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Abstract: 

Personalized medicine leverages patient-specific genetic, epigenetic, and phenotypic information to optimize 
therapeutic interventions. Pharmacogenomics elucidates how genetic variations influence drug response, while 
pharmaceutical nanotechnology enables targeted and controlled drug delivery. The convergence of these 
fields offers the potential for precision therapy, maximizing efficacy while minimizing adverse effects. This 
review highlights advances in pharmacogenomic profiling, nanocarrier design, and their integration into 
personalized therapeutic strategies. Clinical applications, current challenges, and future perspectives 
are discussed, emphasizing a holistic approach to patient-centered pharmacotherapy. 
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1. Introduction

Traditional “one-size-fits-all” therapeutic approaches often fall short of achieving optimal 
clinical outcomes, largely because they fail to account for interpatient variability in drug 
metabolism, efficacy, and toxicity 1. Patients respond differently to the same medication due 
to a complex interplay of genetic, environmental, and physiological factors. This inconsistency 
not only affects treatment effectiveness but also increases the risk of adverse drug reactions, 
leading to higher healthcare costs and poorer patient compliance 2. 

Personalized medicine addresses this critical gap by tailoring therapy to the unique 
characteristics of each patient, incorporating genetic profiles, lifestyle factors, and specific 
disease phenotypes. Pharmacogenomics, a cornerstone of personalized medicine, provides 
valuable insights into how genetic variations—such as single-nucleotide polymorphisms 
(SNPs), gene copy number alterations, and epigenetic modifications—influence drug 
absorption, distribution, metabolism, and response 3-4. By understanding these genetic 
determinants, clinicians can optimize drug selection and dosing to enhance therapeutic efficacy 
and safety. 

Simultaneously, nanotechnology in pharmaceutics has emerged as a powerful tool to 
complement pharmacogenomic strategies. Nanocarrier-based systems offer site-specific drug 
delivery, controlled release, improved bioavailability, and multifunctional platforms capable 
of integrating diagnostics and therapy 5-6. This convergence of pharmacogenomics and 
nanotechnology lays the foundation for a synergistic precision medicine framework, where 
treatment is not only tailored at the molecular level but also delivered with unparalleled 
accuracy. Ultimately, this integrated approach promises to revolutionize modern therapeutics 
by maximizing clinical benefit while minimizing adverse outcomes 7-8. 

2. Pharmacogenomics in Personalized Therapy

Pharmacogenomics plays a pivotal role in understanding why patients respond differently to 
the same drug. Decoding the genetic underpinnings of drug metabolism, transport, and receptor 
interactions enables a more rational and individualized approach to therapy 9. One of the most 
critical genetic factors influencing drug response is the cytochrome P450 (CYP450) enzyme 
system, which is responsible for the metabolism of nearly 70% of clinically used drugs. 
Polymorphisms in genes such as CYP2D6, CYP2C9, and CYP2C19 can classify individuals as 
poor, intermediate, extensive, or ultra-rapid metabolizers 10-11. These variations significantly 
affect plasma drug levels, efficacy, and the risk of toxicity. Similarly, transporter gene variants, 
such as those affecting P-glycoprotein (P-gp) or organic anion transporting polypeptides 
(OATP), can alter drug absorption and distribution, impacting therapeutic outcomes. Variations 
in drug target receptors or downstream signaling molecules can further influence sensitivity or 
resistance to specific therapies, determining whether a drug works effectively in a given patient 
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12-13. The clinical impact of pharmacogenomics is particularly evident in oncology, where
genomic profiling has revolutionized treatment strategies. For example, the identification of
HER2 overexpression in breast cancer enables the use of trastuzumab, while EGFR mutations
in non-small cell lung cancer (NSCLC) guide the use of targeted tyrosine kinase inhibitors.
(Figure 1)In cardiovascular medicine, polymorphisms in CYP2C19 influence how patients
metabolize clopidogrel, thereby affecting antiplatelet efficacy and guiding dose adjustments or
alternative therapy choices 14-15. In psychiatry, genetic markers are increasingly used to predict
patient response to antidepressants and antipsychotics, enabling more precise dosing and
minimizing trial-and-error prescribing. Together, these insights demonstrate how integrating
pharmacogenomic data into clinical decision-making can optimize therapeutic strategies,
enhance efficacy, and reduce adverse effects, moving healthcare closer to true personalized
medicine 16-17. (Table 1)

Table 1. Examples of Clinically Relevant Pharmacogenomic Variants 

Drug Class Gene/Variant Clinical Impact 
Personalized 
Intervention Reference 

Antiplatelets CYP2C19*2 
Reduced clopidogrel 

activation 
Alternative P2Y12 

inhibitor 18 

Statins SLCO1B1 
Increased risk of 

myopathy 
Dose adjustment or 

alternative statin 19 

Anticancer EGFR 
mutations 

Enhanced sensitivity 
to TKIs 

Targeted therapy 
selection 20 

Antidepressants CYP2D6 Poor metabolism Dose optimization 21 

Figure 1. Nanocarrier Design for Personalized Therapeutics 
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3. Pharmaceutical Nanotechnology in Personalized Medicine 

Pharmaceutical nanotechnology has become a transformative tool in personalized medicine, 
enabling precise drug delivery that aligns with individual patient profiles. Nanocarrier systems, 
including liposomes, polymeric nanoparticles, dendrimers, solid lipid nanoparticles, and 
nanostructured lipid carriers, provide versatile platforms for enhancing therapeutic efficacy 
while minimizing systemic toxicity 22-23. Liposomes, composed of phospholipid bilayers, can 
encapsulate both hydrophilic and hydrophobic drugs, improving solubility and stability. 
Polymeric nanoparticles, made from biodegradable polymers, allow for controlled and 
sustained drug release, with the added advantage of surface functionalization to target specific 
tissues or receptors. Dendrimers, highly branched macromolecules with well-defined 
architectures, offer high drug loading capacity and the potential for multi-ligand targeting, 
making them suitable for precision therapies 24-25. Similarly, solid lipid nanoparticles and 
nanostructured lipid carriers provide biocompatible, stable, and efficient delivery platforms, 
capable of enhancing the bioavailability of poorly soluble drugs. 

In addition to these conventional nanocarriers, targeted and stimuli-responsive systems have 
further refined personalized therapy. Ligand-functionalized nanoparticles can selectively bind 
to receptors or molecular markers identified through pharmacogenomic profiling, ensuring that 
drugs reach their intended site of action with high specificity 26-27. Stimuli-responsive carriers 
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release their therapeutic payload in response to biological or physicochemical triggers, such as 
pH variations, redox gradients, or disease-specific enzymatic activity, allowing for precise, on-
demand drug release within pathological environments 28-29. By integrating nanotechnology 
with pharmacogenomic insights, these advanced delivery strategies create a synergistic 
platform for precision therapeutics, enhancing clinical outcomes while reducing adverse 
effects, and marking a significant advancement in the field of personalized medicine. (Table 2)  

Table 2. Convergence of Pharmacogenomics and Nanotechnology in Therapy 

Disease Genetic 
Marker 

Nanocarrier Approach Clinical Benefit Reference 

Breast 
cancer 

HER2 
amplification 

Antibody-conjugated 
liposomes 

Enhanced tumor targeting, 
reduced cardiotoxicity 30 

NSCLC EGFR mutation Polymeric NP delivering 
TKIs 

Controlled release, improved 
efficacy 

31 

Cardiovas
cular 

CYP2C19 poor 
metabolizer 

LNP-based antiplatelet 
delivery Optimized plasma exposure 32 

Depressio
n 

CYP2D6 
polymorphism 

Nanoparticle-based 
sustained release 

Minimized peak-trough 
variability 

33 

5. Clinical Applications 

The integration of nanotechnology with personalized medicine has opened new avenues for 
precision therapy across a variety of clinical domains. In oncology, nanocarrier-guided 
chemotherapeutics can be tailored according to tumor genomic profiling, enabling targeted 
drug delivery that maximizes efficacy while minimizing systemic toxicity 34-35. Similarly, in 
cardiovascular therapy, personalized approaches leverage genetic information to optimize the 
use of statins or antiplatelet agents, often employing targeted nanocarriers to enhance 
bioavailability and tissue specificity 36-37. Neurological disorders, including neurodegenerative 
diseases, have also benefited from this convergence, with CNS-targeted nanoparticles 
combined with genetic and biomarker profiling to improve drug penetration, efficacy, and 
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safety in the central nervous system. Furthermore, in infectious diseases, RNA-based 
nanoparticles designed based on pathogen genomic profiling provide a highly specific and 
adaptable platform for therapy, allowing rapid and precise treatment of viral and bacterial 
infections. Collectively, these clinical applications demonstrate the potential of 
nanotechnology-enabled personalized medicine to transform therapeutic strategies by 
combining molecular targeting, patient-specific profiling, and advanced drug delivery systems 
38-49. 

6. Challenges and Considerations 

Despite the promising potential of nanotechnology-enabled personalized medicine, several 
significant challenges must be addressed to ensure safe and effective clinical translation. One 
major concern is the complexity of genetic and phenotypic variability among patients. Multiple 
genes, polymorphisms, and environmental factors interact to influence drug response, making 
it difficult to predict therapeutic outcomes with complete accuracy. In parallel, nanocarrier 
stability and biocompatibility remain critical considerations; issues such as particle 
aggregation, immunogenicity, and long-term toxicity must be carefully evaluated to prevent 
adverse effects and ensure consistent performance 40-41. Regulatory approval also presents a 
unique challenge, as the combination of personalized genetic testing and advanced 
nanomedicine creates complex and multifaceted pathways that differ from traditional drug 
approvals. Finally, the high cost and limited accessibility of genomic profiling and 
sophisticated nanotechnology platforms may hinder widespread adoption, particularly in 
resource-limited settings. Addressing these challenges through rigorous research, standardized 
protocols, and cost-effective design strategies is essential to fully realize the potential of 
precision therapeutics in clinical practice 42-43. (Figure 2) 

Figure 2. Workflow for Personalized Nanomedicine 
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7. Future Perspectives 

The future of personalized medicine is poised for transformation through the integration of 
advanced technologies such as artificial intelligence, multifunctional nanocarriers, and 
genome-editing tools 44. Artificial intelligence and machine learning are increasingly being 
applied to predict patient-specific drug responses and to optimize the design of nanocarriers, 
including parameters such as particle size, surface chemistry, and targeting ligands. 
Multifunctional nanocarriers are emerging as versatile platforms capable of combining therapy, 
imaging, and real-time monitoring, thereby enabling dynamic feedback and adjustment of 
treatment strategies based on patient response 45-46. Additionally, the integration of nanocarriers 
with CRISPR and gene therapy provides a promising avenue for the precise delivery of 
genome-editing therapeutics, offering potential cures for genetic disorders and complex 
diseases. On a global scale, the development of personalized medicine platforms with 
standardized genetic databases can guide therapy across diverse populations, facilitating more 
equitable and effective treatment strategies. Collectively, these innovations represent a 
paradigm shift, moving personalized medicine from concept to practical, patient-centered 
clinical application 47-48. 

8. Conclusion 

The convergence of pharmacogenomics and pharmaceutical nanotechnology has ushered in a 
transformative era for personalized medicine. By combining detailed genetic insights with 
advanced, precision-engineered drug delivery systems, clinicians can tailor therapies that are 
not only highly targeted but also controlled and safer, minimizing systemic toxicity and 
enhancing efficacy. This integration enables a more rational approach to treatment, where 
drugs are delivered based on individual genetic profiles, disease characteristics, and patient-
specific responses. Continued innovation in genomics, nanotechnology, and computational 
modeling promises to further refine these strategies, driving the next generation of precision 
therapeutics. As these technologies advance, they hold the potential to optimize outcomes 
across diverse patient populations, moving personalized medicine closer to becoming a 
standard paradigm in clinical practice. 
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