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ABSTRACT

Targeted drug delivery has revolutionized modern therapeutics by the
enabling site-specific drug action while minimizing systemic toxicity.
Nanoparticles have emerged as the promising carriers due to their unique
physicochemical properties, including small size, high surface area, tunable
surface characteristics, and ability to encapsulate diverse therapeutic agents.
Various nanoparticle systems such as polymeric nanoparticles, lipid
nanoparticles, dendrimers, metallic nanoparticles, and mesoporous silica
nanoparticles have the demonstrated significant potential in improving drug
bioavailability, pharmacokinetics, and therapeutic outcomes. Recent
advancements in nanotechnology have facilitated the development of smart
and stimuli-responsive nanoparticles capable of targeted drug release in
response to the specific physiological conditions. This review discusses the
classification, mechanisms, recent advances, therapeutic applications,
challenges, and future perspectives of nanoparticle-based targeted drug
delivery systems.

KEYWORDS: Nanoparticles, Targeted Drug Delivery (TDD),
Nanomedicine, Polymeric Nanoparticles, Lipid Nanoparticles, Smart Drug
Delivery Systems.

1. INTRODUCTION

Conventional drug delivery systems often suffer from the

This review highlights are the recent developments in
nanoparticle-mediated targeted drug delivery and

limitations such as poor bioavailability, rapid drug
degradation, non-specific distribution, and undesirable
side effects. These limitations reduce therapeutic efficacy
and may lead to patient non-compliance. Targeted drug
delivery systems have been developed to overcome these
drawbacks by delivering drugs directly to the desired site
of action.

Nanotechnology has emerged as the transformative
approach in pharmaceutical sciences. Nanoparticles
ranging from 1 to 1000 nm possess unique properties that
allow enhanced drug loading, prolonged circulation time,
controlled drug release, and improved targeting
efficiency. The application of nanoparticles in the drug
delivery system has gained significant attention in the
treatment of cancer, infectious diseases, neurological
disorders, and cardiovascular diseases.

discusses the future directions for a clinical translation.

2. Nanoparticles: Definition and Characteristics
Nanoparticles are colloidal particles with dimensions
typically ranging from 1 to 1000 nm. They can be
engineered from polymers, lipids, metals, or inorganic
materials to serve as a carriers for therapeutic agents.

Characteristics

Small particle size

Large surface-area-to-volume ratio

High drug loading capacity

Enhanced permeability and retention effect
Controlled and sustained drug release
Surface modification capability

Improved stability of encapsulated drugs
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These properties contribute significantly to enhanced the
therapeutic performance compared with the conventional
dosage forms.

3. Classification of Nanoparticles

3.1 Polymeric Nanoparticles

Polymeric  nanoparticles  are  prepared
biodegradable polymers such as PLGA,
alginate, and gelatin.

using
chitosan,

Advantages

e Biocompatibility
Controlled drug release
Improved stability
Target-specific delivery

3.2 Lipid-Based Nanoparticles

Lipid nanoparticles include solid lipid nanoparticles
(SLNs), nanostructured lipid carriers (NLCs), and
liposomes.

Advantages

o Low toxicity

e Enhanced bioavailability
e Improved drug solubility
e Biodegradability

3.3 Metallic Nanoparticles

Gold, silver, and magnetic nanoparticles are widely
investigated for the targeted therapy and diagnostic
applications.

3.4 Dendrimers

Dendrimers are highly branched macromolecules with
controlled architecture and multiple functional groups
suitable for drug conjugation.

3.5 Mesoporous Silica Nanoparticles

These nanoparticles possess high pore volume and
surface area, enabling efficient drug loading and
controlled release.

4. Mechanisms of Targeted Drug Delivery

Passive Targeting

Passive targeting utilizes the Enhanced Permeability and
Retention (EPR) effect, particularly in the tumor tissues
where leaky vasculature facilitates nanoparticle
accumulation.

Active Targeting

Active targeting involves the surface modification of
nanoparticles with ligands, antibodies, peptides, or
aptamers that specifically bind to receptors over
expressed on targeted cells.

Stimuli-Responsive Targeting

Stimuli-responsive release
response to:

e pH changes

e  Temperature variations

nanoparticles drugs in

Enzymatic activity
Magnetic fields
Light irradiation

5. Recent Advances in Nanoparticle-Based Drug
Delivery

Smart Nanoparticles

Smart  nanoparticles are capable for sensing
environmental changes and releasing drugs at the desired
site.

Nanotheranostics

Nanotheranostic systems combine diagnosis and therapy
within a single nanoparticle platform, facilitating
personalized medicine.

Artificial Intelligence in Nanomedicine

Machine learning algorithms assist in the formulation
optimization, prediction of nanoparticle behavior, and
identification of suitable targeting ligands.

6. Therapeutic Applications

Cancer Therapy

Nanoparticles improve tumor targeting and reduce
systemic toxicity associated with the conventional
chemotherapy.

Neurological Disorders

Nanocarriers facilitate transport of drugs across the
blood-brain barrier, enhancing treatment of neurological
diseases.

Infectious Diseases

Nanoparticles improve the antimicrobial efficacy and
reduce drug resistance.

Gene Delivery

Nanoparticles protect nucleic acids from degradation and
facilitate efficient gene transfer.

Vaccine Delivery

Lipid nanoparticles have gained the prominence as
carriers for mRNA vaccines.

7. Challenges and Limitations

Despite significant progress, several challenges remain:
e Potential toxicity

Long-term safety concerns
Manufacturing complexity
Scalability issues

Regulatory challenges

High production costs

Addressing these limitations is
successful clinical translation.

essential for

8. Future Perspectives

Future research should focus on:

e  Personalized nanomedicine
Biodegradable nanocarriers
Al-assisted formulation development
Precision-targeted therapeutics
Regulatory harmonization
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Integration of nanotechnology with the artificial
intelligence and precision medicine is expected to
transform the future healthcare systems.

9. CONCLUSION

Nanoparticle-based targeted drug delivery systems
represent one of the most promising advances in
pharmaceutical sciences. Their ability to enhance
therapeutic efficacy, reduce toxicity, and provide
controlled drug release has lead to the widespread
research and clinical interest. Continued innovation in
nanoparticle design, manufacturing, and regulatory
science will facilitate broader clinical adoption and
improve patient outcomes worldwide.
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