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Abstract: Red ginger, a plant widely available in Indonesia, is known for its rich content of bioactive
compounds, including flavonoids and phenolics, which are known for their strong antioxidant
properties. This study explored the fermentation of red ginger extract with kombucha inoculum
(SCOBY), aiming to evaluate its potential as a health-enhancing herb with antioxidant and
antidiabetic properties by neutralizing free radicals and inhibiting a-glucosidase activity. This study
included laboratory-scale (100 mL) and large-scale (10 L) fermentation using 10% red ginger
concentration and 15% red ginger kombucha SCOBY for fermentation periods of 0, 7, and 14 days at
room temperature. The analysis included sugar content (glucose, fructose, maltose), organic acids
(acetic acid, lactic acid, gluconic acid), pH, total titrated acids, total polyphenols (Folin-Ciocalteu),
and total flavonoids (AlCls). Fermented red ginger kombucha showed high levels of acetic, lactic, and
gluconic acids, along with minor components such as phenolic acids, vitamins, and enzymes,
indicating its potential health benefits as a natural antioxidant. Red ginger kombucha showed
significant antioxidant and antidiabetic activity, indicating its potential in managing conditions such
as prediabetes and type 2 diabetes. The results of the fermented ginger study showed potential as a
health drink with antioxidant and antidiabetic properties, through its ability to reduce free radicals
and inhibit the activity of the enzyme a-glucosidase.

Keywords: free radical inhibitory activity; a-glucosidase inhibitory activity; SCOBY; red ginger

1. Introduction

Indonesia is located in the equatorial zone and is rich in diverse plants with health benefits [1].
Among these is red ginger (Zingiber officinale Linn. var. rubrum), a traditional remedy with bioactive
compounds such as zingiberin, camphor, shogaol, and gingerol, known for their role in disease
prevention and treatment [2,3]. These compounds exhibit anti-inflammatory, antioxidant, and
antidiabetic properties, highlighting ginger's pharmaceutical potential, particularly in managing
degenerative diseases like diabetes mellitus [4-6].

Hyperglycemia, a driver of diabetes, generates free radicals leading to oxidative stress,
emphasizing the need for compounds that lower blood sugar and mitigate free radicals [5-8]. This
has spurred research into medicinal compounds from natural sources, including plants and
microorganisms [9]. Kombucha is valued for its antioxidant, hypoglycemic, and antibacterial
activities [10,11]. Kombucha is produced by fermenting tea with a SCOBY (Symbiotic Culture of
Bacteria and Yeast), yielding a beverage rich in organic acids, vitamins, and bioactive compounds
[12-14].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Innovations in kombucha production have explored alternative substrates rich in flavonoids and
polyphenols, including fruits, vegetables, and herbs [15]. However, the potential of ginger rhizomes
as a kombucha substrate remains underexplored [16]. Given Indonesia's abundance of rhizome-based
herbs, investigating red ginger kombucha could enrich the range of functional beverages available.

Kombucha fermentation produces organic acids such as acetic, glucuronic, and citric acids,
alongside compounds like ethyl gluconate, saccharate, and soluble vitamins B1, B6, B12, and C,
contributing to its health benefits [14,17-19]. While laboratory-scale fermentation provides insights
into chemical composition, scaling up fermentation volume can impact the bioactivity and
composition of the final product [20].

This study investigates the effects of scaling up red ginger kombucha fermentation from 100 mL
to 10 L on its chemical composition and bioactivity. This study focuses on antioxidant activity (DPPH
free radical inhibition) and antidiabetic properties (a-glucosidase inhibition), providing insights into
the scalability of the fermentation process and its impact on the functional properties of the final
product.

2. Materials and Methods

2.1. Materials and Equipment

The materials employed in this study included red ginger (Zingiber officinale Linn. var. rubrum)
(Figure 1) sourced from the Research Institute for Medicinal and Aromatic Plants (Balitro, Bogor,
Indonesia), sucrose, and SCOBY (symbiotic culture of bacteria and yeast). Additionally, various
chemicals were utilized, including PDA from Difco, sodium carbonate (Na2CO:s), ethanol, Folin-
Ciocalteau reagent, HCl, KH2POs, potassium ferricyanide, trichloroacetic acid (TCA) (E-Merck), and
2,2-diphenyl-1-picrylhydrazyl (DPPH) from Sigma. The chemical solutions involved NaxCOs,
NaH2PO0:.H20, Na2HPO1.2H20, and Folin-Ciocalteu.

Figure 1. Red ginger. Source: Personal documentation.

This study necessitated the use of specialized equipment, including a laminar flow system, a
water bath (Memmert, Germany), an incubator, a UV-Vis Spectrophotometer (Model RF-550,
Shimadzu, Japan), and an HPLC Waters 2998. A pH meter (Eutech Instruments pH 700, Singapore)
was used to measure pH. Various glassware such as beakers, Erlenmeyer flasks, reaction tubes,
spatulas, burettes, retort stands, clamps, pipettes, and other glass instruments were also utilized
throughout the experiment.

2.2. Optimization of Red Ginger Extraction and Development of Kombucha Ginger Inoculants

The red ginger undergoes a cleaning process to remove its skin before being blended. The
blended mixture is dissolved in a ratio of 1 part ginger to 8 parts sterile water and boiled for 15
minutes, resulting in a red ginger suspension. Subsequently, the suspension was filtered through an
80-mesh sieve to obtain the red ginger filtrate. The filtrate is then combined with sucrose (10% w/v of
red ginger filtrate), 20% SCOBY kombucha culture, and left to ferment for 21 days in a closed
container in a dark room. The resulting product is the red ginger kombucha inoculum, which is for
further fermentation processes [16].
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2.3. Fermentation of Red Ginger Kombucha

The red ginger filtrate, following a procedure similar to that used in creating the red ginger
kombucha inoculum, served as a substrate for the fermentation process. This filtrate was combined
with a 20% inoculum (v/v red ginger filtrate) and supplemented with sucrose (10% w/v red ginger
filtrate). The mixture was placed in an aerated container covered with cloth, stored in a dark room at
room temperature, and fermented for 0, 7, and 14 days. All procedures were conducted under aseptic
conditions. Post-fermentation, the accumulated biomass yielded red ginger kombucha product [16].

2.4. Analysis of Sugar and Organic Acid Contents by HPLC

The sugar content (glucose, fructose, and maltose) and acid composition (acetic acid, lactic acid,
and gluconic acid) of red ginger kombucha obtained from both the 100 mL and 10 L fermentation
processes were assessed using the HPLC method [20]. For analysis, ten microliters of the prepared
sample or standard solution was injected into a Varian 5000 series liquid chromatograph fitted with
a UV 100 spectrophotometric detector (Walnut Creek, CA). An Aminex HPX87-H+ organic acid
column (300 mm x 7.8 mm i.d.) with a guard column cartridge (BioRad Laboratories, Richmond, CA)
was employed.

When operated at 65°C, the column was eluted with dilute sulfuric acid at a flow rate of 0.8
mL/min. Eluting compounds were detected via UV absorbance at 210 nm, and peak heights were
measured using a SpectraPhysics 4270 integrator (Darmstadt, West Germany) [21]. All sample
treatments underwent a duplicate analysis for comprehensive evaluation.

2.5. Determination of pH and Total Acidity

The pH analysis used a pH meter (Eutech Instruments pH 700, Singapore) to measure the acidity
levels. The total acid content was determined by titrating the sample with a 0.1 M NaOH solution
using phenolphthalein as an indicator. The outcomes were quantified and expressed as a percentage
equivalent to that of acetic acid [22]. The same pH meter (Eutech Instruments pH 700, Singapore) was
used for conducting the pH analysis.

2.6. Analysis of Total Polyphenol Content

The polyphenol content in the red ginger kombucha sample was determined using the Folin-
Ciocalteu method [23,24]. Initially, 0.1 mL of the sample solution was dispensed into a test tube,
followed by the addition of 0.7 mL of distilled water, 0.5 mL of Folin-Denis reagent, 1 mL of sodium
carbonate (Na2CO:s) solution, and 1.4 mL of distilled water. The contents were thoroughly mixed
using a vortex mixer and then incubated at 30°C for 1 h. Subsequently, the absorbance was measured
at a wavelength of 760 nm using a UV-Vis spectrophotometer.

2.7. Analysis of Total Flavonoid Content

The assessment of total flavonoids in red ginger kombucha was conducted using the aluminum
chloride colorimetric method [25]. Initially, the test solution was prepared by combining 0.5 mL of
the sample solution with 1.5 mL of methanol, followed by the addition of 0.1 mL of 10% aluminum
chloride (AICIs), 0.1 mL of 1 M potassium acetate, and 2.8 mL of distilled water. After thorough vortex
mixing for homogenization, the solution was incubated for 30 minutes at 25°C. Subsequently, the
absorbance was measured at a wavelength of 760 nm using a UV-Vis spectrophotometer. Quercetin
was used as the standard test compound for determining the total flavonoid content.

2.8. Measurement of DPPH Free Radical Scavenging Activity

The assessment of the extract's antioxidant activity against DPPH free radicals was assessed
following the methodology described by Sukweenadhi et al. [26]. Initially, an extract solution ranging
from 10 to 200 pug in 4 mL of methanol was combined with a solution containing 1 mL of DPPH (1
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mM in methanol). The resulting mixture was thoroughly shaken and left at room temperature for 30
min. Subsequently, the absorbance was measured at 515 nm.

The percentage of sample inhibition was calculated based on the variance in the absorption
levels between the blanks and samples. Free radical activity was quantified inhibition was quantified
using the following equation to assess the extent of inhibition:

% Inhibition = ((C—S)/C)  x 100 1)

C =blank absorbance (methanol)
S = sample absorbance

2.9. a-Glucosidase Inhibition Assay

The assessment of a-glucosidase enzyme inhibition activity was assessed following the
methodology out-lined by Kim et al. [27], with slight modifications. The reaction mixture comprised
250 uL of 5 mM p-nitrophenyl a-D-glucopyranoside (PNPG) and 495 uL of 100 mM phosphate buffer
(pH 7.0). To this mixture, 5 uL of the sample dissolved in DMSO at various concentrations (ranging
from 5 to 50 pg/mL) was added in a flask.

The reaction mixture was pre-incubated for 5 min at 37°C. Subsequently, the reaction was
initiated by introducing 250 pL of a-Glucosidase (0.065 unit/mL) (EC 3.2.1.20 from Wako Pure
Chemical Industry). The incubation continued for 15 min, following which the re-action was halted
by adding 1 mL of 0.1 M Na2COs. The activity of a-glucosidase was quantified by measuring the
release of p-nitrophenol at 400 nm.

To account for background absorbance, individual blanks for test samples were prepared where
the enzyme was substituted with 250 uL of phosphate buffer. The inhibition activity was determined
using the following equation:

% Inhibition = (C - S) x 100 2
C
C =Dblank absorbance (DMSO) (differences between absorbance with and without enzymes)
S = sample absorbance (differences between absorbance with and without enzymes).

2.10. Statistical Analysis

Analysis of variance (ANOVA) was performed using XLSTAT version 2023.1.2.1406 (Addinsoft,
New York, NY, USA), an add-on for Microsoft Excel. A confidence level of 95% was used for all
analyses unless otherwise stated.

3. Result and Discussions

3.1. Analysis of Initial Red Ginger Extract Before Fermentation

The analysis of the initial red ginger extract before fermentation yielded a pH of 7.38 + 2.32, total
polyphenol content of 35.35 + 0.0354 ppm, and total flavonoid content of 13.55 + 0.0141 ppm.
Antioxidant activity was measured at 49.41 + 0.0354% inhibition, while a-glucosidase inhibitory
activity was found to be inactive.

The GC-MS chromatogram profile (Figure 2) of the unfermented red ginger n-hexane extract
shows six distinctive peaks corresponding to phenolic compounds, with similarity values to library
data ranging from 95% to 99%. These peaks represent characteristic ginger compounds, including
two major compounds—butan-2-one, 4-(3-hydroxy-2-methoxyphenyl) and (6)-shogaol—and three
minor compounds: (6)-isoshogaol, 6-paradol, and (4)-gingerdiol 3,5-diacetate (Table 1), which have
been proven to have the ability to act as antioxidants [5,7,27-29].

d0i:10.20944/preprints202502.0722.v1
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Figure 2. GC Chromatogram of the n-hexane fraction of red ginger.
Table 1. GC-MS Analysis of the n-Hexane Fraction of Red Ginger.
R i A
etf:ntlon rea under Molecular Similarity
Peaks time the peak Formula . compound name o
. weight (%)
(minute) (%)
1 16.716 46.21 CiHuOs 1o4 ~ Butan-2-one, &-(3-hydroxy-2- 98
methoxyphenyl)
2 22.443 1.01 Ci7H2403 276 (6)-Isoshogaol 97
3 22.524 1.65 Ci7H260s 278 6-Paradol 96
4 23.081 18.62 C17H240s 276 6-Shogaol 99
5 23.315 1.60 C19H25806 352 (4)-Gingerdiol 3,5-diacetate 95

3.2. Sugars and Organic Acids Content

As shown in Figure 3, the retention times for maltose glucose, and fructose were observed as
7.555, 8.911, and 9.656, respectively. The objective of measuring the sugar content (maltose, glucose,
and fructose) during fermentation is to discern the alterations in sugar utilization by microbes
throughout the fermentation process.

The HPLC analysis of red ginger kombucha revealed consistent trends in maltose, glucose, and
fructose levels during fermentation. A noticeable decline in these sugar components was observed
over time, both in the 100 mL laboratory scale and the 10 L doubling scale (Figure 4). This reduction
in sugar levels reflects their use by microbes during the fermentation process.

1
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Figure 3. HPLC chromatogram of sugar content (glucose, fructose and maltose) red ginger kombucha.
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Figure 4. Effect of process scale and fermentation time on the glucose, fructose, and maltose content of red ginger
kombucha. The means on the process scale, fermentation time, and the interaction of both showed significant
differences (p < 0.05).

Statistical analysis of sugar content (glucose, fructose, and maltose) demonstrated significant
differences (p < 0.05) between the laboratory scale and the scaled-up fermentation process for all types
of sugar. Additionally, the differences in fermentation time (0, 7, and 14 days) and the interaction
between process scale and fermentation time also showed significant effects (p <0.05). These findings
highlight the critical role of fermentation scale and duration in influencing the sugar content of red
ginger kombucha. Thus, the process conditions and fermentation time must be carefully optimized
to achieve the desired sugar content.

Changes in sugar content during fermentation are intricately linked to microbial activity.
Initially, sucrose, the primary carbon source in kombucha, is hydrolyzed into glucose and fructose
by the invertase enzyme produced by yeast. Glucose levels consistently exceeded those of fructose
and maltose throughout the fermentation period. This observation is consistent with prior studies
[14], indicating a preference for fructose as the primary carbon source in yeast.

Figure 4 illustrates the steady decline in glucose, fructose, and maltose levels over the 14-day
fermentation period observed in both the laboratory and scaled-up fermentations. The rapid
consumption of sugars is attributed to their usage in SCOBY culture as a carbon source, providing
energy and essential nutrients for microbial growth. This process also facilitates the conversion of
sugars into diverse organic acids, as previously noted [13].

Furthermore, ethanol is produced via glycolysis, and fructose is preferred as a substrate for this
process [31]. The decrease in sugar levels not only reflects microbial consumption but also
emphasizes their metabolic transformation into various fermentation products, including organic
acids. These findings reinforce the role of microbial dynamics and metabolic pathways in the
fermentation of red ginger kombucha.

Optimal kombucha production is typically achieved through a fermentation period ranging
between 5-14 days [32]. The fermentation process begins with the breakdown of sucrose into glucose
and fructose facilitated by yeast. When disaccharides like sucrose are utilized, the hydrolysis reaction
during fermentation mirrors that of monosaccharides. Consequently, a higher production of glucose
over fructose occurs during this process [13].
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In the initial stages of fermentation, yeast initiate the breakdown of sucrose into glucose and
fructose. Subsequently, the resultant glucose and fructose are metabolized, leading to the production
of ethanol. Acetic acid bacteria further transform this ethanol into acetic acid. Simultaneously, the
hydrolysis process yields gluconic acid and glucuronic acid, which are subsequently converted by
bacteria.

Moreover, acetic acid bacteria use glucose for gluconic acid synthesis and ethanol for the
production of acetic acid [14]. Throughout fermentation, sugar is metabolized into a combination of
acid and alcohol compounds, with the release of carbon dioxide. Yeast and fermentation bacteria
actively secrete amylase and invertase enzymes crucial for sugar hydrolysis. This enzymatic action
significantly reduces the total sugar content during red ginger kombucha production [33].

This observation implies that up to the first 7 days of fermentation, glucose is primarily used for
microbial growth. However, after this period, it is conjectured that glucose is increasingly used for
metabolic processes, contributing to the generation of various other metabolites rather than solely for
growth purposes.

Figure 5 presents the HPLC chromatogram of organic acids (acetic acid, lactic acid, and gluconic
acid) identified in red ginger kombucha, with respective retention times recorded as 14.761, 12.478,
and 17.264 min. The analysis highlights the composition of the organic acids during fermentation.
Notably, acetic acid exhibits the highest concentration compared to lactic acid and gluconic acid.

] 1. Acetic acid
40.00— 2 1 3 2. Lactic acid
% o 3. Gluconic acid
Bagt § F Bz o8
] © N 1 J\ = 2 N
000~ —— ARy ss s M“—/P

T T
5.00 10.00 15.00 20.00 25.00

Figure 5. HPLC chromatogram of organic acid content (acetic acid, lactic acid, and gluconic acid) of red ginger
kombucha.

This observation is consistent with the metabolic activity of acetic acid bacteria, which utilize
glucose to produce gluconic acid while converting ethanol into acetic acid [14]. The prominent acetic
acid content underscores its significant role in kombucha fermentation process and contributes to its
characteristic tangy flavor and antimicrobial properties.

Figure 6 presents the statistical analysis of organic acid levels—acetic acid, lactic acid, and
gluconic acid—during red ginger kombucha fermentation. The analysis revealed significant
differences (p < 0.05) in organic acid levels between the laboratory scale (100 mL) and production
scale (10 L) fermentations for all acid types. Additionally, variations in fermentation time (0 days, 7
days, and 14 days) and the interaction between process scale and fermentation time also
demonstrated significant differences (p <0.01).

These findings underscore the critical influence of both process scale and fermentation duration
on the organic acid composition of red ginger kombucha. The results highlight the need for precise
control of process parameters to achieve desired organic acid levels, which are crucial for the flavor
profile and potential health benefits of the final product.

Figure 6 further illustrates the HPLC analysis of acetic acid, lactic acid, and gluconic acid levels,
emphasizing that these components vary significantly (p <0.01) between laboratory- and production-
scale fermentation. Acetic acid remains the predominant organic acid, followed by lactic acid and
gluconic acid, regardless of the scale, reflecting the metabolic activity of the microbial consortium
during fermentation.
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Figure 6. Effect of process scale and fermentation time on the acetic acid, lactic acid, and gluconic acid contents
of red ginger kombucha. The means on the process scale, fermentation time, and the interaction of both showed

significant differences (p < 0.01).

The augmentation of these organic acids during fermentation stems from the hydrolysis of
glucose, leading to the formation of organic acids [34]. The production of acetic acid specifically arises
from the breakdown of sugars like sucrose, glucose, and fructose within red ginger kombucha,
facilitated by the glycolysis process. Note that an extended fermentation duration is correlated with
greater organic acids formation.

Additionally, the biotransformation of glucose by acetic acid bacteria contributes to the
production of gluconic acid, alongside other organic acids [35]. This intricate microbial activity
during the fermentation process leads to the accumulation of diverse organic acids, which affect the
overall composition of red ginger kombucha.

3.3. pH and Total Acid

Figures 7 and 8 demonstrate a consistent declining pattern in pH and an increasing trend in total
acid content across both the 100 mL laboratory scale and the 10 L production scale fermentations.
This similarity indicates that scaling up by a factor of 100 does not alter the fundamental trends of
decreasing pH and increasing total acid content observed during red ginger kombucha fermentation.

Figure 7 shows the statistical analysis of the data, which showed no significant difference in the
pH of red ginger kombucha between the 100 mL laboratory scale fermentation and the 10 L
production scale. However, significant differences were observed between different fermentation
durations, and the interaction between the two showed significant differences (p < 0.05).

During the fermentation of red ginger kombucha, concurrent elevations in the levels of organic
acids (acetic acid, lactic acid, and gluconic acid) (Figure 4) were observed, coinciding with a decline
in the pH of the medium, as evidenced in Figure 7 [31]. The observed decrease in pH is a consequence
of the accumulation of organic acid compounds generated throughout fermentation. These acids,
primarily due to bacterial metabolism, particularly acetic acid, significantly contribute to the
acidification of the medium [36].

Interestingly, Figures 7 and 8 reveal a similar declining pattern in pH and an increasing trend in
total acid content for both the 100 mL and 10 L scale fermentations. This congruence suggests that
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scaling up the fermentation proves by a factor of 100 does not alter the trends in decreasing pH and
increasing total acid content throughout the fermentation process of red ginger kombucha.

The statistical analysis presented in Figure 8 shows no significant difference in acid content
between the 100 mL laboratory-scale fermentation and the scaled-up 10 L production-scale
fermentation. However, fermentation time and the interaction between fermentation scale and time
exhibited significant differences (p <0.05). These results indicate that although the fermentation scale
does not directly influence total acid content, the duration of fermentation plays a crucial role.

Figure 8 shows the results of the total acid test, which measured the collective acid content in
red ginger kombucha on each scale. The test, conducted via titration and expressed as acetic acid
equivalents, revealed a consistent increase in total acid levels throughout the fermentation period.
This increase reflects the accumulation of organic acids produced during fermentation, emphasizing
the impact of fermentation duration on the overall acid profile of red ginger kombucha.

The findings of this research are consistent with those of a study conducted by Pratiwi et al. [37],
who investigated the physical and chemical properties of kombucha beverages derived from
seaweed Sargassum sp. In that study, similar observations were noted, where acid levels exhibited an
increase from day O to day 16.

6.00
a
>00 i ab af :
4.00 b
I
T 3.00
2.00
1.00
0.00
0 days 7 days 14 days
Fermentation days
M Lab scale 100 mL Scaleup 10 L

Figure 7. pH of red ginger kombucha resulting from fermentation time at both laboratory scale and larger
production scale are presented. Lowercase letters indicate the interaction between scale and fermentation time

(a, b), showing significantly different values at the p <0.05 level.
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Figure 8. Total acids content of red ginger kombucha resulting from fermentation time, both at the laboratory
scale and larger production scale is presented. Lowercase letters indicate the interaction between scale and

fermentation time (a, b), showing significantly different values at the p < 0.05 level.

This increase is attributed to the logarithmic growth phase experienced by the bacteria in
kombucha, which results in elevated acid production.

Both the 100 mL laboratory scale and the 10 L scale samples exhibited a consistent trend of
decreasing pH and increasing total acidity over the course of fermentation, as depicted in Figures 7
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and 8. As the fermentation duration for red ginger kombucha was extended, a corresponding
elevation in total acid was noted. This phenomenon is attributed to the biotransformation of glucose
by acetic acid bacteria, resulting in the generation of gluconic acid and various other organic acids,
collectively measured as total acid [35,37].

The increase in the total acid content of red ginger kombucha was concurrent with a decrease in
the medium pH, as previously observed [31]. Correspondingly, akin to the pattern of sugar
consumption delineated in Figure 4, a marked surge in organic acid content was evident from day 0
to day 7 of fermentation (approximately 3.18 and 1.93 times for the 100 mL and 10 L scales,
respectively), compared to the increase from day 7 to day 14 (approximately 1.17 and 1.24 times for
the 100 mL and 10 L scales, respectively). This observation indicates heightened total acid production
during the logarithmic growth phase of the microbial consortium, indicating the presence of acids
beyond acetic acid, lactic acid, and gluconic acid, as depicted in Figure 6, which exhibit distinct
production patterns.

3.4. Total Polyphenol Content

Figure 9 illustrates the total polyphenol content in red ginger kombucha, showing no significant
difference between the 100 mL laboratory scale and the 10 L production scale. This indicates that
scaling up the content by a factor of 100 does not significantly affect the total polyphenols production
pattern of red ginger kombucha. However, fermentation time and the interaction between scale and
time exhibited significant differences (p < 0.05).
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Figure 9. The total polyphenol content in of red ginger kombucha resulting from fermentation time at both
laboratory and production scale is presented. Lowercase letters indicate the interaction between scale and

fermentation time (a, b), showing significantly different values at the p < 0.05 level.

The polyphenol content increased moderately from day 0 to day 7 of fermentation, with
approximately 1.09- and 1.03-fold increases observed for the 100 mL and 10 L scales, respectively. A
more substantial increase occurred between days 7 and 14, with polyphenol content increasing by
approximately 1.51 and 1.49 times for the 100 mL and 10 L scales, respectively. This trend suggests
that polyphenol production intensifies after the logarithmic growth phase of the microbial
consortium, reflecting the metabolic activities of the fermenting microorganisms during the later
stages of fermentation.

The heightened total phenolic content is influenced by fermentation time because the
metabolism of microorganisms is presumed to enhance phenolic compounds through enzymatic
reactions, thereby influencing the total phenolics in red ginger kombucha products. Enzymes
released by bacteria and yeast in kombucha break down complex polyphenols into simpler
compounds [38]. During fermentation, microorganisms in kombucha, such as Saccharomyces
cerevisiae, decarboxylate cinnamic acid components like ferulic acid (FA) and p-coumaric acid (PCA)
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to produce phenolic compounds, specifically 4-vinyl guaiacol (4-VG) and 4-vinyl phenol (4-VP) [38].
Additionally, yeast produces the enzymes vinyl phenol reductase and ferulic acid reductase,
contributing to phenol formation through decarboxylation processes [39,40]. Cinnamic acid, serving
as a phenolic compound, functions as a natural antioxidant, whereas ferulic acid, a derivative of the
hydroxy cinnamic acid group, possesses active compound properties and acts as an antioxidant [41].
Polyphenols are known for their high antioxidant properties, which inhibit free radicals and reactive
oxygen species [42].

3.5. Total Flavonoid Content

Figure 10 shows the results of statistical analysis, which indicated that there was no significant
difference between fermentation on a 100 mL laboratory scale and a 10 L production scale. In
addition, the interaction between the scale and duration of fermentation on the flavonoid content in
red ginger kombucha was not significant at the p > 0.05 level.

0 days 7 days 14 days

Flavonoids (ppm)
. e N N w
© w o »w & v ©
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Figure 10. The total flavonoid content in red ginger kombucha, as a function of fermentation time, at both
laboratory and production scale, is presented. Lowercase letters indicate the interaction between scale and

fermentation time (a), showing values that are not significant at the p > 0.05 level.

The total flavonoid content of red ginger kombucha is depicted in Figure 10, illustrating a
production pattern on a 10 L scale that closely mirrors the pattern observed on a 100 mL scale. This
similarity indicates that a 100-fold increase in scale does not significantly alter the production pattern
of total flavonoids by the microbial consortium in red ginger kombucha.

In contrast to the total polyphenol production pattern, the rise in total flavonoid content during
the 0-14 day fermentation of red ginger kombucha was relatively modest, ranging from 1.01 to 1.06
times compared with the increase in total polyphenols, which ranged from 1.03 to 1.51 times. This
distinction highlights a relatively smaller escalation of flavonoid content compared to total
polyphenols during the fermentation process.

During the fermentation of kombucha, the primary components generated are acetic acid,
ethanol, and glucuronic acid. The secondary components include lactic acid, phenolic acids, and
vitamins B, C, as well as various enzymes [43]. The observed increase in flavonoid levels throughout
fermentation may be influenced by the activities of lactic acid bacteria. These bacteria actively
produce enzymes during fermentation, facilitating the breakdown of sugars and complex phenolic
compounds. This enzymatic action liberates phenolic compounds from their substrate. Consequently,
this enzymatic breakdown results in the addition of phenol groups, culminating in the formation of
flavonoid compounds [16].
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3.6. Free Radical Inhibitory Activity

The in vitro antioxidant activity of red ginger kombucha, expressed as the percentage of DPPH
inhibition, is presented in Figure 11. The antioxidant activity of the 10 L scale closely resembles that
of the 100 mL scale, with statistical analysis revealing no significant difference between the two. This
indicates that scaling up by a factor of 100 does not affect the antioxidant activity pattern. However,
significant differences (p < 0.05) were observed across fermentation durations, particularly between
0, 7, and 14 days.
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Figure 11. The free radical DPPH inhibition in red ginger kombucha resulting from fermentation time at both
laboratory scales and larger production scales are presented. Lowercase letters indicate the interaction between

scale and fermentation time (a, b), showing significantly different values at the p < 0.05 level.

Interestingly, the trend in antioxidant activity shows a contrary pattern to that of sugar
consumption (Figure 4), yet it is aligned with the increased production of organic acids (Figure 6)
and total polyphenols (Figure 9), albeit with relatively smaller increments. The increase in antioxidant
activity between 0 days to 7 days (1.09 and 1.07 times for the 100 mL scale and 10 L scale) differs from
that between 7 days to 14 days (1.16 and 1.14 times for the 100 mL scale and 10 L scale). This suggests
that not all synthesized organic acids and polyphenols equally contribute to the antioxidant activity
observed.

Within kombucha microbes, sugar solution conversion results in the formation of diverse
nutritious compounds, including various organic acids (such as acetic acid, glucuronic acid, and lactic
acid), flavonoids, and polyphenols. Collectively, these compounds exert robust antioxidant effects
[33,35,37].

The advantages and characteristics of kombucha stem from its organic acids, which serve as
natural antioxidants that combat free radicals within the body [33]. Kombucha fermentation
primarily yields acetic acid, ethanol, and glucuronic acid, complemented by minor components like
lactic acid, phenolic acid, vitamin B, and various enzymes [44]. Notably, polyphenol compounds
recognized as potent antioxidants that effectively inhibit free radicals. The escalation of free radicals
observed in fermented red ginger kombucha is likely due to enzymes released by bacteria and yeast
during fermentation. These enzymes break down complex polyphenols into smaller molecules,
thereby increasing the overall concentration of phenolic compounds [45].

The measurement of antioxidant activity is presented as a percentage of the capacity of
antioxidant compounds to capture free radicals. A higher value indicates greater antioxidant potency,
indicating the ability to neutralize and counteract free radicals effectively.

3.7. a-Glucosidase Inhibitory Activity

The in vitro antidiabetic potential, expressed as the percentage of a-glucosidase inhibition by
red ginger kombucha, is presented in Figure 12. The inhibitory activity at the 10 L scale closely
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resembles that of the 100 mL scale, with statistical analysis revealing no significant difference between
the two. This suggests that a 100-fold increase in scale does not affect the a-glucosidase inhibitory
activity pattern. However, significant differences (p < 0.01) were observed across fermentation
durations, particularly between the 0-day, 7-day, and 14-day periods.
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Figure 12. a-glucosidase inhibition in red ginger kombucha resulting from fermentation time at both the
laboratory scale and larger production scale. Lowercase letters indicate the interaction between scale and

fermentation time (a, b), showing significantly different values at the p < 0.01 level.

The trend of increase in a-glucosidase inhibitory activity corresponds to the pattern of sugar
consumption (Figure 4) but opposes the increase in organic acids (Figure 6) and total polyphenols
(Figure 9). There was a noticeable surge in a-glucosidase inhibitory activity during the initial
fermentation period from 0 days to 7 days (2.12 and 2.11 times for the 100 mL scale and 10L scale),
which moderates from 7 days to 14 days (1.26 and 1.27 times for the 100 mL scale and 10L scale). This
suggests that the compounds contributing to o -glucosidase inhibitory activity are generated in
tandem with the progression of the microbial consortium in red ginger kombucha. Ginger kombucha
is known for its health benefits in various conditions, such as rheumatism, diabetes mellitus, cancer
risk reduction, enhanced bowel movements, and blood pressure reduction [37].

The organic acid gluconic acid found in ginger kombucha has been recognized for its potential
in reducing blood glucose levels, fortifying the immune system against infections, and aiding in
elimination of toxin from the body via urine [14,46]. Ginger kombucha is a rich source of antioxidants
and has shown to suppress pro-inflammatory cytokines and mitigate the risk of type 2 diabetes
mellitus by neutralizing free radicals [47]. The progression from prediabetes to diabetes mellitus
typically begins with insulin resistance, which is a consequence of the accumulation of reactive
oxygen compounds. This imbalance between antioxidant defense and heightened free radical
production initiates oxidative stress, which is the starting point for oxidative damage or stress [48,49].
Oxidative stress often prompts the release of pro-inflammatory cytokines, disrupting insulin
receptors, leading to insulin resistance and elevated blood glucose levels [49].

Consumption of ginger kombucha, which possesses a-glucosidase inhibition and free radical
scavenging activity, may help prevent the progression of diabetes mellitus. Studies have shown that
ginger kombucha regulates the immune system [45,49], thereby augmenting the body's antioxidant
defense, potentially reducing inflammation and mitigating disorders associated with free radicals. In
patients with prediabetes, elevated blood glucose levels can intensify oxidative stress conditions due
to the increased depletion of antioxidants in the body's defense system. Research by Bhattacharya et
al. [17] demonstrated that administering 150 mg kombucha tea to mice for 14 days led to a 56.4%
reduction in blood glucose levels after being injected with streptozotocin (STZ). The study also
observed a reduction in blood glucose levels in mice from approximately + 275 mg/dl to around + 120
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mg/dl. Additionally, administering 1.71 mL of kombucha tea to hyperglycemic mice (equivalent to
75.25 mL in humans) showed a significant reduction in blood glucose levels [47,50].

The fermentation process of red ginger kombucha and its resulting chemical content, including
sugars, organic acids, polyphenols, and flavonoids, provides intriguing insights into its potential
health benefits. The fermentation of red ginger kombucha at both a 100 mL laboratory scale and a 10
L scale showed consistent patterns in the production of compounds across varying volumes. This
suggests that scaling up the fermentation process does not significantly alter the production of these
compounds.

The fermentation process primarily yields organic acids such as acetic, lactic, and gluconic acids,
along-side minor components like phenolic acids, vitamins, and enzymes. These organic acids
enhance the antioxidant potential of red ginger kombucha by combating free radicals, thereby
reducing in oxidative stress. Furthermore, the increase in polyphenols, particularly flavonoids,
during fermentation demonstrates the potential health benefits of red ginger kombucha, as these
compounds possess strong antioxidant properties and may contribute to reducing oxidative damage
in the body.

Moreover, in vitro analysis demonstrated that red ginger kombucha exhibits substantial
antioxidant and antidiabetic activities. The antioxidative and a-glucosidase inhibitory effects could
help manage conditions such as prediabetes and type 2 diabetes by mitigating oxidative stress and
modulating blood glucose levels. Ginger kombucha's organic acids, particularly gluconic acid, have
been associated with potential health benefits, such as lowering blood glucose levels and reinforcing
the immune system against infections.

While these findings illustrate the promising health aspects of red ginger kombucha, more
research is warranted to explore its mechanism of action, dosage effects, and its therapeutic potential
in human. Nevertheless, the consistent production patterns of beneficial compounds across different
fermentation scales underscore the potential of red ginger kombucha as a natural functional beverage
with notable health-promoting properties.

4. Conclusions

The fermentation of red ginger kombucha on both small (100 mL) and large (10 L) scales revealed
consistent patterns in the production of various compounds, including organic acids, polyphenols,
and flavonoids. Scaling up the fermentation process did not significantly alter the generation of these
compounds, indicating the robustness of the fermentation process across different volumes. Red
ginger kombucha is rich in organic acids such as acetic, lactic, and gluconic acids, along with minor
components like phenolic acids, vitamins, and enzymes. These compounds contribute to its potential
health benefits, especially as natural antioxidants, combating free radicals and potentially reducing
oxidative stress in the body. The increase in polyphenols, particularly flavonoids, during
fermentation suggests red ginger kombucha's potential in offering antioxidant properties, potentially
aiding in reducing oxidative damage within the body. Moreover, the in vitro analysis demonstrated
substantial antioxidant and antidiabetic activities in red ginger kombucha, indicating its potential
utility in managing conditions like prediabetes and type 2 diabetes by modulating oxidative stress
and influencing blood glucose levels. Specific organic acids found in red ginger kombucha, notably
gluconic acid, may play a role in reducing blood glucose levels and bolstering the immune system
against infections. While these findings illustrate the promising health benefits of red ginger
kombucha, further research is required to comprehensively understand its mechanisms, dosage
considerations, and its potential therapeutic applications in human subjects. Nonetheless, the
consistent production of beneficial compounds across varying fermentation scales underscores the
potential of red ginger kombucha as a natural functional beverage with notable health-enhancing
properties.
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