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1. ABSTRACT

Targeted drug delivery systems have emerged as a promising approach to improve therapeutic efficacy while
minimizing systemic toxicity. Nanocarriers play a crucial role in this advancement by enabling site-specific
delivery, controlled drug release, and enhanced bioavailability of pharmaceutical agents. Various nanocarrier
systems such as liposomes, polymeric nanoparticles, solid lipid nanoparticles, nanostructured lipid carriers,
dendrimers, polymeric micelles, and inorganic nanoparticles have been extensively investigated for targeted drug
delivery applications. These nanoscale systems offer advantages including improved drug stability, prolonged
circulation time, enhanced cellular uptake, and the ability to deliver both hydrophilic and lipophilic drugs. Surface
modification of nanocarriers with ligands such as antibodies, peptides, or polymers further enhances targeting
efficiency by facilitating receptor-mediated uptake at specific disease sites. Nanocarrier-based drug delivery has
shown significant potential in the treatment of cancer, infectious diseases, neurological disorders, and chronic
conditions. Despite remarkable progress, challenges such as large-scale production, long-term toxicity, regulatory
approval, and clinical translation remain to be addressed. This review highlights the classification, mechanism of
targeting, advantages, recent advancements, and future prospects of nanocarrier-based targeted drug delivery
systems. Continued research and technological advancements are expected to overcome existing limitations and
establish nanocarriers as a cornerstone of next-generation pharmaceutical therapies.

2. KEYWORDS: Nanocarriers; Targeted Drug Delivery; Liposomes; Polymeric Nanoparticles; Solid Lipid
Nanoparticles; Controlled Drug Release; Nanotechnology.

3. INTRODUCTION

The effectiveness of any therapeutic intervention largely
depends on the ability of a drug to reach its site of action
in an adequate concentration and for a sufficient
duration. Conventional drug delivery systems, including
oral tablets, capsules, injections, and topical
formulations, have been the foundation of
pharmacotherapy for decades. However, despite their
widespread use, these systems present several significant
limitations. One of the major drawbacks is the lack of
site specificity, which leads to non-selective distribution
of drugs throughout the body. As a result, only a small
fraction of the administered dose reaches the intended
target site, while the remaining portion distributes to
healthy tissues, often causing undesirable side effects.
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Poor bioavailability is another critical issue, particularly
for poorly water-soluble drugs, drugs with low
permeability, or those undergoing extensive first-pass
metabolism. Rapid drug degradation due to enzymatic or
chemical instability further reduces therapeutic
efficiency. Additionally, many conventional formulations
exhibit short biological half-lives, necessitating frequent
dosing, which may lead to fluctuating plasma drug
concentrations and reduced patient compliance. These
challenges are especially pronounced in the treatment of
chronic diseases such as cancer, cardiovascular disorders,
neurological diseases, and infectious conditions, where
long-term and precise drug administration is required.

In response to these limitations, Targeted Drug Delivery
Systems (TDDS) have been developed as an advanced
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approach to improve therapeutic outcomes. TDDS aim to
deliver drugs selectively to specific tissues, cells, or even
intracellular compartments while minimizing exposure to
non-target organs. The fundamental objective of targeted
delivery is to enhance drug concentration at the
pathological site, thereby improving efficacy and
reducing systemic toxicity. Targeting strategies can be
broadly categorized into passive and active approaches.
Passive targeting primarily relies on pathophysiological
characteristics of diseased tissues, such as the enhanced
permeability and retention (EPR) effect observed in
tumor tissues, where leaky vasculature and poor
lymphatic drainage allow preferential accumulation of
nanosized carriers. Active targeting, on the other hand,
involves functionalizing drug carriers with ligands such
as antibodies, peptides, aptamers, or small molecules that
specifically bind to receptors overexpressed on target
cells, facilitating receptor-mediated uptake.

Nanotechnology has emerged as a transformative tool in
the design and development of targeted drug delivery
systems. Nanocarriers, typically ranging from 1 to 1000
nm in size, possess unique physicochemical and
biological properties that make them highly suitable for
targeted applications. Their small size enables enhanced
tissue penetration and cellular uptake, while their large
surface area allows efficient drug loading and surface
functionalization. ~ Nanocarriers can  encapsulate
hydrophilic, hydrophobic, and macromolecular drugs,
protecting them from premature degradation and
improving their pharmacokinetic profiles. Moreover,
surface modification strategies such as PEGylation
enhance circulation time by reducing recognition and
clearance by the reticuloendothelial system.

A wide variety of nanocarrier systems, including lipid-
based, polymeric, and inorganic nanoparticles, have been
investigated for targeted drug delivery applications.
These systems provide controlled and sustained drug
release, improved bioavailability, reduced dosing
frequency, and enhanced therapeutic index. In oncology,
nanocarriers have demonstrated the potential to
overcome multidrug resistance and minimize damage to
healthy tissues. In neurological disorders, they offer
promising strategies to cross the blood-brain barrier, a
major obstacle in conventional therapy. Furthermore,
nanocarrier platforms are being explored for gene
delivery, vaccine development, theranostics, and
personalized medicine.

Despite significant progress, several challenges remain in
translating nanocarrier-based systems from laboratory
research to clinical application. Issues such as large-scale
manufacturing,  reproducibility, long-term  safety,
immunogenicity, regulatory  hurdles, and cost-
effectiveness require careful consideration. A deeper
understanding of nano-bio interactions, biodistribution,
and toxicity mechanisms is essential for the safe and
effective implementation of these systems.
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The present review aims to provide a comprehensive and
critical overview of nanocarriers in targeted drug
delivery systems, emphasizing their classification,
mechanisms of targeting, pharmacokinetic advantages,
current clinical status, and future prospects. By
highlighting recent advancements and addressing
existing challenges, this review seeks to contribute to the
ongoing development of innovative nanotechnology-
based therapeutic strategies that may redefine modern
pharmacotherapy.

4. Fundamentals of Targeted Drug Delivery

Targeted drug delivery represents a strategic
advancement in modern pharmacotherapy aimed at
improving therapeutic precision while minimizing
systemic toxicity. The fundamental objective of targeted
delivery is to achieve optimal drug concentration at the
pathological site with minimal exposure to healthy
tissues. This section discusses the core concepts,
pharmacokinetic and pharmacodynamic advantages, and
biological barriers associated with targeted drug delivery
systems.

4.1 Concept and Principles

The concept of targeted drug delivery is based on the
selective localization of therapeutic agents at specific
tissues, organs, cells, or intracellular compartments.
Unlike conventional drug delivery systems that distribute
drugs systemically, targeted systems are engineered to
enhance drug accumulation at the disease site while
reducing off-target effects.

The fundamental principles of targeted drug delivery
include

1. Selective Targeting

The drug or drug-loaded carrier should preferentially
accumulate at the intended site of action. This can be
achieved through physiological characteristics of
diseased tissues or through molecular recognition
mechanisms.

2. Controlled and Sustained Release

The system should release the drug at a predetermined
rate to maintain therapeutic concentrations for extended
periods, thereby reducing dosing frequency.

3. Minimal Toxicity

By limiting systemic exposure, targeted systems reduce
adverse effects and improve the therapeutic index of
drugs, especially those with narrow safety margins.

4. Carrier-Mediated Delivery

Drugs are often incorporated into specialized carriers
such as liposomes, polymeric nanoparticles, micelles,
dendrimers, or inorganic nanoparticles, which facilitate
targeted transport and protection from degradation.
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4.2  Pharmacokinetic  and
Advantages

Targeted drug delivery systems significantly modify both
pharmacokinetic (PK) and pharmacodynamic (PD)
profiles of therapeutic agents.

Pharmacodynamic

Pharmacokinetic Advantages

From a pharmacokinetic perspective, targeted systems:

e Enhance bioavailability, particularly for poorly
soluble drugs

e Prolong systemic circulation time

e Protect drugs from enzymatic and chemical
degradation

e Reduce rapid renal clearance

e  Provide controlled and sustained drug release

e Decrease dosing frequency

Surface modification techniques such as PEGylation
reduce recognition by the mononuclear phagocyte
system, thereby extending half-life and improving
biodistribution.

Pharmacodynamic Advantages
Pharmacodynamically, targeted delivery

e Increases drug concentration at the site of pathology
Improves therapeutic efficacy

Reduces systemic toxicity and adverse reactions
Enhances the therapeutic index

Facilitates intracellular drug delivery
receptor-mediated uptake

through

In diseases such as cancer, targeted systems can
overcome multidrug resistance mechanisms and enhance
cytotoxic efficiency while minimizing damage to healthy
tissues. By optimizing drug distribution and release
kinetics, targeted systems establish a more favorable
correlation between drug concentration and therapeutic
response.

4.3 Biological Barriers

Despite significant advancements, several biological
barriers limit the effectiveness of targeted drug delivery
systems.

1. Cellular Membrane Barrier

The phospholipid bilayer restricts entry of large,
hydrophilic, or charged molecules. Specialized carriers
facilitate cellular uptake through endocytosis or
membrane fusion.

2. Blood-Brain Barrier (BBB)
A highly selective physiological barrier that restricts
most drugs from entering the central nervous system.
Overcoming the BBB remains a major challenge in
treating neurological disorders.
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3. Reticuloendothelial System (RES) / Mononuclear
Phagocyte System (MPS)
Responsible for rapid clearance of foreign particles from

systemic  circulation, reducing the half-life of
nanocarriers.

4. Gastrointestinal Barrier

Enzymatic degradation, acidic pH, and variable

absorption reduce oral bioavailability.

5. Tumor Microenvironment

High interstitial fluid pressure, dense extracellular
matrix, and heterogeneous vascularization limit deep
penetration of drugs into tumor tissues.

6. Renal and Hepatic Clearance

Small molecules are rapidly eliminated through renal
filtration, while hepatic metabolism may degrade
therapeutic agents before reaching the target site.

To overcome these barriers, nanocarriers are engineered
with optimized size, surface charge, stealth coatings,
ligand conjugation, and stimuli-responsive properties. A
comprehensive understanding of nano-bio interactions is
essential for improving safety, efficacy, and clinical
translation.

Classification
5. Classification of Nanocarriers

Classification of Nanocarriers
Polymeric
Nanoparticles

\/\(‘ Q9

Solid Lipid Nanoparticles (SLN)
&Nanostructured Lipid Carriers(NLC)

SR

>
Fig No. 1.

Classification of Nanocarriers

Nanocarriers used in targeted drug delivery systems are
broadly classified into lipid-based, polymeric, and
inorganic nanocarriers based on their composition and
functional properties. Each class exhibits distinct
physicochemical characteristics that influence drug
loading efficiency, release kinetics, targeting capability,
and clinical applicability.
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5.1 Lipid-Based Nanocarriers

Lipid-based nanocarriers are composed of physiological
or biocompatible lipids and are widely utilized due to
their biodegradability, low toxicity, and ability to
enhance drug bioavailability.

5.1.1 Liposomes

Liposomes are spherical vesicles consisting of one or
more phospholipid bilayers enclosing an aqueous core.
Their structural similarity to biological membranes
provides excellent biocompatibility and reduced
immunogenicity. They are capable of encapsulating
hydrophilic drugs within the aqueous core and lipophilic
drugs within the lipid bilayer.

Advantages

* High biocompatibility and biodegradability

* Ability to carry both hydrophilic and lipophilic drugs

* Reduced systemic toxicity

* Surface modification possible for active targeting (e.g.,
PEGylation)

Limitations

* Physical and chemical instability
* Drug leakage during storage

* High production cost

5.1.2 Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles are submicron colloidal carriers
composed of solid lipids stabilized by surfactants. They
combine the advantages of liposomes and polymeric
nanoparticles while offering improved stability.

Advantages

* Controlled and sustained drug release
* Improved physical stability

* Reduced toxicity

* Use of physiological lipids

Limitations
* Limited drug loading capacity
* Risk of drug expulsion during storage

5.1.3 Nanostructured Lipid Carriers (NLCs)
Nanostructured lipid carriers are second-generation lipid
nanoparticles composed of a mixture of solid and liquid
lipids, creating a less-ordered lipid matrix. This structural
modification improves drug loading and reduces
expulsion during storage.

Advantages

* Higher drug loading capacity
* Improved stability

* Enhanced bioavailability

* Reduced drug expulsion

Limitations
» Complex formulation design
* Possible lipid oxidation issues
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5.2 Polymeric Nanocarriers

Polymeric nanocarriers are prepared using biodegradable
and biocompatible polymers such as PLGA, chitosan,
alginate, and polylactic acid. These systems offer
excellent structural stability and controlled drug release
properties.

5.2.1 Polymeric Nanoparticles

Polymeric nanoparticles may exist as nanospheres or
nanocapsules in which drugs are either encapsulated,
adsorbed, or conjugated to the polymer matrix.

Advantages

* Controlled and sustained drug release
* High structural stability

* Versatile surface modification

Limitations
* Potential polymer-related toxicity
» Complex manufacturing processes

5.2.2 Polymeric Micelles

Polymeric micelles are self-assembled nanostructures
formed by amphiphilic block copolymers in aqueous
environments. They possess a hydrophobic core and
hydrophilic shell, making them suitable for poorly water-
soluble drugs.

Advantages

* Excellent solubilization of hydrophobic drugs
* Prolonged systemic circulation

* Reduced systemic toxicity

Limitations
+ Stability issues upon dilution
* Moderate drug loading for certain drugs

5.2.3 Dendrimers

Dendrimers ~ are  highly  branched,  tree-like
macromolecules consisting of a central core, repeated
branching units, and multiple terminal functional groups.
Their well-defined architecture enables high drug
loading and precise surface functionalization.

Advantages

* Precise molecular architecture

* High drug loading efficiency

* Multiple functional sites for targeting ligands

Limitations
* High synthesis cost
* Potential cytotoxicity at higher generations

5.3 Inorganic Nanocarriers

Inorganic nanocarriers possess unique optical, magnetic,
and electronic properties that make them particularly
useful in theranostic applications.
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5.3.1 Gold Nanoparticles

Gold nanoparticles exhibit unique surface plasmon
resonance properties and can be easily functionalized for
targeted delivery.

Applications

* Targeted drug delivery
* Photothermal therapy
* Diagnostic imaging

Limitations
* Non-biodegradable nature
* Risk of long-term accumulation

5.3.2 Magnetic Nanoparticles

Magnetic nanoparticles, typically composed of iron
oxide, allow site-specific targeting using an external
magnetic field.

Advantages
* Controlled localization
* Dual therapeutic and diagnostic applications

Limitations
» Aggregation risk
« Potential oxidative stress

European Journal of Biomedical and Pharmaceutical Sciences

5.3.3 Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles possess high surface
area and tunable pore size, enabling high drug loading
and controlled release.

Advantages

* High drug loading capacity

* Controlled release properties

* Easy surface functionalization

Limitations
* Biodegradation concerns
* Long-term safety evaluation required

5.3.4 Quantum Dots

Quantum dots are semiconductor nanoparticles with
unique fluorescence properties used primarily in imaging
and diagnostic applications.

Applications
* Bioimaging
* Diagnostics
* Theranostics

Limitations
* Heavy metal toxicity concerns
* Regulatory restrictions

Table No. 1: Comparative characteristics of Major Nanocarriers.

. . . S Major
Nanocarrier type | Composition Key Advantages Major Limitations Applications
Liposomes P-h ospholipd !3|ocompat|ble_ Stability issues Cancer therapy,

bilayer ;dual drug loading vaccines

SLNS Solid lipids Controlled release ; | | \ jrug loading | O3 topical
stable deliver
Higher Formulation

NLCs Solid+Liquid lipids | loading;improved . Cancer therapy

- complexity

stability

Polymeric Biodegradable Polymer toxicity Gene &anticancer

Sustained release

Nanoparticles polymers risk therapy
Polymeric Micelles Amphiphilic Solubilize . Dilution instability | Anticancer drugs
copolymer hydrophobic drugs
High drug
Dendrimers Branched polymer | loading;targeting Cost; cytotoxicity Gene delivery
flexibility
Gold Imaging &
. Metallic gold photothermal Non-biodegradable | Theranostics
Nanoparticles
therapy
Magnetic . . . _—
Nanoparticles Iron oxide Magentic targeting | Oxidative stress Targeted therapy
Mesoporous Silica Silica matrix High I_oadlng Biodegradable Controlled release
NP capacity concern
Quantum Do Semlc_onductor !:Iuor_escent Hegv_y metal Diagnostics
materials imaging toxicity

6. Characterization of Nanocarriers

Comprehensive physicochemical characterization of
nanocarriers is essential to ensure formulation quality,
therapeutic  efficacy, safety, reproducibility, and
regulatory compliance. The biological performance of
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nanocarriers is highly dependent on their size, surface
charge, morphology, drug incorporation efficiency,
release behavior, and long-term stability. Minor
variations in these parameters can significantly alter
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pharmacokinetics, biodistribution, cellular uptake, and
toxicity profiles.

Therefore, systematic characterization using validated
analytical techniques is crucial for successful clinical
translation.

6.1 Particle Size and Polydispersity Index (PDI)
Particle size is a critical determinant of:
Circulation half-life

e  Tissue penetration

e  Cellular internalization

e Biodistribution

Drug release kinetics

For tumor targeting, nanoparticles between 50—200 nm
are generally considered optimal to exploit the Enhanced
Permeability and Retention (EPR) effect. Particles
smaller than 10 nm may undergo rapid renal clearance,
whereas particles larger than 200 nm are more prone to
uptake by macrophages of the reticuloendothelial system
(RES).

In blood—brain barrier (BBB) targeting, smaller particle
sizes (typically <100 nm) facilitate improved penetration
through endothelial tight junctions.

Measurement by Dynamic Light Scattering (DLS)
Dynamic Light Scattering (DLS) measures the
hydrodynamic diameter based on Brownian motion of
particles suspended in liquid. The Stokes—Einstein
equation relates particle diffusion

DLS provides average size and size distribution but may
overestimate size due to hydration layers.
Polydispersity Index (PDI)

PDI indicates size uniformity:

e PDI<0.2 — Highly monodisperse

e 0.2-0.4 — Acceptable distribution

e >0.5 — Broad distribution (poor stability)

Low PDI ensures predictable drug release and consistent
biological behavior.

6.2 Zeta Potential

Zeta potential reflects the surface charge of nanocarriers
and predicts colloidal stability. It represents the electrical
potential at the slipping plane of the particle in
suspension.

Significance

1. Determines electrostatic repulsion between particles
2. Influences aggregation tendency

3. Affects protein adsorption (opsonization)

4. Impacts cellular interaction

Typically
e £30 mV or greater — Good electrostatic stability

e Neutral charge — Reduced immune recognition
(stealth behavior)
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Positively charged nanoparticles show enhanced cellular
uptake due to electrostatic attraction with negatively
charged cell membranes but may induce cytotoxicity and
hemolysis.

Zeta potential is measured using electrophoretic light
scattering.

6.3 Morphology (SEM, TEM, AFM)
Morphology affects drug release pattern, cellular uptake,
and stability.

Scanning Electron Microscopy (SEM)

1. Provides surface topography

2. Determines particle shape and aggregation
3. Suitable for dry samples

Transmission Electron Microscopy (TEM)

1. High-resolution internal structure visualization
2. Confirms nanoscale size

3. Reveals core—shell structures

Atomic Force Microscopy (AFM)

1. Provides 3D surface imaging

2. Measures surface roughness

3. Operates under near-physiological conditions
Spherical nanoparticles generally exhibit better stability
and uniform release profiles compared to irregularly
shaped particles.

6.4 Drug Loading and Entrapment Efficiency
These parameters determine therapeutic potency and
dosing requirements.
Entrapment Efficiency (EE%)
High entrapment efficiency:
¢ Reduces drug wastage
e Improves therapeutic index
e Minimizes dosing frequency
Quantification methods include:
e UV-Visible Spectroscopy
e High-Performance Liquid Chromatography (HPLC)
Separation of free drug is performed by
ultracentrifugation, dialysis, or filtration techniques.

6.5 In Vitro Drug Release Studies
In vitro release studies simulate drug release behavior
under physiological or pathological conditions.

Common Methods

1. Dialysis bag method

2. Franz diffusion cell

3. USP dissolution apparatus

4. Sample-and-separate technique

Release kinetics are analyzed using mathematical
models:

1. Zero-order (constant release)

2. First-order (concentration-dependent release)

3. Higuchi model (diffusion-controlled release)

4. Korsmeyer—Peppas model (mechanism prediction)
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Sustained or stimuli-responsive release is desirable to
maintain  therapeutic plasma concentration while
minimizing toxicity.

6.6 Stability Studies

Stability determines shelf-life and commercial viability.
Parameters Evaluated

1. Particle size variation

2. PDI changes

3. Zeta potential shifts

4. Drug degradation

5. Aggregation or precipitation

Studies are conducted under:

Accelerated conditions (40°C £ 2°C/ 75% RH £ 5%)
Long-term storage conditions

Instability may arise due to:

1. Lipid polymorphic transitions (in SLNs)

2. Polymer degradation

3. Oxidation

4. Hydrolysis

Lyophilization with cryoprotectants (e.g., trehalose,
mannitol) is often used to enhance stability.

Advanced Characterization Techniques (Optional High-
Level Addition)

For advanced evaluation:

Differential Scanning Calorimetry (DSC) — Thermal
behavior

X-Ray Diffraction (XRD) — Crystallinity

Fourier Transform Infrared Spectroscopy (FTIR) —
Drug-polymer interaction

Surface Plasmon Resonance (SPR) — Ligand binding
efficiency

Critical Analytical Insight

Despite  sophisticated  characterization  techniques,
discrepancies often arise between in vitro and in vivo
performance due to complex biological interactions such
as protein corona formation. Upon entering systemic
circulation, nanocarriers rapidly adsorb plasma proteins,
altering their size, surface charge, and targeting
efficiency. Therefore, characterization under biologically

relevant  conditions (serum-containing media) s
increasingly emphasized to better predict clinical
behavior.

Standardization of characterization protocols and
regulatory harmonization remain crucial to facilitate
clinical translation and industrial scalability.

7. Targeting Strategies in Nanocarrier Systems
Targeting strategies are fundamental to enhancing the
therapeutic efficiency of nanocarrier-based drug delivery
systems. The primary objective of targeting is to
maximize drug accumulation at the diseased site while
minimizing exposure to healthy tissues, thereby
improving therapeutic index and reducing systemic
toxicity.
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Nanocarrier targeting mechanisms are broadly classified
into:

e Passive Targeting

e  Active Targeting

e  Stimuli-Responsive Targeting

Each strategy operates through distinct biological and
physicochemical principles.

7.1 Passive Targeting (Enhanced Permeability and
Retention Effect)

Passive targeting is one of the earliest and most
extensively studied strategies in nanocarrier-based drug
delivery systems. It relies on the inherent physiological
and pathological differences between normal and
diseased tissues, particularly in solid tumors and
inflamed regions.

Enhanced Permeability and Retention (EPR) Effect

The Enhanced Permeability and Retention (EPR) effect
is a pathophysiological phenomenon observed in rapidly
growing tumors. It arises due to:

1.  Abnormal Tumor Vasculature

Tumor blood vessels are irregular, poorly aligned, and
highly permeable. The endothelial gaps between cells
range from approximately 100 to 800 nm, allowing
nanoparticles within an optimal size range (50-200 nm)
to extravasate into tumor tissue.

2. Defective Lymphatic Drainage

Unlike normal tissues, tumor tissues exhibit poor
lymphatic drainage. As a result, nanoparticles that enter
the tumor interstitium are retained for prolonged periods.

This combination of enhanced vascular permeability and
impaired lymphatic clearance leads to preferential
accumulation of nanocarriers at the tumor site.

Mechanism of Passive Targeting
Intravenous administration of nanocarriers

$

Prolonged systemic circulation
Extravasation through leaky tumor vasculature

Retention within tumor interstitial space

Surface modifications such as PEGylation are often
employed to increase circulation time and improve
passive accumulation.

Factors Influencing Passive Targeting Efficiency

The success of passive targeting depends on several
critical parameters:

e Particle size (optimal: 50-200 nm)

e Surface charge (neutral or slightly negative
preferred)
Circulation half-life
e  Tumor vascular density
e Interstitial fluid pressure
1SO 9001:2015 Certified Journal | 97
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e  Degree of tumor heterogeneity

Smaller nanoparticles may penetrate deeper into tumor
tissue, whereas larger particles may remain near the
perivascular region.

Passive Targeting

Recent studies suggest that the EPR effect may be less
pronounced in human tumors compared to animal
models, contributing to discrepancies between preclinical
and clinical outcomes.

Active Targeting

(EPR Effect)

Leaky Tumor Vasculature

$ - . £ (o s ..
\Paisive Accumulati(m/
EPR Effect
Nanoparticles Accumulate via Leaky Vessels

Fig. No. 2: Passive Vs Active Targeting.

7.2 Active Targeting

Active targeting enhances the specificity of nanocarrier-
based drug delivery systems by functionalizing
nanoparticle surfaces with ligands that selectively bind to
receptors overexpressed on diseased cells. Unlike passive
targeting, which relies solely on physiological
abnormalities such as the EPR effect, active targeting
facilitates molecular-level recognition and receptor-
mediated endocytosis, thereby improving intracellular
drug delivery and therapeutic efficiency.

In active targeting systems, nanocarriers are conjugated
with targeting moieties such as antibodies, peptides,
aptamers, or carbohydrates. These ligands interact
specifically with target cell receptors, promoting
selective binding and internalization.

Mechanism of Active Targeting
Nanocarrier surface functionalization with specific
ligand

Circulation and accumulation (often aided by EPR
effect)

¥
Ligand-receptor binding on target cell surface
Receptor-mediated endocytosis

Intracellular drug release
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Ligand-Functionalized
Nanoparticles ————

Tumor Cell
Receptor

Receptor
Binding

% Targeted Dellvery
% & —

Nanocarriers Bind to Specific Receptors

This strategy improves cellular uptake and enhances drug
concentration within diseased cells while minimizing
systemic toxicity.

7.2.1 Antibody-Mediated Targeting

Antibody-mediated targeting involves conjugating
monoclonal antibodies (mAbs) or antibody fragments to
nanoparticle surfaces. These antibodies recognize and
bind to specific antigens or receptors overexpressed on
target cells.

Common Targets

HER?2 (breast cancer)

EGFR (epidermal growth factor receptor)
CD20 (B-cell malignancies)

PSMA (prostate cancer)

7.2.2 Peptide-Based Targeting

Peptides are short amino acid sequences that selectively
bind to overexpressed receptors on target cells. Due to
their smaller size compared to antibodies, peptides
exhibit better tissue penetration and reduced
immunogenicity.

Common Targeting Peptides

e RGD peptide — targets integrin receptors

e  TAT peptide — cell-penetrating peptide

e NGR peptide — tumor vasculature targeting

7.2.3 Aptamer-Based Targeting

Aptamers are short single-stranded DNA or RNA
oligonucleotides that fold into unique three-dimensional
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structures capable of binding specific molecular targets
with high affinity. Aptamers are often referred to as
"chemical antibodies” due to their ability to achieve
selective targeting without immunogenic complications.

7.2.4 Carbohydrate Ligand Targeting
Carbohydrate-based targeting utilizes sugar molecules
that interact with lectin receptors or carbohydrate-
recognizing proteins expressed on specific cells.

7.3 Stimuli Responsive Drug Targeting

PH-Responsive

Acidic Tumor PH-Sensitive
Microenvironment' Nanoparticle
Enzyme-Triggered

Overexpressed
Enzymes

Enzyme-Cleavable
Linkers

Common Examples

e Mannose — targets macrophages via mannose
receptors

e Galactose — targets
asialoglycoprotein receptors

e Hyaluronic acid — targets
(overexpressed in tumors

Carbohydrate-mediated targeting is particularly useful in

liver diseases, inflammatory disorders, and tumor

microenvironment targeting.

hepatocytes via

CD44 receptors

ifE Hyperthermic &

1 Conditions o+

(40-42°C) .
—> @

Temperature-Responsive ‘

‘sTe DT

Magnetic/Light-Triggered

¢ Coa g

>, Qg,g)__, o

Magnetic Field

Light irradlatnon

Fig No. 3: Stimuli-responsive drug release mechanism.

Stimuli-Responsive Drug Release Mechanisms

The illustration presents four major stimuli-responsive
strategies used in nanocarrier-based drug delivery
systems. These systems are designed to remain stable
during systemic circulation and release the drug
selectively when exposed to specific internal or external
triggers. This approach enhances targeting precision and
reduces systemic toxicity.

1. pH-Responsive Drug Release

Tumor tissues and inflamed areas exhibit a slightly acidic
microenvironment (pH ~6.5), while intracellular
compartments such as endosomes and lysosomes are
more acidic (pH ~5.0-5.5). In contrast, normal
physiological pH is approximately 7.4.

In this mechanism
Nanocarriers remain stable at physiological pH.

Under acidic conditions, protonation of polymers or
cleavage of acid-labile bonds occurs.
Structural destabilization leads to drug release
specifically within tumor or intracellular environments.
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This ensures minimal premature drug leakage during
circulation.

2. Temperature-Responsive Drug Release
Thermosensitive nanocarriers respond to elevated
temperatures. Tumor tissues may exhibit mild
hyperthermia (40-42°C), or external heat can be applied
therapeutically.

In this system:
The nanoparticle remains stable at normal body
temperature (37°C).

At elevated temperatures, temperature-sensitive
polymers undergo phase transitions.

Polymer chain rearrangement or collapse triggers drug
release.
This strategy is often combined with hyperthermia
therapy or photothermal treatment.

3. Enzyme-Triggered Drug Release

Certain enzymes are overexpressed in diseased tissues,
such as matrix metalloproteinases (MMPS) in tumors or
cathepsins in cancer cells.
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In enzyme-responsive systems:
Nanocarriers incorporate enzyme-cleavable linkers.

Disease-specific enzymes recognize and cleave these
linkers.

$

Cleavage results in nanoparticle degradation and
localized drug release.

This provides high specificity because activation occurs
only in the presence of the target enzyme.

4. Magnetic or Light-Triggered Drug Release
These systems are activated by external physical stimuli.
e Magnetic-Triggered Systems
Magnetic nanoparticles can be guided to the target
site using an external magnetic field. Alternating
magnetic fields generate localized heat, inducing
drug release through structural disruption.
e Light-Triggered Systems
Near-infrared (NIR) light penetrates tissues and activates
photosensitive nanocarriers. Light exposure induces
photothermal or photochemical effects, leading to
controlled drug release with spatial precision.

Overall Concept

Stimuli-responsive nanocarriers are engineered to:

e Remain stable during circulation

e Respond only to specific pathological or externally

applied stimuli
e Release drugs in a controlled and site-specific
manner

These systems represent an advanced strategy in targeted
drug delivery by enabling controlled, on-demand
therapeutic release while minimizing off-target effects

8. Applications in Disease Management
Nanocarrier-based targeted drug delivery systems have
significantly transformed modern therapeutics by
enhancing drug bioavailability, improving targeting
precision, reducing systemic toxicity, and overcoming
biological barriers. Their application spans oncology,
neurology, infectious diseases, cardiovascular disorders,
gene therapy, vaccine delivery, and theranostics.

8.1 Cancer Therapy

Cancer remains the most extensively explored area for
nanocarrier applications. Conventional chemotherapy
suffers from poor selectivity, systemic toxicity, multidrug
resistance (MDR), and limited tumor penetration.

Role of Nanocarriers in Oncology-

Nanocarriers enhance cancer therapy through:

»  Passive targeting via the EPR effect

»  Active targeting using tumor-specific ligands

»  Controlled and stimuli-responsive drug release
»  Improved solubility of hydrophobic drugs

+  Co-delivery of multiple therapeutic agents
Clinically Approved Examples
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Several nanomedicines have been approved for
cancer therapy
1. Doxil — PEGylated liposomal formulation of

doxorubicin for ovarian and breast cancer
2. Abraxane — Nanoparticle albumin-bound paclitaxel
3. Onivyde — Liposomal irinotecan for pancreatic cancer

Advantages in Cancer Treatment

*  Reduced cardiotoxicity (e.g., liposomal doxorubicin)
«  Enhanced tumor accumulation

«  Overcoming drug resistance

«  Combination therapy in a single platform

However, tumor heterogeneity and variable EPR effect
remain clinical challenges.

8.2 Neurological Disorders (Blood-Brain Barrier
Targeting)

The blood-brain barrier (BBB) is a major obstacle in
treating neurological diseases. It restricts approximately
98% of small-molecule drugs and nearly all biologics
from entering the brain.

Nanocarrier Strategies for BBB Crossing

Nanocarriers enhance brain delivery via:

* Receptor-mediated transcytosis (transferrin, insulin
receptors)

+  Adsorptive-mediated transcytosis

»  Surface modification with ligands or peptides

« Intranasal delivery systems

Applications

* Alzheimer’s disease

* Parkinson’s disecase

* Brain tumors

* Epilepsy

Nanocarriers improve drug stability, prolong circulation,
and increase brain drug concentration while reducing
systemic exposure.

8.3 Infectious Diseases

Nanocarriers are increasingly used to combat bacterial,
viral, and parasitic infections, particularly in cases
involving drug resistance.

Applications

* Targeted antibiotic delivery

* Intracellular pathogen targeting (e.g., tuberculosis)
* Antiviral drug delivery

* Biofilm disruption

Lipid nanoparticles played a crucial role in mRNA
vaccine development, including:

1. Comirnaty

2. Spikevax

These vaccines utilize lipid nanoparticle systems to
protect mMRNA and facilitate cellular uptake.

Advantages

* Enhanced drug stability
* Reduced dosing frequency

1SO 9001:2015 Certified Journal | 100



Kothmire et al.

 Improved intracellular penetration
* Potential to overcome antimicrobial resistance

8.4 Cardiovascular Disorders
Cardiovascular diseases require precise drug delivery to
minimize systemic side effects.

Applications

* Targeted delivery of thrombolytics

« Anti-inflammatory therapy in atherosclerosis

* Drug-eluting stents

» Myocardial infarction therapy

Nanoparticles can be functionalized to target inflamed
vascular endothelium or atherosclerotic plaques,
improving therapeutic efficiency.

Benefits include:

* Reduced bleeding risk

* Localized drug release

* Improved plaque stabilization

8.5 Gene and Vaccine Delivery

Gene therapy requires safe and efficient delivery vectors.
Viral vectors present safety concerns, prompting
development of non-viral nanocarrier systems.

Applications

* siRNA delivery

* CRISPR/Cas9 systems

* Plasmid DNA delivery

» mRNA therapeutics

Lipid nanoparticles have revolutionized gene delivery, as
demonstrated by:

Onpattro — First FDA-approved siRNA therapeutic using
lipid nanoparticle technology

Advantages

* Protection of nucleic acids from degradation
 Enhanced cellular uptake

* Reduced immunogenicity compared to viral vectors

* Scalable manufacturing

Nanocarriers represent a cornerstone of modern nucleic
acid therapeutics.

European Journal of Biomedical and Pharmaceutical Sciences

8.6 Theranostics

Theranostics integrates therapy and diagnostics within a
single nanoplatform. These multifunctional systems
enable simultaneous imaging and treatment.

Components of Theranostic Systems

* Imaging agents (fluorescent dyes, MRI contrast agents)
* Therapeutic drugs

* Targeting ligands

Applications

* Real-time tumor imaging

* Image-guided drug delivery

* Monitoring therapeutic response

* Personalized treatment planning

Gold nanoparticles, quantum dots, and magnetic
nanoparticles are frequently used in theranostic platforms
due to their optical and magnetic properties.

Advantages

* Early diagnosis

* Reduced diagnostic delay

* Personalized therapy

* Improved treatment monitoring

Theranostics represents a major advancement toward
precision medicine.

Critical Analytical Insight

Although  nanocarriers ~ demonstrate  remarkable
therapeutic potential across diverse disease areas, clinical
translation varies significantly between applications.
Oncology and vaccine delivery have seen substantial
success, whereas neurological and cardiovascular
applications still face biological and regulatory
challenges. Variability in biological barriers, immune
responses, and large-scale manufacturing consistency
remain key obstacles.

Future progress depends on integrating smart targeting
mechanisms, real-time imaging capabilities, and scalable
production technologies to ensure safe and effective
clinical translation.

Table No. 2: Disease specific Nano-carrier Applications.

Disease Area Nanocarrier Type Therapeutic Startegy Key Advantages Eigrrﬁ;?gtatlve
. . Targefced _chemotherapy, Reduced systemic
Liposomes, Polymeric combination therapy, L .
Cancer - : I : toxicity, enhanced Doxil
Nanoparticles, Dendrimers | stimuli-responsive .
tumor accumulation
release
Neurological Pplymerlc Nanqpartlcles_, BBB targeting via Improve_d brain Ligand-modified
; Lipid Nanoparticles, Solid | receptor-mediated penetration, reduced .
Disorders -n . . . nanoparticles
lipid nanoparticles transport peripheral side effects
Targeted antibiotic/
. . . 7 . Enhanced drug
Infectious Lipid Nanoparticles, antiviral delivery, M .
- . . : stability, improved Comirnaty
Diseases Magnetic Nanoparticles intracellular pathogen ;
. intracellular uptake
targeting
Cardiovascular Polymeric Nanoparticles, Targeted thrombolysis, Localized drug Drug-eluting
Disease Magentic nanoparticles anti-inflammatory release, reduced nanoparticle
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plaque therapy bleeding risk system
Protection from
Lipid Nanoparticles, siRNA, mRNA ,plasmid | nuclease degradation,
Gene Therapy Polymeric carriers DNA delivery efficient cellular Onpattro
uptake
mRNA stabilization and Enhanced immune
Vaccine Therapy | Lipid Nanoparticles . response, scalable Spikevax
delivery :
production
Gold Nnaoparticles, S . _— Multifunctional
. . ; Combined imaging and | Real-time monitoring, :
Therantostics Magnetic Nanoparticles, : nanotheranostic
therapy personalized treatment
Quantum Dots systems
9. Clinical Translation and Regulatory However, attrition rates remain high. Many candidates

Considerations

Despite extensive preclinical success, the translation of
nanocarrier-based drug delivery systems from laboratory
research to clinical practice remains complex. While
several nanomedicine products have achieved regulatory
approval, many promising formulations fail during
clinical development due to safety concerns, scalability
challenges, variability in biological performance, and
regulatory uncertainties. Successful clinical translation
requires alignment among formulation  design,
reproducibility, large-scale manufacturing, regulatory
compliance, and long-term safety evaluation.

9.1 Approved Nanomedicine Products

Over the past two decades, several nanocarrier-based

therapeutics have received regulatory approval,

particularly in oncology and gene therapy.

Notable examples include:

e Doxil — PEGylated liposomal
ovarian and breast cancer

e Abraxane — Albumin nanoparticle formulation for
breast and pancreatic cancer

e  Onpattro — Lipid nanoparticle-based siRNA therapy

e Comirnaty - Lipid nanoparticle-based mMRNA
vaccine

e Spikevax -
nanoparticles

These products demonstrate that nanocarrier platforms

can achieve clinical and commercial success when

supported by robust safety and manufacturing

frameworks.

formulation for

mRNA vaccine utilizing lipid

Most approved nanomedicines rely primarily on passive
targeting mechanisms rather than complex active
targeting systems, highlighting translational challenges
associated with ligand-modified platforms.

9.2 Clinical Trial Status

Numerous nanocarrier-based systems are currently
undergoing clinical evaluation for:

 Cancer immunotherapy

* Gene editing therapies

* Targeted chemotherapy

* Neurological disorders

* Cardiovascular applications
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fail in Phase Il or 111 trials due to:

e Insufficient therapeutic superiority over existing
treatments

e Unexpected immunogenicity

e \Variability in pharmacokinetics

e Lack of reproducible efficacy in heterogeneous
patient populations

A major translational gap exists between promising
animal model data and human clinical outcomes. Tumor
heterogeneity and differences in EPR effect between
species contribute significantly to this discrepancy.

9.3 Regulatory Challenges

Nanomedicines pose unique regulatory challenges
because they do not fit neatly into conventional small-
molecule or biologic categories.

Key Regulatory Issues

1. Lack of standardized characterization protocols

2. Inconsistent definitions of nanomaterials across
regulatory agencies

3. Complex pharmacokinetic and biodistribution profiles
4. Long-term toxicity and accumulation concerns

5. Evaluation of protein corona effects

Regulatory authorities require detailed documentation of:
e Physicochemical characterization

e  Stability data

e Immunotoxicity assessment

e Biodistribution studies

e Reproducibility across manufacturing batches
Unlike conventional drugs, minor changes in

nanoparticle composition or surface modification can
significantly alter biological behavior, making regulatory
evaluation more demanding.

Global regulatory harmonization remains an ongoing
need to streamline nanomedicine approval processes.

9.4 Scale-Up and Manufacturing Issues

One of the most significant barriers to commercialization
is the transition from laboratory-scale preparation to
industrial-scale production.
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Major Challenges

«  Maintaining particle size uniformity during scale-up
«  Controlling polydispersity

»  Ensuring reproducible drug loading efficiency

»  Preventing batch-to-batch variability

«  Managing high production costs

Many commonly used laboratory techniques (e.g.,
solvent evaporation, nanoprecipitation, emulsification)
are difficult to scale without altering nanoparticle
characteristics.

Advanced manufacturing technologies such as:

e  Microfluidics

e  Continuous flow systems

e High-pressure homogenization

are increasingly used to improve reproducibility and
scalability.

In addition, long-term storage stability, lyophilization
optimization, and cold-chain requirements further
increase manufacturing complexity.

Marketed Nanocarrier -Based Formulation

Table No. 3: Marketed Nanocarrier-Based Formulations.

European Journal of Biomedical and Pharmaceutical Sciences

While nanomedicine has achieved notable success in
oncology and mRNA vaccine development, widespread
clinical adoption remains limited. The majority of
approved products rely on relatively simple lipid or
albumin-based systems, whereas highly sophisticated
active-targeting or multifunctional theranostic systems
rarely reach commercialization.

This suggests that translational feasibility often favors
formulations with:

e  Simpler composition

e Proven biocompatible materials

e  Scalable manufacturing processes

e  Clear regulatory pathways

Future success in nanomedicine will depend not only on
biological innovation but also on regulatory
standardization, scalable production technologies, and
cost-effective industrial implementation.

Brand Name | Active Drug Nanocarrier Type | Indications Key Advantages
. - PEGlyated Ovarian cancer, | Reduced cardiotoxicity,
Doxil Doxorubicin - . .
Liposome Breast cancer prolonged circulation
Albumin Breast cancer, Solvent-free
Abraxane Paclitaxel . Pancreatic formulation, enhanced
nanoparticles
cancer tumor uptake
. Hereditary .
Patisiran - . . First FDA-approved
Onpattro (SIRNA) Lipid nanoparticles transth_yret.ln RNAI therapy
amyloidosis
. . . Enhanced mRNA
Comirnaty mRNA Lipid nanoparticles | COVID-19 stability and delivery
Efficient cellular
Spikevax mRNA Lipid nanoparticles | COVID-19 uptake and immune
activation
AmBisome Amphotericin B | Liposome _Syster_mc fungal | Reduced -
infections nephroyoxicity
Vyxeos Daunorubicin + | Dual- drug Acute myeloid Fixed synergistic drug
Cytarabine liposome leukemia ratio

10. Challenges and Limitations

Despite significant advancements in nanocarrier-based
targeted drug delivery systems, several scientific,
technical, regulatory, and economic challenges limit their
widespread clinical translation. While nanotechnology

offers enhanced therapeutic precision, practical
implementation remains complex.

10.1 Biological Barriers

Nanocarriers encounter multiple biological barriers

before reaching the target site:

1. Reticuloendothelial System (RES) / Mononuclear
Phagocyte System (MPS)

Nanoparticles are often recognized as foreign materials
and rapidly cleared by macrophages in the liver and
spleen. This reduces circulation time and limits
therapeutic efficacy.
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2. Protein Corona Formation

Upon entering systemic circulation, nanoparticles adsorb
plasma proteins, forming a “protein corona.” This alters
surface  characteristics,  biodistribution,  targeting
efficiency, and cellular uptake.

3. Tumor Heterogeneity

Although passive targeting via the EPR effect is widely
studied, its effectiveness varies significantly among
tumor types and even between patients. In humans, the
EPR effect is often less pronounced than in animal
models.

4. Blood—Brain Barrier (BBB)

For neurological applications, the BBB presents a major
obstacle, restricting the passage of most nanocarriers
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unless specifically engineered for receptor-mediated
transport.

10.2 Toxicity and Immunogenicity
Safety concerns remain a major
nanomedicine development.

Key Concerns:

* Long-term accumulation in organs (liver, spleen, lungs)
* Generation of reactive oxygen species (especially with
metallic nanoparticles)

» Complement activation-related pseudoallergy (CARPA)
* Immunogenic responses to surface ligands or polymers
Certain inorganic nanoparticles may induce oxidative
stress and inflammatory responses. Even biocompatible
materials such as PEG can sometimes trigger anti-PEG
antibodies upon repeated administration.

Furthermore, chronic toxicity data are limited for many
newly developed nanocarrier systems, making long-term
safety evaluation challenging.

limitation in

10.3 Stability Issues
Nanocarrier systems are
environmental conditions.
Major Stability Concerns:

» Aggregation during storage
* Drug leakage before reaching target site

* Hydrolytic or oxidative degradation

* Sensitivity to temperature and pH changes
Lyophilization is commonly used to improve stability,
but improper formulation can alter particle size and drug
loading. Lipid-based systems may undergo polymorphic
transitions affecting drug release behavior.
Cold-chain requirements for certain
increase logistical complexity.

inherently  sensitive to

formulations

10.4 Manufacturing and Cost

Scaling up nanocarrier production from laboratory to
industrial scale remains a significant hurdle.

Major Challenges:

* Maintaining particle size uniformity

* Controlling polydispersity index (PDI)

* Achieving consistent drug loading

* Preventing batch-to-batch variability

* High cost of specialized materials and equipment
Complex surface functionalization and ligand
conjugation further increase production expenses.
Advanced manufacturing methods such as microfluidics
and continuous processing improve reproducibility but
require high initial investment.

Cost-effectiveness remains a key determinant for
commercial viability.

10.5 Regulatory Complexity
Nanomedicines do not fit neatly into conventional small-
molecule or biologic regulatory frameworks.

Regulatory Challenges:

* Lack of standardized characterization guidelines

e Variation in definitions of nanomaterials across
regulatory bodies
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* Requirement for extensive physicochemical
characterization
*+ Complex pharmacokinetic and biodistribution

evaluation

+ Long-term toxicity assessment

Minor changes in nanoparticle composition or surface
properties may significantly alter biological behavior,
requiring re-evaluation and additional regulatory
scrutiny.

Global harmonization of nanomedicine regulations is
still evolving.

Critical Analytical Perspective

Although nanocarrier systems demonstrate remarkable
preclinical promise, their translational success remains
disproportionately low compared to research output.
Most clinically approved nanomedicines rely on
relatively simple lipid-based or albumin-based platforms,
whereas highly engineered multifunctional systems often
fail to progress beyond early clinical trials. This suggests
that translational  feasibility —depends less on
technological sophistication and more on:

e Biocompatibility of materials

e Reproducible large-scale manufacturing

e  Clear regulatory pathways

e  Cost-effectiveness

o Demonstrated clinical superiority over existing

therapies
Therefore, future development should prioritize
simplicity, scalability, and regulatory alignment

alongside innovation. Bridging the gap between
laboratory innovation and clinical reality requires
interdisciplinary  collaboration among formulation
scientists, clinicians, regulatory experts, and industrial
manufacturers.

11. Recent Advances

The field of nanocarrier-based drug delivery has evolved
substantially over the past decade, transitioning from
conventional passive drug encapsulation systems to
intelligent, adaptive, and multifunctional nanoplatforms.
Advances in materials science, molecular biology,
bioengineering, and computational modeling have
enabled the development of next-generation nanocarriers
capable of highly precise therapeutic intervention. These
innovations aim to improve targeting efficiency, reduce
systemic toxicity, enhance patient compliance, and
support personalized medicine strategies.

11.1 Smart Nanocarriers

Smart nanocarriers represent a major advancement over
traditional nanocarrier systems. These systems are
engineered to sense and respond to specific physiological
or pathological cues in the disease microenvironment.
Unlike passive systems that rely solely on enhanced
permeability and retention (EPR) effects, smart
nanocarriers exhibit programmable or stimuli-responsive
behavior.
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Mechanisms of Smart Responsiveness

Smart nanocarriers can be designed to respond to:

* pH gradients (tumor microenvironment or intracellular
lysosomes)

* Redox conditions (elevated glutathione levels in cancer
cells)

* Temperature changes (hyperthermia-assisted therapy)

* Enzyme overexpression (matrix metalloproteinases in
tumors)

* Hypoxic conditions

« External triggers such as light, ultrasound, or magnetic
fields

For example, redox-sensitive nanocarriers incorporate
disulfide bonds that remain stable in systemic circulation

but cleave inside tumor cells where glutathione
concentrations are significantly higher.  Similarly,
thermosensitive ~ polymers  such  as  poly(N-

isopropylacrylamide) undergo conformational changes
above a specific transition temperature, triggering drug
release.

Advantages

Smart systems offer:

1. Controlled and on-demand drug release

2. Reduced premature leakage

3. Enhanced intracellular delivery

4. Improved therapeutic index

5. Lower systemic toxicity

However, increased structural complexity can affect
scalability and reproducibility, posing translational
challenges.

11.2 Al-Integrated Nanomedicine

Acrtificial Intelligence (Al) and machine learning are
increasingly integrated into nanomedicine research to
accelerate development and improve predictability.
Traditional nanocarrier optimization relies heavily on
empirical experimentation, which is time-consuming and
resource-intensive. Al-driven platforms enable data-
driven formulation design.

Key Applications

1. Predictive Modeling of Nanoparticle Behavior
Machine learning algorithms can predict biodistribution,
toxicity, and pharmacokinetics based on nanoparticle
size, surface charge, shape, and composition.

2. Optimization of Formulation Parameters

Al tools help determine optimal ratios of lipids,
polymers, or surfactants to achieve desired encapsulation
efficiency and stability.

3. Toxicity Prediction
Computational models identify potential immunogenic or
cytotoxic effects prior to in vivo testing.

4. Personalized Nanomedicine

Integration of patient genomic and proteomic data allows
customization of nanocarrier systems to individual
disease profiles.
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Al-assisted  nanomedicine  reduces trial-and-error
experimentation, shortens development timelines, and
enhances translational feasibility. Nevertheless, large
standardized datasets are required to improve predictive
accuracy.

11.3 Biomimetic and Exosome-Based Systems

One of the most innovative strategies in nanomedicine
involves mimicking natural biological structures to
enhance compatibility and targeting.

Biomimetic Nanocarriers

Biomimetic systems utilize natural cell membranes to

coat synthetic nanoparticles. Examples include:

e Red blood cell (RBC) membrane-coated
nanoparticles for prolonged circulation

e Cancer cell membrane-coated nanoparticles for
homologous targeting

e Leukocyte membrane-coated
inflammation targeting

e Platelet-mimicking nanoparticles for vascular injury
targeting

These systems camouflage nanoparticles from immune

recognition, reduce clearance by macrophages, and

enhance site-specific accumulation.

systems for

Exosome-Based Delivery Systems

Exosomes are naturally occurring extracellular vesicles

secreted by cells and play a role in intercellular

communication. Their inherent properties make them

promising drug delivery vehicles:

e Excellent biocompatibility

e Low immunogenicity

e Ability to cross biological barriers, including the
blood-brain barrier

e Intrinsic targeting capabilities based on parental cell
origin

Exosome-based systems are being explored for cancer

therapy, neurodegenerative disorders, gene editing, and

RNA delivery. However, challenges include large-scale

isolation, purification, and standardization.

11.4 Multifunctional Theranostic Platforms

Theranostic nanocarriers integrate therapeutic and
diagnostic functionalities within a single system,
enabling simultaneous treatment and disease monitoring.
This dual capability supports personalized medicine and
real-time treatment evaluation.

Functional Components

A typical theranostic system may include:

e Achemotherapeutic drug payload

e Imaging agents (fluorescent dyes, MRI contrast
agents)

e Targeting ligands

e  Stimuli-responsive components

For instance, gold nanoparticles are widely studied for

combined  photothermal  therapy and  imaging

applications. Magnetic nanoparticles enable MRI-guided
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targeting and magnetically induced hyperthermia.
Quantum dots provide fluorescence-based imaging
capabilities.

Clinical Significance

Theranostic platforms allow:

e  Monitoring of drug accumulation at target sites

e Real-time assessment of treatment response

e  Optimization of dosing regimens

¢ Reduced overtreatment

Despite  promising preclinical results, regulatory
complexity and manufacturing scalability remain
significant barriers to clinical translation.

Critical Perspective on Recent Advances

Although technological sophistication has dramatically
improved nanocarrier design, increasing complexity
often introduces translational challenges. Multifunctional
systems may demonstrate  excellent laboratory
performance but encounter difficulties related to
regulatory approval, reproducibility, cost, and large-scale
production.

Therefore, the future of advanced nanomedicine will
depend on achieving a balance between innovation and
practicality. ~ Systems that combine intelligent
responsiveness  with  simplified, scalable design
principles are more likely to achieve clinical success.

12. Future Perspectives

The future of nanocarrier-based targeted drug delivery
lies in the convergence of precision medicine, advanced
materials engineering, digital health technologies, and
regulatory modernization. While current nanomedicine
platforms have demonstrated significant therapeutic
advantages, the next generation of nanocarriers is
expected to move beyond passive targeting and
controlled release toward adaptive, intelligent, and
patient-specific systems.

Future innovations will not only enhance therapeutic
efficacy but also redefine how diseases are diagnosed,
monitored, and treated. However, sustainable clinical
integration will require overcoming manufacturing,
safety, economic, and regulatory challenges.

12.1 Precision Nanomedicine

Precision nanomedicine represents a shift from disease-
centered therapy to molecularly guided treatment
strategies. Instead of treating cancer, inflammation, or
infection as uniform conditions, future nanocarriers will
be engineered to target specific molecular subtypes based
on biomarker expression.

Emerging Trends in Precision Nanomedicine:

* Receptor-density-guided nanoparticle design

* Tumor microenvironment—adaptive systems

+ Integration of genomic profiling with nanocarrier
selection

» Companion diagnostic—linked drug delivery
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Advanced nanoplatforms may incorporate biosensor
elements capable of detecting specific intracellular
signals (e.g., pH, redox state, enzyme activity) and
modulating drug release accordingly. Such self-
regulating systems could enable feedback-controlled
therapy, where drug release is automatically adjusted
based on therapeutic response.

Moreover, single-cell analysis and spatial transcriptomics
may guide the development of nanocarriers tailored to
heterogeneous tumor regions, addressing intratumoral
variability—a major limitation of current therapies.

12.2 Personalized Drug Delivery

Personalized drug delivery aims to design nanocarrier
systems optimized for individual patient characteristics,
including:

e  Genetic variations

e Immune response patterns

e Disease stage

e Metabolic differences

e  Microbiome composition

Future systems may integrate:

« Al-driven predictive modeling for individualized
formulation design

* Real-time therapeutic monitoring using wearable
biosensors

» Adaptive dosing systems triggered by physiological
signals

 Patient-derived membrane-coated nanoparticles to
minimize immunogenicity

The integration of nanomedicine with digital health
platforms could enable dynamic treatment adjustments.
For instance, wearable devices detecting inflammatory
biomarkers may signal smart nanocarriers to release anti-
inflammatory agents accordingly.

Such approaches could transform chronic disease
management, shifting from fixed dosing schedules to
responsive therapeutic systems.

12.3 Emerging Hybrid Systems

Hybrid nanocarrier platforms combine multiple material
classes to harness synergistic benefits while overcoming
limitations of single-component systems.

Advanced Hybrid Strategies Include:

+ Lipid—polymer hybrid nanoparticles for enhanced
stability and controlled release

+ Inorganic—organic composite systems for combined
imaging and therapy

* Biomimetic—synthetic hybrids for immune evasion and
targeted delivery

» Exosome—engineered nanocarrier
improved biological compatibility

integration for

These platforms aim to unify:
e  Structural stability
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Targeting specificity
Stimuli responsiveness
Diagnostic capability
Scalable manufacturing

Future hybrid systems may incorporate modular design
principles, allowing interchangeable  components
depending on therapeutic needs. However, balancing
multifunctionality with simplicity will be critical to
ensure translational success.

12.4 Regulatory Evolution

The rapid evolution of nanomedicine demands parallel
advancement in regulatory science. Current frameworks
often adapt conventional drug guidelines to
nanomaterials, which may not fully capture their unique
physicochemical and biological behaviors.

Future regulatory evolution may include:

* Globally harmonized nanomedicine definitions
* Standardized characterization protocols

* Advanced in vitro—in vivo correlation models

* Predictive computational toxicology tools

« Platform-based approval pathways

Regulatory agencies may adopt adaptive evaluation
frameworks that focus on risk-based assessment rather
than rigid categorization. Collaborative international
efforts will be essential to reduce regulatory
discrepancies and facilitate global commercialization.

Additionally, long-term pharmacovigilance strategies
must evolve to monitor chronic exposure and potential
nanoparticle accumulation in tissues.

12,5 Integration
Modalities

Future nanocarrier systems are expected to integrate
with:

* Gene editing technologies
therapies)

* Immunotherapy and checkpoint inhibitors

* RNA-based therapeutics

* Regenerative medicine approaches

» Combination chemo-immunotherapy platforms
Nanocarriers may serve as universal delivery vehicles for
complex biologics, nucleic acids, and engineered
proteins, expanding their role beyond small-molecule
drug delivery.

with Advanced Therapeutic

(e.g., CRISPR-based

12.6 Sustainability and Ethical Considerations

As nanomedicine expands, attention must be given to:

* Environmental impact of nanoparticle production

* Long-term ecological toxicity

* Ethical implications of personalized nano-therapies

* Equitable access to advanced treatments

Cost-effective and scalable manufacturing technologies
will be necessary to prevent widening healthcare
disparities.
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Transformational Outlook

The next era of nanocarrier-based drug delivery will
likely be defined by intelligent, adaptive, and
interoperable therapeutic platforms that integrate
diagnostics, therapy, and digital health monitoring.
However, innovation alone will not guarantee success.
The most impactful systems will be those that balance
precision  with  practicality, = complexity  with
manufacturability, and innovation with regulatory
compliance.

Ultimately, the convergence of nanotechnology, artificial
intelligence, systems  biology, and regulatory
modernization has the potential to transform
nanomedicine from an emerging specialty into a central
pillar of future healthcare systems.

13. CONCLUSION

Nanocarrier-based targeted drug delivery systems have
emerged as a transformative approach in modern
therapeutics, addressing major limitations associated
with conventional drug administration. By enhancing
drug solubility, stability, bioavailability, and site-specific
delivery, nanocarriers significantly improve therapeutic
efficacy while minimizing systemic toxicity. Lipid-
based, polymeric, inorganic, and hybrid nanocarrier
systems each offer distinct advantages, enabling tailored
strategies for diverse clinical applications.

This review highlighted the fundamental principles of
targeted drug delivery, classification of nanocarriers,
characterization techniques, and various targeting
strategies including passive, active, and stimuli-
responsive mechanisms. Applications across oncology,
neurological disorders, infectious diseases,
cardiovascular conditions, gene therapy, and vaccine
delivery demonstrate the broad therapeutic potential of
nanomedicine. Clinically approved products validate the
feasibility of nanocarrier platforms, while ongoing
clinical trials continue to expand their scope.

From a clinical perspective, nanocarrier systems provide
several significant advantages:

* Enhanced therapeutic index

* Reduced off-target toxicity

* Improved patient compliance

* Potential for combination therapy

* Integration with diagnostic modalities (theranostics)

However, successful translation from laboratory research
to clinical practice remains constrained by biological
barriers, safety concerns, manufacturing complexity,
regulatory challenges, and cost considerations. The
majority of clinically approved nanomedicines rely on
relatively  simple,  well-characterized  platforms,
emphasizing the importance of balancing innovation
with scalability and regulatory feasibility.

Looking forward, the future of nanomedicine lies in
precision-driven, personalized, and intelligent delivery
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systems. Integration with artificial intelligence,
biomimetic engineering, gene editing technologies, and
advanced hybrid platforms is expected to redefine
therapeutic ~ strategies.  Simultaneously, regulatory
harmonization and scalable manufacturing technologies
will be critical to ensure safe and equitable clinical
implementation.

In conclusion, nanocarrier-based targeted drug delivery
systems represent a cornerstone of next-generation
therapeutics. While challenges remain, continued
interdisciplinary collaboration among pharmaceutical
scientists, clinicians, engineers, and regulatory
authorities will be essential to unlock the full clinical
potential of nanomedicine and translate scientific
innovation into meaningful patient benefit.

REFERENCES

1. Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie
SR. Nanoparticle-based medicines: A review of
regulatory and clinical challenges. Pharm Res.,
2016; 33(10): 2373-2387.

2. Ventola CL. Progress in nanomedicine: Approved
and investigational nanodrugs. PT., 2017; 42(12):
742-755.

3. Anselmo AC, Mitragotri S. Nanoparticles in the
clinic: An update. Bioeng Transl Med., 2019; 4(3):
e10143.

4. Suk JS, Xu Q, Kim N, Hanes J, Ensign LM.
PEGylation as a strategy for improving nanoparticle-
based drug delivery. Adv Drug Deliv Rev., 2016; 99:
28-51.

5. Koo H, Huh MS, Sun IC, et al. In vivo targeted
delivery of nanoparticles for theranosis. Acc Chem
Res., 2011; 44(10): 1018-1028.

6. Wang AZ, Langer R, Farokhzad OC. Nanoparticle
delivery of cancer drugs. Annu Rev Med., 2012; 63:
185-198.

7. Khan I, Saeed K, Khan I. Nanoparticles: Properties,
applications and toxicities. Arab J Chem., 2019;
12(7): 908-931.

8. Cong X, Zhang Z, Li H, Yang Y-G, Zhang Y, Sun T,
et al. Nanocarriers for targeted drug delivery in the
vascular system: focus on endothelium. J
Nanobiotechnol, 2024; 22: 620.

9. Feng X, Jia P, Zhang D. Nanocarrier drug delivery
system: promising platform for targeted depression
therapy. Front Pharmacol, 2024; 15: 1435133.

10. Dhiman R, Bazad N, Mukherjee R, et al. Enhanced
drug delivery with nanocarriers: a comprehensive
review of recent advances in breast cancer detection
and treatment. Discover Nano., 2024; 19: 143.

11. Teron C, Choudhury A, Hoque N. Recent
advancement in nanocarrier systems for cancer
targeting. Asian J Pharm Res Dev., 2024; 12(3):
197-207.

12. Wang Y, Huang R, Feng S, Mo R. Advances in
nanocarriers for targeted drug delivery and
controlled drug release. Chin J Nat Med. 2025;
23(5): 513-528.

www.ejbps.com | Vol 13, Issue 4, 2026. |

European Journal of Biomedical and Pharmaceutical Sciences

13. Thakur S, Godela R, Mandava K, et al. Advances in
nanocarrier technology for drug encapsulation: a
comprehensive overview. Discover Mater, 2025; 5:
124,

14. Cheng H, Liao J, Ma Y, Sarwar MT, Yang H.
Advances in targeted therapy for tumor with
nanocarriers: a review. Mater Today Bio., 2025;
eCollection.

15. Li J, Wang Q, Xia G, et al. Recent advances in
targeted drug delivery strategy for enhancing
oncotherapy. Pharmaceutics, 2023; 15(9): 2233.

1SO 9001:2015 Certified Journal | 108



