folin–Ciocalteu reagent. After 6 min, 2 mL of sodium carbonate was added 5% (v:v) and the prepared solution was left for 60 min at room temperature in the dark for the reaction to occur. Then, the mixture was shaken, and the absorbance of the standards and samples was measured at λ = 760 nm. Autozero was performed with distilled water and the blank with 125 μL of distilled water instead of the samples. At the same time, the calibration curve was obtained with standard gallic acid solutions with different concentrations between 0 and 1 g/L. The results were calculated as mean value and standard deviation from three replicates of spectrophotometric measurements for each sample and expressed in milligrams of gallic acid equivalents per gram of sample (mg GAE/g).




2.4. Quantification of Anthocyanins


The extracts obtained (1 mL) were diluted to a final volume V with the solution of 1 mL of HCl (concentration of 37%), 70 mL of ethanol and 30 mL of H2O, previously prepared in a 100 mL flask, with three replicates. The cells of 1 cm of optical path were filled, and the spectrophotometer was read at 540 nm. Quantitative determination of anthocyanins was carried out in slightly acidic media in the wavelength range of 490–550 nm [28]. This is possible because anthocyanins have a typical absorption band around this range. This band is far from the absorption bands of other phenols, which have spectral maxima in the UV range [29].



The samples were analysed in triplicate, and the anthocyanin content in the extract was determined using the following expression, taking into account the dilution factor (V): Total Anthocyanins (mg/mL) = Absorbance at 540 × 16.17 × V.



Final results were calculated as mean value and standard deviation from three repetitions and expressed as micrograms of malvidin-3-glucoside (Mv3G) equivalents per gram of sample of cherry seeds (µg Mv3G/g) [30].




2.5. Quantification of Proanthocyanidins


The quantitative determination of proanthocyanidins (condensed tannins) was performed using the vanillin assay, a method widely used in tests on vegetables and fruits. [31]. The vanillin/HCl assay measured proanthocyanidins content according to the procedure reported by Zam et al. [32]. Aliquots of 1 mL of samples were mixed with 2.5 mL of 1% vanillin-methanol solution and 2.5 mL of 8% HCl-methanol solution. Then, the reaction mixture was incubated in a water bath for 20 min at 30 °C. The absorbance was measured at 500 nm and blanked with methanol. Total proanthocyanidins contents were calculated as mean value and standard deviation from three repetitions and expressed as catechin equivalents in milligrams per gram (mg CE/g) using catechin (0.06–0.3 mg/mL) for the standard curve.




2.6. Quantification of Flavonoids


Aluminium chloride (AlCl3) was used to quantify flavonoid content [33]. Total flavonoids were estimated according to the method described by Gonçalves et al. [34], after some adjustments. A calibration curve was performed with standard quercetin solutions with different concentrations (0.0; 0.1; 0.2 and 0.3 g/L) to quantify the flavonoid content. One millilitre of the sample was thoroughly mixed with 1 mL of 2% AlCl3·6H2O (2 g in 100 mL of methanol). The absorbance was measured at 370 nm after 10 min of rest. The total flavonoids content was calculated as mean value and standard deviation from three repetitions and expressed as quercetin equivalent (QE) in milligrams per gram of samples.




2.7. Quantification of Ortho-Diphenols


The ortho-diphenol content was determined colourimetrically by the complexation of ortho-diphenols with the molybdate ions [35].



The experimental procedure was adapted from Santos et al. [36]. In one tube, 4 mL of properly diluted samples and 1 mL of 5% (v:v) dehydrated sodium molybdate in ethanol/water (1:1) were added, stirred and remained at room temperature for 15 min. The samples were analysed by spectrophotometry at a wavelength of 370 nm. A blank was obtained by measuring a mixture of 4 mL of phenolic solution with 1 mL of ethanol/water (1:1). In parallel, a calibration curve was determined with standard solutions of gallic acid with different concentrations in the range 5–300 mg/L. The ortho-diphenol content of each sample was then determined by interpolating the values obtained colourimetrically in the calibration curve. The results were calculated as mean value and standard deviation from three repetitions and expressed as gallic acid equivalents per gram of samples (mg GAE/g).




2.8. Quantification of Phenolic Acids


Total phenolic acid determinations were carried out according to the Arnov method described by Gawlik-Dziki et al. [37]. One millilitre of the sample was mixed with 5 mL of distilled water, 1 mL 0.5 mol/L HCl, 1 mL of Arnov reagent (10 g sodium molybdate and 10 g sodium nitrite dissolved in 100 mL of distilled water) and 1 mL 1 mol/L NaOH and complete to 10 mL with distilled water. Total phenolic acids were determined by measuring the absorbance at 490 nm of the complex formed between phenolic acids and sodium molybdate—sodium nitrite as an equivalent of caftaric acid. The total phenolic acids content was calculated as mean value and standard deviation from three repetitions and expressed as caftaric acid equivalents (CAE) in milligrams per gram of extract.




2.9. Quantification of Flavonols


Series of reference quercetin solutions containing 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 mg/mL of quercetin were prepared. Two millilitres of such reference were mixed with 2 mL of aluminium trichloride solution (20 g/L) in 95% (v/v) ethanol, and 6 mL of sodium acetate solution in ethanol (50 g/L) were added. The absorbance was read at 440 nm after 2.5 h at 20 °C. A calibration curve expressing the dependence of the absorbency on the concentration of quercetin was drawn. Seed extract samples were prepared under the same conditions using 2 mL of extract (10 g/L) in 95% ethanol instead of quercetin. All determinations were performed in triplicate. The percentage of flavanols was calculated by the formula:


  F l a v o n o l s =   C × V  m     



(1)




where C is the concentration of quercetin, determined from the calibration curve (mg QE/mL); V is the volume of plant extract (mL); m is the weight of pure plant extract (g) [38]. Final results were calculated as mean value and standard deviation from three repetitions and expressed as milligrams of quercetin equivalents per gram of sample of cherry seeds (mg QE/g).




2.10. Statistical Analysis


To test differences between mean values for multiple groups, the analysis of variance was undertaken (ANOVA), coupled with post hoc test Tukey to identify differences when significant at the level of 5%. Additionally, statistical techniques were used to classify the data and find grouping structures between them. A hierarchical cluster analysis was performed for values of total phenolic compounds and anthocyanins considering the data obtained from the three phases of the research, using squared Euclidean distance and the average linkage between groups method. Finally, principal component factor analysis with varimax rotation was undertaken. The suitability of the data for the application of the analysis was verified by the Kaiser–Meyer–Olkin measure of sample adequacy and the Bartletts’ Test of sphericity, as well as on the values of the coefficients in the anti-image matrix. All statistical analyses were made with SPSS software (from IBM Inc., Armonk, NY, USA) version 26, and a significance level of 5% was considered (p < 0.05).





3. Results and Discussion


3.1. Preliminary Assay


Figure 2 presents the content of total phenolic compounds, anthocyanins and flavonoids in the extracts obtained in the preliminary assay, all performed at ambient temperature. The most efficient solvents for the recovery of polyphenols were the mixture water:ethanol and water extraction, using magnetic stirring (extracting approximately 1.3 mg GAE/g in both cases and without statistically significant differences between them). The least interesting extraction conditions were water using ultrasound stirring or methanol with magnetic stirring. Methanol was also inefficient in extracting flavonoids, which were maximum for 50% water:ethanol solutions (1.04 ± 0.06 mg QE/g). On the other hand, methanol removed the highest number of anthocyanins, more than 250 µg Mv3G/g. Taking the global results of this preliminary phase and considering the problems associated with methanol from an environmental point of view when compared with ethanol, as well as its highest negative health impact, the following experiments were performed with water:ethanol solutions at variable ratios and using different temperatures to maximize the contents of various phenolic compounds.



Because the samples used in the experiments consisted of waste possibly containing cherry seeds from different varieties, it is not possible to establish a direct association between the obtained results and a particular type of cherry seed, i.e., from a specific cultivar or variety. Nevertheless, it is possible that results from seeds of different cherry varieties could differ in terms of chemical composition or content of phenolic compounds. Results from other studies show that cherry kernel oil can differ in terms of composition [39] or texture [40] according to variety. Since the pits can be a waste possible of valorisation, they can be used both for the production of oil as well as extraction of bioactive compounds. Hence, differentiation of the chemical composition of pits, based on distinctive cultivars, could be of high relevance. On the other hand, considering that these wastes come from food processing industrial plants, most of the time they are not separated according to variety. So, additional research could be conducted on the basis of academic studies focusing on individual varieties. Górnaś et al. [41] evaluated the effect of the cultivar of sour cherry pits on oil yield and the content of individual fatty acids, tocochromanols, carotenoids, sterols and squalene. Similar studies could, in the future, focus on the evaluation of phenolic compounds according to the variety of cherry pits.




3.2. Core Experiments for Optimization of Extraction Conditions


Figure 3 shows the concentrations of total phenolic compounds according to the extraction conditions (temperature and solution ratio). Results show that the best ratios to recover total phenolic compounds at 35 °C were water:ethanol 50:50 (1.54 ± 0.14 mg GAE/g) and 60:40 (1.41 ± 0.01 mg GAE/g), with no significant differences between them. Higher content of water significantly decreased the total phenolic compounds in the extract. Similar results were obtained at 80 °C. On the other hand, for 50 °C and 70 °C the highest extraction was obtained with the 60:40 ratio, decreasing for higher water content. The highest amount was obtained at 70 °C and with a 60:40 ratio. Some increase in temperature allows extracting more phenolic compounds, either due to the increased permeability of cell walls and modifications in the structure or as a response to some degree of stress-induced in the biological material. However, higher temperatures do not favour the increase in total phenolics, probably due to the thermal degradation happening around 80 °C [36,42]. The results obtained for the total phenolic compounds removed by ethanol: water extraction are not that different from those reported by Afonso et al. [43] that presented amounts of total phenolics varying between 1.17 and 2.76 mg GAE/g for sweet cherry kernels extracted with 70% methanol at 70 °C.



Table 1 presents the concentrations of the different groups of phenolic compounds according to the extraction conditions (temperature and solution ratio). It was found that a change in the concentration of water:ethanol solution significantly affected the final result obtained on extracted flavonoids from SCS at lower temperatures (35 and 50 °C). The largest amount of extractable components at 35 °C was obtained using a solution of water:ethanol with a concentration of 50:50 (4.74 ± 0.05 mg QE/g). With an increase in water concentration in the solution, the amount of the extractable compounds decreased very intensively to only 0.76 ± 0.22 mg QE/g when 100% water was used. Therefore, flavonoids were more easily removed by ethanol than water and the increase in the ethanol percentage allowed better recovery of these phenolics. These results were lower than those obtained by Engida et al. [44] with 40%, 60% and 80% ethanol solutions in the extraction of flavonoids from sarang semut (Myrmecodia pendan) (63.28 ± 1.75 mg QE/g) and by Domingués-Perles et al. [45] from red grape (Vitis vinifera L.) (37.34 ± 6.60 to 71.49 ± 2.33 mg CE/g). When extracting the compounds at a temperature of 50 °C, again, the amount of the extracted flavonoids decreased for a lower concentration of the ethanol:water solution used. The most significant number of flavonoids (4.45 ± 0.12 mg QE/g) was extracted for 50:50 water:ethanol ratio. Globally, it was found that increasing temperatures as well as increasing the percentage of ethanol yields higher concentrations of flavonoids, being maximum at 80 °C and 50:50 ratio (7.26 ± 0.05 mg QE/g). The solubilisation of compounds in a specific solvent is dependent on the polarity of the molecules of the solvent as well as those to be solubilized, which explains differences in the solubilisation capacity of water versus ethanol. According to Herrera-Pool et al. [46] there is a direct relation between the dielectric constant accounting for the polarity of the solvents and the extraction of phenolic compounds. The results obtained in the present work for the content of flavonoids are higher than those obtained by Afonso et al. [43] that presented amounts of total flavonoids varying between 0.23 ± 0.03 and 2.59 ± 0.44 mg CE/g for sweet cherry kernels extracted with 70% methanol at 70 °C but very similar with results obtained by Beghari et al. [47], who presented the total amount of flavonoids ranging from 1.45 to 7.30 mg CE/g for sweet cherry seeds extracted with a solution of 50:50 water:ethanol.



The result for the extraction of ortho-diphenols at 35 °C showed similar values for the concentration of the water:ethanol solution 50:50 and 60:40 (around 20 mg GAE/g), but with an increase in the concentration of water in the solution; the amount of the extracted compounds decreased significantly in a similar trend as that observed previously for flavonoids. Similar results were presented by Domingués-Perles et al. [45] for red grape stems, where ortho-diphenols extraction was higher for higher concentrations of ethanol. At 50 °C and 70 °C, the concentrations of ortho-diphenols differed significantly for all used concentrations of the water:ethanol solution, decreasing with decreasing ethanol concentration. The highest values were obtained again for the 50:50 ratio solution (around 21 mg GAE/g). Unlike the trends observed for all other temperatures, for 80 °C there were no significant differences for the extracts obtained with ratios 50:50, 60:40 or 80:20 ratios, and only for the 100% water solution was the amount significantly lower (7.66 ± 0.15 mg GAE/g). Meanwhile, it should be noted that the sample with the largest amount of ortho-diphenols (21.47 ± 0.40 mg GAE/g) was obtained at 50 °C, and the most efficient solution was water:ethanol 50:50. This was higher than the results obtained by Afonso et al. [43] for seeds of sweet cherry extracted with a water:methanol solution, which varied from 0.09 ± 0.01 to 0.16 ± 0.02 mg CE/g. The differences in the values might be attributed to the standard used in each of the determinations: gallic acid in this case and catechin in the work by Afonso et al. [43].



The best extracting conditions to maximize the concentration of proanthocyanidins were using water:ethanol ratio of 50:50 at 70 °C (6.43 ± 0.38 mg CE/g), and also the 60:40 ratio (5.93 ± 0.22 mg CE/g) at the same temperature, with these conditions providing results statistically not significantly different. So, it was found that with the increase in water percentage, and regardless of temperature, there was a decrease in the amount of extracted proanthocyanidins, as previously observed for other families of phenolics. The range of values obtained in the present work is higher than the results obtained by Chaovanalikit et al. [48], who presented total amounts of proanthocyanidins ranging from 4.70 ± 0.81 to 22.5 ± 1.86 mg epicatechin equivalents/100 g for sweet cherry seeds extracted with 70% (v:v) acetone.



The results for flavonols extraction showed that the highest values were achieved with the 50:50 water:ethanol solution for higher temperatures (3.88 ± 0.28 and 3.63 ± 0.01 mg QE/g at 70 and 80 °C, respectively). However, for lower temperatures, the efficacy of extraction of flavonols increased with the ratio of water in the extracting solution, with relatively high amounts quantified at 35 and 50 °C when the solvent used was water at 100% (3.32 ± 0.21 and 2.61 ± 0.07 mg QE/g, respectively). The least efficient conditions for flavonols’ extraction were 50 °C, with extracting solution water:ethanol 50:50 (1.36 ± 0.04 mg QE/g) and 70 °C with extracting solution water 100% (1.37 ± 0.02 mg QE/g). These results were in a higher range than those obtained by Chaovanalikit et al. [48], which presented total amounts of flavonols ranging from 1.59 ± 0.21 to 63.2 ± 4.17 mg rutin equivalents/100 g for sweet cherry seeds extracted with 70% (v/v) acetone.



The number of phenolic acids was lower than all the other phenolic compounds. The results show that there was, again, increased extraction for a higher percentage of ethanol in the solution. Extraction at 70 °C and 80 °C presented a significant yield compared to the extraction results at 35 °C and 50 °C. The highest amount was obtained at 80 °C in the water:ethanol solution 50:50 with a value of 1.68 ± 0.05 mg CAE/g, which was higher than the result presented by Chaovanalikit et al. [48] for total amounts of phenolic acids for sweet cherry seeds extracted with 70% (v/v) acetone (ranging from 5.58 ± 0.38 to 14.5 ± 1.28 mg chlorogenic acid/100 g).



Regarding the results for the extraction of total anthocyanins, it was observed that at 50 °C for all water:ethanol concentrations, the results were similar (in the range 23.71 ± 1.22 to 26.63 ± 0.37 µg Mv3G/g, with no significant differences), i.e., the proportion of ethanol in the solution did not influence the extraction capacity. However, for higher temperatures, 70 or 80 °C, the use of water (100%) becomes much less efficient in extracting the anthocyanins. At 80 °C the highest amount was obtained with a ratio of 80:20 (23.50 ± 1.95 µg Mv3G/g), and the lowest was obtained for 100% water (13.58 ± 0.86 µg Mv3G/g). The results, interestingly, showed that at 35 °C and using a solution with a ratio 80:20, maximum anthocyanins content was extracted (66.08 ± 0.49 µg Mv3G/g). On the other hand, the lowest amount was found in the assay performed with a ratio of 60:40 for the extracting solution (16.17 ± 0.65 µg Mv3G/g). The incredibly high value accounted for anthocyanins in the 80:20 extract compared with all other results led us to carry out a test to verify if there was a trend explaining this high value.




3.3. Additional Tests for Temperature Range 30–50 °C


To verify the results obtained previously for the anthocyanins, an additional test was carried out, for which the 80:20 ratio water:ethanol was chosen, and the extraction was performed at different temperatures around 35 °C (varying from 30 to 45 °C). These additional tests aimed to verify if the high value obtained for the anthocyanins with solution 80:20 and at a temperature of 35 °C (66.08 ± 0.49 µg Mv3G/g) was not considered an outlier, resulting from a possible experimental error, since it was considerably higher than for all other conditions (concentrations and temperatures), varying from a minimum of 12.29 ± 0.56 to a maximum of 26.63 ± 0.37 µg Mv3G/g.



Figure 4 shows the content of anthocyanins and also of total phenolic compounds in the extracts obtained in this additional test with the aforementioned conditions.



Regarding the contents of anthocyanins, a trend of increasing concentration with temperature until 40 °C was observed, followed by a decrease after that, with significant differences for practically all temperatures. As previously observed for the temperature of 35 °C, an even more considerable increase in the extracted amount was obtained at 40 °C (125.37 ± 3.90 μgMv3G/g), which seems to be the best temperature for the extraction of anthocyanins. In fact, for temperatures higher than 40 °C, the extraction efficiency decreased again, so that similar values were obtained at 30 °C and 42.5 °C (21.67 ± 1.48 and 22.64 ± 0.86 μgMv3G/g, respectively). The maximum extraction of anthocyanins was in a similar range when compared to the value of 10.4 mg of cyanodin-3-glucoside/100 g (equal to 104 μg/g) obtained by Chaovanalikit et al. [48] for cherry seeds of the cultivar Bing, but higher than the values for cherry seeds of cultivars Royal Ann, Rainier and Montmorency, determined by the same authors (0.1 to 0.8 mg/100 g corresponding to 1–8 μg/g).



Concerning the total phenolic compounds, it was found that the lowest value of 1.03 ± 0.02 mg GAE/g was obtained at 30 °C. However, the results increased with the increase in temperature up to 40 °C, as verified for the anthocyanins. For example, at 32.5 °C and 35 °C, the amounts were 1.20 ± 0.03 and 1.15 ± 0.06 mg GAE/g, respectively, without significant differences. It should be noted that 40 °C was the best temperature for extracting total phenolic compounds, with a value of 1.46 ± 0.03 mg GAE/g. However, it was observed that the values fall again for 42.5 °C and 45 °C, being 1.21 ± 0.04 and 1.19 ± 0.03 mg GAE/g, respectively. These are very similar to the values obtained at 32.5 °C and 35 °C. These results confirm that a temperature of 40 °C appears to be optimal for the recovery of total phenolic compounds and anthocyanins from the SCS.




3.4. Global Analysis of Extracts


Figure 5 shows the dendogram for hierarchical clustering obtained for total phenolic compounds and antocyanins using the average linkage between groups method and considering the data from all experiments, i.e., the preliminary assay, the core experiments and also the additional assay. The results confirm that measurements made at 40 °C, with magnetic stirring and using extracts obtained with aqueous solutions of ethanol (80:20 % v/v) constitute a separate cluster and that those obtained with similar conditions but for a slightly lower temperature of 35 °C constitute another isolated cluster. These results confirm the high contents found for these specific conditions, particularly in what concerns the anthocyanins.



Considering all variables measured during phase two (the core experiments), factor analysis was also carried out. The Kaiser–Meyer–Olkin (KMO) measure of sample adequacy was reasonably high (KMO = 0.732), and the Bartletts’ Test of sphericity was highly significant (p < 0.0005). The anti-image matrix showed practically all values higher than 0.5, the highest being for flavonoids (0.894) and lower for anthocyanins and flavonols. The results showed that two factors were extracted, which explained 75.65% of the variance (58.06% for factor 1 and 17.59% for factor 2). The rotated component matrix, obtained by principal component analysis and Varimax rotation in three iterations, indicated that anthocyanins and flavonols are associated with factor 2. In contrast, all other measured variables are associated with factor 1. The graph in Figure 6 clearly shows four groups. One group for the samples with water:thanol 80:20 (% v/v) for 35 °C (G1) corresponded to the extraction of the highest amounts of anthocyanins, thus corresponding to the highest values of factor 2. Another group accounts for the samples 100% water at 70 °C (G3), with particularly low values of factor 2, i.e., low contents of anthocyanins and flavonols. The other two groups are differentiated in terms of their values of factor 1, where group G2 refers to extracts with low contents of total phenolic compounds, flavonoids, proanthocyanidins, ortho-diphenols and phenolic acids. At the same time, G4 includes extracts with higher contents in those compounds.





4. Conclusions


The main focus in the present work was the extraction of polyphenols from cherry seeds that are considered residues of food processing industries. The extraction potential of different conditions was investigated to optimize the extraction parameters, such as solvent and temperature, for the maximum yield of extracted bioactive compounds. The bioactive compounds evaluated were total phenolic compounds, anthocyanins, flavonoids, ortho-diphenols, proanthocyanidins, flavonols and phenolic acids. The results showed that the best extraction technique for phenolic compounds was an aqueous ethanol solution. The results indicated that temperatures that are too high, of 80 °C, are not beneficial and can degrade some families of phenolic compounds, reducing the extraction of total phenolic compounds, anthocyanins ortho-diphenols, proanthocyanidins and flavonols. On the contrary, these temperatures favour the recovery of flavonoids and phenolic acids. Concerning the composition of the extracting solution, most families of phenolics analysed were better extracted with water:ethanol solution with a ratio 50:50, except for total phenolic compounds (best for ratio 60:40) and anthocyanins (best for ratio 80:20). Given these results, and after discarding the use of methanol, which showed lower extracting capacity in a preliminary assay, ethanol is less pollutant, and the ratio of water can be 50% or even higher to obtain desirable results. Nonetheless, it was also concluded that using 100% water would not allow a proper extraction of the bioactive molecules studied. Nowadays, there are more attempts to use environmentally friendly extraction methods, using a more sustainable approach, resulting in the maximum recovery of bioactive compounds, using ecologically correct solvents and minimum processing costs. Extracts of bioactive compounds obtained from SCS can find other applications in the food, pharmaceutical or cosmetic industries, thus contributing to the eco-valorisation of agricultural or industrial residues, and the principles of circular economy.







Author Contributions


Conceptualization, R.P.F.G. and L.P.C.-L.; methodology, R.P.F.G. and Y.D.; software, R.P.F.G. and Y.D.; validation, R.P.F.G.; formal analysis, R.P.F.G. and Y.D.; investigation, R.P.F.G., L.P.C.-L. and Y.D.; resources, R.P.F.G., L.P.C.-L. and Y.D.; data curation, R.P.F.G.; writing—original draft preparation, R.P.F.G. and Y.D.; writing—review and editing, R.P.F.G., L.P.C.-L., B.E., J.V.F., I.D., M.J.L., P.M.R.C., M.F., A.F., M.J.B. and A.M.d.S.; supervision, R.P.F.G.; project administration, L.P.C.-L.; funding acquisition, R.P.F.G., L.P.C.-L., M.F. and A.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by CERNAS Research Centre (Polytechnic Institute of Viseu, Portugal) in the ambit of the project VALCER (Ref. PROJ/IPV/ID&I/021). We received funding also form the FCT—Foundation for Science and Technology (Portugal) through projects Ref. UIDB/00681/2020, UIDB/05507/2020 and UIDB/00742/2020. The APC was funded by FCT through project Ref. UIDB/00681/2020, project Ref. UIDB/05507/2020, project Ref. UIDB/00742/2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available from the corresponding author upon request.




Acknowledgments


This work was supported by the FCT—Foundation for Science and Technology, I.P. Furthermore, we would like to thank the CERNAS, CI&DEI and UCISA:E Research Centres and the Polytechnic Institute of Viseu for their support. This research was developed in the ambit of project VALCER, with reference PROJ/IPV/ID&I/021.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Proietti, S.; Moscatello, S.; Villani, F.; Mecucci, F.; Walker, R.P.; Famiani, F.; Battistelli, A. Quality and Nutritional Compounds of Prunus cerasus L. Var. Austera Fruit Grown in Central Italy. HortScience 2019, 54, 1005–1012. [Google Scholar] [CrossRef]

	



Švarc-Gajić, J.; Cerdà, V.; Clavijo, S.; Suárez, R.; Mašković, P.; Cvetanović, A.; Delerue-Matos, C.; Carvalho, A.P.; Novakov, V. Bioactive Compounds of Sweet and Sour Cherry Stems Obtained by Subcritical Water Extraction. J. Chem. Technol. Biotechnol. 2018, 93, 1627–1635. [Google Scholar] [CrossRef]

	



Martínez-Esplá, A.; Zapata, P.J.; Valero, D.; García-Viguera, C.; Castillo, S.; Serrano, M. Preharvest Application of Oxalic Acid Increased Fruit Size, Bioactive Compounds, and Antioxidant Capacity in Sweet Cherry Cultivars (Prunus avium L.). J. Agric. Food Chem. 2014, 62, 3432–3437. [Google Scholar] [CrossRef] [PubMed]

	



USDA. Fresh Peaches and Cherries: World Markets and Trade; United States Department of Agriculture—Foreign Agricultural Service: Washington, DC, USA, 2021; pp. 3–5.

	



Lapornik, B.; Prošek, M.; Golc Wondra, A. Comparison of Extracts Prepared from Plant By-Products Using Different Solvents and Extraction Time. J. Food Eng. 2005, 71, 214–222. [Google Scholar] [CrossRef]

	



Golpour, I.; Ferrão, A.C.; Gonçalves, F.; Correia, P.M.R.; Blanco-Marigorta, A.M.; Guiné, R.P.F. Extraction of Phenolic Compounds with Antioxidant Activity from Strawberries: Modelling with Artificial Neural Networks (ANNs). Foods 2021, 10, 2228. [Google Scholar] [CrossRef]

	



Azmir, J.; Zaidul, I.S.M.; Rahman, M.M.; Sharif, K.M.; Mohamed, A.; Sahena, F.; Jahurul, M.H.A.; Ghafoor, K.; Norulaini, N.A.N.; Omar, A.K.M. Techniques for Extraction of Bioactive Compounds from Plant Materials: A Review. J. Food Eng. 2013, 117, 426–436. [Google Scholar] [CrossRef]

	



de Pinho Ferreira Guiné, R.; dos Reis Correia, P.M.; Ferrão, A.C.; Gonçalves, F.; Lerat, C.; El-Idrissi, T.; Rodrigo, E. Evaluation of Phenolic and Antioxidant Properties of Strawberry as a Function of Extraction Conditions. Braz. J. Food Technol. 2020, 23, e2019142. [Google Scholar] [CrossRef]

	



Ballesteros, L.F.; Teixeira, J.A.; Mussatto, S.I. Selection of the Solvent and Extraction Conditions for Maximum Recovery of Antioxidant Phenolic Compounds from Coffee Silverskin. Food Bioprocess Technol. 2014, 7, 1322–1332. [Google Scholar] [CrossRef]

	



Naczk, M.; Shahidi, F. Extraction and Analysis of Phenolics in Food. J. Chromatogr. A 2004, 1054, 95–111. [Google Scholar] [CrossRef]

	



Guiné, R.; Mendes, M.; Gonçalves, F. Optimization of Bioactive Compound’s Extraction Conditions from Beetroot by Means of Artificial Neural Networks (ANN). Agric. Eng. Int. CIGR E-J. 2019, 21, 216–223. [Google Scholar]

	



Ahmad, R.; Ahmad, N.; Aljamea, A.; Abuthayn, S.; Aqeel, M. Evaluation of Solvent and Temperature Effect on Green Accelerated Solvent Extraction (ASE) and UHPLC Quantification of Phenolics in Fresh Olive Fruit (Olea Europaea). Food Chem. 2021, 342, 128248. [Google Scholar] [CrossRef] [PubMed]

	



Beaufils, N.; Boucher, J.; Peydecastaing, J.; Rigal, L.; Vilarem, G.; Villette, M.-J.; Candy, L.; Pontalier, P.-Y. The Effect of Time and Temperature on the Extraction of Xylose and Total Phenolic Compounds with Pressurized Hot Water from Hardwood Species Used for Pulp and Paper Production in the South of France. Bioresour. Technol. Rep. 2021, 16, 100832. [Google Scholar] [CrossRef]

	



Casagrande, M.; Zanela, J.; Wagner, A.; Busso, C.; Wouk, J.; Iurckevicz, G.; Montanher, P.F.; Yamashita, F.; Malfatti, C.R.M. Influence of Time, Temperature and Solvent on the Extraction of Bioactive Compounds of Baccharis Dracunculifolia: In Vitro Antioxidant Activity, Antimicrobial Potential, and Phenolic Compound Quantification. Ind. Crops Prod. 2018, 125, 207–219. [Google Scholar] [CrossRef]

	



Marete, E.N.; Jacquier, J.C.; O’Riordan, D. Effects of Extraction Temperature on the Phenolic and Parthenolide Contents, and Colour of Aqueous Feverfew (Tanacetum parthenium) Extracts. Food Chem. 2009, 117, 226–231. [Google Scholar] [CrossRef]

	



Yusoff, I.M.; Taher, Z.M.; Rahmat, Z.; Chua, L.S. A review of ultrasound-assisted extraction for plant bioactive compounds: Phenolics, flavonoids, thymols, saponins and proteins. Food Res. Int. 2022, 157, 111268. [Google Scholar] [CrossRef]

	



Kashyap, P.; Riar, C.S.; Jindal, N. Effect of Extraction Methods and Simulated in Vitro Gastrointestinal Digestion on Phenolic Compound Profile, Bio-Accessibility, and Antioxidant Activity of Meghalayan Cherry (Prunus nepalensis) Pomace Extracts. LWT 2022, 153, 112570. [Google Scholar] [CrossRef]

	



de Oliveira Schmidt, H.; Rockett, F.C.; Klen, A.V.B.; Schmidt, L.; Rodrigues, E.; Tischer, B.; Augusti, P.R.; de Oliveira, V.R.; da Silva, V.L.; Flôres, S.H.; et al. New Insights into the Phenolic Compounds and Antioxidant Capacity of Feijoa and Cherry Fruits Cultivated in Brazil. Food Res. Int. 2020, 136, 109564. [Google Scholar] [CrossRef]

	



Basanta, M.F.; Rojas, A.M.; Martinefski, M.R.; Tripodi, V.P.; De’Nobili, M.D.; Fissore, E.N. Cherry (Prunus avium) Phenolic Compounds for Antioxidant Preservation at Food Interfaces. J. Food Eng. 2018, 239, 15–25. [Google Scholar] [CrossRef]

	



Oliveira, A.L.; Destandau, E.; Fougère, L.; Lafosse, M. Isolation by Pressurised Fluid Extraction (PFE) and Identification Using CPC and HPLC/ESI/MS of Phenolic Compounds from Brazilian Cherry Seeds (Eugenia uniflora L.). Food Chem. 2014, 145, 522–529. [Google Scholar] [CrossRef]

	



Mirabella, N.; Castellani, V.; Sala, S. Current Options for the Valorization of Food Manufacturing Waste: A Review. J. Clean. Prod. 2014, 65, 28–41. [Google Scholar] [CrossRef]

	



Arancon, R.A.D.; Lin, C.S.K.; Chan, K.M.; Kwan, T.H.; Luque, R. Advances on Waste Valorization: New Horizons for a More Sustainable Society. Energy Sci. Eng. 2013, 1, 53–71. [Google Scholar] [CrossRef]

	



Venkata Mohan, S.; Nikhil, G.N.; Chiranjeevi, P.; Nagendranatha Reddy, C.; Rohit, M.V.; Kumar, A.N.; Sarkar, O. Waste Biorefinery Models towards Sustainable Circular Bioeconomy: Critical Review and Future Perspectives. Bioresour. Technol. 2016, 215, 2–12. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.S.K.; Pfaltzgraff, L.A.; Herrero-Davila, L.; Mubofu, E.B.; Abderrahim, S.; Clark, J.H.; Koutinas, A.A.; Kopsahelis, N.; Stamatelatou, K.; Dickson, F.; et al. Food Waste as a Valuable Resource for the Production of Chemicals, Materials and Fuels. Current Situation and Global Perspective. Energy Environ. Sci. 2013, 6, 426–464. [Google Scholar] [CrossRef]

	



Pfaltzgraff, L.A.; Bruyn, M.D.; Cooper, E.C.; Budarin, V.; Clark, J.H. Food Waste Biomass: A Resource for High-Value Chemicals. Green Chem. 2013, 15, 307–314. [Google Scholar] [CrossRef]

	



Garcia-Garcia, G.; Stone, J.; Rahimifard, S. Opportunities for Waste Valorisation in the Food Industry—A Case Study with Four UK Food Manufacturers. J. Clean. Prod. 2019, 211, 1339–1356. [Google Scholar] [CrossRef]

	



Tomsone, L.; Galoburda, R.; Kruma, Z.; Cinkmanis, I. Characterization of Dried Horseradish Leaves Pomace: Phenolic Compounds Profile and Antioxidant Capacity, Content of Organic Acids, Pigments and Volatile Compounds. Eur. Food Res. Technol. 2020, 246, 1647–1660. [Google Scholar] [CrossRef]

	



Khoddami, A.; Wilkes, M.A.; Roberts, T.H. Techniques for Analysis of Plant Phenolic Compounds. Molecules 2013, 18, 2328–2375. [Google Scholar] [CrossRef]

	



Dzomba, P.; Togarepi, E.; Mupa, M. Anthocyanin Content and Antioxidant Activities of Common Bean Species (Phaseolus vulgaris L.) Grown in Mashonaland Central, Zimbabwe. AJAR 2013, 8, 3330–3333. [Google Scholar] [CrossRef]

	



Matos, S.R. Influência da Localização Geográfica de Produção nas Propriedades de Mirtilos “Vaccinium corymbosum L.” cv Bluecrop; Instituto Politécnico de Viseu: Viseu, Portugal, 2015. [Google Scholar]

	



Butler, L.G.; Price, M.L.; Brotherton, J.E. Vanillin Assay for Proanthocyanidins (Condensed Tannins): Modification of the Solvent for Estimation of the Degree of Polymerization. Available online: https://pubs.acs.org/doi/pdf/10.1021/jf00114a020 (accessed on 3 February 2022).

	



Zam, W.; Bashour, G.; Abdelwahed, W.; Khayata, W. Separation and Purification of Proanthocyanidins Extracted from Pomegranate’s Peels (Punica Granatum). Int. J. Pharm. Sci. Nanotechnol. 2012, 5, 1808–1814. [Google Scholar] [CrossRef]

	



Costa, É.A.D. Desenvolvimento de um Método de Análise de Catequina e Quercetina em Extratos de Espécies Vegetais e Fitoterápicos; Universidade Federal de Uberlândia: Uberlândia, Brazil, 2018. [Google Scholar]

	



Gonçalves, F.; Gonçalves, J.C.; Ferrão, A.C.; Correia, P.; Guiné, R.P.F. Evaluation of Phenolic Compounds and Antioxidant Activity in Some Edible Flowers. Open Agric. 2020, 5, 857–870. [Google Scholar] [CrossRef]

	



Maestro Durán, R.; Borja Padilla, R.; Martín, A.; Fiestas Ros de Ursinos, J.A.; Alba Mendoza, J. Bíodegradación de los compuestos fenólícos presentes en el alpechín. Biodegrad. Phenolic Compd. Present Oil-Mill Wastewater 1991, 42, 271–276. [Google Scholar] [CrossRef]

	



Santos, S.C.R.V.L.; Guiné, R.P.F.; Barros, A. Effect of Drying Temperatures on the Phenolic Composition and Antioxidant Activity of Pears of Rocha Variety (Pyrus communis L.). Food Meas. 2014, 8, 105–112. [Google Scholar] [CrossRef]

	



Gawlik-Dziki, U. Dietary Spices as a Natural Effectors of Lipoxygenase, Xanthine Oxidase, Peroxidase and Antioxidant Agents. LWT-Food Sci. Technol. 2012, 47, 138–146. [Google Scholar] [CrossRef]

	



Ložienė, K.; Venskutonis, R.; Sipailiene, A. Radical Scavenging and Antibacterial Properties of the Extracts from Different Thymus Pulegioides L. Chemotypes. Food Chem. 2007, 103, 546–559. [Google Scholar] [CrossRef]

	



Aqil, Y.; Ouassor, I.; Belmaghraoui, W.; Hajjaji, S.E. Prunus Avium Kernel Oil Characterization: A Comparative Study of Four Varieties from Sefrou, Morocco. OCL 2020, 27, 24. [Google Scholar] [CrossRef]

	



Ropelewska, E. Classification of the Pits of Different Sour Cherry Cultivars Based on the Surface Textural Features. J. Saudi Soc. Agric. Sci. 2021, 20, 52–57. [Google Scholar] [CrossRef]

	



Górnaś, P.; Rudzińska, M.; Raczyk, M.; Mišina, I.; Soliven, A.; Segliņa, D. Composition of Bioactive Compounds in Kernel Oils Recovered from Sour Cherry (Prunus cerasus L.) by-Products: Impact of the Cultivar on Potential Applications. Ind. Crops Prod. 2016, 82, 44–50. [Google Scholar] [CrossRef]

	



Guiné, R.; Gonçalves, C.; Matos, S.; Gonçalves, F.; Costa, D.V.T.A.; Mendes, M. Modeling Through Artificial Neural Networks of the Phenolic Compounds and Antioxidant Activity of Blueberries. Iran. J. Chem. Chem. Eng. 2018, 37, 193–212. [Google Scholar]

	



Afonso, S.; Oliveira, I.V.; Meyer, A.S.; Aires, A.; Saavedra, M.J.; Gonçalves, B. Phenolic Profile and Bioactive Potential of Stems and Seed Kernels of Sweet Cherry Fruit. Antioxidants 2020, 9, 1295. [Google Scholar] [CrossRef]

	



Engida, A.M.; Kasim, N.S.; Tsigie, Y.A.; Ismadji, S.; Huynh, L.H.; Ju, Y.-H. Extraction, Identification and Quantitative HPLC Analysis of Flavonoids from Sarang Semut (Myrmecodia pendan). Ind. Crops Prod. 2013, 41, 392–396. [Google Scholar] [CrossRef]

	



Domínguez-Perles, R.; Teixeira, A.I.; Rosa, E.; Barros, A.I. Assessment of (Poly)Phenols in Grape (Vitis vinifera L.) Stems by Using Food/Pharma Industry Compatible Solvents and Response Surface Methodology. Food Chem. 2014, 164, 339–346. [Google Scholar] [CrossRef] [PubMed]

	



Herrera-Pool, E.; Ramos-Díaz, A.L.; Lizardi-Jiménez, M.A.; Pech-Cohuo, S.; Ayora-Talavera, T.; Cuevas-Bernardino, J.C.; García-Cruz, U.; Pacheco, N. Effect of Solvent Polarity on the Ultrasound Assisted Extraction and Antioxidant Activity of Phenolic Compounds from Habanero Pepper Leaves (Capsicum chinense) and Its Identification by UPLC-PDA-ESI-MS/MS. Ultrason. Sonochem. 2021, 76, 105658. [Google Scholar] [CrossRef] [PubMed]

	



Bagheri, S.; Alinejad, M.; Nejad, M.; Aliakbarian, B. Creating Incremental Revenue from Industrial Cherry Wastes. Chem. Eng. Trans. 2021, 87, 553–558. [Google Scholar] [CrossRef]

	



Chaovanalikit, A.; Wrolstad, R.E. Total Anthocyanins and Total Phenolics of Fresh and Processed Cherries and Their Antioxidant Properties. J. Food Sci. 2004, 69, FCT67–FCT72. [Google Scholar] [CrossRef]








[image: Agronomy 12 01227 g001 550] 





Figure 1. Schematic representation of the experimental conditions tested. 
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Figure 2. Content of total phenolic compounds, anthocyanins and flavonoids in the extracts obtained in the preliminary assay. Bars with the same letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05). 
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Figure 3. Total phenolic compounds in the different extracts according to the type of solvent and extraction temperature. For the same temperature, bars with the same lower letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05). For the same extracting solution, bars with the same capital letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05). 
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Figure 4. Content of anthocyanins and total phenolic compounds over a range of temperatures from 30 °C to 45 °C. Bars with the same letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05). 
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Figure 5. Dendogram for hierarchical clustering obtained for total phenolic compounds and antocyanins. 
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Figure 6. Grouping structure according to both factors extracted. 
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Table 1. Content of different families of phenolic compounds in the extracts according to the type of solvent and extraction temperature.






Table 1. Content of different families of phenolic compounds in the extracts according to the type of solvent and extraction temperature.





	
Compounds

	
Temperature

(°C)

	
H2O-EtOH

(50/50)

	
H2O-EtOH

(60/40)

	
H2O-EtOH

(80/20)

	
H2O

(100%)






	
Flavonoids 1,2

(mg QE/g)

	
35

	
4.74 ± 0.05 aC

	
3.96 ± 0.14 bB

	
3.09 ± 0.18 cC

	
0.76 ± 0.22 dD




	
50

	
4.45 ± 0.12 aD

	
3.63 ± 0.22 bB

	
1.94 ± 0.09 cD

	
1.56 ± 0.03 dC




	
70

	
6.30 ± 0.12 aB

	
6.84 ± 0.37 aA

	
4.60 ± 0.13 bB

	
2.05 ± 0.09 cB




	
80

	
7.26 ± 0.05 aA

	
6.99 ± 0.08 aA

	
5.25 ± 0.12 bA

	
2.49 ± 0.19 cA




	
Ortho-diphenols 1,2

(mg GAE/g)

	
35

	
19.97 ± 0.12 aA

	
19.91 ± 1.51 aA

	
17.57 ± 0.15 bA

	
3.55 ± 0.21 cC




	
50

	
21.47 ± 0.40 aA

	
18.11 ± 0.09 bA

	
15.45 ± 1.35 cB

	
9.72 ± 0.40 dA




	
70

	
20.92 ± 1.66 aA

	
18.11 ± 0.52 bA

	
12.19 ± 0.05 cC

	
9.47 ± 0.59 dA




	
80

	
16.77 ± 0.94 aB

	
18.63 ± 1.38 aA

	
18.47 ± 0.39 aA

	
7.66 ± 0.15 bB




	
Proanthocyanidins 1,2

(mg CE/g)

	
35

	
6.19 ± 0.44 aA

	
4.91 ± 0.43 bBC

	
3.57 ± 0.13 cB

	
2.97 ± 0.14 cA




	
50

	
4.85 ± 0.33 aB

	
4.48 ± 0.10 aC

	
3.37 ± 0.09 bB

	
2.07 ± 0.07 cB




	
70

	
6.43 ± 0.38 aA

	
5.93 ± 0.22 aA

	
4.14 ± 0.20 bA

	
2.74 ± 0.14 cA




	
80

	
6.01 ± 0.12 aA

	
5.56 ± 0.41 aAB

	
4.17 ± 0.28 bA

	
2.01± 0.11 cB




	
Flavonols 1,2

(mg QE/g)

	
35

	
2.06 ± 0.09 dB

	
2.50 ± 0.08 cC

	
2.87 ± 0.12 bA

	
3.32 ± 0.21 aA




	
50

	
1.36 ± 0.04 dC

	
1.63 ± 0.06 cD

	
1.83 ± 0.07 bC

	
2.61 ± 0.07 aB




	
70

	
3.88 ± 0.28 aA

	
3.06 ± 0.08 bA

	
1.84 ± 0.08 cC

	
1.37 ± 0.02 dD




	
80

	
3.63 ± 0.01 aA

	
2.70 ± 0.04 bB

	
2.38 ± 0.09 cB

	
1.92 ± 0.07 dC




	
Phenolic acids 1,2

(mg CAE/g)

	
35

	
1.01 ± 0.07 aC

	
0.84 ± 0.05 bC

	
0.54 ± 0.04 cC

	
0.22 ± 0.01 dB




	
50

	
1.01 ± 0.03 aC

	
0.88 ± 0.07 bC

	
0.61 ± 0.0 1cC

	
0.45 ± 0.03 dA




	
70

	
1.48 ± 0.08 aB

	
1.29 ± 0.03 bA

	
0.86 ± 0.05 cA

	
0.47 ± 0.03 dA




	
80

	
1.68 ±0.05 aA

	
1.06 ±0.01 bB

	
0.75 ± 0.02 cB

	
0.47 ± 0.03 dA




	
Anthocyanins 1,2

(µg Mv3G/g)

	
35

	
26.09 ± 0.37 bA

	
16.17 ± 0.65 dC

	
66.08 ± 0.49 aA

	
23.07 ± 1.35 cB




	
50

	
26.63 ± 0.37 aA

	
25.54 ± 1.62 aA

	
23.71 ± 1.22 aB

	
26.52 ± 1.94 aA




	
70

	
25.66 ± 1.95 aA

	
20.27 ± 0.99 bB

	
23.72 ± 0.67aB

	
12.29 ± 0.56 cC




	
80

	
18.33 ± 1.14b B

	
16.38 ± 0.19 bcC

	
23.50 ± 1.95 aB

	
13.58 ± 0.86 cC








1 Values in the same line with the same lower letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05). 2 Values in the same column, for each of the properties evaluated, with the same capital letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05).
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