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Introduction

Cancer continues to impose a substantial and growing 
global health burden, underscoring the urgent need for 
more efficient strategies for anticancer drug discovery 
[1]. Conventional drug development pipelines, which 
rely heavily on high-throughput screening and iterative 
experimental optimization, often require more than a 
decade of research and billions of dollars to bring a 
single anticancer agent to market [2]. The convergence 
of computational modeling, artificial intelligence (AI), 
and modern organic synthesis offers a transformative 
opportunity to shift drug discovery from empirical 
screening toward rational, mechanism-based, and 
cost-effective design [3, 4].
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Recent advances in machine learning and deep 
learning have enabled the integration of genomic, 
transcriptomic, and proteomic data to identify actionable 
molecular targets and predictive biomarkers, facilitating 
the development of increasingly precise targeted therapies 
[5]. At the molecular level, quantitative structure–activity 
relationship (QSAR) modeling and structure-based drug 
design (SBDD) have substantially improved the prediction 
of receptor–ligand interactions, pharmacokinetic 
properties, toxicity, and drug selectivity, thereby reducing 
the number of compounds requiring experimental 
validation [6, 7]. In parallel, AI-assisted retrosynthetic 
planning has emerged as a powerful tool for translating 
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computationally designed molecules into synthetically 
accessible chemical structures, narrowing the gap between 
virtual design and laboratory synthesis [4, 8, 9].

Despite these advances, several critical challenges 
continue to limit the translation of computational 
discoveries into clinically useful anticancer agents. First, 
many compounds identified through in silico optimization 
remain difficult or impractical to synthesize, emphasizing 
the need for synthesizability-aware molecular design 
algorithms developed in close collaboration with 
synthetic chemists [4, 9]. Second, the performance 
and generalizability of AI models remain constrained 
by fragmented, heterogeneous, and insufficiently 
standardized datasets, which compromise reproducibility 
and predictive accuracy [2]. Third, a persistent shortage 
of researchers with interdisciplinary expertise spanning 
computational science, medicinal chemistry, synthetic 
organic chemistry, and cancer biology continues to impede 
effective collaboration and innovation [10].

Addressing these limitations will require the 
development of fully integrated drug discovery ecosystems 
in which AI-driven molecular design, automated or robotic 
synthesis, and high-throughput biological screening 
operate within a continuous iterative workflow. In such 
closed-loop platforms, computational models generate 
candidate molecules tailored to specific tumor subtypes, 
robotic systems synthesize the proposed compounds, 
and experimental assays provide rapid biological 
feedback that is used to refine subsequent rounds of 
molecular optimization [9, 10]. This iterative framework 
has the potential to substantially shorten development 
timelines while facilitating the discovery of increasingly 
personalized anticancer therapeutics.

Realizing this vision will require coordinated 
investment in infrastructure, interdisciplinary education, 
and collaborative research. Priority should be given 
to establishing dedicated translational laboratories 
that integrate computational and synthetic expertise, 
developing t ra in ing programs that  cul t iva te 
cross-disciplinary competencies, and implementing 
funding mechanisms that actively promote collaborative 
rather than discipline-specific research. Through these 
efforts, the convergence of AI, computational drug 
design, and modern organic synthesis can evolve from a 
promising technological concept into a practical strategy 
for accelerating the development of safer, more effective, 
and personalized cancer therapies. The opportunity is 
clear; translating this potential into clinical benefit now 
depends on sustained scientific collaboration and strategic 
investment.
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