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1. Introduction

Antimicrobial resistance (AMR) is a global crisis with profound health 
and economic implications. In response to its escalating impact, the 
World Health Organization (WHO) established a global research agenda 
that prioritizes critical bacterial pathogens, with key updates released 

in 2015, 2017, and most recently in 2024 (Bertagnolio et al., 2024). 
Apart from this, the landmark 2014 Review on Antimicrobial Resistance 
projected that AMR could lead to as many as 10 million deaths every 
year by 2050, if not mitigated (O’Neill, 2016). These alarming forecasts 
underscore the critical urgency for sustained research and innovation in 
the development and advancement of novel antimicrobial agents.

A B S T R A C T

Traditional medicinal practices across Southeast Asia, particularly in Thailand and Malaysia, have long utilized 
Kratom (Mitragyna speciosa) leaves for the treatment of various health conditions. However, the medicinal 
potential of this plant has not been properly examined. Hence, this research study was performed to explore 
the antioxidant, antimicrobial, and antibiofilm properties of Kratom leaf extracts, along with the identification 
of biologically active phytochemical components via quadrupole time-of-flight liquid chromatography-mass 
spectrometry (Q-ToF-LCMS) and in silico approaches to assess their potential as new antibacterial agents. 
Accordingly, 12 leaf extracts were prepared and categorized into three distinct groups based on extraction 
techniques: maceration, ultrasound-assisted extraction (UAE), and fractionation. Each extract was subjected to 
phytochemical screening, including assessments of total phenolic content (TPC), total flavonoid content (TFC), 
and antioxidant activity via DPPH radical scavenging and Ferric Reducing Antioxidant Power Assay (FRAP) 
reduction assays. In addition, antibacterial and antibiofilm activities were evaluated using disc diffusion, broth 
microdilution, and biofilm inhibition assays against Escherichia coli, Streptococcus mutans, and Staphylococcus 
aureus. Ultimately, 100% methanol extracts, obtained through both maceration and ultrasonic extraction, 
exhibited the highest antioxidant activity across all tested parameters. Specifically: maceration (100% Methanol 
M) (TPC: 257.46 ± 1.32 mg GAE/g extract; TFC: 50.75 ± 0.24 mg QE/g extract; FRAP: 2103.46 ± 5.67 mg AAE/g 
extract, DPPH IC50: 7.94 ± 0.12 µg/mL), and ultrasonic extraction (100% Methanol U) (TPC: 340.99 ± 2.38 
mg GAE/g extract; TFC: 62.95± 0.77 mg QE/g extract; FRAP: 2365.99 ± 3.39 mg AAE/g extract, DPPH IC50: 
7.57 ± 0.24 µg/mL). Among the fractions derived from 100% methanol maceration, the ethyl acetate fraction 
demonstrated superior antioxidant activity compared to the corresponding alkaloid fraction, with the following 
values: (TPC: 337.00 ± 19.60 mg GAE/g extract; TFC: 57.72 ± 3.79 mg QE/g extract; FRAP: 2981.70 ± 40.6 mg 
AAE/g extract, DPPH IC50: 15.03 ± 0.54 µg/mL). The ethyl acetate fraction exhibited the highest activity with 
MICs of S. aureus (1.25 mg/mL) and S. mutans (2.5 mg/mL). Compounds identified through Q-ToF LC-MS analysis 
demonstrated favorable molecular interactions and strong binding affinities with the target protein of S. aureus 
(PDB ID: 3U2D) as revealed by molecular docking studies. Finally, 6-hydroxyluteolin 5-rhamnoside, kaempferol 
3-(6''-p-coumarylglucoside)-7-glucoside, 6-hydroxyluteoin-7-(6'''-p-coumarylsophoroside), 8-hydroxyluteolin 
8-glucoside, luteolin 7-rhamnosyl(1-6)galactoside, along with 10-hydroxyyohimbine showed great potential as 
leads for developing new antibacterial agents.
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Microbial infections, particularly those related to the mouth, 
are produced by pathogenic microbes such as viruses, bacteria, and 
fungi that inhabit the oral cavity and often form biofilms (Flemming 
et al., 2016). These biofilms can trigger inflammatory responses and 
contribute to disease progression in dysbiosis-related conditions 
(Goodman et al., 2018). If left untreated, chronic oral infections may 
escalate to oral cancer owing to the roles of pathogenic microbes 
like Streptococcus mutans and Staphylococcus aureus in carcinogenesis 
(Odunitan et al., 2024; Yu et al., 2022). Although Escherichia coli is 
typically localized in the gastrointestinal tract, it can become life-
threatening in immunocompromised individuals (Tao et al., 2020). 
Thus, it’s very crucial to treat these infections timely and effectively 
to avoid the progression to oral cancer, despite the growing resistance 
of oral biofilms to conventional antibiotic therapies (Kenganora et al., 
2021). Additionally, the existing synthetic drugs offer toxicity, side 
effects, and drug resistance (Umar et al., 2022). These limitations 
highlight the urgent need for alternative therapeutic strategies. 
Traditional medicinal plants, long utilized for their healing properties, 
are a promising avenue for novel drug discovery and development. 
Their rich ethnopharmacological heritage and demonstrated bioactive 
properties position them as promising candidates in the ongoing battle 
against microbial infections and the escalating threat of antibiotic 
resistance.

A traditional medicinal plant, viz. Mitragyna speciosa Korth (local 
name: Kratom) is native to Southeast Asia and characterized by its 
relatively large, oval-shaped, glossy dark green leaves (Begum et al., 
2025a). It has long been used by local people to manage several health 
conditions, including anxiety, diarrhea, pain, intestinal infections, 
fever, cough, diabetes, hypertension, increasing sexual stimulation, 
wound healing, opioid withdrawal, and cancer prevention (Begum et 
al., 2024). Of late, the kratom leaves have spread to Western countries 
from their origin, where it is commercially accessible in different kinds, 
such as capsules, tablets, smoking preparations, and dried leaves for 
brewing or chewing purposes (Begum et al., 2025b).

A considerable volume of scientific research has been dedicated to 
investigating the bioactive constituents and pharmacological effects 
of Kratom leaves, highlighting their potential in various therapeutic 
applications. These studies have been predominantly focused on 
alkaloids, especially with mitragynine, which is recognized as the 
principal bioactive compound (Bagum et al., 2024). Apart from the 
alkaloids, a diverse array of secondary metabolites has been identified 
in Kratom, including triterpenoid saponins such as quinovic acid 3-O-β-
d-glucopyranoside and quinovic acid 3-O-β-d-quinovopyranoside, the 
saponin daucosterol, and various glycoside derivatives like roseoside, 
vogeloside, epivogeloside, 3-oxo-α-ionyl-O-β-d-glucopyranoside, 
1-O-feruloyl-β-d-glucopyranoside, and benzyl-β-d-glucopyranoside, as 
well as the flavonoid epicatechin. The outcomes of the pharmacological 
studies have revealed that Kratom leaves demonstrate a wide spectrum 
of biological properties, namely antioxidant activities, antimicrobial 
and antibiofilm effects, anticancer potential, antidiabetic activity, 
antiparasitic efficacy, antitussive effects, and antispasmodic actions 
(Begum et al., 2025a).

Antioxidants such as carotenoids (xanthophylls and carotenes), 
anthocyanins, terpenoids, lignans, terpenoids, stilbenes, tannins, 
vitamins, flavonoids, and phenolic acids have the capability to 
counteract free radicals and reactive oxygen species (ROS) within 
cells (Abeyrathne et al., 2022). Numerous studies have highlighted the 
coexistence of antioxidant and antibacterial activities in various plant-
derived extracts, underscoring their therapeutic potential (Irshad et al., 
2025; Sitthan et al., 2023). Building upon these insights, the primary 
objective of the present study was to investigate the antibacterial, 
antibiofilm, and antioxidant properties of Kratom leaf extracts, aiming 
to explore their efficacy as a source of bioactive compounds for potential 
pharmaceutical applications. Additionally, the research intended to 
detect the phytochemical components of the most potent bioactive 
extract and to perform molecular docking and ADMET (Absorption, 
Distribution, Metabolism, Excretion, and Toxicity) analyses to illuminate 
the mechanisms of action and assess the therapeutic possibility of these 
compounds as antibacterial agents.

2. Materials and Methods

2.1 Plant sample collection and laboratory preparation

Fresh Kratom leaves were sourced from Kedah, Malaysia, and 
subsequently identified and authenticated at the Kulliyyah of 
Pharmacy, International Islamic University Malaysia, under voucher 
number PIIUM 0358. The collected leaves were thoroughly washed 
with distilled water to remove adhering soil and debris, followed by 
drying at 40 °C for 3 days to preserve phytochemical integrity. The 
dried material was then pulverized using a Universal cutting mill 
(Germany) to obtain a fine powder suitable for extraction and further 
analysis.

2.2 Maceration-based preparation of plant extracts

The maceration was performed by immersing the powdered leaves 
in a series of methanol and water solvent systems (100%, 75%, 50%, 
25%, and 0% methanol). Generally, 100 g of dried leaf powder was 
carefully shifted to a round-bottom flask, and the solvent system was 
added in a 1:3 powder-to-solvent ratio, and the resultant mixture was 
left in the dark for 24 h at room temperature. Later, filtration was 
performed through Whatman filter paper No. 3, and the resultant filtrate 
was transferred to a Buchi rotary evaporator for concentration. This 
process was repeated three times. Using different solvent systems, five 
different extracts were obtained (0% methanol M, 25% methanol M, 
50% methanol M, 75% methanol M, and 100% methanol M). Here, “M” 
specifies an extract obtained using the maceration technique. Finally, 
the percentage yields of the concentrated extracts were calculated 
(Ananda et al., 2025).

2.3 Ultrasound-assisted preparation of plant extracts

Ultrasound assisted extraction was performed by using 5 g of 
dried powder of Kratom leaf and 50 mL of various methanol-water 
solvent systems, similar to those used in maceration extraction. 
The mixture was placed in an ultrasound machine (JEIOTECH, 
UC-10) and subjected to an ultrasound-assisted extraction (UAE) 
for 30 min at ambient temperature. After extraction, the mixture 
was filtered and concentrated through a rotary evaporator. This 
process was repeated three times (Zhang et al., 2018). Consequently, 
five different ultrasound extracts were obtained: 0% methanol U, 
25% methanol U, 50% methanol U, 75% methanol U, and 100% 
methanol U. Here, “U” specifies the extracts obtained by the UAE 
technique. The percentage yields of the concentrated extracts were 
then calculated according to Ananda et al. (2025) by the formula 
shown below: 

% yield= (mass of dry extract)/(mass of dry plant) × 100

2.4 Alkaloid and ethyl acetate fractionation

From the 100% methanol macerated extract (100% Methanol M), 
further fractionation was carried out to obtain the alkaloid fraction and 
the ethyl acetate fraction separately (Ananda et al., 2025). The overall 
extraction and fractionation workflow for all samples derived from M. 
speciosa leaf has been illustrated in Fig. 1.

2.5 Qualitative phytochemical screening

After extraction, the 12 Kratom leaf extracts were subjected to 
qualitative phytochemical screenings to identify the presence of key 
bioactive constituents. Standard protocols were employed to detect 
alkaloids (Settaluri et al., 2024), glycosides (Raduan et al., 2022), 
saponins (Ananda et al., 2025), terpenoids (Settaluri et al., 2024), 
phytosterols (Noormazlinah et al., 2019), as well as phenolic and 
flavonoid compounds (Ananda et al., 2025). These assessments provided 
a foundational understanding of the phytochemical composition of the 
extracts, supporting their potential therapeutic applications.
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2.6 Quantitative phytochemical screening

2.6.1 Total phenolic content assay

This assay was conducted following the protocol described by 
Raduan et al. (2022), with minor modifications, utilizing the Folin-
Ciocalteu (FC) method to assess total phenolic content (TPC). Gallic 
acid monohydrate was used at 400, 200, 100, 50, 25, 12.5, 6.25, and 
3.125 µg/mL to obtain a standard calibration curve. Each extract 
solution had a concentration of 1 mg/mL. The solvent used to prepare 
the extract solution served as a control. In each well of the microplate, 
20 μL of extract or 20 μL of gallic acid, or 20 μL of solvent was added 
to 100 μL of 10% FC reagent and well shaken, followed by incubation 
for 4 min at room temperature. Subsequently, 80 μL of 7.5% sodium 
carbonate solution was added to each well, followed by gentle agitation 
and incubation at room temperature for 2 h to facilitate the reaction. 
The absorbance of the resulting mixture was then measured at 765 nm 
using a microplate reader. The TPC was expressed as milligrams of 
gallic acid monohydrate equivalent per gram of extract (mg GAE/g), 
based on a standard calibration curve.

2.6.2 Total flavonoid content assay

This assay was performed following the methodology outlined by 
Raduan et al. (2022), with minor modifications. Quercetin dihydrate 
(98%) was used as the reference standard, prepared in serial dilutions 
of 200, 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 µg/mL to generate 
a standard calibration curve. Each extract was reconstituted at a 
concentration of 1 mg/mL. In a 96-well microplate, 50 μL of either the 
extract or standard solution was mixed with 100 μL of methanol, while 
the blank well contained 150 μL of methanol alone. Subsequently, 20 μL 
of 10% aluminum chloride (AlCl3) was added to each well, followed by 

gentle agitation and incubation at room temperature for 3 min. This was 
followed by the addition of 20 μL of 1 M sodium acetate (CH3COONa) 
and 60 μL of methanol. The microplates were then incubated at room 
temperature for 40 min, and the absorbance was measured at 415 nm 
using a microplate reader. The total flavonoid content (TFC) was 
expressed as milligrams of quercetin dihydrate equivalent per gram of 
extract (mg QE/g).

2.7 Antioxidant assays

2.7.1 DPPH scavenging assay

This assay was conducted in accordance with the protocol described 
by Raduan et al. (2022), with minor modifications. Ascorbic acid was 
employed as the reference standard, and various concentrations of both 
the standard and extract solutions were prepared via serial dilution 
from a 1 mg/mL stock solution using methanol. In a 96-well microplate, 
100 μL of each diluted extract or standard solution was combined with 
100 μL of 0.2 mM DPPH solution, followed by gentle shaking and 
incubation at room temperature for 30 min in the dark to prevent 
photodegradation. After incubation, the absorbance was measured at 
517 nm using a microplate reader. For blank wells, 100 μL of extract 
or ascorbic acid was mixed with 100 μL of methanol, excluding DPPH. 
The control wells contained 100 μL of methanol and 100 μL of DPPH 
solution, while the blank control consisted of 200 μL of methanol alone. 
This setup enabled accurate assessment of the antioxidant activity of the 
extracts based on their DPPH radical scavenging capacity. The equation 
used to measure the DPPH scavenging activity (%) is given below:

(%) Inhibition =(A control- A sample)/(A control) ×100%

Here, Acontrol= Absorbance of control; Asample=Absorbance of sample 
(extract/standard)

Fig. 1. Schematic overview of the extraction and fractionation workflow applied to all samples derived from Mitragyna speciosa leaves.
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2.7.2 FRAP test

This test was performed by following the procedure outlined by 
Raduan et al. (2022) with few required amendments. The solution of 
each extract was made in DMSO at 250 µg/mL. Various concentrations 
of ascorbic acid (200, 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 µg/
mL) were prepared to generate a standard curve. In each well of a 96-
well microplate, 30 μL of either the extract or ascorbic acid (standard) 
or DMSO (control) was mixed with 270 μL of freshly prepared ferric 
reducing antioxidant power (FRAP) reagent. The mixture was then 
incubated for thirty minutes at 37 °C in a dark condition to prevent 
light-induced degradation. Following incubation, the absorbance was 
measured at 593 nm using a microplate reader, enabling the evaluation 
of the ferric reducing antioxidant power of the samples. The FRAP 
activity was recorded as milligrams of ascorbic acid equivalent per 
gram of each sample (mg AAE/g).

2.8 Antimicrobial activity evaluation of kratom leaf extracts

Antimicrobial assessments were carried out using disc diffusion 
assay, broth microdilution assay, and antibiofilm test on three different 
pathogens, namely Escherichia coli (ATCC 25922), Streptococcus mutans 
(ATCC 25175), and Staphylococcus aureus (ATCC 25923). These 
bacterial strains were obtained from the Kulliyyah of Dentistry, IIUM. 
The bacteria were subcultured on Brain Heart Infusion (BHI) agar. Four 
to five colonies were picked using a sterilized wire loop from the pure 
cultures of E. coli, S. mutans, and S. aureus, and finally transferred to 
BHI broth. The optical densities were adjusted to OD 600 nm of 0.5 
for E. coli, OD 620 nm of 0.5 for S. mutans, and OD 595 nm of 0.5 for 
S. aureus to achieve a concentration of 108 CFU/mL (Qiao et al., 2021; 
Arzmi et al., 2015).

2.8.1 Disc diffusion test

This assay was followed based on the method mentioned by Hossain 
et al. (2024) with a few changes. Initially, each extract was prepared 
in methanol at three different concentrations (100, 50, and 25 mg/
mL). A 0.12% chlorhexidine solution served as the standard, while 
methanol was used as the negative control. Each disc was impregnated 
with 20 µL of extract, 0.12% chlorhexidine, or methanol, and then 
dried to ensure no methanol remained. The inoculation procedure was 
carried out by uniformly streaking standardized bacterial inocula onto 
the surface of Mueller-Hinton agar (MHA) plates using sterile cotton 
swabs to ensure even distribution. Sterile discs impregnated with the 
test extracts were then carefully placed onto the agar surface. The 
plates were subsequently incubated at 37 °C for 24 h under aerobic 
conditions. Following the incubation period, the zones of inhibition, 
indicative of antibacterial activity, were measured in millimeters using 
a digital caliper or ruler and recorded for further analysis. The disc 
diffusion test was carried out thrice.

2.8.2 MIC and MBC determination

Following the disc diffusion test, extracts that exhibited antibacterial 
activity were further evaluated using the broth microdilution method to 
ascertain the Minimum Inhibitory Concentration (MIC) and Minimum 
Bactericidal Concentration (MBC), based on the procedure described 
by Hossain et al. (2024) with necessary modifications. Initially, stock 
solutions of the extracts were prepared at a concentration of 100 mg/mL 
by dissolving 100 mg of the extracts in 1 mL of a methanol-phosphate 
buffered saline (PBS) (10:90) solvent system to enhance solubility. 
Serial dilutions were then performed using the same solvent system to 
yield eight dissimilar concentrations. In a sterile 96-well microplate, 
10 μL (for Staphylococcus aureus) or 20 μL (for Streptococcus mutans) of 
each diluted extract was added to 90 μL (for S. aureus) or 80 μL (for S. 
mutans) of PBS. This was followed by the addition of 50 μL of bacterial 
inoculum (S. aureus or S. mutans, 10⁸ CFU/mL) and 50 μL of BHI broth. 
The plates were incubated at 37 °C for 24 h, ensuring that the final 
methanol concentration did not exceed 1% to avoid solvent-induced 
effects. Control groups included: Extract + PBS + BHI (no bacteria), 
PBS + Culture + BHI (no extract), PBS + BHI (no extract or bacteria), 

0.12% Chlorhexidine + PBS + Culture + BHI (positive control), and 
0.12% Chlorhexidine + PBS + BHI (no bacteria). Post-incubation, MIC 
values were determined by adding 20 μL of 5 mg/mL MTT reagent 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to 
each well, followed by incubation at 30 °C for 30 min. The presence 
of blue-coloured formazan indicated bacterial viability, and the lowest 
concentration that showed no color change was recorded as the MIC. To 
determine the MBC, a loopful of broth from wells corresponding to MIC 
and higher concentrations was streaked onto MHA plates, followed by 
incubation at 37 °C for 24 h. The lowest concentration that revealed no 
visible bacterial growth was recorded as the MBC.

2.8.3 Antibiofilm test

2.8.3.1 Static biofilm formation

The antibiofilm activities of M. speciosa leaf extracts against S. 
mutans and S. aureus biofilms were investigated based on the procedure 
outlined by Famuyide et al. (2019) with necessary adjustments. The 
extract solutions were formulated using the identical solvent system 
utilized in the broth microdilution procedure. For each extract, two 
concentrations were tested: 1xMIC and 2xMIC. In a sterile 96-well 
microplate, the appropriate volume of extract solution was combined 
with PBS, 50 μL of bacterial suspension (10⁸ CFU/mL), and 50 μL 
of BHI broth, resulting in a final volume of 200 μL per well. The 
experimental setup included the following controls: Extract + PBS + 
BHI (no bacteria), PBS + Culture + BHI (no extract), PBS + BHI (no 
extract or bacteria), 0.12% Chlorhexidine + PBS + Culture + BHI 
(positive control), and 0.12% Chlorhexidine + PBS + BHI (no bacteria). 
The plates were incubated at 37 °C for 72 h, with the culture medium 
replaced aseptically every 24 h to maintain optimal growth conditions 
and prevent nutrient depletion.

2.8.3.2 Crystal violet test

Upon the incubation period, the plates were carefully washed with 
sterilized distilled water to eradicate the planktonic cells. The plates 
were then dried in a biosafety cabinet. Once dried, 200 µL of 100% 
methanol was added to each well and left for 20 min. The methanol was 
then removed, and 200 µL of 0.1% crystal violet solution was added and 
retained for 20 min. Excess stain was washed off with distilled water, 
and 200 µL of 100% ethanol was added to destain the wells. After 20 
min, 100 µL of destaining solution was collected from each well and 
transferred to a new microplate. The absorbance of each well was 
measured at 590 nm using a microplate reader. The mean absorbance 
values of the samples were calculated, and the biofilm inhibition was 
expressed as percentage inhibition using the following equation:

(%) Inhibition = (OD (Negative control)- OD(Sample))/(OD 
(Negative control)) ×100%

2.9 Q-TOF-LCMS analysis for bioactive compounds identification of M. 
speciosa leaf extract

The most potent extract exhibiting antibacterial activity was 
further evaluated through a liquid chromatography-mass spectrometry-
quadrupole time-of-flight (LCMS-QTOF) instrument (Agilent 1290 
Infinity and 6550 iFunnel, Santa Clara, CA, USA). The sample was 
prepared by dissolving 1 mg of Kratom extract in 250 µL of LC-grade 
MeOH, followed by vortexing, sonication, and subsequent mixing with 
250 µL of distilled H2O. The resulting solution was centrifuged for almost 
15 min, and the supernatant was collected and filtered into a vial made 
of glass for analysis. Chromatographic separation was performed using 
a C18 column (Phenomenex Kinetex) kept at 27°C, with a gradient 
elution preparatory from 5% MeOH in H2O containing 0.1% methanoic 
acid to absolute MeOH over 20 min, followed by 10 min of isocratic 
elution with absolute methanol at a flow rate of 0.0007 L/min. The MS 
data were attained in the m/z range of 50-1500, employing a collision 
energy ramp of 35 eV. The data developed were managed through 
different specific software including ACD/Spec Manager and MZmine 
(Ananda et al., 2025).
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2.10 Molecular docking

The detected compounds of the ethyl acetate fraction were checked 
through the molecular docking method. The structures of chlorhexidine 
(standard) and the detected compounds were retrieved from https://
pubchem.ncbi.nlm.nih.gov/. The target protein corresponding to the 
GyrB ATPase domain of S. aureus (PDB ID: 3U2D) was retrieved from 
accessing the http://www.rcsb.org (Protein Data Bank). By adjusting 
the grid coordinates, i.e., X: 0.548, Y: 2.587, and Z: 23.537, the native 
ligand was redocked to ensure an RMSD (root-mean-square deviation) 
below two Å. AutoDock Vina, Autodock Tools 1.5.7, and Discovery 
Studio software. Docking results were analyzed through both 2D and 
3D visualizations to better understand observations of the binding sites 
interactions (Hossain et al., 2024; Eakin et al., 2012; Ananda et al., 
2025).

2.11 Physico-chemical and pharmacokinetic properties

Studying physicochemical and pharmacokinetic properties is 
indispensable for envisaging the behavior of a drug in the human body, 
adjusting its beneficial effects, and ensuring its safety. Hence, bioactive 
compounds of the ethyl acetate fraction were further checked for their 
effect on drug absorption and distribution. These properties also affect 
how a drug is metabolized by the liver and other organs, as well as 
how quickly it is cleared from the body (Ananda et al., 2025) (www.
swissadme.ch/index.php; biosig.lab.uq.edu.au/pkcsm/prediction).

2.12 Statistical analysis

Data generated after successfully performing all assays were 
statistically investigated through Minitab software version 21.4. A one-
way analysis of variance (ANOVA) was done to evaluate significant 
differences among the groups. Tukey’s post hoc multiple comparison 
test was applied to identify specific pairwise differences between group 
means at a significance level of p < 0.05.

3. Results & Discussion

3.1 Percentage of extract yield and qualitative phytochemical screening of 
kratom leaf extracts

Extraction marks the preliminary phase in isolating bioactive 
compounds from natural sources such as leaves, stems, flowers, or 
roots. Among the various existing extraction techniques, maceration 
remains a traditional extraction method, particularly well-suited for 
thermolabile compounds. This process involves soaking plant material 
at room temperature for an extended duration, enabling the gradual 
diffusion of phytoconstituents from the solid matrix into the solvent. 
Despite its simplicity, maceration is time-consuming and demands 
a substantial volume of solvent. In contrast, UAE offers a faster and 
more efficient extraction alternative, enhancing mass transfer through 
acoustic cavitation, thereby reducing extraction time and solvent usage. 
It employs ultrasonic waves to facilitate the dissolution and diffusion 
of compounds in a comparatively smaller amount of solvent. Thus, 
UAE can bring the compounds that may not dissolve in the normal 
maceration method due to limited solubility. Several factors influence 
extraction efficiency, including temperature, type of solvent, the ratio 
of plant material (leaf, stem, flower, or root) to solvent, and extraction 
time. These factors can significantly affect the extraction efficiency, 
yield, composition, as well as the type of compounds extracted (Li et al., 
2014; Zhang et al., 2018; Al Ubeed et al., 2022).

In this research, initially, both maceration and UAE methods were 
used to generate two sets of extracts, each using five different methanol-
water solvent systems. Methanol, a multipurpose solvent, is proficient 
in removing both polar and nonpolar constituents from plants. Previous 
studies have also observed that methanol extract often exhibits more 
potent antioxidant activity compared to other solvents, with more 
methanol ratios correlating with increased total phenolic compound 
content (Moneim et al. 2022; Riyadi et al., 2023). Thus, the use of 
five methanol-water ratios enabled the extraction of compounds with 
varying polarities, resulting in five distinct extract types to perform 

the subsequent qualitative phytochemical screening. As presented 
in the supplementary file (Table S1), the extracts obtained post-
extraction exhibited variable yield percentages and distinct profiles of 
phytochemical components.

3.2 Quantitative phytochemical screening and antioxidant tests

The quantitative phytochemical (TPC, TFC) and antioxidant (DPPH, 
FRAP) tests were performed on three groups of extracts comprising 
12 different extracts and fractions. Numerous studies have established 
the fact that the plant’s constituents, namely phenolic and flavonoid 
compounds, are quite strong in terms of exhibiting antioxidant 
properties (Wang et al., 2021). This correlates the highest TPC and TFC 
values of the extracts with their high antioxidant property, especially 
100% methanol M extract, 100% methanol U extract, and ethyl acetate 
fraction. A range of tests with distinct mechanisms of action is available 
to check the antioxidant effects of the extracts or isolated compounds. 
In this study, two widely used methods, namely DPPH and FRAP tests, 
were used to check the antioxidant potential. In fact, the DPPH assay 
utilizes the stable free radical DPPH•, and measures antioxidant property 
based on the compound or extract capacity to neutralize this DPPH free 
radical. This method is particularly suited for detecting hydrophobic 
antioxidants. In contrast, the FRAP assay is a rapid, simple, and cost-
effective method designed to measure the antioxidant capacity of 
hydrophilic compounds. It operates by quantifying the capability of an 
extract or a compound to reduce ferric ions (Fe3+) to ferrous ions (Fe2+) 
at low pH, reflecting their electron-donating potential as an antioxidant 
(Sarian et al., 2017; Ahmed et al., 2018). Thus, by incorporating both 
assays, the current study measures the antioxidant activity of both 
hydrophobic and hydrophilic constituents present in the extracts to 
get a comprehensive idea of their antioxidant potential. The results of 
the quantitative phytochemical analyses (TPC, TFC) and antioxidant 
evaluations (DPPH, FRAP), statistically assessed within each extract 
group, have been shown in Table 1.

Among the maceration extracts, the 100% methanol M showed the 
highest activity in all four tests: (TPC: 257.46 ± 1.32 mg GAE/g extract, 
p<0.05, TFC: 50.75 ± 0.24 mg QE/g extract, p<0.05, DPPH: IC50 7.94 
± 0.12 µg/mL, p<0.05 and FRAP: 2103.46 ± 5.67 mg AAE/g extract, 
p<0.05). Similarly, among the ultrasonic extracts, the 100% methanol 
U showed the highest activity in all four tests: (TPC: 340.99 ± 2.38 mg 
GAE/g extract, p<0.05, TFC: 62.95 ± 0.77 mg QE/g extract, p<0.05, 
DPPH: IC50 7.57 ± 0.24 µg/mL, p<0.05 and FRAP: 2365.99 ± 3.39 mg 
AAE/g extract, p<0.05). Conversely, between the specialized extracts 
obtained from 100% methanol M extract, the ethyl acetate fraction 
showed better activity than the alkaloid fraction: TPC (337.00 ± 19.60 
mg GAE/g extract, p<0.05), TFC (57.72 ± 3.79 mg QE/g extract, 
p<0.05), DPPH (IC50 15.03 ± 0.54 µg/mL) and FRAP (2981.7 ± 40.6 
mg AAE/g extract, p<0.05). The alkaloid-rich fraction was specifically 
prepared to ensure a higher concentration of alkaloids relative to other 
phytochemical constituents, such as phenolics and flavonoids. Thus, 
this fraction showed lower TPC and TFC, which corresponded with a 
reduced antioxidant capacity. These findings clearly underscore the 
significant contribution of phenolic and flavonoid compounds to the 
overall antioxidant property of the extracts. 

According to Jadid et al. (2017), antioxidant activity in the DPPH 
assay is classified as strong when IC50 values fall between 10 and 50 μg/
mL, moderate when ranging from 50 to 100 μg/mL, and weak when 
exceeding 100 μg/mL. In our study, both the 100% methanol M and 
100% methanol U extracts demonstrated IC50 values within the strong 
activity range and comparable to that of the ascorbic acid (standard 
antioxidant). This correlates with the highest TPC and TFC values of the 
100% methanol M extract, 100% methanol U extract, and ethyl acetate 
fraction, with the highest antioxidant property observed.

3.3 Antibacterial assay

The disc diffusion test was performed with twelve different extracts 
of M. speciosa leaf at three different concentrations each, against E. 
coli, S. mutans and S. aureus which offered low cost, flexibility, and 
short processing time (Coorevits et al., 2015) and helped in selecting 
the extracts for subsequent tests. The outcomes of disc diffusion test 
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revealed that only 100% methanol M extract, 100% methanol U 
extract, and ethyl acetate fraction showed zones of inhibition at all 
concentrations. For S. mutans, only the 100% methanol M extract, 
100% methanol U extract and ethyl acetate fraction showed zones of 
inhibition at 50 and 100 mg/mL. However, none of the extracts and 
fractions at any concentration exhibited ZOI against E. coli. The findings 
of the disc diffusion test results were compared with the results of 
0.12% chlorhexidine within the same extract group. Against S. aureus, 
all three extracts showed significantly different zones of inhibition. 
However, against S. mutans, in all three extracts, the zone of inhibition 
was not significantly different at 50 and 100 mg/mL.

Based on the outcomes of the disc diffusion test, 100% methanol 
M extract, 100% methanol U extract, and ethyl acetate fraction were 
selected to investigate their MIC and MBC against S. aureus and S. mutans 
through the broth microdilution test. During the broth microdilution 
assay, the extracts demonstrated partial solubility in water-based 
solvents, leading to precipitation upon the addition of broth into the 
wells. Moreover, the inherent colors of the extracts interfered with 
visual assessment, posing a challenge in accurately determining the 
MIC. To address these issues, a methanol-PBS solvent system was used, 
along with the MTT colorimetric method to visually identify the MIC 
well, as suggested by Veiga et al. (2019). The results showed that the 
ethyl acetate fraction displayed a minimum bactericidal effect at 5 
mg/mL against S. aureus. Among the tested fractions, the ethyl acetate 
fraction demonstrated the most potent antibacterial activity, with MIC 
values of 1.25 mg/mL against S. aureus and 2.5 mg/mL against S. 
mutans. Moreover, it was the only fraction to demonstrate an MBC at 
5 mg/mL against S. aureus, indicating its superior bactericidal efficacy 
(Fig. S1). The findings of the disc diffusion and broth microdilution 
tests have been shown in Table 2.

The three extracts were further subjected to antibiofilm tests to 
evaluate their potential to inhibit biofilm formation. In this regard, 
two concentrations (1xMIC and 2xMIC of the respective extracts) 
were used. The outcomes of the antibiofilm test indicated a reduction 
in biofilm biomass and an increase in inhibition with higher extract 
concentrations. Statistical analysis was conducted to evaluate the 
efficacy of the extracts, wherein the biofilm biomass of each extract-
treated group was compared to that of the untreated control, and the 
percentage inhibition was assessed relative to the standard treatment 
(0.12% chlorhexidine), as presented in Table 3. The differences 
observed were statistically significant (p < 0.05). Notably, the 100% 
methanol maceration extract, 100% methanol ultrasonication extract, 
and the ethyl acetate fraction demonstrated significant activity against 
both the planktonic and biofilm forms of S. aureus and S. mutans.

In accordance with the findings from planktonic evaluations, the 
Kratom leaves extracts exhibited pronounced antibiofilm effect against 
pathogenic S. aureus, while its impact on S. mutans was comparatively 
attenuated. Markedly, this is the first report highlighting the antibiofilm 
activity of the Kratom leaf extract against pathogenic microbe viz. 
S. mutans. Despite biofilm inhibition remaining less than 50% at the 
highest tested dose, this type of outcome aligns with the behavior 
of many phytoconstituents isolated from medicinal plants, which 
frequently exert their activities via intricate, multi-targeted pathways 
distinct from conventional antibiotic mechanisms. Unlike conventional 
antibiotics that exert potent bactericidal effects, plants extract often 
disrupt biofilm formation through alternative mechanisms, namely 
quorum sensing interference, glucosyltransferases (GTFs) (key enzymes 
in S. mutans biofilm development) inhibition, and destabilization of the 
extracellular polymeric substance (EPS) matrix pathways that may not 
be responsible for high percentage of inhibitions initially despite the 
facts that evidence supports this incongruity (Atazhanova et al., 2024). 
A study in which it was revealed that targeting GTFs can compromise 
biofilm integrity even with minimal impact on planktonic growth. In 
silico findings demonstrated strong interactions of phytoconstituents 
against GTFs, efficiently weakening biofilm architecture and 

Table 1.  
Results of quantitative phytochemical tests and antioxidant tests for M. specio-
sa leaf extracts and fractions.

Extract/
Fraction/
Standard

Quantitative assay Antioxidant assay

TFC
(mg QE/g of 

extract)

TPC
(mg GAE/g of 

extract)

DPPH
(IC50 µg/mL)

FRAP
(mg AAE/g of 

extract)

Maceration extracts

0% methanol 
M

28.59 ± 0.61e 139.51 ± 0.75e 22.48 ± 0.57a 1249.54 ± 8.86e

25% methanol 
M

31.50 ± 0.17d 160.44 ± 1.15d 20.84 ± 0.36b 1567.33 ± 6.66d

50% methanol 
M

39.70 ± 1.38c 189.70 ± 1.32c 12.51 ± 0.10c 1851.58 ± 1.39c

75% methanol 
M

43.94 ± 1.29b 205.00 ± 1.16b 8.86 ± 0.09d 1942.17 ± 10.65b

100% 
methanol M

50.75 ± 0.24a 257.46 ± 1.32a 7.94 ± 0.12e 2103.46 ± 5.67a

Ascorbic acid NA NA 5.26 ± 0.03f NA

Ultrasonic extracts

0% methanol 
U

18.10 ± 0.36e 256.32 ± 0.78e 26.06 ± 0.20a 1454.74 ± 1.81e

25% methanol 
U

26.87 ± 1.71d 268.51 ± 1.38d 13.77 ± 0.18b 2069.08 ± 2.00d

50% methanol 
U

35.25 ± 1.40c 279.46 ± 4.23c 12.21 ± 0.13c 1832.00 ± 21.6c

75% methanol 
U

49.21 ± 0.31b 296.59 ± 3.33b 11.72 ± 0.12d 2208.50 ± 37.0b

100% 
methanol U

62.95 ± 0.77a 340.99 ± 2.38a 7.57 ± 0.24e 2365.99 ± 3.39a

Ascorbic acid NA NA 5.26 ± 0.03f NA

Other fractions

Alkaloid 
fraction

29.47 ± 0.70b 82.130 ± 0.60b 106.13 ± 
10.95a

541.71 ± 3.30b

EtOAc fraction 57.72 ± 3.79a 337.00 ± 19.60a 15.03 ± 0.54b 2981.70 ± 40.6a

Ascorbic acid NA NA 5.26 ± 0.03b NA

Results are presented as mean ± standard deviation (SD). Means not sharing the same 
letter indicate statistically significant differences (p < 0.05).

Table 2.  
Antibacterial activity of Mitragyna speciosa leaf extracts and fractions against Escherichia coli, Streptococcus mutans, and Staphylococcus aureus. 

Extract/Fraction/
Control

Antibacterial Activity

ZOI (mm) Broth Microdilution 
(mg/mL)

S. aureus S. mutans E. coli S. aureus S. mutans

25 mg/mL 50 mg/mL 100 mg/mL 25 mg/mL 50 mg/mL 100 mg/mL 25 mg/mL 50 mg/mL 100 mg/mL MIC MBC MIC MBC

100% methanol U 7.33 ± 0.29d 8.50 ± 0.5c 9.83 ± 0.29b - 6.67 ± 0.17b 7.39 ± 0.10b - - - 5 - 5 -

100% methanol M 7.94 ± 0.10d 8.78 ± 0.26c 9.89 ± 0.10b - 6.56 ± 0.10b 7.22 ± 0.19b - - - 5 - 10 -

EtOAc Fraction 8.11 ± 0.35d 9.17 ± 0.29c 12.00 ± 0.33b - 7.33 ± 0.17b 8.22 ± 0.10b - - - 1.25 5 2.5 -

Chlorhexidine 21.89 ± 0.51a 20.11 ± 0.69a 20.89 ± 1.39 NA NA NA NA

Note: ZOI: Zone of Inhibition.; (-): Absence. Results are presented as mean ± standard deviation (SD). Means not sharing the same letter indicate statistically significant differences 
(p < 0.05).
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pathogenicity despite lower MIC values. Hence, the antibiofilm property 
of M. speciosa leaf extract remains pertinent, mainly for biofilm-related 
mouth infections where conventional antibiotics frequently become 
ineffective owing to poor biofilm penetration and resistance (Bartels 
et al., 2025).

3.4 Q-ToF-LCMS analysis

This analysis provided a solid baseline for identifying putative 
compounds in the ethyl acetate fraction. Kratom is a complex mixture of 
phytochemical components, including alkaloids, phenolics, flavonoids, 
saponins, and glycosides (Begum et al., 2025a). Consequently, the above 
analysis of the ethyl acetate fraction identified various phytoconstituents, 
including alkaloids, saponins, glycosides, phenolics, and flavonoids. 
Some of these phytoconstituents have already been confirmed for their 
antioxidant and antibacterial properties. The positive and negative 
ionization modes chromatograms of the ethyl acetate fraction have 
been included in Fig. S2. The identified compounds in the M. speciosa 
leaf ethyl acetate fraction have been summarized in Table S2. Moreover, 
the structures of some of the key detected phytoconstituents have been 
illustrated in Fig. 2.

Kaempferol 3-(6''-p-coumarylglucoside)-7-glucoside, robinetin 
3-rutinoside, ent-Fisetinidol-4beta-ol, 6-hydroxyluteolin 
5-rhamnoside, 8-hydroxyluteolin 8-glucoside, 6-hydroxyluteoin-
7-(6'''-p-coumarylsophoroside), luteolin 7-rhamnosyl(1->6)
galactoside, epifisetinidol-4alpha-ol, and scutellarein 7-glucoside 
were some of the phenolics and flavonoids identified. Luteolin 
(5,7,3′,4′-tetrahydroxyflavone), a flavone subclass of flavonoids, 
possesses antibacterial and antibiofilm activity against S. aureus (MIC: 
16-32 μg/mL) and Listeria monocytogenes (MIC: 32-64 μg/mL) (Qian 
et al., 2020). Moreover, the antioxidant and antibacterial activities of 
rutin have been documented by Almuhanna et al. (2024) and Wang et 
al. (2021). Furthermore, the antimicrobial activity of “fisetin” against 
Listeria monocytogenes and Streptococcus suis has been reported by 
Antika and Dewi (2021), suggesting that epifisetinidol-4alpha-ol and 
ent-Fisetinidol-4beta-ol might possess antibacterial activity due to the 
presence of the “fisetin” moiety.

Reserpic acid, is believed to undergo biotransformation into 
reserpine within the body. Notably, reserpine has been shown to 
retard biofilm formation and decrease the virulence of S. aureus (Parai 
et al., 2020). In parallel, the alkaloid mitragynine has demonstrated 
promising antioxidant and antiparasitic effects (Begum et al., 2025b). In 
this context, Q-ToF LC-MS analysis of the ethyl acetate fraction derived 
from the 100% methanolic extract (Maceration extract) revealed the 
presence of pharmacologically active phytoconstituents that may be 
responsible for the observed antibacterial effects.

Table 3.  
Effects of kratom extracts and 0.12% chlorhexidine on biofilm biomass of Staphylococcus aureus and Streptococcus mutans.

Extracts/
fractions

Biofilm biomass

S. aureus S. mutans

Concentra­
tions (mg/

mL)

Biomass 
(extract)

Biomass 
(Neg. 

Control)

Biomass 
(0.12% 
chlor­

hexidine)

% 
inhibition 
of extracts

% inhibition 
of 0.12% 

chlor­
hexidine

Concentra­
tions (mg/

mL)

Biomass 
(extract)

Biomass 
(Neg. 

Control)

Biomass 
(0.12% 
chlor­

hexidine)

% inhibition 
of extracts 

% inhibition 
of 0.12% 

chlorhexidine

100% 
methanol 
M

5 0.059 ± 
0.002b

0.523 ± 
0.002a

NG 88.68 ± 
0.40c

100 ± 0.0a 10 0.092 ± 
0.002b

0.186 ± 
0.006a

NG 22.97 ± 1.28c 100 ± 0.0a

10 0.032 ± 
0.002c

93.96 ± 
0.33b

20 0.071 ± 
0.003c

40.62 ± 2.11b

100% 
methanol 
U

5 0.059 ± 
0.002b

88.74 ± 
0.38c

5 0.087 ± 
0.003b

26.89 ± 2.52c

10 0.017 ± 
0.004c

96.65 ± 
0.83b

10 0.074 ± 
0.001c

38.095 ± 
0.49b

EtOAc 
Fraction

1.25 0.062 ± 
0.005b

88.04 ± 
0.89c

2.5 0.088 ± 
0.003b

26.05 ± 2.52c

2.5 0.032 ± 
0.002c

93.78 ± 
0.40b

5 0.077 ± 
0.002c

35.57 ± 1.75b

Note: NG means No Growth. Results are presented as Mean ± SD. Means having distinct letters are considered as significantly different.

Fig. 2. Chemical structures of some compounds covering diverse chemical classes 
identified via Q-ToF-LCMS analysis in the ethyl acetate fraction of Mitragyna speciosa 

leaves, obtained from a 100% methanol macerated extract.

3.5 Molecular docking analysis

Q-ToF-LCMS analysis was employed to identify the bioactive 
compounds present in the ethyl acetate fraction of M. speciosa leaves. 
A total of 14 compounds were detected and subsequently subjected 
to a molecular docking study through an in silico approach to assess 
their binding affinities against the GyrB ATPase domain of S. aureus 
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(PDB ID: 3U2D). As a validation step, control docking of the native 
ligand (08B1) yielded a root-mean-square deviation (RMSD) of 0.823 
Å and a binding energy of -7.6 kcal/mol. Additionally, chlorhexidine, 
used as a reference compound, demonstrated a binding score of 
-8.1 kcal/mol. Notably, several phytochemicals exhibited stronger 
binding affinities than both the native ligand and chlorhexidine: 
6-hydroxyluteoin-7-(6'''-p-coumarylsophoroside) (-9.7 kcal/mol), 
kaempferol 3-(6''-p-coumarylglucoside)-7-glucoside (-9.6 kcal/mol), 
luteolin 7-rhamnosyl(1-6)galactoside (-9.3 kcal/mol), and reserpic 
acid: -9.1 kcal/mol. These findings suggest that selected compounds 
from kratom may possess promising inhibitory potential against the 
GyrB ATPase domain of S. aureus. The comprehensive results of the in 
silico molecular docking study have been presented in Table 4. Detailed 
binding interactions between the 3U2D protein and selected compounds: 
6-hydroxyluteoin-7-(6'''-p-coumarylsophoroside), kaempferol 
3-(6''-p-coumarylglucoside)-7-glucoside, luteolin 7-rhamnosyl(1-6)
galactoside, reserpic acid, as well as the native ligand (08B1) and 
chlorhexidine have been visually depicted in Fig. 3. Additional docking 
interactions involving the remaining compounds have been provided in 
Fig. S3 within the supplementary materials.

According to Eakin et al. (2012), the catalytic site of the target 
protein (PDB ID: 3U2D) comprises key amino acid residues, including 
ASP81, ARG84, ARG144, and THR173. The compounds identified in 
this study (Table S2) showed different types of molecular interactions 
(bond types), such as hydrogen bonding, hydrophobic contacts, and 
electrostatic interactions with these catalytic residues, as well as with 
additional amino acids within the active site region. In the native 
ligand-protein interaction, ASP81 played a key role by forming a 
conventional hydrogen bond. Additionally, six other amino acid 
residues (VAL79, ILE175, ILE51, THR173, ASN54, and ILE86) 
contributed to the binding through various non-covalent interactions, 
such as hydrophobic contacts and van der Waals forces. In contrast, the 
compound 6-hydroxyluteoin-7-(6'''-p-coumarylsophoroside) established 

conventional hydrogen bonds primarily with SER129, ILE102, and 
SER128, indicating a distinct interaction profile compared to the 
naive ligand. Additionally, kaempferol 3-(6''-p-coumarylglucoside)-7-
glucoside formed conventional hydrogen bonds with GLY85, ARG84, 
and ASN54, indicating strong interactions within the active site. 
Similarly, 8-hydroxyluteolin 8-glucoside exhibited hydrogen bonding 
with ASN54, GLU58, ARG84, and GLY85, suggesting a comparable 
binding profile. In contrast, the standard (chlorhexidine) formed 
hydrogen bonds with ILE102, ASN54, and ASP57, while other residues, 
ILE51, ILE175, ASP57, and GLU58 were involved in additional non-
covalent interactions such as hydrophobic contacts and electrostatic 
forces. These findings highlight the diverse binding mechanisms 
employed by both natural compounds and standard drugs, contributing 
to their respective bioactivities.

It’s noteworthy that, in silico, chlorhexidine didn’t show interactions 
with any of the catalytic amino acids of the target protein, despite 
exhibiting potent antibacterial effects against the tested bacterial 
strains. This observation suggests that compounds lacking direct 
interactions with catalytic amino acid residues, yet sharing similar 
binding profiles with chlorhexidine, may also possess significant 
antibacterial potential. For instance, luteolin 7-rhamnosyl (1-6)
galactoside showed high binding affinity through hydrogen bonds with 
ILE51, ILE175, ASP57, and GLU58, along with additional interactions 
involving ILE86. The in silico approach serves as a valuable predictive 
tool for assessing potential ligand-protein interactions, offering 
insights that complement in vitro and in vivo findings. Accordingly, 
the compounds were evaluated not only based on their computational 
binding results but also on their interaction similarity to chlorhexidine, 
reinforcing their potential as effective antibacterial agents. DNA gyrase 
is an essential bacterial enzyme belonging to the topoisomerase family, 
which plays a central role in DNA replication, transcription, and repair 
by modulating the supercoiling and topology of DNA (Belounis et al., 
2025). Due to its essential function in maintaining DNA integrity and 

Table 4.  
Molecular docking profile of compounds identified in the ethyl acetate fraction of Kratom leaves against the 3U2D Protein.

# Phytoconstituents Ligand-receptor 
interaction score 
(Predicted binding 
energy; kcal/mol)

Interactions with bond distance (Å)

Hydrogen binding interaction Other binding interactions

1. ent-Fisetinidol-4beta-ol -8.2 GLY85: 2.06; THR173: 2.39; ASP81: 3.08; ASN54: 3.04 ILE86: 3.94 & 5.01

2. Epifisetinidol-4alpha-ol -8.1 GLU58: 3.09 ILE175: 5.13; ILE51: 5.09; ILE86: 4.00 & 4.98

3. 10-hydroxyyohimbine -8.2 GLU58: 2.99; ARG84: 3.02; ASN54: 2.34 ILE175: 4.73; LEU103: 5.18; ILE51: 4.59; ILE86: 4.43 & 
5.43; GLU58: 4.00

4. Robinetin 3-rutinoside -8.8 ASN54: 2.05, 2.38, 2.75, 2.39, 2.62 & 2.02; ARG144: 
2.38; SER55: 2.65

ILE86: 4.93 & 5.02; ASN54: 3.94; GLU58: 4.95; ARG84: 
4.35; PRO87: 5.25 & 4.13

5. 8-hydroxyluteolin 
8-glucoside

-8.8 ASN54: 3.32; GLU58: 3.05; ARG84: 2.78; GLY85: 2.52 GLU58: 4.26; PRO87: 5.44; ILE86: 4.66 & 3.60

6. Luteolin 7-rhamnosyl (1-6)
galactoside

-9.3 ASN54: 3.23; VAL130: 2.83; SER129: 3.12 & 3.01 ILE86: 3.48

7. Scutellarein 7-glucoside -8.4 GLU58: 2.85; ASN54: 2.02; SER128: 2.76; ILE102: 2.18 ILE86: 3.46, 4.87 & 3.99

8. Reserpic acid -9.1 GLU58: 2.64 ILE86: 3.42 & 3.97; ILE51: 5.39

9. 6-Hydroxyluteolin 
5-rhamnoside

-8.4 SER129: 1.99; ARG84: 2.31 & 2.47 GLY85: 4.76; ILE86: 3.50 & 4.25; ILE102: 5.41; ILE51: 
5.28; LEU103: 5.10

10. 6-Hydroxyluteoin-7-(6'''-p-
coumarylsophoroside)

-9.7 SER129: 2.25; ILE102: 3.22; SER128: 2.38; GLY 85: 
2.31 & 3.00; THR173: 2.13

ASP57: 4.90 & 4.27; GLU58: 3.91; ILE86: 5.13; ILE102: 
3.47

11. Kaempferol 
3-(6''-p-coumarylglucoside)-
7-glucoside

-9.6 GLY85: 2.23; ARG84: 2.95; ASN54: 2.20 & 2.77; 
ARG144: 2.47

ASN54: 5.01; ILE86: 3.92; ALA98: 4.71; PRO87: 5.06; 
ILE102: 4.99 & 4.70

12. Mitragynine -7.0 - VAL79: 4.61; ILE175: 4.32 & 5.15; ILE51: 4.98 & 5.18; 
ILE86: 3.65 & 3.86; ASN54: 5.12

13. Phytosphingosine -5.6 ILE102: 3.34; ASN54: 3.25 & 3.23 ILE102: 4.89; ILE86: 4.12 & 5.05; ILE175: 4.58; ILE51: 
4.78

14. C17 Sphinganine -5.7 ILE51: 2.20 ILE102: 5.13; ILE86: 4.25 & 4.77; ARG84: 5.02 & 5.46; 
PRO87: 4.56

Controls Native ligand (08B1) -7.6 ASP81: 1.79 VAL79: 4.79; ILE175: 4.50 & 4.31; ILE51: 4.90 & 4.29; 
THR173: 3.86; ASN54: 4.71; ILE86: 5,17 & 5.47

Chlorhexidine -8.1 ILE102: 2.67; ASN54: 2.23, 2.70 & 2.62; ASP 57: 2.67 ILE51: 5.22; ILE175: 5.22 & 3.90; ASP57: 5.26; GLU58: 3.92
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Fig. 3. The binding interactions of the native ligand, chlorhexidine, 6-hydroxyluteoin-7-(6'''-p-coumarylsophoroside), kaempferol 
3-(6''-p-coumarylglucoside)-7-glucoside, luteolin 7-rhamnosyl(1-6)galactoside, and reserpic acid with the 3U2D protein.

facilitating cellular processes, inhibition of DNA gyrase disrupts these 
mechanisms, ultimately leading to bacterial cell death. This makes DNA 
gyrase a prominent target for antibacterial drug development.

3.6. Physico-chemical and pharmacokinetic properties

Based on the molecular docking results, compounds showing 
binding affinities equal to or higher than that of the standard 
(chlorhexidine: -8.1 kcal/mol) were shortlisted for further evaluation 
of their physicochemical and pharmacokinetic properties to assess 
their potential as lead candidates. Among the 11 compounds analyzed, 
only four compounds exhibited favorable drug likeness profiles. Of 
these, 10-hydroxyyohimbine showed intestinal absorption of 94.725% 
associated with no toxicity concerns. The remaining three compounds, 
namely ent-Fisetinidol-4beta-ol, Epifisetinidol-4alpha-ol, and reserpic 
acid, showed moderate intestinal absorption but were flagged for either 
AMES toxicity or hepatic toxicity (Table 5). These findings highlight 
the importance of integrating in silico pharmacokinetic screening 

with docking results to identify promising antibacterial leads while 
accounting for safety profiles. 

Among the compounds evaluated, 6-hydroxyluteolin 
5-rhamnoside, 6-hydroxyluteoin-7-(6'''-p-coumarylsophoroside), 
luteolin 7-rhamnosyl(1-6)galactoside, 8-hydroxyluteolin 8-glucoside, 
and kaempferol 3-(6''-p-coumarylglucoside)-7-glucoside exhibited 
notable molecular docking performance, demonstrating strong 
binding affinities and favorable interaction profiles with the target 
protein. However, their high polarity compromised drug-likeness 
by limiting intestinal absorption and bioavailability. To address 
this limitation, structural modification through the incorporation 
of hydrophobic moieties was proposed to enhance lipophilicity and 
improve pharmacokinetic properties. For instance, 8-hydroxyluteolin 
8-glucoside and luteolin 7-rhamnosyl(1-6)galactoside can be hydrolyzed 
to yield the similar types of aglycones. In this aglycone structure, 
substitution of the four hydroxyl groups with four methoxy groups 
produces 5,7,3′,4′-tetramethoxyflavone, a more lipophilic derivative. 
This compound was subsequently evaluated using in silico docking, 
physicochemical profiling, pharmacokinetic and ADMET predictions 

  
6-Hydroxyluteoin-7-(6'''-p-coumarylsophoroside)                        Reserpic acid 

    
Luteolin 7-rhamnosyl(1-6)galactoside                       Kaempferol 3-(6''-p-coumarylglucoside)-7-   
                                                                                                                 glucoside 

 
                    Native ligand (08B1)                                                 Chlorhexidine 
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(Figs. S4 and S5). Although 5,7,3′,4′-tetramethoxyflavone showed 
somewhat lesser binding affinity (-8.3 kcal/mol) in comparison to its 
native counterparts, it showed excellent drug-likeness, with 98.443% 
of intestinal absorption and no AMES or hepatotoxicity. These findings 
underscore the promise of natural product derivatives as viable scaffolds 
for antibacterial drug development, highlighting the critical role of 
rational structural modification in enhancing their pharmacological 
properties and therapeutic efficacy (Alhassan et al., 2019).

5. Conclusions

This study was initiated with the primary aim of identifying the 
most efficacious extract derived from M. speciosa leaves, based 
on its antioxidant and antibacterial activities. Among the twelve 
extracts evaluated, the ethyl acetate fraction derived from the 100% 
methanol M extract demonstrated superior bioactivity, highlighting 
the critical role of flavonoid and phenolic compounds. In contrast, 
the alkaloid-rich fraction, despite its high alkaloid content, showed 
the lowest activity, likely due to the minimal presence of phenolics 
and flavonoids. These findings establish a valuable foundation for 
future research focused on the flavonoid- and phenolic-rich fractions 
of kratom. Furthermore, several bioactive compounds identified within 
the ethyl acetate fraction, such as 6-hydroxyluteolin 5-rhamnoside, 
kaempferol 3-(6''-p-coumarylglucoside)-7-glucoside, 6-hydroxyluteoin-
7-(6'''-p-coumarylsophoroside), luteolin 7-rhamnosyl(1-6)galactoside, 
and 8-hydroxyluteolin 8-glucoside, along with 10-hydroxyyohimbine 
exhibited promising profiles and may serve as potential lead candidates 
for the development of novel antioxidant and antibacterial agents with 
reduced toxicity. This underscores the therapeutic potential of Kratom-
derived phytochemicals and supports continued exploration of its non-
alkaloid constituents in drug discovery endeavors.
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