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Abstract

:

Winemaking is one of the oldest biotechnology techniques in the world. The wine industry generates 20 million tons of by-products, such as wastewater, stalk, lees, pomace, and stems, each year. The objective of this research project is to valorize wine industry by-products by producing a functional beverage via the fermentation of grape pomace with the kombucha consortium. In this study, grape pomace kombucha was produced under different conditions, and the concentration of the added sucrose in addition to the fermentation duration and temperature were varied. Overall, fermentation was characterized by the consumption of sugars and the production of organic acids and ethanol. An improvement in the concentrations of the total polyphenols and anthocyanins was observed in the developed product (i.e., up to 100%). Moreover, an enhancement of the antioxidant potential by 100%, as well as increases of 50 to 75% in the anti-inflammatory and antidiabetic activities, was noted.
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1. Introduction


In recent decades, there has been a growing interest in gaining value from agro-industrial wastes that is driven by both environmental concerns and economic considerations. According to the International Organization of Vine and Wine (OIV), worldwide wine production in 2023 was estimated to be 250 million hl. The wine industry produces significant amounts of waste annually such as grape pomace, vine shoots, stalks, lees, and filtration cakes, thereby averaging 0.3–0.5 kg of by-products per liter of wine made [1]. Therefore, the global production of waste is estimated between 7.5 and 12.5 million kg. These winery wastes are characterized by an acidic pH, a notable polyphenol content, and low levels of micronutrients and heavy metals. Due to their complex chemical composition, these wine by-products can undergo various treatments and have multiple beneficial applications. They can be repurposed for composting, animal feed, the extraction of bioactive compounds, and the creation of biodegradable packaging, as well as serve as additives in food and cosmetic industries, among other possibilities [2].



Kombucha is a traditional beverage originally prepared by the fermentation of sweetened tea leaves with a symbiotic consortium of yeasts and bacteria (SCOBY). During kombucha production, several microbial interactions take place where sugars (glucose and fructose) are fermented into the ethanol by the yeasts, and the alcohol is converted into acetic acid by the acetic acid bacteria. This process results in the formation of a characteristic biofilm on the drink’s surface, which is attributed to the microorganisms synthetizing the cellulose; hence, the name “tea fungus”, which is associated with kombucha. The microbial composition of kombucha varies based on factors like the inoculum’s type and source, the substrate, and processing conditions [3]. Recently, kombucha microbiota have been reviewed, which include yeasts such as Brettanomyces, Saccharomyces, and Candida; lactic acid bacteria such as Lactobacillus, Lactococcus, and Oenococcus; and acetic acid bacteria such as Acetobacter, Gluconoacetobacter, Gluconobacter, and Komagataeibacter [4,5].



Renowned for its rich composition in bioactive compounds, kombucha has demonstrated various interesting biological activities including antioxidant, antimicrobial, antihypertensive, and anticarcinogenic properties. The interest in this industry has been actively growing during the past few years, with market estimations reaching USD 3.5 to 5 billion by 2025 [6]. The therapeutic potential of the beverage along with the desire to valorize agro-industrial residues has led researchers to explore the fermentation of non-tea substrates with the kombucha inoculum. These substrates encompass fruits, vegetables, plants, herbs, dairy, baked goods, and industrial by-products. Scientists have investigated the fermentation of leaves, peels, cascara, kernels, broth, and wastewater by kombucha cultures, which has resulted in improved phenolic profiles and the enhancement of some biological activities [6].



However, studies exploring kombucha production from grapes and grape by-products remain limited. Ayed et al. [7] examined the fermentation of red grape juice using kombucha cultures, which resulted in a product displaying antioxidant and antimicrobial activities. Additionally, the valorization of winery effluents by the kombucha consortium was evaluated, showing that the resulting kombucha was rich in organic acids, total polyphenols, contained vitamin C, and exhibited strong antioxidant activity [8,9].



Grape pomace, a commonly overlooked wine by-product, has not previously been explored as a substrate for kombucha fermentation. Consequently, our study aimed to explore the potential of utilizing grape pomace for kombucha fermentation with the purpose of creating a healthful beverage. Different fermentation conditions were tested in order to optimize the process: the quantity of added sucrose, fermentation duration, and temperature.




2. Materials and Methods


2.1. Chemicals and Reagents


The chemicals and reagents used were of chemical grade and were obtained from SIGMA-Aldrich (Saint-Louis, MO, USA), Fisher Scientific (Asin, Pergain-Taillac, France), Becton Dickinson & Company (Franklin Lakes, NJ, USA).




2.2. Kombucha Inoculum and the Fermentation Process


The kombucha inoculum and was reproduced by the backslopping method as described by Villarreal-Soto et al. [10]. The microbial composition of this inoculum was determined in accordance with the method used by Villarreal-Soto et al. [11]. The most represented bacteria and yeasts genera were Gluconoacetobacter, Gluconobacter, Komagataeibacter, Brettanomyces, and Schizosaccharomyces. Water was heated to 40 °C and sucrose was added at a concentration of 70 g/L. Once the temperature reached 80 °C, 10 g/L of black tea (Ceylan) was infused for 15 min. The mixture was cooled to 20 °C, and 980 mL was poured into 2 L beakers and inoculated with 20 g of kombucha biofilm and 20 mL of fermented kombucha tea. Next, 10 mL of apple cider vinegar was added, and then fermentation was carried out for 14 days at 25 °C in an incubator (Binder series KT) [10].




2.3. Grape Pomace Kombucha


Grape pomace was collected from a local winery in Lebanon. It was made of different grape varieties including Cabernet Sauvignon, Cabernet Franc, Syrah, and Merlot. The material was dried using an air dryer chamber at a low temperature (30 °C), and it was grinded using Robot Coupe R5 plus and stored in polyethylene bags at −18 °C.



Different batches of grape pomace kombucha were prepared by varying the following three parameters: the sucrose concentration, the fermentation duration, and temperature. The same procedure used in the preparation of tea kombucha was also followed to produce grape pomace kombucha, with a few modifications. The procedure is illustrated in Figure 1. Pomace (100 g/L dry weight) was added to the heated and sweetened water (20 or 35 g/L sucrose), and it was infused at 80 °C for 15–20 min. After cooling to 30 °C, ammonium sulfate (0.20–0.25 g/L), kombucha biofilm (SCOBY), and kombucha tea were added to the infusion. Fermentation was carried out at 20 or 25 °C for 7 or 10 days depending on the sample. The concentrations of the products and processing parameters are presented in Figure 1.




2.4. Chemical Composition Analysis of the Grape Pomace Kombucha Samples


2.4.1. pH, Titratable Acidity, Brix Level, Sugar, and Acid Analysis


The pH was determined using a pH meter (Eutech Instruments-pH700). Titratable acidity was obtained based on the OIV-MA-S313-01 method, where the samples were titrated with 0.1 N of NaOH. The brix value was measured by a refractometer (ATAGO pocket refractometer).



The concentrations of glucose, fructose, sucrose, malic acid, tartaric acid, acetic acid, lactic acid, gluconic acid, and ethanol were determined by High Performance Liquid Chromatography (HPLC, Thermoscientific, Asnières-sur-Seine, France) using an HPX87H Aminex Biorad column (300 × 7.8 mm) that was thermostated at 50 °C. Both refractive index and UV detectors were used and regulated at 40 °C. Samples were centrifuged at 10,000 rpm for 5 min (Fisherbrand Centrifuge, Waltham, MA, USA). The supernatant was then filtered through a 0.45 μm membrane filter (Fisherbrand, PTFE) into vials and diluted with deionized water (1:10). The elution was conducted with a constant flow rate of 0.6 mL/min using a 10 mM sulfuric acid solution as a solvent (pH 2.2). Next, 20 μL of the sample was automatically injected into the equipment for analysis. Compounds were quantified through standard curves (expressed in g/L). Standard solutions were prepared with de-ionized water at concentrations ranging between 0 and 15 g/L.




2.4.2. Polyphenol Analysis


The concentration of total polyphenols was determined by following the Folin–Ciocalteu colorimetric method [12]. Samples were diluted (1:10) with distilled water. Standard solutions of gallic acid were prepared at concentrations of 0, 10, 25, 50, and 80 mg/L. The analysis was carried in a 96-well microplate. The procedure included adding 20 µL of standard solution or sample and 10 µL of Folin–Ciocalteu reagent, which were placed on the microplate in the microplate reader (BMG-Labtech Spectrostar-Nano, Champigny-sur-Marne, France) and agitated for 10 s. Then, 170 µL of Na2CO3 (2.36%, w/w) was added, and the microplate was agitated for 10 s. The absorbance was read at 760 nm at 45 °C for a reaction time of 45 min. The concentration of total polyphenols was obtained by plotting the absorbance of the sample on the gallic acid calibration curve, which was expressed in GAE mg/L.



The phenolic compounds were identified through HPLC analysis in an ultimate 3000 pump-Dionex and a DAD detector (ThermoFisher Scientific, Waltham, MA, USA). Separation was achieved on an RPC18 reversed-phase column (Phenomenex, Le Pecq, France), which was of a 25 cm × 4.6 mm size, and the particles of a 5 μm size were thermostated at 25 °C in accordance with the method used by Villarreal-Soto et al. [9] with some alterations. The elution was performed at a flow rate of 1.2 mL/min using a mobile phase consisting of acidified MilliQ water (acetic acid, pH = 2.6) (Solvent A) and acidified water/Acetonitrile (20:80 v/v) (Solvent B). The gradient followed was from 12% B to 30% B for 35 min, from 30% B to 50% for 5 min, from 50% B to 88% B for 5 min, and from 88% B to 12% B for 15 min. The extracts were prepared at a concentration of 20 mg/L in a mixture of acidified water/Acetonitrile (80:20 v/v) and filtered with a Millex-HA 0.45 µm syringe filter (Sigma Aldrich, Saint-Louis, MO, USA). The injection volume was 20 μL. The detection was performed at 280 nm. The phenolic compounds were identified by contrasting the retention time of the detected peaks to those of the known standards.



The total anthocyanin concentration was estimated by the sulfur dioxide discoloration method that was used by Ghanem et al. [13] with a few modifications.





2.5. Antioxidant Activity


The antioxidant potential of the kombucha beverage was evaluated by measuring the scavenging activity against the 1,1-diphenyl-2-picrylhydrazyl free radicals (DPPH) with the method used by Dawra et al. [14]. The DPPH solution was prepared by adding 4.8 mg of DPPH reagent to 50 mL of ethanol (96%). The solution was covered by aluminum film to prevent any damage that could be caused by light exposure and stored in the fridge. The mixture was diluted with ethanol to provide absorbance measurements of 0.7 to 0.9. Then, 40 to 120 µL of the diluted sample was added to 150 µL of ethanol. The volume was completed to 300 µL with ethanol. After an incubation period of 25 min at room temperature, the absorbance was read for a duration of 45 min (3 cycles of 15 min) at 516 nm. The antioxidant activity was expressed by IC50 (mL/L) as different concentrations of the samples were tested.




2.6. Anti-Inflammatory and Anti-Diabetic Activities


The anti-inflammatory and antidiabetic activities were conducted on grape pomace kombucha ethanolic extracts at a concentration of 50 mg/L. The kombucha was first evaporated through a vacuum rotary evaporator at 35 °C to obtain a dry extract. The dry extract was collected, weighed, and stored at ambient temperature. An ethanolic extraction was conducted by dissolving 1 g of dry extract in 20 mL of ethanol, and the mixture was placed once again in a vacuum rotary evaporator (35 °C) until dryness was achieved to obtain the final ethanolic extract. The anti-inflammatory potential was evaluated with the method described by Villarreal-Soto et al. [10], where the capacity of inhibiting the activity of 15-lipoxygenase enzyme (15-lox) was measured. Nordihydroguaiaretic acid (NDGA) was used as a control.



The antidiabetic activity of grape pomace kombucha was evaluated by measuring the inhibitory assays of α-amylase and α-glucosidase enzymes with the method described by Ghanem et al. [15]. The α-amylase enzyme solution was prepared by dissolving 3 mg of porcine pancreatic α-amylase powder in 5 mL of potassium phosphate buffer solution—which contained 80.1 g of sodium phosphate monobasic dihydrate (NaH2PO4, 2H2O) in 450 mL of distilled water—and 78.1 g of disodium phosphate (Na2HPO4) in 550 mL of distilled water (pH = 6.9). The absorbance was read at 540 nm after adding DNS reagent (0.109 g of 3,5-Dinitrosalicylic acid and 2.28 g of sodium potassium tartrate (C4H4KNaO6)) in 50 mL of NaOH (2M) to evaluate the degradation of the 1% potato starch by the different extracts.



The determination of the inhibited α-glucosidase was conducted by measuring the absorbance (405 nm) of the solutions, which were prepared by adding the enzyme (1 U/mL buffer) to the samples and then adding 5 mM of 4-Nitrophenyl-β-D-glucopyranoside (PNP-G). Acarbose was used as a standard inhibitor for both assays.




2.7. Statistical Analysis


All measurements were conducted in triplicates. The means, standard deviations, curves, and their equations were obtained through Microsoft Excel (version 16.0).



IBM SPSS Statistics (version 26) was used to perform an analysis of variance (ANOVA), Tukey’s honestly significant difference (HSD) test, and to determine the Pearson’s correlation coefficient.





3. Results


3.1. Chemical Analysis


At the beginning and end of fermentation, the grape pomace kombucha samples were analyzed for their pH levels, brix degrees, total acidity, total sugar content, and concentrations of acetic acid and ethanol. The results are presented in Table 1.



Brix measurements provide a general idea on the concentration of sugars. On Day 0, the brix values were found to be between 3.9 and 5.3. The brix levels decreased in all samples during fermentation, thereby indicating a consumption of sugars. The drop ranged between 43 and 54% depending on the sample. The initial pH of the different grape pomace kombucha samples ranged between 3.23 and 3.38. In parallel, the titratable acidity (initially ranging between 3.4 and 3.8 g/L) increased in all samples. The highest concentration was recorded in the beverages prepared with 35 g/L of sucrose and fermented for 10 days at 25 °C (12.41 g/L).



On Day 0, the concentration of total sugars ranged between 37 and 55 g/L depending on the sample and the sugar added during the preparation. At the end of fermentation, the quantity of the residual sugars was significantly different in the majority of the samples. However, it was noticed that the beverages were rich in sugars; thus, lowering the amount of added sucrose might have been beneficial and provided an economical advantage. On the other hand (in terms of acetic acid), we perceived that the most acidic samples (10.98, 11.58, and 13.03 g/L of acetic acid) were significantly similar. Moreover, statistical resemblances were found between the other samples, regardless of the fermentation conditions. Finally, with regard to ethanol, the sample prepared with 35 g/L of sucrose and fermented for 7 days at 25 °C had the highest concentration (9.30 g/L) and was significantly different than all the other samples (p < 0.05).




3.2. Total Polyphenol, Anthocyanin, and Antioxidant Activity of the Grape Pomace Kombucha


In order to assess the effect of the kombucha fermentation on grape pomace, the samples were analyzed for their concentrations of total polyphenols and anthocyanins. The results are presented in Table 2.



As shown in Table 2, an increase in the concentration of the total polyphenols, ranging between 5 and 140%, was noted at the end of fermentation. The richest sample was the one prepared with 20 g/L of added sucrose and fermented for 7 days at 20 °C. This sample was also significantly different from all others (p < 0.05). The grape pomace kombucha made with 35 g/L of added sugar and fermented for 7 days at 20 °C scored the second highest concentration of polyphenols, and it was also statistically different (p < 0.05). With regard to anthocyanins, the results suggest a similar pattern to polyphenols with respect to fermentation temperature. As shown in Table 2, the highest content of anthocyanins was found when fermentation was conducted at 20 °C. In fact, all samples fermented at 20 °C were statistically similar (p < 0.05), as well as those fermented for 7 days at 25 °C. Moreover, we noticed that increasing the fermentation duration to 10 days would only cause a smaller concentration at 25 °C.



IC50 is defined as the half maximal inhibitory concentration; in other terms, it is the amount of sample needed to scavenge 50% of the DPPH radicals. A lower IC50 value indicates a stronger antioxidant activity. Initially, on Day 0, the IC50 values of the unfermented grape pomace ranged between 2.45 and 2.68 mL/L. As shown in Table 2, the IC50 values decreased with fermentation time, pointing to an enhancement of the antioxidant ability of the beverage. In essence, this ability was doubled. The highest antioxidant potential (i.e., the lowest IC50 value) was noted in the sample prepared with 20 g/L of sucrose and fermented for 7 days at 20 °C (which was also the richest sample in polyphenols). The same recipe fermented at 25 °C ranked second, which suggests that time, temperature, and added sucrose had the most impact on the inhibition of DPPH radicals.



The grape pomace kombucha extracts were screened for their polyphenol content. The results of the HPLC analysis are presented in Table 3. The results showed that grape pomace kombucha contains a broad spectrum of phenolic acids, especially phenolic acids such as gallic acid, hydroxybenzoate, ethyl trans-2-hydroxycinnamate, and cinnamyl-3,4-dihydroxy-A-cyanocinnamate. The flavonoid family includes several compounds such as quercetin, myricetin, taxifolin, dihydroxyflavone, and dimethoxyflavone. The presence of these compounds depends on the fermentation conditions.




3.3. Biological Activities: Antidiabetic and Anti-Inflammatory Potential


The antidiabetic potential of the grape pomace kombucha extracts was investigated by measuring the inhibition of the α-amylase and α-glucosidase enzymes (in vitro). Those enzymes are involved in the metabolism of carbohydrates. The anti-inflammatory potential of the grape pomace kombucha extracts was assessed by measuring the inhibition of 15-lipoxygenase (15-lox), which is one of the key enzymes involved in the synthesis of pro-inflammatory prostaglandins. The results are portrayed in Figure 2.



As shown in Figure 2, all the grape pomace-fermented samples were statistically similar; however, they were different from the unfermented grape pomace in terms of α-amylase inhibition. A significant increase (55–77%) in the inhibition of α-amylase was detected in all extracts after fermentation. A similar pattern was obtained for α-glucosidase; however, the increase was higher (62–91%). Additionally, more resemblances were found among the samples. For example, the sample that scored the highest inhibition rate (i.e., the sample prepared by adding 35 g/L of sucrose and fermented at 25 °C for 10 days) was statistically similar to some of the samples while differing from others.



The inhibition rate of 15-lox was originally around 36% in the unfermented grape pomace. The anti-inflammatory activity increased significantly in all grape pomace kombucha samples (by 55–74%), reaching an inhibition of up to 63% in some cases.




3.4. Biological Activities: Antidiabetic and Anti-Inflammatory Potential


In order to assess the effect of the fermentation and processing conditions on the chemical composition and biological activities of grape pomace kombucha, the Pearson correlation coefficients were calculated, as displayed in Table 4. This table gathers all the coefficients and provides a brief summary on the relationships obtained. The results show that the fermentation time positively influenced the total acidity and the antioxidant activity while negatively impacting the total polyphenol content. Fermentation temperature was negatively correlated with pH, total polyphenol content, and total anthocyanin content but positively correlated with total acidity. The total acidity demonstrated a positive correlation with the antioxidant activity, but it negatively impacted the total polyphenol content.





4. Discussion


The dynamism of kombucha fermentation is characterized by the consumption of sugars and the production of organic acids and ethanol. The enhancement of the titratable acidity in this study was most probably due to the production of acetic acid during fermentation. Moreover, the percentage increase was high, reaching more than 200% in some cases. However, it was close to what was found in other studies. For instance, a 240% increase in acidity was noted after 10 days of fermentation in the grape juice kombucha [7].



The observed pH variations in the samples might be attributed to the dissimilar ratios of grape varieties in the Lebanese pomace. In fact, the pomace was collected in bulk and was probably unevenly mixed. As shown in Table 1, a decrease in pH values (5 to 12%) was observed after fermentation and was most likely due to the production of the organic acids by the bacteria embedded in the SCOBY.



Sucrose hydrolysis to glucose and fructose is usually ensured by yeasts through the enzyme invertase. However, in the case of grape pomace kombucha, the hydrolysis of sucrose is secured earlier due to the low pH of the substrate (when compared to the pH of tea), the high temperature during infusion (80 °C), and the addition of kombucha tea during production. A competition for sugars (glucose, fructose, and sucrose) occurs between the microorganisms of the microbial community of SCOBY. In fact, not only do yeasts utilize those sources of carbon (to generate ethanol and CO2), but also some bacteria such as Komagataeibacter or lactic acid bacteria consume sugars [16]. The production of organic acids is typically guaranteed by acetic acid bacteria and lactic acid bacteria. At the end of fermentation, the quantity of residual sugars was significantly different in the majority of the samples. However, it was noticed that the samples were rich in sugars, and thus lowering the amount of added sucrose might be beneficial and provide an economical advantage. Therefore, reducing the fermentation time to less than 7 days would probably be advantageous for the taste of the beverages as they would logically contain less acetic acid. Additionally, shortening the fermentation duration would be more efficient and profitable in terms of production, and it would consequently yield a less alcoholic beverage. With regard to the effect of fermentation temperature on the chemical composition of grape pomace kombucha, it seemed that a lower temperature resulted in a slower consumption of sugars and therefore a smaller production of acetic acid. Grape pomace is one of the main by-products generated during winemaking. Polyphenols are partially transferred from the berries into the wine during fermentation and maceration, and a large proportion is retained in the residues. Different factors might impact the phenolic content of grape pomace such as grape variety, degree of maturity, cultivation practices, and winemaking techniques [17]. The increase in the concentration of total polyphenols might be explained by the biotransformation of phenolic compounds. The reduction in IC50 values was already demonstrated in various studies and was not surprising considering the richness of grape pomace in polyphenols [2]. Fermentation is known to modify the structures of polyphenols due to different reactions that can take place. Polyphenolic compounds can undergo different transformations such as decarboxylation, hydroxylation, and esterification [18]. They are considered to be among the most important molecules in grapes due to their biological activities.



Polyphenolic compounds exhibit an antioxidant potential by acting as reducing agents, hydrogen donors, metal chelators, and singlet oxygen quenchers [19]. Fermentation is associated with an improvement in the concentration of polyphenols in plant-based foods; therefore, it can be linked to an enhancement in the antioxidant activity. This is achieved through microbial hydrolysis and the production of organic acids [20]. Kombucha-focused research has reported an increase in phenolic content and antioxidant potential after inoculating different substrates with SCOBY [21]. Anthocyanins belong to the category of flavonoids; they are responsible for the red color of wine and their consumption is associated with many health benefits [22]. Anthocyanin content increases as a result of kombucha fermentation in Zijuan tea, thereby resulting in a change in color of the beverage from yellowish brown to salmon pink [23]. A solid negative correlation has been established between fermentation temperature and the final concentration of polyphenols (r = −0.644). However, it has been shown that a higher fermentation temperature when producing laver kombucha will result in a higher quantity of phenols [24]. In our case, the samples fermented for a longer duration (10 days) were poorer in polyphenols, which might be attributed to their adsorption by the biofilm and to their biotransformation into larger molecules, which might be favored at higher temperatures. This was also confirmed by the Pearson correlation coefficient, as a strong negative link was obtained between the concentration of total polyphenols and fermentation duration (r = −0.741). Different studies have reported that a shorter fermentation period results in a richer concentration of polyphenols in kombucha products [7]. The concentration of anthocyanins has solidly been negatively correlated to fermentation temperature (r = −0.834) in addition to being fairly linked to fermentation duration (r = −0.289).



According to some authors, fermentation time is the most influential parameter on antioxidant potential [25]. A similar observation can be noted in the case of grape pomace kombucha where, in terms of processing parameters, duration has been found to be the most significant (r = 0.504). With regard to chemical composition, it was found that brix levels impacted the scavenging potential of DPPH radicals [26], which was not the case in grape pomace kombucha as a medium correlation was obtained. As a matter of fact, titratable acidity and acetic acid concentration have mostly been linked to a better antioxidant activity (r = 0.644 and 0.641, respectively), whereas total phenolic content has been negatively correlated with this activity (r = −0.571). This might be explained by the fact that not all the polyphenols present exhibit an antioxidant potential.



Determining the exact impact of fermentation parameters on the identified polyphenols is complex as no discernible logical pattern can be established. For instance, caffeic acid was only detected in one of the extracts. However, this molecule has been extensively examined in both grape products and in the kombucha literature due to its antioxidant, anti-inflammatory, and anticarcinogenic activities [19]. Moreover, it is worth mentioning that caffeic acid can be converted into many molecules such as ferulic acid and coumaric acid (which are also known to exhibit biological activities) [27].



The detection pattern of ferulic acid is relatively similar to that of A-Cyano-4-Hydroxycinnamic acid. However, it is important to mention that ferulic acid can be transformed to hydroxystyrenes by Brettanomyces anomalus through the action of hydroxycinnamic acid decarboxylase [28]. The presence of Brettanomyces in the SCOBY of tea kombucha was reported by Villarreal-Soto et al. [11]. Therefore, this might be one of the reasons behind the detection of this compound during the earlier stages of fermentation and for its absence later. (−)-Chicoric acid has been reported to have numerous health benefits, it can act as an antioxidant, antimicrobial, and anti-inflammatory agent [29].



Flavonoids are the largest and most studied category of polyphenols. They are divided into the following subclasses depending on their molecular structure: flavones, flavanones, flavonols, isoflavones, anthocyanidins, and flavanols. They are associated with a broad spectrum of health benefits because of their antioxidative, anti-inflammatory, anticarcinogenic, and anti-mutagenic capacities [30]. They also exhibit key cellular enzyme functions and are potent inhibitors for quite a few enzymes. Taxifolin, also known as dihydroquercetin, is characterized by its anti-inflammatory and antioxidant action. Dihydroquercetin is considered to be a relatively unstable polyphenol and can be easily subjected to polymerization and degradation [31].



Villareal-Soto et al. showed that the quantity of rutin in tea kombucha decreased as a result of fermentation [10]. The reduction in rutin, or its absence in some grape pomace kombucha samples, might be attributed to enzymatic polymerization, which was found to increase its antioxidant potential.



Myricitrin, a reputable antioxidant, was only detected in half of the grape pomace kombucha extracts. This molecule was originally present in the unfermented grape pomace but failed to remain stable in different fermentation conditions. For instance, it was only present in two of the samples made with 35 g/L of added sugar, regardless of the fermentation duration and temperature, like taxifolin. Most of the work in the literature is focused on studying myricetin and not myricitrin. In fact, both compounds are structurally similar and differ only in the radicals bound to them. Myricetin, a structurally related molecule to different phenolic compounds, is associated with anti-inflammatory, analgesic, anticarcinogenic, hepatoprotective, and antidiabetic activities. It was also detected in some kombucha and follows a analogous pattern to myricitrin (with only a few exceptions) [32].



Baicalein is usually associated with the roots of a Chinese herb (Scutellaria baicalensis Georgi), yet it has been quantified in grape products by some authors. This compound exhibits health advantages by playing antioxidant and anti-inflammatory roles [33]. Baicalein can undergo different types of transformation depending on the surrounding environment. It can be a product of baicalin hydrolysis or can bind itself to different molecules such as glycosides [34]. The absence of pure baicalein in some grape pomace kombucha extracts is therefore probably due to the biotransformation of the molecule in high-sugar mediums at lower fermentation temperatures.



Flavones are antioxidants with antiaging, anti-inflammatory, antimicrobial, and anticancer activities. They are known to go through many series of biotransformation through microbial enzymes. When examining the structures of the different flavones found in all extracts, it can be noticed that they only differed by the type and position of the groups bound to the phenyl and heterocyclic rings. This was probably due to the polymerization of the flavones during fermentation. No pattern was detected with regard to the effect of the processing conditions on the identity of the flavones detected in the extracts.



Resveratrol belongs to the stilbenes category of polyphenols, with trans resveratrol being the biologically active isomer. Resveratrol acts as an antioxidant, anti-inflammatory, antidiabetic, anticancer, and anti-Alzheimer agent [35]. Different modifications in the chemical structure of resveratrol can take place, leading to various derivatives of the compound. It is possible that certain structural changes were responsible for the absence of resveratrol in some of the extracts. In fact, polydatin (the glycoside form of resveratrol), for example, was initially present in the unfermented grape pomace. The conversion of polydatin to resveratrol can occur as a result of acid hydrolysis and enzymatic and microbial transformation [36]. On the other hand, rhapontigenin is one of the numerous derivatives of resveratrol [37], thereby signifying that the absence of rhapontin is some samples was also due to a structural change in the compound. Fermentation parameters seemed to impact the presence of scopoletin, where the occurrence of the compound was mostly dependent on both the fermentation temperature and concentration of added sucrose. Coumarins are known to go undergo numerous permutations through the reactions of substitutions and conjugations, with 7-hydroxycoumarin being the primary metabolite [38]. Their detection in some of extracts might be attributed to the fact that they were subjected to numerous kinds of biotransformation; however, additional investigation is required to deduce how fermentation conditions influence the type of compound obtained.



The antidiabetic potential of kombucha products is one of the beneficial effects associated with the beverage [6]. Some resemblances were found among the samples. For example, the sample that scored the highest inhibition rate (i.e., the sample prepared by adding 35 g/L of sucrose and fermented at 25 °C for 10 days) was statistically similar to some samples while differing from others. The improvement of the antidiabetic potential of kombucha products has been investigated by different authors. Watawana et al. examined the effect of fermentation with SCOBY on the activity of starch hydrolase enzyme in coffee kombucha [39]. The α-amylase and α-glucosidase inhibitory activities increased after the fifth day of fermentation, and a better inhibition was noticed for α-amylase. Furthermore, the antidiabetic activity was enhanced after inoculation with tea fungus in soymilk kombucha and green and black tea kombucha [6]. Determining the effect of fermentation parameters on the inhibition of α-amylase was not possible since all extracts were statistically similar. However, the inhibition of α-glucosidase was mostly impacted by fermentation duration (r = 0.490). A strong correlation with the concentration of total polyphenols in grape pomace kombucha extracts was found (r = 0.599). Polyphenols are known to be good regulators of carbohydrate metabolism; they have strong chelating capacities and can limit the function of enzymes by altering their structures [40].



Kombucha fermentation has been proven to improve the anti-inflammatory potential of different substrates. A two-time increase in the inhibition of 15-lox was obtained after inoculating yerba mate with SCOBY [6]. In tea kombucha extracts, a notable improvement was also obtained. The inhibition rate of 15-lox resembled the effect of nordihydroguaiaretic acid (NDGA), a natural anti-inflammatory molecule [10]. The values obtained were close to one another; however, we noticed that the samples fermented at 20 °C delivered better anti-inflammatory activity. The Pearson correlation coefficient was calculated to determine which parameters were linked with the inhibition of 15-lox in the grape pomace kombucha extracts. Fermentation temperature had a strong negative impact (r = −0.752), whereas the quantity of added sucrose (r = 0.192) and fermentation duration (r = 0.120) had a low positive impact. Interestingly, the pH of the beverage and the anthocyanin content were strongly correlated with the anti-inflammatory activity of grape pomace kombucha (r = 0.653 and r = 0.672, respectively).




5. Conclusions


The concept of valorizing grape pomace with kombucha consortium fermentation is promising. The dynamics of the fermentation of grape pomace kombucha are relatively similar to traditional tea kombucha and to kombucha analogs that have a decrease in the concentration of sugars correlated with fermentation duration and an increase in total acidity due to the production of organic acids.



An improvement in the phenolic profile of grape pomace was detected at the end of fermentation, where the total phenolic and anthocyanin contents were enhanced. Consequently, the grape pomace kombucha exhibited a stronger antioxidant potential and higher antidiabetic and anti-inflammatory activities as a result of the fermentation.



To summarize, fermentation duration was among the most influential parameters as it affected the chemical composition, antioxidant, and antidiabetic activities of the beverage. Temperature mostly shaped the anthocyanin concentration, anti-inflammatory activity, and antioxidant potential of the samples. Finally, the quantity of added sucrose seemed to have a less of an impact on grape pomace kombucha as it essentially affected the final concentration of sugars in the beverage. Therefore, it would be interesting to explore additional production parameters such as different grape pomace varieties, lower sucrose concentration, and shorter fermentation duration to assess their impact on the characteristics of the beverage. Moreover, conducting sensory analysis and examining the aromas can be beneficial. Finally, performing in vivo trials is important to better evaluate the health benefits of grape pomace kombucha.
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Figure 1. Grape pomace kombucha production flowchart. * 2 L glass beakers (diameter = 6.5 cm) were used. ** 0.2 g/L of (NH4)2SO4 was added for the samples prepared with 20 g/L of sucrose, and 0.25 g/L of (NH4)2SO4 was added for the samples prepared with 35 g/L of sucrose. *** Fermentation was carried for 7 or 10 days, at 20 and 25 °C. 
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Figure 2. The antidiabetic and anti-inflammatory activities of the grape pomace kombucha extracts measured by the inhibition of α-amylase, α-glucosidase, and 15-lipoxygenase enzymes. Values with different lower-case letters represent significant differences (p < 0.05). 
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Table 1. Chemical analysis of the grape pomace kombucha samples.
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Sample

	
pH

	
Brix

	
Total Acidity

	
Total Sugars (g/L)

	
Acetic Acid (g/L)

	
Ethanol (g/L)




	
Eq Sulfuric Acid (g/L)




	
Beginning

	
End

	
Beginning

	
End

	
Beginning

	
End

	
Beginning

	
End

	
Beginning

	
End

	
Beginning

	
End






	
20 g sucrose −25 °C—Day 7

	
3.36 ± 0.03 b

	
3.02 ± 0.01 a

	
4.00 ± 0.10 b

	
2.20 ± 0.10 a

	
3.79 ± 0.27 cd

	
8.80 ± 0.14 c

	
38.33 ± 1.27 a

	
12.31 ± 1.03 b

	
1.13 ± 0.21 b

	
6.43 ± 0.37 a

	
1.94 ± 1.11 f

	
5.90 ± 0.32 cd




	
20 g sucrose −25 °C—Day 10

	
3.36 ± 0.03 b

	
2.95 ± 0.02 a

	
4.00 ± 0.10 b

	
2.00 ± 0.10 a

	
3.41 ± 0.17 a

	
11.19 ± 0.65 g

	
40.35 ± 1.02 b

	
6.63 ± 0.98 a

	
1.12 ± 0.02 b

	
11.58 ± 1.12 c

	
0.74 ± 0.05 a

	
7.12 ± 0.45 e




	
35 g sucrose −25 °C—Day 7

	
3.23 ± 0.01 a

	
2.92 ± 0.02 a

	
5.30 ± 0.20 d

	
3.00 ± 0.20 b

	
3.78 ± 0.05 cd

	
9.37 ± 0.26 e

	
53.43 ± 2.17 c

	
21.86 ± 1.78 e

	
1.13 ± 0.11 b

	
10.98 ± 0.76 c

	
1.78 ± 0.07 e

	
9.30 ± 0.23 f




	
35 g sucrose −25 °C—Day 10

	
3.23 ± 0.02 a

	
2.90 ± 0.02 a

	
5.30 ± 0.10 d

	
2.70 ± 0.10 b

	
3.81 ± 0.21 d

	
12.41 ± 0.05 h

	
54.42 ± 1.78 c

	
15.43 ± 0.93 c

	
1.47 ± 0.15 c

	
13.03 ± 1.11 c

	
2.00 ± 0.23 g

	
5.09 ± 0.67 b




	
20 g sucrose −20 °C—Day 7

	
3.38 ± 0.03 b

	
3.17 ± 0.01 b

	
3.90 ± 0.10 a

	
2.10 ± 0.10 a

	
3.57 ± 0.35 b

	
7.35 ± 0.13 a

	
40.09 ± 1.32 b

	
17.39 ± 1.21 d

	
1.05 ± 0.14 a

	
5.05 ± 1.02 a

	
2.02 ± 0.17 g

	
5.28 ± 0.46 bc




	
20 g sucrose −20 °C—Day 10

	
3.38 ± 0.02 b

	
3.05 ± 0.03 a

	
3.90 ± 0.20 a

	
2.00 ± 0.10 a

	
3.51 ± 0.14 b

	
9.02 ± 0.12 d

	
37.34 ± 0.97 a

	
12.25 ± 1.14 b

	
1.76 ± 0.08 d

	
7.48 ± 0.34 ab

	
1.01 ± 0.08 b

	
4.51 ± 0.33 a




	
35 g sucrose −20 °C—Day 7

	
3.36 ± 0.02 b

	
3.17 ± 0.01 b

	
4.60 ± 0.10 c

	
2.20 ± 0.10 a

	
3.63 ± 0.21 b

	
8.04 ± 0.24 b

	
57.48 ± 1.25 d

	
32.16 ± 1.94 f

	
1.63 ± 0.14 d

	
6.96 ± 0.23 ab

	
1.36 ± 0.06 d

	
7.52 ± 0.31 e




	
35 g sucrose −20 °C—Day 10

	
3.36 ± 0.01 b

	
3.09 ± 0.02 a

	
4.60 ± 0.10 c

	
2.10 ± 0.10 a

	
3.74 ± 0.07 c

	
10.29 ± 0.3 f

	
55.75 ± 1.13 d

	
18.84 ± 1.25 d

	
1.03 ± 0.07 a

	
8.20 ± 0.89 b

	
1.29 ± 0.11 c

	
6.19 ± 0.87 d








Means in the same column followed by different lower cases represent significant differences (p < 0.05).













 





Table 2. Concentrations of the total polyphenols, total anthocyanins and the antioxidant activity, at the beginning and at the end of fermentation in the grape pomace kombucha.
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Sample

	
Total Polyphenols (GAE mg/L)

	
Total Anthocyanin (mg/L)

	
Antioxidant Activity (DPPH IC50 mL/L)




	
Beginning

	
End

	
% Change

	
Beginning

	
End

	
% Change

	
Beginning

	
End

	
% Change






	
20 g sucrose −25 °C—Day 7

	
198.75 ± 6.54 c

	
357.19 ± 8.25 d

	
78.72

	
68.10 ± 1.49 b

	
96.83 ± 2.70 b

	
29.67

	
2.54 ± 0.06 b

	
1.15 ± 0.02 b

	
54.7




	
20 g sucrose −25 °C—Day 10

	
187.08 ± 7.21 b

	
245.95 ± 5.13 b

	
31.47

	
68.10 ± 1.49 b

	
76.42 ± 1.80 a

	
12.22

	
2.45 ± 0.02 a

	
1.33 ± 0.02 f

	
45.7




	
35 g sucrose −25 °C—Day 7

	
246.19 ± 5.21 h

	
360.1 ± 0.51 d

	
46.27

	
69.27 ± 6.40 b

	
97.42 ± 7.52 b

	
28.9

	
2.68 ± 0.03 f

	
1.26 ± 0.02 de

	
53.0




	
35 g sucrose −25 °C—Day 10

	
175.62 ± 4.32 a

	
183.92 ± 7.51 a

	
4.73

	
69.27 ± 6.40 b

	
75.54 ± 1.89 a

	
9.05

	
2.65 ± 0.08 e

	
1.23 ± 0.01 d

	
53.6




	
20 g sucrose −20 °C—Day 7

	
211.28 ± 9.21 e

	
507.14 ± 9.21 e

	
140.03

	
68.69 ± 5.82 b

	
109.37 ± 2.1 bc

	
59.22

	
2.62 ± 0.19 d

	
1.08 ± 0.03 a

	
58.8




	
20 g sucrose −20 °C—Day 10

	
213.41 ± 4.28 f

	
340.11 ± 4.21 d

	
59.38

	
68.69 ± 5.82 b

	
117.25 ± 3.22 c

	
70.69

	
2.58 ± 0.09 c

	
1.19 ± 0.1 c

	
53.9




	
35 g sucrose −20 °C—Day 7

	
201.62 ± 3.23 d

	
483.17 ± 3.18 c

	
139.64

	
65.19 ± 6.43 a

	
110.83 ± 3.93 bc

	
70.01

	
2.55 ± 0.02 b

	
1.25 ± 0.05 de

	
51.0




	
35 g sucrose −20 °C—Day 10

	
234.88 ± 5.27 g

	
335.71 ± 1.33 d

	
42.93

	
65.19 ± 6.43 a

	
114.33 ± 1.48 c

	
75.37

	
2.67 ± 0.05 f

	
1.26 ± 0.07 e

	
52.8








The means in the same column followed by different lower cases represent significant differences (p < 0.05).













 





Table 3. The identified phenolic compounds and their derivatives in grape pomace kombucha.
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Compound

	
Extract




	
Grape Pomace (100 g/L Dry Basis

	
20 g of Sucrose −25 °C—Day 7

	
20 g of Sucrose −25 °C—Day 10

	
35 g of Sucrose −25 °C—Day 7

	
35 g of Sucrose −25 °C—Day 10

	
20 g of Sucrose −20 °C—Day 7

	
20 g of Sucrose −20 °C—Day 10

	
35 g of Sucrose −20 °C—Day 7

	
35 g of Sucrose −20 °C—Day 10






	
Gallic acid

	
+

	
+

	
+

	
+

	
-

	
-

	
+

	
+

	
+




	
3-Tert-Butyl-4-Hydroxybenzoic acid

	
+

	
-

	
+

	
-

	
+

	
+

	
-

	
-

	
-




	
Benzyl 4-Hydroxybenzoate

	
+

	
-

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
3-Benzyloxy-4,5-Dihydroxy-Benzoic acid methyl ester

	
+

	
+

	
+

	
-

	
-

	
+

	
+

	
+

	
+




	
Isobutyl 4-Hydroxybenzoate

	
-

	
-

	
+

	
+

	
+

	
+

	
+

	
+

	
+



