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Abstract

:

Teas derived from Camellia sinensis are traditionally used in kombucha fermentation, a process in which bacteria and yeasts play key roles. This study aimed to evaluate the effects of green, black, and white teas, as well as their combinations, on the physicochemical properties, antioxidant capacity, and total phenolic compound content of kombucha. In addition, the production of kombucha flavored with fruits. Statistical analysis of simplex centroid mixture design indicated that green tea promoted a positive increase in total phenolic content and antioxidant activities against ABTS and DPPH free radicals, being observed at 5868.46 µmol/mL, 705.40 µmol/mL, and 380.77 mg GAE/100 mL in the kombucha prepared using this tea individually. Then, six kombucha beverages were prepared from green tea, flavored with grape, caja, cashew apple, genipap, passion fruit, and tamarind. The phenolic profile analysis revealed the presence of twenty-six compounds, including twenty-five phenolics and one caffeine derivative. Among the beverages, tamarind-flavored kombucha stood out, exhibiting the highest total flavonoid content (156.77 mg EQ/g), which highlights the positive influence of tamarind on the bioactive properties of kombucha beverages. These results provide valuable insights to optimize kombucha production and explore the potential beneficial effects of flavored non-alcoholic beverages.
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1. Introduction


Kombucha is a millenar beverage with great potential due to its functional claims, produced from the infusion of Camellia sinensis leaves and sugar, which is then fermented by a symbiotic culture of bacteria and yeast (SCOBY), resulting in a slightly acidic and carbonated beverage. After fermentation, the final product has a complex chemical composition and contains various compounds, including organic acids, vitamins, enzymes, phenols, and several micronutrients, as well as the cellulosic biofilm formed during fermentation [1].



Traditionally, kombucha is prepared with green or black tea from the Camellia sinensis plant, although other plants, such as blackberries and herbs, are also used in making kombucha beverages [2]. C. sinensis is native to Southeast Asia and is widely cultivated and consumed for its aroma, flavor, and health-promoting properties. Teas from Camellia sinensis are available in several forms, including white, green, oolong, and black teas, depending on the level of antioxidants present and the degree of fermentation [3].



The different types of tea (white, green, oolong, and black) are derived from the Camellia sinensis plant and undergo specific processes, depending on the desired type. White tea, made from young shoots and leaves, is minimally processed, maintaining a high concentration of polyphenols. Green tea is heated after harvesting to prevent oxidation, preserving its antioxidants. Black tea undergoes complete oxidation, intensifying the flavor but reducing polyphenols. On the other hand, the oolong tea undergoes partial oxidation, being an intermediate between green and black tea [4].



Tea’s chemical composition is highly complex, as it contains different classes of chemical compounds, including alkaloids, phenols, proteins, minerals, vitamins, and amino acids. The types of phenols present in tea vary according to the level of fermentation it has undergone. Consequently, the metabolic profile of tea, as well as its biological activity, can change drastically based on variations between different tea varieties, environmental effects, processing procedures, and preparation methods, which ultimately reflect its quality [5]. The functional properties of kombucha, such as antioxidant activities, are attributed to its phenols as epicatechin, epigallocatechin, epicatechin-3-gallate, and epigallocatechin-3-gallate. Natural antioxidants are commonly found in kombucha tea and can be enhanced through fermentation [6].



However, most studies have focused on the production of kombucha using individual types of tea. The use of statistical mixture designs involving individual formulations or binary or ternary mixtures of different substrates to produce kombucha has not yet been reported in the literature. Such an approach involves using different combinations of components to change the composition of the mixture and exploring how these changes will affect specific responses. Statistical mixture designs are special classes of response surface designs where the proportions of components or factors are considered important. The interactions between the components of a mixture to maximize response are studied using the mixture design approach [7,8].



The kombucha’s second fermentation, which consists of the aromatization process, fruits, fruit pulps, plant extracts, and other types of teas are added. Flavoring kombucha with Brazilian fruits is emerging as a promising approach, considering that several of these fruits have high levels of bioactive compounds with recognized antioxidant activity. Examples include pitanga, umbu-caja [9], bacuri, caja [10], snake fruits, and grapes [11], among others.



In addition, many of these fruits have a high content of natural sugars, which makes them ideal raw materials for alcoholic fermentation processes, as well as for fermentation of organic acids, such as acetic acid and lactic acid. The combination of the bioactive properties of Brazilian fruits with the nutritional and functional benefits already attributed to kombucha enables the development of innovative biotechnological products, with high potential for commercial acceptance and nutritional relevance [10,12].



The present study aimed to (i) evaluate, using a simplex-centroid design, the physicochemical and antioxidant profiles of kombucha produced from green, black, and white tea; (ii) elaborate different fruit-based kombucha beverages; and (iii) identify the chemical compounds formed in kombucha beverages using HPLC-DAD and UPLC-QTOF-MS.




2. Materials and Methods


2.1. Kombucha Fermentation


The culture starter used in the present study for kombucha fermentation was purchased from Indupropil Indústria e Comércio Ltda. (Ijuí, RS, Brazil). The inoculum used was obtained from a previous kombucha fermentation [pH: 3.02; total titratable acidity: 14.5 g/L of acetic acid; total reducing sugars: 4.6 g/L; growth density (O.D.): 0.460], being the cellulosic biofilm (SCOBY) was not used for the fermentation process of the planned trials. To prepare the infusion, 8 g/L of Camellia sinensis teas (green, white, and black) were used, submerged in 400 mL of boiling water for 10 min, and then 80 g/L of sucrose was added. The cooled tea was transferred to a 750 mL glass container and 30% (v/v) of fermented liquid broth was added to prepare the kombucha. The glass container was covered with cellulose paper and secured with an elastic band, and fermentation occurred for 10 days (this period is recommended by the FDA [13]. The fermentative process performed at a temperature between 28 and 30 °C.



The statistical evaluation of the effect of composition was used to evaluate the effects of the components green, black, and white tea and their interaction for the fermentation of the kombucha using a simplex centroid design. The influence of these on the responses (phenol content, antioxidant activity against DPPH and ABTS free radicals, pH, acidity, bacterial cellulose, and growth density) was evaluated. A three-component augmented simplex-centroid design was used, with each component being studied at six levels; that is, 0 (0%), 1/6 (16.6%), 1/3 (33%), 1/2 (50%), 2/3 (66.6%) and 1 (100%). All statistical analyses were performed using the software Statistica 8.0 (Statsoft Inc., Tulsa, OK, USA).




2.2. pH and Titratable Acidity of Fermented Kombucha Tea


The pH of the fermented beverages was measured using an electronic pH meter (Marconi/PA-200, Piracicaba, Brazil). Total titratable acidity (TTA) was determined by titrating 100 mL of the samples with 0.01 M NaOH, following the method described by Dartora et al. [14], and the result was calculated using Equation (1) and was expressed in g acetic acid equivalent per liter (g/L).


  T T A =      V   N a O H   ×   N   N a O H   × E W   V     



(1)




where



VNaOH = volume of NaOH used in the titration (in mL);



NNaOH = normality of the NaOH solution (in mol/L or N);



EW = equivalent weight of the predominant acid, usually acetic acid (60.05 g/mol);



V = volume of the kombucha sample titrated (in mL).




2.3. Bacterial Cellulose Production During Green Tea Kombucha Fermentation


After cultivation, cellulose biofilm (BC) membranes were removed and cleaned by immersion for 40 min in a NaOH solution (4.0%) to eliminate residual cells. The BC was then weighed. Prior to weighing, the samples were kept in a desiccator and the yield was calculated using Equation (2): by Galdino et al. [15].


  B C   %   =    d r y   S C O B Y   m a s s   v o l u m e   o f   k o m b u c h a   t h e   m e d i u m     



(2)








2.4. Antioxidant Capacity of Fermented Kombucha Tea


The free radical scavenging ability of 2,2-diphenyl-1-picrylhydrazyl (DPPH) from fermented kombucha solutions was performed according to the method described by Mizuta et al. [16]. In total, 100 μL fermented kombucha solution was used and mixed with 3.9 mL of 0.1 mmol/L methanolic DPPH solutions. It was allowed to stand under the protection of light for 30 min and read using a spectrophotometer at an absorbance of 515 nm.



The antioxidant activity was measured against the free radical 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic) (ABTS) according to Mizuta et al. [16]. In a dark environment, an aliquot of 50 μL of kombucha sample was combined with 950 μL of ABTS radical for 10 min. The samples were read in a spectrophotometer at an absorbance of 734 nm. Ethyl alcohol was used as a blank and a standard curve was constructed with acid 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, Trolox solution, varying concentration between 50 μM and 1000 μL and the result was expressed as μmol Trolox/mL.




2.5. Determination of Total Phenolic Content


The total phenolic content (TPC) of each sample of kombucha fermented tea or flavorized kombucha beverage was determined according to the method described by Singleton; Orthofer; Raventós [17] with adaptations. A total of 1 mL of Folin–Ciocalteu reagent, diluted 1:10, and was added to 0.2 mL of kombucha, diluted 1:10. After 1 min, 0.8 mL of a solution of Na2CO3 (75 g/L) was added and the mixture was homogenized. After incubation for 2 h, the samples were read in a spectrophotometer at an absorbance of 765 nm. The TPC is expressed in mg gallic acid equivalents (GAE)/100 mL of beverage.




2.6. Preparation of Fruit Extracts


The fruits used in this study were purchased from a cooperative of producers, who normally sell high-quality fruits. A proportion of 1 kg of seedless fresh fruit pulp and 0.5 L of water was used, and the fruit was cooked at 100 °C (±2 °C) for 1 h. After cooling the concentrated fruit extracts, they were incorporated (30%) into the fermented tea. To flavor the grape kombucha, 30 mL of whole grape juice purchased from a local store was used for every 100 mL of fermented kombucha. All mixtures were homogenized and stored at room temperature.




2.7. Fruit-Based Kombucha Beverage Production


To produce the fruit-based kombucha, kombucha from the first fermentation and 30% extracts from various fruits were used: grape (Vitis vinifera), caja (Spondias mombin), cashew apple (Anacardium occidentale), passion fruit (Passiflora edulis), genipap (Genipa americana), and tamarind (Tamarindus indica), which were kept in closed bottles for a period of 3 days. After this period, the kombucha was refrigerated (5 °C).




2.8. Determination of Flavonoid Content of Green Tea Kombucha and Fruit-Based Kombucha Beverages


The flavored kombucha prepared was analyzed in terms of flavonoid content, according to the methodology proposed by Woisky and Salatino [18], was used with modifications, using quercetin as a standard. Initially, 100 µL of each tested sample was pipetted, at a concentration of 5.0 mg/mL each, into a 1.0 mL microtube, individually. After adding the sample solution, 400 µL of MeOH and 500 µL aluminum chloride 5% in methanol were added, resulting in a final concentration of 100 μg/mL for the samples and left protected from light in a darkroom cabinet for 30 min. and the reading was carried out on a spectrophotometer at 425 nm. The analyses were carried out in triplicate and the flavonoid content was determined by interpolation of the absorbance of the samples against a calibration curve constructed with quercetin standard solutions at various concentrations (2.5 to 20.0 μg/mL) and expressed as milligram equivalent of quercetin per gram of extract (mg EQ/g).




2.9. Determination of the Content of Ethanol in Fruit-Based Kombucha Beverages


The determination of ethyl alcohol content was performed using an HPLC system. The analytical separation was performed on a Phenomenex HPX-87H column, with a refractive index detector HP 1047A, and 20 microliter loop injection. The mobile phase was an aqueous sulfuric acid solution (0.5 mM), with a flow rate of 0.6 mL/min. Ethanol HPLC grade (Merck, Darmstadt, Germany) was used as a standard for the identification and quantification of this compound in kombucha-flavored samples.




2.10. Identification of Phenolic Compounds by HPLC-DAD and UPLC-QTOF-MS/MS


A C18 cartridge (Supelco) was used, maintained with 10 mL of methanol and 10 mL of deionized distilled water continuously so that the cartridge would not run dry. The kombucha samples were subjected to a solid-phase cartridge extraction process and subsequently washed with 10 mL of deionized water. In total, 50 mL of HPLC-grade methanol was used to elute the phenolic compounds. The eluate obtained was evaporated under reduced pressure in a rotary evaporator at 40 °C. The dried residue was redissolved in methanol, filtered through a nylon syringe filter with a porosity of 0.45 μm, and analyzed by high-performance liquid chromatography coupled with a diode array detector (HPLC-DAD) and by ultra-high-performance liquid chromatography coupled with mass spectrometry with a time-of-flight analyzer (UPLC-QTOF-MS/MS).



High-performance liquid chromatography coupled with a diode array detector (HPLC-DAD) was performed on a Shimadzu Prominence model CMB-20A system (Shimadzu Corporation, Kyoto, Japan), equipped with a UV–Vis detector (SPD-20A), column oven (CTO-20A), solvent pump (LC-20AD), and a Luna C18 column (Phenomenex, Aschaffenburg, Germany) with dimensions of 250 mm × 4.6 mm and a particle size of 5 μm. The mobile phase was composed of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B), operating at a flow rate of 1.2 mL/min in a programmed elution gradient: from 0 to 20 min, 10–30% solvent B; from 20 to 23 min, 30–50% solvent B.



Mass spectrometry (MS) analysis was performed using a Xevo G2 QTOF mass spectrometer (Waters MS Technologies, Manchester, UK) equipped with an electrospray ionization (ESI) source operating in positive and negative ion modes. The system was coupled to an ACQUITY UPLC chromatograph (Waters, Milford, MA, USA) via an ESI interface. Data were acquired in the scan range from 50 to 1200 m/z. MSE experiments were conducted to obtain simultaneous precursor and fragment ion data in a single injection. The ionization source conditions were set as follows: capillary voltage, 2.0 kV; sample cone voltage, unspecified; source temperature, 100 °C; desolvation temperature, 250 °C; cone gas flow rate, 20 L/h; and desolvation gas flow rate (N2), 600 L/h.



All analyses were performed using the Lock Spray system, ensuring high precision and reproducibility. Leucine-enkephalin (10 ng/mL) was used as a reference standard for calibration of the mass spectrometer during the analyses, introduced through the Lock Spray at a flow rate of 10 μL/min.



The chromatographic separation of the compounds was performed on a BEH C18 column (2.1 mm × 50 mm, 1.7 μm) (Waters, Milford, MA, USA), with the aid of an automatic sampler maintained at 4 °C. The mobile phase consisted of water containing 0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B), pumped at a flow rate of 0.4 mL/min. The gradient elution program was established as follows: from 0 to 5 min, 5–10% solvent B; 5 to 9 min, 10–95% solvent B.





3. Results


3.1. Simplex-Centroid Mixture Design for Evaluation of Effect of Tea Type and Kombucha Fermentation


Kombucha production with different Camellia sinensis teas (green, black, and white) experiments were conducted according to an augmented simplex centroid mixture design, evaluating parameters such as total phenolic content, antioxidant activity, acidity, pH, and bacterial cellulose production. The results and experimental conditions are presented in Table 1.




3.2. Physicochemical Parameters


The data presented in Table 1 show the pH and acidity values for kombucha prepared using different teas and their proportions, with the pH ranging from 2.97 to 3.16. No variations in pH were observed among kombucha produced from green, white, and black teas. At the beginning of the fermentation, the pH value was around 4.5, during the fermentation the pH decreases, until it reached stability at the end of the fermentation. For ATT the values ranged between 5.91 and 12.46 g/L for the studied trials.




3.3. Bacterial Cellulose (BC)


The production of bacterial cellulose (BC) was investigated, with the highest BC yield observed in the binary mixture of green and black teas (Run 4; 7.55 g/L). This was followed by yields obtained from pure mixtures of green tea (Run 1; 7.32 g/L) and black tea (Run 2; 6.07 g/L).




3.4. Total Phenolic Content and Antioxidant Activity


The analysis of the TPC in kombucha prepared with different C. sinensis teas and their respective mixtures revealed that the content of compounds belonging to this group ranged from 182 to 380 mg GAE/100 mL. The tests that showed the highest phenolic content were kombucha prepared with green tea and/or samples that have green tea as a major component in their composition, such as run 1 (380.70 mg/100 mL), followed by runs 8 (305.94 mg/100 mL) and 4 (275.04 mg/100 mL).



The maximum antioxidant capacity in terms of the scavenging of free radicals ABTS (5868.46 µmol/mL) and DPPH (705.40 µmol/mL) was observed at run 1, a pure mixture of green tea.




3.5. Statistical Evaluation of Simplex-Centroid Mixture Design


The simplex–centroid mixture design proved a suitable approach to evaluate the effects of different teas as substrates on kombucha preparation, allowing the understanding of the effect of the components on the parameters evaluated (Figure 1). For this purpose, the statistical models were obtained from the cubic and cubic special models were presented in Table 2. Most models presented a suitable adjustment for predictive purposes (R2 > 0.90). In each model, negative and positive terms on binary and ternary mixtures refer to antagonistic and synergistic interactions, respectively, which reflect the influence of the variables on kombucha production, while their absolute values indicate how strong these effects are [8].



The variables—total phenolic content, DPPH, and ABTS—of the kombucha beverage prepared with green, black, and white tea are presented with positive coefficients in the linear terms of the adjusted equations (Table 2). This indicates that the increase in the proportion of these teas in the mixture is associated with the increase in the values of these response variables. Thus, it is possible to understand how the different types of tea and their combinations positively influence the studied variables, especially in the phenolic compounds and antioxidant capacity, considering that these variables were used as parameters to characterize the quality of kombucha as these variables are related to several health benefits indicated in the literature.



In the case of pH and acidity, an inversely proportional relationship was observed in their binary mixtures, that is, the increase in pH naturally resulted in a decrease in acidity. Notably, all linear terms were positive for the variables analyzed, evidencing that green, black, and white teas positively favor the production of kombucha and its functional characteristics.



The influence of the different compounds of green, black, and white tea on the production of kombucha on the studied variables phenol content, antioxidant activities against ABTS and DPPH radicals, acidity, pH, and bacterial cellulose are shown using blend contour plots, in which each factor (pure component) is represented in a corner of an equilateral triangle; each point within this triangle refers to a different proportion of components in the mixture [19]. The maximum proportion of each component considered by the regression is placed in the corresponding corner while the minimum is placed in the middle of the opposite side of the triangle. The center of the triangle, or centroid, represents the mixture in equal parts.



The mixture contour plots (Figure 1) represent each pure factor and its blends, represented by a vertex of the equilateral triangle. The Figures show the boundary regions corresponding to the predictive Equations and use the combination for each type of tea used to produce kombucha for the values of ABTS, DPPH, and total phenolic content.



Figure 1 shows the contour surfaces for the studied variables: total phenolic content, ABTS, DPPH, pH, total titratable acidity (ATT), and bacterial cellulose. It is possible to notice a change in the profile for each of the studied variables and most of the values show a plateau between green and black tea and their ternary mixture. As observed, green tea presented higher values for the variable’s antioxidant activity against ABTS and DPPH radicals, as well as a higher total phenolic content.



Regarding the maximum values for phenolic compounds, and antioxidant capacity for DPPH and ABTS radicals, respectively, 380.77 mg/100 mL, 5868.46 µmol/mL, and 705.40 µmol/mL in run 1, in which only green tea was used as fermentation substrates. Thus, it can be highlighted that the tests that had green tea in their formulations presented higher values for the variables phenolic compounds and antioxidant capacity, citing run 8 (2/3 black tea and 1/2 black tea and 1/2 white tea), with results for phenolic compounds 302.94 mg/100 mL DPPH and ABTS 5145.38 µmol/mL and 274.40 µmol/mL, respectively, and run 4 binary mixture of green and black teas with values for phenolic compounds of 275.04 mg/100 mL, DPPH and ABTS, respectively, 5641.54 µmol/mL and 331.40 µmol/mL. Thus, the results demonstrate that green tea indeed stands out in the phenolic content and antioxidant capacity of kombucha prepared with this component.




3.6. Characterization of Compounds on the Kombucha and Flavored Kombucha with Brazilian Fruits by HPLC-DAD and UPLC-QTOF-MS


The addition of fruits as a flavoring agent in kombucha can significantly contribute to the content of phenolic compounds in the beverage, which is of great interest due to the functional properties of these compounds, such as antioxidant, anti-inflammatory, and antiproliferative activities. In this study, the chemical profile of fermented C. sinensis tea and kombucha beverages with added fruits was analyzed, aiming to evaluate the influence of fruits on the metabolic compounds formed during the fermentation process.



The chromatograms obtained by UPLC-DAD at 290 nm, referring to the fractions extracted by solid phase (SPE) of the samples, as well as the base peak ion chromatogram (BPI) in negative ionization mode, were presented and analyzed to identify and characterize the phenolic compounds present.



A total of twenty-six compounds were tentatively identified based on UV and mass spectra (ESI positive and negative) represented in Table 3. The compounds 3, 4, 5, 16, 19, 18, 24, and 25 were compared with standard samples. As shown in Table 3, the chemical compounds of flavored kombucha made with caja (S. mombin), cashew (A. occidentale), genipap (G. americana), passion fruit (P. edulis), tamarind (T. indica), grape (V. vinifera), and fermented green tea SPE fractions were similar in characterization.



The fermented green tea presented 305.94 mg GAE/g and the samples of kombucha flavored with different fruits are shown in Table 4 to have high values of total phenolic content for the kombucha flavored with cajá, cashew apple, and fermented green tea. Among tamarind, passion fruit, and cashew apple, with higher concentrations of flavonoids, flavored kombucha with tamarind had the highest value for total flavonoid content (156.77 mg EQ/g).




3.7. Ethanol Contenf of Kombucha Beverages Flavored with Brazilian Fruits


The ethanol content for each fruit-flavored kombucha is shown in Table 4. The grape, cashew, cashew, genipapo, passion fruit, and tamarind kombucha presented values between 0.02% to 0.32%, thus allowing the inclusion of the flavored kombucha of this work in the group of non-alcoholic beverages (<0.5%).





4. Discussion


The pH changes during fermentation and its stability at the end can be explained by the dissociation of carbon dioxide and the formation of the amphiprotic hydrocarbon anion HCO3. This anion reacts easily with the hydrogen ions of the organic acids present, avoiding large changes in pH, thus contributing to the buffering character of the medium. This behavior was also observed in other studies when evaluating the kombucha fermentation process, reporting similar findings for kombucha production using green and black tea, where the lowest pH value was observed in kombucha obtained from black tea at 2.37 and the highest in sage at 3.25, being consistent with the results obtained in the present study [14,26,27].



According to Ayed et al., 2017 [28], the pH of kombucha decreased with increasing fermentation time, including the variation in the substrate. These authors observed that the pH values after 10 days of fermentation were 2.63, 2.81, and 3.14 for tea, barley, and rice, respectively, and remained stable at the end of fermentation.



With the decrease in pH, there is also an increase in total titratable acidity; these results show that the production of organic acids and microbial by-products, which occur in parallel with the consumption of sugar during fermentation, decrease the pH and increase the total acidity [29]. The low pH and high titratable acidity allow the growth of only those microorganisms that can sustain such a niche and, therefore, may provide some protection against invasive contaminants [30].



Both decreasing pH and increasing acidity directly affect the bioactive compound profile of kombucha. It influences not only microbial growth and enzyme activity, but also structural changes in bioactive substances, which can affect the biological properties of kombucha products. Various studies indicate that these changes in pH can be controlled by factors such as fermentation time and the type of tea used [31,32].



Cellulosic biofilm formed is influenced by several physical and chemical factors, including the choice of raw materials or substrates, such as the type of tea (green tea, black tea, white tea), sugar sources (glucose, sucrose), and additives such as lemon balm, thyme, and peppermint, which enhance microbial growth and metabolism. Operational factors such as reactor surface area, pH, temperature, and fermentation time also significantly affect cellulose film formation [33].



In the present study, the amount of cellulosic biofilm formed varied according to the tea used, with a higher yield of 7.55 for test 4, with the formulation 1/2 green tea and 1/2 black tea, followed by the test with only green tea at 7.05 and test 2, which has only black tea, with values of 6.07. It is interesting to note how green and black teas favor the formation of cellulosic biofilm; in the tests that presented lower cellulosic biofilm values, such as tests 3, 6, and 10, their formulations have white tea mainly, obtaining values of 1.21, 2.05, and 1.55, respectively.



Other authors, such as Nguyen et al. [34], evaluated the production of cellulosic biofilm from kombucha using black tea as a substrate, and it was reported that the formulations that had black tea presented higher amounts of cellulosic biofilm formation, which can be attributed to compounds present in green and black tea, such as vitamins, organic acids (e.g., lactic, succinic, and propionic), caffeine, and theophylline [35], which play important roles in improving matter in bacterial cellular respiration processes. It is also worth mentioning that the production and consequently the amount of cellulosic biofilm formed are also related to the microbial composition of the initial culture, which varies greatly from one batch to another and depends on the origin, substrate, and fermentation conditions [34]



Furthermore, Villarreal-Soto et al. [36] observed that the contact of a larger surface area in kombucha containers accelerates the fermentation kinetics, producing a greater biomass, leading to a greater production of ethanol and quantities of bioactive compounds. Thus, the production of a quality cellulosic biofilm plays an important role in the development of commercial kombucha beverages both in its sensory characteristics (flavor, aroma, and texture) and in the microbiological safety of kombucha, considering that one of the functions of the SCOBY is to protect the kombucha beverage, preventing pathogenic microorganisms from invading the beverage, avoiding contamination [4].



The change in the main component of kombucha production, tea, is directly related to the change in the content of compounds and phenolics and the antioxidant activity, and this can be explained by the differences presented in the processing of types of teas, causing changes in biological settings. Camellia sinensis teas will present a different metabolic profile, thus affecting the kombucha produced [5]. As known, during the fermentation process, several important compounds are produced, giving kombucha strong antioxidant characteristics [37].



The production of phenolic compounds presented in other studies demonstrated that when using green, black, and/or white teas in the production of kombucha, the highest levels of phenolic compounds were found in kombucha prepared with green tea, reaching 320.1 mg/L. It is thus observed that the levels of phenolic compounds in kombucha produced with green tea in this study were 10 times higher than the values reported by Jakubczyk et al., 2020 [38].



This effect can be explained by the difference in the processing of Camellia sinensis leaves (green, black, and white tea), the geographical location of planting, cultivation conditions, and the age of the leaves can influence the phenolic content. In addition to the potentiating effect that fermentation causes in tea, which is the main ingredient of the kombucha beverage and is rich in catechins. As black tea undergoes a strong oxidation process, therefore, kombucha prepared with black tea results in lower levels of total phenolic compounds, which may have been degraded during the tea oxidation process [37,38].



The higher antioxidant potential of green tea kombucha was also reported by Mizuta et al. [16]. These authors reported 2294.83 μmol/mL and 11,352.83 μmol/mL for antioxidant activities against DPPH and ABTS free radicals, respectively.



Kombucha prepared with green tea obtained higher values for antioxidant activity for ABTS and DPPH radicals. Some explanations for this behavior are related to the main chemical changes in tea polyphenols that occur during processing, such as oxidation, hydrolysis, polymerization, and transformation [3]. Green tea is not subjected to fermentation, a process in which various reactions occur, including oxidation, resulting in greater losses of polyphenols. In the process of obtaining green tea, enzymes such as oxidase and others, are inactivated by exposing the leaves to high temperatures. This enzyme inactivation preserves the polyphenols, contributing to the high levels of antioxidant activity and phenolic content observed in green tea [4].



On the other hand, during fermentation, access to oxygen increases, and the oxidation is enhanced, mainly by the action of the polyphenol oxidase and peroxidase enzymes. This process results in the formation of higher molecular weight polyphenols, mainly due to the oxidation of catechins to theaflavins. Furthermore, the longer the fermentation time, the greater the degradation of polyphenols due to prolonged exposure to enzymes and oxygen [39].



Therefore, the absence of fermentation in green tea and the inactivation of enzymes by heat are critical factors that explain the high levels of antioxidant activity and phenolic content compared to fermented teas. Highlighting the effect of the production conditions of kombucha with black tea, the oxidation and fermentation processes that black tea undergo lead to a decrease in the amount of simple catechins. These catechins, commonly found in high levels in unfermented teas, decrease due to oxidation reactions catalyzed by natural polyphenol oxidases [40].



Although the dominant epigallocatechin gallate (EGCG) in green tea has a similar antioxidant power to the main polyphenolic compound in black tea (theaflavin), the difference in antioxidant capacity between the two teas is based on the polyphenols concentration. Green tea contains approximately twice as many polyphenols as black tea, resulting in higher values of total phenolic compounds for kombucha produced with green tea compared to black tea, and consequently a higher antioxidant capacity in the beverage [4].



Of the compounds identified in fermented tea and beverages flavored with different fruits, the majority belong to the flavonoid class (70.2%), followed by phenolic acids (18.3%), other polyphenols (8.4%) [41]. Of the phenolic compounds that stood out in fermented green tea and in fermentations with different fruits: allocatechin 3-O gallate/epigallocatechin 3-O-gallate, gallocatechin 2/epigallocatechin isomer, catechin, 5-O-galloylquinic acid, quercetin 3-orhamnosyl-rhamnosyl-glucoside isomer 2, and quercetin 3-O glucosylrhamnosyl-galactoside isomer 2. Although the order of abundance of these phenolic compounds may vary according to the fermentation time, these compounds were also identified in the present work, thus demonstrating the similarity of the phenolic profile highlighted in the literature that corroborates the data presented. The expressiveness of epigallocatechin gallate is attributed to the green tea leaves used in the preparation of kombucha since they are identified as a source of these phytochemicals [42].



In general, the chemical kombucha composition mainly includes compounds found in tea leaves, such as phenolic compounds and their derivatives, organic oxygen compounds, and others belonging to the flavonoid class. Flavonoids are secondary metabolites synthesized by plants and fungi. In humans, these compounds are known for their antioxidant properties, as scavengers of free radicals, and even as metal chelators, preventing cancer, cardiovascular and neurodegenerative diseases, but also anti-inflammatory and antibacterial activities [43]. In plants, they are known as UV protectants, symbiotic nitrogen fixation, and antimicrobial agents, while in fungi the biological functions are unclear. C. sinensis polyphenols, particularly the catechins (epicatechin, gallocatechin, epicatechin gallate, epigallocatechin, and epigallocatechin gallate) have a multitude of benefits. For example, epigallocatechin gallate has activity against cardiovascular diseases, reducing low-density lipoprotein cholesterol levels and preventing the genesis of blood clots [44].



Regarding the identified caffeine, studies show that kombucha samples produced from green and/or black tea present high concentrations of caffeine, due to the characteristics of Camellia sinensis where the caffeine content can vary depending on the type of tea in which the kombucha is produced [45].



Fruits can contribute different phytochemicals with antioxidant characteristics, such as carotenoids, anthocyanins, and vitamins; therefore, these compounds may have contributed to obtaining these results [35]. Thus, the difference between the values obtained may be associated with the fruits, since they have a different chemical composition, but also with the methods used to quantify the antioxidant potential through different mechanisms [42].



Evaluating kombucha flavored with Amazonian fruits, Crispino et al. [10], the authors observed that kombucha flavored with bacuri presented the highest value of total phenolic compounds (38.3 mg GAE/L) compared to the formulation with umbu-cajá (34.92 mg GAE/L) and cupuaçu (33.40 mg GAE/L). The flavored kombucha in this work presented interesting TPC values, highlighting the cajá-flavored kombucha 233.53 mg GAE/g and the cashew kombucha 233.53 mg GAE/g. The differences in the values of phenolic compounds may be related to the different phenolic profiles of each fruit and how these phenols behave in a biotransformation process during fermentation [46].



The influence of the addition of different fruits brought some relevant observations. When analyzing the flavonoid contents in Brazilian exotic fruits, the authors identified that tamarind presented a total flavonoid content of 39.99 mg EQ/g [47]. With this, we can conclude that the contents of phenolic compounds and flavonoids are strongly associated with the antioxidant activity of the plant extracts. The high antioxidant activity of the samples demonstrates the profile of the identified phenolics, with epigallocatechin gallate as the major compound, whose structure rich in hydroxyl groups contributes to its high antioxidant capacity [40]



This similarity suggests that the addition of fruits does not significantly alter the phenolic composition of fermented green tea. However, further studies are needed to identify the chemical components of the fruits and to explore any potential interactions with fermented green tea.



Incorporating fruits rich in compounds, such as polyphenols, helps to become greater the bioactive compounds in kombucha, which is further enhanced by the fermentation process characteristic of this beverage. Although studies have explored the antioxidant potential of kombucha, no previous work has demonstrated variations in this parameter based on the vegetable matrix used [36,39]. In addition, the chemical composition of fruits offers a diversity of vitamins, pigments, and phenolic compounds, which can contribute at different levels to the antioxidant capacity of flavored foods [13].



The very low ethanol content for the fruit-flavored kombucha is shown. The grape, cashew, cashew, genipapo, passion fruit, and tamarind kombucha presented values of between 0.02% and 0.32%, respectively, thus allowing the inclusion of the flavored kombucha of this work in the group of non-alcoholic beverages (<0.5%). Another study showed that the ethanol concentration was 0.78% on the 7th day with the maximum value of 1.10% on the 10th day of fermentation [12]. The types of fruits and the initial sucrose connection influence the alcohol content in kombucha beverages. An important factor is the fermentation time, as the compounds present can be consumed throughout the fermentation.




5. Conclusions


The statistical approach proved to be effective for exploring kombucha fermentation, identifying the specific effects of each tea used, and focusing on the compound content and antioxidant capacity. The results demonstrated that green tea presented higher values for these variables, being the chosen one to continue in the kombucha flavoring stage. The kombucha beverage flavored with tamarind (156.57 mg EQ/g) presented the highest flavonoid content, which may encourage the use of this flavoring in beverages, followed by the flavorings of passion fruit (150.57 mg EQ/g) and cashew (136.05 mg EQ/g). In total, twenty-six compounds were identified in the fermented green tea and in the six flavored kombucha beverages, including essential polyphenols, such as epicatechin, gallocatechin, epicatechin gallate, and epigallocatechin. The study expands knowledge about the impact of the combination of raw materials in fermentation processes, encouraging new investigations into the development of beverages with health benefits and expanding the field of research with kombucha beverages, bringing more results about how different fruits influence the compounds formed in kombucha, highlighting phenolic compounds and flavonoids, thus meeting the demand for products with health benefits and natural ingredients.
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Figure 1. Mixture contour plots for variables, total phenolic content (A); ABTS (B); DPPH (C); pH (D); Total titratable acidity (ATT) (E); Bacterial cellulose (F) from the kombucha fermentation of green, black, and white teas. The circles in contour plots correspond to the runs of the experimental design according the conditions presented in Table 1. 
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Table 1. Experimental conditions and results of a simplex centroid mixture design for the kombucha fermentation process using different teas from Camellia sinensis performed during 10 days at 28 °C.
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Run

	
Independent Variables

	
Dependent Variables




	
Green Tea (x1)

	
Black Tea (x2)

	
White Tea (x3)

	
TPC a

(mg/100 mL)

	
ABTS b

(µmol/mL)

	
DPPH c

(µmol/mL)

	
pH

	
TTA d

(g/L)

	
BC (%) e






	
1

	
1

	
0

	
0

	
380.77 ± 4.24

	
5868.46 ± 0.01

	
705.40 ± 0.01

	
2.97 ± 0.01

	
10.12 ± 0.64

	
7.32




	
2

	
0

	
1

	
0

	
243.31 ± 1.70

	
4680.00 ± 16.86

	
206.40 ± 0.01

	
3.21 ± 0.02

	
7.75 ± 0.49

	
6.07




	
3

	
0

	
0

	
1

	
205.16 ± 0.64

	
2633.85 ± 16.31

	
45.40 ± 0.02

	
3.14 ± 0.02

	
12.46 ± 0.80

	
1.21




	
4

	
1/2

	
1/2

	
0

	
275.04 ± 4.03

	
5641.54 ± 5.43

	
331.40 ± 0.01

	
3.18 ± 0.02

	
5.91 ± 0.38

	
7.55




	
5

	
1/2

	
0

	
1/2

	
254.80 ± 9.33

	
5853.08 ± 10.87

	
434.40 ± 0.01

	
3.08 ± 0.03

	
12.40 ± 0.79

	
4.12




	
6

	
0

	
1/2

	
1/2

	
206.21 ± 3.39

	
3530.00 ± 27.19

	
116.40 ± 0.01

	
3.12 ± 0.02

	
7.06 ± 0.44

	
2.05




	
7

	
1/3

	
1/3

	
1/3

	
182.51 ± 3.82

	
5656.92 ± 5.43

	
354.40 ± 0.00

	
3.03 ± 0.07

	
11.11 ± 0.73

	
3.10




	
8

	
2/3

	
1/6

	
1/6

	
305.94 ± 1.48

	
5280.00 ± 17.9

	
272.40 ± 0.02

	
3.02 ± 0.06

	
8.56 ± 0.56

	
5.65




	
9

	
1/6

	
2/3

	
1/6

	
222.41 ± 2.12

	
5145.38 ± 97.90

	
274.40 ± 0.02

	
3.16 ± 0.02

	
8.56 ± 0.58

	
3.98




	
10

	
1/6

	
1/6

	
2/3

	
226.30 ± 3.39

	
4045.38 ± 87.02

	
186.40 ± 0.01

	
3.05 ± 0.03

	
8.71 ± 0.58

	
1.55








a Total phenolic content; b antioxidant activity against the free radical ABTS; c antioxidant activity against the free radical; d titratable acidity and e bacterial cellulose.













 





Table 2. Model equations for explaining the effects of green, black, and white tea mixtures on phenolic content, antioxidant activities against ABTS and DPPH radicals, acidity, pH, bacterial cellulose production, and growth density.
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	Responses
	Model
	R2
	Equations





	Total phenolic content (mg GAE/100 mL)
	Cubic special
	0.936
	   Y =   38.54     X   1     +   24.18     X   2     +   21.03     X   3     −   14.06     X   1     X   2     −   13.30     X   1     X   3     −   6.37     X   2     X   3     −   90.22     X   1     X   2     X   3       



	ABTS (µmol/mL)
	Cubic special
	0.936
	   Y =   5688.64     X   1     +   4782.69     X   2     +   2603.32     X   3     −   1314.99     X   1     X   2     +   5987.02     X   1     X   3     −   362.32     X   2     X   3     +   5530.31     X   1     X   2     X   3       



	DPPH (µmol/mL)
	Cubic
	0.963
	   Y =   697.98     X   1     +   198.98     X   2     +   37.98     X   3     −   527.64     X   1     X   2     +   206.35     X   1     X   3     −   67.64     X   2     X   3     +   519.88     X   1     X   2     X   3     −   2058     X   1     X   2       X   1   −   X   2       −   822     X   1     X   3   (   X   1   −   X   3   )     



	pH
	Cubic special
	0.974
	   Y =   2.96     X   1     +   3.21     X   2     +   3.13     X   3     +   0.37     X   1     X   2     +   0.08     X   1     X   3     −   0.21     X   2     X   3     −   2.76     X   1     X   2     X   3       



	Total titratable acidity

(g/L)
	Cubic special
	0.797
	   Y =   9.85     X   1     + 8.18 +   11.41     X   3     −   11.77     X   1     X   2     −   2.80     X   1     X   3     −   12.40     X   2     X   3     +   63.50     X   1     X   2     X   3       



	Bacterial cellulose

(g/L)
	Cubic special
	0.996
	   Y =   7.37     X   1     +   5.97     X   2     +   1.20     X   3     +   3.36     X   1     X   2     −   0.47     X   1     X   3     −   6.57     X   2     X   3     −   39.69     X   1     X   2     X   3       







X1—green tea; X2—black tea; X3—white tea.













 





Table 3. Characterization of compounds from caja (S. mombin), cashew apple (A. occidentale), genipap (G. americana), passion fruit (Passiflora edulis), tamarind (Tamarindus indica), grape (Vitis vinifera) and fermented green tea Kombucha SPE fractions analyzed by UPLC-QTOF-MSE.
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	Peak
	Rt (min)
	      γ   m a x      
	Accurate

Mass

[ESI(−)/ESI(+)]
	Theoretical

Mass

[ESI(−)/ESI(+)]
	Mass

Error Negative/

Positive

(ppm)
	Chemical Formula
	MS/MS Fragments
	Compounds
	References





	1
	0.39
	270
	305.0667/-
	305.0666/-
	0.32/-
	C15H14O7
	125/-
	(+)-Gallocatechin (GC)
	[20,21]



	2
	0.41
	269
	305.0667/-
	305.0666/-
	0.32/-
	C15H14O7
	125/-
	(−)-Epigallocatechin (EGC)
	[20,21]



	3
	0.83
	275
	289.0718/291.0873
	289.0717/291.0863
	0.34/3.43
	C15H14O6
	153/195
	(+)-Catechin (C) *
	[20,21]



	4
	0.89
	275
	289.0718/291.0873
	289.0717/291.0863
	0.34/3.43
	C15H14O6
	153/195
	(−)-Epicatechin (EC) *
	[20,21]



	5
	0.93
	273
	-/195.0859
	-/195.0859
	0.00/0.00
	C8H10N4O2
	-/138, 110
	Caffeine *
	[22]



	6
	1.06
	275
	457.0771/459.0911
	457.0776/459.0921
	−1.09/−2.17
	C22H18O11
	169/285, 195
	(−)-Epigallocatechin 3-O-gallate (EGCG)
	[20,21]



	7
	1.40
	272
	457.0771/459.0911
	457.0776/459.0921
	−1.09/−2.17
	C22H18O11
	169/285, 195
	(+)-Gallocatechin 3-O-gallate (GCG)
	[23]



	8
	1.96
	264, 353
	479.0834/481.0959
	479.0831/481.0976
	0.62/−3.53
	C21H20O13
	316/319
	Myricetin 3-O-glucoside (isomyricitrin)
	[21]



	9
	2.03
	264, 350
	479.0834/481.0959
	479.0831/481.0976
	0.62/−3.53
	C21H20O13
	316/319
	Myricetin 3-O-galactoside
	[21]



	10
	2.21
	266, 352
	771.2033/773.2136
	771.2014/773.2134
	2.46/0.25
	C33H40O21
	300/303
	Quercetin 3-O-galactosyl-rhamnosyl-glucoside
	[21]



	11
	2.36
	256, 353
	771.2033/773.2136
	771.2014/773.2134
	2.46/0.25
	C33H40O21
	300/303
	Quercetin 3-O-glucosy-rhamnosyl-glucoside
	[21]



	12
	2.42
	268
	441.0828/443.0972
	441.0827/443.0972
	0.22/0.00
	C22H18O10
	289, 169/195, 167
	(–)-epicatechin 3-O-gallate (ECG)
	[20]



	13
	2.52
	271
	441.0828/443.0972
	441.0827/443.0972
	0.22/0.00
	C22H18O10
	289, 169/195, 167
	(+)-catechin 3-O-gallate (CG)
	[20]



	14
	2.57
	266, 344
	755.2020/757.2122
	755.2040/757.2125
	−2.64/−0.39
	C33H40O20
	285/695, 287
	Kaempferol 3-O-(3‴-O-glucosyl)rutinoside
	[21]



	15
	2.80
	265, 346
	755.2020/757.2122
	755.2040/757.2125
	−2.64/−0.39
	C33H40O20
	285/695, 287
	Kaempferol 3-O-(3‴-O-galactosyl)rutinoside
	[21]



	16
	2.93
	
	447.0933/449.1060
	447.0932/449.1078
	0.22/−3.11
	C21H20O11
	284/287, 259
	Kaempferol 3-O-galactoside (trifolin) *
	[21,24]



	17
	3.01
	266, 345
	593.1510/595.1658
	593.1511/595.1657
	−0.16/0.16
	C27H30O15
	432/487, 419, 287
	Vitexin 4″-O-glucoside
	[21]



	18
	3.11
	
	447.0933/449.1060
	447.0932/449.1078
	0.22/−3.11
	C21H20O11
	289/-
	Kaempferol 3-O-glucoside (astragalin) *
	[20]



	19
	3.30
	
	317.0301/-
	317.0302/-
	−0.31/-
	C15H10O8
	151/-
	Myricetin *
	[25]



	20
	4.08
	
	917.2357/-
	917.2360/-
	−0.32/-
	C42H46O23
	609, 463
	Quercetin 3-O-(3‴-O-glucosyl-4‴-O-p-coumaroyl)rutinoside
	[21]



	21
	4.15
	
	609.1471/-
	609.1461/-
	1.64/-
	C27H30O16
	463/-
	quercetin 3-O-robinobioside
	[22]



	22
	4.18
	
	917.2357/-
	917.2360/-
	−0.32/-
	C42H46O23
	609, 463
	Quercetin 3-O-(3‴-O-glucosyl-4‴-O-p-coumaroyl)robinobioside
	[21]



	23
	4.30
	362
	301.0350/303.0483
	301.0353/303.0489
	−0.99/−1.97
	C15H10O7
	151/125
	Quercetin *
	[21,25]



	24
	4.31
	347
	285.0403/287.0551
	285.0404/287.0550
	−0.35/0.34
	C15H10O6
	151/-
	Kaempfero l *
	[20,25]



	25
	4.45
	
	593.1515/-
	593.1511/-
	−0.16/-
	C27H30O15
	285/-
	Kaempferol 3-O-rutinoside isomer
	[20]



	26
	4.52
	
	593.1515/-
	593.1511/-
	−0.16/-
	C27H30O15
	285/-
	Kaempferol 3-O-rutinoside isomer
	[20]







* Compared with the standard sample.













 





Table 4. Total phenolic, flavonoids, and ethanol of fermented green tea, and from fruit-flavored kombucha samples caja (S. mombin), cashew apple (A. occidentale), genipap (G. americana), passion fruit (P. edulis), tamarind (T. indica), and grape (V. vinifera).
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	Samples
	Total P