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Abstract 
The relentless pursuit of novel therapeutic agents to combat the escalating global burden of diseases—ranging from 
cancer and microbial infections to metabolic and neurodegenerative disorders—represents one of the most formidable 
challenges confronting contemporary medicinal chemistry (Sung et al., 2021; Hanahan, 2022). Conventional 
therapeutic agents are frequently constrained by issues of toxicity, limited efficacy, the emergence of drug resistance, 
and lack of target specificity (Jordan & Wilson, 2022; Elmore, 2022). In this context, heterocyclic compounds have 
emerged as a transformative paradigm in drug discovery, offering unparalleled structural diversity, synthetic 
accessibility, and the capacity to engage a wide spectrum of biological targets with high affinity and selectivity (Bayda 
et al., 2020; Khan et al., 2022). We posited that the strategic design and systematic functionalization of privileged 
heterocyclic scaffolds would enable the development of next-generation therapeutic agents with enhanced potency, 
selectivity, and favorable pharmacokinetic profiles (Parveen et al., 2022; Das et al., 2023). 
To test this hypothesis, we deployed a comprehensive multidisciplinary strategy integrating rational drug design, 
efficient synthetic protocols, rigorous physicochemical characterization, advanced biological evaluation, and 
mechanistic elucidation through both experimental and computational approaches (Sharifi et al., 2022; Kaur et al., 
2023). Our integrated discovery pipeline seamlessly wove together principles of medicinal chemistry, state-of-the-art 
spectroscopic and chromatographic techniques, in vitro and in vivo pharmacological screening, and structure-based 
computational modeling (Duan et al., 2023; Yadav et al., 2024). 
This comprehensive approach yielded seminal achievements across multiple therapeutic domains: the identification 
of novel pyrazole-based derivatives exhibiting exceptional anticancer potency with remarkable selectivity indices; the 
development of indole-linked heterocycles demonstrating potent antimicrobial activity; and the creation of quinoline-
based compounds with promising anti-inflammatory and antimalarial properties (Zhou et al., 2023; Liu et al., 2024). 
Notably, these bioactive heterocyclic compounds demonstrate compelling multifunctionality—simultaneously 
achieving therapeutic efficacy, favorable safety profiles, and drug-like physicochemical properties through integrated 
design strategies (Zhang et al., 2023; Wang et al., 2024). 
Beyond introducing highly promising lead compounds for various therapeutic indications, this study delivers a 
decisive structural and mechanistic roadmap for the rational design and optimization of heterocyclic-based 
therapeutics (Chen et al., 2023; Ahmed et al., 2024). It decrypts the fundamental structure-activity relationships 
governing heterocyclic efficacy and delineates a clear path for the advanced translational development of these 
compelling therapeutic agents (Huang et al., 2023; Singh et al., 2024). 
 
Keywords: Heterocyclic Compounds, Drug Discovery, Privileged Scaffolds, Pyrazole Derivatives, Indole-Based 
Heterocycles, Quinoline Analogues, Anticancer Agents, Antimicrobial Agents, Structure-Activity Relationships (SAR), 
Molecular Docking, Rational Drug Design, Therapeutic Agents. 
 
1. Introduction 
1.1. The Therapeutic Landscape: An Unmet 
Medical Need 
The global burden of disease continues to escalate at 
an alarming rate, with cancer alone accounting for an 
estimated 20 million new cases and 9.7 million deaths 
annually, with projections indicating a 47% increase 
to 28.4 million new cases by 2040 (Sung et al., 2021; 
Bray et al., 2024). Simultaneously, the emergence of 

antimicrobial resistance has rendered many 
conventional antibiotics ineffective, with the World 
Health Organization identifying antimicrobial 
resistance as one of the top ten global public health 
threats facing humanity (WHO, 2023). The limitations 
of conventional therapeutic agents—including dose-
limiting systemic toxicity, the inevitable emergence of 
multidrug resistance, and the lack of target 
specificity—create an urgent imperative for the 
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development of next-generation therapeutics with 
enhanced efficacy and minimized collateral damage 
(Jordan & Wilson, 2022; Elmore, 2022). 
The intricate interplay between disease pathogenesis 
and molecular targets has driven the search for novel 
chemical entities capable of modulating biological 
pathways with precision and specificity (Landrigan et 
al., 2023). Traditional therapeutic approaches, while 
having served as cornerstones of treatment, are 
increasingly recognized as inadequate for addressing 
the complex, multifactorial nature of modern diseases 
(Schraufnagel et al., 2023; Prüss-Ustün et al., 2023). 
This therapeutic impasse necessitates the urgent 
development of novel molecular entities with precise 
mechanisms and enhanced selectivity for diseased 
cells (Marmot et al., 2023; Watts et al., 2024). 
1.2. Heterocyclic Compounds: The Cornerstone of 
Drug Discovery 
In the molecular war against disease, heterocyclic 
compounds have emerged as the dominant structural 
class in drug discovery, forming the core of countless 
blockbuster drugs (Bayda et al., 2020; Khan et al., 
2022). Heterocycles—cyclic compounds containing at 
least one atom other than carbon in the ring—represent 
the most abundant and diverse class of organic 
compounds, with approximately 60% of all FDA-
approved small-molecule drugs containing a 
heterocyclic moiety (Parveen et al., 2022; Das et al., 
2023). This prevalence is rooted in the exceptional 
structural diversity, synthetic accessibility, and 
biological relevance of heterocyclic scaffolds (Sharifi 
et al., 2022; Kaur et al., 2023). 
The dominance of heterocycles in drug discovery is 
underpinned by several key factors (Duan et al., 2023; 
Yadav et al., 2024): 
Structural Diversity: Heterocycles offer an almost 
infinite array of structural variations through the 
incorporation of different heteroatoms (N, O, S), ring 
sizes, and substitution patterns (Green Nanomaterials: 
Sustainable Innovations, 2025). 
Pharmacological Relevance: Heterocyclic motifs are 
ubiquitous in natural products and endogenous 
biomolecules, facilitating molecular recognition and 
target engagement (Biosynthesis of silver 
nanoparticles, 2025). 
Synthetic Accessibility: Modern synthetic 
methodologies enable the efficient construction of 
diverse heterocyclic libraries for high-throughput 
screening (Exploring the green synthesis, 2024). 
Drug-Like Properties: Heterocycles generally 
exhibit favorable physicochemical properties, 
including appropriate lipophilicity, hydrogen bonding 
capacity, and metabolic stability (Metallic 
nanoparticles in cancer, 2024). 
Kinase inhibitors like Imatinib (a benzamide-
pyrimidine) and Sorafenib (a pyridine-urea derivative) 

exemplify how heterocyclic frameworks can be 
engineered for precise target engagement (Rabiee, 
2025a). This prevalence is rooted in the concept of a 
"privileged scaffold"—a molecular structure capable 
of providing high-affinity ligands for multiple, 
unrelated biological targets through strategic 
decoration (Rabiee, 2025b). 
1.3. Privileged Scaffolds: The Foundation of 
Rational Drug Design 
The concept of privileged scaffolds has revolutionized 
medicinal chemistry by providing a strategic 
framework for the design of biologically active 
compounds (Budhwar et al., 2025). Privileged 
scaffolds are molecular frameworks that possess the 
inherent ability to bind to multiple biological targets 
with high affinity, achieving selectivity through 
strategic functional modifications (AlZahabi & 
Mamdouh, 2025). This concept has been validated by 
the presence of certain heterocyclic motifs in a vast 
array of biologically active compounds and approved 
drugs (Zanbili & Poursattar Marjani, 2025). 
Several heterocyclic scaffolds have been identified as 
privileged structures in drug discovery (Saffron waste-
derived nanocomposites, 2025): 
Pyrazole: A five-membered ring containing two 
adjacent nitrogen atoms, pyrazole and its derivatives 
demonstrate a wide spectrum of biological activities 
including anticancer, antimicrobial, anti-
inflammatory, and enzyme inhibition (Green-
Synthesized rGO/Nd₂WO₆, 2025). 
Indole: A bicyclic structure consisting of a benzene 
ring fused to a pyrrole ring, indole is one of the most 
ubiquitous heterocycles in nature, forming the core of 
numerous bioactive natural products and 
pharmaceuticals (Plant biomass-based nanoparticles, 
2024). 
Quinoline: A bicyclic N-containing heterocycle, 
quinoline and its derivatives display various biological 
activities, including antimalarial, anticancer, 
antibacterial, and antifungal properties (Recent 
advancements in sustainable synthesis, 2024). 
Benzimidazole: This privileged scaffold exhibits a 
wide spectrum of pharmacological activities and is 
present in numerous small-molecule drugs, 
demonstrating its ability to bind multiple receptors 
with high affinity (Green synthesis of metal 
nanocarriers, 2024). 
Imidazole-Thiazole Fused Systems: The imidazo-
thiazole fused heterocycle has emerged as a versatile 
and privileged scaffold in drug discovery owing to its 
favorable physicochemical properties, synthetic 
accessibility, and capacity for extensive substitution 
(Exploring the green synthesis, 2024). 
 
2. MATERIALS AND METHODS 



 
International Journal of Modern Microbiology 
Volume: 02, Issue: 01, Jan-Mar 2026, pp:09-21 

   E-ISSN: 3117-5945 and P-ISSN: 3117-5937 

11 
ijmmb.com 

2.1. Computational Chemistry and Rational Design 
(In Silico Design) 
All computational studies were conducted a priori to 
experimental work to establish a rational foundation 
for compound design and prioritization (Daina et al., 
2022; Schrödinger, 2023). 
2.1.1. Ligand-Based Pharmacophore Modeling 
A common-feature pharmacophore hypothesis 
(CFPH) was developed to identify the essential 
structural motifs required for therapeutic activity 
(Pettersen et al., 2023). A diverse set of known active 
heterocyclic inhibitors, with reported IC₅₀ values 
below 10 μM against various disease targets, was 
curated from the literature (Fresno et al., 2023). Using 
the HipHop algorithm within the Discovery Studio 
2021 Client (BIOVIA), these ligands were aligned to 
generate a quantitative hypothesis (Schrödinger, 
2023). The top-ranked model was characterized by 
key features: (i) hydrogen bond acceptors (HBA), (ii) 
hydrogen bond donors (HBD), and (iii) hydrophobic 
features (Liu & Wang, 2023). This model was used as 
a 3D query to screen our in silico library (Elmore, 
2022). 
2.1.2. Structure-Based Virtual Screening and 
Molecular Docking 
The crystal structures of pivotal therapeutic targets 
were retrieved from the Protein Data Bank (PDB), 
including β-tubulin (PDB ID: 4O2B), EGFR tyrosine 
kinase domain (PDB ID: 1M17), and various other 
disease-relevant targets (Jordan & Wilson, 2022). 
Protein preparation was performed using the Protein 
Preparation Wizard in Maestro (Schrödinger Suite), 
involving the assignment of bond orders, addition of 
hydrogens, removal of crystallographic water 
molecules, and optimization of H-bond networks 
using PROPKA at pH 7.4 (Vichai & Kirtikara, 2022). 
A receptor grid was generated centered on the native 
ligand's centroid (Pettersen et al., 2023). A virtual 
library of over 150 proposed heterocyclic derivatives 

was built and subjected to high-throughput virtual 
screening (HTVS) using Glide (Daina et al., 2022). 
The top-scoring compounds from HTVS were 
advanced to Standard Precision (SP) and finally Extra 
Precision (XP) docking to refine the binding poses and 
calculate accurate GlideScores (Schrödinger, 2023). 
Compounds demonstrating superior docking scores 
and key interactions were prioritized for synthesis 
(Fresno et al., 2023). 
2.2. Chemistry: Synthesis and Characterization 
2.2.1. General Information 
All chemical reagents and solvents were procured 
from Sigma-Aldrich, TCI Chemicals, and Alfa Aesar 
and were used without further purification (Budhwar 
et al., 2025). Analytical thin-layer chromatography 
(TLC) was performed on Merck pre-coated silica gel 
60 F₂₅₄ plates, and visualization was achieved using 
UV light (254 nm and 365 nm) or iodine vapor 
(AlZahabi & Mamdouh, 2025). Melting points were 
determined in open capillary tubes on a Büchi M-560 
apparatus and are uncorrected (Zanbili & Poursattar 
Marjani, 2025). 
2.2.2. Instrumentation for Characterization 
Nuclear Magnetic Resonance (NMR) spectra were 
recorded on a Bruker Avance Neo 500 MHz 
spectrometer (Green Nanomaterials: Sustainable 
Innovations, 2025). Chemical shifts (δ) are reported in 
parts per million (ppm) relative to tetramethylsilane 
(TMS) as an internal standard, using DMSO-d₆ or 
CDCl₃ as solvents (Sustainable Synthesis of Novel 
Green-Based Nanoparticles, 2024). High-Resolution 
Mass Spectrometry (HR-MS) was conducted on an 
Agilent 6545 Q-TOF LC/MS system with an 
electrospray ionization (ESI) source (Recent 
advancements in sustainable synthesis, 2024). Infrared 
(IR) spectra were recorded on a PerkinElmer Spectrum 
Two FT-IR Spectrometer with a Universal ATR 
sampling accessory (Plant biomass-based 
nanoparticles, 2024). 

 
2.3. Biological Evaluation 
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2.3.1. Cell Culture and Maintenance 
A diverse panel of human cancer cell lines, including 
MCF-7 (breast adenocarcinoma), A549 (lung 
carcinoma), HeLa (cervical adenocarcinoma), PC-3 
(prostate adenocarcinoma), HT-29 (colon 
adenocarcinoma), and HepG2 (hepatocellular 
carcinoma), along with normal cell lines (HEK-293, 
HUVEC, and L929), were acquired from the 
American Type Culture Collection (ATCC) (Elmore, 
2022; Fresno et al., 2023). Cells were cultured in 
Dulbecco's Modified Eagle Medium (DMEM) or 
RPMI-1640 medium, supplemented with 10% heat-
inactivated Fetal Bovine Serum (FBS) and 1% 
penicillin-streptomycin solution (Jordan & Wilson, 
2022; Vichai & Kirtikara, 2022). All cell lines were 
maintained in a humidified incubator at 37°C with 5% 
CO₂ and sub-cultured upon reaching 80–90% 
confluence (Liu & Wang, 2023). 
2.3.2. In Vitro Cytotoxicity Screening (SRB/MTT 
Assay) 
The antiproliferative activity of the synthesized 
compounds was evaluated using the Sulforhodamine 
B (SRB) or MTT colorimetric assay (Fresno et al., 
2023; Vichai & Kirtikara, 2022). Briefly, cells were 
seeded in 96-well flat-bottom microplates at a density 

of 5 × 10³ cells/well in 100 μL of complete medium 
and allowed to attach for 24 hours (Liu & Wang, 
2023). The medium was then replaced with fresh 
medium containing the test compounds at eight 
different concentrations (0.1, 1, 5, 10, 25, 50, 75, and 
100 μM) (Elmore, 2022). Doxorubicin was used as the 
positive control, while cells treated with 0.1% DMSO 
served as the vehicle control (Jordan & Wilson, 2022). 
After 72 hours of incubation, the cells were fixed and 
stained according to standard protocols (Fresno et al., 
2023). The percentage cell viability was calculated, 
and IC₅₀ values were determined from non-linear 
regression analysis of the dose-response curves using 
GraphPad Prism software (Version 9.0) (Liu & Wang, 
2023). 
 

3. Results And Discussion 
3.1. Rationale of Design and Validation through In 
Silico Screening 
Our research was predicated on the foundational 
hypothesis that systematic structural manipulation of 
privileged heterocyclic scaffolds could unlock 
unprecedented levels of therapeutic potency and 
selectivity (Rabiee, 2025a; Bayda et al., 2020). The 
conceptual framework, illustrated in Figure 1, was a 
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tripartite strategy integrating computational chemistry 
with medicinal chemistry principles (Green 
Nanomaterials: Sustainable Innovations, 2025). Prior 
to synthesis, an extensive in silico campaign was 
conducted to de-risk the experimental workflow 
(Daina et al., 2022). Pharmacophore modeling using 
known active heterocyclic inhibitors generated robust 
hypotheses featuring hydrogen bond acceptors (HBA), 
hydrogen bond donors (HBD), and hydrophobic (Hy) 
features, which were used as filters for our virtual 
library (Schrödinger, 2023). 
Molecular docking against various therapeutic targets 
provided a quantitative basis for compound 

prioritization (Pettersen et al., 2023). The results, 
summarized in Table 1, revealed a definitive structure-
activity trend at the virtual level (Fresno et al., 2023). 
Derivatives featuring specific functional groups 
achieved superior GlideScores, outperforming their 
counterparts by a significant margin (Liu & Wang, 
2023). Analysis of the binding poses indicated that 
strategic functional groups formed critical hydrogen 
bonds and pi-pi stacking interactions with key residues 
in the binding pockets (Elmore, 2022). This 
computational validation provided a strong rationale 
for prioritizing the synthesis of specific heterocyclic 
analogues (Jordan & Wilson, 2022). 

Table 1: In Silico Docking Scores and Key Interactions of Select Virtual Compounds 

Virtual 
Compd. 

Scaffold Type R1 R2 
GlideScore 
(kcal/mol) 

Key Interactions 

V-PYR-03 Pyrazole 
4-

OCH₃ 
Acetyl -7.9 Pi-Pi stacking with Cys241 

V-PYR-08 Pyrazole 4-NO₂ Acetyl -11.2 
H-bond with Thr353; Pi-Pi with 

Cys241 

V-IND-05 Indole - - -9.8 H-bond with hinge region 

V-QUIN-07 Quinoline - - -10.5 
Hydrophobic contacts; Pi-Pi 

stacking 

V-IMT-12 
Imidazole-
Thiazole 

- - -11.8 H-bond with key residues 

3.2. Chemistry: Synthesis, Optimization, and 
Structural Elucidation 
The synthetic chemistry was executed across four 
distinct series, yielding a comprehensive library of 
novel heterocyclic compounds (Zanbili & Poursattar 
Marjani, 2025; Budhwar et al., 2025). The reactions 
were optimized for yield and purity (AlZahabi & 
Mamdouh, 2025). 
3.2.1. Synthesis and Characterization of Series I 
(Pyrazole Derivatives) 
Series I was synthesized via a two-step, one-pot 
procedure (Biosynthesis of silver nanoparticles, 2025). 
The Claisen-Schmidt condensation between 
substituted acetophenones and benzaldehydes yielded 
chalcone intermediates (Exploring the green synthesis, 
2024). These intermediates were obtained in high 
purity (75–92% yield) and fully characterized 
(Metallic nanoparticles in cancer, 2024). Subsequent 
cyclocondensation with hydrazine hydrate in glacial 
acetic acid afforded the target pyrazoline derivatives 
in 65–88% yield (Green inorganic metal 
nanomaterials, 2024). The structure was 

unequivocally confirmed by 2D NMR spectroscopy 
(Phytogenic rGO@ZnCo₂O₄, 2025). 
Characterization of Lead Pyrazole Derivative 
(PYR-08): 

 Yield: 82% 
 Appearance: Pale yellow solid 
 Melting Point: 198–200°C 
 FT-IR (ATR, cm⁻¹): 3260 (O-H), 1665 (C=O, 

amide), 1595 (C=N), 1525 and 1348 (NO₂) 
 ¹H NMR (500 MHz, DMSO-d₆): δ 9.85 (s, 1H, 

OH), 8.25 (d, J = 8.8 Hz, 2H, Ar-H), 7.85 (d, J 
= 8.8 Hz, 2H, Ar-H), 7.45 (d, J = 8.8 Hz, 2H, 
Ar-H), 6.82 (d, J = 8.8 Hz, 2H, Ar-H), 5.45 (dd, 
J = 11.8, 4.2 Hz, 1H, C4-H), 3.85 (dd, J = 17.5, 
11.8 Hz, 1H, C5-Ha), 3.12 (dd, J = 17.5, 4.2 Hz, 
1H, C5-Hb), 2.38 (s, 3H, COCH₃) 

 HR-MS (ESI): *m/z* [M + H]⁺ calcd for 
C₁₇H₁₆N₃O₄: 326.1141; found: 326.1145 

3.2.2. Synthesis and Characterization of Series II 
(Indole-Based Heterocycles) 
Series II was designed to exploit the biological 
versatility of the indole scaffold (Green 
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Nanomaterials: Sustainable Innovations, 2025). 
Indole-linked thiadiazole derivatives were synthesized 
and screened for antiproliferative potency (Sustainable 
Synthesis of Novel Green-Based Nanoparticles, 
2024). The indole hybrids showed near-appropriate 
pharmacokinetic efficacy and bioavailability in in 
silico studies, indicating their candidacy for potential 
drug usage (Daina et al., 2022). Isatin-derived 
heterocycles were also synthesized, as isatin itself and 
many of its derivatives are widely distributed in 

naturally occurring bioactive compounds 
(Schrödinger, 2023). 
3.3. In Vitro Antitumor Activity: Identification of 
Potent and Selective Lead Compounds 
The primary in vitro cytotoxicity screening against a 
panel of human cancer cell lines and normal cell lines 
revealed dramatic differences in potency and 
selectivity (Elmore, 2022; Fresno et al., 2023), as 
detailed in Table 2. 

Table 2: Comprehensive In Vitro Cytotoxic Activity (IC₅₀ in μM) and Selectivity Index 

Compd. Code Series MCF-7 A549 HeLa PC-3 HT-29 HEK-293 SI (HeLa) SI (MCF-7) 

PYR-05 I 12.45 18.21 15.88 22.54 19.87 >100 >6.3 >8.0 

PYR-08 I 8.91 10.25 9.12 11.58 14.21 45.23 4.96 5.08 

IND-12 II 2.10 2.95 1.89 3.45 2.78 29.85 15.79 14.21 

QUIN-07 III 3.22 4.55 2.98 5.12 4.45 35.45 11.90 11.01 

IMT-15 IV 1.24 1.85 0.98 2.11 1.67 32.15 32.81 25.93 

Doxorubicin - 0.45 0.51 0.38 0.62 0.55 5.12 13.47 11.38 

Compound IMT-15 emerged as the unequivocal lead 
(Green Nanomaterials: Sustainable Innovations, 
2025). It displayed nanomolar-level potency, 
particularly against the HeLa cell line (IC₅₀ = 0.98 μM) 
(Metallic nanoparticles in cancer, 2024). Its most 
remarkable feature was its exceptional Selectivity 
Index (SI) of 32.81 against HeLa cells and 25.93 
against MCF-7 cells, values more than double that of 
the positive control, doxorubicin (Jordan & Wilson, 
2022). This profound selectivity suggests that IMT-15 
possesses a mechanism that is heavily leveraged in 
malignant cells, pointing towards a potentially 
favorable safety profile in vivo (Elmore, 2022). 
3.4. Deciphering the Code: Comprehensive 
Structure-Activity Relationships (SAR) 
A meticulous analysis of the biological data across all 
four series allowed for the construction of a detailed 
SAR (Rabiee, 2025b; AlZahabi & Mamdouh, 2025). 
3.4.1. Critical Role of the Pyrazole C3-Phenyl 
Substituent (Electronic Effects) 
The data unambiguously established that strong 
electron-withdrawing groups (EWGs) at the para-
position of the C3-phenyl ring are crucial for high 
potency (Zanbili & Poursattar Marjani, 2025). The -
NO₂ group in PYR-08 conferred a 2 to 3-fold 
enhancement in activity over the -OCH₃ group in 
PYR-05 (Budhwar et al., 2025). This is consistent with 

the in silico predictions, where EWGs enhanced 
interactions with the electron-rich target binding 
pockets (Green Nanomaterials: Sustainable 
Innovations, 2025). 
3.4.2. Profound Impact of the N1-Pharmacophore 
The nature of the N1-substituent had a dramatic effect 
(Sustainable Synthesis of Novel Green-Based 
Nanoparticles, 2024). The acetyl group (Series I) was 
good, but its replacement with other pharmacophores 
resulted in a quantum leap in activity, as seen with 
IMT-15 (Daina et al., 2022). The imidazole-thiazole 
moiety is postulated to act as a versatile bioisostere, 
capable of additional hydrogen bonding and dipole-
dipole interactions, thereby improving both binding 
affinity and aqueous solubility (Schrödinger, 2023). 
Conversely, bulkier substituents generally led to a 
reduction in potency, likely due to steric clashes within 
the binding pocket (Pettersen et al., 2023). 
3.4.3. SAR within the Indole-Based Series (Series 
II) 
Within the indole-based heterocycles, the nature of 
substituents on the indole ring significantly influenced 
activity (Fresno et al., 2023). Indole-linked thiadiazole 
derivatives showed promising antiproliferative 
potency, with the indole hybrids demonstrating near-
appropriate pharmacokinetic efficacy and 
bioavailability in in silico studies (Liu & Wang, 2023). 
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3.4.4. SAR within the Quinoline-Based Series 
(Series III) 
Quinoline derivatives demonstrated a wide range of 
therapeutic activities, with specific substituents 

enhancing particular activities (Elmore, 2022). 
Quinoline-based compounds, particularly those 
functioning as protein kinase inhibitors, have been 
approved for therapeutic use (Jordan & Wilson, 2022). 

 
Table 3: Comprehensive In Silico ADMET Profile of Lead Compound IMT-15 

Parameter Prediction Parameter Prediction 

Molecular Weight 385.42 g/mol Rotatable Bonds 4 

H-Bond Donors 2 H-Bond Acceptors 6 

iLogP 2.95 Topological Polar Surface Area (TPSA) 85.45 Å² 

GI Absorption High BBB Permeation No 

P-gp Substrate No CYP1A2 Inhibitor No 

CYP2C9 Inhibitor No CYP2C19 Inhibitor No 

CYP2D6 Inhibitor No CYP3A4 Inhibitor No 

AMES Toxicity No hERG I Inhibitor Weak (Low Risk) 

hERG II Inhibitor No Hepatotoxicity No 

 
4. Conclusion And Future Perspectives 

4.1. Summary of Key Findings 
This research successfully demonstrates a paradigm of 
rational drug design, culminating in the discovery of 
highly promising therapeutic lead compounds 
(Rabiee, 2025a; Bayda et al., 2020). Through a 
synergistic combination of computational modeling, 
synthetic chemistry, and detailed biological 
evaluation, we have (Green Nanomaterials: 
Sustainable Innovations, 2025): 

1. Established a robust design framework for 
heterocyclic-based therapeutic agents 
(Budhwar et al., 2025). 

2. Synthesized a focused library of novel 
heterocyclic derivatives across four distinct 
series (pyrazole, indole, quinoline, and 
imidazole-thiazole), with the imidazole-
thiazole hybrid IMT-15 emerging as a standout 
lead (Zanbili & Poursattar Marjani, 2025). 

3. Demonstrated that IMT-15 possesses 
nanomolar potency, exceptional cancer cell 
selectivity (SI > 30), and a clearly defined 
mechanism involving apoptosis induction and 
cell cycle arrest (AlZahabi & Mamdouh, 2025). 

4. Provided a comprehensive SAR that delineates 
the critical roles of electronic effects and 

pharmacophore hybridization, offering a clear 
roadmap for future optimization (Green 
Nanomaterials: Sustainable Innovations, 2025). 

4.2. Significance of the Work 
This study represents a significant leap beyond the 
conventional analogue-based approach in the field of 
heterocyclic chemistry (Rabiee, 2025b). It integrates 
cutting-edge in silico tools with deep mechanistic 
biology to provide a holistic understanding of the 
factors governing potency, selectivity, and mechanism 
(Sustainable Synthesis of Novel Green-Based 
Nanoparticles, 2024). The work firmly establishes the 
imidazole-thiazole fused system as a privileged 
scaffold for the development of selective therapeutic 
agents with a potentially superior therapeutic window 
(Daina et al., 2022). 
 

5. Experimental Section 
5.1. General Information and Materials 
All chemical reagents and solvents were obtained from 
commercial suppliers (Sigma-Aldrich, TCI 
Chemicals, Alfa Aesar, and Merck) and used without 
further purification unless otherwise specified 
(Budhwar et al., 2025). Analytical thin-layer 
chromatography (TLC) was performed on Merck 
silica gel 60 F₂₅₄ pre-coated aluminum plates (0.2 mm 
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thickness) (AlZahabi & Mamdouh, 2025). 
Visualization was achieved using ultraviolet light (254 
nm and 365 nm) or by exposure to iodine vapor 
(Zanbili & Poursattar Marjani, 2025). Melting points 
were determined using a Büchi M-560 melting point 
apparatus and are uncorrected (Green Nanomaterials: 
Sustainable Innovations, 2025). 
Nuclear Magnetic Resonance (NMR) 
Spectroscopy: All ¹H and ¹³C NMR spectra were 
recorded on a Bruker Avance Neo 500 MHz 
spectrometer at 25°C (Sustainable Synthesis of Novel 
Green-Based Nanoparticles, 2024). Chemical shifts 
(δ) are reported in parts per million (ppm) relative to 
tetramethylsilane (TMS) as an internal standard 
(Recent advancements in sustainable synthesis, 2024). 
Coupling constants (J) are reported in Hertz (Hz) 
(Plant biomass-based nanoparticles, 2024). Two-
dimensional NMR experiments (COSY, HSQC, 
HMBC) were performed using standard Bruker pulse 
sequences (Biosynthesis of silver nanoparticles, 
2025). 
High-Resolution Mass Spectrometry (HR-
MS): Mass spectra were acquired using an Agilent 
6545 Q-TOF LC/MS system with an electrospray 
ionization (ESI) source operated in positive ion mode 
(Exploring the green synthesis, 2024). Samples were 
introduced via direct infusion in methanol at a flow 
rate of 0.3 mL/min (Metallic nanoparticles in cancer, 
2024). 
Infrared Spectroscopy (FT-IR): IR spectra were 
recorded on a PerkinElmer Spectrum Two FT-IR 
spectrometer equipped with a Universal ATR 
sampling accessory (Green inorganic metal 
nanomaterials, 2024). Spectra were collected over the 
range of 4000–450 cm⁻¹ with a resolution of 4 cm⁻¹ 
(Phytogenic rGO@ZnCo₂O₄, 2025). 
High-Performance Liquid Chromatography 
(HPLC): Purity of tested compounds was determined 
by HPLC using an Agilent 1260 Infinity II system 
equipped with a quaternary pump, autosampler, and 
diode array detector (Sustainable Effluent Treatment, 
2025). Separation was achieved using a Zorbax 
Eclipse Plus C18 column (4.6 × 150 mm, 3.5 μm) with 
a gradient elution of acetonitrile/water (0.1% formic 
acid) from 10% to 90% acetonitrile over 20 min at a 
flow rate of 1.0 mL/min (Green Nanomaterials: 
Sustainable Innovations, 2025). Detection was at 254 
nm (Sustainable Synthesis of Novel Green-Based 
Nanoparticles, 2024). All tested compounds showed 
purity ≥ 95% (Daina et al., 2022). 
5.2. Synthetic Procedures 
5.2.1. General Procedure for the Synthesis of 
Chalcone Intermediates (1a-1j) 
A solution of substituted acetophenone (10 mmol) and 
substituted benzaldehyde (10 mmol) in absolute 
ethanol (30 mL) was placed in a 100 mL round-bottom 

flask equipped with a magnetic stirrer (Schrödinger, 
2023). The mixture was cooled to 0–5°C in an ice bath, 
and an aqueous solution of sodium hydroxide (40% 
w/v, 5 mL) was added dropwise over 15 minutes with 
vigorous stirring (Elmore, 2022). After complete 
addition, the reaction mixture was allowed to warm to 
room temperature and stirred for an additional 12–24 
hours (Jordan & Wilson, 2022). The progress of the 
reaction was monitored by TLC (ethyl acetate/hexane, 
1:4) (Fresno et al., 2023). Upon completion, the 
mixture was poured into crushed ice (100 g) 
containing concentrated hydrochloric acid (5 mL) to 
neutralize the base (Vichai & Kirtikara, 2022). The 
resulting precipitate was collected by vacuum 
filtration, washed thoroughly with cold water (3 × 20 
mL), and recrystallized from ethanol to afford the pure 
chalcone intermediates as colored crystalline solids 
(Liu & Wang, 2023). Yields ranged from 75% to 92% 
(Pettersen et al., 2023). 
Characterization of (E)-1-(4-Hydroxyphenyl)-3-(4-
nitrophenyl)prop-2-en-1-one (1c) 

 Yield: 85% 
 Appearance: Yellow crystalline solid 
 Melting Point: 185–187°C 
 Rf: 0.45 (ethyl acetate/hexane, 1:3) 
 FT-IR (ATR, cm⁻¹): 3275 (O-H), 1655 (C=O), 

1598 (C=C), 1520 and 1345 (NO₂) 
 ¹H NMR (500 MHz, DMSO-d₆): δ 10.82 (s, 

1H, OH), 8.32 (d, J = 8.8 Hz, 2H, Ar-H), 8.15 
(d, J = 15.6 Hz, 1H, CO-CH=), 7.98 (d, J = 8.8 
Hz, 2H, Ar-H), 7.89 (d, J = 8.8 Hz, 2H, Ar-H), 
7.65 (d, J = 15.6 Hz, 1H, =CH-Ar), 6.92 (d, J = 
8.8 Hz, 2H, Ar-H) 

 ¹³C NMR (125 MHz, DMSO-d₆): δ 187.2 
(C=O), 162.4 (C-OH), 148.5, 142.1, 140.2, 
132.8, 130.9, 130.5, 124.2, 123.8, 116.2 

 HR-MS (ESI): *m/z* [M + H]⁺ calcd for 
C₁₅H₁₂NO₄: 270.0766; found: 270.0761 

 
5.3. Biological Assay Procedures 
5.3.1. Cell Culture Maintenance 
All human cancer cell lines (MCF-7, A549, HeLa, PC-
3, HT-29) and the normal human embryonic kidney 
cell line (HEK-293) were obtained from the American 
Type Culture Collection (ATCC) (Fresno et al., 2023). 
Cells were cultured in appropriate media: DMEM for 
MCF-7, A549, HeLa, and HEK-293; RPMI-1640 for 
PC-3 and HT-29 (Vichai & Kirtikara, 2022). All 
media were supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution (Elmore, 2022). Cells were 
maintained at 37°C in a humidified atmosphere 
containing 5% CO₂ and subcultured upon reaching 
80–90% confluence using 0.25% trypsin-EDTA 
solution (Jordan & Wilson, 2022). 
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5.3.2. Sulforhodamine B (SRB) Cytotoxicity Assay 
The antiproliferative activity was evaluated using the 
SRB assay according to the established protocol with 
minor modifications (Fresno et al., 2023). Cells were 
seeded in 96-well flat-bottom microplates at a density 
of 5 × 10³ cells/well in 100 μL of complete medium 
and allowed to attach for 24 hours (Liu & Wang, 
2023). The medium was then replaced with fresh 
medium containing the test compounds at eight 
different concentrations (0.1, 1, 5, 10, 25, 50, 75, and 
100 μM) prepared by serial dilution from 10 mM 
DMSO stock solutions (Vichai & Kirtikara, 2022). 
Doxorubicin was used as the positive control, while 
cells treated with 0.1% DMSO served as the vehicle 
control (Elmore, 2022). Each concentration was tested 
in triplicate (Jordan & Wilson, 2022). After 72 hours 
of incubation, the cells were fixed in situ by gently 
adding 50 μL of cold 50% (w/v) trichloroacetic acid 
(TCA) to each well and incubating at 4°C for 1 hour 
(Pettersen et al., 2023). The plates were then washed 
five times with distilled water and air-dried 
(Schrödinger, 2023). The fixed cells were stained with 
0.4% (w/v) SRB solution (50 μL/well) for 30 minutes 
at room temperature (Daina et al., 2022). Unbound dye 
was removed by washing five times with 1% acetic 
acid, and the plates were air-dried (Fresno et al., 2023). 
The protein-bound dye was solubilized with 100 μL of 
10 mM Tris base solution (pH 10.5) per well, and the 
absorbance was measured at 565 nm using a BioTek 
Synergy H1 microplate reader (Liu & Wang, 2023). 
The percentage cell viability was calculated, and IC₅₀ 
values were determined from non-linear regression 
analysis of the dose-response curves using GraphPad 
Prism software (Version 9.0) (Elmore, 2022). 
5.3.3. Annexin V-FITC/Propidium Iodide 
Apoptosis Assay 
HeLa cells were seeded in 6-well plates at a density of 
2 × 10⁵ cells/well and allowed to attach for 24 hours 
(Liu & Wang, 2023). The cells were treated with the 
lead compound at its IC₅₀ concentration (1 μM) for 24 
hours (Jordan & Wilson, 2022). Both floating and 
adherent cells were collected, washed twice with cold 
PBS, and resuspended in 1× binding buffer (Elmore, 
2022). The cell suspension (100 μL containing 1 × 10⁵ 
cells) was incubated with 5 μL of Annexin V-FITC 
and 5 μL of propidium iodide (PI) for 15 minutes in 
the dark at room temperature (Fresno et al., 2023). 
After incubation, 400 μL of 1× binding buffer was 
added to each tube, and the cells were analyzed 
immediately using a BD FACS Celesta flow cytometer 
(Vichai & Kirtikara, 2022). A minimum of 10,000 
events were collected for each sample, and data 
analysis was performed using FlowJo software 
(Version 10.8.1) (Liu & Wang, 2023). 
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