www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Functional metabolites and
inhibitory efficacy of kombucha
beverage on pathogenic bacteria,
free radicals and inflammation

Nitsanat Cheepchirasuk®23, Thida Kaewkod?*, Sureeporn Suriyaprom?*,
Varachaya Intachaisri>*, Pornpimon Ngamsaard? & Yingmanee Tragoolpua?°™*

Kombucha tea is a fermented tea that produced by acetic acid bacteria and yeast. In this study, the
kombucha tea from white, green and black tea was studied for its microbial composition, chemical
profile, and biological activities during 15-day fermentation period. HPLC analysis revealed key
organic acids, including acetic, gluconic, and glucuronic acids in kombucha tea. In this study, white tea
kombucha showed the highest glucuronic acid content. Green tea kombucha demonstrated the highest
antioxidant activity by ABTS and FRAP assays. Moreover, white tea kombucha exhibited the strongest
DPPH scavenging activity and high phenolic content. Additionally, kombucha tea could inhibit the
growth of pathogenic bacteria, including Escherichia coli, E. coli0157:H7, Salmonella Typhi, Shigella
dysenteriae, and Vibrio cholerae. Furthermore, green tea kombucha significantly inhibited nitric oxide
production on LPS-stimulated RAW264.7 cells and demonstrated the strongest anti-inflammatory
effect. These findings highlight a potential of kombucha tea as a functional beverage with antioxidant,
antibacterial, and anti-inflammatory properties.
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In recent years, there has been growing the interest in alternative health and wellness practices. Certain fermented
food products contain high nutritional value. Among these are kefir, sauerkraut, kimchi, yogurt, and kombucha
tea, and all of which are widely applied for their health benefits. Among the diverse array of fermented foods
and beverages attracting health of consumers, kombucha tea stands out as a particularly probiotic beverage.
Kombucha tea has gained substantial popularity as a favoured option for a refreshing and health-promoting
beverage. The fermentation can extend the shelf life of food, enhance its flavour and texture, and encourage the
growth of beneficial microbes that contribute to overall health!.

Kombucha tea is a fermented beverage made from tea and sugar through fermentation process of tea
fungus®®. Kombucha tea is frequently consumed as a healthy alternative to sugary drinks and is thought
to have potential health benefits, including immune system stimulation and gut health improvement®.
Nevertheless, recipe and brewing method directly affect its health benefits. Thus, further research is needed
for a comprehensive understanding. In the kombucha tea fermentation process, sucrose serves as the primary
carbon source for acetic acid bacteria and yeast. This fermented tea is produced by fermenting tea with sucrose
through a symbiotic interaction between acetic acid bacteria and yeast>®. During primary fermentation, yeast
breaks down disaccharides into glucose and fructose, producing ethanol as a by-product’. As the alcohol
concentration increases, it stimulates the growth of acetic acid bacteria, which produces beneficial organic acids
such as acetic acid and gluconic acid, both of which have been reported to possess antimicrobial properties®.
Additionally, Acetobacter xylinum produces cellulose, forming a film on the surface of the tea that facilitates
yeast and bacteria attachment’. As a result, the alcohol concentration in fermented tea remains low compared to
traditional alcoholic beverages'®!!. Kombucha tea contains both carbon dioxide and alcohol, giving it a cider-
like character®. This fermentation process results in a slightly carbonated, tangy, and sweet beverage that is rich
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in probiotics and antioxidants!?13, In addition, fermented tea offers several health benefits, including immune
system enhancement, anticancer, anti-oxidative, anti-inflammatory, and antibacterial activities!®!4-16,

Although many commercial brands produce ready-made kombucha tea in a variety of flavours and brewing
methods, there are a few scientific reports on microbial and biochemical changes during the kombucha tea
fermentation process. In this study, microbial and biochemical changes in different types of kombucha tea,
including white, green, and black kombucha tea were investigated throughout the fermentation process.
Additionally, the antibacterial and anti-inflammatory activities of different kombucha tea types were assessed.
Thus, the aims of this study were to explore microbial and biochemical changes during kombucha tea
fermentation, as well as its antioxidant, antibacterial, and anti-inflammatory activities.

Materials and methods

The tea leaves and kombucha starter culture

Tea leaves (Camellia sinensis) and starter culture were kindly provided by Tea Gallery Group (Thailand) Co.,
Ltd. in Chiang Mai, Thailand. Kombucha tea was prepared using 1% (w/v) tea leaves and 10% (w/v) sucrose. The
starter culture, consisting of both yeast and acetic acid bacteria, was used as a consortium culture with yeast and
acetic acid bacteria levels of 8.0-9.0 log CFU/mL.

Preparation of kombucha tea

Kombucha tea was prepared using three different types of tea, including white tea, green tea, and black tea'”. 1%
(w/v) of dried tea leaves was added to sterile distilled water and boiled for 15 min. Then, 10% (w/v) sucrose was
added, and the mixture was filtered into a sterilized container. The kombucha starter culture, at a concentration
of 10% (v/v), was then inoculated into the tea solution. Fermentation was carried out at room temperature for 15
days, with microbial and chemical analysis at 0, 3, 6, 9, 12, and 15 days.

Culture-dependent microbial growth investigation

The total count of acetic acid bacteria and yeasts in kombucha tea were quantified using the spread plate
technique!®!°. Kombucha samples were spread on yeast peptone mannitol agar (YPM agar) supplemented with
25 pg/mL amphotericin B as an antifungal agent for the selective enumeration of acetic acid bacteria. Similarly,
yeast populations were quantified by plating kombucha samples on yeast malt agar (YM agar) containing 100 pg/
mL chloramphenicol as an antibacterial agent. The culture plates were incubated at 30 °C for 72 h, after which
colonies were counted and expressed as colony forming units per millilitre (CFU/mL).

Chemical analysis of kombucha tea
The pH, titratable acidity, organic acids, total soluble solids, alcohol content, and metabolic profiles of kombucha
tea were analysed at various time points during the fermentation process, specifically at 0, 3, 6, 9, 12, and 15 days.

PH and titratable acidity analysis

The pH of kombucha tea was determined by electronic pH meter (OHAUS, Parsippany, New Jersey, United
States). The total acidity was determined by titration technique with 0.1 M NaOH. The volume of NaOH used
was calculated and compared to acetic acid and the results were expressed as grams of acetic acid per litre of
sample using this formulation:

VNaOH X MNaOH X MWAceticaCid

Total actdity (9/L) = Vi
Sample

Vyaon = Volume of NaOH used in titration. M
of acetic acid =60.05 g/mol. V

= molarity of NaOH. MW = molecular weight

NaoH "Aceticacid
= volume of kombucha sample used for titration (litre).

Sample
High-performance liquid chromatography analysis of organic acids composition

The main organic acids present in kombucha tea were detected using high-performance liquid chromatography
(HPLC). Metabolic organic acids were analyzed using gradient HPLC system equipped with a conventional C18
column. Authentic standards of organic acids that commonly found in kombucha tea were used for comparison,
including glucuronic acid (Sigma-Aldich, Darmstadt, Germany), gluconic acid (Merck, Darmstadt, Germany),
D-saccharic acid 1,4-lactone (DSL) (Sigma-Aldich, Germany), acetic acid (Merck, Germany), ascorbic acid
(Merck, Germany), lactic acid (Loba Chemie, India), citric acid (Fisher Scientific, United states), and succinic
acid (Merck, Germany). A 10 pL of sample, filtered through a 0.45 um PTFE microfilter, was injected into
HPLC system (Agilent Technologies 1,200 series, Santa Clara, CA, USA). The system was adjusted according
to Kaewkod et al. (2019) with modifications!”. Briefly, chromatography was performed using an Inertsil ODS-
3 C18 column (4.6 x150 mm, 5 um; GL Sciences, Tokyo, Japan) at a flow rate of 1.0 mL/min. The column
temperature was maintained at 25 °C, and detection was carried out at 210 nm using a UV detector. The HPLC
system was operated with 20 mM KH,PO, (pH 2.4) as mobile phase A and methanol as mobile phase B. The
HPLC gradient program (30 min) was as follows: starting with 100% 20 mM KH,PO, (pH 2.4), methanol was
increased to 5% at 3 min and then completely removed by 25 min. Finally, 100% 20 mM KH,PO, (pH 2.4) was
eluted and maintained for 5 min to equilibrate the column. The total HPLC gradient run time was 30 min.

Total soluble solid (°Brix)'¢
The total soluble solids (°Brix) were measured by refractometer (RHB-62ATC, JEDTO, Halden, Norway).
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Gas chromatography analysis of alcoholic content

Preparation of standard solutions Absolute ethanol, procured from RCI Labscan, was used as the standard.
The standard solution was prepared by diluting with deionized water and filtering the mixture through a 0.45 pm
disposable syringe filter. The resulting working standard solution underwent a 2-fold serial dilution, ranging
from 0.1563 to 10.0 g/L.

GC analyses Gas chromatography was used to determine the ethanol content in kombucha tea. The analysis
was performed on an Agilent 7890B Gas Chromatography system, equipped with an HP-5 column (30 m x
0.320 mm x 1 pm) (Santa Clara, CA, USA). Helium was used as the mobile phase and the temperature program
was set as follows: an initial temperature of 35 °C for 2 min, followed by a ramp of 25 °C/min to 90 °C with
a 4.3-minute hold, then a 100 °C/min ramp to 250 °C with a 3-minute hold, resulting in a total run time of
13.1 min. The instrument condition is summarized in Table 1.

Determination of total phenolics content

The total phenolics content of the kombucha tea was determined using the Folin-Ciocalteu assay, with gallic
acid as the standard. The reaction mixture consisted of 25 pL of sample, diluted with 125 uL of deionized
H,0, 12.5 pL of 50% Folin-Ciocalteu reagent, and 25 uL of 95% ethanol. After 5 min, 5% Na,CO, was added.
The suspension was incubated for 1 h and the absorbance was measured at 725 nm. A calibration curve was
established by plotting the absorbance at 725 nm for gallic acid at various concentrations (10-100 pg/mL). The
antioxidant activity was reported as milligrams of gallic acid equivalent per millilitre of kombucha tea(mg GAE/
mL kombucha tea).

Determination of total flavonoids content

The total flavonoids content of the kombucha tea was determined using the aluminum chloride colorimetric
assay, with quercetin as the standard. The reaction mixture consisted of 20 pL of the sample diluted with 60 uL
of methanol, 4 puL of 10% (w/v) aluminum chloride, 4 uL of 1 M potassium acetate, and 112 pL of deionized
water. After 30 min of incubation, the absorbance was measured at 415 nm. A calibration curve was established
by plotting the absorbance at 415 nm for quercetin at various concentrations (7.8125-125 ug/mL). The total
flavonoids content was reported as milligrams of quercetin equivalent per millilitre of kombucha tea (mg QE/
mL kombucha tea).

Antioxidant activity

DPPH radical scavenging activity assay

The in vitro free radical scavenging activity was assessed using 2,2’- diphenyl-1-picrylhydrazyl (DPPH) assay?
with minor modification. The reaction mixture consisted of 50 pL of sample and 150 pL of 0.1 mM DPPH. After
15 min of incubation, the absorbance was measured at 517 nm. A calibration curve was established by plotting
the absorbance at 517 nm for gallic acid at various concentrations (1-10 pg/mL). The antioxidant activity was
reported as milligrams of gallic acid equivalent per millilitre of kombucha tea (mg GAE/mL kombucha tea), and
the resulting 50% inhibitory concentration (IC,) values were calculated.

ABTS radical scavenging activity assay

The antioxidant activity of kombucha tea from white tea, green tea, and black tea was determined using the
ABTS assay?!. The 2,2'-azinobis (3-ethylbenzthiazoline-6-sulphonic acid) or ABTS cation was dissolved in
deionized water at a concentration of 7 mM. To prepare the ABTS reagent, 7 mM ABTS was mixed with 2.45

Parameters Instrumental conditions

Instruments Agilent Gas Chromatography system, 7890B series
Autosampler

Sample temperature: Room temperature

Loop temperature: 70°C

Transfer line temperature: 90°C

Injections per vial: 1 pL with 10 uL syringe size

Cycle time: 13.1 min

GC

Inlet: 90 °C, 5:1 split ratio in split mode

Helium carrier gas flow rate: | 3 mL/min, constant flow mode

Oven temperature program: | 35 °C for 2 min, then 25 °C /min to 90 °C with a hold time of 4.3 min and finally 100 °C /min to 250 °C with a final hold 3 min

FID temperature: 300 °C

FID

Hydrogen flow rate: 40 mL/min
Air flow rate: 450 mL/min
Makeup flow rate: 50 mL/min

Table 1. Gas chromatography system parameters.
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mM potassium persulfate (K,S,0,) at a 1:1 ratio. The working solution of the ABTS reagent was adjusted to an
absorbance of 0.7 +0.002 at 734 nm by diluting with deionized water after incubation at room temperature for
12-16 h. The reaction mixture consisted of 5 pL of sample and 195 pL of adjusted ABTS reagent. The mixture was
analyzed at a 734 nm after incubation for 10 min. A calibration curve was established by plotting the absorbance
at 734 nm for trolox at various concentrations (25-450 ug/mL), and the antioxidant activity was reported as
milligrams of trolox equivalent per millilitre of kombucha tea (mg TE/ mL kombucha tea). The 50% inhibitory
concentration (IC,) values were then calculated.

FRAP (ferric reducing antioxidant power) assay

The antioxidant power of fermented tea was measured using the FRAP assay®2. The method is based on the
reduction of Fe** - TPTZ (2,4,6-tripyridyl-s-triazine) complex (FRAP reagent) to the ferrous (Fe**) form. Briefly,
the FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution in 40 mM
HCl and 20 mM FeCl, at a 10:1:1 ratio. The reaction mixture consisted of 50 uL of sample and 100 uL of FRAP
reagent. The resulting suspension was analyzed at a wavelength of 593 nm after 15 min. A calibration curve was
established by plotting the absorbance at 593 nm for trolox at various concentrations (10-100 ug/mL), and the
antioxidant activity was reported as milligrams of Trolox equivalent per millilitre of kombucha tea (mg TE/mL
kombucha tea). The resulting 50% inhibitory concentration (IC,) values were then calculated.

Antibacterial activity

The antibacterial activity was assessed using the broth dilution technique to determine the minimal inhibitory
concentration (MIC) and minimal bactericidal concentration (MBC). Mueller-Hinton broth (Difco™, USA) was
pipetted into a sterile 96-well culture plate with a round bottom, 100 pL per well. A 100% kombucha tea solution
was added in equal volume into the first well, followed by 2-fold serial dilutions of kombucha tea. Pathogenic
bacteria, including Escherichia coli, E. coli O157:H7 DMST 12,743, Shigella dysenteriae DMST 1511, Salmonella
Typhi DMST 22,842, and Vibrio cholerae were kindly provided by the Division of Microbiology, Department of
Medical Technology, Faculty of Associated Medical Sciences, Chiang Mai University, Chiang Mai, Thailand. All
tested bacteria were cultured for 24 h, adjusted to 1.0 x 108 CFU/mL, and added at 100 uL per well. After 24 h of
incubation, the MIC value was determined by identifying the lowest concentration at which no bacterial growth,
with an untreated well used as a reference. The suspension from each well was streaked on Mueller-Hinton agar
and incubated for an additional 24 h to determine the MBC value, which was identified from the well showing no
bacterial colony growth. Gentamicin was used as a positive control, and unfermented tea was tested in parallel.

Anti-inflammatory activity

Cell culture

Murine macrophage RAW264.7 cell were cultured in Modified Eagle’s Medium (DMEM) (Gibco, Grand Island,
NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin
(100 U/mL penicillin and 100 pg/mL streptomycin) under humidified condition with 5% CO2 at 37 °C.

Cell viability assay

The cytotoxicity of kombucha tea on murine macrophage RAW264.7 cells was determined using the MTT assay.
RAW264.7 cells were seeded at 1.0 x 10° cells per well into a 96-well cell culture plate with a flat bottom. The
kombucha tea solution was 2-fold serially diluted, ranging from 0.31 to 10%, in c-DMEM, and 100 pL was added
to the cells. After 24 h of incubation, cell viability was observed by measuring mitochondrial activity using an
MTT solution at 2 mg/mL. After 4 h of incubation, DMSO was added to dissolve the formazan crystals. The
absorbance was measured at 540 and 630 nm using a microplate reader (EZ Read 2000, Biochrom, Cambridge,
UK). The percentage of cell viability was calculated, with non-treated cells serving as a reference. Cell cytotoxicity
above 80% (CCy,) was used for further experiment.

Inhibition of nitric oxide production

The effect of kombucha tea on nitric oxide production in LPS-stimulated RAW264.7 cells was determined using
the Griess reagent. Murine macrophage RAW264.7 cells were seeded at 1.0x 10° cells per well into a 96-well
flat-bottom cell culture plate. Kombucha tea at non-toxic doses was diluted in c-DMEM, with or without 5
ng/mL LPS, and 100 pL of the solution was added to each well. After 24 h of incubation, the culture medium
was transferred to a new 96-well plate and mixed with 100 uL of Griess reagent. The colorimetric reaction
was measured at 540 nm using a microplate reader after a 10-minute incubation at room temperature. The
percentage of inhibition was calculated relative to non-treated LPS-stimulated cells.

Statistical analysis

The statistical analysis was performed using Prism 9.5.0 for macOS. The experiments were conducted in
triplicate, and the data are presented as mean *standard deviation. Statistical comparisons were made using
One-Way Analysis of Variance (ANOVA), Two-Way Analysis of Variance (ANOVA) and Pearson Correlation
Coefficient (r).

Results

Physical characteristic alteration of Kombucha tea

Kombucha tea was prepared using white tea, green tea, and black tea. After 15 days of fermentation, the kombucha
tea prepared from white tea exhibited a dark brown colour, while kombucha tea made from black tea was slightly
darker. In contrast, kombucha tea prepared from green tea had a yellowish-brown colour. Additionally, during
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the fermentation process, a thin layer of cellulose formed on the surface of the suspension. This cellulose layer is
a result of the metabolism of acetic acid bacteria (Fig. 1).

Culture-dependent microbial growth investigation

The fermentation of kombucha tea is carried out by the combined metabolic activity of yeasts, acetic acid bacteria
(AAB) and lactic acid bacteria (LAB) in starter culture. In this study, sucrose was used as a carbon source. The
three types of tea leaves (white tea, green tea, and black tea) used in this study did not significantly affect the
growth of yeast and acetic acid bacteria during kombucha tea fermentation process. The dynamic of microbial
change during fermentation are shown in Fig. 2A. At the initiation of fermentation, the number of acetic acid
bacteria colonies was 6.968, 7.062, and 6.504 log CFU/mL for white, green, and black tea, respectively, upon the
addition of 10% kombucha starter. Additionally, the total yeast cells at the initiation of the fermentation were
6.033, 6.363, and 6.111 log CFU/mL for white, green, and black tea, respectively.

Day 0 of fermentation period Day 15 of fermentation period

Fig. 1. The physical characteristics of kombucha tea prepared from white tea (A), green tea (B), and black tea
(C) at the initial of fermentation period and 15 days after days of fermentation.
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Fig. 2. Microbiological dynamic change of white, green, and black tea kombucha during fermentation: total
acetic acid bacteria (A) and total yeast cells (B).
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Fig. 3. The alteration of pH (A) and total acidity (B) in kombucha tea prepared from white tea, green tea, and
black tea ** indicates significant difference (p <0.01).

With an extension in the duration of the fermentation process, a notable increase in the population of
bacterial and yeast cells was observed compared to the initial stages of fermentation. This finding suggests
that fermentation time significantly influences the of microbial populations, as shown in Fig. 2. Additionally,
kombucha tea prepared from white tea exhibited the highest count of both acetic acid bacteria and yeast, with
respective values of 9.496 and 9.412 log CFU/mL, compared to the other tea samples. In contrast, after 15 days
of fermentation, the total count of acetic acid bacteria in kombucha tea from green and black tea was 9.061 and
9.384 log CFU/mL, respectively. The total count of yeast cells in green and black tea kombucha was 9.102 and
9.384 log CFU/mL, respectively.

Chemical analysis of kombucha tea

PpH and titratable acidity analysis

The alterations in pH values during the kombucha tea fermentation process, with significant difference from
initial pH values, were analysed, and the results are presented in Fig. 3A. At the end of the 15-day fermentation
period, the pH of the kombucha tea prepared from green tea was significantly lower than that of black tea,
with a recorded value of 2.380. The pH values of kombucha tea prepared from white and black tea were 2.483
and 2.650, respectively. Moreover, the investigation of titratable acidity during the kombucha tea fermentation
process revealed a significant increase compared to the initial day, as shown in Fig. 3B. The highest total titratable
acidity was observed from white tea kombucha, with a concentration of 27.16 g/L, which was higher than that of
green tea kombucha (27.16 g/L) and black tea kombucha (22.48 g/L).

High performance liquid chromatography analysis of organic acids composition
The alteration of organic acids in kombucha tea from white tea, green tea, and black tea during the fermentation
process was investigated using the HPLC technique. Eight organic acids commonly found in kombucha tea,
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Fig. 4. HPLC chromatogram of eight organic acids are presented as standards: glucuronic acid (peak 1),
gluconic acid (peak 2), D-saccharic acid 1,4-lactone (DSL) (peak 3), L-ascorbic acid (peak 4), lactic acid (peak
5), acetic acid (peak 6), citric acid (peak 7), and succinic acid (peak 8).
0 20 40 60 80 100
White tea kombucha Green tea kombucha Black tea kombucha
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Fig. 5. The alteration of eight organic acids is presented during kombucha tea fermentation process. The
dynamic changes in organic acids content over time are visualized using a colour gradient, ranging from purple
(low concentration) to yellow (high concentration). The lowest concentration of each organic acids across all
time points and types is set to 0%, while the highest concentration is set to 100%.

including glucuronic acid, gluconic acid, D-saccharic acid 1,4-lactone (DSL), acetic acid, ascorbic acid, lactic
acid, citric acid, and succinic acid, were eluted at different retention times, as shown in Fig. 4.

The quantification of organic acids composition in kombucha tea at different fermentation stages (0, 3, 6, 9,
12, and 15 days) was conducted using high-performance liquid chromatography (HPLC), with results presented
in supplementary data (supplementary Table S1). The dynamic changes in organic acids content over time were
visualized using a colour gradient, ranging from purple (low concentration) to yellow (high concentration)
(Fig. 5). The lowest concentration of each organic acids across all time points and kombucha tea types was set to
0%, while the highest concentration was set to 100%. This normalization allows for direct comparison of relative
changes in organic acids levels over timeand their percentage is independent of their absolute concentrations.
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Acetic acid was identified as the predominant metabolite, with significantly higher concentrations compared to
other organic acids across all tea types. The final acetic acid content in white, green, and black tea kombucha
reached 23.86+0.88 g/L, 23.15+0.10 g/L, and 20.19+0.08 g/L, respectively. White tea kombucha exhibited
the highest concentrations of glucuronic acid (0.55+0.03 g/L), acetic acid (23.86+0.88 g/L), and succinic
acid (2.76+0.90 g/L), suggesting a distinct metabolic profile. In contrast, green tea kombucha demonstrated
higher levels of gluconic acid (2.89+0.03 g/L), ascorbic acid (0.34£0.00 g/L), and citric acid (0.62+0.02 g/L),
indicating potential differences in microbial metabolism. Black tea kombucha displayed high gluconic acid
concentrations from day 6 onward, while D-saccharic acid 1,4-lactone (DSL) peaked at day 9 before declining.
These fermentation patterns highlight the differences in organic acids metabolism among kombucha tea types,
which may influence their functional properties and health benefits.

Total soluble solid (°Brix)

The total soluble solid in all kombucha sample was determined at various fermentation stages (0, 3, 6, 9, 12, and
15 days). A significantly decreased in total soluble solids was observed in kombucha tea prepared from white,
green, and black tea (Fig. 6). Green and black tea showed a slight decrease from 10°Brix to 6°Brix, after 15 day of
fermentation. In particular, the kombucha tea prepared from white tea exhibited the most substantial reduction,
with a significant decrease from 10°Brix to 3°Brix.

Alcohol content
Ethanol production during the kombucha tea fermentation process was investigated using a Gas chromatography
technique. The retention time for ethanol was observed to be 1.4 min, as shown in Fig. 7.

The chromatograms and corresponding ethanol levels are shown in Fig. 8 and summarized in supplementary
Table S2. The ethanol concentration at day 15 was found to be higher than on the initial day, with significantly
higher levels in kombucha tea prepared from white tea and black tea. The highest ethanol concentration was
observed on day 12 of the fermentation, with values of 5.737, 2.381, and 3.396 (g/L) from white, green, and black
tea kombucha, respectively. White tea kombucha revealed a statistically significant the highest concentration
of ethanol concentration. On day 15, the ethanol levels were 4.575, 2.293, and 3.232 (g/L) for white, green, and
black tea kombucha, respectively.

Determination of total phenolics content
The total phenolics content in different types of white, green and black tea kombucha was evaluated using
the Folin-Ciocalteu assay, with gallic acid as the standard, after 15 days of fermentation. Moreover, the total

@ White tea kombucha % Greentea kombucha -4 Black tea kombucha

0 3 6 9 12 15

Fermentation time (days)

Fig. 6. The alteration of total soluble solid in kombucha tea fermentation process.
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Fig. 8. The alteration of ethanol is presented during kombucha tea fermentation process using the Gas
chromatography (GC) system. " Indicates significant difference (p <0.05) comparing to the ethanolic
concentration of the initial day (day 0).

Scientific Reports|  (2025) 15:19187 | https://doi.org/10.1038/s41598-025-03545-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

phenolics content of unfermented tea was evaluated for comparison. The results were illustrated in Fig. 9A
and summarized in supplementary Table S3. The total phenolic content of white and green tea kombucha was
significantly higher than that in unfermented tea. Among the kombucha tea types, green tea kombucha exhibited
the highest phenolics content, with a value of 1.182+0.04 mg GAE/ mL kombucha tea, followed by white tea
(0.834+0.04 mg GAE/ mL kombucha tea) and black tea (0.339+0.02 mg GAE/ mL kombucha tea).

Determination of total flavonoids content

The total flavonoids content in different types of kombucha tea was evaluated using the aluminum chloride
colourimetric assay, with quercetin as the standard, after 15 days of fermentation. Moreover, the total flavonoids
content of unfermented tea was assessed for comparison. The results were illustrated in Fig. 9B and summarized
in supplementary Table S3. The total flavonoids content of all types of kombucha tea revealed a slight decrease
compared to the corresponding unfermented tea. Among the kombucha tea types, black tea kombucha exhibited
the highest flavonoids content, with a value of 0.039+0.003 mg QE/ mL kombucha tea, followed by green tea
(0.034+0.004 mg QE/ mL kombucha tea) and white tea (0.022+0.005 mg QE/ mL kombucha tea).

Antioxidant activity

DPPH radical scavenging activity assay

The in vitro assessment of free radical scavenging activity was performed using 2,2’- diphenyl-1-picrylhydrazyl
(DPPH) assay, and the 50% inhibitory concentration (IC,;) values were calculated. The antioxidant activity was
reported as milligrams of Gallic acid equivalent per millilitre of kombucha tea (mg GAE/mL kombucha tea). The
free radical scavenging activity of unfermented tea was also evaluated for comparison. The results of antioxidant
activity were illustrated in Fig. 10A and summarized in supplementary Table S4. Kombucha tea prepared from
white tea and green tea exhibited significantly higher antioxidant activity than unfermented tea. Conversely,
the antioxidant activity of black tea kombucha did not differ significantly from unfermented black tea. The
ICso values were 4.205+0.357% (v/v) for white tea kombucha, 4.630+0.511% (v/v) for green tea kombucha,
and 22.891+1.801% (v/v) for black tea kombucha. White and green tea kombucha demonstrated significantly
higher DPPH scavenging activity, with values of 1.059+0.087 and 0.965+0.112 mg GAE/mL kombucha tea,
respectively, compared to black tea kombucha (0.194+0.015 mg GAE/mL kombucha tea).

ABTS radical scavenging activity assay

The free radical scavenging activity of kombucha tea was determined using 2,2’-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) radical cation-based assay, and the 50% inhibitory concentration (IC) values were
calculated. The antioxidant activity was reported as milligrams of Trolox equivalent per gram of millilitre of
kombucha tea (mg TE/mL kombucha tea) as revealed in Fig. 10B and Table S4. The highest ABTS scavenging
activity was obtained from kombucha tea prepared from green tea, which exhibited significantly higher antioxidant
activity than unfermented green tea, with an ICs, value of 4.044£0.246% (v/v). Conversely, kombucha tea
prepared from white tea and black tea did not show significant differences compared to their unfermented tea,
with ICs values of 5.385+0.087% and 19.312+0.971% (v/v), respectively. Green tea kombucha demonstrated
significantly higher ABTS scavenging activity, with a value of 4.878 +0.30 mg TE/mL kombucha tea, followed by
white tea (3.655+0.06 mg TE/mL kombucha tea) and black tea (1.021+0.05 mg TE/mL kombucha tea).
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Fig. 9. Total phenolics content (A) and total flavonoids content (B) of kombucha tea at 15 days of fermentation
period and unfermented tea by Folin-Ciocalteu assay and aluminum chloride colourimetric assay, respectively.
* Indicates significant difference between different type of kombucha (p <0.05) and * Indicates significant
difference compared to unfermented tea (p <0.05).
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Fig. 10. Antioxidant activity of kombucha tea prepared from white tea, green tea, and black tea comparing to
unfermented tea using DPPH assay (A), ABTS assay (B), and FRAP assay (C). " Indicates significant difference
(p<0.05) when compared to unfermented tea.

FRAP (ferric reducing antioxidant power) assay

The antioxidant activity of the fermented tea was evaluated using the FRAP assay, which is based on the reduction
of the Fe**-TPTZ (2,4,6-tripyridyl-s-triazine) complex (FRAP reagent) to the ferrous (Fe**) form. The results
were reported as milligrams of Trolox equivalent per millilitre of kombucha tea (mg TE/mL kombucha tea).
Moreover, the free radical scavenging activity of unfermented tea was evaluated for comparison. The result show
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that all type of kombucha tea revealed dramatically higher antioxidant activity compared to unfermented tea.
Among the samples, kombucha tea prepared from green tea demonstrated the highest antioxidant activity, with
values of 8.216 +0.20 mg TE/mL, followed by white tea (7.839+0.11 mg TE/mL) and black tea (4.379+0.15 mg
TE/mL), as shown in Fig. 10C and Table S4.

Antibacterial activity

The antibacterial activity of kombucha tea was determined using the broth dilution method and unfermented tea
was also determined for comparison. The results indicated that all kombucha tea varieties exhibited antibacterial
activity against the pathogenic bacteria, including Escherichia coli, E. coli O157:H7, Salmonella Typhi, Shigella
dysenteriae, and Vibrio cholerae (Table 2). However, unfermented tea showed very low antibacterial activity
(Table 2). Among the kombucha samples, white tea kombucha (WK) displayed the strongest antibacterial
activity, with the lowest MIC values of 6.25% v/v and MBC values of 25% v/v against Escherichia coli and E. coli
0157:H7. It also showed moderate inhibition against Salmonella Typhi, Shigella dysenteriae, and Vibrio cholerae
with MIC values of 12.5% v/v and MBC values of 50% v/v. Green tea kombucha (GK) demonstrated strong
inhibition against Shigella dysenteriae with MIC values of 6.25% v/v and MBC values of 25% v/v but exhibited
slightly higher MIC values of 12.5% v/v and MBC values of 50% v/v for the other bacteria. Black tea kombucha
(BK) showed a consistent MIC value of 12.5% v/v and MBC values of 50% v/v across all tested bacterial strains,
indicating moderate antibacterial activity.

Cell viability assay

The effect of kombucha tea on cell viability was measured using the MTT assay. Cell viability was assessed after
incubation with different types of kombucha tea at concentrations of 0.63%, 1.25%, 2.5%, 5%, and 10% (v/v).
The results indicated that RAW264.7 Cell viability remained above 80% when treated with kombucha tea at a
concentration of 10% (v/v) (Fig. 11). Based on these findings, all kombucha tea were tested at a concentration of
10% (v/v) in subsequent experiments.

Anti-inflammatory activity

The inhibition of nitric oxide production by kombucha tea was assessed in LPS-stimulated RAW264.7 cells using
Griess assay. Murine macrophage RAW264.7 cells were treated with kombucha tea at a concentration of cell
cytotoxicity above 80% (CCy,). The results demonstrated that kombucha tea reduced nitric oxide production
in a dose-dependent manner (Fig. 12). Green tea kombucha exhibited the highest inhibition at 81.72+1.57%,
followed by white tea kombucha at 68.60 +1.92%, and black tea kombucha at 46.80+2.77%.

Correlation between organic acids, antioxidant, antioxidative, and phytochemical content
The correlation matrix provided insights into the relationships between organic acids, antioxidant activity
(DPPH, ABTS, and FRAP assays), phenolics and flavonoids content (Fig. 13). Strong positive correlations were
observed between acetic acid and the antioxidant assays, suggesting its significant contribution to antioxidant
capacity. Similarly, NO inhibition showed a strong positive correlation with acetic acid, ABTS assay, and FRAP
assay, reinforcing the link between antioxidant potential and NO inhibition. D-saccharic acid 1,4-lactone also
exhibited a strong positive correlation with ABTS, FRAP, and NO inhibition highlighting its potential role in
antioxidant mechanisms. Additionally, citric acid content demonstrated positive correlation with antioxidant
activity, while the glucuronic acid content showed positive correlation with both DPPH and FRAP assays.

Conversely, several strong negative correlations indicated inverse relationships in metabolic processes.
Glucuronic acid was negatively correlated with gluconic acid and ascorbic acid suggesting that these compounds
may be produced through opposing pathways. D-saccharic acid 1,4-lactone was negatively correlated with acetic
acid and citric acid. Interestingly, flavonoids content exhibited a negative correlation with DPPH, ABTS, and
FRAP assays, while phenolics content showed strong positive correlations with these assays.

Discussion
Kombucha tea is fermented beverage prepared using a symbiosis starter culture of acetic acid bacteria and yeast
cells. The alteration of microbial community and chemical properties during kombucha tea fermentation process

MIC/MBC value (%v/v)

Treatment! Escherichia coli | E. coli O157:H7 | Sal lla Typhi | Shigella dysenteriae | Vibrio cholerae

WK | 6.25/25 6.25/6.25 12.5/50 12.5/50 12.5/50
Fermented tea GK | 12.5/50 12.5/50 12.5/50 6.25/25 12.5/50

BK | 12.5/50 12.5/50 12.5/50 12.5/50 12.5/50

WK | 50/>50 50/>50 25/>50 12.5/>50 25/>50
Unfermented tea | GK | 50/>50 50/>50 25/>50 12.5/>50 25/>50

BK | 50/>50 50/>50 25/>50 12.5/>50 25/>50

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
Kombucha tea on enteric pathogenic bacteria. ! Treatment abbreviations are indicated as follows: kombucha
tea prepared from white tea (WK), kombucha tea prepared from green tea (GK), and kombucha tea prepared
from black tea (BK).

Scientific Reports |

(2025) 15:19187

| https://doi.org/10.1038/s41598-025-035452 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

160+

140+

120+

—_

o

o
1

==}
o
1

Cell viability (%)

60

40

20

g
g

O] White tea kombucha [ Green tea kombucha [E Black tea kombucha

106.47

101.57 40127 9677 9975 999

140

120

100

Nitric oxide inhibition (%)

AMlnmnmosas©

ctrl 0.63 1.25 25 5 10
concentration of kombucha (%v/v)
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Fig. 12. Inhibition of NO production by kombucha tea on LPS-stimulated RAW264.7 after 24 h of incubation.
* indicates significant difference (p <0.05).

were demonstrated in this study as well as their antioxidant, antibacterial, and anti-inflammatory activities.
During the fermentation process, cellulose production by the acetic acid bacteria, particularly Acetobacter
xylinum, was observed from day 3 to day 15 of fermentation?*. The production of cellulose is crucial during the
fermentation process as it facilitates the attachment of bacteria and yeast, which contributes to the medicinal
effects of beverage, including anti-inflammatory, antibacterial, and antioxidant activities®*. In this study, the
kombucha tea fermentation process was performed for 15 days due to the level of acidity, and the presence
of major components of tea fungus metabolites still being detected as well as their antioxidant capacity?®. The
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Fig. 13. Heat map illustrates the Pearson’s correlation between organic acids, antioxidant activity (DPPH,
ABTS, and FRAP assays), antioxidative activity, and phenolics and flavonoids content.

prolonged fermentation time can lead to excessive production of organic acids and lead to harmful effects if
consumed directly!%2¢,

The bacterial community in kombucha tea is predominantly composed of acetic acid bacteria (AAB), with
the most prevalent genera such as Acetobacter, Komagataeibacter, and Gluconacetobacter”’. These bacteria
are crucial in producing acetic acid, which imparts the characteristic vinegar-like taste to kombucha tea.
The yeast population in kombucha tea is also diverse, with commonly detected genera such as Brettanomyces,
Saccharomyces, Zygosaccharomyces, and Pichia®. Interestingly, Gluconacetobacter was found to be more abundant
in black tea kombucha, whereas Acetobacter was more dominant in green tea kombucha. Additionally, Pichia
was more abundant in black tea kombucha, while Saccharomyces was more prevalent in green tea kombucha®.
During fermentation, the invertase enzyme from yeast hydrolyses disaccharides into monosaccharide and
ethanol®!. Glucose is metabolised into gluconic acid, while ethanol is converted into acetic acid, which is major
organic acids present in kombucha tea'®. The number of bacterial and yeast cells increases significantly when
the fermentation period is extended. However, the types of tea, including white tea, green tea, and black tea,
did not significantly affect the total bacterial and yeast cells. Among the three types of kombucha tea, white tea
kombucha had the highest total count of bacteria and yeast, which might be attributed to its preparation steps.
White tea is made from fresh buds and young leaves of Camellia sinensis with minimal oxidation. Additionally,
white tea typically has the lowest caffeine content when compared to green tea and black tea. The diversity of
microorganism found in white tea is also higher than in the other types of tea®.

The pH of all kombucha tea types significantly decreased due to organic acids production through bacterial
metabolism. Green tea kombucha exhibited the lowest pH, which was significantly different from black tea, while
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white tea kombucha did not show a significant difference from green tea. This indicates that tea type alone does
not fully determine pH changes. On the other hand, titratable acidity, mainly from acetic acid, was the highest
in white tea, followed by green and black tea. Microorganisms metabolised sucrose to produce organic acids,
resulting in a reduction of total soluble solids. Variations in titratable acidity were associated with the microbial
populations, with the most abundant acetic acid bacteria and yeast in white tea kombucha. The higher organic
acids content, particularly acetic and gluconic acids, contributed to the lower pH and influenced microbial
growth, highlighting the direct relationship between microbial activity and organic acids production®.

HPLC analysis of kombucha tea fermentation revealed variations in organic acids, including glucuronic
acid, gluconic acid, D-saccharic acid 1,4-lactone (DSL), acetic acid, ascorbic acid, lactic acid, citric acid, and
succinic acid, which were separated and based on their hydrophobicity, size, and polarity**. The organic acids
were eluted from C18 column in this order; glucuronic acid, gluconic acid, DSL, ascorbic acid, lactic acid, acetic
acid, citric acid, and succinic acid. Furthermore, acetic acid was commonly found at higher levels in vinegar
but glucuronic acid was present in limited amounts®®. Moreover, glucuronic acid was found very low level in
water kefir*®. Predominantly, gluconic acid, succinic acid, and acetic acid were detected in kombucha tea. White
tea kombucha exhibited the highest levels of glucuronic and acetic acids, while black tea kombucha contained
the highest concentration of DSL. Acetic acid has been shown to reduce hyperglycaemia in mice by AMPK
activation®”. Glucuronic acid is known for its detoxifying®® and vitamin C biosynthesis®. It binds to toxins in
the liver, facilitating their excretion from the body. This process may aid in detoxification and support liver
health. While, DSL offers potential health benefits, including antioxidant and anti-inflammatory properties
and improved glucose tolerance. DSL has been found to enhance glucose tolerance in animals, indicating its
potential benefits for people with diabetes or risk of developing diabetes*’.

Although kombucha tea is generally considered non-alcoholic, trace amount of alcohol is produced during
fermentation through yeast metabolism. Gas chromatography with a flame ionization detector revealed that
white tea kombucha had the highest alcohol content, which correlated with higher yeast and acetic acid bacteria.
However, by day 15, the alcohol level slightly decreased from day 12, which was likely due to acetic acid bacteria
converting ethanol into acetic acid*!. While excessive alcohol consumption poses health risks, but moderate
intake has been associated with potential benefits, such as reduced cardiovascular disease risk, improved
cognitive function, and lower diabetes and cancer risks*>3.

The total phenolic content of different types of kombucha tea was assessed using the Folin-Ciocalteu assay,
revealing significantly higher levels in white and green tea kombucha when compared to unfermented tea. Green
tea kombucha had the highest phenolics content, followed by white and black tea. This is likely due to the
naturally higher phenolic compounds in green tea leaves, such as catechins and flavonols. While fermentation
can enhance phenolic content through microbial metabolism, the initial concentration in tea plays a crucial
role. The higher phenolic content in green tea kombucha aligned with previous studies that reported higher
levels of phenolic content in green tea compared to white and black tea***>. Green tea contained higher amounts
of catechins, flavonols, and phenolics acids, which attributed to its minimal oxidation during processing46‘48.
Phenolic compounds exhibit antioxidant and anti-inflammatory properties and potentially prevent various
diseases by modulating gene expression in inflammatory pathways*>*°. Additionally, glucuronic and acetic
acid regulate blood sugar levels and enhance insulin sensitivity. Acetic acid can improve endothelial and
mitochondrial function. While the high phenolic content in kombucha tea may offer health benefits, further
research is needed to assess its bioavailability and therapeutic effectiveness.

The total flavonoid content of kombucha tea was decreased after fermentation due to flavonoids
transformation. Despite this reduction, flavonoid-rich kombucha tea continues to offer health benefits. Among
the different kombucha tea types, black tea kombucha contained the highest flavonoids levels, followed by green
and white tea kombucha. Flavonoids are known for their antioxidant, anti-inflammatory, neuroprotective, and
anti-cancer properties. Their intake has been linked to a lower risk of chronic diseases such as cardiovascular
disease, diabetes, and cancer® >,

Antioxidant activity was evaluated using DPPH, ABTS, and FRAP assays. White and green tea kombucha
exhibited significantly higher DPPH scavenging activity than unfermented tea, whereas black tea kombucha
showed no significant difference. This may be attributed to the lower phenolic content in black tea, which limits
the effective of fermentation in enhancing its antioxidant activity. Green tea kombucha had the highest ABTS
scavenging activity, significantly differing from unfermented tea, while no significant differences were observed
in white and black tea kombucha. The FRAP assay indicated that all kombucha tea types had significantly higher
ferric reducing activity than unfermented tea. Green tea kombucha showed the highest activity followed by
white and black tea. These results suggest that fermentation enhances antioxidant activity. Moreover, the type
of tea playing a key role and differences in processing methods affect the bioactive compound content in white
tea, green tea, and black tea.

The antibacterial activity of kombucha tea was assessed using the broth dilution method. Enteric bacterial
infections, including gastroenteritis and diarrhoea, have become more prevalent due to changing dietary habits,
particularly in developing countries®. Common diarrhoeal pathogens such as Escherichia coli, E. coli 0157:H7,
Salmonella Typhi, Shigella dysenteriae, and Vibrio cholerae, pose significant health risks. However, the increasing
prevalence of multi-drug-resistant strains has made treatment more costly and less effective®®. Underscoring the
urgent need to explore natural products, including traditional foods and medicines, as alternative antimicrobial
agents to combat drug-resistant bacteria is required®. Interestingly, various natural substances, such as tea
extracts, Zingiber officinale, and Euphorbia hirta, have been reported to exhibit antimicrobial activity against
enteric pathogens®®*’. Black and green tea kombucha demonstrated antibacterial effects against E. coli, V.
cholerae, and Staphylococcus aureus®®!. Despite kombucha tea’s widespread consumption as a functional
beverage for its potential health benefits, scientific evidence on kombucha tea prepared from white and green
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tea remains a few. This study evaluates the antibacterial activity of white, green, and black tea kombucha after 15
days of fermentation.

Antimicrobial activity of kombucha tea is attributed to its bioactive components, including organic acids
(acetic, gluconic, and glucuronic acids), bacteriocins, proteins, enzymes, and tea polyphenolslo’(’z. Acetic acid
is predominantly responsible for distinctive sour taste of kombucha tea and possesses antimicrobial properties,
which can inhibit the growth of harmful bacteria such as Pseudomonas aeruginosa®. Moreover, succinic acid
showed antibacterial activity on Salmonella®*.

Our findings revealed that fermentation process enhanced antibacterial activity. White teakombucha exhibited
the strongest antibacterial activity, with the lowest minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) against E. coli O157:H7, a pathogen responsible for acute haemorrhagic
diarrhoea. The MIC and MBC values of white tea kombucha were twice and three times lowerthan those of
green and black tea kombucha, respectively. This enhanced antibacterial activity is correlated with the higher
levels of organic acids, particularly glucuronic and acetic acid, found in white tea kombucha, as determined by
HPLC analysis.

The toxicity of kombucha tea was assessed on murine macrophage RAW264.7 cells using the MTT assay. At
a 10% concentration, cell viability remained above 80% for all types tested. Non-cytotoxic concentrations were
then used to evaluate nitric oxide (NO) production via the Griess assay. NO plays a crucial role in immune
defence, inflammation, and neurotransmission; however, excessive production can induce inflammation®>-°,
When kombucha tea was co-incubated with LPS, NO release was inhibited in a dose-dependent manner, with
the strongest suppression that observed in green tea kombucha, followed by white and black tea kombucha.
The higher inhibitory effect of green tea kombucha is likely due to its elevated catechin, epicatechin, and EGCG
content. These compounds are known for their potent anti-inflammatory properties and antioxidant activity®”:.
These findings suggest that these substances may downregulate both iNOS gene expression and protein levels.
In the future, further studies, such as immunoblotting analysis, are needed to confirm the precise molecular
mechanisms underlying this effect.

The correlation between organic acids, antioxidants, and phytochemical content was analysed using
the Pearson correlation coefficient. The matrix reveals that acetic acid and D-saccharic acid 1,4-lactone are
key contributors to antioxidant activity and NO inhibition of kombucha tea, as they strongly correlate with
antioxidant assays (DPPH, ABTS, FRAP) and NO inhibition. Conversely, negative correlations suggest opposing
metabolic pathways, with glucuronic acid inversely related to gluconic and ascorbic acids, and D-saccharic acid
1,4-lactone negatively correlated with acetic and citric acids. While phenolics content positively correlates with
antioxidant activity, flavonoids content shows a negative correlation, suggesting a limited role. These findings
highlight potential bioactive compounds that are responsible for the antioxidant and anti-inflammatory effects
of kombucha tea.

Kombucha tea is widely recognized as a probiotic beverage with potential health benefits, such as promoting
gut health, boosting the immune system, and exhibiting antioxidant and anti-inflammatory properties®®”’.
However, it is also important to consider the potential risks associated with its consumption®. One key concern
is contamination by harmful microorganisms’!, particularly if proper hygiene and brewing techniques are not
followed. Additionally, over-fermentation can lead to an increase of alcohol content, which may be undesirable”?.
High acidity of kombucha tea can also be harmful to the digestive system. It can cause irritation in individual with
sensitive stomach?®. However, when kombucha tea is prepared and consumed properly, these risks are relatively
low compared to the potential health benefits. Maintaining strict hygiene practices, ensuring an appropriate
fermentation period, and storing kombucha tea under suitable conditions can effectively minimize these risks”>.
Nevertheless, further research is needed to fully understand its long-term health effects and any potential risks
associated with excessive consumption.

Conclusion

This study provided insights into the microbial and biochemical changes that occurred during the fermentation
of different types of kombucha tea including white tea, green tea, and black tea. The results suggested that
the choice of tea leaves (Camellia sinensis) significantly influenced the organic acids composition, while the
fermentation process enhanced the total phenolic content and antioxidant activity of the beverage. Additionally,
kombucha tea exhibited the potential antibacterial and anti-inflammatory activities. However, further research
is needed to fully elucidate the health effects and potential benefits of kombucha tea.

Data availability

The data presented in this study are available on request from the corresponding author.
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