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Abstract

:

Every year great amounts of high-quality wine grapes are left on the vine unpicked, and consequently lost, to control the overproduction in wine areas with limited appellation production yield. In the context of circular bioeconomy, the valorization of these grapes as a potential source of natural antioxidants is of great interest. The study carried out is focused on the polyphenolic profile characterization of different unpicked grape varieties using the ultrasound-assisted extraction technique to extract the polyphenolic fractions. Moreover, the evaluation of the antioxidant capacity by several assays was carried out: oxygen radical absorbance capacity (ORAC), stability of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), ferric reducing antioxidant capacity (FRAP), cupric reducing antioxidant capacity (CUPRAC) and stability of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical (ABTS) assays. The results showed a strong relationship between total phenolic content and hydroxycinnamic acids (R2 = 0.9088) followed by flavan-3-ols (R2 = 0.8792) and tannins (R2 = 0.7705). The antioxidant capacity of the grapes was dependent on the total phenolic content. These results supply new information for a better understanding of the importance of giving an added value to the unpicked grapes due to their high content of polyphenols. These findings help the wine sector to consider the valorization of the unpicked grapes, classified as wastes, as an interesting source of natural antioxidants to be used as food supplements and with potential applications in the pharmaceutical industry.
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1. Introduction


Polyphenols are a group of phytochemicals with important roles in the prevention of many chronic noncommunicable diseases [1]. They are widely distributed in the plant kingdom, mainly in fruits and vegetables, and more than 8000 structures have already been identified [2]. Polyphenols are characterized by the presence in their chemical structure of at least one phenolic group capable of reducing reactive oxygen species, some organic substrates and minerals. These redox properties explain the considerable interest of polyphenols in the prevention of several major chronic diseases associated with oxidative stress, such as cardiovascular diseases, cancer, type II diabetes, neurodegenerative diseases or osteoporosis [3,4].



Among foods, grape is one of the most popular fruits in the world and one with the highest polyphenol content [4,5,6,7,8]. Moreover, grape cultivation is one of the most extended agroeconomic activity in the world. In 2020, the total surface of 7.3 million hectares was under vineyards throughout the world with a global grape production of 77.8 million tons: 57% wine grapes, 36% table grapes and 7% dried grapes [9]. Regarding grapes cultivated for wine making, every year great amounts of high-quality grapes of diverse varieties are left on the vine unpicked to control the grape overproduction in different wine areas with limited appellation production yield. Wine sales being down in these last few seasons because of COVID-19 have also contributed to this situation [10]. In the context of circular bioeconomy [11,12,13], the valorization of these grapes generated by the wine sector as food wastes is of great interest. It is necessary to characterize these by-products to evaluate their applicability as natural resources of bioactive compounds such as polyphenols to produce added-value extracts to be used as antioxidants [14].



Grape phenolic compounds are differentially distributed in stalk, skin, pulp and seeds [7]. Many studies are focused on the quantification of polyphenols in different parts of the grapes, but investigations analyzing the different polyphenolic fractions in grapes as a whole are scarce [15]. Considering that the beneficial health effects related to grapes correspond to the whole fruit, the analysis of different polyphenolic fractions that contribute to total polyphenolic content and antioxidant capacity in the total grape is relevant.



The analysis of grape polyphenols needs an initial extraction step. Polyphenol extraction is complicated as polyphenols are confined to the plant vacuoles [16]. An advanced technique for polyphenol extraction with high recovery yields is ultrasound-assisted extraction (UAE) [17]. The breakdown of cell walls produced by cavitation in UAE improves diffusion rates [18]. Furthermore, UAE has high reproducibility, is simple to be manipulated and needs low temperature, low solvent consumption and low energy input [19]. Therefore, UAE represents an excellent green extraction technique to extract functional compounds [20] such as polyphenols.



Precisely, polyphenols are included in the group of bioactive compounds due to their antioxidant capacity. An antioxidant is a substance that reduces the severity of oxidative stress. It forms a less active radical or it quenches the chain reaction produced by free radicals on substrates as proteins, lipids, carbohydrates or DNA [21,22]. These capacities explain the interest of antioxidants in the prevention of major chronic diseases associated with oxidative stress [3,4].



The antioxidant capacity of a natural product has no single “universally accepted” assay to quantitatively evaluate all actions of a putative antioxidant [23]. Therefore, to study the antioxidant capacity of a sample, more than a unique assay should be conducted. Many in vitro methods can be found in the literature to evaluate the effectiveness of antioxidant compounds in different matrices. Two main groups of methods are widely used: (1) hydrogen atom transfer reactions (HAT) and (2) transfer reactions of a single electron (SET) [24]. HAT assays include the oxygen radical absorbance capacity (ORAC), inhibition of lipoperoxidation, crocin bleaching assay and β-carotene bleaching assay. Similarly, SET methods are composed of cupric-ion reducing antioxidant capacity (CUPRAC), ferric reducing ability of plasma (FRAP), Folin–Ciocalteus’ phenol reagent reducing ability, scavenging effects in relation to 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid (ABTS) among others [25,26]. Nevertheless, the most used methods for antioxidant capacity for polyphenolic extracts obtained from vegetable products are DPPH, FRAP and ABTS.



To date, no research has been focused on the unpicked wine grapes that remain unused and left to rot at the vineyard. The very little research related to grape wastes has been principally focused on unripe grapes derived from cluster thinning [27,28,29,30,31]. Therefore, to address this gap, the characterization of the grapes considered as wastes as they are left on the vine after harvest was carried out in this work. The aim of this study was to give them an added value with a sustainable winery view and to evaluate their potential use as a source of bioactive compounds. Moreover, the study was focused on different grape varieties to evaluate the differences in the polyphenolic profile among varieties.



This investigation included the preliminary evaluation of the polyphenolic profile by simple spectrophotometric methods of different grape varieties from several wine areas, the analysis of the antioxidant capacity by different assays and the study of the relationship of the different polyphenolic fractions with the obtained antioxidant capacity. Furthermore, this work included an easy-to-perform ultrasound-assisted extraction method capable of extracting the most representative polyphenolic fractions from whole red and white grape varieties.




2. Materials and Methods


2.1. Chemicals


Folin–Ciocalteu´s phenol reagent, ethanol, sodium carbonate, hydrochloric acid, ammonium sulphate, methanol, potassium dihydrogen phosphate, di-potassium hydrogen phosphate, sodium acetate and ammonium acetate buffer were analytical grade from Scharlab (Barcelona, Spain). 2,2′-azobis-(2-amidino-propane) dihydrochloride (AAPH), acetic acid, 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ), ferric chloride, cupric chloride, neocuproine (Nc), fluorescein sodium salt, potassium persulfate, 4-(dimethylamino) cinnamaldehyde (DMAC) and methyl cellulose were analytical grade purchased from Merck Life Science (Madrid, Spain). 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox) with 97% purity and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical cation (ABTS•+) with 98% purity were also purchased from Merck Life Science (Madrid, Spain). The standards gallic acid (GA), caffeic acid (CA), quercetin (Q), (+)-catechin (C) and (−)-epicatechin (E) with purities ≥95% were also purchased from Merck Life Science (Madrid, Spain). Caftaric acid with >98% purity was supplied by Phytoplan (Heidelberg, Germany. Finally, 2,2-diphenyl-1-picrylhydrazyl (DPPH) was provided by Fisher Scientific (Madrid, Spain). Aqueous solutions were prepared using purified water.




2.2. Sample Preparation


In total, 13 native red and white grape varieties (Vitis vinifera) cultivated in the north of Spain in 3 different wine appellations were selected for this study. The grapes were collected at season 2020 one week after the harvest time starting established by the winery for each grape variety, considering their optimal grape maturity point. The samples for this study were, therefore, the unharvested grapes left to rot on the vine to obey the limited appellation production yield. All these grapes were at their optimal maturity point and of high quality as they were initially destined for winemaking. A portion of each grape variety was crushed by hand to obtain the must for the physicochemical parameters. The rest of grape bunches were immediately frozen in liquid nitrogen, the stalks were removed, the whole grape berries were ground and lyophilized (Lyobeta 25; Telstar, Terrassa, Barcelona, Spain) until ultrasound-assisted extraction.




2.3. Ultrasound-Assisted Extraction


The conditions for the ultrasound-assisted extraction were established according to the literature [32,33] in a Bioblock Scientific Vibra Cell VCX 750 sonicator (Sonde standard 13 mm, Fisher Scientific, Madrid, Spain) at a frequency of 20 KHz. In total, 2 g of each grape powder together with 100 mL of hydroalcoholic solvent (50% v/v in ethanol) were placed in a beaker and sonicated for 20 min. After treatment the polyphenolic extract was centrifuged (5810R Eppendorf; Merck Life Science, Madrid, Spain) at 4000 g for 5 min, filtered through 0.45 µm filter and stored at 4 °C before analysis. The characterization of this grape polyphenolic extract included the analysis of the different polyphenolic fractions and the evaluation of the antioxidant capacity by several assays.




2.4. Grape Physicochemical Parameters


pH, total soluble solids and titratable acidity were measured as control parameters in the grape musts to determine the grape maturity. The pH was analyzed with a pH-meter (Basic 20; Crison Instruments S.A., Alella, Barcelona, Spain). The total soluble solids were analyzed using a refractometer (ATAGO N-1E; Tokyo, Japan) and the values were expressed as Brix degree. Titratable acidity was estimated according to the official method [34]. The results of titratable acidity were expressed as g/L of tartaric acid.




2.5. Polyphenolic Fractions Analysis


2.5.1. Total Phenolic Content


The total phenolic content (TPC) was tested using Folin–Ciocalteu assay [35]. Briefly, 20 µL of appropriately diluted sample was mixed thoroughly with 100 µL of 10% Folin–Ciocalteu’s phenol reagent in wells of a 96-well microplate and 80 µL sodium carbonate solution of 75 g/L. After 90 min in darkness at room temperature, the absorbance was measured at 750 nm in the microplate photometer (Multiskan™ FC; Fisher Scientific, Madrid, Spain). The concentration was expressed as milligrams of gallic acid equivalents (GAE) per 100 g of dry matter (dm) grape sample based on a standard curve of gallic acid.




2.5.2. Hydroxycinnamic Acid Derivatives and Flavonols


The determination of this polyphenolic fraction was carried out according to Mazza et al., 1999 [36] with minor modifications. Aliquots of 0.5 mL of appropriately diluted samples were mixed with 0.5 mL of an ethanolic solution with hydrochloric acid 0.1% and 9.1 mL of an ethanolic solution with hydrochloric acid 2%. Absorbance was determined after 15 min at 280 nm and 360 nm for hydroxycinnamic acid derivatives and flavonols, respectively. The calibration curves were made of caffeic acid in 10% ethanol solution for hydroxycinnamic acid derivatives and of quercetin in 95% ethanol solution for flavonols. The concentration of hydroxycinnamic acid derivatives were expressed in mg of caffeic acid equivalents (CAE) per gram of dry matter grape sample. The concentration of flavonols derivatives were expressed in mg of quercetin equivalents (QE) per gram of dm grape sample.




2.5.3. Flavan-3-ols


The method used was based on the reaction between flavan-3-ols and 4-(dimethylamino) cinnamaldehyde (DMAC) described in bibliography [37]. A volume of 1.25 mL of DMAC solution at 5.7 mM was added to 0.25 mL diluted sample. Absorbance measurements were recorded at 640 nm after 10 min. The calibration curve was made of (+)-catechin and results were expressed in mg of catechin equivalents (CE) per gram of dm grape sample.




2.5.4. Total Anthocyanins


For total anthocyanin analysis, the grape extract was diluted with a solution of ethanol:water:hydrochloric acid 37% 70:30:1 v/v/v [38] and the absorbance was measured immediately at 540 nm. The final results were expressed as malvidin-3-glucoside equivalents (ME) in mg per gram of dry matter calculated from the following equation: C (mg/L) = A540 nm × 26.6 × d where, A540 nm is the absorbance at 540 nm and d is the dilution [38].




2.5.5. Tannins


The method was based on the tannins precipitation with methyl cellulose [39]. A volume of 1 mL of appropriately diluted sample was mixed with 6 mL of water, 1 mL of methyl cellulose 0.04% and 2 mL of ammonium sulphate. For the blank, the sample aliquot and the methyl cellulose were replaced by water. After 10 min of reaction at room temperature, the samples were centrifuged and the absorbance was determined at 280 nm. The results were expressed in mg of epicatechin equivalents (EE) per gram of dm grape sample.





2.6. Antioxidant Capacity Determination


2.6.1. ORAC Assay


The oxygen radical absorbance capacity value of the different extracts was measured according to the literature [40]. The assay extracts were diluted in ORAC buffer (potassium phosphate buffer, consisting of potassium dihydrogen phosphate and di-potassium hydrogen phosphate at pH 7.4) and a trolox standard curve (0–100 µM) was prepared. At the day of analysis, 175 mM fluorescein and 153 mM trolox equivalents (TE) solutions were prepared in ORAC buffer. A 96-well black microplate was prepared containing 150 µL of fluorescein solution. Then, 25 µL of blank (ORAC buffer) standard or sample was added. The plate was incubated at 37 °C during 30 min. After incubation, 25 µL of freshly prepared AAPH solution was quickly added. Readings of fluorescence were measured every min for 1 h using a DTX 880 multimode detector, Beckman Coulter (Brea, CA, USA) (excitation wavelength of 485 nm and emission wavelength of 530 nm). The results were expressed as µmol trolox equivalents (TE)/g dm.




2.6.2. DPPH Radical Scavenging Activity


The scavenging capacity of the extract was evaluated by DPPH method based on the stability of 2,2-diphenyl-1-picrylhydrazyl radical [41] with some modifications. An aliquot of appropriately diluted 50 µL sample was added to 2.950 mL of a 0.1 mM methanolic (80%) DPPH radical solution, vortex mixed and incubated in dark for 30 min at room temperature. After incubation, the absorbance was measured at 515 nm in a spectrophotometer (Lambda 365 UV/VIS; Perkin Elmer, Madrid, Spain). Trolox was used as the reference compound. The results were expressed in µmol trolox equivalents (TE)/g dm.




2.6.3. FRAP Assay


The ferric reducing antioxidant capacity assay was used according to bibliography [42] with minor modifications. FRAP reagent, consisting of a mixture of sodium acetate-acetic acid buffer (300 mM, pH 3.6), TPTZ (10 mM in 40 mM hydrochloric acid) and ferric chloride solution (20 mM) at a volume ratio of 10:1:1, was freshly prepared and put in a water bath at 37 °C before use. Aliquots of 100 µL appropriately diluted sample were mixed with 3 mL FRAP reagent. After incubation for 4 min, the absorbance of the mixture was determined at 593 nm. The results were expressed in µmol trolox equivalents (TE)/g dm.




2.6.4. CUPRAC Assay


The cupric reducing antioxidant capacity assay was performed using the classical method [43] with small modifications and conducted in a 96-well microplate. Briefly, to each well was sequentially added 50 µL of cupric chloride (10 mM in water), 50 µL of neocuproine at 7.5 mM in 96% ethanol, 50 µL of ammonium acetate buffer (1 mM in water, pH 7.0), 25 µL of appropriately diluted sample and 25 µL of double distilled water. The microplates were then incubated in the dark at room temperature for 30 min and after the values of absorbance were recorded at 450 nm against blank (all reagents except cupric chloride) in the microplate reader detailed before. A calibration curve was made using the commercial compound trolox as standard and the results were expressed in µmol trolox equivalents (TE)/g dm.




2.6.5. ABTS Method


Another method to determine the antioxidant capacity was the ABTS•+ (radical cation) decolorization assay [44] with some modifications. The ABTS•+ stock solution was prepared by mixing ABTS (7 mM) solution and potassium persulfate (2.45 mM) in a volume ratio of 1:1. This solution was incubated in a dark at room temperature for at least 16 h. The working solution was prepared diluting the ABTS stock solution with ethanol to an absorbance of 0.710 ± 0.050 units at 734 nm using the same spectrophotometer as mentioned above. Samples were previously diluted and 100 µL of each sample was mixed with 3.8 mL ABTS working solution at room temperature and the absorbance of the mixture was determined at 734 nm after 6 min. The results were expressed in µmol trolox equivalents (TE)/g dm.





2.7. Statistical Analysis


Results are reported as mean ± standard deviation (SD) values. For each grape variety three independent extracts were performed and three analyses for each parameter were made. Data were analyzed by one-way ANOVA and the Fisher‘s least significant difference (LSD) test to estimate the differences between values for the sample tested, where statistical significance was declared at p value < 0.05. Correlations between the polyphenolic fractions and the antioxidant capacity were determined using linear regression analysis. Differences were considered significant at p value < 0.05. Multivariate analysis principal component analysis (PCA) was also applied to the results. Statgraphics Centurion XVII software was used for statistical analysis.





3. Results and Discussion


3.1. Grape Physicochemical Parameters


In Table 1 the grape physicochemical control parameters are collected.



Although grapes were on the vine unpicked during one week after the harvest time starting, the physicochemical parameters showed common values according to healthy grapes suitable for winemaking and at their optimal maturity point. All the grapes were bunches initially destined for winemaking, and therefore of identical high quality. The results show important inherent but usual differences among all the grape varieties which suggest different polyphenolic profiles and antioxidant capacities. All the samples for this study were at the optimal maturity point established by the wineries.




3.2. Polyphenolic Fractions


The results for all the polyphenolic fractions are presented in Table 2.



The total phenolic content (TPC) ranged from 13.87 ± 0.43 to 24.95 ± 1.07 mg gallic acid equivalents (GAE)/g dm for red grapes and 4.69 ± 0.21 to 24.97 ± 0.26 mg GAE/g dm for white grapes. Among all the grape varieties, a white variety had the highest value in TPC with 24.97 ± 0.26 mg GAE/g dm. These results agree with those previously reported [45,46]. The first study showed TPC values between 92.89 to 100.45 mg GAE/100 g fresh grape for red varieties and a higher total phenolic content in white grape varieties with values between 50.79 to 141.72 mg GAE/100 g for white varieties [45]. In the other study the range for fresh grapes went from 0.294 mg GAE/g fresh weight (fw) for a red grape variety to 1.407 mg GAE/g fw for a white grape variety [46]. In any case, it must be considered that the total phenolic content in different grapes may vary depending on the cultivar, the ripening stage or the environmental conditions [47,48].



Among all the polyphenolic fractions, hydroxycinnamic acids were after the condensed tannins the most abundant polyphenols both in white and red grape varieties. This could be due to the UV-visible method used that can overquantify the total hydroxycinnamic acids. Nevertheless, these are the most extended methods used for grape analysis. Anyway, the data were according to the published data for other grape varieties at maturity state with hydroxycinnamic total amount of 221.7–810 mg/g dried skin [49]. Since grape skin represents 5–10% of the grape berry weight, the results are according to the total amount of hydroxycinnamic acids. In our study, the content in red grapes was between 9.26 ± 0.21 mg caffeic acid equivalents (CAE)/g dm to 20.40 ± 0.16 mg CAE/g dm and 2.74 ± 0.09 mg CAE/g dm to 14.71 ± 0.50 mg CAE/g dm in white grapes.



Regarding anthocyanins, the total amount in red grapes was between 1.06 ± 0.03 mg malvidin equivalents (ME)/g dm to 11.19 ± 0.15 mg ME/g dm. As it can be seen, there were quantitative differences in total anthocyanins for red grapes. The concentrations are according to results for several authors with a range of 0.98 ± 0.11 to 1.31 ± 0.08 mg anthocyanins/g dry whole grape [15], or 1582.59 ± 77.38 to 2271.31 ± 50.33 mg total anthocyanins/kg [50].



The concentration of flavonols ranged from 0.61 ± 0.02 to 1.95 ± 0.02 mg quercetin equivalents (QE)/g dm for red grapes and between 0.49 ± 0.02 to 0.85 ± 0.01 mg QE/g dm for white grapes. These concentrations are according to results found in literature with a range of 191.43 ± 25.68 to 279.64 ± 15.54 mg total flavonols/kg for a red grape variety [50].



With respect to flavan-3-ols, the content in red grapes ranged from 1.47 ± 0.01 to 3.53 ± 0.09 mg catechin equivalents (CE)/g dm and 0.47 ± 0.01 to 4.77 ± 0.16 mg CE/g dm for white grapes. The results were according to the literature [51] with a total amount (skin, flesh and seeds) of flavan-3-ols of 3323 mg/Kg fresh weight (fw) for a white grape variety and 3263 mg/Kg fw for a red variety.



Concerning tannins, the concentration was between 13.95 ± 0.66 and 32.39 ± 0.25 mg epicatechin equivalents (EE)/g dm for red grape varieties and between 4.81 ± 0.06 and 18.37 ± 0.40 mg EE/g dm for white grape varieties.



Regarding the polyphenolic profile, the total polyphenolic content and hydroxycinnamic acids showed a relatively strong relationship (R2 = 0.9088, with a level of significance of 95%). In fact, the hydroxycinnamic acids represent among the polyphenolic groups the one with the highest correlation with TPC. The hydroxycinnamic acids are followed by the flavan-3-ols (R2 = 0.8792) and tannins (R2 = 0.7705) with a moderately strong relationship. Finally, the flavonols (R2 = 0.4968) and anthocyanins (R2 = 0.3100) have a relatively weak relationship.




3.3. Antioxidant Capacities


The antioxidant capacity measured by different assays is presented in Table 3.



When the ORAC assay was used, the ranges were of 254.94 ± 12.06 to 412.90 ± 9.67 µmol trolox equivalents (TE)/g dm for the red grape varieties and 102.28 ± 2.22 to 440.11 ± 39.33 µmol TE/g dm for the white grape varieties. The highest and the lowest result were found in two white grape varieties.



The DPPH values were in the range of 72.95 ± 2.21 to 230.67 ± 11.71 µmol trolox equivalents (TE)/g dm for the red grape varieties and 29.50 ± 1.57 to 206.80 ± 10.45 µmol TE/g dm for the white grape varieties. The highest total antioxidant capacity by the DPPH assay was found in a red grape variety but the lowest antioxidant capacity was obtained in a white grape variety. From this result can be concluded that the specific composition of the grape variety determines the antioxidant capacity value.



For the FRAP assay, the ranges were of 54.43 ± 0.34 to 124.38 ± 2.06 µmol trolox equivalents (TE)/g dm for the red grape varieties and 14.36 ± 0.33 to 114.06 ± 10.44 µmol TE/g dm for the white grape varieties. The grape variety with the lowest value for antioxidant capacity by the FRAP assay also gave the lowest value when measured by the DPPH assay. Additionally, the ranking of the antioxidant capacity value by the FRAP assay for all the grape varieties was very similar to the ranking of the antioxidant capacity measured by the DPPH assay.



Regarding the CUPRAC assay, the results were in the range of 96.24 ± 1.23 and 201.78 ± 8.91 µmol trolox equivalents (TE)/g dm for the red grape varieties and between 45.54 ± 2.63 and 189.49 ± 8.21 µmol TE/g dm for the white grape varieties. No results by other authors have been found for the whole grape. The only results found are the ones obtained in the grape seeds in the range of 1357 and 1707 µmol TE/g fresh weight [52].



The antioxidant capacity by the ABTS assay ranged between 155.79 ± 8.91 to 220.82 ± 4.48 µmol trolox equivalents (TE)/g dm for red grape varieties and between 129.87 ± 13.49 to 288.75 ± 1.26 µmol TE/g dm for the white grape varieties. In this case, and when referred to the white grape varieties, the antioxidant capacity rank was the contrary to the antioxidant capacity measured by DPPH and FRAP. The highest antioxidant capacity by the DPPH or the FRAP assay gave the lowest antioxidant capacity for the ABTS assay. With red grape varieties, the results were similar to the white grape varieties. The lower antioxidant capacity by the DPPH and the FRAP assays, the higher for the ABTS assay. These results are consistent with the literature [53], although they are referred to grape seeds with a range of 185.2 ± 5.9 µmol TE/g and 206.3 ± 7.7 µmol TE/g for two Portuguese red grape varieties. It must be considered that, as detailed before, each antioxidant capacity assay evaluates a specific action.



In any case, both white and red grape varieties displayed different antioxidant capacities regardless of the assay method used for the evaluation. Their capacities are related directly to TPC. These results are according to previous literature reports on other grape varieties [54]. In our work a strong correlation was observed between total polyphenolic content and antioxidant capacity. Nevertheless, the interpretation of results must be carried out with care, as the data result from the combination and synergetic effect of all the constituents of the polyphenolic extracts obtained from grapes. Compounds belonging to other chemical groups may also contribute to these results [55].




3.4. Correlation of Polyphenolic Profiles and Antioxidant Capacity


High correlation coefficients were found between the ORAC vs. TPC (R2 = 0.9119), DPPH vs. TPC (R2 = 0.9124), as well as between FRAP vs. TPC (R2 = 0.9511) with a level of significance of 95% (p < 0.05). High correlation coefficients were also found between CUPRAC vs. TPC (R2 = 0.9333) and ABTS vs. TPC (R2 = 0.9576) with a level of significance of 95% (p < 0.05). Data shown in Figure 1a–e.



The correlation analysis demonstrated that the antioxidant capacity of the grapes, independently the variety, was dependent on the total polyphenolic content. The correlations were higher than the results reported in the literature [46]. In all the antioxidant capacity assays higher correlations were obtained for white grape varieties (R2 = 0.9845 for DPPH vs. TPC, R2 = 0.9864 for FRAP vs. TPC and R2 = 0.9947 for CUPRAC vs. TPC, R2 = 0.9815 for ABTS vs. TPC) in comparison to red grape varieties (R2 = 0.7836, R2 = 0.8752, R2 = 0.7594 and R2 = 0.8542 for DPPH vs. TPC, FRAP vs. TPC, CUPRAC vs. TPC and ABTS vs. TPC, respectively). Nevertheless, these high correlations between TPC and antioxidant capacity in grapes as a whole suggest that it is feasible to use TPC to evaluate the antioxidant capacity in white and red grape varieties. The good correlation between the DPPH, FRAP, CUPRAC and ABTS and TPC can be rationalized considering that these assays rely on similar reaction mechanisms involving electron transfer. These results agree in both red and white grape varieties. The mechanisms by which phenolic compounds are able to scavenge free radicals are not exactly established. Nevertheless, the basic structure of compounds and other structural factors seem to be essential in the scavenging mechanism [56,57].



The different grape varieties showed important quantitative differences in the polyphenolic fraction concentration and the antioxidant capacity at their optimal maturity point. To evaluate these differences, the PCA multivariate analysis was applied (Figure 2a,b) taking into consideration these parameters.



For all the red grape varieties, the cumulative percentage of the total variance explained by the first and second principal component was 90.089%. The red grape varieties were differently grouped according to their phenolic composition as shown in the biplots. For red grape varieties, the antioxidant capacity by CUPRAC, DPPH and FRAP was characterized by TPC, hydroxycinnamic acids and flavan-3-ols while the antioxidant capacity by ORAC was characterized by anthocyanins, tannins and flavonols. Regarding white grape varieties, the cumulative percentage of the total variance explained by the first and second principal component was 99.006%. Except for two of the grape varieties with the lowest phenolic content, the rest of the white grape varieties showed clearly that the phenolic profile mainly based on TPC, hydroxycinnamic acids and flavan-3-ols defines the antioxidant capacity measured by ORAC, CUPRAC, DPPH and FRAP.



This is the first time a correlation of the polyphenolic profile and antioxidant capacity in unpicked grapes by different assays is carried out. This study establishes the first step for a future polyphenolic characterization to evaluate the valorization of the specific grape varieties initially considered as wastes for obtaining natural antioxidants.





4. Conclusions


The results presented in this study underline, for the first time, that grapes left on the vine and initially considered as wastes present an antioxidant capacity due to the presence of bioactive polyphenols that should be considered for their revalorization. The results showed for all the grapes at their optimal maturity point a strong relationship between the total polyphenolic content and hydroxycinnamic acids in both whole white and red grape varieties. Moreover, the antioxidant capacity was dependent on the total polyphenolic content suggesting that it may be feasible to use the total phenolic content in both white and grape varieties to screen the antioxidant capacity. Furthermore, the analysis of the different polyphenolic fractions by easy spectrophotometric methods may explain the antioxidant capacity of the grapes as a whole. Finally, the results presented in this work provide important references that indicate the relevance of including antioxidant capacity as a new parameter for grape quality characterization, giving the unpicked grape initially considered as a food waste derived by the limited appellation production yield an added value and so collaborating to the circular bioeconomy. Our findings contribute to the knowledge of the in vitro antioxidant capacity of the unpicked grapes as a whole, establishing an initial scientific base for future studies on polyphenolic specific analysis and on in vivo systems to consider these grapes, left to rot in the vineyard, as an important natural source for obtaining natural antioxidants, which are used as food ingredients or with potential applications in the pharmaceutical sector.
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Figure 1. (a) Correlation between antioxidant capacity measured by ORAC expressed as µmol TE/g dm and total polyphenolic content (TPC) expressed as mg GAE/g dm; (b) Correlation between antioxidant capacity measured by DPPH expressed as µmol TE/g dm and total polyphenolic content (TPC) expressed as mg GAE/g dm; (c) Correlation between antioxidant capacity measured by FRAP expressed as µmol TE/g dm and total polyphenolic content (TPC) expressed as mg GAE/g dm; (d) Correlation between antioxidant capacity measured by CUPRAC expressed as µmol TE/g dm and total polyphenolic content (TPC) expressed as mg GAE/g dm; (e) Correlation between antioxidant capacity measured by ABTS expressed as µmol TE/g dm and total polyphenolic content (TPC) expressed as mg GAE/g dm. 
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Figure 2. (a) Biplot obtained from PCA illustrating the relationship between polyphenolic profile and antioxidant capacity measured by different assays in red grape varieties; (b) Biplot obtained from PCA illustrating the relationship between polyphenolic profile and antioxidant capacity measured by different assays in white grape varieties. 
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Table 1. Grape physicochemical parameters in different varieties.
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	Variety
	pH
	Brix Degree
	Total Acidity 1





	Red
	
	
	



	Tempranillo
	3.18 ± 0.02 e
	24.6 ± 0.0 g
	5.2 ± 0.0 g



	Garnacha
	3.28 ± 0.02 g
	29.8 ± 0.0 l
	4.4 ± 0.0 d



	Cabernet sauvignon
	3.47 ±0.01 h
	25.2 ± 0.0 h
	4.2 ± 0.0 c



	Graciano
	3.21 ± 0.02 f
	22.6 ± 0.0 d
	4.9 ± 0.0 e



	Hondarrabi beltza
	3.17 ± 0.02 e
	17.8 ± 0.0 a
	8.3 ± 0.0 j



	Maturana tinta
	3.52 ± 0.03 i
	26.4 ± 0.0 k
	4.1 ± 0.0 b



	Mazuelo
	3.11 ± 0.02 d
	21.6 ± 0.0 c
	6.4 ± 0.0 h



	White
	
	
	



	Hondarrabi zuri
	2.80 ± 0.01 b
	20.2 ± 0.0 b
	10.0 ± 0.1 k



	Petit courbu
	2.81 ± 0.03 b
	20.2 ± 0.0 b
	10.6 ± 0.0 k



	Petit manseng
	3.04 ± 0.01 c
	24.4 ± 0.0 f
	7.5 ± 0.0 i



	Gross manseng
	2.75 ± 0.02 a
	23.4 ± 0.0 d
	10.9 ± 0.0 l



	Malvasía
	3.53 ± 0.01 i
	26.0 ± 0.0 i
	4.0 ± 0.0 a



	Viura
	3.21 ± 0.01 f
	26.2 ± 0.0 j
	5.1 ± 0.0 f







Note: The results are presented as mean ± SD (triplicate). Different letters indicate significant differences (p < 0.05) in each sample type among the thirteen grape varieties. 1 Total acidity is expressed as g tartaric acid/L.
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Table 2. Polyphenolic fractions in different grape varieties.
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	Variety
	Total Phenolic Content
	Hydroxycinnamic Acids
	Anthocyanins
	Flavonols
	Flavan-3-ols
	Tannins





	Red
	
	
	
	
	
	



	Tempranillo
	20.26 ± 0.32 f
	16.56 ± 0.11 g
	5.48 ± 0.08 d
	1.21 ± 0.00 g
	3.05 ± 0.05 h
	23.35 ± 0.81 i



	Garnacha
	13.87 ± 0.43 c
	11.50 ± 0.08 c,d
	3.40 ± 0.01 c
	1.14 ± 0.01 f
	2.31 ± 0.05 d
	15.88 ± 0.38 d,e



	Cabernet sauvignon
	21.71 ± 0.31 g
	13.60 ± 1.21 e
	1.35 ± 0.06 b
	1.10 ± 0.01 f
	2.92 ± 0.02 g
	16.68 ± 0.03 f



	Graciano
	22.33 ± 0.65 g
	18.20 ± 1.38 h
	8.12 ± 0.12 e
	1.36 ± 0.02 h
	3.53 ± 0.09 i
	24.68 ± 0.46 j



	Hondarrabi beltza
	17.49 ± 0.30 e
	11.02 ± 0.06 c,d
	1.06 ± 0.03 a
	0.61 ± 0.01 b
	2.52 ± 0.03 e
	13.95 ± 0.66 c



	Maturana tinta
	24.95 ± 1.07 h
	20.40 ± 0.16 i
	11.19 ± 0.15 g
	1.95 ± 0.02 j
	2.72 ± 0.05 f
	32.39 ± 0.25 k



	Mazuelo
	14.88 ± 0.07 d
	9.26 ± 0.21 b
	9.27 ± 0.22 f
	1.31 ± 0.03 h
	1.47 ± 0.01 c
	20.88 ± 0.36 h



	White
	
	
	
	
	
	



	Hondarrabi zuri
	24.97 ± 0.26 h
	14.71 ± 0.50 f
	-
	0.85 ± 0.01 e
	4.77 ± 0.16 k
	18.37 ± 0.40 g



	Petit courbu
	17.35 ± 0.12 e
	10.49 ± 0.44 c
	-
	0.61 ± 0.02 b
	3.00 ± 0.02 g,h
	9.39 ± 0.24 b



	Petit manseng
	22.22 ± 0.46 g
	13.06 ± 0.22 e
	-
	0.73 ± 0.00 d
	4.21 ± 0.09 j
	16.36 ± 0.19 e,f



	Gross manseng
	20.88 ± 0.63 f
	11.74 ± 0.05 d
	-
	0.66 ± 0.01 c
	4.12 ± 0.00 j
	15.57 ± 0.14 d



	Malvasía
	4.69 ± 0.21 a
	2.74 ± 0.09 a
	-
	0.60 ± 0.05 b
	0.47 ± 0.01 a
	4.81 ± 0.06 a



	Viura
	7.34 ± 0.51 b
	3.04 ± 0.33 a
	-
	0.49 ± 0.02 a
	0.72 ± 0.06 b
	5.03 ± 0.19 a







Note: The results are presented as mean ± SD (triplicate). The data are expressed as mg/g dried matter. Results are reported as mg GAE/g dm for total phenolic content, mg CAE/g dm for hydroxycinnamic acids, mg ME/g dm for anthocyanins, mg QE/g dm for flavonols, mg CE/g dm for flavan-3-ols and mg EE/g dm for tannins. Different letters indicate significant differences (p < 0.05) in each sample type among the thirteen grape varieties.
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Table 3. Antioxidant capacity in different grape varieties by ORAC, DPPH, FRAP, CUPRAC and ABTS assays.
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	Variety
	ORAC
	DPPH
	FRAP
	CUPRAC
	ABTS





	Red
	
	
	
	
	



	Tempranillo
	335.09 ± 25.52 d
	230.67 ± 11.71 j
	113.14 ± 2.86 f
	201.78 ± 8.91 i
	159.79 ± 7.10 c,d



	Garnacha
	254.94 ± 12.06 c
	134.53 ± 3.81 c
	76.38 ± 2.30 d
	146.85 ± 0.60 e
	206.90 ± 0.75 h,i



	Cabernet sauvignon
	371.44 ± 23.64 e,f
	164.56 ± 14.74 e,f
	93.27 ± 3.36 e
	154.82 ± 4.92 e
	169.87 ± 10.37 d,e



	Graciano
	397.90 ± 6.23 f,g
	193.29 ± 14.45 g,h
	110.10 ± 4.16 f
	174.25 ± 4.77 g
	155.79 ± 8.91 b,c



	Hondarrabi beltza
	333.26 ± 14.62 d
	144.54 ± 18.99 c,d
	67.75 ± 3.34 c
	122.72 ± 2.67 c
	196.17 ± 2.03 g,h



	Maturana tinta
	412.90 ± 9.67 g,h
	220.78 ± 4.23 i,j
	124.38 ± 2.06 g
	196.29 ± 10.41 h,i
	164.35 ± 7.68 c,d



	Mazuelo
	396.31 ± 6.73 f,g
	72.95 ± 2.21 b
	54.43 ± 0.34 b
	96.24 ± 1.23 b
	220.82 ± 4.48 i



	White
	
	
	
	
	



	Hondarrabi zuri
	440.11 ± 39.33 h
	206.80 ± 10.45 h,i
	114.06 ± 10.44 f
	189.49 ± 8.21 h
	129.87 ± 13.49 a



	Petit courbu
	383.04 ± 7.83 e,f
	148.47 ± 12.85 c,d,e
	70.18 ± 2.14 c,d
	136.07 ± 1.12 d
	191.42 ± 4.09 f,g



	Petit manseng
	421.47 ± 4.24 g,h
	175.75 ± 15.51 f,g
	90.82 ± 2.97 e
	169.62 ± 4.70 f,g
	142.97 ± 13.98 a,b



	Gross manseng
	365.54 ± 10.19 e
	155.65 ± 8.26 d,e
	94.20 ± 6.80 e
	163.70 ± 4.30 f
	181.34 ± 2.27 e,f



	Malvasía
	102.28 ± 2.22 a
	29.50 ± 1.57 a
	14.36 ± 0.33 a
	45.54 ± 2.63 a
	288.75 ± 1.26 j



	Viura
	146.49 ± 6.40 b
	38.64 ± 2.56 a
	19.38 ± 1.43 a
	50.63 ± 2.98 a
	276.02 ± 6.63 j







Note: The results are presented as mean ± SD (triplicate), expressed as µmol trolox equivalents (TE)/g dm. Different letters indicate significant differences (p < 0.05) in each sample type among the thirteen grape varieties.
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