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ABSTRACT 
The purpose of the paper is to critically review the application of artificial intelligence (AI) to streamline the process of 
nanoparticle-based drug delivery systems, and in particular to address unresolved issues in therapeutic precision, safety, 
and clinical translation. The research uses the secondary research methodology and will synthesise evidence of peer reviews 
in the fields of nanotechnology, biomedical engineering, and computational modelling. This methodology allows the 
thorough assessment of various facets such as selection of nanoparticles material, optimization of particle size and shape, 
mode of surface functionalization, drug loading ability, controlled release prediction, targeting ligand design, analysis of 
cellular uptake pathway, prediction of pharmacokinetics, modeling of biodistribution, toxicity and biocompatibility, tumor 
microenvironment responsiveness, formulation optimization using AI, in vivo performance, real-time monitoring of 
delivery algorithms, personalized treatment, and optimization. According to the literature, it is constantly emphasised that 
AI will improve the accuracy of prediction, variability reduction, and speed up the design by combining multi-scale models, 
machine learning, and real-time monitoring. The results indicate that AI-based systems enhance drug encapsulation, can 
design targeted ligands, can simulate the biodistribution, and personalise treatment plans, thus closing the gap between 
laboratory innovations and clinical practice. Nevertheless, there are still issues in data heterogeneity, regulatory. 
Keywords: Drug delivery, nanoparticle material, particle size, surface functionalization, targeting ligand, drug loading, 
controlled release, tumour microenvironment, pharmacokinetics prediction, biodistribution modelling 
How to cite this article: Mohammad AAS, Mohammad SI, Vasudevan A, Al Oraini B, Alenazi SA.; AI-Driven 
Optimisation of Nanoparticle-Based Drug Delivery Systems. Int J Drug Deliv Technol. 2025;15(4): 1956-1963, DOI: 
10.25258/ijddt.15.4.51 
Source of support: Nil.  
Conflict of interest: None 
 
 
INTRODUCTION 
Drug delivery systems based on nanoparticles have become 
a revolution in contemporary treatment methods, where 
they deliver controlled release and targeted delivery of 
drugs with enhanced bioavailability. Nevertheless, their 
clinical implementation still has continued challenges that 
include patient response heterogeneity, erratic 
pharmacokinetics and production scaling problems. 
Artificial intelligence (AI) is also becoming cultivated as 
one of the strong means to streamline these systems through 
the combination of computational modelling, predictive 
analytics, and machine learning algorithms. Recent 

research shows that artificial intelligence-based models can 
quickly design nanoparticles by modelling the best sizes, 
surface charge and ligand density to increase cellular uptake 
and reduce off-target effects1,2,3 
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Figure 1: Challenges of drug delivery in the current 
market1  
 
As an illustration, adaptive neuro-fuzzy inference systems 
and multilayer perceptron neural networks have been used 
to simulate drug release kinetics and to optimise 
formulations of nanovectors. The application of AI to guide 
the design of nanoparticles in cancer treatment has 
enhanced tumour targeting through the analysis of massive 
amounts of patient-specific biomarkers and the 
optimisation of drug release profiles. Regardless of these 
developments, there are still specific issues: nanoparticles 
tend to be deposited in the non-target organs, liver, and 
spleen, causing toxicity; the tumour microenvironment 
varies, making drug penetration more complicated; and 
regulatory barriers have slowed the clinical 
implementation. AI provides solutions through simulating 
biological interactions, toxicity patterns, and the use of 
personalized nanomedicine approaches4,5,6. Therefore, the 
combination of AI and nanoparticle-based drug delivery is 
not only a technological breakthrough but also a reasonable 
solution to the previously existing obstacles in drug 
development, filling the  
Literature Review  
Artificial intelligence (AI) converging with nanoparticle-
based drug delivery systems has become a core theme of 
recent research in the biomedical field, and several studies 
have highlighted its potential to transform numerous 
therapeutic fields. AI optimisation also allows balancing the 
parameters of nanoparticles (particle size, surface charge, 
and ligand density) with precision, thus enhancing the 
kinetics of drug release and reducing off-target toxicity7 
Das (2023) generalises this view of cancer treatment, where 
AI-assisted nanoparticle design can be used to augment 
tumour-specific targeting, based on patient bio-marker sets 
and predict drug penetration in heterogeneous tumour 
micro-environments, whereas there are still issues with 
systemic toxicity and regulation8. The importance of multi-
scale modelling coupled with machine learning that enables 
simulating nanoparticle-cell interactions on a molecular, 

cellular, and tissue scale, thus filling the gap between 
laboratory design and clinical translation in nano-cancer 
therapeutics9. Oncology is not the only branch where 
nanoparticle-based systems prove to be clinically useful, as 
AI-aided formulation design creates better retention of 
drugs in periodontal pockets and patient compliance with 
therapy, which can be seen as a sign of the versatility of 
these systems in chronic disease management10. The idea of 
brain-specific delivery with AI-based nanorobotics and note 
that intelligent nanoparticles are capable of 
circumnavigating the blood-brain barrier and arriving at 
their site of action, which is a decisive advance in the 
neurodegenerative disease and central nervous system 
pathology11. Taken together, these studies point to the same 
reasoning, namely, that the AI can not only speed up the 
nanoparticle design process but also tackle longstanding 
issues of unpredictable pharmacokinetics, organ-level 
accumulation, and individual patient variability. They warn 
that clinical translation involves strong validation systems, 
ethics and scalable production procedures. In such a way, 
AI-driven nanoparticle optimisation becomes a prospective 
direction and realistic solution to the traditional obstacles in 
the field of drug delivery. 
Method  
The research paper is based on the secondary method. It 
uses peer-reviewed articles, systematic reviews, and 
published data to explore AI-enhanced optimisation of 
nanoparticle delivery systems of drugs. The choice of 
secondary methods is also explained by the complexity of 
the subject matter, which is multidisciplinary, and the 
available evidence in nanotechnology, biomedical 
engineering and computational modelling forms a strong 
basis for synthesis. Secondary data allows covering a wide 
variety of aspects, including material selection, particle size 
optimisation, surface functionalization, drug loading 
efficiency, pharmacokinetics prediction, and toxicity 
assessment, not limited to laboratory experimentation. It 
also enables triangulation of results on oncology, neurology 
and periodontal applications, which are reliable and broad-
based. The study combines published findings to establish 
patterns, gaps, and novel trends in AI-assisted formulation 
optimisation, in vivo simulation, and individualised 
treatment plans. This methodology is efficient and ethical, 
and relevant to the context, thus appropriate in the 
development of theoretical and applied knowledge in 
nanomedicine. 
Results  
Nanoparticle Material Selection and Particle Design 
Drug delivery optimisation is based on the choice of an 
appropriate nanoparticle material. Polymeric carriers, e.g., 
PLGA and chitosan, are biodegradable and can be tuned to 
degrade quickly, whereas lipid-based systems, e.g., 
liposomes, are highly biocompatible and are effective 
encapsulators12,13. Imaging and theranostic functions are 
provided by metallic nanoparticles, such as gold and iron 
oxide, but with increased toxicity.  
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Table 1. Nanoparticle Material Selection and Particle Design 

Material Type Degradation 
Half-Life (hrs) 

Encapsulation 
Efficiency (%) 

Optimal 
Particle 
Size (nm) 

Shape 
Stability 
Index (0–1) 

Polymeric (PLGA) 48 82 120 0.85 

Liposomal 36 90 100 0.92 
Metallic (Gold NP) 72 65 80 0.78 

Hybrid Composite 60 88 110 0.89 

 
 

Figure 2: Nanoparticle Material Selection and Particle Design 
 
Artificial intelligence (AI) guided material selection combines sets of degradation kinetics, toxicity screening, and 
encapsulation efficiency to inform the most appropriate carrier of a particular drug. The size and shape of a particle are 
also important: smaller particles (less than 100 nm) increase tumour penetration, whereas rod-shaped or disc-shaped 
geometry enhances circulation and cellular uptake. Computational models are simulations of the effects of geometry on 
biodistribution, which predict organ-level accumulation and clearance routes14,15.16. It has been demonstrated that there is 
a tendency for prolonged systemic circulation by the use of spherical particles, but the elongated particles take advantage 
of the amplified permeability and retention effects within tumours. Material selection with AI-informed particle design 
offers researchers a chance to balance stability, biocompatibility, and therapeutic efficacy to solve long-standing issues of 
unpredictable pharmacokinetics and systemic toxicity.  
Surface Functionalization and Targeting Ligand Strategies 
Nanoparticles are converted into smart carriers in surface engineering. PEGylation decreases immune clearance, and 
cationic endocytosis improves endocytosis. Algorithms developed by AI consider the density of ligands, charge 
distribution, and hydrophilicity to maximise the ability of cells to take them in17,18. Ligands are modelled to bind with 
affinity to tumour-specific receptors, e.g. folate, transferrin and antibodies to ensure specific delivery.  
 

Table 2. Surface Functionalization and Targeting Ligand Strategies 
Functionalization 
Type 

Ligand Density 
(µmol/cm²) 

Binding 
Affinity (Kd, 
nM) 

Immune Clearance 
Reduction (%) 

Cell Uptake 
Efficiency (%) 

PEGylation 2.5 15 70 65 
Folate Ligand 3.2 10 55 80 
Transferrin Ligand 2.8 8 60 78 
Antibody 
Conjugation 

4.0 5 75 85 
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120

0.85
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Figure 3: Surface Functionalization and Targeting Ligand Strategies 

 
 
The deep learning models can anticipate the interactions of 
ligand and receptor, considering the varied patient 
biomarker phenotype, which allows the targeted treatment 
of each patient. Surface functionalization also affects the 
prediction of pharmacokinetics and modelling of 
biodistribution, which decreases the off-target deposition in 
the liver and spleen. Immune recognition and complement 
activation simulations can be used to increase the toxicity 
and biocompatibility assessment. It has been demonstrated 
that nanoparticles with optimal ligand density are more 
tumour microenvironment responsive and can penetrate 
hypoxic or acidic niches more easily19,20. The AI-directed 
ligand design is therefore a bridging step in theoretical 
modelling and clinical translation, providing a customised 
topology of the surfaces to achieve maximum therapeutic 
index and low toxicity to the systemic system. 
Drug Loading Efficiency and Controlled Release 
Prediction 
Therapeutic payload is defined by drug loading efficacy, 
and sustained efficacy is defined by controlled release. The 
encapsulation methodologies are different: hydrophobic 
drugs become a part of polymeric networks, and 
hydrophilic molecules are surrounded by liposomal 
cores21,22.  AI models are used to model the interaction of 
drugs and carriers, which determines the encapsulation 
efficiency and stability under physiological conditions. The 
prediction of controlled drug release is done using machine 
learning that is trained using in vitro release profiles to 
predict behaviour in vivo with changes in enzymatic 
degradation, pH, and temperature.  
 
 
 
 
 
 
 

Table 3. Drug Loading Efficiency and Controlled 
Release Prediction 

Drug 
Type 

Loadi
ng 
Capac
ity 
(mg/g 
NP) 

Rele
ase 
Half-
Time 
(hrs) 

pH-
Trigge
red 
Releas
e (%) 

Microenviro
nment 
Responsivene
ss Index (0–1) 

Hydropho
bic 
(Paclitaxe
l) 

120 48 65 0.82 

Hydrophil
ic 
(Doxorub
icin) 

95 36 72 0.88 

Peptide 
Drug 

80 24 55 0.76 

siRNA 
Payload 

60 30 68 0.84 
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( % )
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2.5 15
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Figure 4: Drug Loading Efficiency and Controlled 
Release Prediction 
Smart nanoparticles can improve microenvironment 
responsiveness of tumours by being engineered to release 
drugs when subjected to acidic or hypoxic environments, 
and AI predicts the threshold conditions. Cellular uptake 
pathway analysis combines data on diffusion, endocytosis 
and exocytosis to optimise release schedules. The fact that 
nanoparticles have the capability to be delivered to tumour 
tissues via pH-sensitive coating at the expense of healthy 
cells indicates that evidence supports the first 
hypothesis23,24. Integrating the modelling of the drug 
loading efficiency with the controlled release prediction, AI 
minimises the variability of therapeutic outcome and 
enhances patient compliance, plus increases the speed of 
regulatory approval with reproducible performance data.  
In Vivo Performance Simulation and Real-Time 
Monitoring 
The in vivo performance simulation combines the 
pharmacokinetics, biodistribution and toxicity information 
with the predictive schemes. AI models can model the 
circulation of nanoparticles and clearance of nanoparticles, 
and accumulation at the organ level, taking into 
consideration patient-specific factors, including age, 
metabolism, and disease condition. Biodistribution 
modelling is used to predict the fate of nanoparticles, and 

thus cause less accumulation unintentionally in the liver or 
spleen25. Computational immune response simulations 
improve toxicity and biocompatibility analysis, predicting 
cytokine release and safety over the long term.  
 
Table 4. In Vivo Performance Simulation and Real-Time 
Monitoring 

Simulat
ion 
Parame
ter 

Circulat
ion 
Time 
(hrs) 

Organ 
Accumula
tion (%) 

Toxic
ity 
Score 
(0–
10) 

Real-
Time 
Monitor
ing 
Accurac
y (%) 

Standard 
Polymer
ic NP 

12 25 3 85 

Liposo
mal NP 

18 20 2 90 

Metallic 
NP 

24 40 6 78 

Hybrid 
NP 

20 22 4 88 

 
Nanoparticle behavior can be monitored in real-time with 
algorithms of delivery monitoring based on imaging 
modalities such as MRI or fluorescence. It is demonstrated 
that AI-controlled surveillance can modify the delivery of 
drugs on the fly, designing adaptive systems. Simulations of 
the penetration of nanoparticles in heterogeneous tissue also 
confirm tumour microenvironment responsiveness. A 
feedback loop process is therefore generated by in vivo 
performance simulation, in which predictor models are used 
to guide design corrections to minimise failure in clinical 
trials and speed up translation.  
Personalized Treatment Optimization through AI-Driven 
Nanomedicine 
The final border is the optimisation of personalised 
treatment. AI combines patient-specific omics data, 
genomics, proteomics, and metabolomics data with 
nanoparticle design to shape drug release profiles 
individually using patient signatures. Pharmacokinetics 
prediction is made patient-specific, as dosing regulations 
change with metabolic variations26. Biodistribution 
modelling uses anatomic and physiological variations in the 
system to ensure a focused delivery in varied groups of 
people.  

 
Table 5. Personalized Treatment Optimization through AI-Driven Nanomedicine 

Patient Profile Predicted 
Optimal Dose 
(mg/kg) 

Personalised 
Release Rate 
(µg/hr) 

Immune 
Compatibility 
(%) 

Therapeutic 
Response 
Probability (%) 

Oncology Patient A 2.5 120 85 78 
Oncology Patient B 3.0 140 80 82 
Neurology Patient C 1.8 100 88 75 
Periodontal Patient D 2.2 110 90 80 
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Figure 5: Personalized Treatment Optimization through AI-Driven Nanomedicine 

 
 

 
The immune responses of each patient are simulated, and 
thus the toxicity and biocompatibility assessment becomes 
a personalised treatment. Tumour microenvironment 
responsiveness is optimised based on analysis of biomarker 
heterogeneity, the prediction of nanoparticle penetration in 
resistant niches. The adaptive feedback offered by 
monitoring algorithms in real-time controls the dynamical 
drug release rate26. It has been demonstrated that 
personalized nanomedicine decreases the adverse effects 
and maximizes efficacy by matching nanoparticle behavior 
with patient biology. Optimisation of formulation through 
AI therefore makes drug delivery precision therapeutics, 
mediating laboratory design and individualised clinical use. 
Discussion  
The results of AI optimisation of nanoparticle-based drug 
delivery systems indicate both a high level of development 
and a lack of it. Although the methods of predictive 
modelling have progressed in terms of material selection, 
optimisation of particle size and shape, and surface 
functionalization, translation of these designs to clinically 
viable formulations is complicated. The AI-assisted drug 
loading performance modelling and controlled drug release 
prediction show great promise in reducing variability and 
improving tumour microenvironment responsiveness, 
though there is a strong dependency on high-quality 
datasets, which are usually scarce or heterogeneous. 
Equally, personalised precision is provided by ligand design 
and cellular uptake pathway analysis, but individual 
expression of receptors in different patients makes them 
inapplicable in a generalised manner. The prediction of 
pharmacokinetics and biodistribution modelling can give 
useful information about the systemic circulation and 
organ-level accumulation, but the simulation of the 
performance in vivo still does not manage to obtain all the 

biological complexity. Delivery monitoring algorithms in 
real time and optimisation of treatments that are customised 
are potential revolutionary changes in adaptive 
nanomedicine, although ethical and regulatory and scaling 
concerns are still unclear. More importantly, the issue of 
toxicity and biocompatibility should be given the top 
priority since even slight changes in the behavior of 
nanoparticles can have an undesirable impact. On the 
whole, AI can make the process more efficient, 
personalised, and predictive, yet its application requires a 
combination of computational knowledge and experimental 
validation, regulations, and patient-specific data to provide 
safe, reproducible and clinically impactful findings. 
Conclusion  
It can be concluded that artificial intelligence, when paired 
with the use of nanoparticles to deliver drugs, is a 
breakthrough in precision medicine. The artificial 
intelligence-based systems tackle the persistent challenges 
of unpredictability and ineffectiveness of traditional 
nanomedicine by systematically addressing the material 
selection, optimisation of particle size and shape, 
functionalizing surfaces, drug loading, and predictive 
release. It is proven that computational modelling increases 
designing ligand targets, cellular uptake pathway 
modelling, pharmacokinetics modeling, and biodistribution 
molecular modelling and toxicity assessment, guarantee 
safety and biocompatibility. In addition, the responsiveness 
of the tumor microenvironment and in vivo performance 
simulation demonstrates the adaptability of AI-controllable 
nanoparticles to complicate biological environments. The 
algorithms of real-time monitoring of delivery and 
personalized treatment optimization form a feedback loop 
that allows applying individual therapeutic strategies with 
fewer adverse outcomes. Altogether, these results confirm 
that the synthesis of secondary research is a strong evidence 
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of the transformative potential of AI, which may support 
laboratory innovation with clinical translation and open the 
path to scalable and patient-specific nanomedicine-based 
solutions. 
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