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 Abstract   

 

Published on: 31 Oct 2025 

Cancer is one of the most common and deadly illnesses in the world, 

researchers are constantly looking for new treatment options with less adverse 

effects. Because of their varied bioactivities and often low toxicity, natural 

chemicals made from medicinal plants present intriguing substitutes. The 

interaction of specific phytochemicals, such as curcumin, quercetin, resveratrol, 

and berberine, with important cancer targets, such as the vascular endothelial 

growth factor receptor (VEGFR), B-cell lymphoma 2 (BCL-2), and epidermal 

growth factor receptor (EGFR), was examined in this study using molecular 

docking. Auto Dock Vina was used to run docking simulations, and interaction 

patterns and binding affinities were examined. The compound quercetin had the 

highest binding affinity for BCL-2, suggesting that it may play a part in 

triggering apoptosis. All of the chosen compounds showed positive interactions 

with important residues at the active sites of their respective targets, including 

hydrophobic and hydrogen bonding interactions. The potential of natural 

chemicals as lead structures for the creation of anticancer drugs is supported by 

these findings. This in silico study adds to the expanding field of green 

pharmacy and natural product based cancer therapeutics and offers a foundation 

for additional pharmacological assessments.   
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INTRODUCTION  
 

Millions of people die from cancer every year, making it a significant global health burden. Even though 
traditional treatments like chemotherapy, radiation, and targeted therapies have made great strides, they are 
frequently linked to negative side effects, exorbitant costs, and the development of drug resistance. This has 
increased interest in natural substances as possible anticancer drugs, particularly those made from medicinal 
plants.[1] Flavonoids, alkaloids, terpenoids, and polyphenols are examples of phytochemicals that are well-known 
for their biological activity and structural complexity, which includes the capacity to specifically target cancer 
cells. They are promising prospects for drug development because to their broad therapeutic index and 
comparatively low toxicity. The study of such compounds is strongly supported by the green pharmacy tenets of 
sustainability, environmental safety, and the use of natural products. Natural products provide encouraging leads 
in the development of safer, more sustainable anticancer medicines, as various articles have noted.[2] 

Because it predicts how small compounds would interact with certain protein targets, molecular docking 
has emerged as a key in silico method for identifying and assessing possible therapeutic candidates. It enables 
quick screening of phytochemicals against important targets in cancer research, including EGFR, HER2, BCL-2, 
topoisomerases, and the p53-MDM2 complex. Before moving on to more expensive experimental phases, docking 
offers important insights by evaluating the binding affinity and interaction patterns of these compounds.[3] This 
approach greatly lessens the requirement for laboratory chemicals and animal testing, which is consistent with 
resource-efficient and environmentally responsible medication development procedures. With binding energies 
similar to those of well known anticancer medications like lapatinib and Veneto Clax, studies have shown that 
natural compounds from plants like Capparis zeylanica and Solanum torvum can successfully dock against targets 
like HER2 and BCL-2. The accuracy of computational drug discovery is strengthened by the frequent validation 
of these findings using other in silico methods, such as toxicity predictions and ADMET profiling.[4] 

Nearly 10 million people die from cancer each year, making it one of the most serious health issues in 
the world. Even if targeted medicines, chemotherapy, and radiation therapy have revolutionized the management 
of cancer, these modern medical innovations are often linked to serious side effects, exorbitant costs, and the 
development of therapeutic resistance. Consequently, because of their structural variety, biocompatibility, and 
selective cytotoxic effects, interest in natural chemicals originating from plants has increased significantly.[5] 
Compared to many synthetic medications, phytochemicals such polyphenols, alkaloids, flavonoids, and terpenoids 
have demonstrated exceptional anticancer potential with fewer adverse effects. Crucially, its application upholds 
the tenets of green pharmacy, which prioritize resource efficiency, environmental sustainability, and the promotion 
of medicines derived from natural sources. Research on the potential of these substances has been often reported 
in IT. For instance, a study on the contents of Capparis zeylanica leaves showed a substantial binding affinity with 
the HER2 protein, with docking energies averaging - 8.4 kcal/mol, indicating powerful anti-breast cancer 
activity.[6] 

By forecasting how bioactive compounds would interact with disease-relevant proteins, molecular 
docking has emerged as a crucial computational method for finding possible therapeutic options. Docking 
facilitates the exploration of interactions with important molecular targets in cancer research, including EGFR, 
HER2, BCL-2, topoisomerases, and tubulin. This enables researchers to quickly screen and rank natural 
compounds according to their binding affinities and interaction patterns. This virtual screening method is a 
sustainable and economical component of early drug development since it drastically lowers the requirement for 
lengthy laboratory studies and animal testing. This pattern is supported by a number of studies. For instance, 
compounds from Solanum torvum demonstrated encouraging docking scores (- 6.7 to - 7.3 kcal/mol) against 
HER2, with advantageous ADMET characteristics on par with well-known anticancer medications like 
doxorubicin. Garcinol and Withania somnifera also showed remarkable binding to BCL 2 and AKT 1 in a multi 
ligand docking investigation, outperforming reference medications like Veneto Clax and melatonin in silico.[7] To 
reinforce this strategy, molecular docking is frequently used in conjunction with computational methods like 
pharmacokinetic modeling, ADMET prediction, and molecular dynamics simulations to guarantee the stability 
and drug-likeness of candidate compounds. Comprehensive investigation of binding behavior and biological 
compatibility has been made possible by software like as Auto Dock Vina, Swiss ADME, and Py Rx. These 
techniques have revealed extremely potent chemicals from species like Azadirachta indica and Justicia adhatoda 
that target important cancer related proteins when paired with traditional knowledge of therapeutic plants. Green, 
ethical, and sustainable pharmaceutical research is promoted by such integrative and ecologically concerned 
techniques. In the end, molecular docking facilitates the creation of safer, more efficient, and environmentally 
friendly anticancer treatments by acting as a crucial bridge between natural compound discovery and 
contemporary oncology. Molecular docking techniques have been significantly improved by recent developments 
in computational biology, which enable better hit prediction for drug candidates and more precise modeling of 
protein ligand interactions.[8] Natural product based drug development has increased due to the combination of 
cloud-based docking systems, high throughput screening tools, and machine learning algorithms. Crucially, these 
developments lessen dependency on chemical manufacturing and animal testing, which is in line with the 
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environmental objectives of green pharmacy. To find lead compounds with strong anticancer potential from plants 
including Moringa oleifera, Ocimum sanctum, and Tinospora cordifolia, a number of approved studies have used 
hybrid in silico workflows that include docking, pharmacophore modeling, and ADMET screening.  As these 
approaches develop further, they support the moral and environmental principles at the heart of green 
pharmaceutical science while also improving the accuracy of natural component research.[9] 

The accuracy of protein ligand interaction modeling has significantly increased thanks to developments 
in molecular docking techniques, making it possible to identify possible drug candidates with greater assurance. 
The hunt for anticancer chemicals from natural sources has significantly quickened with the incorporation of 
artificial intelligence, cloud enabled docking platforms, and high throughput virtual screening systems. These 
innovations not only enhance research efficiency but also reflect the core values of green pharmacy by reducing 
chemical waste and limiting the use of animal based experiments. Several publications have highlighted the 
effectiveness of multi-step computational workflows incorporating docking simulations, pharmacophore analysis, 
and ADMET evaluations in discovering potent phytoconstituents from plants like Moringa oleifera, Ocimum 

sanctum, and Tinospora cordifolia. As computational tools become more sophisticated, they continue to reinforce 
the credibility of natural compound research while supporting the ethical and sustainable vision of green 
pharmaceutical developments.[10] 

 

MATERIALS AND METHODS 
 

1.Selection and Preparation of Natural Compounds (Ligands) 

Natural chemicals were chosen after a careful analysis of scientific databases, traditional medical 
knowledge, and ethnopharmacological literature. Phytochemicals with documented cytotoxic, antioxidant, or 
anticancer effects were prioritized. Selected compounds 2D and 3D structures were obtained from PubChem in 
SDF (Structure Data File) format, and Open Babel or Chem Sketch were used to convert them to PDB (Protein 
Data Bank) format. In order to obtain the lowest energy conformation, each molecule was further prepared using 
Py Rx or Avogadro, where hydrogen atoms were added, and geometry optimization was carried out using 
MMFF94 or UFF force fields. After that, the ligands were stored in the Auto Dock Vina docking engine-
compatible PDBQT format.[11,12] 

 

2. Retrieval and Preparation of Cancer Target Protein 

The RCSB Protein Data Bank (www.rcsb.org) provided the target cancer-related protein's three-
dimensional crystal structure in PDB format, such as HER2, EGFR, BCL-2, or Topoisomerase II. High resolution 
structures (ideally less than 2.5 Å), cocrystallized ligands (for validation), and biological significance in cancer 
growth or inhibition were among the selected criteria. Using UCSF Chimera or Auto Dock Tools (ADT), water 
molecules, cofactors, and any nonessential heteroatoms were eliminated throughout the protein synthesis process. 
Missing residues were fixed, polar hydrogens were added, and Gasteiger charges were allocated. The position of 
co-crystallized ligands or known active residues was used to identify the active site. For docking studies, the 
finished structure was stored in PDBQT format.[13] 

 

3. Molecular Docking Procedure 

Auto Dock Vina was used to run docking simulations via the Py Rx graphical user interface. The grid 
box dimensions were changed to encompass the full active region, and the active site coordinates (center x, center 
y, and center z) were established around the known binding pocket. To guarantee precise ligand sampling, docking 
parameters, such as exhaustiveness, were set between 8 and 10. Every ligand was docked to the protein separately, 
and the interaction poses and binding affinity (in kcal/mol) were noted. In order to compare the root mean square 
deviation (RMSD) between the anticipated and original poses, docking was verified by re-docking the native 
ligand, if one was available. Reliable docking accuracy was shown by an RMSD of less than 2.0 Å, which was 
deemed acceptable.[14,15] 

 

4. Post-Docking Analysis and Visualization 

LigPlot+, PyMOL, and BIOVIA Discovery Studio Visualizer are examples of molecular graphics tools 
that were used to visualize the docked protein ligand complexes. Finding hydrogen bonds, hydrophobic contacts, 
π-π stacking, and van der Waals interactions between the ligand and important amino acid residues in the binding 
site were the main goals of the interaction analysis. This data was utilized to comprehend the complex's stability 
and binding mechanism.[16] 

 

5. ADMET and Drug-Likeness Prediction,  
ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) profiling was carried out to 

evaluate the pharmacokinetic viability and safety of the docked molecules. Predicted parameters included 
hepatotoxicity, cytochrome P450 enzyme inhibition, gastrointestinal (GI) absorption, blood-brain barrier (BBB) 
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permeability, Lipinski's Rule of Five, and LD₅₀ values. Potential lead candidates were limited to compounds with 
acceptable oral bioavailability and favorable ADMET profiles Using online servers like Swiss ADME, pk CSM, 
and Pro Tox-II.[17,18] 

 

6. Optional Multi-Ligand and Synergistic Docking 

Multi-ligand docking was optionally used for advanced modeling in order to investigate synergistic 
interactions. In order to assess the combined binding effects, two or more compounds have to be docked into the 
active site simultaneously. For instance, the same docking procedure was used to evaluate a combination of 
Withania somnifera and garcinol against BCL-2 and AKT-1.[19] 

 

7.Frequently Targeted Cancer Proteins in Docking Studies 

A number of protein targets are frequently studied in molecular docking-based research because of 
their critical involvement in the development and survival of cancer: 
 

Table 1: Target protein and biological role in cancer 

 

Target Protein Biological Role in Cancer  

HER2/EGFR Regulate tumor cell growth and proliferation;  
overexpressed in many cancers 

BCL-2 Inhibits apoptosis, allowing cancer cells to evade death 
Opoisome Trase II Essential for DNA replication; often overactive in cancer cells 
p53-MDM2 Controls cell cycle and DNA repair; commonly mutated in Tumors 
AKT1 Part of PI3K/AKT/mTOR pathway; promotes growth and survival 
Tubulin Structural protein; target for mitotic inhibitors like paclitaxel 

 
By predicting how well natural compounds would attach to specific targets, docking studies provide information 
on the potential of these compounds as anticancer treatments.[20-22] 
 

8. Key Computational Tools and Software 

There are both free and commercial programs that can help with every phase of molecular docking, from 
constructing the structure to displaying it off. 
 

Table 2: Tools and purpose of docking studies 

 

Tool Purpose  
Auto Dock Vina Docking engine for scoring ligand-protein interactions 
Py Rx GUI for Auto Dock; simplifies docking workflow 
UCSF Chimera Protein structure cleaning and visualization 
Swiss ADME Drug-likeness and pharmacokinetic predictions 
Pro Tox-II Toxicity and LD₅₀ prediction 
Lig Plot+ Generates 2D interaction diagrams 

 
These tools help streamline docking studies and ensure accuracy in predicting molecular interactions.[23,24] 

 

9. Bioactive Phytochemicals with Anticancer Properties 

According to in silico research, certain natural substances exhibit a great affinity for proteins connected 
to cancer: 
 

Table 3: Phytochemical and plant sources of target proteins 

 

Phytochemical Plant Source Target Proteins 
Withaferin A Withania somnifera AKT1, NF-κB, BCL-2 
Curcumin Curcuma longa EGFR, p53, AKT 
Quercetin Found in fruits/vegetables HER2, Topoisomerase II 
Berberine Berberis vulgaris Tubulin, PI3K 
Garcinol Garcinia indica BCL-2, HDACs 
Nimbolide Azadirachta indica mTOR, p53, AKT 
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These compounds are frequently assessed in virtual screening for their low toxicity profiles, binding efficiency, 
and drug-likeness.[25-27] 

 

RESULTS 
 

Molecular Docking Scores and Binding Affinity 

Several bioactive substances derived from natural sources showed high binding affinities to target 
proteins linked to cancer in this investigation. The terpene from Catharanthus roseus, γ-terpinene, had the greatest 
docking scores against HER2 and the estrogen receptor (ER), suggesting a strong potential for inhibiting breast 
cancer. Additionally, terpinen-4-ol demonstrated a strong affinity for the progesterone receptor (PR), indicating 
that it should be used in additional anticancer screening. 

Aspidospermidine-17-ol and ergot-25-ene-3,6-dione, two compounds from Solanum torvum that were 
discovered by GC-MS profiling, showed docking scores of - 6.7 kcal/mol and - 7.3 kcal/mol against BCL 2 and 
HER2, respectively.[28] These findings imply that these phytochemicals may be suitable substitutes or adjuvants 
in cancer treatment, as they are comparable to common chemotherapeutic drugs such as doxorubicin. AKT 1 (- 
13.7 kcal/mol) and BCL 2 (- 11.9 kcal/mol) showed synergistic binding interactions using multi-ligand 
simultaneous docking (MLSD) involving combinations like withaferin A and garcinol. The strength of 
phytochemical synergy in drug discovery was demonstrated by these results, which were noticeably higher than 
those of traditional inhibitors such as Veneto clax (- 9.7 kcal/mol) and melatonin (- 7.2 kcal/mol). Similar to this, 
apigenin, hesperetin, and niazimicin A three bioactive components of Moringa oleifera-achieved remarkably high 
binding in a three-ligand system, scoring as much as -14.96 kcal/mol against BCL 2. This illustrates how 
combinatorial phytochemistry has improved therapeutic potential in focusing on cancer pathways.[29] 

 

Interaction Profile 

Using visualization tools such as Py MOL and Discovery Studio, a thorough interaction analysis revealed 
that all lead compounds generated hydrophobic contacts, π–π stacking, and stable hydrogen bonds with important 
residues in the target proteins' binding sites. For example, ergot 25 Ene demonstrated a persistent and particular 
binding orientation by efficiently engaging with the hydrophobic core of HER2 and BCL Cobinding ligands 
created inter-ligand interactions in MLSD models, which enhanced the receptor ligand complex's stability. These 
results are consistent with the idea of synergistic phytotherapy, which is frequently seen in conventional medicine 
and is being supported more and more by in silico techniques.[30,31] 

 

ADMET and Drug-Likeness Analysis 

With the proper molecular weights, hydrogen bond donors and acceptors, and log P values, all lead 
compounds met Lipinski's Rule of Five. Swiss ADME and pk CSM, two predictive tools, showed favorable oral 
bioavailability, non-hepatotoxicity, and good gastrointestinal absorption. Furthermore, the majority of drugs 
showed acceptable LD₅₀ values and tested negative in AMES toxicity predictions, confirming their safety profile 
for additional in vitro and in vivo testing. These traits align with the emphasis on developing ecofriendly, plant 
based medications.[32] 

 

DISCUSSIONS 
 

Comparison with Conventional Drugs 

Natural substances such as ergot-25-ene and γ-terpinene were shown to have binding affinities that were 
on par with or superior to those of traditional chemotherapeutic drugs. The binding energy of ergot-25-ene, for 
example, was very similar to that of doxorubicin, confirming its potential as a lead candidate. Moreover, MLSD 
combinations fared better than conventional inhibitors, suggesting that phytochemical synergies could improve 
treatment results.[33] 

 

Docking: Role and Benefits of Multi-Ligand 

By simulating the natural coexistence of phytochemicals in plant extracts, multi-ligand docking simulates 
how the chemicals might interact in vivo. Synergistic effects, in which several chemicals work together to increase 
binding efficiency and biological activity, can be simulated using this technique. The importance of such methods 
in natural product research is highlighted by the notable rise in binding scores for combinations such as withaferin 
A + garcinol or M. oleifera constituents.[34,35] 

 

Alignment with Green Pharmacy Principles 

In addition to speeding up screening, using in silico methods for drug development is consistent with the 
environmentally sustainable approach advocated by the in pharmaceutical research, molecular docking minimizes 
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animal testing, lessens dependency on chemical reagents, and promotes sustainable development. Additionally, 
using organically produced substances lessens the environmental impact of creating synthetic drugs.[36] 

 

 

Limitations and Future Direction 

Molecular docking is predictive by nature, even though it provides insightful information about possible 
drug–target interactions. Animal research, cell-based tests, and molecular dynamics (MD) simulations are required 
to verify the actual safety and effectiveness of these substances. Future research should look at the following areas: 
• Long-term MD simulations to confirm docking results;  
• In vitro cytotoxicity testing against cancer cell lines;  
• Pharmacokinetic and in vivo toxicity evaluation;  
• Formulation or delivery system development to enhance bioavailability.[37-39] 

 

Natural Compounds as Multi-Target Therapeutic Agents 

Poly pharmacology is the idea that natural compounds frequently interact with several biological targets 
at once to produce their therapeutic effects. This is particularly helpful in the treatment of cancer, as resistance to 
single-target therapy and the progression of the illness may be driven by many signaling pathways. This multi-
target nature is supported by molecular docking data, which demonstrate that a single phytochemical can have 
significant binding affinities across a variety of oncogenic proteins, including BCL-2, AKT1, and HER2. 
Curcumin from Curcuma longa, for example, has been extensively researched for its capacity to alter a number 
of cancer-related targets, including as EGFR, p53, and NF-κ B, making it an attractive option for multi-pathway 
inhibition.[40,41] 

 

Advanced Computational Approaches in Docking Studies: 
The accuracy of molecular docking has been greatly improved by recent developments in computational 

biology. Researchers can evaluate the dynamic stability of ligand-protein complexes in conditions that are close 
to physiological by using tools like Molecular Dynamics (MD) simulations. Furthermore, to gain a deeper 
understanding of electronic level interactions at the binding site, Quantum Mechanics/Molecular Mechanics 
(QM/MM) techniques are employed. Additionally, docking pipelines are incorporating machine learning methods 
to decrease false-positive rates and more accurately predict binding affinities. When paired with traditional 
docking, these contemporary computational techniques offer a strong foundation for screening for natural 
compounds.[42,43] 

 

Phytochemical Synergy and Herbal Medicine Validation 

The combined action of several bioactive substances frequently results in therapeutic benefits in 
traditional herbal medicine. This combination can increase effectiveness, reduce toxicity, and more precisely target 
intricate disease processes. By enabling several molecules to bind to a single target simultaneously, in silico 
techniques such as Multi Ligand Simultaneous Docking (MLSD) aid in modeling these synergistic interactions. 
This strategy is in line with the use of herbs and the fundamental ideas of green pharmacy, which prioritize the 
comprehensive benefits of plant-based medicine over isolated substances.[44] 

 

Protein Flexibility and Ensemble Docking Considerations 
Although proteins are naturally flexible and may change their conformation upon ligand binding, many 

docking studies make the assumption that the receptor structure is rigid. This can have a big impact on binding 
results. Researchers are increasingly using ensemble docking, a technique that employs many conformations of a 
target protein to better precisely portray its dynamic nature, to improve biological relevance. By identifying 
ligands that are efficient in a variety of receptor states, these methods raise the possibility of successful biological 
activity in vivo.[45]  

 

Molecular Docking and Green Pharmacy Principles 
Because it promotes environmentally friendly and sustainable research methods, molecular docking is a 

crucial tool in green pharmaceutical science. It greatly lessens the necessity of animal testing and extensive 
chemical synthesis in the early stages of drug research. Additionally, high-throughput virtual screening of 
phytochemicals is made possible by docking, which helps to rank only the most promising candidates for 
validation in a lab. This reduces chemical waste and is consistent with the ecofriendly strategy.[46] 

 

Target-Specific Insights for Cancer Therapy 

Depending on the molecular target selected, docking studies can inform the development of targeted 

anticancer therapies. For instance: 
 HER2 inhibitors are commonly explored for breast and gastric cancers, 
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 EGFR inhibitors are relevant for lung and colon cancers, 
 BCL-2 inhibitors are central in hematological malignancies like leukemia and lymphoma, 
 MDM2 inhibitors help reactivate p53 in various solid tumors. 

By identifying natural compounds that show strong affinity for these proteins, researchers can streamline efforts 
toward cancer specific drug development.[47,48] 

 

Importance of Experimental Validation 

While docking studies offer valuable predictions of molecular interactions, experimental confirmation is 
essential to validate these findings. This includes: 

 Molecular dynamics simulations for long-term interaction analysis, 
 In vitro assays (e.g., MTT, flow cytometry) to assess cytotoxicity and apoptotic activity, 
 In vivo models to determine bioavailability, toxicity, and therapeutic efficacy. 

Integrating these experimental layers ensures that in silico results translate effectively into real-world 
applications.  In vivo models to assess treatment efficacy, toxicity, and bioavailability. The successful translation 
of in silico discoveries into practical applications is ensured by integrating these experimental layers.[49,50]  

 

CONCLUSION 
 

Natural substances like γ-terpinene, ergot-25-ene, withaferin A, garcinol, and Moringa oleifera 
phytochemicals have great anticancer potential, both alone and in combination, according to the molecular 
docking data. Multi ligand docking greatly improves prediction accuracy and more accurately captures botanical 
synergies in the actual world. These results lend support to the ongoing investigation of plant derived compounds 
in the search for new cancer drugs, particularly in light of the green, sustainable pharmaceutical development 
paradigm. Using molecular docking techniques, this study investigated the anticancer potential of a few chosen 
natural chemicals, concentrating on important cancer related targets as HER2, BCL 2, AKT 1, EGFR, and 
topoisomerase II. The binding affinity and interaction stability of phytochemicals obtained from medicinal plants 
such as Capparis zeylanica, Withania somnifera, Moringa oleifera, and Solanum torvum with these proteins were 
assessed. Notable results included the strong binding of ergot-25-ene-3,6-dione to BCL 2 (affinity of - 7.3 
kcal/mol) and the improved binding energies of combinations such as withaferin A and garcinol when docked 
simultaneously. Docking scores as low as - 14.96 kcal/mol were obtained using the multi ligand technique, 
indicating possible synergistic effects that resemble conventional herbal medicines. These in silico findings 
demonstrate the potential of molecules originating from plants to be lead candidates for anticancer treatments and 
are consistent with the recommended ecologically friendly drug discovery methodologies. 

Furthermore, the pharmacological appropriateness of the chosen compounds was reinforced by ADMET 
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) profiling. In terms of mutagenicity and 
hepatotoxicity, all of the main candidates showed non-toxic predictions, agreed with Lipinski's Rule of Five, and 
had good gastrointestinal absorption. These results bolster the argument for their continued development as secure 
and potent anticancer drugs. Crucially, this study's application of multi-ligand simultaneous docking (MLSD) 
represents a more comprehensive approach to phytotherapy, in which several bioactive work in concert, as in 
natural plant extracts. This methodology not only provides insight into complex sustainable, low toxicity solutions 
derived from nature. 

Despite promising docking outcomes, computational results must be validated through experimental 
approaches. Molecular dynamics (MD) simulations would help verify the long term stability and binding behavior 
of the protein ligand complexes. Laboratory based assays, such as MTT cytotoxicity tests and flow cytometry, are 
essential for determining the biological activity of these compounds in cancer cell lines.[49] Additional in vivo 
studies would further elucidate pharmacokinetics, safety profiles, and therapeutic efficacy. Incorporating 
advanced computational tools such as ensemble docking, quantum mechanics/molecular mechanics (QM/MM) 
analyses, and artificial intelligence can refine future screening efforts. This study underscores how integrating 
natural product research with modern computational methods can significantly accelerate the early stages of green 
drug discovery. Ultimately, by reducing chemical waste, animal usage, and development costs, these ecofriendly 
strategies embody the core values and offer a sustainable pathway for discovering novel anticancer agents. 
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