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Abstract

Nanotechnology has fundamentally transformed the landscape of
pharmaceutical sciences, offering unprecedented control over how therapeutic agents
reach their intended targets within the human body. Conventional drug delivery
methods frequently suffer from poor bioavailability, rapid systemic clearance, and non-
specific distribution, leading to suboptimal therapeutic outcomes and dose-limiting
toxicities. This article examines the evolution, mechanisms, and clinical impact of
nanotechnology-based drug delivery systems (NDDS). By exploring major nanocarrier
classes—including lipid-based nanoparticles, polymeric systems, dendrimers, and
inorganic nanomaterials—this review illustrates how engineered nanoscale platforms
enable passive and active targeting, stimuli-responsive release, and combination
therapies. The discussion further addresses current translational challenges, including
regulatory hurdles, manufacturing scalability, and long-term safety profiles. As
nanomedicine continues to mature, its integration with artificial intelligence and
personalized medicine approaches promises to redefine therapeutic paradigms across
oncology, neurology, infectious diseases, and beyond.
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Introduction

The efficacy of any pharmaceutical intervention depends not solely on the intrinsic
pharmacological activity of the active compound, but equally on its journey through
the biological environment to reach the site of action. Traditional dosage forms—
tablets, capsules, and intravenous injections—have served medicine for decades, yet
they remain constrained by fundamental physicochemical limitations. Many promising
drug candidates fail during development due to poor aqueous solubility, rapid
metabolic degradation, or inability to cross biological barriers such as the blood-brain
barrier (BBB). Perhaps most critically, conventional systemic administration often
results in broad tissue distribution, damaging healthy organs while delivering
insufficient concentrations to diseased tissues .

Nanotechnology has emerged as a revolutionary paradigm to address these limitations.
Defined by the manipulation of matter at dimensions typically between 1 and 100
nanometers, nanotechnology exploits the unique physicochemical properties that
emerge at this scale—including extraordinarily high surface area-to-volume ratios,
tunable surface chemistry, and size-dependent interactions with biological systems .
Nanoparticle-based drug delivery systems (NDDS) encapsulate, conjugate, or adsorb
therapeutic agents onto nanoscale carriers, thereby protecting fragile biomolecules,
enhancing solubility, and enabling sophisticated targeting strategies that were
previously unattainable.

The clinical relevance of nanomedicine was dramatically demonstrated during the
global COVID-19 pandemic, when lipid nanoparticle (LNP) formulations successfully
delivered mRNA vaccines to billions of people worldwide, validating both the safety
and scalability of nanocarrier technology . Beyond vaccines, nanotechnology now
underpins approved therapies in oncology, infectious disease, and genetic medicine,
while an extensive pipeline of experimental systems targets neurological disorders,
cardiovascular disease, and inflammatory conditions. This article provides a
comprehensive overview of nanotechnology in drug delivery, examining the diverse
classes of nanocarriers, their mechanisms of action, therapeutic applications, and the
challenges that must be overcome to fully realize their clinical potential.

Types of Nanocarriers in Drug Delivery

Lipid-Based Nanoparticles
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Lipid-based nanocarriers represent one of the most clinically advanced and widely
studied categories of drug delivery vehicles. Liposomes, first described in the 1960s,
are spherical vesicles composed of phospholipid bilayers that can encapsulate both
hydrophilic drugs within their aqueous core and hydrophobic drugs within the lipid
membrane . This dual-loading capability, combined with inherent biocompatibility and
biodegradability, has made liposomes a cornerstone of nanomedicine. The clinical
success of liposomal doxorubicin (Doxil) and liposomal daunorubicin marked early
milestones, demonstrating reduced cardiotoxicity compared to free drug formulations.

More recently, solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) have gained prominence as alternatives to traditional liposomes. These systems
utilize solid or blended lipid matrices that provide enhanced physical stability,
controlled release characteristics, and improved drug loading for hydrophobic
compounds . The triumph of lipid nanoparticles in mRNA vaccine delivery—
exemplified by the Pfizer-BioNTech and Moderna COVID-19 vaccines—has catalyzed
renewed interest in LNP technology for genetic therapeutics, including gene editing
and protein replacement therapies.

Cu NPs Fe NPs

Polymeric Nanoparticles

Polymeric nanoparticles offer exceptional versatility through the broad range of
biodegradable and biocompatible polymers available for formulation. Polymers such
as poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and chitosan can be
engineered into nanoparticles, micelles, or nanogels with precisely controlled
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degradation rates and release kinetics . PLGA nanoparticles, in particular, have
demonstrated sustained drug release over weeks to months through matrix erosion
mechanisms, making them ideal candidates for chronic disease management and long-
acting injectable formulations.

Polymeric systems also facilitate sophisticated surface modifications. Polyethylene
glycol (PEG) coating—often termed “PEGylation”—creates a hydration shell that
reduces opsonization and reticuloendothelial system (RES) clearance, thereby
prolonging circulation half-life and enhancing accumulation at target sites
Furthermore, functional polymers enable stimuli-responsive behaviors; pH-sensitive
polymeric nanoparticles, for instance, remain stable in the physiological bloodstream
but disassemble in the acidic microenvironment of tumors or endosomal
compartments, triggering localized drug release .

Dendrimers

Dendrimers constitute a unique class of nanocarriers characterized by highly branched,
tree-like architectures emanating from a central core. Their precisely defined nanoscale
dimensions, monodispersity, and multivalent surface functionality distinguish them
from other polymeric systems . The terminal groups on dendrimer surfaces can be
modified with targeting ligands, imaging agents, or therapeutic moieties, while internal
cavities accommodate drug molecules through encapsulation or electrostatic
interactions.

Polyamidoamine (PAMAM) dendrimers have been extensively investigated for cancer
therapy and imaging applications. Their multivalency enables the attachment of
multiple targeting molecules, potentially enhancing binding affinity to receptor-
overexpressing cancer cells. However, concerns regarding cytotoxicity associated with
cationic surface charges have prompted the development of neutral or anionic
dendrimer variants, as well as biodegradable dendritic scaffolds designed to minimize
long-term accumulation.

Inorganic and Hybrid Nanomaterials

Inorganic nanoparticles—including gold nanoparticles, iron oxide nanoparticles,
mesoporous silica nanoparticles (MSNs), and carbon-based nanomaterials—offer
distinct advantages in stability, magnetic responsiveness, and multifunctional
integration . Gold nanoparticles exhibit tunable optical properties suitable for
photothermal therapy and imaging, while iron oxide nanoparticles serve dual roles as
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magnetic resonance imaging (MRI) contrast agents and magnetically guided drug
carriers. MSNs provide exceptionally high surface area and tunable pore structures,
enabling high drug-loading capacities and controlled release through stimuli-
responsive gatekeeping mechanisms .

Hybrid nanosystems that combine organic and inorganic components represent an
emerging frontier. Lipid-polymer hybrid nanoparticles, for instance, merge the
biocompatibility of lipids with the structural robustness of polymers, while gold-PLGA
composites integrate imaging and therapeutic functionalities within a single platform.
These multifunctional constructs—often termed “theranostic” agents—simultaneously
enable disease diagnosis, real-time treatment monitoring, and therapy, embodying the
convergence of personalized medicine and nanotechnology.

Genome editing
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Mechanisms of Targeted Drug Delivery
Passive Targeting: The EPR Effect

The enhanced permeability and retention (EPR) effect constitutes the foundational
principle underlying passive targeting of nanoparticles to tumor tissues. Rapidly
growing tumors develop leaky vasculature with enlarged endothelial fenestrations
(typically 400-600 nm), coupled with impaired lymphatic drainage . Nanoparticles
within the optimal size range (10-200 nm) extravasate through these porous vessels
and become trapped within the tumor interstitium, achieving local drug concentrations
significantly higher than those attainable in healthy tissues. While the EPR effect varies
considerably across tumor types and individual patients, it remains a dominant
mechanism for nanoparticle accumulation in oncology applications.
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Active Targeting Strategies

Active targeting transcends the limitations of passive accumulation by engineering
nanoparticle surfaces with molecular ligands that recognize and bind specific receptors
overexpressed on diseased cells. Antibodies, antibody fragments, peptides, aptamers,
and small molecules such as folic acid have been successfully conjugated to
nanoparticle surfaces to mediate receptor-mediated endocytosis . Folic acid-conjugated
nanoparticles, for example, selectively target folate receptors that are frequently
overexpressed in ovarian, breast, and lung cancers. Similarly, transferrin-modified
nanoparticles exploit the high demand for iron in proliferating cancer cells, while
epidermal growth factor receptor (EGFR)-targeted systems address a major oncogenic
pathway across multiple malignancies.

The internalization mechanisms following ligand-receptor binding include clathrin-
mediated endocytosis, caveolae-mediated uptake, and macropinocytosis. Once
internalized, nanoparticles must navigate endosomal trafficking; intelligent design
features such as “proton sponge” effects or fusogenic peptides can promote endosomal
escape, ensuring therapeutic payloads reach the cytoplasm or nuclear compartments
rather than undergoing lysosomal degradation.

Stimuli-Responsive “Smart” Delivery

Stimuli-responsive or “smart” nanocarriers represent the cutting edge of controlled
release technology, enabling drug liberation in response to specific physiological or
external triggers . Internal stimuli include pH gradients (exploiting the acidic tumor
microenvironment or endosomal pH), elevated redox potential (high intracellular
glutathione concentrations), and disease-specific enzyme expression. External triggers
encompass temperature (hyperthermia), magnetic fields, ultrasound, and light
(including near-infrared radiation for deep tissue penetration).

pH-sensitive polymeric nanoparticles carrying chemotherapeutics exemplify this
approach: the carrier remains intact in the neutral pH of blood circulation but
disintegrates upon reaching the acidic tumor environment (pH 6.5-6.9) or following
endosomal uptake (pH 5.0-5.5), releasing their cytotoxic payload precisely where
needed . Such spatial and temporal control minimizes systemic exposure, reduces side
effects, and enhances therapeutic indices.

Therapeutic Applications and Clinical Translation
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Oncology

Cancer therapy remains the dominant application area for nanotechnology-based drug
delivery. The clinical success of nab-paclitaxel (Abraxane)—albumin-bound paclitaxel
nanoparticles—demonstrated improved tumor penetration and patient survival
compared to solvent-based formulations. Liposomal formulations of doxorubicin,
vincristine, and irinotecan have achieved regulatory approval, while numerous
polymeric and inorganic nanoparticle systems are in advanced clinical trials .

Nanoparticles also address the critical challenge of multidrug resistance (MDR), a
major cause of chemotherapy failure. By co-encapsulating cytotoxic agents with efflux
pump inhibitors or siRNA targeting resistance genes, nanoparticles can enhance
intracellular drug retention and restore sensitivity to conventional chemotherapeutics .
Furthermore, nanocarrier-mediated immunotherapy—delivering checkpoint inhibitors,
cytokines, or tumor antigens—represents a rapidly expanding frontier in cancer
nanomedicine.

Neurological Disorders

The blood-brain barrier (BBB) poses one of the most formidable obstacles in
pharmaceutical development, excluding approximately 98% of small molecules and
nearly all biologics from the central nervous system (CNS). Nanoparticles offer unique
strategies to circumvent this barrier through receptor-mediated transcytosis,
adsorptive-mediated transport, or temporary disruption using focused ultrasound
combined with microbubble contrast agents . Polymeric nanoparticles, liposomes, and
exosomes have demonstrated preclinical success in delivering drugs for Alzheimer’s
disease, Parkinson’s disease, and brain tumors. The ability to transport nucleic acids
across the BBB opens particularly exciting prospects for treating genetic neurological
conditions.

Infectious Diseases and Vaccines

Beyond the landmark mRNA vaccine applications, nanoparticles are advancing
antiviral and antimicrobial therapies. Nanocarriers can improve the pharmacokinetics
of antiretroviral drugs, target antibiotics to intracellular bacterial reservoirs, and deliver
antimalarial agents to parasitized erythrocytes. The versatility of LNP technology has
accelerated the development of vaccines against influenza, Zika virus, and respiratory
syncytial virus, while self-amplifying RNA and circular RNA formats promise
enhanced potency and duration of protection.
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Gene and Cell Therapy

Nanoparticles serve as critical non-viral vectors for gene therapy, offering safer
alternatives to viral vectors that carry risks of immunogenicity and insertional
mutagenesis. LNPs have successfully delivered siRNA (patisiran, givosiran) and
MRNA therapeutics, while ongoing research explores CRISPR-Cas9 delivery for in
vivo gene editing . In cell therapy applications, nanoparticles are being developed to
modulate immune cell function ex vivo or to reprogram cells in situ, potentially
revolutionizing treatments for autoimmune diseases and cancer.

Challenges and Future Perspectives

Despite remarkable progress, several formidable challenges impede the widespread
clinical translation of nanotechnology-based drug delivery. Manufacturing scalability
and reproducibility remain critical concerns; the transition from laboratory synthesis to
Good Manufacturing Practice (GMP)-compliant production requires rigorous control
over particle size distribution, surface chemistry, and batch-to-batch consistency .
Long-term safety profiles, particularly regarding the biodistribution, biodegradation,
and potential immunogenicity of inorganic nanoparticles, necessitate comprehensive
toxicological evaluation . The reticuloendothelial system avidly sequesters many
nanoparticle types in the liver and spleen, raising questions about chronic organ effects
and optimal dosing regimens.

Regulatory frameworks for nanomedicine remain under development, with agencies
such as the FDA and EM A working to establish standardized characterization protocols
and evaluation criteria. The complexity of multifunctional nanosystems—combining
therapeutic, targeting, and imaging modalities—challenges traditional regulatory
paradigms designed for single-mechanism small molecules.

Looking forward, the integration of artificial intelligence and machine learning into
nanocarrier design promises to accelerate optimization and predict therapeutic
outcomes . Patient-specific nanomedicine, informed by genomic and proteomic
profiling, may enable truly personalized therapies tailored to individual disease
characteristics and drug metabolism profiles. Advances in microfluidic manufacturing
and continuous flow synthesis offer pathways to scalable, cost-effective production.
Ultimately, the convergence of nanotechnology with precision medicine,
immunotherapy, and digital health technologies positions nanotechnology-based drug
delivery as a cornerstone of 21st-century therapeutic innovation.

Gl N - A



s N RS DTS

ISSN: 3060-4737 Volume 3, Issue 4 IF(Impact Factor) 10.98 / 2025

Conclusion

Nanotechnology has irrevocably altered the trajectory of drug delivery, transforming
theoretical concepts into clinical realities that improve patient outcomes across diverse
disease areas. From the foundational EPR effect to sophisticated active targeting and
stimuli-responsive  release  mechanisms, engineered nanocarriers provide
unprecedented control over the spatial and temporal distribution of therapeutic agents.
The clinical validation of liposomal drugs, protein-bound nanoparticles, and mRNA-
LNP vaccines demonstrates the tangible impact of nanomedicine on global health.

As the field advances, addressing challenges related to manufacturing, safety, and
regulatory harmonization will be essential to fully unlock the potential of
nanotechnology in drug delivery. The emergence of Al-assisted design, personalized
nanomedicine, and hybrid theranostic platforms heralds a new era in which treatments
are not merely administered but precisely engineered for each patient and each disease
context. Nanotechnology in drug delivery stands not as a distant promise, but as an
evolving reality—one that continues to redefine the boundaries of what is
therapeutically possible.
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