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The development of new drugs is inherently a lengthy, costly, and
high-risk endeavor, with the path from initial discovery to regu-
latory approval often exceeding a decade. These challenges arise
from the complexity of disease biology, stringent safety and ef-
ficacy requirements, and the frequently unpredictable pharmaco-
logical behavior of candidate compounds in humans. Drug
discovery itself requires the screening of vast chemical librar-
ies—often containing millions of compounds—to identify a
handful of promising compounds, followed by extensive preclin-
ical and clinical evaluation.

In recent years, artificial intelligence (Al) has emerged as a
transformative force across the drug discovery and development
continuum. In target identification, Al-driven analysis of multi-
omics and biomedical datasets enables the discovery of novel
disease-associated targets with greater accuracy and efficiency.
During lead discovery and lead optimization, machine learning
algorithms can predict target—compound interactions, prioritize
promising candidates, and generate de novo chemical structures
with desirable pharmacological properties. Al also facilitates the
simulation of disease pathways and mechanistic modeling of
drug responses, providing valuable biological insights and
informing decision-making before costly clinical trials are
initiated.

Beyond discovery, Al is increasingly influencing clinical
development by improving trial design, accelerating patient
recruitment, and enhancing the analysis of complex clinical
datasets. Advanced algorithms can identify patient subpopulations
most likely to benefit from specific therapies, supporting the
advancement of precision and personalized medicine. Collec-
tively, these capabilities are reshaping traditional pharmaceutical
research and development workflows, improving efficiency,
reducing attrition, and accelerating the delivery of innovative
therapies to patients. This special column highlights the growing
role of computational intelligence in transforming the future of
drug discovery and development.

To establish the theoretical and methodological foundation of
this paradigm shift, several researchers provide comprehensive

reviews of recent Al-driven advances across a broad range of
therapeutic modalities. Jiang and Wei’s group' provides a
comprehensive overview of recent progress in generative Al
models for biomolecular sciences, demonstrating how architec-
tures such as variational autoencoders, generative adversarial
networks, and diffusion models are profoundly transforming de
novo molecular design and bioinformatics. Li’s group? discusses
the convergence of Al with microfluidic platforms—spanning
single-cell to organ-on-a-chip systems—and argues that this
integration enables automated data analysis, complex pattern
recognition, and intelligent experimental control, dramatically
accelerating precision drug discovery. Li and Li’s group® sys-
tematically map the methodological evolution of Al in biologic
drug discovery, exploring its applications from decoding bio-
logical sequence grammar and enabling de novo molecular
creation to engineering and optimizing novel biologics for
clinical viability. Gao, He, Bo, and Zhou’s group4 examines how
machine learning is reshaping nanomedicine research, demon-
strating that data-driven models critically guide formulation
design, pharmacokinetic prediction, and nanotoxicology assess-
ment, steering the field toward more intelligent and precise
development strategies.

Building on these theoretical frameworks, robust computa-
tional tools are essential for translating Al concepts into practical
discovery workflows. Wang and Wu’s group® developed TeroACT,
a terpenoid bioactivity landscape and discovery platform driven by
knowledge graphs and deep neural networks, which maps multi-
dimensional biological relationships to facilitate disease predic-
tion and anti-melanoma drug screening and discovery. Gao and
Bai’s group® established PhenoModel, a multimodal phenotypic
drug design foundation model that employs a dual-space
contrastive learning framework to bridge molecular structures
with cellular morphological profiles, demonstrating high effec-
tiveness in identifying novel potential inhibitors across multiple
cancer cell lines. Liu and Yao’s group’ introduced FlowDock, a
unified flow-based framework for flexible protein—ligand docking
and binding affinity prediction that harnesses Bayesian flow
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networks to generate high-fidelity complex structures in latent
space, achieving state-of-the-art performance in binding pose
generation while substantially reducing computational costs.
Furthermore, Heng, Hou, and Kang’s group® presented ERAM, an
accurate and task-agnostic model for enzymatic reaction modeling
through multimodal relational learning, capturing both structural
features and sequence information to markedly improve enzyme
retrieval and substrate prediction capabilities.

The practical impact of these computational advances is ulti-
mately demonstrated through the discovery and development of
novel therapeutics. Cheng, Wang, Lu, and Chen’s group’ employed
machine learning in combination with molecular hybridization to
engineer selective PI3Ky inhibitors, identifying a promising
candidate capable of suppressing tumor cell proliferation while
remodeling the immunosuppressive tumor microenvironment.
Wang, Zhan, and Tang’s group'® reported the computation-driven
discovery of novel chromone derivatives for triple-negative breast
cancer, successfully identifying a highly potent mTOR-targeted
inhibitor that triggers antitumor immunity and demonstrates
robust in vivo efficacy. Zhao and Yu’s group'' integrated deep
learning with structural biology to discover and optimize a mini-
malist conopeptide targeting the «7 nicotinic acetylcholine recep-
tor, elucidating its unique binding modes and inhibitory
mechanism. Li’s group'? explored the synergy between Al and
multi-omics to synergistically prioritize bioactive compounds,
support retrosynthesis, and unravel complex biosynthetic and reg-
ulatory networks. Lastly, Zhang, Zhu, and Gao’s group'® developed
a cross-attention transformer framework (TransDIG) based on deep
transfer learning to characterize the bioactive landscape of drug
inactive ingredients (DIGs), successfully predicting and experi-
mentally validating their unintended biological activities and of-
fering critical new perspectives on drug formulation safety.

In conclusion, the contributions featured in this special column
collectively underscore that machine learning has evolved from a
supportive tool into a fundamental driver of innovation in drug
discovery. Through the integration of advanced predictive algo-
rithms, deep generative models, and rigorous experimental vali-
dation, AI is overcoming longstanding challenges in
pharmaceutical research and development. These advances are
accelerating the discovery of highly targeted, safe, and personal-
ized therapeutics, ultimately reshaping the future of precision
medicine and healthcare.
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