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Abstract
This study investigates the inhibition effects of Acalypha indica L. leaf extract obtained 
using various solvents, viz. petroleum ether, chloroform and ethanol. Among the extracts, 
the ethanolic extract showed the strongest antioxidant activity, with 84.36% scavenging 
potential in 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 69% in the Ferric ion Reducing 
Antioxidant Power (FRAP) assay. Similarly, in antimicrobial activity, the ethanolic extract 
showed the highest inhibition zone of 24.0 mm against S. aureus and 29.3 mm against E. 
coli. Response Surface Methodology (RSM) utilize a Box-Behnken design (BBD) analysed 
with optimize conditions for enhancing antioxidant activity. Gas Chromatography-Mass 
Spectrometry (GC-MS) identified eleven major phytocompounds, which were further 
evaluated through molecular docking and ADMET studies against S. aureus’s DNA gyrase 
B and E. coli’s Dihydrofolate reductase. Docking result shows highest binding affinity 
towards two compounds such as 2(5H)-Furanone,3-chloro-5-((dimethylamino)methyl)-
4,5-dimethyl- and N-(2,2-Dichloro-1-hydroxyethyl)-2,2-dimethylpropanamide with 
docking scores of -5.21 and -8.38 kcal/mol for S. aureus and -4.39 and -8.75 kcal/mol for 
E. coli. These two hits were selected for molecular dynamic simulation studies to evaluate 
protein-ligand complex stability. Overall, the ethanolic extract exhibited strong 
antioxidant and antimicrobial properties, suggesting as potential candidate for 
application in food packaging.

Keywords
 Antimicrobial activity; Response surface methodology; GC-MS; Molecular docking; 
Molecular dynamics
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Introduction
Food is the primary source of energy for humans but is highly vulnerable to microbial 
contamination, leading to food spoilage and health risks. Foodborne illnesses represent 
a considerable threat to global public health, affecting approximately 7.7% of the global 
population each year, with a mortality rate of about 7.5%1. The increasing development 
of antibiotic resistance further intensifies the need for alternative antimicrobial 
strategies. Although synthetic preservatives are highly effective in controlling microbial 
growth, they present drawbacks such as chemical residues in food, the emergence of 
resistant microbial strains, and adverse health effects, which has limited consumer 
acceptance and prompted research into natural alternatives2. Green synthesis has 
emerged as an efficient and cost-effective approach that minimizes the need for additional 
stabilizing components while remaining ecologically friendly3,4. The World Health 
Organization (WHO) indicates that more than 80% of the global population based on 
traditional and folk remedies, primarily based on herbal products5. 
       Medicinal plants have long been used to treat health ailments, enhance flavor, 
preserve food, and combat infections, and their derivatives-including extracts, essential 
oils, powders, and bioactive compounds are increasingly recognized for their efficiency 
in food bio-preservation by maintaining sensory and microbiological properties while 
extending shelf life6. The WHO reports that there are approximately 20,000 medicinal 
plants globally, with India contributing about 15-20% of this total. Moreover, around 
2,000 therapeutic formulations in India are derived from plants. Even in technologically 
advanced countries such as the United States, about 25-40% of the drugs listed in 
pharmacopoeias are of plant origin7. Plant extracts represent promising candidates for 
the development of novel antibacterial therapeutics due to their diverse bioactive 
compounds, which have demonstrated significant antibacterial efficacy. Plant-derived 
components have also gained increasing attention as natural and environmentally 
friendly alternatives for controlling foodborne infections8,9. Among these, Acalypha indica 
has attracted interest for its well-documented health benefits and antibacterial 
properties. For instance, studies on Alhagi maurorum leaves revealed significant 
scavenging capacity attributed to phenolic substances, highlighting the potential of green 
synthesis processes that are not only cost-effective and accessible but also compatible 
with biological applications10.
        Acalypha indica L. belongs to the family Euphorbiaceae and is commonly referred to 
as kuppaimeni among the native populace of Tamil Nadu. It is a weed species widely 
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distributed across the plains of India. Traditionally, A. indica has been used to treat 
several ailments, including respiratory infections, breathing problems, and arthritis, and 
it exhibits antivenom, anti-inflammatory, antimicrobial and antioxidant properties11. 
However, most previous studies have focused on crude extracts, with limited efforts 
toward isolating or evaluate partially purified fractions that may contain more potent 
bioactive compounds. Moreover, the potential of these fractions in food preservation 
applications and their molecular interactions with essential antimicrobial target proteins 
remain largely unexplored.      
       The role of binding pockets of Staphylococcus aureus DNA Gyrase B (GyrB) and 
Escherichia coli dihydrofolate reductase (DHFR) were utilized as documented in a prior 
investigation. DNA gyrase represents potential target for antibacterial drugs. Among the 
two subunits of DNA gyrase, GyrA facilitates DNA double-strand cleavage, while the GyrB 
subunit is liable for ATPase action. The mechanisms of antibiotics that inhibit DNA gyrase 
involve targeting distinct domains of its two subunits. DNA gyrase B is a subunit of the 
bacterial enzyme that creates a tetramer with GyrA subunits. It is crucial for DNA 
supercoiling via ATP binding and hydrolysis, enabling the transit of the strands of DNA 
while replication and transcription. It encompasses an ATP binding pocket and is integral 
to the enzyme's catalytic function. Another protein, DHFR is a metabolic enzyme in the 
folic acid system that catalyzes the conversion of dihydrofolate to tetrahydrofolate, 
essential for cell proliferation through thymidine production. It is a pivotal gene product, 
particularly in the eradication of antibiotic-resistant bacteria12.
         The overall workflow of the research summarizes the experimental and 
computational aspects in Fig. 1. This process involves the extraction and fractionation of 
Acalypha indica leaf extract, chemical profiling via GC-MS analysis, biological analysis 
through antioxidant and antibacterial bioassays, and computational assessments that 
include molecular docking, molecular dynamics (MD) simulations and ADMET 
projections.
          Therefore, the current study investigates a partially purified ethanol extract of A. 
indica leaf extract using a combined in vitro and in silico approach against foodborne 
pathogens. The study integrates antioxidant and antibacterial analyses with molecular 
docking, ADMET evaluation, and molecular dynamics simulations to address existing 
research gaps. These combined methodologies provide novel insights into the mode of 
action of A. indica compounds and their possibility application as natural preservatives in 
food packaging systems.
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Fig. 1 An overview of the study workflow illustrating the extraction, fractionation, GC-
MS analysis, bioassays and computational analyses (molecular docking, molecular 
dynamics and ADMET analyses) of Acalypha indica leaf extract.

Experimental part 
Chemicals and Reagents
Both the chemicals and reagents were used in the experiments, which consisted of 
analytical grade and were acquired from Merck, Himedia and Sigma Aldrich.

Collection of plant sample and Soxhlet’s extraction
The field of research in the present study was conducted in compliance with the relevant 
institutional norms and regulations. No endangered or protected species were involved, 
and the work adhered to both institutional and national guidelines. Fresh leaves of A. 
indica were collected from the campus of VIT University, Vellore, Tamil Nadu, India. The 
plant material was authenticated, and herbarium specimens were prepared and deposited 
by Dr. C. Rajasekaran, Department of Plant Biotechnology, VIT University (voucher 
specimen no. Acalypha indica - VITCS02-1).
          The collected plant leaves were washed with running water to eradicate any 
impurities, then cleaned with distilled water and dried with air in a shade for a period of 
two weeks. The dried-out material is made into powder using a mixer and kept in an open 
area for drying at ambient temperature. The powdered substances are placed in an 

airtight glass container prior to extraction with an organic solvent. The petroleum ether, 

chloroform and ethanol were chosen as extraction solvents because of their diverse 
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polarity, which facilitates the extraction of a wide range of phytocomponents from non-
polar to moderately polar components. Petroleum ether (non-polar) facilitated the 
separation of fatty acids, lipids and terpenoids, chloroform (moderately polar) retrieved 
alkaloids and specific phenolic compounds, and ethanol relatively safe and effective 
solvent with a strong ability the extraction of polar constituents including phenolic acids, 
tannins, and flavonoids, glycosides. Methanol was excluded due to its higher toxicity, 
while water was not chosen because it predominantly removes highly polar components 
which may lead to reduced recovery of bioactive components.  Dried powder (25g) was 
extracted using solvents (300 mL) of increasing polarity using a Soxhlet apparatus. The 
boiling point of solvents and corresponding extraction temperatures were as follows: 
petroleum ether (40-60°C; ~50°C), chloroform (61-62°C; ~60°C), and ethanol (78°C; 
~78°C) and each extraction was subjected into 6 to 8 h with a Soxhlet extractor. The 
different extracts were filtered through Whatman No. 1 filter paper and further dried 
with a rotary evaporator, and the yield was measured13–15.

Evaluation of Antioxidant assay 
Chemical-based studies can be categorized into various techniques for evaluating 
antioxidant activity including methods that determine scavenging activity on stable free 
radicals (2, 2-diphenyl-1-picrylhydrazyl (DPPH)) and those that assess the minimize of 
metal ions (Ferric ion Reducing Antioxidant Power (FRAP). The use of a distinct 
antioxidant activity assessment technique is ineffective for evaluating the oxidative stress 
inhibitory capacity of the samples. 

DPPH radical scavenging assay
To assess the extract's capacity to scavenge free radicals and the DPPH study was carried 
out earlier methods with a few modifications. Briefly, 0.1 mL extract (1 mg/mL) at varying 
concentrations (50, 100, 150, 200 and 250 µg/mL) along with the ascorbic acid as a 
standard and added with a 0.1 mM methanolic solution of DPPH dissolved in a constant 
volume of DPPH (3.9 mL) solution to evaluate the percentage radical scavenging activity 
of plant extracts. To determine the plant extracts' potential to scavenge free radicals and 
the absorbance was noted at 517 nm utilizing a spectrophotometer16.

 % of DPPH scavenging activity = absorbance of control-absorbance of sample
absorbance of control  × 100     

                    Absorbance of sample = DPPH + methanol + plant extract
                    Absorbance of the control = DPPH + methanol.     

FRAP assay
The ferric reducing or antioxidant capacity was evaluated as previously reported with 
slight modifications. 100 µL of the extract of different concentrations (50, 100, 150, 200 
and 250 µg/mL) were combined with 2.5 mL of 200 mmol per Liter phosphate buffer 
solution (pH level 6.6) and 2.5 mL of 1% potassium ferricyanide, followed by incubation 
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at 50°C for 20 minutes. Subsequently, a volume of 2.5 mL of 10% trichloroacetic acid was 
then added and the test tubes were centrifuged at 10,000 rpm for a duration of ten 
minutes. Subsequently, 5 mL of the first layer was combined with 5.0 mL of distilled water 
and 1 mL of 0.1% ferric chloride, after which the absorbance was measured at 700 nm. 
The ascorbic acid was utilized as a positive control17. Afterwards, the FRAP value can be 
calculated to the following formula.

% FRAP assay = absorbance of sample-absorbance of control
absorbance of sample  × 100     

                    Absorbance of sample = FRAP reagent + plant extract
                    Absorbance of the control = FRAP reagent without plant extract.

In Vitro Antimicrobial assay
The effectiveness of the antibacterial of identified plants was explored into the agar well 
diffusion method. Two bacterial strains were used as test organisms includes 
Staphylococcus aureus (MTCC 1144) and Escherichia coli (MTCC 452). 

Agar well diffusion technique
The antimicrobial effects of A. indica different solvent extracts were evaluated by 
applying the agar well diffusion technique as discussed but slightly modified. Utilizing a 
sterile cork borer, four wells were developed in the agar plate and thereafter filled with 
30 µL of the different concentration (10, 15, 20, and 25 mg/mL) and positive control 
(tetracycline) (1 mg/mL). Then, antimicrobial plates were incubated at 37°C for 24 h and 
experiments were done in triplicates (n=3). The measurement of the diameter, the zone 
of inhibited growth, was calculated, and the average values were estimated18.

Antibiofilm assay
Selected effective ethanol extract estimates for their antibiofilm activity against S. aureus 
and E. coli were tested using a microtiter plate assay to determine biofilm elimination 
with minor modifications. A suspension of bacteria (1 × 10⁶ CFU/mL) was maintained in 
nutrient broth and 100 µL was given to each well of a 96-well flat-bottom microplate. A 
negative control (DMSO) and a positive control (tetracycline), both containing only 
microorganisms were embedded. The wells were filled with equal volumes of ethanol 
extract at different concentrations (50, 100, 150, 200 and 250 µg/mL). The plates were 
then incubated at 37℃ for 24 h to promote the growth of biofilm and experiments were 
done in triplicates (n=3). After incubation, a crystal violet (CV) assay was used to evaluate 
the biofilm inhibition. Then, the wells are washed thrice with phosphate buffer saline 
(PBS) and dried at ambient temperature. Each well was stained with 0.1% of crystal violet 
and allow to stand for 15 minutes to fix adherent cells. Further, the wells are washed with 
PBS thrice to remove any unbound cells. Finally, 30% glacial acetic acid were added and 
examined under ultraviolet (UV) light spectrophotometer at 590nm19. Afterwards, the 
inhibition value can be calculated as following formula.
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% Biofilm inhibition assay = absorbance of control-absorbance of sample
absorbance of control  × 100     

            Absorbance of sample = microorganisms with plant extract
            Absorbance of control = only microorganism without plant extract

Optimization study using Response Surface Methodology (RSM)
The current research implemented a three-factor and three-level Box-Behnken design 
(BBD) to estimate the optimal conditions for maximizing the antioxidant activity of A. 
indica ethanol extract in both DPPH and FRAP assays with a few modifications to the 
standard protocol. BBD was selected due to its effectiveness in possibly incorporating 
three variables during the experimental domain, assisting a reduced number of tests for 
a less costly and more effective technique. RSM was employed to ascertain the optimum 
values of extraction time (X1, 30-60 min), sample concentration (X2, 50-250 µg/mL), and 
ethanol concentration (X3, 50-90%)20,21. Experimental information on DPPH and FRAP 
assays was adapted to a second-order polynomial model, and comprehensive model 
equations, coded variables, and statistical parameters (Tables S2-S5) are included in the 
Supplementary Information.

Phytochemicals analysis of ethanol extract
Determination of Total Phenolic Content (TPC)
The Folin-Ciocalteu technique was used to estimate the ethanol extract for the TPC with 
slight modifications. 100 µL of extract (1 mg/mL concentration) and 500 μL of 10% Folin-
Ciocalteu reagent were mixed and the reaction was left at room temperature for five 
minutes. Then, 400 µl of 7.5% sodium carbonate solution was added and the mixture was 
allowed to stand at room temperature for 30 minutes in the dark. At 765 nm, the 
absorbance was determined with a UV-Vis spectrophotometer. Using gallic acid as a 
standard, the calibration curve evolved that indicated TPC in milligrams of gallic acid 
equivalents per gram of extract (mg GAE/g extract)22.

Determination of Total Flavonoid Content (TFC)
The aluminium chloride method was evaluating the ethanol extract for the TFC with a 
few modifications. With 4 mL of distilled water and 200 μL of the extract (1 mg/mL 
concentration) mixed, add 0.3 mL of 5% sodium nitrite, and the mixture was left to react 
for five minutes. After that, 0.3 mL of 10% aluminium chloride was added, and 2 mL of 1 
M sodium hydroxide was added 6 minutes later. Distilled water was used to dilute the 
reaction mixture, and it was thoroughly stirred. At 510 nm, the absorbance was measured 
with a UV-Vis spectrophotometer. The total flavonoid concentration was expressed in 
milligrams of quercetin equivalents per gram of extract (mg QE/g extract) and a 
calibration curve was developed using quercetin as the standard23.     

Chromatographic methods
Thin Layer Chromatography (TLC)
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TLC was employed to separate the constituents of the crude ethanolic extract of A. indica 
(L.). Multiple solvents with varying polarities were employed, specifically hexane: ethyl 
acetate (4:1), benzene: ethyl acetate (4:1), toluene: ethyl acetate (4:1), ethyl acetate: 
hexane: formic acid (2:2:1), and petroleum ether: chloroform (4:1). A toluene: ethyl 
acetate (4:1) ratio has been employed to determine the optimal separation for 
chromatography, in contrast to the examination of all solvents. Implement the ethanol 
extract at a concentration of 1 mg/ml to the TLC plates and allow it to dry immediately. 
The plates were further examined under ultraviolet (UV) light at 366 nm and the Rf values 
have been calculated to ascertain the active metabolites using the following formula24.

Rf value =  Distance travelled by solute Distance travelled by solvent

Column Chromatography
Column chromatography was performed on the ethanolic extract to separate the bioactive 
components. A glass column (40 mm × 600 mm) was filled with silica gel (60-120 mesh 
size) utilizing toluene as the wetting solvent. The column was first cleaned with toluene 
and dried prior to packing. A silica slurry was carefully poured to prevent air bubbles and 
ensure consistent packing, with glass wool inserted at the base. The ethanolic extract was 
added onto the column, and elution was performed with a gradient of toluene and ethyl 
acetate at a flow rate of 1 mL/min. The acquired fractions were determined by thin-layer 
chromatography (TLC) and antibacterial assay25,26.

Screening of antimicrobial activity of bioactive fractions
The obtained fractions were further investigated using TLC to ascertain the presence of 
phytocomponents. The formula used was based on the Rf value of each individual spot. 
Subsequently, the identical Rf values were aggregated, and dry weights were measured 
as well. To further evaluate the most active fractions, an antimicrobial assay utilizing the 
agar well diffusion method was conducted, adhering to the prior protocol with minimal 
adjustments27. Consequently, this bioactive fraction was employed for GC-MS analysis.     
             
GC-MS analysis of partially purified ethanol extract
GC-MS analysis of partially purified ethanol extract was estimated utilizing an Agilent 
7890B gas chromatograph in conjunction with a 5977A mass selective detector equipped 
with a DB-5MS capillary column (30 m × 0.25 mm × 0.25 µm). Helium provided as the 
carrier gas at a sustained flow rate of 1.0 mL min⁻¹. The injector temperature was 
established at 260°C in split mode (split ratio 10:1) with an injection volume of 1 µL. The 
oven temperature was set to increase from 60°C (maintained for 1 minute) to 300°C at a 
rate of 10°C per minute and retained for 6 minutes. The temperatures of the ion source 
and transfer line were sustained at 200°C. The mass spectrometer functioned in electron 
ionization (EI) mode at 70 eV, scanning the m/z range of 40-600 with a solvent delay of 1 
minute7. 
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Combination of molecular docking and dynamic simulation studies
Molecular docking and molecular dynamics simulations were conducted to clarify a 
possible mechanism underneath the antimicrobial activities of the compounds of the A. 
indica bioactive fraction.

Molecular docking studies
Based on a literature study, molecular docking studies were conducted on the GC-MS 
partially purified compounds from the ethanol extract with antimicrobial target proteins. 
The structures of our target proteins, DNA Gyrase B (GyrB) from S. aureus (PDB ID: 
3U2D) and dihydrofolate reductase (DHFR) for E. coli (PDB ID: 2ANQ)28, were retrieved 
from the Protein Data Bank (PDB) (Source: www.rcsb.org/pdb/). The ligand structures 
were downloaded in SDF format from https://pubchem.ncbi.nlm.nih.gov and converted to 
PDB format using the Open Babel 3.3.1 tool29. The protein’s structure was generated 
utilizing AutoDock 4.230. All heteroatoms and crystallographic water molecules were 
eliminated during the preparation process. Polar hydrogen atoms were included, and 
Kollman charges were allocated to the structure. The structures were acquired from the 
PubChem database for reference 1 (CID 9543473) and reference 2 (CID 54759160) and 
were analyzed for docking using AutoDock 4.2, which was subsequently changed to the 
pdbqt format. The reduced ligand library was subsequently utilized for virtual screening 
in AutoDock Vina 1.1.231. The docking parameters for Auto Dock Vina 1.1.2 have been 
determined to assure reproducibility. For Reference 1, the grid box was centred at x = 
29.540, y = 43.195, and z = 15.094 Å with dimensions of 72 × 118 × 126 points and a 
grid interval of 0.375 Å, fully encompassing the active site region. For Reference 2, the 
grid box was centred at x = 3.859, y = 3.165, and z = 21.379 Å with dimensions of 44 × 
62 × 50 points and a grid interval of 0.375 Å. The docking parameters were set to 
exhaustiveness = 8, Number of modes = 10, and energy range = 4, while all other 
parameters were maintained at their default values. The interaction studies (2D/3D 
binding modes, hydrogen bond interactions, and hydrophobic contacts) were visualized 
with Discovery Studio Visualizer (DSV) (https://www.3ds.com/products/biovia/discovery-
studio).

Docking validation
The reliability of the docking protocol was assessed through a redocking analysis of the 
co-crystallized ligand. The ligand has been removed from the active site and subsequently 
re-docked using the same docking parameters applied to the test compounds. The 
redocked pose successfully reproduced the experimental binding conformation within an 
RMSD limit of 2.0 Å, thereby validating the docking protocol29.

Pharmacokinetic Properties, Drug-Likeness Assessment and Toxicity Prediction
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High GI absorption, blood-brain barrier (BBB) permeability, Pan-assay interference 
compounds (PAINs), and H-bond acceptors and donors were predicted using the 
SwissADME online server32. Furthermore, toxicity studies, particularly hepatotoxicity, 
carcinogenicity, immunotoxicity, cytotoxicity, and mutagenicity, were estimated in the 
Protox 3.0 web server33.

Molecular dynamic simulation (MDS)
We performed a further investigation of the stability of the selected hits and reference 
compounds utilizing GROMACS version 2023.1. The protein topology was created using 
pdb2gmx with the CHARMM27 force field, and the system was solubilized in a triclinic 
box filled with TIP3P water molecules. Ligand topologies were acquired from the 
SwissParam server34. The protein-ligand complexes were neutralized with sodium ions, 
thereafter, subjected to solvation, energy minimization (50,000 steps), and equilibration. 
The equilibration was done under NVT (constant particle number, volume, and 
temperature) and NPT (constant particle number, pressure, and temperature) sets for 
100 ps each at 300 K and 1 bar, utilizing the V-rescale thermostat and Parrinello-Rahman 
barostat, with position restraints imposed on the large atoms. Productive molecular 
dynamics simulations were executed for 100 nanoseconds with a 2-femtosecond time 
step, utilizing regular boundary conditions in all dimensions. The Linear Constraint Solver 
(LINCS) approach constrained bond lengths, whereas long-range electrostatic 
interactions were examined using the Particle Mesh Ewald (PME) method with a cutoff 
of 1.0 nm for both Coulombic and van der Waals interactions. Post-simulation analyses, 
including Root mean square deviation (RMSD), Root mean square fluctuations (RMSF), 
Radius of gyration (Rg), Solvent accessible surface area (SASA) and Hydrogen bond 
interactions were calculated and plotted utilize Xmgrace (https://plasma-
gate.weizmann.ac.il/Grace/) and VMD software35.

Statistical analysis        
Statistical analysis was performed using the GraphPad Prism software version 8. Mean ± 
SD was used to represent the data from this study. Two-way analysis of variance (ANOVA) 
was used to assess the data and P value is <0.05 was considered statistically significant. 
A two-way ANOVA was utilized to assess the impacts of two independent variables and 
their association on the observed responses. This test was used as it provides the 
concurrent comparison of several group means while considering interactions among 
factors, thus minimizing type I error relative to numerous one-way ANOVAs. Post hoc 
comparisons were conducted utilizing Tukey’s test, which facilitates pairwise group 
analysis while limiting the family-wise error rate. Prior to performing ANOVA, the 
presumptions of normality and homogeneity of variances were assessed. The Shapiro-
Wilk test was used to evaluate the normality of residuals, whereas Levene’s test was 
utilized to examine the homogeneity of variances. All data satisfied these assumptions, 
confirming the suitability of the ANOVA model.
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Results 
Yield of extraction
The utilization of organic solvents significantly influences the extraction of specific 
chemical compounds from plant extracts. The importance of polar solvents is to increase 
the permeability of cell walls for chemical compounds, providing greater interaction 
between solvent and solute, which consequently elevates the extraction yield percentage. 
The significant variations in extraction yields are noted between ethanol and other 
solvents. Table S1 illustrates the percentage efficiency of the crude extracts obtained 
with different solvents. Among this, the ethanol extract possessed the highest yield 
(28.2%), followed by chloroform (23.2%) and petroleum ether (4.05%). This study is 
aligned with previous that the elevated extraction with ethanol is attributable to the 
solvent's polarity and as it effectively recovers most polar compounds from various plant 
extracts. Ethanol was widely employed as a solvent for the separation of phytochemicals 
from different plant sections36.

Evaluation of antioxidants with DPPH and FRAP assay
The radical scavenging activities for various solvent extracts of A. indica are evaluated 
by comparing the percentage of DPPH radical production among the different extracts 
versus ascorbic acid Fig. 2a. In Table 1 illustrates the fact that the DPPH scavenging 
capacity of different solvent extracts was concentration-dependent (50 µg/mL to 250 
µg/mL). An increase in the capacity for DPPH radical is related to a decreased IC50 value. 
IC₅₀ is known as the concentration of an extract desired to inhibit 50% of the free radical's 
activities, with a lesser IC₅₀ value signifying higher antioxidant capacity. It was found that 
the ethanol extract showed higher scavenging effect (84.36%) than the other extracts 
petroleum ether (82.43%) and chloroform (65.98%) and significantly greater (P < 0.05), 
respectively. In comparison to previous works, the scavenging efficiency of both the 
methanol and ethanol extracts of C. ladaniferus was nearly comparable to that of trolox 
and ascorbic acid. Extracts from C. ladaniferus display the mean inhibitory values of 
revealing substantial antioxidant activity and suggesting significant possibilities for the 
process of development of nutraceutical products or addition in the food industry37.
         The abundance of reduction compounds in extracts inhibits free radical chain 
reactions by donating an atom of hydrogen and thereby lowering Fe3+ ions to Fe2+.  The 
reducing capabilities are frequently correlated with the existence of reductones through 
demonstrating antioxidant activity by interrupting the free radical chain by hydrogen 
atom donation. Reductions have been shown for interaction with specific peroxide 
components and hence inhibiting peroxide development. Fig. 2b represents the 
concentration-response charts indicating the reducing power of different solvent extracts 
and ascorbic acid. The ferric reducing power shows the percentage of inhibition of 
different solvent extracts at different concentrations as illustrated in Table 2. Among 
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various extracts, ethanol extract exhibited the highest reducing capacity (69%) while 
chloroform (59.63%) and petroleum ether (58.46%) were significantly greater (P < 0.05), 
respectively. 
      A two-way ANOVA was conducted to assess the antioxidant capacity of A. indica 
extracts (petroleum ether, chloroform, and ethanol) utilizing DPPH and FRAP tests. The 
findings indicated substantial impacts of extract type and concentration on antioxidant 
activity in both experiments. The DPPH experiment revealed a significant interaction 
between extract and concentration (F (12, 40) = 58.30, p < 0.0001), exhibiting a 
substantial effect size (η² = 0.067, partial η² = 0.946) and a confidence level of 99.99%. 
In the FRAP assay, the interaction effect was significant (F (12, 40) = 5.077, p < 0.0001), 
with an effect size of (η² = 0.020, partial η² = 0.604) and a confidence level of 99.99%. 
The ethanol extract showed the increased level of antioxidant activity in both DPPH and 
FRAP experiments, succeeded by the petroleum ether and chloroform, suggesting that 
increased extract polarity enhances antioxidant capacity. As compared to the previous 
results, the essential reducing capacity of L. sativum extracts is potentially due to specific 
secondary metabolites that have functionality similar to reductones by providing 
electrons to free radicals and thereby reducing these molecules into more stable 
compounds38.

Fig. 2 Antioxidant activities of different solvent extracts of Acalypha indica at various 
concentrations compared to ascorbic acid (standard) (a) DPPH radical scavenging 
activity, (b) FRAP reducing power assay. Acalypha indica petroleum ether extract (ap), 
Acalypha indica chloroform extract (ac), Acalypha indica ethanol extract (ae) and ascorbic 
acid (aa). Data are presented as mean ± SD, (n = 3). Statistical analysis was analyzed 
using two-way ANOVA that follows by Tukey’s post hoc test (p < 0.05).

Detection of antimicrobial assay 

Antibacterial effects of A. indica of different solvent extracts against food-borne 
pathogens and classifies the microorganisms as resistant, intermediate, or susceptible 
and is widely employed to determine the antimicrobial effectiveness of plant extracts18. 
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In Fig. 3a and b represents the results of experiments conducted on various bacteria to 
determine the antibacterial capability of different solvent extracts. The investigation of 
the antibacterial effectiveness of these plant extracts indicates the zone of inhibition 
against foodborne pathogens presented in Table 3. The measurement of the growth 
inhibition zone ranged from 16 to 28 mm for S. aureus and 18 to 34 mm for E. coli, as 
shown at different concentrations. It indicated that ethanol extract was more effective at 
reducing the tested microbes because the inhibition zones were greater compared to the 
petroleum ether and chloroform extracts exhibited no/less antibacterial activity. The zone 
of inhibition represents the lowest concentration of an antimicrobial drug (plant extract) 
that is required to prevent the growth of microbes. The microorganism's sensitivity or 
resistance to the plant extract is determined by comparing the sizes of the zone of 
interruption with known sizes. 
       The ethanol extract demonstrated concentration-dependent antibacterial efficacy 
against S. aureus and E. coli. Two-way ANOVA demonstrated significant effects of extract 
concentration (F (4, 20) = 210.5, p < 0.0001), η² = 0.89, 95% CI [0.72-0.94]) and 
microorganism type (F (1, 20) = 147.0, p < 0.0001), η² = 0.88, 95% CI [0.70–0.93]) on 
the diameter of the inhibitory zone. A substantial interaction between concentration and 
microbe was noted (F (4, 20) = 4.22, p = 0.0122), η² = 0.46, 95% CI [0.18-0.67]). The 
post-hoc Tukey’s test revealed that the 25 mg/mL ethanol extract shown significantly 
greater inhibition compared to lower concentrations against both S. aureus and E. coli. 
In Fig. 3(c) the bioactive substances present in the plant ethanol extract can interact with 
the bacterial cell membrane, causing structural damage and increased permeability. 
These compounds may also penetrate the cytoplasm, leading to the generation of reactive 
oxygen species (ROS) that DNA damage, enzymes, and proteins. Furthermore, the 
suppression of essential metabolic processes, including ATP synthesis and the electron 
transport chain, results in energy depletion, cell lysis and ultimately, bacterial death39,40. 
Based on these findings, A. indica might be an efficient way to find wide-ranging 
antimicrobials. As predicted, the results of this study confirmed that extract of the leaves 
of A. indica was successful at suppressing the growth of the microorganism and utilized 
for the test and the level of activity was different. Compared to the previous results, the 
ethanol extract of clove was found to consist of inhibitory zones ranging from 13.4 to 26.3 
mm that may eliminate L. monocytogenes, S. aureus, V. parahaemolyticus, 
pseudomanads, aeromonads and A. faecalis41. 
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Fig. 3 Antimicrobial activity of ethanol extract against food-borne pathogens (a) S. 
aureus (Gram positive) and (b) E. coli (Gram negative). Data are presented as mean ± 
SD (n = 3). Statistical analysis was executed using two-way ANOVA, that follows Tukey’s 
post hoc test (p < 0.05). (c) Proposed mechanism of antimicrobial action of bioactive 
ethanol extract against bacterial cells

Determination of Antibiofilm assay
Biofilms are layers formed through an adhesion of molecules, including polysaccharides, 
nucleic acids, sugars and proteins, adhered to living or non-living surfaces. Bacterial 
biofilms are populations of bacteria that attach to a solid surface and are enclosed in a 
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complex extracellular polymeric matrix. Biofilms accelerate bacterial growth and 
dispersion with developing antibiotic resistance42.  In Fig. 4a & b shows the percentage 
of biofilm inhibition on selected active ethanol extract against food-borne pathogens. In 
Table 4 depicts an analysis of ethanol extract on adherence and disruption of the 
development of biofilm. The percentage of inhibition ranges from (12.41 to 66.36%) for 
S. aureus and E. coli (15.32 to 65.45%), respectively. A two-way ANOVA was performed 
to assess the antibiofilm effectiveness of the test samples against S. aureus and E. coli. 
The results indicated significant effects of treatment and concentration on biofilm 
inhibition in both organisms. For S. aureus, the interaction effect was significant (F (4,20) 
= 19.35, p < 0.0001), with a large effect size (η² = 0.018, partial η² = 0.795) and a 
confidence interval (CL) of 99.95%. Similarly, the interaction between treatment and 
concentration for E. coli was statistically significant (F (4,20) = 9.273, p = 0.0002), with 
a large effect size (η² = 0.011, partial η² = 0.649) and a CL of 98.4%. These results indicate 
that the evaluated treatments significantly reduced biofilm formation in both organisms, 
demonstrating strong antibiofilm efficacy.
        Developed criteria imply that percentage values of inhibition ranging from 0 to 100% 
highlight biofilm inhibition, whilst values below 0% signify growth supplementation. 
Productivity is regarded as beneficial above the 50% inhibition threshold analysis, 
whereas it is considered inadequate if the inhibition level decreases between 0 and 49%. 
The benefit of the plant compounds on exhibit in delaying dependence varies. The 
findings, particularly those that ranged from 8.99 to 88.3, indicated that plant extracts 
inhibited the formation of biofilms against P. aeruginosa. The inclusion of S. aureus and 
P. aeruginosa in the antibiofilm study was justified by their remarkably significant biofilm-
forming capacities. S. aureus and E. faecalis adhesion was successfully inhibited by a 
variety of plant extracts43.

Fig. 4. Antibiofilm activity of ethanol extract against food-borne pathogens: (a) S. aureus 
(Gram-positive) and (b) E. coli (Gram-negative). Acalypha indica ethanol extract (ae) and 
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tetracycline (tt). Data are presented as mean ± SD, (n = 3). Statistical analysis was 
analysed using two-way ANOVA that follows by Tukey’s post hoc test (p < 0.05).
Response surface methodology
Analysis of the model
In comparison to conventional individual parameter optimization, response surface 
methodology provides more advantages. Table S2 represents the coded and uncoded 
independent variables involved in the RSM design. The BBD is utilized for both observed 
responses and independent variables. The BBD of three variables with their measured 
values of responses was shown in Table S3. Experiments were performed according to 
the BBD requiring a total of 15 runs with the three independent variables and the 
corresponding values were assigned for RSM optimization in this research study time (30, 
45, 60 mins), sample concentration (50, 150 and 250 µg/mL) and percentage of ethanol 
(50, 70, and 90%). Three-dimensional (3D) response surface curves were elevated to 
assess the interaction among the independent factors and to ascertain the optimum level 
of each variable for maximal response. It provides a technique to illustrate the correlation 
between response and experimental levels of each variable along with the type of 
interactions among components44.

Analysis of antioxidant activity in optimized conditions (DPPH and FRAP) assay
Every response was determined to be associated with the independent variables' linear, 
quadratic and interaction45. Fig. 5(a) DPPH (a) indicates time versus sample 
concentration (b) involves time versus percentage of solvent and (c) includes solvent 
versus sample concentration. Fig. 5(b) FRAP (a) involves the timings versus sample at 
different concentrations (b) includes time versus percentage of solvent and (c) examines 
with sample concentration versus percentage of solvent and explores the three-
dimensional plot showing the effects of the interactions and standardized effects of the 
independent experimental variables. The interactions between the three independent 
variables were substantial, and the fit of the model sufficiently represented these 
variables, implying that the second-order polynomial models were appropriately 
described by the corresponding measurements46. It is clear from the obtained equations 
that the linear model, i.e., X1, X2, X3, and the quadratic model, X12, X22, X32, and the 
interaction model between all three variables, i.e., X1X2, X1X3, had a significant effect on 
the DPPH (0.03) and FRAP (0.001) activity of ethanol extract at different levels (p < 
0.0001 to p < 0.05). The coefficients of multiple determinations R2 of 0.91 and 0.96 were 
obtained for the response of DPPH and FRAP activity, respectively. It shows a strong 
correlation with the experimental data and lower variance approximately the mean value. 
RSM was utilized the analysis of variance (ANOVA) of the quadratic models for DPPH and 
FRAP was represented in Table S4. The findings align with the results reported by Wong 
et al. (2015) and Pompeu et al. (2009), which concluded that the antioxidant activity is 
significantly influenced by solvent concentration. The R² value for DPPH scavenging 
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ability was 0.8937, and a lack of fit was extremely non-significant (0.4220), confirming 
the model's good fit47,48. As compared to the preliminary evaluations performed using 
various solvents, examine the effectiveness of ethanol in recovering phenolics from Piper 
Betle. Three independent variables and the corresponding values were assigned for RSM 
optimization in this research study: temperature (50, 60, and 70°C), ethanol 
concentration (70, 80, and 90%), and solute-to-solvent ratio (1:10, 1:20, and 1:30 g/mL). 
The properties and the appropriate parameters evaluated originate from the traditional 
extraction methods of maceration and Soxhlet20.

Experimental verification of optimum conditions 
To verify the optimal circumstances, the experimental findings were assessed in relation 
to the ones estimated by the equation using the percentile coefficient of variation (CV). It 
shows the root mean square error of the antioxidant assay as displayed in Table S5. In 
comparison to the coefficient of variation, the projected ideal and actual results were 
7.4% for antioxidant efficacy, 6.7% for FRAP, and 9.3% for TPC, each of which is deemed 
low within the target range of optimized outcomes. These findings demonstrate that RSM 
is a reliable, effective, and legitimate multivariable method for concurrently optimizing 
numerous variable responses49.
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Fig. 5 The three-dimensional plot showing the effects of the interaction (a) DPPH (a-c) 
embedded with time, sample concentration and ethanol and (b) FRAP (a-c) includes time, 
sample concentration and ethanol

Quantitative analysis for TPC and TFC
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The Folin-Ciocalteu reagent was used to measure the ethanol extract of TPC and gallic 
acid functioning as the standard. Accurate measurement of the phenolic compounds in 
the extract is rendered attainable by the calibration curve in Fig. 6a, it displays a linear 
relationship between absorbance and gallic acid concentrations (20-100 µg/mL). 
Milligrams of gallic acid equivalents (GAE) per gram of extract (mg GAE/g) are used for 
recording the results (average value 28.24 mg GAE/g). While phenolic compounds can 
contribute hydrogen atoms or electrons, they are known to have antioxidant properties 
that effectively neutralize free radicals50. Quercetin was used as the standard in the 
aluminium chloride procedure to determine the TFC. The effectiveness of these 
techniques for detecting flavonoids is confirmed for the calibration curve for quercetin 
illustrated in Fig. 6b and displays a linear association between absorbance and quercetin 
concentrations (20-100 µg/mL). Quercetin equivalents (QE) per gram of extract (mg QE/g) 
are employed to quantify the results (average value 23.40 mg QE/g). In Fig. 6c displays 
the TPC and TFC of ethanol extract. Flavonoids contain substantial antibacterial, anti-
inflammatory and antioxidant properties and are essential for plant defense systems51. 
According to the quantitative investigation, the ethanol extract includes a greater number 
of flavonoids and phenolics to especially improve its pharmacological and antioxidant 
qualities. The absorbance of extract readings against the calibration curves and certain 
standard methods to calculate their equivalents allows one to ascertain accurate 
quantities. By calculating the concentration of identified substances, such as the total 
phenolic and flavonoid content, quantitative analysis might improve these results. 
Phenols and flavonoids are important because of their widely recognized antibacterial 
and antioxidant properties.

Fig. 6(a) Standard curve of Gallic acid to estimate total phenolic content, (b) Standard 
curve of Quercetin to estimate total flavonoid content and (c) Ethanol extract to estimate 
TPC (Total phenolic contents) and TFC (Total flavonoid contents)       

TLC analysis
The ethanol extract was examined using solvents with toluene and ethyl acetate. The 
optimal separation was achieved at a 4:1 ratio, which indicated areas with Rf values. On 
the TLC sheet, the phytocompounds demonstrated higher Rf values, indicating more 
distance travelled. The data was captured using long ultraviolet light at 365nm with the 
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findings depicted in Fig. S1 and Table 5. The ethanol extracts comprised a diverse array 
of phytocompounds. 

Analysis of antibacterial activity with fractions 
Every portion was methodically acquired by silica gel column chromatography and 
examined for the identification of various the compounds using TLC. The emitted 
fractions were combined according to comparable Rf values, and each spot was quantified 
prior to evaporation to prevent moisture loss using a rotary evaporator. The dehydrated 
weight of each fraction was assessed. Eluates from 164 fractions were collected and 
subsequently categorized according to TLC results indicating analogous Rf values. The 
six concentrated fractions were subsequently assigned codes from 1 to 6 and evaluated 
for antibacterial activity. All fractions exhibited inhibitory growth against S. aureus and 
E. coli, except for fraction 1. Fig. 7 shows the inhibition of growth with antimicrobial 
plates analyzed with six fractions of A. indica ethanol extract for antibacterial activity 
against foodborne pathogens. The fractions 2 and 3 demonstrated the greatest 
antibacterial efficacy relative to other fractions against both gram-positive and gram-
negative pathogens. S. aureus exhibited inhibition zones of 20 mm and 16 mm, while E. 
coli displayed zones of 22 mm and 14 mm. Portion 7 illustrates that the positive control 
showed a higher efficacy in growth inhibition, but the negative control exhibited no 
inhibition in all bioassays. Subsequently, the most active fraction 2, was further 
investigated for its applicability in food preservation and packaging through the creation 
of edible films.

            

Fig. 7 Antimicrobial activity of Acalypha indica ethanol extract of six fractions against 
microorganisms (a) S. aureus, (b) E. coli and (c) Quantitative results of inhibition growth                           

GC - MS analysis with fraction
According to Coteli et al.52, the GC-MS consideration remains extremely useful for 
researching the phytochemistry of plants. The fractions separated by TLC were evaluated 
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for antimicrobial activity, and the most potent fraction underwent GC-MS analysis to 
determine its chemical components. The GC-MS analysis of the partially purified 
ethanolic extract of A. indica identified eleven phytocompounds, which were matched 
with the NIST and Wiley libraries (Table 6). Fig. S2 illustrates the chemical structures of 
the major phytoconstituents present in the extract. Several compounds, such as 2-
butenoic acid, 1,2-cyclobutane decarboxylate, trans-, and 1-methylpiperazine, have been 
previously reported for their antinociceptive, anti-inflammatory, antioxidant and 
antimicrobial activities, supporting the observed bioactivity of the extract. Additionally, 
compounds including 2(5H)-furanone, 5-hydroxy-, 2-pentenoic acid, 2-methyl-2-butenoic 
acid, and 2-butenoic acid (Z)- have been reported as food additives, indicating their 
potential safety for food-related applications. In contrast, 3-piperidinol, 1,4-dimethyl-, 
trans-, and N-(2,2-dichloro-1-hydroxyethyl)-2,2-dimethylpropanamide are newly 
identified in the partially purified ethanolic extract of A. indica in this study. These novel 
compounds also exhibited notable binding affinities in molecular docking analyses. The 
specific compounds were chosen for molecular docking and ADMET assessment based on 
specified criteria. The selection was based on their elevated peak area percentage 
(showing relative abundance), previously identified antioxidant or antibacterial 
properties and distinctiveness among A. indica extracts. Compounds with 0 area% were 
categorized as trace/detected just and eliminated from the quantitative evaluation. This 
methodology ensured the inclusion of both established and potentially novel bioactive 
compounds in computational evaluations. Overall, the GC-MS results validate the 
presence of known bio actives and suggest the occurrence of novel compounds with 
potential pharmacological and food preservative relevance.
Our results align with a study that provided the presence of proteins, lipids, alkaloids, 
phenols, flavonoids, saponins, tannins, and carbohydrates in T. hamosa seeds. It is crucial 
to recognize that plant extracts can contain a number of metabolites, among which, 
depending on their bioactivity or bioavailability, may normally show activity or efficacy in 
in vitro tests 53,54. 

Molecular docking analysis with antimicrobial target proteins
The interactions of the compound with target proteins were evaluated by molecular 
docking to illuminate the mechanism associated with the significant antibacterial activity 
of the compound. From the GC-MS analysis of 11 phytocompounds were identified, 
obtained through PubChem in SDF format (https://pubchem.ncbi.nlm.nih.gov/). The 
retrieved phytocompounds were screened against with the target proteins using 
Autodock vina along with Swiss ADME/protox and pharmacokinetics properties also 
analysed. Identified 11 phytocompounds indicated more prominent interactions and 
passed through ADME filters as Lipinski rule of five shows no violation and analysed with 
toxicity. The Hit compounds were determined by ADME studies and toxicity results are 
shown in Table S6 and Table 7. Then, the compounds were subjected to exhaustive 
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docking with 100 iterations, and the results showed the binding energies the ranges from 
GyrB and DFHR (-3.69 to 6.85 kcal/mol and -4.28 to -8.75 kcal/mol). One of the compounds 
(1-Methylpiperazine) displayed the highest binding affinity (6.85 kcal/mol) as compared 
to reference 1 (GyrB). The docking results of the studies with the target proteins the total 
number of bonds, interactions of amino acid residues and exhaustive docking score were 
depicted in Table 8. By Post Docking analysis, the top two compounds (Hit 8 and Hit 11) 
were selected based on docking score and interacting amino acid residues compared with 
reference compounds for the respective proteins. Fig. 8 illustrates that the chemical 
structures of selected hits and references Hit 8, Hit 11, Reference 1 and Reference 2. The 
reference and Hit compounds showed the results of molecular docking interactions in 
both 2D and 3D visualizations in Fig. 9 and Fig. 10. Unfortunately, neither Hit8 nor Hit11 
were evaluated for any biological activity, these compounds are yet be explored 
individually for different assays. Based on insilico investigation outcome, we can predict 
that among all the compound present in the partially extract these two Hits compounds 
are probably responsible for the activity of extract. Consequently, both the Hit compounds 
were carried forward for molecular dynamic simulation studies with target proteins. The 
redocking of the co-crystallized ligand replicated the experimental binding position within 
an RMSD tolerance of 2.0 Å, thereby validating the reliability of the docking method for 
further studies. In general, more negative docking scores correspond to stronger binding 
affinities, indicating more stable ligand-protein interactions35.
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Fig. 8 Chemical structures of selected hits and references (a) Hit 8, (b) Hit 11, (c) 
Reference 1 and (d) Reference 2
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Fig. 9 Best-docked structures of GC-MS compounds with critical bacterial protein of GyrB 
with 3D and 2D (a) Reference 1, (b) Molecular interaction of Hit 8 and (c) Molecular 
interaction of Hit 11
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Fig. 10 Best-docked structures of GC-MS compounds with critical bacterial protein DFHR 
with 3D and 2D (a) Reference 2, (b) Molecular interaction of Hit 8 and (c) Molecular 
interaction of Hit 11

Molecular Dynamic Simulations (MDS)

After exploring with post docking studies of Hit compounds and MDS was utilized for 
evaluating the stability, behaviour, binding approach and imparts to more understanding 
for protein ligand complexes55. The top two docked ligands (Hit 8 and 11) complexed with 
References 1 and 2 were performed for 100 ns and the results were examined. 
Furthermore, the MD simulation trajectory assesses RMSD, RMSF, Rg, SASA and the 
number of bonds containing hydrogen to examine the conformational characteristics of 
the receptor-ligand complex, encompassing both stability and versatility.

Root Mean Square Deviation (RMSD)
The average values constitute for estimate of the reliability of the receptor-ligand 
interaction and flexibility. The yields crucial understanding into protein structure, 
dynamics and function, facilitating the comprehension of biological processes and the 
formulation of therapeutic methods56. RMSD depiction of protein complexes with GyrB 
and DFHR is shown in Fig. 11a and Fig. 12a. The RMSD average values for all docked 
complexes with proteins have been determined in Table 9. In the GyrB protein, the Hits 
8 and 11 both showed similar trajectory. Similarly, in the DFHR protein, the Hits 8 and 
11 both indicated similar trend of trajectory throughout the simulations. RMSD plots 
signified the stability of both Hits comparatively stable to the respective reference 
compound.

Root Mean Square Fluctuation (RMSF)
It is employed as a measurement of the mobility of amino acid residues, and the values 
signify protein flexibility and structural integrity. A low RMSF (<0.1 nm) typically 
indicates stability, stiffness and robust interactions within the protein substances. An 
elevated RMSF value (>1.0 nm) indicates significant flexibility, disordered regions and 
perhaps aggregation57. The RMSF of average values for all docked complexes have been 
examined in Fig. 11b and Fig. 12b and depicted in Table 9. It has been indicated that Hits 
8 and 11 both have almost similar fluctuations in the GyrB protein. In the case of DFHR, 
the Hit 11 demonstrated that relatively lower RMSF value compared to the reference 2 
and proves that the complex is more stable and stiffens while Hit 8 have showed similar 
fluctuations.

Radius of Gyration (Rg)
A significant metric to evaluate the overall size and compactness of macromolecules such 
as proteins is the Rg. Lower Rg values indicate a more compact, globular structure, 
whereas larger values reflect an extended or unfolded conformation35. It has calculated 
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the average values of Rg based on the inherent dynamics of protein-ligand complexes as 
shown in Fig. 11c and Fig. 12c and examined Table 9. It has been observed that all 
complexes are more compact with nearly same Rg values signifying the stability 
throughout the simulations.

Solvent Accessible Surface Area (SASA)
It is an essential parameter in molecular dynamics, assessing the surface area of a 
molecule that is possible for stability. A lower SASA value correlates with increased 
compactness and stability of the protein58. The SASA plots and values has been shown in 
Fig. 11d and Fig. 12d and depicted in Table 9. A solvent affects protein-ligand interactions 
and protein folding. Both the Hits showed lower SASA values than the reference 
compound on both proteins. This indicated more stability of Hit compounds than the 
reference compounds on the both the proteins during simulation periods.

Hydrogen bonds
Evaluation of hydrogen bonds provides essential insights into molecular interactions, 
stability and efficiency59. During the 100 ns of the receptor-ligand MD simulations, the 
H-bonds were captured in Fig. 11e and Fig. 12e and shown in Table 9. In the case of GyrB 
proteins, Hits 8 and 11 showed fewer hydrogen bonds. In the case of DFHR protein, Hit 
8 showed similar hydrogen bonds and indicated more efficiency throughout the 
simulations and Hit 11 exhibited fewer hydrogen bonds. 
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Fig. 11 Molecular dynamic simulation trajectory analysis of GyrB protein and protein-ligand complexes during 100 ns simulation (a) 
RMSD plots of Hit 8, Hit 11 and Reference 1, (b) RMSF plots of Hit 8, Hit 11 and Reference 1, (c) Rg plots of Hit 8, Hit 11 and Reference 
1, (d) SASA plots of Hit 8, Hit 11and Reference 1and (e) Hydrogen bonds plots of Hit 8, Hit 11 and Reference 1
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Fig. 12 Molecular dynamic simulation trajectory analysis of DFHR protein and protein-ligand complexes during 100 ns simulation (a) 
RMSD plots of Hit 8, Hit 11 and Reference 2, (b) RMSF plots of Hit 8, Hit 11 and Reference 2, (c) Rg plots of Hit 8, Hit 11 and Reference 
2, (d) SASA plots of Hit 8, Hit 11 and Reference 2 and (e) Hydrogen bonds plots of Hit 8, Hit 11 and Reference 2 
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Discussion 
Plant-based preservatives operate by inhibiting microbial growth, reducing oxidation, and 
extending the shelf life of food products. As consumer awareness of food safety and 
environmental issues rises, particularly with chemical preservatives and plastic 
packaging, there is a growing interest in natural antibacterial and antioxidant 
compounds. Medicinal plants, historically acknowledged for their therapeutic 
characteristics, offer a significant reservoir of bioactive components with prospective 
uses in food preservation. Our investigation demonstrated that the extraction technique 
yielded a substantial quantity of polar molecules, aligning with the solubility of 
phytoconstituents in polar solvents. These extracts exhibited significant antioxidant 
capability, as evidenced by DPPH radical scavenging experiments, indicating their 
capacity to reduce oxidative degradation of dietary constituents like pigments, lipids, and 
vitamins60.  The influence of radicals on DPPH is attributed to its electron-donating 
capability. Plant-derived extracts possessing antioxidants with scavenging capabilities 
can provide hydrogen to lipid peroxidase or hydro peroxidase free radicals and are 
considered essential propagators of lipid chain autoxidation. It also generates non-
radicals that interact with the lipid peroxidation chain reaction16. This assay finds the 
existence of phenolics substance and flavonoid components in plant extracts and is a 
frequently employed method for examining the antioxidant properties of these extracts.
        Furthermore, to the antioxidant activity, the extracts exhibited significant 
antibacterial properties. The ethanolic extract of A. indica shown potential candidates for 
use as natural food preservatives against S. aureus, a prominent foodborne pathogen, 
hence corroborating its traditional therapeutic application in infection treatment. The 
activity can be ascribed to many mechanisms, such as rupture of bacterial membranes, 
blockage of quorum sensing, and interference with biofilm formation-crucial activities 
that augment bacterial resistance to preservatives. These findings highlight the combined 
antioxidant and antibacterial capabilities of plant extracts to combat spoilage and 
pathogenic microorganisms. The antibiofilm activity exhibited by the partially purified 
ethanol extract of A. indica is especially relevant, considering that biofilm development 
is an essential factor in microbial resistance. The extract's ability to impede biofilm 
formation indicates disruption of cell adhesion or quorum-sensing processes. Comparable 
antibiofilm effects have been described for additional phytochemical substances, 
corroborating our results. The results suggest that A. indica extract might serve as a 
natural alternative for controlling biofilm-associated resistant microorganisms and 
improving food preservation safety61.
           RSM is a reliable statistical technique for maximizing process factors and serves 
as an effective tool to identify the best conditions that enrich a process while performed 
effectively. RSM elucidates the impact of independent variables, whether individually or 
in combination related to the procedures. It serves as an effective method for optimizing 
chemical and biological processes compared to the classical one factor at a time strategy 
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but is comparatively time-consuming and costly49. In comparison to other research on A. 
indica, our results indicate that the ethanol extract had enhanced antioxidant and 
antibacterial properties, probably attributed to its elevated levels of phenolic and 
flavonoid components. Ethanol efficiently extracts these bioactives, that may provide 
hydrogen or electrons to neutralize free radicals, change bacterial membranes, or inhibit 
critical enzymes. These findings align with previous studies and emphasize ethanol's 
efficacy as a solvent for extracting multifunctional chemicals that contribute to the 
exhibited biological effects62.
            Computational methods further validated these findings. Bioactive compounds 
identified by GC-MS were analyzed using molecular docking against antimicrobial target 
proteins, demonstrating significant binding affinities and stabilizing interactions, notably 
hydrogen bonds and hydrophobic contacts54. The docking scores were evaluated to 
determine the binding affinities of the selected compounds toward the target proteins. 
Docking scores of ≤ -7.0 kcal/mol are typically regarded as indicative of strong binding 
affinity. In this study, Hit 8 (-8.38 kcal/mol) and Hit 11 (-8.75 kcal/mol) demonstrated 
docking scores within a favorable range, implying persistent and favorable energetic 
interactions with the active site residues. Reference 1 (-13.27 kcal/mol) exhibited the 
highest binding affinity, whereas Hit 8 and Hit 11 displayed higher binding compared to 
Reference 2 (-6.30 kcal/mol), underscoring their potential as effective inhibitors. The 
pharmacokinetic and toxicity properties of all drugs were predicted with SwissADME and 
ProTox-II. The comprehensive ADMET and toxicity data, including molecular weight, 
LogP, TPSA, gastrointestinal absorption, blood-brain barrier permeability, LD₅₀, and 
toxicity classification, are consolidated in Table S6. The findings demonstrate that the 
majority of drugs exhibit favorable pharmacokinetic properties and low acute oral toxicity 
(toxicity classes 4-6), hence supporting their appropriateness for future development. 
        We demonstrate that the RMSD, radius of gyration, and secondary structure levels 
attained stable plateaus following the initial equilibration phase. The block averaging of 
the final 20-30 ns further confirmed that the thermodynamic and structural parameters 
were constant across independent time intervals. The results validate that the 100 ns 
simulations were adequate to reflect the equilibrium actions of our system's components.  
ADME predictions further suggested that the lead compounds are non-toxic and 
potentially appropriate for food-related applications28. The reference ligands exhibiting 
slightly higher docking scores, the Hit 8 and Hit 11 were selected for further study due 
to their equivalent binding affinities and consistent interaction patterns within the active 
domain. Both compounds formed significant hydrogen bonds, hydrophobic interactions 
with essential catalytic residues, closely resembling the binding behavior of the reference 
ligands. Notwithstanding the slightly lower docking scores, these persistent and specific 
interactions suggest that Hit 8 and Hit 11 may exhibit favorable biological activity and 
potential as efficacious inhibitors.
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   The in vitro activity results often align with the docking predictions, suggesting that 
compounds with higher binding affinities and more favorable interaction patterns in silico 
are probable to demonstrate enhanced biological responses experimentally. However, 
discrepancies between computational and experimental findings highlight the intrinsic 
limits of docking investigations, which fails to adequately consider protein flexibility, 
solvent interactions, or cellular variables affecting bioavailability and metabolism. The 
integrated analysis of docking and in vitro results enhances the comprehension of the 
structure-activity relationship, with docking delivering mechanistic insights and rational 
prioritization, while experimental validation substantiates the biological significance of 
the predicted interactions63.

Limitation of the study
      Overall, our findings indicate that the selected hit compounds have multifunctional 
features, integrating antioxidant activity, antibacterial efficiency, and advantageous 
binding interactions with bacterial targets. The current investigation demonstrates the 
potential antioxidant and antimicrobial properties of A. indica extracts. Although the 
current study demonstrated significant antimicrobial activity of the ethanol extract using 
the agar well diffusion method and a limitation of the current work the minimum 
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were not 
determined. Future studies will focus on determining MIC and MBC values to provide a 
more quantitative evaluation of the extract’s antibacterial potential. Nevertheless, further 
studies are needed to evaluate their cytotoxicity, in vivo animal investigations to ascertain 
the safety and sensory effects in real food matrices. Such investigations will provide a 
comprehensive understanding of their safety and practical applicability as natural food 
preservatives.

Conclusion
The phytochemical and biological properties of A. indica emphasize its significance as a 
valuable source of bioactive substances. In this current study, the biological potential of 
partially purified ethanol extract of A. indica was analysed using a dual approach that 
combined experimental assays within silico molecular docking analyses. GC-MS profiling 
revealed many bioactive compounds, and the comprehensive study indicated that these 
constituents exhibit significant antimicrobial and antioxidant properties, validating their 
potential application in food preservation. This work's novelty consists in utilizing a 
partially purified ethanol extract rather than crude or isolated compounds, thus 
integrating existing extraction-based screening with computational validation. It 
indicates that the extract appeared to be a promising natural preservative with potential 
applications in agriculture, cosmetic and the food industry, particularly as active 
packaging (films and coatings). Future work will focus on the isolation of active 
compounds, in vivo validation, and formulation of packaging films for food preservation.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

Acknowledgements

We thank to the management of Vellore Institute of Technology (VIT) for providing 
infrastructure facilities and resources for the collection of this research paper.

Author contributions 
Rajiniraja Muniyan - Conceptualization, Methodology, Investigation, Supervision and 
Validation 
Uma Venkatesan - Investigation, Data curation and Writing- Original Draft

Funding
This research did not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors
Data availability
Data will be made available upon reasonable request

Declarations 
Conflict of interest
The authors declare that there is no conflict of interest

Research involving human participants and/or animals 
Not applicable

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

References 

1. Albert V, Ramamurthy T, Das S, Dolma KG, Majumdar T, Baruah PJ, et al. 
Comprehending the risk of foodborne and waterborne disease outbreaks: Current 
situation and control measures with Special reference to the Indian Scenario. 
Heliyon [Internet]. 2024 Aug 30 [cited 2025 Sept 7];10(16). Available from: 
https://www.cell.com/heliyon/abstract/S2405-8440(24)12375-4

2. Jan S, Rashid M, Abd_Allah EF, Ahmad P. Biological Efficacy of Essential Oils and 
Plant Extracts of Cultivated and Wild Ecotypes of Origanum vulgare L. BioMed Res 
Int. 2020;2020(1):8751718. 

3. Joshi V, Bachhar V, Negi A, Mishra SS, Duseja M. Green synthesis of silver 
nanoparticles using Pachygone laurifolia extract and pharmacological evaluation for 
antioxidant, antidiabetic, and antibacterial activity. J Mol Struct. 2025 Oct 
15;1342:142730. 

4. Joshi V, Bachhar V, Mishra SS, Shukla RK, Kumar N, Duseja M. Identification of 
Potential Anticancer Phytochemicals of Piper chaba by Comprehensive Molecular 
Docking, Molecular Dynamics Simulation and In-Vitro Studies. Chem Biodivers. 
2025;22(7):e202403269. 

5. Bachhar V, Joshi V, Gangal A, Duseja M, Shukla RK. Identification of Bioactive 
Phytoconstituents, Nutritional Composition and Antioxidant Activity of 
Calyptocarpus vialis. Appl Biochem Biotechnol. 2024 Apr 1;196(4):1921–47. 

6. Jeevitha M, Ravi PV, Subramaniyam V, Pichumani M, Sripathi SK. Exploring the 
phyto- and physicochemical evaluation, fluorescence characteristics, and 
antioxidant activities of Acacia ferruginea Dc: an endangered medicinal plant. 
Future J Pharm Sci. 2021 Nov 13;7(1):228. 

7. Shah RK, Karmakar M, Deori M, Das L. GC-MS profiling of the leaf extract of 
Garcinia pedunculata, molecular docking, ADME/drug likeness predictions and 
toxicity analysis. Pharmacol Res - Nat Prod. 2024 Dec 1;5:100089. 

8. Bachhar V, Joshi V, Shekher Mishra S, Shukla RK, Bhargava S, Duseja M. In-Vitro 
Antimicrobial, Antidiabetic and Anticancer Activities of Calyptocarpus Vialis Extract 
and its Integration with Computational Studies. ChemistrySelect. 
2024;9(35):e202401414. 

9. Joshi V, Bachhar V, Mishra SS, Shukla RK, Gangal A, Duseja M. GC–MS 
fingerprinting, nutritional composition, in vitro pharmacological activities and 
molecular docking studies of Piper chaba from Uttarakhand region. 3 Biotech. 2024 
May 17;14(6):158. 

10. Hadadi Z, Nematzadeh GA, Ghahari S. A study on the antioxidant and antimicrobial 
activities in the chloroformic and methanolic extracts of 6 important medicinal plants 
collected from North of Iran. BMC Chem. 2020 Apr 25;14(1):33. 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

11. Ravi S, Shanmugam B, Subbaiah GV, Prasad SH, Reddy KS. Identification of food 
preservative, stress relief compounds by GC–MS and HR-LC/Q-TOF/MS; evaluation 
of antioxidant activity of Acalypha indica leaves methanolic extract (in vitro) and 
polyphenolic fraction (in vivo). J Food Sci Technol. 2017 May 1;54(6):1585–96. 

12. Erarslan A, Yuka SA. Exploring ethyl pyruvate as an antifungal and antibacterial 
agent for food preservation: an in vitro and in silico study. Int J Food Sci Technol. 
2024 Sept 1;59(9):6580–9. 

13. Barbouchi M, Elamrani K, El Idrissi M, Choukrad M. A comparative study on 
phytochemical screening, quantification of phenolic contents and antioxidant 
properties of different solvent extracts from various parts of Pistacia lentiscus L. J 
King Saud Univ - Sci. 2020 Jan 1;32(1):302–6. 

14. Bachhar V, Joshi V, Singh P, Berisha A, Haldhar R, Duseja M, et al. Anticorrosion 
and rheological properties of Calyptocarpus vialis extract as a green coating for mild 
steel in 2MH2SO4. Colloids Surf Physicochem Eng Asp. 2025 Jan 20;705:135606. 

15. Joshi V, Bachhar V, Mishra SS, Shukla RK, Duseja M. Hexagonal ZnO nanoparticles 
synthesised using methanolic extract of Piper chaba aerial parts for catalytic 
oxidation of morin, 4-nitrophenol reduction, antioxidant and antibacterial 
applications. J Mol Struct. 2025 Dec 25;1348:143550. 

16. Mansoori A, Singh N, Dubey SK, Thakur TK, Alkan N, Das SN, et al. Phytochemical 
Characterization and Assessment of Crude Extracts From Lantana camara L. for 
Antioxidant and Antimicrobial Activity. Front Agron [Internet]. 2020 Nov 12 [cited 
2025 Mar 3];2. Available from: 
https://www.frontiersin.org/journals/agronomy/articles/10.3389/fagro.2020.582268
/full

17. Nwankwo NE, Ezeako EC, Nworah FN, Ogara AL, Oka SA, Aham EC, et al. Bioactive 
compounds, anti-inflammatory, anti-nociceptive and antioxidant potentials of 
ethanolic leaf fraction of Sida linifolia L. (Malvaceae). Arab J Chem. 2023 Jan 
1;16(1):104398. 

18. Naz S, Alam S, Ahmed W, Masaud Khan S, Qayyum A, Sabir M, et al. Therapeutic 
Potential of Selected Medicinal Plant Extracts against Multi-Drug Resistant 
Salmonella enterica serovar Typhi. Saudi J Biol Sci. 2022 Feb 1;29(2):941–54. 

19. Erhabor RC, Aderogba MA, Erhabor JO, Nkadimeng SM, McGaw LJ. In vitro 
bioactivity of the fractions and isolated compound from Combretum elaeagnoides 
leaf extract against selected foodborne pathogens. J Ethnopharmacol. 2021 June 
12;273:113981. 

20. Ali A, Lim XY, Chong CH, Mah SH, Chua BL. Optimization of ultrasound-assisted 
extraction of natural antioxidants from Piper betle using response surface 
methodology. LWT. 2018 Mar 1;89:681–8. 

21. Yim HS, Chye FY, Rao V, Low JY, Matanjun P, How SE, et al. Optimization of 
extraction time and temperature on antioxidant activity of Schizophyllum commune 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

aqueous extract using response surface methodology. J Food Sci Technol. 2013 Apr 
1;50(2):275–83. 

22. Borges A, José H, Homem V, Simões M. Comparison of Techniques and Solvents on 
the Antimicrobial and Antioxidant Potential of Extracts from Acacia dealbata and 
Olea europaea. Antibiotics. 2020 Feb;9(2):48. 

23. Sethi S, Joshi A, Arora B, Bhowmik A, Sharma RR, Kumar P. Significance of FRAP, 
DPPH, and CUPRAC assays for antioxidant activity determination in apple fruit 
extracts. Eur Food Res Technol. 2020 Mar 1;246(3):591–8. 

24. Hemalatha R, Nivetha P, Mohanapriya C, Sharmila G, Muthukumaran C, Gopinath 
M. Phytochemical composition, GC-MS analysis, in vitro antioxidant and 
antibacterial potential of clove flower bud (Eugenia caryophyllus) methanolic 
extract. J Food Sci Technol. 2016 Feb 1;53(2):1189–98. 

25. Gini TG, Jeya Jothi G. Column chromatography and HPLC analysis of phenolic 
compounds in the fractions of Salvinia molesta mitchell. Egypt J Basic Appl Sci. 2018 
Sept 1;5(3):197–203. 

26. Rajkumar V, Guha G, Kumar RA. Isolation and bioactivity evaluation of two 
metabolites from the methanolic extract of Oroxylum indicum stem bark. Asian Pac 
J Trop Biomed. 2012 Jan 1;2(1, Supplement):S7–11. 

27. Pradhan S, Dubey RC. GC–MS analysis and molecular docking of bioactive 
compounds of Camellia sinensis and Camellia assamica. Arch Microbiol. 2021 July 
1;203(5):2501–10. 

28. Erarslan A, Yuka SA. Exploring ethyl pyruvate as an antifungal and antibacterial 
agent for food preservation: an in vitro and in silico study. Int J Food Sci Technol. 
2024 Sept 1;59(9):6580–9. 

29. O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison GR. Open 
Babel: An open chemical toolbox. J Cheminformatics. 2011 Oct 7;3(1):33. 

30. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al. 
AutoDock4 and AutoDockTools4: Automated docking with selective receptor 
flexibility. J Comput Chem. 2009;30(16):2785–91. 

31. Jaghoori MM, Bleijlevens B, Olabarriaga SD. 1001 Ways to run AutoDock Vina for 
virtual screening. J Comput Aided Mol Des. 2016 Mar 1;30(3):237–49. 

32. Daina A, Michielin O, Zoete V. SwissADME: a free web tool to evaluate 
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small 
molecules. Sci Rep. 2017 Mar 3;7(1):42717. 

33. Banerjee P, Kemmler E, Dunkel M, Preissner R. ProTox 3.0: a webserver for the 
prediction of toxicity of chemicals. Nucleic Acids Res. 2024 July 5;52(W1):W513–20. 

34. Zoete V, Cuendet MA, Grosdidier A, Michielin O. SwissParam: A fast force field 
generation tool for small organic molecules. J Comput Chem. 2011;32(11):2359–68. 

35. Sharma D, Muniyan R. Pharmacophore-guided in-silico discovery of SIRT1 inhibitors 
for targeted cancer therapy. Comput Biol Chem. 2024 Dec 1;113:108275. 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

36. Patle TK, Shrivas K, Kurrey R, Upadhyay S, Jangde R, Chauhan R. Phytochemical 
screening and determination of phenolics and flavonoids in Dillenia pentagyna using 
UV–vis and FTIR spectroscopy. Spectrochim Acta A Mol Biomol Spectrosc. 2020 Dec 
5;242:118717. 

37. Amensour M, Sendra E, Pérez-Alvarez JA, Skali-Senhaji N, Abrini J, Fernández-López 
J. Antioxidant Activity and Chemical Content of Methanol and Ethanol Extracts from 
Leaves of Rockrose (Cistus ladaniferus). Plant Foods Hum Nutr. 2010 June 
1;65(2):170–8. 

38. Salem A, Jridi M, Abdelhedi O, Fakhfakh N, Nasri M, Debeaufort F, et al. 
Development and characterization of fish gelatin-based biodegradable film enriched 
with Lepidium sativum extract as active packaging for cheese preservation. Heliyon 
[Internet]. 2021 Oct 1 [cited 2025 Mar 4];7(10). Available from: 
https://www.cell.com/heliyon/abstract/S2405-8440(21)02202-7

39. Bachhar V, Joshi V, Bhatia A, Rom T, Duseja M, Shukla RK. Green synthesis of AgFe 
bimetallic nanoparticles from Calyptocarpus vialis plant extract for enhanced 
catalytic reduction of 4-NP, antioxidant and antibacterial activities. J Environ Chem 
Eng. 2025 June 1;13(3):116829. 

40. Joshi V, Bachhar V, Bhatia A, Rom T, Duseja M, Shukla RK. Green synthesis of 
multifunctional AgFe nanoparticles using Piper chaba extract: Evaluation of 
antioxidant, antidiabetic, and antibacterial activities. Colloids Surf Physicochem Eng 
Asp. 2025 Nov 20;725:137619. 

41. Mostaqim S, Saha SK, Hani U, Paul SK, Sharmin M, Basak S, et al. Antibacterial 
Activities of Clove (Syzygium aromaticum) Extracts Against Three Food Borne 
Pathogens: Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. 
Mymensingh Med J. 2019 Oct 1;28(4):779–91. 

42. El-sawy YNA, Abdel-Salam AB, Abd-Elhady HM, Abou-Taleb KAA, Ahmed RF. 
Elimination of detached Listeria monocytogenes from the biofilm on stainless steel 
surfaces during milk and cheese processing using natural plant extracts. Sci Rep. 
2024 Jan 27;14(1):2288. 

43. Rather MA, Gupta K, Gupta AK, Mishra P, Qureshi A, Dutta TK, et al. Phytochemical 
Analysis and Demonstration of Antioxidant, Antibacterial, and Antibiofilm Activities 
of Ethnomedicinal Plants of North East India. Appl Biochem Biotechnol. 2023 May 
1;195(5):3257–94. 

44. Kadiri O, Gbadamosi SO, Akanbi CT. Extraction kinetics, modelling and optimization 
of phenolic antioxidants from sweet potato peel vis-a-vis RSM, ANN-GA and 
application in functional noodles. J Food Meas Charact. 2019 Dec 1;13(4):3267–84. 

45. Wagh RV, Chatli MK. Response surface optimization of extraction protocols to obtain 
phenolic rich antioxidant from sea buckthorn and their potential application into 
model meat system. J Food Sci Technol. 2017 May 1;54(6):1565–76. 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

46. Kadiri O, Gbadamosi SO, Akanbi CT. Extraction kinetics, modelling and optimization 
of phenolic antioxidants from sweet potato peel vis-a-vis RSM, ANN-GA and 
application in functional noodles. J Food Meas Charact. 2019 Dec 1;13(4):3267–84. 

47. Wong WH, Lee WX, Ramanan RN, Tee LH, Kong KW, Galanakis CM, et al. Two level 
half factorial design for the extraction of phenolics, flavonoids and antioxidants 
recovery from palm kernel by-product. Ind Crops Prod. 2015 Jan 1;63:238–48. 

48. Pompeu DR, Silva EM, Rogez H. Optimisation of the solvent extraction of phenolic 
antioxidants from fruits of Euterpe oleracea using Response Surface Methodology. 
Bioresour Technol. 2009 Dec 1;100(23):6076–82. 

49. Favre LC, Rolandelli G, Mshicileli N, Vhangani LN, dos Santos Ferreira C, van Wyk 
J, et al. Antioxidant and anti-glycation potential of green pepper (Piper nigrum): 
Optimization of β-cyclodextrin-based extraction by response surface methodology. 
Food Chem. 2020 June 30;316:126280. 

50. Singh PK, Singh J, Medhi T, Kumar A. Phytochemical Screening, Quantification, FT-
IR Analysis, and In Silico Characterization of Potential Bio-active Compounds 
Identified in HR-LC/MS Analysis of the Polyherbal Formulation from Northeast India. 
ACS Omega. 2022 Sept 20;7(37):33067–78. 

51. Dias MC, Pinto DCGA, Silva AMS. Plant flavonoids: Chemical characteristics and 
biological activity. Molecules. 2021;26(17):1–16. 

52. Coteli E, Erdem B, Ciftci H. Phytochemical Content of Malus floribunda: In Vitro and 
Molecular Docking Studies. Appl Biochem Biotechnol. 2024 Aug 1;196(8):5198–218. 

53. Rao H, Ahmad S, Y.Aati H, Basit A, Ahmad I, Ahmad Ghalloo B, et al. Phytochemical 
screening, biological evaluation, and molecular docking studies of aerial parts of 
Trigonella hamosa (branched Fenugreek). Arab J Chem. 2023 July 1;16(7):104795. 

54. Punetha S, Vuppu S. GC–MS, FTIR and physico-chemical analysis of phytochemicals 
from Vellore floral waste and its in-silico studies. Chem Pap. 2023 Nov 
1;77(11):6873–905. 

55. Kato K, Nakayoshi T, Kurimoto E, Oda A. Molecular dynamics simulations for the 
protein–ligand complex structures obtained by computational docking studies using 
implicit or explicit solvents. Chem Phys Lett. 2021 Oct 16;781:139022. 

56. Naithani U, Guleria V. Integrative computational approaches for discovery and 
evaluation of lead compound for drug design. Front Drug Discov [Internet]. 2024 
Apr 5 [cited 2025 Mar 4];4. Available from: 
https://www.frontiersin.org/journals/drug-
discovery/articles/10.3389/fddsv.2024.1362456/full

57. Bonet LFS, Loureiro JP, Pereira GRC, Silva ANRD, Mesquita JFD. Molecular 
dynamics and protein frustration analysis of human fused in Sarcoma protein 
variants in Amyotrophic Lateral Sclerosis type 6: An In Silico approach. PLOS ONE. 
2021 Sept 29;16(9):e0258061. 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

58. Lee Y, Lee J jae, Kim S, Lee SC, Han J, Heu W, et al. Dissecting the Critical Factors 
for Thermodynamic Stability of Modular Proteins Using Molecular Modeling 
Approach. PLOS ONE. 2014 May 21;9(5):e98243. 

59. Malik FK, Guo J tao. Insights into protein–DNA interactions from hydrogen bond 
energy-based comparative protein–ligand analyses. Proteins Struct Funct 
Bioinforma. 2022;90(6):1303–14. 

60. Venkatesan U, Muniyan R. Review on the extension of shelf life for fruits and 
vegetables using natural preservatives. Food Sci Biotechnol. 2024 Aug 
1;33(11):2477–96. 

61. Adeyemo RO, Famuyide IM, Dzoyem JP, Lyndy Joy M. Anti-Biofilm, Antibacterial, 
and Anti-Quorum Sensing Activities of Selected South African Plants Traditionally 
Used to Treat Diarrhoea. Evid Based Complement Alternat Med. 
2022;2022(1):1307801. 

62. Kozhantayeva A, Tursynova N, Kolpek A, Aibuldinov Y, Tursynova A, Mashan T, et 
al. Phytochemical Profiling, Antioxidant and Antimicrobial Potentials of Ethanol and 
Ethyl Acetate Extracts of Chamaenerion latifolium L. Pharmaceuticals [Internet]. 
2024 July 27 [cited 2025 Nov 5];17(8). Available from: https://www.mdpi.com/1424-
8247/17/8/996

63. Trinh PTN, Hang DTL, Uyen NNP, An TNM, Tien LX, Dung LT. Integrated network, 
docking, and experimental validation of the dual anti-inflammatory and uricosuric 
actions of Artemisia vulgaris compounds. Pharmacol Res - Mod Chin Med. 2025 Dec 
1;17:100712. 

64. Gorbunova IA, Nikonov IP, Makhmudov RR, Shipilovskikh DA, Silaichev PS, 
Shipilovskikh SA. Synthesis, intramolecular cyclization, and antinociceptive activity 
of 4-(het)aryl-2-{[4-(4-chlorophenyl)-3-(ethoxycarbonyl)thiophen-2-yl]amino}-4-
oxobut-2-enoic acids. Russ Chem Bull. 2023 Sept 1;72(9):2255–62. 

65. Huang YB. Chemical Conversions of Biomass into Organic Acids over Heterogeneous 
Metallic Catalysts. In: Fang Z, Smith Jr. RL, Guo H, editors. Production of Organic 
Acids and Alcohols from Agricultural Residues and Food Wastes [Internet]. 
Singapore: Springer Nature; 2025 [cited 2025 Sept 5]. p. 63–95. Available from: 
https://doi.org/10.1007/978-981-96-1222-2_3

66. Zhang W, Dong X, Chen M, Li L, Chen M, Fang S. Flavor Composition Analysis of 
Light-Aroma Liquor of Yellow Crane Tower Based on GC × GC-TOFMS. Food Anal 
Methods. 2025 July 1;18(7):1371–83. 

67. Vora D, Dandekar AA, Banga AK. Therapeutic Peptide Delivery: Fundamentals, 
Formulations, and Recent Advances. In: Jois SD, editor. Peptide Therapeutics: 
Fundamentals of Design, Development, and Delivery [Internet]. Cham: Springer 
International Publishing; 2022 [cited 2025 Sept 6]. p. 183–201. Available from: 
https://doi.org/10.1007/978-3-031-04544-8_5

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

68. Talapatra SK, Talapatra B. Biosynthesis of Terpenoids: The Oldest Natural Products. 
In: Talapatra SK, Talapatra B, editors. Chemistry of Plant Natural Products: 
Stereochemistry, Conformation, Synthesis, Biology, and Medicine [Internet]. Berlin, 
Heidelberg: Springer; 2015 [cited 2025 Sept 6]. p. 317–44. Available from: 
https://doi.org/10.1007/978-3-642-45410-3_5

69. Wang XC, Zhang Y, Yang JX, Shao JJ, Wang MF, Li YF. Facile and Cost-Efficient 
Synthesis of Photovoltaic Polymers via Direct Arylation Coupling. Chin J Polym Sci. 
2023 Nov 1;41(11):1663–85. 

70. Tsoupras A, Davi KG. Bioactive Metabolites from Fungi with Anti-Inflammatory and 
Antithrombotic Properties: Current Status and Future Perspectives for Drug 
Development. In: Deshmukh SK, Takahashi JA, Saxena S, editors. Fungi Bioactive 
Metabolites: Integration of Pharmaceutical Applications [Internet]. Singapore: 
Springer Nature; 2024 [cited 2025 Sept 6]. p. 427–94. Available from: 
https://doi.org/10.1007/978-981-99-5696-8_14

71. Voter AF, Manthei KA, Keck JL. A high throughput screening strategy to identify 
protein-protein interaction inhibitors that block the Fanconi anemia DNA repair 
pathway. J Biomol Screen. 2016 July;21(6):626–33. 

72. Abdel-Aziem A, Fouad SA. Recent advances in pyrazolo[3,4-b]pyridine chemistry: 
synthesis techniques and biological activity. Mol Divers. 2025 June 25; 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

Table 1 DPPH scavenging activity, the data shown as mean ± SD from three replicates, along with the corresponding IC50 values.

Data are presented as mean ± SD, (n = 3). Statistical analysis was executed using two-way ANOVA that follows by Tukey’s post hoc test 
(p < 0.05).

DPPH assay

Concentration 
(µg/ml)

Petroleum 
ether

Chloroform Ethanol Standard 
(Ascorbic 
acid)

50 48.90 ± 0.68 47.23±0.47 50.08± 1.35 51.24± 1.79

100 56.96± 0.42 52.15± 0.67 60.39± 1.15 66.83± 0.76

150 63.5± 0.72 55.2± 0.22 68.64± 0.39 76.94± 0.67

200 75.97± 0.57 59.23± 0.65 76.13± 0.50 88.38± 0.98

250 82.43± 1.74 65.98± 1.17 84.36± 0.93 97.97± 0.80

IC50 values 152.7 161.3 143.6 139.5
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Table 2 FRAP reducing power, the data shown as 
mean ± SD from three replicates, along with the 
corresponding IC50 values

Data are presented as mean ± SD, (n = 3). Statistical analysis was executed using two-way ANOVA that follows by Tukey’s post hoc test 
(p < 0.05).

FRAP assay
Concentration 
(µg/ml)

Petroleum 
ether 

Chloroform Ethanol Standard 
(Ascorbic 
acid)

50 32.38 ± 0.83 29.09± 1.75 35.16±0.38 53.45± 1.37

100 42.27± 0.83 39.95± 4.92 47.15± 0.48 64.16± 1.48

150 49.75± 0.43 49.03± 5.11 52.85± 0.72 78.63± 1.05

200 53.84± 0.80 54.58± 0.77 59.28± 0.25 83.60± 0.75

250 58.46± 0.70 59.63± 3.41 69± 0.61 96.42± 0.93

IC50 values 281.2 271.8 175.2 161.4
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Table 3 Antimicrobial activity (zone of inhibition) detected by different solvent extracts against food-borne pathogens and values 
represented as mean ± SD

Data are presented as mean ± SD, (n = 3). Statistical analysis was executed using two-way ANOVA that follows by Tukey’s post hoc test 
(p < 0.05).

Diameter of inhibition zone (mm)

                                                                                   S. aureus E. coli

S. No Concentration 
(mg/ml)

Petroleum 
ether

Chloroform Ethanol Petroleum 
ether

Chloroform Ethanol

1. 10 - - 16 ± 0.81 - - 18 ± 1

2. 15 - - 18.33 ± 0.94 - - 21.66 ± 0.57

3. 20 - - 20.66 ± 0.47 - - 25 ± 1

4. 25 - - 24 ± 0.81 - - 29.3 ± 1.52

5. Tetracycline 
(positive control)

22.33 ± 0.47 24 ± 0.81 28.33 ± 0.47 23.33 ± 0.47 22 ± 0.81 34.33 ± 0.57

6. DMSO (negative 
control)

- - - - - -
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Table 4 Antibiofilm inhibition assay shows the data are 
given as a mean ± SD of three replicates and IC50 values 
are also mentioned

Data are presented as mean ± SD, (n = 3). Statistical analysis was executed using two-way ANOVA that follows by Tukey’s post hoc test 
(p < 0.05).

% of inhibition
Concentration 
µg/ml

S. aureus E. coli Tetracycline

50 12.41± 0.80 15.32± 0.87 23.60 ± 0.98

100 25.84± 1.13 25.33± 1.03 28.68 ± 0.49

150 45.57± 0.89 44.71 ± 2.08 42.66 ± 0.77

200 54.53± 0.71 57.23 ± 0.98 56.52 ± 1.57

250 66.36± 1.00  65.45 ± 0.74 65.93 ± 2.47

IC50 values 195.7 189.8 112.2
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Table 5 TLC analysis of the crude extract using solvents with different ratios

Crude 
(Toluene: 
Ethyl acetate 
4:1 ratio)

Fraction 
(Toluene: 
Ethyl acetate 
4:1 ratio)

0.48 -
0.56 -
0.61 -
0.63 -
0.66 -
0.76 -
0.78 -
0.85 0.72
0.91 -
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 Table 6 GC-MS compounds analysed with structures, molecular formula and weight and biological activities
S.n
o

Compound name Structure Molecular 
formula

Molecul
ar 
weight

Retentio
n time

Area
%

Biological 
activities

Referenc
es

1. 2-BUTENOIC ACID,
 4-OXO-

C4H4O3 100 1.188 27.96
4

Antinociceptiv
e activity

64

2. 2(5H)-FURANONE, 
5-HYDROXY-

C4H4O3 100 1.294 27.06
1

Food additives 
and cosmetics

65

3. 2-PENTENOIC ACID C5H8O2 100 1.369 21.44
9

To analyse the 
sensory and 
chemical 
properties  

66
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4. 2-BUTENOIC ACID, 2-
METHYL-

C5 H8 O2 100 1.459 13.49
0

Therapeutic 
agents

67

5. 2-BUTENOIC ACID, 2-
METHYL-, (Z)-

C5H8O2 100 1.579 4.065 Biosynthesis of 
terpenoids

68

6. 1-METHYLCYCLO

PROPANE

CARBOXYLIC ACID

C5H8O2 100 1.654 2.722 Synthesis of 
Photovoltaic 
Polymers

69

7. 1,2-CYCLO
BUTANE
DICARBONITRILE, TRANS-

C6H6N2 106 1.709 3.249 Anti-
Inflammatory 
and 
Antithrombotic 
Properties

70

8. 2(5H)-FURANONE, 
3-CHLORO-5-
((DIMETHYLAMINO)METH
YL)-4,5-DIMETHYL- 

C9H14ClNO

2

203 1.429 - Chemoresistan
ce

71
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9. PIPERAZINE, 1-METHYL-

       

C5H12N2 100 1.404 - Antioxidant, 
antimicrobial 
and 
antidepressant 
activities

72

10. 3-PIPERIDINOL, 
1,4-DIMETHYL-, TRANS-

C7H15NO 129 1.499 - - -

11. N-(2,2-DICHLORO-1-
HYDROXY-ETHYL)-2,2-
DIMETHYL-
PROPIONAMIDE 

C7H13Cl2N
O2

213 1.354 - - -
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    Table 7 Analysis of hit compounds through the toxicity

Compounds/Contr
ol

LD50 
(mg/kg
)

Toxicit
y Class

Hepatotoxici
ty

Carcinogenici
ty

Immunotoxici
ty

Cytotoxicit
y

Mutagenici
ty

Predictio
n

Inactive Inactive Inactive Inactive InactiveHit 8 1000 4

Probabilit
y

0.61 0.53 0.90 0.71 0.54

Hit 11 1850 4 Predictio
n

Inactive Inactive Inactive Inactive Inactive
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Table 8 Docking analysis of selected Phytocompounds against with the antimicrobial target proteins of S. aureus DNA Gyrase B (GyrB) 
and E. coli dihydrofolate reductase (DHFR)

Probabilit
y

0.71 0.55 0.99 0.64 0.75

Predictio
n

Inactive Inactive Inactive Inactive InactiveReference 1 120 3

Probabilit
y

0.67 0.62 0.99 0.62 0.65

Predictio
n

Inactive Active Active Inactive InactiveReference 2 200 3

Probabilit
y

0.54 0.60 0.95 0.56 0.81
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                                                                            S. aureus                                               E. coli
Hi
ts

Phytocompounds Exhausti
ve score 
(kcal/mo
l)

Conventional 
H-bonds and 
Carbon 
hydrogen bonds

Other interactions Exhaust
ive 
score 
(kcal/m
ol)

Conventional H-
bonds and 
Carbon 
hydrogen bonds

Other interactions

1 2-BUTENOIC ACID,
 4-OXO-

 -3.82 Asp53, Arg198 VD: His46, Trp49, 
Glu50, Lys163, 
Leu202

-4.38 His45, Thr46, 
Gly96

VD: Gly43, Arg44, Gly95, 
Arg98, Val99

2 2(5H)-FURANONE, 
5-HYDROXY-

- 3.72 Arg198 VD: Trp49, Lys163, 
Leu202

-4.28 His45, Thr46, 
Asn18

VD: Gly43, Arg44, Gly96, 
Gly97; Alkyl bond: Arg98, 
Val99

3 2-PENTENOIC ACID  -4.18 Asp53, Arg198 VD: trp49, Glu50, 
Lys163, Leu202

-4.81 Arg44, Leu62 VD: Gly43, Thr46, Ser63, 
Gly96, Arg98; Alkyl bond: 
His45, Val99

4 2-BUTENOIC ACID, 2-
METHYL-

 -4.15 Asp53, Arg193 VD: Trp49, Glu50, 
Lys163

-5.01 Glu101 VD: Arg12, Gly97, Arg98, 
Tyr100, His124, Phe125; 
Alkyl bond: Pro126

5 2-BUTENOIC ACID, 2-
METHYL-, (Z)-

 -3.75 Asp53, Arg198 VD: Lys163, Leu202; 
Alkyl bond: His46, 
Trp49

-4.94 Arg98, Thr123 VD: Arg12, Gly97, Tyr100, 
His124, Phe125, Pro126, 
Asp127; Alkyl bond: Glu101

6 1-METHYLCYCLO
PROPANE
CARBOXYLIC ACID

 -3.69 Asp53, Arg198 VD: Lys163, Leu202; 
Alkyl bond: Trp49

-4.75 Glu101 VD: Gly97, Arg98, Tyr100, 
Thr123, His124; Alkyl bond: 
Pro126

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

7 1,2-CYCLO
BUTANE
DICARBONITRILE, 
TRANS-

-4.4 His46, Arg198 VD: Arg42, Lys163, 
Leu202; Alkyl bond: 
Trp49

-6.77 His45, Thr46, 
Asn18

VD: Gly43, Arg44, Gly96, 
Gly97; Alkyl bond: Arg98, 
Val99

8 2(5H)-FURANONE, 
3-CHLORO-5-
((DIMETHYLAMINO
)METHYL)-4,5-
DIMETHYL- 

 -5.21 Glu164 VD: Asp53, 
Leu162; Alkyl 
bond: Leu60, 
Lys163

-8.38 His45 VD: Gly43, Ser63, Ser64, 
Gly96, Gly97, Gln102; 
Alkyl bond: Arg44, Leu62, 
Arg98, Val99

9 PIPERAZINE, 1-
METHYL-

 -6.85 Glu50 VD: Asp53, Asn54, 
Asp57

-4.94 Thr46 VD: Gly43, Arg44, His45, 
Gly96, Gly97, Arg98, Val99

10 3-PIPERIDINOL, 
1,4-DIMETHYL-, 
TRANS-

 -5.25 Asp53 VD: Glu50, Asn54; 
Alkyl bond: Lys163

-6.55 Thr46 VD: Gly43, Arg44, Trp47, 
Gly96, Gly97, Thr123; Alkyl 
bond: His45, Arg98, Val99

11 N-(2,2-DICHLORO-
1-HYDROXY-
ETHYL)-2,2-
DIMETHYL-
PROPIONAMIDE 

 -4.39 Asp53, Lys163, 
Arg198

VD: Trp49, 
Glu164, Leu205; 
Alkyl bond: Ile56, 
Leu202

-8.75 Asn18, His45, 
Thr46

VD: Gly15, Gly43, Arg44, 
Ser49, Gly96, Gly97, 
Thr123; Alkyl bond: 
Arg98, Val99
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Re
fer
en
ce 
1

2,5-
DIMETHYLBENZEN
E-1,4-DIYL) 
DIMETHANEDIYL 
BIS (N-
CARBAMIMIDOYLC
ARBAMIMIDOTHIO
ATE 

-13.27 Thr46, Leu62, 
Ile94, Gly96, 
Tyr100

VD: Ala6, Ile14, 
Gly15, Asn18, 
Met20, Gly43, His 
45, Ser49, Ser63, 
Gly95, Gly97, 
Val99, Gln102, 
Thr123; Alkyl 
bond: Arg98, 
Val99

- - -

Re
fer
en
ce 
2

4-BROMO 5-
METHYL-N-(1-(3-
NITROPYRIDIN-2-
YL) PIPERIDIN-4-
YL)-1H-PYRROLE-2-
CARBOXAMIDE

- - - -6.3 Tyr141, Lys163, 
Arg198, Glu50

VD: Trp49, His150, 
Phe160, Val165, Leu202, 
Leu205; Alkyl bond: 
His46

* VD- Vander Waals 
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Table 9 Represents the average values of hits compounds against with target proteins

                                                                                    GyrB                                     DFHR

Hit 8 Hit 11 Reference 1 Hit 8 Hit 11 Reference 2

RMSD 0.134 ± 0.015 0.125 ± 0.015 0.107 ± 0.013 0.108 ± 0.017 0.110 ± 0.025 0.089 ± 0.010

RMSF 0.119 ± 0.081 0.117 ± 0.076 0.102 ± 0.042 0.121 ± 0.201 0.092 ± 0.045 0.119 ± 0.146

Rg 1.577 ± 0.009 1.572 ± 0.009 1.560 ± 0.007 1.687 ± 0.015 1.692 ± 0.018 1.679 ± 0.006

SASA -29.302 ± 3.980 -29.370 ± 3.884 -32.629 ± 3.580 -41.163 ± 
4.065

-37.887 ± 
4.396

-42.873 ± 
3.628

Hydrogen bonds 0 to 2 0 to 3 0 to 5 0 to 1 0 to 3 0 to 3
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