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Abstract: Objective: This study aimed to investigate the antioxidant properties of kombucha 
prepared from Artocarpus altilis (breadfruit) leaves across various fermentation durations (0, 7, 
10, and 14 days) and to elucidate the molecular interactions between its key phytochemicals 
and essential antioxidant-regulating proteins.  Methodology: Kombucha was produced under 
standardized conditions after performing phytochemical screening and pharmacognostic 
evaluation of the dried leaf powder. The antioxidant capacity was assessed using three 
complementary in vitro assays: DPPH, ABTS, and FRAP. Additionally, in silico molecular 
docking analysis was conducted to determine the binding affinities of principal phytochemicals 
(quercetin, kaempferol, gallic acid, morusin, and rutin) with major antioxidant-regulating targets, 
including Keap1, Nrf2, and PPARγ.  Key Results: Antioxidant activity progressively enhanced 
with fermentation time, with the 14-day sample exhibiting the highest potency (IC₅₀ values: 26.31 
ppm for DPPH, 41.46 ppm for ABTS, and 62.46 ppm for FRAP), which is comparable to ascorbic 
acid. Phytochemical profiling identified flavonoids, tannins, and terpenoids as the primary 
bioactive constituents. Molecular docking results showed strong binding affinities between the 
identified compounds and Keap1, Nrf2, and PPARγ, supporting a multi-target mechanistic role 
in mitigating oxidative stress.  Conclusions: A. altilis leaf kombucha serves as a potent 
multifunctional antioxidant beverage that effectively integrates traditional herbal medicine with 
modern fermentation science and computational validation. The fermentation process 
significantly boosts the bioactive potential of the substrate.  Recommendations: A 7-day 
fermentation period is recommended for commercial products to balance antioxidant benefits with sensory acceptability, while a 14-day period is ideal for 
maximum potency. Future research should include in vivo validation and molecular dynamics simulations to further verify these mechanistic insights. 
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Introduction 

In recent years, the heightened emphasis on preventive 

healthcare and functional nutrition has significantly increased the 

global market for natural antioxidant products sourced from 

traditional medicinal plants. Kombucha, a fermented tea created 

through the symbiotic interaction of acetic acid bacteria and 

yeasts (SCOBY), has garnered significant scientific and public 

interest among numerous functional beverages. Its appeal arises 

from a wide array of documented health-enhancing attributes, 

including robust antioxidant, antibacterial, and detoxifying 

effects. Traditional kombucha is produced using Camellia 

sinensis (black or green tea), but modern advancements have 

diversified its formulation to incorporate several herbal bases, 

hence improving its bioactive properties and broadening its 

functional capabilities [1-5]. 

A. altilis (breadfruit) is a notably promising substrate, with its 

leaves historically employed in ethnomedicine for addressing 

hypertension, inflammation, and several metabolic diseases. 

Phytochemical analyses have revealed that A. altilis leaves are 

rich in bioactive secondary metabolites, such as flavonoids, 

phenolic acids, tannins, and terpenoids, many of which are 

acknowledged for their significant antioxidant properties. These 

natural antioxidants are essential in mitigating oxidative stress, a 

significant contributor to the initiation and advancement of 
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chronic non-communicable diseases, including cardiovascular 

disorders, cancer, and neurological problems. Notwithstanding 

its extensive phytochemical composition and established 

pharmacological significance, the potential of A. altilis as a 

fermentation substrate for the creation of functional antioxidant 

drinks remains significantly underinvestigated, thus offering a 

noteworthy chance for scientific advancement [5-8]. 

Oxidative stress, an imbalance between reactive oxygen 

species (ROS) production and the body's antioxidant defenses, 

is a significant contributor to the development of various chronic 

diseases. Antioxidants originating from plants, especially those 

included in fermented functional beverages like kombucha, are 

increasingly acknowledged as safe and efficient natural 

substitutes for synthetic antioxidant chemicals. These bioactive 

compounds are essential for neutralizing free radicals, 

maintaining cellular redox equilibrium, and reducing oxidative 

damage. Thus, they possess significant promise in mitigating the 

risk and advancement of disorders associated with oxidative 

stress, encompassing metabolic, cardiovascular, and 

neurodegenerative diseases [6-7]. 

The antioxidant capacity of kombucha can be thoroughly 

evaluated using many in vitro assays, each representing a 
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unique mechanism of antioxidant activity. Frequently utilized 

techniques encompass the DPPH (2,2-diphenyl-1-

picrylhydrazyl) radical scavenging assay, the ABTS (2,2′-

azinobis (3-ethylbenzothiazoline-6-sulfonic acid) assay, and the 

FRAP (ferric reducing antioxidant power) assay. These 

complimentary methodologies assess hydrogen-donating 

capacity, electron transfer potential, and ferric ion reduction 

ability, therefore offering a comprehensive understanding of 

kombucha’s overall antioxidant efficacy throughout fermentation 

[8-9]. 

Molecular docking has emerged as a potent in silico method 

for revealing the interactions between phytochemicals and 

essential antioxidant-regulating proteins, surpassing traditional 

experimental experiments. Numerous bioactive chemicals found 

in A. altilis leaves, including quercetin, kaempferol, gallic acid, 

morusin, and rutin, exhibit significant binding affinities for 

essential antioxidant-related targets such as Keap1, Nrf2, 

NQO1, PPARγ, and TP53. These proteins are essential for 

sustaining cellular redox equilibrium, regulating inflammation, 

and influencing cell survival and death pathways, thereby acting 

as key molecular targets in the prevention and management of 

illnesses associated with oxidative stress. Molecular docking 

offers important mechanistic insights; nevertheless, additional in 

vitro and in vivo validation investigations, including molecular 

dynamics simulations, are necessary to verify the stability and 

biological significance of these interactions [10–12]. 

Notwithstanding the well reported pharmacological potential 

of A. altilis, a considerable research gap remains in 

investigations that combine experimental antioxidant profiling of 

fermented products with in silico mechanistic analysis. Prior 

research has predominantly concentrated on either the 

phytochemical characterisation or the molecular docking 

simulations of single chemicals, neglecting their synergistic 

interactions within intricate fermentation matrices. Moreover, 

research integrating multi-assay antioxidant assessment with 

molecular insights into the relationships between 

phytochemicals and antioxidant-regulating proteins is limited. 

Addressing this gap is crucial for clarifying how fermentation 

dynamically alters bioactive molecule profiles and improves their 

functional efficacy, hence improving a comprehensive 

understanding of the biochemical and mechanistic foundations 

of antioxidant activity in A. altilis kombucha [13,14]. 

This study aimed to fill the noted research gap by assessing 

the antioxidant activity of A. altilis leaf kombucha using three 

complementing in vitro assays: DPPH, ABTS, and FRAP, 

throughout various fermentation durations (0, 7, 10, and 14 

days). A literature-based molecular docking analysis was 

concurrently conducted to clarify the probable interactions 

between principal A. altilis phytochemicals and essential 

antioxidant-regulating proteins. This research integrates 

experimental antioxidant data with in silico mechanistic insights 

to develop a comprehensive framework for understanding the 

impact of fermentation on bioactive chemical behavior and 

antioxidant performance. The findings seek to strengthen the 

scientific basis for the development of A. altilis-based kombucha 

as a validated functional beverage and to offer mechanistic 

evidence supporting its potential use in formulating plant-derived 

nutraceuticals for contemporary preventive healthcare [15,16]. 

Materials and Methods 

Materials 

Dried leaves of A. altilis (breadfruit) were collected from 

Medan, North Sumatra, Indonesia, and taxonomically 

authenticated at the Herbarium Medanese, Department of 

Biology, Universitas Sumatera Utara (Specimen ID: HM-USU-

2025-ALTLIS). The leaves were harvested during the dry season 

to ensure optimal phytochemical stability and concentration. 

All reagents and chemicals used in this study were of 

analytical grade. For antioxidant assays, 2,2-diphenyl-1-

picrylhydrazyl (DPPH), 2,2′-azinobis-(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS), potassium persulfate, ferric chloride 

hexahydrate (FeCl₃·6H₂O), and 2,4,6-tripyridyl-s-triazine (TPTZ) 

were procured from Sigma-Aldrich (St. Louis, MO, USA). 

Ascorbic acid was employed as the standard reference 

antioxidant. Ethanol (96%) was used as the extraction and 

dilution solvent, while sucrose and distilled water served as the 

carbon source and aqueous medium, respectively, for kombucha 

fermentation. 

The kombucha starter culture (SCOBY), comprising acetic 

acid bacteria and yeasts in a symbiotic association, was obtained 

from a certified Indonesian kombucha supplier. Prior to use, the 

SCOBY was microbiologically tested to confirm its viability and 

fermentative activity. 

Methods 

Preparation of A. altilis Leaf Powder 

Five kilograms of fresh A. altilis leaves were meticulously 

rinsed under running tap water to eliminate dust and surface 

contaminants. The cleaned leaves were air-dried in the shade for 

about 12 hours to remove surface moisture, then oven-dried at 

45–50 °C until a steady weight was attained. The desiccated 

substance was subsequently coarsely crushed and finely 

pulverized with a mechanical grinder to get a uniform powder. 

The resultant powder was filtered using a 40-mesh sieve to 

achieve uniform particle size and subsequently stored in clean, 

airtight amber glass containers at room temperature, shielded 

from light and moisture until further utilization [17,18]. 

Pharmacognostic Evaluation of Simplicia 

Pharmacognostic characterization was conducted in 

accordance with the guidelines established in the Indonesian 

Herbal Pharmacopoeia and conventional pharmacognostic 

methods to evaluate the quality and identity of the leaf powder. 

The assessed parameters were organoleptic features (color, 

odor, and texture), macroscopic and microscopic characteristics 

(powder microscopy), moisture content (loss on drying), total 

ash, acid-insoluble ash, and extractive values (water-soluble and 

ethanol-soluble). 

Procedures were conducted as follows: 

1. Organoleptic and macroscopic/microscopic analysis: Color, 

odor, and texture were documented by professional 

evaluators. Macroscopic characteristics were recorded (leaf 

morphology, venation, border, surface texture). Powder 

microscopy was conducted on cleared and stained slides 

utilizing a light microscope (×40–400) to identify diagnostic 

cells, trichomes, stomata, and additional anatomical 

features. Photomicrographs were obtained for 

documentation. 

2. Loss on drying (moisture content): Ascertained via the 

gravimetric method. Approximately 2–5 g of powdered 

material was desiccated in an oven at 105 °C until a 

consistent weight was achieved; the percentage loss was 

determined in relation to the initial weight. 

3. Total ash: An accurately weighed sample (about 2–3 g) was 

burned in a muffle furnace at 500–600 °C until white ash was 

produced, and then weighed; total ash was expressed as a 

percentage by weight of the original sample.  

4. Acid-insoluble ash: The ash obtained was subjected to 

boiling with 25 mL of 2 N HCl for 5 minutes. The insoluble 

residue was collected on a Gooch or ashless filter paper, 
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cleaned, ignited, and subsequently weighed. Acid-insoluble 

ash was quantified as a percentage by weight (% w/w). 

5. Extractive values: A specified mass of 5 g of powder was 

macerated with 100 mL of solvent for 24 hours, with 

intermittent agitation. An aliquot of the filtrate was 

evaporated to dryness and subsequently weighed. The 

extractive value was determined as a percentage by weight 

of the dried extract in relation to the original sample [19,20]. 

Phytochemical Screening 

Qualitative Phytochemical Screening 

A qualitative phytochemical analysis was conducted to 

identify the predominant groups of secondary metabolites in the 

dried A. altilis leaf extract. Standard phytochemical assays were 

performed in accordance with the methodologies outlined by 

Tiwari et al. (2011), Rauf et al. (2019), and Kaur et al. (2021), 

with slight adjustments to suit local laboratory circumstances. 

The subsequent assays were employed:  

1. Alkaloids: Identified with Dragendorff’s and Mayer’s 

reagents. The emergence of an orange-brown 

(Dragendorff’s) or cream (Mayer’s) precipitate signified a 

favorable reaction. 

2. Flavonoids: Detected via the Shinoda test. The extract was 

subjected to magnesium turnings and a few drops of strong 

hydrochloric acid; the emergence of a pink to crimson hue 

onfirmed the presence of flavonoids. 

3. Tannins: Verified by the ferric chloride (FeCl₃) assay. A dark 

blue, green, or blackish hue signified the presence of 

phenolic tannins.  

4. Saponins: Assessed using the foaming test. The consistent 

generation of foam after vigorously shaking the aqueous 

extract for 30 seconds signified the presence of saponins.  

5. Steroids and Terpenoids: Identified via the Liebermann and 

Burchard reaction. The introduction of acetic anhydride, 

succeeded by concentrated sulfuric acid, yielded a blue-

green or reddish-brown hue, so affirming the existence of 

steroids or terpenoids, respectively.  

All qualitative tests were conducted in triplicate to guarantee 

reproducibility, and the observations were compared with 

standard reference colorimetric changes documented in the 

literature [21,22]. 

Preparation of Kombucha Samples 

Ten grams of A. altilis leaf powder were immersed in 1000 

mL of hot distilled water (about 90 °C) for 15 minutes to create 

the herbal tea base. The infusion was filtered using Whatman 

No. 1 filter paper, and 100 g of sucrose was dissolved in the 

heated filtrate. The sugared solution was subsequently permitted 

to cool to 25–27 °C prior to inoculation. Subsequent to cooling, 

100 mL of kombucha starter culture was aseptically introduced 

to the infusion under sterile circumstances. Fermentation was 

conducted in clean, wide-mouthed glass jars sealed with sterile 

muslin cloth to facilitate aeration while inhibiting contamination. 

The jars were stored undisturbed at ambient temperature (28 ± 

2 °C) in darkness to reduce photodegradation of bioactive 

chemicals. Samples were extracted after 7 days (F7), 10 days 

(F10), and 14 days (F14) of fermentation. A non-fermented 

control (F0) was created utilizing the identical process, without 

the incorporation of SCOBY. All fermented and control samples 

were filtered, transferred to sterile bottles, and kept at 4 °C for 

subsequent analyses [24]. 

The SCOBY microbiota utilized in this work primarily 

comprised acetic acid bacteria, chiefly Komagataeibacter 

xylinus, and yeasts including Saccharomyces cerevisiae and 

Zygosaccharomyces bailii. This symbiotic consortium is 

renowned for its involvement in sucrose hydrolysis, organic acid 

synthesis, and the formation of bioactive metabolites during 

fermentation. The yeast strains commence fermentation by 

transforming sucrose into glucose and fructose, generating 

ethanol, which is then oxidized by acetic acid bacteria into acetic 

acid and other organic acids. Furthermore, both microbial groups 

engage in the enzymatic biotransformation of polyphenolic 

glycosides into their more active aglycone derivatives. This 

transition improves the solubility, stability, and antioxidant 

efficacy of phenolic compounds, therefore leading to the noted 

enhancement in antioxidant activity with extended fermentation. 

Organoleptic and pH Evaluation 

Throughout fermentation, visual criteria such as color, 

aroma, and turbidity were assessed daily to track the 

advancement of biochemical alterations. The hue and turbidity of 

each sample were visually assessed under uniform lighting 

conditions, while alterations in fragrance were documented 

descriptively. For pH assessment, 5 mL of each kombucha 

sample was evaluated using universal pH indicator strips and 

compared to a defined color reference chart. All measures were 

conducted in triplicate, and data were presented as mean ± SD 

[25]. 

Antioxidant Assays 

All antioxidant testing were conducted in triplicate to 

guarantee repeatability. Before analysis, kombucha samples 

were filtered using Whatman No. 1 filter paper to eliminate 

suspended particles and subsequently diluted with ethanol to 

achieve final concentrations between 100 and 500 ppm. 

Absorbance measurements were conducted using a UV–Visible 

spectrophotometer (Shimadzu UV-1800, Kyoto, Japan) using 

calibrated quartz cuvettes. Blank and standard solutions were 

produced under uniform circumstances for each experiment [26]. 

DPPH Radical Scavenging Assay 

A 0.2 mM solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

was freshly produced in methanol before to utilization. For the 

assay, 1.0 mL of kombucha sample at different concentrations 

(100–500 ppm) was combined with 1.0 mL of the DPPH solution 

in a test tube. The mixture was gently vortexed and incubated in 

darkness at room temperature (25 ± 2 °C) for 30 minutes to avert 

photodegradation of DPPH radicals. Following incubation, 

absorbance was quantified at 517 nm utilizing methanol as a 

blank with a UV–Vis spectrophotometer [27]. 

ABTS Radical Cation Decolorization Assay 

The ABTS radical cation was produced by combining equal 

volumes of 7.4 mM 2,2′-azinobis-(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) solution and 2.6 mM potassium persulfate, 

then letting the mixture to incubate in the dark at ambient 

temperature (25 ± 2 °C) for 12–16 hours. The ABTS stock 

solution was further diluted with ethanol to achieve an 

absorbance of 0.70 ± 0.02 at 734 nm.  

For the experiment, 1.0 mL of the working ABTS solution 

was combined with 100 µL of kombucha sample at different 

concentrations (100–500 ppm). The mixture was gently vortexed 

and incubated in the dark at room temperature for 6 minutes to 

ensure reaction completion. Absorbance was measured at 734 

nm utilizing a UV–Vis spectrophotometer, employing ethanol as 

a blank [28]. 

Ferric Reducing Antioxidant Power (FRAP) Assay 

A new FRAP working solution was formulated by combining 

300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl s-triazine 

(TPTZ) solution in 40 mM HCl, and 20 mM FeCl₃·6H₂O in a 
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10:1:1 (v/v/v) ratio. The combination was freshly made and 

preheated to 37 °C prior to utilization.  

For the test, 100 µL of kombucha sample at several 

concentrations (100–500 ppm) was combined with 3.0 mL of the 

FRAP working solution and incubated at 37 °C for 30 minutes in 

darkness. The conversion of the ferric (Fe³⁺) TPTZ complex to 

ferrous (Fe²⁺) TPTZ resulted in a vivid blue hue, with absorbance 

quantified at 593 nm by a UV–Vis spectrophotometer.  

A calibration curve was established utilizing ascorbic acid as 

a reference standard at concentrations ranging from 10 to 100 

µg/mL. The FRAP values were derived from the standard curve 

and represented as milligrams of vitamin C equivalent (VCE) per 

gram of sample (mg VCE/g). All analyses were performed in 

triplicate, and findings were shown as mean ± SD [29]. 

Sensory Evaluation 

A hedonic sensory evaluation was performed on kombucha 

samples fermented for 7, 10, and 14 days (F7, F10, and F14). A 

total of 30 untrained panelists, aged 20 to 35 years, were 

recruited from the campus community. Each sample was 

assigned a random three-digit code and presented at 10 °C in a 

randomized sequence to reduce bias. Panelists were directed to 

rinse their lips with water between samples to avoid flavor 

transfer.  

Participants assessed three sensory attributes aroma, taste, 

and color utilizing a 5 point hedonic scale, with 1 denoting “dislike 

very much” and 5 indicating “like very much.” The sensory data 

were subjected to statistical analysis via one-way analysis of 

variance (ANOVA), followed by Tukey’s post hoc test to identify 

significant differences among samples at a confidence level of p 

< 0.05. Informed consent was secured from all panelists before 

participation, and assessments were conducted in regulated 

lighting and odorless environments [30]. 

Literature-Based Molecular Docking 

To clarify the antioxidant processes of A. altilis, molecular 

docking data were gathered from existing literature. 

Phytochemicals like quercetin, kaempferol, gallic acid, morusin, 

rutin, and cyclocommunol were chosen. The protein targets 

comprised Keap1, Nrf2, TP53, PPARγ, ACLY, and NQO1, all of 

which are implicated in the oxidative stress response [31]. 

Docking was previously performed via AutoDock Vina and 

subsequently analyzed with PyMOL and LigPlot+. Ligand 

structures were obtained from PubChem (CID) and protein 

crystal structures from the Protein Data Bank (PDB ID). 

Parameters including binding energy (kcal/mol), hydrogen 

bonding, and interaction residues were synthesized and 

analyzed to yield molecular-level insights that corroborate the 

experimental antioxidant results [32]. 

Statistical Analysis 

All data were presented as mean ± standard deviation (SD) 

derived from triple measurements. Statistical analyses were 

conducted utilizing SPSS software version 22.0 (IBM Corp., 

Armonk, NY, USA). Group differences were assessed using one-

way analysis of variance (ANOVA), succeeded by Tukey’s HSD 

post hoc test to identify significant pairwise differences at a 

significance threshold of α = 0.05. Pearson’s correlation analysis 

was used to evaluate the linear correlations among the 

antioxidant assay results (DPPH, ABTS, and FRAP), offering 

insight into the consistency and interdependence of the 

antioxidant evaluation methodologies. 

Heatmap Visualization of Antioxidant Potential 

A heatmap was created to illustrate comparative patterns of 

antioxidant activity among the kombucha samples. IC₅₀ values 

derived from the DPPH, ABTS, and FRAP experiments used as 

input variables. The heatmap was produced with a statistical 

visualization tool, where darker color intensities denoted lower 

IC₅₀ values, signifying greater antioxidant efficacy. This 

visualization enabled the recognition of trends and clustering 

patterns related to fermentation duration and antioxidant 

capacity [33]. 

Results and Discussion 

Pharmacognostic Evaluation of A. altilis Leaf Powder 

The dried powder of A. altilis leaves was evaluated for key 

pharmacognostic parameters. As summarized in Table 1, all 

measured values complied with the standards specified in the 

Indonesian Herbal Pharmacopeia, confirming the acceptable 

quality and authenticity of the plant material used for kombucha 

preparation. 

Table (1). Pharmacognostic characteristics of A. altilis leaf powder 

Parameter Result (%) Standard (FHI) 

Moisture content 3.9 ≤ 10 

Water-soluble extractive 41.6 ≥ 15 

Ethanol-soluble extractive 26.6 ≥ 8.5 

Total ash 0.5 ≤ 14.12 

Acid-insoluble ash 0.4 ≤ 1.0 

The low moisture content ensures better shelf stability and 

minimizes microbial growth, while the high extractive values 

indicate a rich presence of water and ethanol soluble bioactive 

constituents, particularly polyphenols and flavonoids, which are 

known contributors to antioxidant activity [34]. 

The quality of crude drugs plays a crucial role in determining 

the efficacy and consistency of herbal formulations. 

Pharmacognostic evaluation of A. altilis leaf powder (Table 1) 

revealed that all measured parameters conformed to the 

standards established by the Indonesian Herbal Pharmacopeia 

(FHI, 2017). The low moisture content (3.9%) ensures long-term 

stability and minimizes the risk of microbial contamination. 

Meanwhile, the high extractive values water-soluble (41.6%) 

and ethanol-soluble (26.6%) indicate an abundance of polar and 

semi-polar bioactive constituents, particularly flavonoids and 

phenolic compounds, which are known to contribute significantly 

to antioxidant potential [35]. 

The total ash (0.5%) and acid-insoluble ash (0.4%) contents 

were well below the permissible limits, indicating minimal 

inorganic impurities and confirming good sample purity. These 

results further validate the high quality of the A altilis leaves used 

as substrates for kombucha fermentation [36]. 

Phytochemical Constituents 

Qualitative phytochemical screening confirmed the presence 

of major secondary metabolites, as summarized in Table 2. 

These bioactive compounds particularly flavonoids, tannins, 

terpenoids, and saponins are widely recognized for their 

antioxidant, anti-inflammatory, and cytoprotective properties, 

which collectively contribute to the therapeutic potential of A. 

altilis kombucha. 

Table (2): Phytochemical screening results. 

Phytochemical 
group 

Observation Result 

Alkaloids Precipitate with Dragendorff & 
Mayer’s 

+ 

Flavonoids Reddish color with Mg–HCl test + 

Tannins Dark color with FeCl₃ + 

Saponins Stable foam >2 cm + 

Steroids Green ring (Liebermann–Burchard) + 

Terpenoids Brown ring at phase interface + 

These compounds may act synergistically to enhance 

radical scavenging and reducing effects within the fermented 

beverage, thereby contributing to its overall antioxidant capacity 

[37]. Phytochemical screening confirmed the presence of six 
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major classes of secondary metabolites: alkaloids, flavonoids, 

tannins, saponins, steroids, and terpenoids (Table 2). The 

detection of flavonoids and tannins, in particular, supports the 

expected antioxidant potential, as these compounds are well 

known for their ability to donate electrons and neutralize reactive 

oxygen species (ROS) [38]. Saponins and terpenoids may 

further contribute through cell membrane stabilization and anti-

inflammatory mechanisms, while steroids could enhance 

compound bioavailability and membrane permeability. These 

findings are consistent with previous studies reporting flavonoid-

rich extracts from A. altilis leaves with potent free radical 

scavenging and reducing activities [39]. 

The high water and ethanol extractive values of A. altilis leaf 

powder indicate a substantial presence of polyphenols and 

flavonoids. These compounds play a crucial role in antioxidant 

activity, particularly following fermentation. During the 

fermentation process, many complex polyphenols undergo 

enzymatic hydrolysis into aglycone forms, which exhibit higher 

electron donating and radical scavenging capacities. This 

biochemical transformation is consistent with the observed 

decrease in IC₅₀ values across all antioxidant assays, indicating 

enhanced antioxidant potency. 

Kombucha pH and Organoleptic Characteristics 

Fermentation of A. altilis kombucha resulted in a marked 

decrease in pH (Table 3), indicating progressive organic acid 

formation during the fermentation process. This acidification not 

only promotes microbial stability but also plays a vital role in 

enhancing the antioxidant potential of the beverage by facilitating 

the release and transformation of phenolic compounds. 

Table (3): Changes in pH of A. altilis Kombucha at Different Fermentation 

Periods. 

Day pH (Mean ± SD) SNI Standard 

0 5.62 ± 0.09 2.5 – 4.6 

7 4.10 ± 0.05 

10 3.65 ± 0.11 

14 3.02 ± 0.08 

Visual and sensory analyses (Table 4) revealed a 

characteristic kombucha aroma that intensified with fermentation 

time, accompanied by a gradual increase in perceived acidity. 

The color of the beverage remained consistently yellowish 

throughout the fermentation process, indicating stable pigment 

composition and minimal browning reactions. 

Table (4): Organoleptic characteristics of kombucha 

Day Aroma Color Taste 

0 Fresh herbal aroma Light green Sweet, no 
acidity 

7 Kombucha A. altilis Yellow Slightly acidic 

10 Kombucha A. altilis Yellow Acidic 

14 Kombucha A. altilis Yellow Strongly 
acidic 

During fermentation, a progressive decrease in pH was 

observed from day 7 to day 14 (Table 3), reflecting increased 

production of organic acids, primarily acetic, glucuronic, and 

gluconic acids. By day 14, the pH reached 3.02 ± 0.08, which 

falls within the Indonesian National Standard (SNI) for fermented 

beverages (2.5–4.6), indicating that the product is both safe and 

microbiologically stable for consumption [40]. 

Organoleptically, all samples maintained a yellowish color 

throughout fermentation, while the aroma gradually developed a 

characteristic kombucha scent. The taste changed from mildly 

acidic at day 7 (F7) to strongly acidic at day 14 (F14), 

corresponding to the accumulation of organic acids (Table 4). 

This increase in acidity not only results from fermentation but 

also appears to enhance antioxidant activity, as acidic conditions 

can stabilize polyphenolic compounds [41]. 

Antioxidant Activity Assays 

DPPH Radical Scavenging 

Fermentation significantly enhanced the antioxidant activity 

of A. altilis leaf kombucha, as evidenced by decreasing IC₅₀ 

values (Table 5). The lowest IC₅₀ was observed on day 14 (26.31 

ppm), approaching the activity of vitamin C (9.16 ppm). The 

DPPH assay measures the ability of antioxidants to donate 

hydrogen atoms, thereby stabilizing free radicals. Non-

fermented tea (F0) exhibited a high IC₅₀ value of 116.07 ppm, 

indicating weak antioxidant activity. With ongoing fermentation, 

IC₅₀ values decreased progressively: 99.21 ppm (F7), 46.31 ppm 

(F10), and 26.31 ppm (F14). This enhancement suggests that 

fermentation facilitates the biotransformation of complex 

phenolic compounds into simpler, more bioavailable forms. The 

IC₅₀ of the F14 sample, nearing that of ascorbic acid, confirms 

its strong radical-scavenging capacity [42,43]. 

ABTS Radical Scavenging 

A similar trend was observed in the ABTS assay. On day 14, 

the IC₅₀ value reached 41.46 ppm, indicating strong electron-

donating potential. The ABTS assay complements the DPPH 

method by assessing both hydrophilic and lipophilic antioxidant 

capacities. Fermentation significantly enhanced antioxidant 

activity, with IC₅₀ values decreasing from 118.73 ppm in the non-

fermented sample (F0) to 41.46 ppm on day 14 (F14). This 

pattern closely parallels the DPPH results, confirming that 

fermentation increases the electron-donating ability of A. altilis 

leaf kombucha, likely through enzymatic degradation of 

glycosylated polyphenols into simpler, more active forms [44,45]. 

FRAP Assay 

The ferric-reducing capacity of A. altilis leaf kombucha 

improved progressively during fermentation. The lowest IC₅₀ 

value was observed on day 14 (62.46 ppm), which still falls within 

the “strong antioxidant” classification. This increase in ferric-

reducing power suggests that fermentation enhances the 

electron-donating ability of phenolic compounds, supporting the 

results obtained from the DPPH and ABTS assays and 

confirming the overall improvement in antioxidant potential. 

Table (5): IC₅₀ values of kombucha in antioxidant assays. 

Sample DPPH (ppm) ABTS 
(ppm) 

FRAP 
(ppm) 

F0 (Control) 116.07 118.73 81.65 

F7 99.21 87.85 69.06 

F10 46.31 60.18 67.33 

F14 26.31 41.46 62.46 

Vit C 9.16 29.22 35.96 

The FRAP assay measures the ability of antioxidants to 

reduce ferric ions (Fe³⁺) to ferrous ions (Fe²⁺). The ferric-

reducing power of A. altilis leaf kombucha increased 

progressively with fermentation time, as indicated by a decrease 

in IC₅₀ from 81.65 ppm in the non-fermented sample (F0) to 

62.46 ppm on day 14 (F14). Although FRAP values were 

numerically higher than those obtained from DPPH and ABTS 

assays, this difference is expected because FRAP depends on 

redox potential, which varies among different polyphenols 

[46,47]. 

Overall, all three assays consistently showed that 

antioxidant activity increased throughout fermentation. 

Kombucha fermented for 14 days exhibited the lowest IC₅₀ 

values across all methods, indicating that fermentation promotes 

the biotransformation of active compounds into more 

bioavailable forms. These findings highlight fermentation 

duration as a critical factor in enhancing the antioxidant potential 

of this functional beverage. 
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Statistical Correlation Analysis 

One-way ANOVA results indicated that variations in 

fermentation duration significantly affected antioxidant activity 

across all assays (p < 0.05). Furthermore, Pearson correlation 

analysis revealed a very strong positive correlation among the 

three antioxidant assays (r > 0.97, p < 0.01), demonstrating high 

internal consistency and supporting the reliability of the analytical 

results [48]. 

Heatmap Visualization of Antioxidant Potential 

A heatmap was constructed to visually compare antioxidant 

strength across samples and assays. Darker cells correspond to 

lower IC₅₀ values, indicating stronger antioxidant activity. 

Consistently, the F14 samples exhibited the highest potency 

across all assays, reinforcing the conclusion that prolonged 

fermentation enhances the bioactivity of A. altilis leaf kombucha. 

 

Figure (1) : Comparative Heatmap of Antioxidant Activity in A. altilis  Leaf 

Kombucha Across Fermentation Stages Using DPPH, ABTS, and FRAP 

Assays. 

To better illustrate the progressive improvement in 

antioxidant capacity during fermentation, a heatmap (not shown) 

was generated using IC₅₀ data from all three assays. Darker 

shades indicate stronger antioxidant activity (i.e., lower IC₅₀ 

values). Across all methods, the F14 sample consistently 

exhibited the darkest shades, reflecting superior radical-

scavenging and ferric-reducing capacities. These findings 

reinforce that a 14-day fermentation period optimally enhances 

the antioxidant potential of A. altilis leaf kombucha. Importantly, 

this study provides novel insight by integrating multiple 

antioxidant assays with fermentation time, highlighting the 

unique bioactive profile of A. altilis, which has been less studied 

compared to other kombucha substrates [49]. 

The dark color pattern on the heatmap reflects the 

progressive increase in antioxidant capacity throughout 

fermentation. The consistency across the three assays (DPPH, 

ABTS, and FRAP), all showing peak activity on day 14, 

demonstrates a stable biological trend and reinforces the 

reliability of the results. This heatmap provides a clear visual 

representation that complements the quantitative data, 

strengthening the comparative assessment of antioxidant 

enhancement during fermentation. 

Sensory Acceptability 

The highest hedonic scores for taste and aroma were 

observed on day 9. However, these scores declined on days 12 

and 14, likely due to the increasing acidity as fermentation 

progressed. In contrast, color scores remained relatively stable 

throughout the fermentation period, indicating that visual 

appearance was less affected by acid accumulation. 

 

 

 

Table (6): Hedonic test results (n = 30). 

Day Aroma Color Taste 

7 3.10 ± 1.00 4.27 ± 0.45 3.37 ± 0.88 

10 2.57 ± 0.83 4.27 ± 0.45 3.03 ± 0.73 

14 2.67 ± 0.93 4.33 ± 0.48 3.13 ± 0.78 

Based on consumer perception, a fermentation period of 7 

days provides the best balance between functional benefits and 

palatability. Hedonic testing (Table 6) indicated that samples 

fermented for 7 days achieved the highest scores for aroma 

(3.10 ± 1.00), taste (3.37 ± 0.88), and color (4.27 ± 0.45). 

Sensory acceptability declined after 10 and 14 days, primarily 

due to increased acidity. Although F14 exhibited the strongest 

antioxidant capacity, its taste was perceived as excessively sour 

by most panelists, highlighting a trade-off between functionality 

and palatability. These findings suggest that a 7–9 day 

fermentation period represents the optimal compromise for 

product development, maintaining high antioxidant activity while 

ensuring consumer acceptability [50,51]. 

While the highest antioxidant activity was achieved on day 

14, sensory test results revealed reduced consumer preference 

for aroma and taste due to increasing acidity. Therefore, 

balancing fermentation duration is crucial to produce functional 

beverages that combine strong antioxidant potential with 

favorable sensory qualities. 

Molecular Docking Overview 

Literature based molecular docking analysis revealed strong 

binding affinities between major phytochemicals from A. altilis 

and key antioxidant-related protein targets (Table 7). For 

instance, quercetin exhibited binding energies of –9.1 kcal/mol 

with NQO1 and –7.9 kcal/mol with Keap1, suggesting its 

potential to modulate the Keap1–Nrf2 signaling pathway. These 

interactions provide mechanistic insight into how the bioactive 

compounds in A. altilis leaf kombucha may contribute to 

antioxidant activity beyond direct radical scavenging [52,53]. 

Tabel (7): Summary of docking energies and target interactions. 

Compound Target 
Binding 
Energy 

(kcal/mol) 

Key 
Interactions 
(H-bonds) 

Quercetin Keap1  
NQO1 

–7.9 
–9.1 

Arg380, Asn382 
Gln104, Tyr128 

Kaempferol Nrf2 
PPARγ 
TP53 

–7.8 
–11 
–7 

Glu3, Glu10 
Ser342, Ile281 
Ser109, Lys74 

Gallic acid Keap1 
SESN2 

–6.2  
–7.5 

Arg415, Ser508 
Arg390, Glu451 

Morusin TNF-α 
3Q05 
PPARγ 

–7 
–7.2 
–10.9 

Leu74, Leu45 
Glu2254, 
Thr231 
His466, Ser342 

Rutin Keap1 –6.47 Ser363, Ser508 

Cyclocommunol 6GVZ –7.9 Asp393, Gly369 
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(a). Quercetin 
(b). Kaempferol 

 

(c). Gallic acid 

 

(d). Morusin 

 

(e). Rutin 

 

(f). Cyclocommunol 

Figure (2): 2D chemical structures of selected phytochemicals discussed 

in the literature-based docking section (quercetin, gallic acid, kaempferol, 

morusin, rutin, and cyclocommunol), retrieved from public chemical 

structure databases. 

Previously published molecular docking studies have 

suggested that major phytochemicals in Artocarpus altilis may 

modulate key antioxidant response pathways, notably through 

interactions with Keap1–Nrf2–ARE, TP53, and PPARγ signalling 

cascades [54]. To explore potential mechanisms of antioxidant 

action, docking evaluations were performed against key 

oxidative stress-regulating proteins (Table 7). 

Quercetin exhibited strong binding affinity to NQO1 (–9.1 

kcal/mol) and Keap1 (–7.9 kcal/mol), suggesting its potential to 

activate Nrf2, a master regulator of cellular antioxidant defense. 

Normally, Keap1 binds Nrf2 in the cytoplasm and targets it for 

ubiquitin–proteasome degradation. Oxidative stress modifies 

cysteine residues on Keap1, releasing Nrf2, which translocates 

to the nucleus to bind antioxidant response elements (ARE) and 

promote transcription of cytoprotective enzymes [55]. 

Kaempferol showed high affinity to TP53, Nrf2, and PPARγ 

(–7 to –11 kcal/mol), implying roles in cell cycle regulation, 

metabolism, and redox balance. Kaempferol has been reported 

to mitigate pancreatic damage in severe acute pancreatitis by 

modulating NF-κB and Keap1–Nrf2 signaling, and also exhibits 

cytoprotective and anticancer effects through regulation of 

apoptosis and inflammatory mediators [56]. 

Gallic acid (GA) and rutin interacted with Keap1 (–6.2 and –

6.47 kcal/mol, respectively), suggesting competitive inhibition at 

the Nrf2-binding site. GA can disrupt the Keap1–Nrf2 interaction, 

facilitating Nrf2 activation and enhancing antioxidant enzyme 

expression. Similarly, rutin may stabilize Nrf2 and promote 

nuclear translocation, activating ARE-driven genes such as HO-

1 and NQO1 [57,58]. 

Morusin, a prenylated flavonoid specific to A. altilis, showed 

high affinity toward PPARγ (–10.9 kcal/mol), supporting its anti-

inflammatory potential. Morusin exerts both anti-inflammatory 

and pro-apoptotic effects via multi-target modulation, including 

binding TNF-α, inhibiting cytokine–receptor interaction, and 

suppressing NF-κB and MAPK signaling pathways [59]. 

Cyclocommunol exhibited moderate binding affinity to 

protein 6GVZ (–7.9 kcal/mol). While its role in oxidative stress 

regulation is not fully established, this interaction may influence 

protein–ligand stability and conformational dynamics, suggesting 

potential allosteric modulation or functional inhibition [60]. 

It should be noted that molecular docking predictions require 

experimental validation. Follow-up in vitro or in vivo studies are 

essential to confirm whether these ligand–receptor interactions 

occur biologically. Molecular dynamics simulations could further 

elucidate the stability of the ligand–receptor complexes. Overall, 

these molecular interactions support the hypothesis that the 

antioxidant effects of A. altilis kombucha involve not only direct 

free radical scavenging but also modulation of cellular 

antioxidant defense pathways, particularly Keap1–Nrf2–ARE, 

PPARγ, and TP53 signaling cascades [61]. 

Conclusion 

This study demonstrates that kombucha derived from A. 

altilis leaves exhibits strong antioxidant activity, which 

progressively increases with fermentation duration. The 14-day 

fermented sample consistently showed the lowest IC₅₀ values in 

DPPH, ABTS, and FRAP assays, approaching the antioxidant 

capacity of ascorbic acid. 

Furthermore, literature-based molecular docking analysis 

revealed that major A. altilis phytoconstituents exhibit high 

binding affinity toward key antioxidant-regulating proteins, 

including Keap1, Nrf2, PPARγ, and TP53. These interactions 

suggest that the antioxidant effects of A. altilis kombucha may 

involve not only direct free radical neutralization but also 

modulation of cellular defense pathways. Collectively, these 

findings highlight the potential of A. altilis leaf kombucha as a 

functional beverage with multi-target antioxidant mechanisms, 

integrating traditional herbal knowledge with modern 

fermentation technology and computational validation. 

From a practical perspective, a 7-day fermentation period 

may offer the most favourable balance between antioxidant 

benefit and sensory acceptability for market-ready products, 

whereas a 14-day fermentation period provides the strongest 

antioxidant activity. 
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