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Abstract 

Membrane transporters and drug delivery systems are central determinants of 

therapeutic efficacy, pharmacokinetics, and targeted treatment outcomes. 

Membrane transporters — including solute carrier (SLC) and ATP-binding 

cassette (ABC) families — regulate the influx and efflux of drugs and nutrients 

across biological membranes, influencing drug absorption, distribution, 

metabolism, and excretion (ADME). Simultaneously, advanced drug delivery 

systems, particularly nanocarriers, provide controlled, targeted release of 

therapeutics at the site of action, enhancing efficacy and minimizing toxicity. 

Computational modeling has become indispensable in elucidating mechanisms of 

transporter function and in optimizing drug delivery vehicles through in silico 

methods such as molecular dynamics, multi-scale simulations, machine learning, 

and continuum modeling. This review synthesizes recent computational 

approaches to modeling membrane transporters and drug delivery systems, 

highlighting key methodologies, applications, challenges, and future research 

directions. 
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1. Introduction 

Membrane transport proteins mediate the passage of endogenous substrates and 

xenobiotics, including pharmaceuticals, across cellular barriers. Dysfunction or 

altered expression of these transporters can profoundly affect drug response and 
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disease progression. The solute carrier (SLC) transporter superfamily includes 

approximately 450 members responsible for facilitated diffusion and active 

transport, and over a quarter are emerging as therapeutic targets for complex 

diseases such as cancer, diabetes, and neurological disorders. However, only a 

fraction (~9.8%) have experimentally resolved 3D structures linked to ligand 

binding and therapeutic modulation, necessitating computational approaches to 

characterize transporter behavior for drug design and pharmacokinetic prediction.  

Parallel to transporter modeling, drug delivery systems — especially those based 

on nanotechnology — have revolutionized pharmacotherapy by enabling 

controlled release, targeted distribution, and reduced systemic toxicity. Rational 

design of such systems increasingly relies on in silico prediction of drug release 

kinetics, carrier–biological interaction, and transport phenomena across length 

and time scales.  

Computational modeling thus plays a dual role: (1) predicting molecular 

interactions and dynamics of membrane transporters and (2) optimizing design, 

release behavior, and targeting of drug delivery platforms. This work provides an 

integrated overview of contemporary modeling strategies and their impact on 

pharmaceutical research. 

 

2. Biophysical Basis of Membrane Transport and Drug Delivery 

2.1 Membrane Transport Proteins 

Membrane transporters are integral to maintaining homeostasis and 

pharmacological response. Two principal families include: 

• ATP-Binding Cassette (ABC) Transporters: Active transporters using ATP 

hydrolysis to efflux substrates, often contributing to drug resistance. 

• Solute Carrier (SLC) Transporters: Facilitate uptake and efflux of diverse 

solutes, including ions, nutrients, and drugs.  

Transport mechanisms involve conformational cycles that translocate substrates 

across the lipid bilayer. Understanding these mechanisms — especially how 

substrates and drugs bind, how conformational transitions occur, and how 

transport rates are regulated — is central to rational drug design and transporter 

modulation. 
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2.2 Drug Delivery Systems 

Modern drug delivery systems exploit nanomaterials, polymeric carriers, 

liposomes, and functionalized vehicles to achieve controlled release and 

targeted distribution. Their performance depends on physicochemical 

properties such as size, surface charge, encapsulation efficiency, and interactions 

with biological barriers like the blood–brain barrier. Computational modeling 

enables in silico exploration of these properties and their effects on transport and 

release profiles.  

 

3. Computational Modeling of Membrane Transporters 

3.1 Molecular Dynamics and Structural Approaches 

High-resolution modeling of transporter dynamics often begins with molecular 

dynamics (MD) simulations, which provide atomistic insight into 

conformational changes and substrate translocation events. However, many 

transporter structures are unresolved experimentally. Computational chemistry 

and modeling thus play crucial roles in: 

1. Characterizing multiple protein conformations during the transport cycle. 

2. Identifying cryptic or allosteric drug binding sites. 

3. Predicting substrate and drug binding modes.  

Recent advances integrate machine learning and artificial intelligence (AI) 

with physics-based MD to improve prediction accuracy, especially when 

high-quality structural data are limited. Such hybrid approaches accelerate 

conformational sampling and enable identification of druggable sites on SLC and 

ABC transporters.  

 

3.2 Homology and Comparative Modeling 

When experimental structures are unavailable, homology modeling constructs 

transporter structures based on related templates. Computational docking then 

predicts ligand–transporter interactions by scoring complementarity and binding 

energetics. Combination strategies — integrating homology models with 

ligand-based descriptors — enhance predictive power for transporter targeting.  
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Homology models guided by known transporter families allow prediction of how 

drug candidates interact with transporters, facilitating design of molecules with 

improved uptake or reduced efflux in target tissues. 

 

3.3 Machine Learning and Big Data Integration 

AI and machine learning models increasingly assist in modeling transporter 

behavior. These include deep learning predictors for substrate specificity, 

QSAR (quantitative structure–activity relationship) models for transporter 

binding affinity, and AI-driven dynamics predictors for conformational 

transitions. By integrating large datasets of transporter sequences, structural 

features, and functional annotations, machine learning enhances predictive 

modeling beyond classical physics-based simulations.  

 

4. Computational Modeling of Drug Delivery Systems 

4.1 Nanocarrier Modeling 

Designing efficient drug carriers — including liposomes, polymeric 

nanoparticles, and dendrimers — requires understanding how drugs are released 

from carriers and transported through biological barriers. Advanced in silico 

modeling frameworks use multi-scale approaches that link molecular interactions 

to macroscopic transport properties: 

• Continuum models describe mass transfer and diffusion of drugs from carriers. 

• Discrete stochastic models capture variability in release kinetics and carrier 

behavior. 

• Multi-scale models integrate molecular interactions, carrier deformation, and 

physiological transport.  

For example, recent studies use machine learning (e.g., Gaussian process 

regression, gradient boosting) to analyze drug release from porous polymeric 

carriers, improving prediction of controlled release profiles for targeted therapy.  
 

4.2 Multiscale Modeling for Intravascular Delivery 

Multiscale physics-based in silico models aim to simulate nanocarrier transport 

within the bloodstream, interaction with endothelial barriers, and delivery to 

diseased tissue. These models encompass: 
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• Particle–fluid dynamics 

• Carrier deformation under shear forces 

• Target tissue penetration 

• Interaction with immune components 

• Systemic biodistribution 

By coupling molecular, cellular, and organ-level dynamics, researchers can 

predict therapeutic outcomes and optimize designs before in vitro or in vivo 

testing.  

 

4.3 AI-Assisted Drug Delivery Optimization 

AI integration enhances model performance by enabling: 

• Rapid screening of carrier designs 

• Prediction of pharmacokinetics and biodistribution 

• Adaptation of release profiles under physiological conditions 

• Identification of optimal routes of administration 

Machine learning techniques also aid in parameter estimation and uncertainty 

quantification in drug delivery models, vital for reliable clinical translation.  

 

5. Applications and Case Studies 

5.1 Membrane Transporter-Targeted Drug Design 

Computational models guide drug design to interact favorably with transporters 

controlling drug absorption and brain penetration — essential for CNS 

therapeutics. In silico integration of transporter structure, machine learning, and 

ligand docking allows rational design of drugs with improved transporter 

engagement or avoidance of efflux proteins like P-glycoprotein.  

 

5.2 Predictive Modeling of Drug Release Profiles 

In drug delivery research, in silico simulations accurately predict how 

formulation parameters — such as polymer porosity, carrier size, and binding 

reactions — influence release kinetics. These insights help optimize controlled 

release and reduce experimental workload.  
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5.3 Optimization of Nanocarrier Transport 

Nanocarriers designed via multiscale modeling demonstrate enhanced delivery 

efficacy in models of intravascular administration, especially in oncology 

applications where targeted delivery and reduced systemic toxicity are critical.  

 

6. Challenges and Limitations 

Despite progress, several challenges remain: 

1. Data scarcity and validation: High-quality experimental data for transporter 

dynamics and carrier behavior are limited, complicating model training and 

validation. 

2. Complexity of biological environments: Accurate modeling of in vivo 

transport requires accounting for immune responses, biological barriers, and 

interpatient variability. 

3. Computational cost: Multi-scale simulations and AI integration demand high 

computational resources, often limiting routine use. 

4. Integration across scales: Bridging atomistic, cellular, and systemic scales 

remains technically and conceptually challenging.  

 

7. Future Directions 

Future research should focus on: 

• Integration of AI with multi-scale frameworks to unify mechanistic 

modeling and data-driven prediction. 

• Expansion of transporter structural databases through cryo-EM and hybrid 

experimental methods. 

• Development of standardized computational pipelines for drug delivery 

system design and clinical prediction. 

• Enhanced uncertainty quantification to improve model reliability for 

personalized medicine.  

 

8. Conclusion 

Computational modeling stands at the forefront of contemporary pharmaceutical 

science, enabling detailed analysis of membrane transporter function and efficient 
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design of advanced drug delivery systems. Through molecular modeling, 

machine learning, and multi-scale simulations, researchers can understand 

complex biological transport phenomena, optimize therapeutic delivery, and 

reduce reliance on costly in vivo experimentation. Continued innovation in 

computational strategies promises deeper mechanistic insights and accelerated 

translation of computational findings to clinical applications. 
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