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Abstract—Nanotechnology offers transformative
capabilities in drug delivery systems by enabling the
precise engineering of materials at the nanoscale,
typically within the 1-100 nm range. This review
explores recent advancements in nanocarrier
technologies—including liposomes, dendrimers,
polymeric nanoparticles, and quantum dots—that
facilitate targeted, controlled, and sustained delivery of
therapeutic agents. These nanosystems improve drug
bioavailability, reduce systemic toxicity, and enable site-
specific targeting, which is particularly beneficial in
treating complex diseases such as cancer and
neurodegenerative disorders. Surface functionalization
with targeting ligands further enhances selectivity and
therapeutic efficacy. Notably, nanomaterials such as
chitosan, PLGA, and peptide-based nanotubes have
been successfully employed for the delivery of anti-
cancer drugs and RNAi therapeutics. The ability of
nanoparticle systems to traverse biological barriers,
such as the blood-brain barrier, underscores their
potential in treating brain malignancies. Additionally,
nanotechnologies  targeting molecular pathways
involving VEGF and cell adhesion molecules represent
promising strategies for disease modulation. Despite
these advances, challenges remain in terms of
nanoparticle toxicity, biocompatibility, scalability, and
regulatory approval. This review outlines key
developments and identifies future directions where
nanotechnology can address critical limitations in
current drug delivery paradigms, positioning it as a
vital tool in the evolution of precision medicine.

Index  Terms—Nanotechnology, Drug  Delivery,
Nanoscale, Liposomes, Quantum Dots, Bioavailability,
PLGA, RNAi, VEGF & etc.

[. INTRODUCTION

Nanotechnology has emerged as a transformative
approach in the field of drug delivery, offering
innovative solutions to long-standing challenges in
therapeutic design and administration.
Nanoparticles—typically less than 100 nanometers in
at least one dimension—have gained prominence due
to their ability to enhance drug solubility, improve
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pharmacokinetics, and achieve targeted delivery with
reduced systemic toxicity. These nanoscale systems
are often constructed from biodegradable materials
such as polymers, lipids, and metals, enabling them
to interact efficiently with biological systems and
cross complex physiological barriers.

One of the key advantages of nanoparticle-based drug
delivery systems lies in their versatility. Therapeutic
agents can be encapsulated within the nanoparticle
matrix or conjugated to their surfaces, allowing for
controlled and sustained drug release. Furthermore,
these nanocarriers can be engineered with targeting
ligands that enable specific interaction with cell-
surface receptors on diseased cells, enhancing
cellular uptake and minimizing off-target effects.
This precision delivery is particularly beneficial in
the treatment of complex diseases such as cancer,
where conventional therapies often exhibit limited
efficacy and high toxicity.

The development of effective nanosystems requires a
comprehensive understanding of their interactions
within the biological environment, including
recognition by immune cells, receptor-mediated
uptake, intracellular trafficking, and mechanisms of
drug release. Additionally, the success of these
systems hinges on addressing barriers such as drug
degradation, efflux by membrane transporters, and
changes in cellular signaling pathways associated
with disease progression.

Despite significant advances, several challenges
remain, including the need for improved
biocompatibility, long-term safety evaluation, and
scalable  manufacturing  processes.  Continued
research is also essential to fully elucidate the
molecular mechanisms governing nanoparticle-cell
interactions and to optimize delivery strategies for
personalized medicine.

This review aims to provide a comprehensive
overview of the role of nanotechnology in drug
delivery, focusing on the design and application of
nanoscale carriers, their biological interactions,
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therapeutic advantages, and current challenges. It
further highlights the latest research developments
and future directions toward the clinical translation of
nanomedicine-based drug delivery systems.

Design of Nanoparticle-Based Drug Delivery
Systems

The design of nanoparticle-based drug delivery
systems is a multidisciplinary endeavor, integrating
principles from chemistry, materials science,
pharmacology, and molecular biology. The aim is to
engineer nanoscale carriers capable of encapsulating
therapeutic agents, protecting them from degradation,
navigating the biological environment, and delivering
them selectively to target sites. To achieve safe and
effective delivery, several critical design parameters
must be considered.

1. Material Selection

The material used to construct nanoparticles
significantly influences their drug-carrying capacity,
degradation rate, and compatibility with biological
systems. Common classes of materials include:
Polymers  (e.g., PLGA, PEG, chitosan):
Biodegradable and modifiable for controlled drug
release.

Lipids (e.g., liposomes, solid lipid nanoparticles):
Suitable for encapsulating  hydrophilic  and
hydrophobic drugs.

Metals/Metal oxides (e.g., gold, iron oxide): Provide
imaging capability and targeted delivery, especially
in theranostics.

Dendrimers/Nanogels: Possess highly branched
structures allowing high drug-loading efficiency.

2. Particle Size and Surface Characteristics
Nanoparticle size and surface properties directly
affect their distribution, circulation time, and cellular
uptake:

Size (10—100 nm) facilitates passive targeting via the
enhanced permeability and retention (EPR) effect and
helps in avoiding rapid renal clearance.

Surface charge influences biodistribution—slightly
negative or neutral particles tend to evade immune
recognition.

Surface functionalization with polyethylene glycol
(PEG) enhances circulation time, while ligand
conjugation (e.g., antibodies, aptamers) allows for
active targeting of specific cellular receptors.

3. Drug Loading and Release Mechanisms
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Drugs may be physically entrapped, adsorbed onto,
or covalently bound to nanoparticles. The design
must enable:

Sustained release for prolonged therapeutic effect and
reduced dosing frequency.

Stimuli-responsive release (e.g., triggered by pH,
temperature, or enzymatic activity) for site-specific
drug delivery within diseased tissues.

4. Targeting Strategies

Two primary strategies are employed to guide
nanoparticles to their intended site of action:

Passive targeting utilizes the EPR effect in tumors or
inflamed tissues where vasculature is more
permeable.

Active targeting involves conjugation of ligands to
nanoparticles, enabling selective binding to
overexpressed receptors on target cells (e.g., folate,
transferrin, HER2).

5. Stability and Biocompatibility

Ensuring that nanoparticles remain stable in
biological fluids and do not elicit toxic or
immunogenic responses is crucial. Strategies include:
PEGylation to reduce protein adsorption ("stealth
effect").

Use of stabilizers and crosslinkers to enhance
structural integrity.

Design for enzymatic resistance in physiological
environments.

6. Scalability and Regulatory Considerations
Translating nanoparticle systems from lab to clinic
requires scalable manufacturing, adherence to Good
Manufacturing Practices (GMP), and compliance
with regulatory standards. Batch consistency,
sterilization methods, and long-term storage stability
are essential considerations during development.
Nanoparticle-based systems have demonstrated
success in improving the delivery of poorly soluble
drugs, enhancing bioavailability, and enabling precise
targeting to disease sites (Figure 1). For instance,
drugs such as paclitaxel, doxorubicin, 5-fluorouracil,
and dexamethasone have been successfully
incorporated into nanoparticle formulations

A notable example is the encapsulation of
dexamethasone—a glucocorticoid—using PLGA or
PLA-based nanoparticles. This design enhances
intracellular delivery, where dexamethasone binds to
cytoplasmic  receptors and modulates gene
expression, leading to anti-proliferative effects.
Sustained release from such formulations has been
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shown to inhibit vascular smooth muscle cell

proliferation.

FIGURE 1. TARGETED VS. UNTARGETED DRUG DELIVERY USING NANOPARTICLES
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Targeting Cancer Cells with Nanoparticles

Cancer remains one of the most challenging diseases
to treat, largely due to issues such as poor drug
bioavailability, non-specific distribution, and the
development of drug resistance. Nanoparticle-based
drug delivery systems offer a promising strategy for
overcoming these limitations by enabling site-
specific targeting, controlled drug release, and
improved intracellular delivery. Their ability to
selectively target cancer cells while sparing healthy
tissues marks a major advancement in oncology.

1. Mechanisms of Targeting

1.1 Passive Targeting

Passive  targeting leverages the  Enhanced
Permeability and Retention (EPR) effect, a
phenomenon in which nanoparticles accumulate
preferentially in tumor tissues due to the leaky
vasculature and impaired lymphatic drainage
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commonly found in tumors. Nanoparticles sized
between 10-100 nm can extravasate into tumor
interstitial space, enhancing local drug concentration
without the need for active binding mechanisms.

1.2 Active Targeting

In active targeting, nanoparticles are engineered with
ligands  that recognize  specific  receptors
overexpressed on cancer cells. These ligands include:
Monoclonal antibodies (e.g., trastuzumab for HER2-
positive tumors)

Peptides (e.g., RGD for integrins)

Aptamers

Small molecules (e.g., folic acid for folate receptor-
targeted delivery)

These functionalized nanoparticles undergo receptor-
mediated endocytosis, ensuring drug release
specifically within cancerous tissues. Active targeting
is especially valuable in treating metastatic and
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heterogeneous tumors with variable receptor
expression.

2. Examples of Targeted Nanoparticle Systems
Several nanoparticle systems have demonstrated
promising results in preclinical and clinical studies:
HER2-targeted liposomes loaded with doxorubicin
have shown increased cytotoxicity in HER2-positive
breast cancer cells while reducing off-target toxicity.
Folate-conjugated nanoparticles effectively target
ovarian and breast cancers due to high expression of
folate receptor-a.

Transferrin-modified nanoparticles facilitate drug
delivery to rapidly dividing cancer cells by targeting
transferrin receptors.

EGFR-targeted gold nanoparticles serve dual
purposes as delivery agents and in photothermal
therapy, representing a key step toward
multifunctional theranostics.

3. Overcoming Multidrug Resistance (MDR)
Multidrug resistance remains a major barrier in
chemotherapy, often caused by overexpression of
efflux transporters such as P-glycoprotein (P-gp).
Nanoparticles can overcome MDR through:

Direct intracellular delivery, bypassing P-gp

recognition.
Co-delivery of P-gp inhibitors with
chemotherapeutics.

Use of stimuli-responsive materials that release the
drug in response to tumor-specific conditions (e.g.,
acidic pH, high glutathione levels).

Paclitaxel-loaded nanoparticles, for example, have

demonstrated the ability to reverse resistance in HCT-

15 colon cancer cells, enabling drug retention and

enhanced cytotoxicity.

4. Targeting Brain Tumors

Brain cancers are especially difficult to diagnose and

treat due to the presence of the blood-brain barrier

(BBB), which restricts the entry of most therapeutic

agents. Nanoparticles offer new hope by enabling

drugs to cross the BBB via specialized targeting
mechanisms.

. Apolipoprotein E (ApoE)-conjugated human
serum albumin nanoparticles have been used to
deliver drugs like loperamide, which typically
cannot cross the BBB. When injected
intravenously, this nanoparticle system enabled
loperamide to induce antinociceptive effects in
mice, indicating successful brain delivery.
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PEBBLE  (Probes  Encapsulated by
Biologically Localized Embedding)
nanoparticles are multifunctional polymer
spheres developed by Kopelman and colleagues.
These nanoparticles can simultaneously house:

o Targeting ligands for tumor-
specific recognition

o Imaging agents for MRI-based
diagnostics

o Cytotoxic drugs for localized
therapy

This design exemplifies the growing field of
theranostics, where diagnosis and treatment are
combined in a single nanosystem.

Polysorbate ~ 80-coated  nanoparticles carrying
doxorubicin have been shown to cross the intact BBB
and achieve therapeutic drug concentrations in the
brain, demonstrating efficacy in preclinical models of
brain tumors.

Superparamagnetic ~ iron  oxide  nanoparticles
conjugated with targeting ligands can be used for
early and accurate localization of brain tumors via
magnetic resonance imaging (MRI), greatly
enhancing early detection and monitoring of
therapeutic response.

Furthermore, folic acid-PEG-modified nanoparticles
have demonstrated increased uptake in brain tumor
cells, combining receptor-mediated targeting with
stealth properties to evade immune detection and
prolong systemic circulation.

5. Clinical Translation and Future Perspectives
FDA-approved nanomedicines such as Doxil
(liposomal doxorubicin) and Abraxane (albumin-
bound paclitaxel) have already validated the clinical
potential of nanoparticle-based targeting. However,
several challenges remain in the widespread clinical
adoption of targeted nanoparticles:

. Heterogeneity of tumor markers across
patient populations

. Immune clearance and opsonization

. Complex manufacturing and scale-up
processes

. Long-term biocompatibility and toxicity
concerns

Emerging technologies combining targeted delivery,
imaging, and smart release mechanisms continue to
push the frontier of cancer nanomedicine. Future
success will depend on improved design strategies,
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robust preclinical validation, and personalized
approaches tailored to the molecular profile of
individual tumors.

II. CONCLUSION

Nanotechnology has profoundly reshaped the
landscape of drug delivery by offering innovative
solutions to many of the challenges faced in
conventional therapeutics, particularly in the
treatment of complex diseases such as cancer and
neurological disorders. Nanoparticle-based delivery
systems, including liposomes, polymeric
nanoparticles, dendrimers, and metallic
nanostructures, have demonstrated enhanced drug
bioavailability, reduced systemic toxicity, and precise
site-specific targeting. These capabilities stem from
their tunable physicochemical properties, the ability
to encapsulate diverse therapeutic agents, and
potential for functionalization with targeting ligands.
Significant progress has been made in the rational
design of nanoparticle systems—from material
selection and surface engineering to controlled drug
release and active targeting mechanisms. The ability
to exploit biological phenomena such as the
Enhanced Permeability and Retention (EPR) effect,
and to cross physiological barriers like the blood-
brain barrier (BBB), has expanded the therapeutic
potential of nanomedicine. Clinical success stories,
including Doxil and Abraxane, underscore the
translational promise of nanoparticle-based drug
delivery systems.

Moreover, targeted nanocarriers have opened new
avenues in oncology, enabling personalized therapy
and overcoming multidrug resistance mechanisms
through intracellular drug delivery and stimuli-
responsive release. Advanced applications such as
theranostic platforms, which integrate diagnosis and
therapy within a single nanoparticle, are paving the
way toward precision medicine.

Despite these advancements, challenges such as
immune system interactions, long-term
biocompatibility, scalability of production, and
regulatory approval continue to impede widespread
clinical translation. Addressing these concerns
through interdisciplinary research, robust preclinical
evaluation, and strategic design optimization will be
essential for the next generation of nanomedicine.
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In summary, nanotechnology holds immense promise
for revolutionizing drug delivery systems. As
research continues to evolve, nanocarrier-based
therapies are expected to become increasingly central
to the development of safer, more effective, and more
personalized treatment modalities in modern
medicine.
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