Supplementary Methods
Supplementary Methods: Computational Design, Molecular Simulations, Chemical Synthesis, and Biological Evaluation.
This Supplementary Methods section describes the integrated computational and experimental workflow used to discover and validate the EGFR-targeted inhibitor EGFPAN_EMBS. It includes protocols for protein and ligand preparation, molecular docking, candidate prioritization, conformer generation using conditional generative adversarial networks (CGANs), and molecular dynamics simulations. Subsequent sections detail the chemical synthesis, purification, and structural characterization of EGFPAN_EMBS. Biological evaluation procedures, including kinase inhibition assays, cell viability analysis, and migration studies, are also described to validate its anticancer activity and functional effects.
1. Protein and Ligand Preparation. 
A comprehensive literature survey was conducted to identify epidermal growth factor receptor (EGFR) inhibitors with reported relevance to pancreatic cancer (Tables SM1 & 2). For each inhibitor, physicochemical parameters and molecular descriptors were collected [18,51,62]. The crystal structure of EGFR (PDB ID: 5XWD) was retrieved from the Protein Data Bank, selected due to its well-characterized ATP-binding site in complex with the clinically relevant inhibitor erlotinib, enabling accurate modeling of ATP-competitive inhibition. Structural preprocessing was performed using PyMOL (v2.5; https://pymol.org/), during which crystallographic water molecules and co-crystallized ligands were removed. Missing residues and loop regions were subsequently modeled using MODELLER (v10.4; https://salilab.org/modeller/) to obtain a complete protein structure suitable for downstream analysis. The prepared protein structure was further validated and converted into the required format for docking studies. Ligand structures were obtained from the PubChem database and prepared using the Open Babel package. Geometry optimization was performed using the MMFF94 force field, and all structures were saved in .sdf format for subsequent molecular docking.
Table SM1: List of Synthetic EGFR inhibitors used for docking-based comparative analysis
	S.No.
	Inhibitors
	PubChem ID
	MW (g/mol)
	HBD
	HBA
	LogP
	Reference

	1. [bookmark: _Hlk203736031]
	Erlotinib
	176870
	393.4
	1
	7
	3.3
	[63]

	2. 
	Gefitinib
	123631
	446.9
	1
	8
	4.1
	[64]

	3. 
	Osimertinib
	71496458
	499.6
	2
	7
	3.7
	[65]

	4. 
	Afatinib
	10184653
	485.9
	2
	8
	3.6
	[66]

	5. 
	Icotinib
	22024915
	391.4
	1
	7
	3.1
	[15]

	6. 
	Lapatinib
	208908
	581.1
	2
	9
	5.1
	[67]

	7. 
	Vandetanib
	3081361
	475.4
	1
	7
	4.9
	[68]

	8. 
	Cannabigerol
	5315659
	316.5
	2
	2
	7.4
	[69]

	9. 
	Monensin
	441145
	670.9
	4
	11
	4.2
	[70]

	10. 
	Dacomitinib
	11511120
	469.9
	2
	7
	4.4
	[71]

	11. 
	Furmonertinib
	118861389
	568.6
	2
	11
	4.4
	[8]

	12. 
	YM155
	11178236
	443.3
	0
	6
	-
	[72]

	13. 
	PKI166
	6918403
	330.4
	3
	4
	4.2
	[73]

	14. 
	AEE788
	10297043
	440.6
	2
	5
	4.6
	[74]

	15. 
	Neratinib
	9915743
	557.0 g/mol
	2
	8
	4.9
	[75]

	16. 
	Canertinib
	156414
	485.9 g/mol
	2
	8
	3.9
	[76]

	17. 
	CI-1033 (Canertinib dihydrochloride)
	156413
	558.9 g/mol
	4
	8
	NA
	[77,78]

	18. 
	Sapinitib (AZD-8931)
	11488320
	473.9 g/mol
	2
	8
	4
	[79]

	19. 
	Pelitinib
	6445562
	467.9 g/mol
	2
	7
	4.5
	[80]

	20. 
	Pyrotinib
	51039030
	583.1 g/mol
	2
	8
	5.4
	[81]

	21. 
	Varlitinib
	42642648
	466.9 g/mol
	2
	8
	4.2
	[82]

	22. 
	GW2974
	6603857
	395.5 g/mol
	1
	6
	4
	[83]

	23. 
	Allitinib
	24739943
	448.9 g/mol
	2
	6
	5.4
	[84]

	24. 
	WZ 3146
	44607360
	464.9 g/mol
	2
	7
	4.3
	[85]

	25. 
	PD153035
	4705
	360.20 g/mol
	1
	5
	4
	[86]

	26. 
	MP-412
	11700696
	851.4 g/mol
	4
	13
	NA
	[87]

	27. 
	WZ4002
	44607530
	495.0 g/mol
	2
	8
	4.2
	[1]

	28. 
	AG1478 (N-(3-Chlorophenyl)-6,7-dimethoxy-4-quinazolinamine)
	2051
	315.75 g/mol
	1
	5
	4
	[88]

	29. 
	7-(4-(3-Ethynylphenylamino)-7-methoxyquinazolin-6-yloxy)-N-hydroxyheptanamide (CUDC-101)
	24756910
	434.5
	3
	7
	4
	[89]

	30. 
	((Z)-(3-((E)-3-(4-Fluorophenyl) acryloyl)phenyl)diazenyl)-2-hydroxybenzoic acid
	-
	388.398
	1
	5
	6.13
	[90]

	31. 
	(E)-3-(4-Fluorophenyl)-1-(4-((E)-(4-hydroxynaphthalen-1-yl)diazenyl)phenyl) prop-2-en-1-one
	-
	396.421
	1
	4
	7.12
	[90]

	32. 
	Crocetinic acid
	-
	342.35
	2
	4
	4.64
	[91]

	33. 
	Phosphoaspirin (MDC-22)
	-
	526.412
	0
	4
	2.96
	[92]

	34. 
	(E)-2-{3-(1H-Benzo[B]Oxazol-2-Yl)Phenyl)Diazenyl)-3,4,5-Trihydroxybenzoic acid
	-
	391.339
	4
	8
	4.50
	[93]

	35. 
	Phenylpentane derivative
	-
	234.295
	0
	2
	2.66
	[94]

	36. 
	SKLB261
	-
	-
	-
	-
	-
	[4]



Table SM2: List of phytochemicals as EGFR inhibitors 
	S. No
	Inhibitors
	PubChem ID
	MW (g/mol)
	HBD
	HBA
	LogP
	Ref.

	1. 
	Plumbagin
	10205
	188.18
	1
	3
	2.3
	[95]

	2. 
	Quercetin 3-O-glucoside
	5280804
	464.4
	8
	12
	0.4
	[96]

	3. 
	Kaempferol
	5280863
	286.24
	4
	6
	1.9
	[97]

	4. 
	Cucurbitacin B
	5281316
	558.7
	3
	8
	2.6
	[98]

	5. 
	[6]-Paradol
	94378
	278.4
	1
	3
	3.8
	[1]

	6. 
	Degalactotigonin
	162401
	1035.2
	12
	22
	-0.4
	[99]

	7. 
	Quercetin
	5280343
	302.23
	5
	7
	1.5
	[100]

	8. 
	Luteolin
	5280445
	286.24
	4
	6
	1.4
	[100]

	9. 
	Saikosaponin A
	167928
	781.0
	8
	13
	2.5
	[101]



2. Molecular Docking
Molecular docking was performed using Gnina (https://github.com/gnina/gnina). A blind docking approach was implemented by defining a search space that encompassed the entire protein structure, thereby enabling comprehensive sampling of potential binding sites. Docked conformations were ranked according to the Gnina scoring function, and the highest-scoring pose for each ligand was retained for further analysis. Protein–ligand interactions were characterized using the Protein–Ligand Interaction Profiler (PLIP) (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index), enabling identification of hydrogen bonding, hydrophobic contacts, and other non-covalent interactions. Selected complexes were subsequently advanced for molecular dynamics simulations [102-105].
3. Generative Modeling and Conformer-Driven Molecular Design
3.1 Conformers Generation using ConfGAN 
Conformational variants of a cannabigerol-derived scaffold were generated using a conditional generative adversarial network (ConfGAN) (https://github.com/xucongs/ConfGAN). The model integrates motif-based molecular graph neural networks (MM-GNNs) with gated recurrent unit (GRU)-based message passing to capture structural features from known EGFR inhibitors while preserving stereochemical and physicochemical constraints. Molecular graphs were constructed using motif-level representations, and node embeddings were iteratively updated through GRU-based message passing. Three-dimensional conformations were reconstructed from predicted distance matrices using Euclidean distance geometry, ensuring preservation of molecular geometry and chirality. Model training was performed over 1000 epochs, and generated conformers were refined using density functional theory (DFT). Convergence was defined using a root-mean-square deviation (RMSD) threshold ≤ 0.01 Å between generated and optimized structures. Conformational diversity was evaluated using RMSD-based clustering (≤ 0.5 Å) and energy thresholds (≤ 0.2 kJ/mol), with energies calculated using the xTB-GFN2 method. The resulting conformational ensemble was used as input for downstream generative modeling [106-108].
3.2 VAE-GAN-RL Based Molecular Generation and Optimization
Conformers generated using ConfGAN were used to train a variational autoencoder (VAE), enabling learning of latent chemical representations and template-independent molecule generation. A generative adversarial network (GAN) module was incorporated to enhance structural diversity through scaffold modification and introduction of chemically diverse motifs. A reinforcement learning (RL) framework was applied to optimize generated molecules using a multi-objective reward function incorporating drug-likeness (QED), predicted EGFR binding affinity, Lipinski’s Rule of Five, and synthetic accessibility. The integrated workflow generated approximately 1.7 million unique compounds. Candidate molecules were prioritized based on structural diversity, docking-based scoring, and pharmacological properties, and the top-ranked compounds were selected for subsequent molecular docking and molecular dynamics simulations.
4. MD Simulation 
Molecular dynamics (MD) simulations were performed using GROMACS to investigate the stability and dynamic behavior of EGFR–ligand complexes, including EGFPAN_EMBS and cannabigerol (CID 5315659). The protein was described using the CHARMM force field, and ligand topologies were generated using the SwissParam server. Each system was solvated in a cubic box using the SPC water model, maintaining a minimum distance of 1.0 nm between the protein surface and box edges. Counterions (Na⁺/Cl⁻) were added to neutralize the system and achieve an ionic strength of 0.1 M.
Energy minimization was carried out using the steepest descent algorithm until convergence. Systems were subsequently equilibrated under NVT and NPT ensembles at 300 K and 1 bar using appropriate thermostat and barostat coupling. Production MD simulations were performed for 200 ns with a 2 fs integration time step. Long-range electrostatic interactions were treated using the Particle Mesh Ewald method, and all covalent bonds were constrained using the LINCS algorithm.
Trajectory analyses were conducted using built-in GROMACS tools and external scripts. Structural stability and flexibility were evaluated using root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF). Protein compactness was assessed via radius of gyration, and protein–ligand interactions were monitored through hydrogen bond analysis and solvent-accessible surface area (SASA).
5. Post Simulation Analysis
The Gibbs free energy landscape (FEL) was constructed to characterize the conformational space sampled during molecular dynamics simulations. Principal component analysis (PCA) was performed, and the first two principal components (PC1 and PC2), representing dominant collective motions, were used as reaction coordinates. The FEL was generated from the probability distribution of these components using the gmx sham module in GROMACS. Free energy was calculated according to: This approach enabled the identification of low-energy conformational basins corresponding to stable states of the protein–ligand complexes and provided insights into their dynamic behavior during the simulation, which was followed by:

Where, 
kB represents the Boltzmann constant, T represents temperature, & P (PC1, PC2) as a predicted distribution probability of principal components.
Dynamic cross-correlation matrix (DCCM) analysis was performed to evaluate correlated and anti-correlated motions between residues during the simulation. Correlation coefficients were calculated from Cα atomic fluctuations to assess residue-level communication and collective dynamics within the EGFR kinase domain upon ligand binding. Binding free energies were estimated using the molecular mechanics/generalized Born surface area (MM/GBSA) method. The total binding free energy (ΔG_bind) was decomposed into van der Waals, electrostatic, polar solvation, and non-polar solvation contributions to quantify the energetic stability of protein–ligand interactions.
6. ADMET and Pharmacokinetic Prediction
Pharmacokinetic properties and drug-likeness of the selected compounds were evaluated using the ADMETlab 3.0 platform, which enables prediction of key ADMET parameters, including P-glycoprotein interaction, blood–brain barrier (BBB) permeability, and gastrointestinal absorption [109]. Passive gastrointestinal absorption and BBB penetration were further assessed using the BOILED-Egg model implemented in SwissADME [110,111]. Compounds located within the white region were predicted to exhibit high gastrointestinal absorption, whereas those in the yellow region were associated with BBB permeability. Molecules positioned outside these regions were considered to have limited absorption and penetration potential.
7. Chemical Synthesis of EGFPAN_EMBS
All reagents and solvents were obtained from commercial sources and used as received unless otherwise specified. Moisture-sensitive reactions were performed under a dry nitrogen atmosphere. Reaction progress was monitored by thin-layer chromatography (TLC), and purification was achieved by flash column chromatography using appropriate solvent systems. NMR spectra were recorded on 400 MHz spectrometers, and chemical shifts (δ) are reported in ppm relative to residual solvent signals. High-resolution mass spectrometry (HRMS) analyses were performed using Orbitrap instrumentation, and analytical purity was determined by reverse-phase HPLC.
7.1 Synthetic Route to EGFPAN_EMBS
EGFPAN_EMBS was synthesized via a multistep sequence involving protection of phenolic hydroxyl groups, preparation of a long-chain diacid chloride, Friedel–Crafts bis-acylation, reductive methylenation, and final deprotection. For clarity in the ensuing synthetic description, the two aromatic moieties are designated as Ar–A and Ar–B, while the intervening aliphatic linker is denoted as –(CH₂)ₙ–.
Protection of Phenolic hydroxyl groups (General procedure A): EGFPAN_EMBS was synthesized via a multistep sequence involving protection of phenolic hydroxyl groups, preparation of a long-chain diacid chloride, Friedel–Crafts bis-acylation, reductive methylenation, and final deprotection.
Synthesis of Long-Chain Diacid Chloride (General Procedure B): Long-chain diacids were converted to the corresponding acid chlorides using thionyl chloride in the presence of catalytic DMF under reflux conditions. Excess reagent was removed under reduced pressure, and the product was used directly in subsequent reactions.
Friedel–Crafts Bis-Acylation to Form Diaryl Diketone (General Procedure C): Protected aromatic intermediates were subjected to Friedel–Crafts acylation using aluminium chloride in anhydrous solvent at low temperature, followed by gradual warming to room temperature. The reaction was quenched, and the crude product was purified by column chromatography to yield the diaryl diketone intermediate.
Reductive Methylenation (Wolff–Kishner Reduction) of Diketone to Diarylalkane (General Procedure D): The diketone intermediate was reduced under Wolff–Kishner conditions using hydrazine hydrate and base at elevated temperature to afford the corresponding diarylalkane. The product was isolated by standard workup and purified by chromatography.
Deprotection of Phenolic Acetates (General procedure E): Final deprotection of phenolic acetates was achieved under mild basic conditions in methanol. The reaction mixture was quenched, extracted, and purified to afford EGFPAN_EMBS as the final product.
7.2 [bookmark: _Hlk227661062]Analytical Characterization and Purification
NMR spectra were recorded at 298 K on a 400 MHz spectrometer. Samples of EGFPAN_EMBS were prepared in CDCl₃ or DMSO-d₆ as required, and chemical shifts (δ) are reported in ppm relative to residual solvent signals. Coupling constants (J) are given in Hz. Spectra were processed using standard procedures, and a combination of ¹H, ¹³C{¹H}, DEPT-135, COSY, HSQC, and HMBC experiments was employed for structural assignment. High-resolution mass spectrometry (HRMS) analyses were performed using an Orbitrap-based mass spectrometer operating in positive electrospray ionization mode. Samples were prepared in methanol containing 0.1% formic acid and analyzed using standard acquisition parameters.
Analytical purity was determined by reverse-phase HPLC using a C18 column with water/acetonitrile mobile phases containing 0.1% formic acid. The final compound exhibited purity greater than 98%. Synthesis reproducibility was confirmed across multiple batches. The novel compound EGFPAN_EMBS has been submitted to the NCBI PubChem database under PubChem CID: 10972272  and SID 528216732
8. Experimental validation of EGFPAN_EMBS
All biochemical and cellular assays were performed under optimized conditions using appropriate controls and standard protocols. 
8.1 EGFR Kinase Inhibition and Binding Analysis
EGFR kinase activity was evaluated using a luminescent ADP detection assay (ADP-Glo™, Promega) following the manufacturer’s protocol. Compounds were tested over a concentration range of 0.1 nM to 100 µM, with erlotinib and PubChem 5315659 used as reference controls. Luminescence was measured using a microplate reader, and IC₅₀ values were determined by non-linear regression analysis. Binding kinetics were assessed using surface plasmon resonance on a Biacore T200 system. EGFR was immobilized on CM5 sensor chips, and analytes were injected under continuous flow. Sensorgrams were fitted to a 1:1 binding model to obtain kinetic and affinity parameters.
8.2 Western Blot Analysis
Cells were treated with EGFPAN_EMBS and reference compounds at EC₅₀ concentrations. Whole-cell lysates were prepared, and protein concentrations were determined using a BCA assay. Equal amounts of protein were resolved by SDS–PAGE, transferred to PVDF membranes, and probed with antibodies against phosphorylated and total EGFR, AKT, ERK1/2, and β-actin. Protein bands were visualized using a chemiluminescence imaging system, and densitometric analysis was performed using ImageJ.
8.3 Cell Viability, Apoptosis, and Cell Cycle Analysis
Cell viability was assessed using the MTT assay following 48 h treatment with test compounds. Apoptosis was evaluated using Annexin V-FITC/PI staining and caspase-3/7 activity assays (74). Cell-cycle distribution was determined by flow cytometry following PI staining. Pancreatic cancer cell lines (PANC-1, MIA PaCa-2, BxPC-3, AsPC-1) were cultured under standard conditions, with HPDE and HEK293 cells used as non-tumorigenic controls [112].
8.4 Migration, Invasion, and Clonogenic Assays
Cell migration was assessed using a scratch wound-healing assay, and invasion was evaluated using Matrigel-coated Transwell inserts. Clonogenic survival assays were performed to determine long-term proliferative capacity following compound treatment.
8.5 Three-Dimensional Spheroid Assay
Three-dimensional spheroid models were generated using pancreatic cancer cell lines cultured in ultra-low-attachment conditions. Spheroids were treated with test compounds, and growth inhibition was assessed by measuring spheroid size relative to untreated controls.
8.6 ADME/Toxicity Profiling
In vitro pharmacokinetic and safety assessments were performed using standardized assays (Eurofins Discovery). hERG inhibition was evaluated using automated patch-clamp electrophysiology. Cytochrome P450 inhibition (CYP3A4, CYP2D6, CYP2C9), microsomal stability, plasma protein binding, and solubility were determined using established protocols. Each experiment was performed in triplicate unless otherwise stated. Data are presented as mean ± standard deviation, and statistical analysis was conducted using GraphPad Prism (v9.0), with statistical significance defined as p < 0.05.
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