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• The Drug Discovery Bottleneck:High attrition rates in 

pharmaceutical pipelines are primarily driven by late-stage 

pharmacokinetic (PK) and toxicokinetic (TK) failures.

• Pivotal Determinants:Target Binding Affinity (TBA) and Cell 

Membrane Permeability (e.g., BBB, Caco-2) are critical ADMET 

determinants of bioavailability and therapeutic efficacy.

• Limitations of Classical Assays:Traditional in vitro / in vivo empirical 

assays and rigid molecular docking are cost-prohibitive, low-

throughput, and time-intensive.

• The AI Paradigm Shift:Machine Learning (ML) and Deep Learning 

(DL) offer robust, data-driven in silico screening alternatives.

• Study Objective:Systematic evaluation of state-of-the-art architectures 

(2025–2026), moving from 1D representations to 2D GNNs, 3D 

embeddings, Multi-Task Learning, and Explainable AI (XAI).

• Dominance of Graph-Based Architectures:Graph Neural 

Networks (GNNs) and Attention-augmented variants consistently 

achieve superior predictive performance across both Target 

Binding Affinity (TBA) and membrane permeability benchmarks, 

primarily due to their natural representation of 2D/3D molecular 

topologies.

• Synergy in Multi-Task Learning (MTL):Jointly optimizing 

binding affinity and pharmacokinetic properties (e.g., Caco-2 / 

PAMPA permeability) through MTL and hybrid frameworks 

effectively mitigates label scarcity and improves cross-domain 

generalizability.

• Persistent Translational Bottlenecks:Despite high in silico 

benchmark metrics, real-world drug discovery pipelines remain 

constrained by out-of-distribution (OOD) generalization failures 

and limited model interpretability.

• Future Directions

• Multimodal Foundation Models: Integration of molecular 

graphs, 3D structural pockets, and text-based biomedical 

knowledge graphs.

• Uncertainty Quantification: Establishing robust confidence 

metrics prior to wet-lab synthesis and biological assay validation.
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1. Sources: PubMed, Scopus, IEEE Xplore, Web of Science.

2. Scope: Studies published 2025–2026.

3. Selection Flow: 600 screened →90 assessed →23 included.

4. Quality Tool: MINORS criteria.

5. Synthesis: Narrative analysis of architectural and dataset 

trends.
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