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Abstract  

Nanotechnology has revolutionized numerous scientific domains, especially medicine. Among its most 

promising developments is the use of nanoparticles in drug delivery. Nanoparticles enable targeted 

delivery, controlled release, and enhanced bioavailability of therapeutic agents. This paper explores the 

types of nanoparticles used in drug delivery, mechanisms of targeting, current clinical applications, and 

challenges. A detailed overview of their role in enhancing efficacy and reducing side effects of drugs is 

discussed with recent advancements and future prospects. 

1. Introduction 

Drug delivery is a critical facet of pharmaceutical development. Traditional drug delivery methods often 

face limitations including low bioavailability, poor solubility, systemic toxicity, and non-specific 

targeting. Nanoparticles offer a solution to many of these challenges due to their small size, large surface 

area, and functionalization capabilities. They can encapsulate drugs, protect them from degradation, and 

direct them to specific sites in the body. 

Nanotechnology involves materials with dimensions in the 1–100 nm range. These materials exhibit 

unique physical, chemical, and biological properties. In drug delivery, nanoparticles can be engineered 

to control drug release kinetics, cross biological barriers, and respond to stimuli, making them ideal 

carriers for a variety of therapeutics. 

2. Types of Nanoparticles Used in Drug Delivery 

2.1 Lipid-based Nanoparticles 

   - Liposomes: Spherical vesicles with one or more phospholipid bilayers. 

   - Solid Lipid Nanoparticles (SLNs): Offer controlled release and high drug payload. 

2.2 Polymeric Nanoparticles 

   - Made from biodegradable polymers like PLGA, PLA, chitosan. 

   - Provide sustained and controlled drug release. 

2.3 Metallic Nanoparticles 

   - Include gold, silver, and iron oxide nanoparticles. 

   - Used in imaging and theranostics. 

2.4 Dendrimers 

   - Branched, tree-like structures with functional end groups. 

   - Suitable for gene and drug delivery. 

2.5 Carbon-based Nanoparticles 

   - Fullerenes, carbon nanotubes, and graphene. 

   - Useful in drug and gene delivery, but require careful toxicity assessment. 
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3. Mechanisms of Drug Targeting and Release 

3.1 Passive Targeting 

   - Utilizes the enhanced permeability and retention (EPR) effect in tumors. 

3.2 Active Targeting 

   - Involves functionalizing nanoparticles with ligands (e.g., antibodies, peptides) that bind to specific 

receptors on target cells. 

3.3 Stimuli-responsive Release 

   - pH-sensitive, temperature-sensitive, enzyme-sensitive systems that release drugs in response to 

specific stimuli. 

3.4 Controlled and Sustained Release 

   - Achieved by tuning the nanoparticle composition and surface modifications. 

4. Clinical Applications 

4.1 Cancer Therapy 

   - Nanoparticles deliver chemotherapeutics directly to tumor cells, minimizing damage to healthy 

tissues. 

   - Examples: Doxil (liposomal doxorubicin), Abraxane (albumin-bound paclitaxel). 

4.2 Infectious Diseases 

   - Nanoparticles improve delivery of antibiotics, antifungals, and antivirals. 

   - Effective in overcoming resistance and reaching intracellular pathogens. 

4.3 Neurological Disorders 

   - Nanoparticles cross the blood-brain barrier for delivery of neurotherapeutics. 

4.4 Cardiovascular Diseases 

   - Used in imaging, clot-targeting, and delivery of anti-inflammatory drugs. 

4.5 Gene Therapy and Vaccines 

   - Lipid nanoparticles (e.g., in mRNA COVID-19 vaccines) have revolutionized vaccine delivery. 

5. Challenges and Limitations 

5.1 Toxicity and Biocompatibility 

   - Potential for accumulation, immunogenicity, and cytotoxicity. 

   - Requires extensive preclinical safety evaluation. 

5.2 Manufacturing and Scalability 

   - Consistent, reproducible large-scale production remains challenging. 

5.3 Regulatory and Approval Barriers 

   - Nanomedicines require specialized guidelines for clinical approval. 

5.4 Stability and Storage 

   - Nanoparticles may degrade or aggregate over time, affecting efficacy. 

6. Recent Advances 

6.1 Smart Nanocarriers 
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   - Responsive to external stimuli like light, heat, or magnetic fields. 

6.2 Personalized Nanomedicine 

   - Tailoring nanoparticle therapies based on individual genetic and molecular profiles. 

6.3 Combination Therapies 

   - Co-delivery of drugs, genes, or imaging agents in a single nanoparticle system. 

6.4 Artificial Intelligence and Nanotechnology 

   - AI is being used to optimize nanoparticle design, predict drug loading, and evaluate 

biodistribution. 

7. Future Prospects 

The future of nanoparticle-based drug delivery lies in multifunctional, biocompatible, and targeted 

systems that are capable of precision medicine. Integration with diagnostics (theranostics), real-time 

monitoring, and AI-driven design will enhance the effectiveness and safety of treatments. Overcoming 

challenges in regulatory approval and clinical translation is vital to realize their full potential. 

8. Case Studies of Nanoparticle Drug Delivery Systems 

The translation of nanoparticle drug delivery systems from bench to bedside has been 

demonstrated in several landmark case studies. These examples reflect how design 

considerations, disease specificity, and regulatory pathways interplay to influence success. 

 

8.1 Doxil (Pegylated Liposomal Doxorubicin) 

Doxil is the first FDA-approved nanodrug for cancer treatment. It uses PEGylated liposomes 

to enhance the circulation time of doxorubicin, minimizing cardiotoxicity associated with the 

free drug. Its success is largely attributed to passive targeting via the enhanced permeability 

and retention (EPR) effect. 

 

8.2 Onpattro (Patisiran) 

This lipid nanoparticle-based RNA interference (RNAi) therapeutic treats hereditary 

transthyretin-mediated amyloidosis. It represents a breakthrough in delivering nucleic acid-

based drugs systemically and has paved the way for RNA therapeutics. 

 

8.3 BIND-014 

Although it failed in phase II trials, BIND-014 demonstrated the concept of active targeting 

through prostate-specific membrane antigen (PSMA) ligands on docetaxel-loaded polymeric 

nanoparticles. Lessons from BIND-014 have refined design strategies for next-generation 

nanotherapeutics. 

 

These case studies reveal that a balance of efficacy, safety, scalability, and regulatory 

preparedness is crucial for clinical success. 

9. Nanotoxicology and Safety Assessment 

Despite their promise, nanoparticles can interact unpredictably with biological systems. Evaluating 

their toxicity is essential for clinical translation. 

 

9.1 Key Concerns in Nanotoxicology 

- Oxidative stress and inflammation: Metallic nanoparticles such as silver and zinc oxide can generate 

reactive oxygen species. 
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- Bioaccumulation: Non-degradable particles may persist in organs such as the liver, spleen, or lungs. 

- Immune responses: PEGylation reduces immunogenicity, but repeated administration may still 

trigger responses. 

 

9.2 Preclinical Safety Protocols 

- In vitro assays (MTT, LDH, comet assay) for cytotoxicity and genotoxicity. 

- In vivo testing for biodistribution, pharmacokinetics, and organ toxicity. 

- Omics-based approaches (transcriptomics, proteomics) to understand systemic effects. 

 

9.3 Risk-Benefit Analysis 

Toxicity must always be weighed against therapeutic benefit. A risk-benefit profile must be 

established early in development and updated through clinical phases. 

10. Regulatory Landscape and Commercialization 

Regulatory agencies play a pivotal role in defining the safety and efficacy requirements of 

nanomedicines. 

 

10.1 Regulatory Guidelines 

- The FDA and EMA have developed draft guidelines for nanomedicine submissions, focusing on 

characterization, quality control, and safety evaluation. 

- ICH M4Q and M4S guidelines now include considerations for nanoformulations. 

 

10.2 Intellectual Property 

Patents for nanoparticle formulations must include claims on material composition, surface 

modifications, manufacturing processes, and therapeutic uses. 

 

10.3 Commercial Hurdles 

- Scale-up challenges: Laboratory formulations may not scale uniformly. 

- Cost of production: High purity and functionalization increase costs. 

- Market acceptance: Demonstrating superiority over conventional drugs is critical. 

Table 1: Types of Nanoparticles Used in Drug Delivery 

Type Material Application Advantages 

Liposomes Phospholipids Cancer, Vaccines Biocompatible, 

Encapsulate hydrophilic & 

hydrophobic drugs 

SLNs Solid lipids Controlled release Stability, High drug 

loading 

Polymeric PLGA, PLA Chronic diseases Biodegradable, Sustained 

release 

Metallic Gold, Silver Imaging, Cancer 

therapy 

Theranostics, Easy 

functionalization 

Dendrimers Polyamidoamine Gene delivery Targeting, High 

functionality 

Carbon-based CNTs, Graphene Gene therapy High surface area, 

Penetration ability 
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Table 2: Mechanisms of Drug Targeting Using Nanoparticles 

Mechanism Target Example Advantage 

Passive Targeting Tumor Doxil EPR effect, No 

ligands required 

Active Targeting Cancer cells Folate-conjugated 

NPs 

High specificity 

Stimuli-responsive pH, Enzymes pH-sensitive 

liposomes 

On-demand release 

Controlled Release General PLGA NPs Long-term therapy 

 

Table 3: Examples of FDA-Approved Nanoparticle-Based Drugs 

Drug Nanocarrier Disease Benefit 

Doxil Liposome Breast cancer Reduced 

cardiotoxicity 

Abraxane Albumin NP Pancreatic cancer Improved solubility 

Onivyde Liposomal irinotecan Pancreatic cancer Extended circulation 

Vyxeos Liposomal cytarabine 

+ daunorubicin 

Leukemia Improved survival 

 

Table 4: Development Pipeline Considerations for Nanoparticle Drug Delivery 

Stage Key Considerations Challenges 

Preclinical Toxicity, biodistribution, 

drug loading 

In vitro–in vivo correlation 

Clinical Trials Efficacy, side effects, dosage 

optimization 

Patient recruitment, 

biomarkers 

Manufacturing Scalability, batch consistency Cost, reproducibility 

Regulatory Approval Compliance with guidelines, 

documentation 

Lengthy review times 

Commercialization Marketability, cost-

effectiveness 

Competitor products, IP 

rights 

 

http://ijmr.net.in/
mailto:irjmss@gmail.com
http://ijmr.net.in/
mailto:irjmss@gmail.com


International Journal in Physical and Applied Sciences 
Volume 12 Issue 07, July 2025 ISSN: 2394-5710 Impact Factor: 8.202 
Journal Homepage: http://ijmr.net.in, Email: irjmss@gmail.com 
Double-Blind Peer Reviewed Refereed Open Access International Journal 

6 International Journal in Physical and Applied Sciences 
http://ijmr.net.in, Email: irjmss@gmail.com 

 

 

Conclusion 

Nanoparticles have demonstrated immense potential in improving drug delivery by offering precise, 

controlled, and targeted delivery of therapeutics. While challenges remain in their clinical translation, 

ongoing research and technological innovations continue to expand their applicability. With future 

advancements, nanotechnology will play a pivotal role in personalized and precision medicine. 
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