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Abstract—Drug delivery remains a cornerstone of
modern pharmacotherapy, yet conventional
administration routes such as oral, parenteral,
pulmonary, and transdermal often suffer from poor
bioavailability, rapid clearance, and systemic toxicity.
These limitations have driven the development of
targeted drug delivery (TDD) systems, which aim to
concentrate therapeutic agents at diseased tissues while
sparing healthy  ones. Nanotechnology  has
revolutionized this field by enabling the design of
nanocarriers with unique physicochemical properties,
including high surface-to-volume ratios, tunable size,
and multifunctionality.

This review provides a comprehensive overview of
nanocarrier-based drug delivery, beginning with
conventional methods and their limitations, followed by
design strategies such as passive targeting via the
enhanced permeability and retention (EPR) effect,
active targeting through ligand—receptor interactions,
inverse targeting, physical stimuli-responsive systems,
and advanced dual and double targeting approaches.
The paper then explores the diverse classes of
nanocarriers, including organic systems (liposomes,
solid lipid nanoparticles, polymeric nanoparticles,
dendrimers, micelles), inorganic systems (carbon
nanotubes, graphene, gold nanoparticles, magnetic
nanopatrticles, quantum dots), and hybrid
multifunctional platforms.

Mechanisms of drug loading and release are discussed
in  detail, covering encapsulation, adsorption,
conjugation, release kinetics models, and
stimuli-responsive strategies. Clinical applications are
highlighted across oncology, infectious diseases,
neurological disorders, pulmonary diseases, and
emerging areas such as gene therapy, vaccines, and
theragnostic. The review also addresses challenges
including toxicity, biocompatibility, scale-up, regulatory
hurdles, and variability between preclinical and clinical
outcomes.

Finally, future perspectives emphasize personalized
nanomedicine, theragnostic  nanocarriers, smart
multifunctional systems, and integration with artificial
intelligence and digital health. Together, these advances
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position nanocarrier-based targeted drug delivery as a
transformative approach in medicine, capable of
improving therapeutic efficacy, reducing toxicity, and
enabling precision healthcare worldwide.

Index Terms—Nanocarriers, Targeted Drug Delivery,
Liposomes, Polymeric Nanoparticles, Solid Lipid
Nanoparticles (SLN), Dendrimers, Micelles, Carbon
Nanotubes, Gold Nanoparticles, Magnetic
Nanoparticles, Quantum Dots, Hybrid Nanocarriers,
Stimuli-Responsive Systems, Theragnostic, Personalized
Nanomedicine, Controlled Release, Drug Loading
Mechanisms,  Clinical ~ Applications,  Oncology,
Infectious Diseases, Neurological Disorders, Pulmonary
Drug Delivery, Artificial Intelligence in Nanomedicine.

I. INTRODUCTION

BACKGROUND ON DRUG
CHALLENGES

Drug delivery is the process of transporting
therapeutic agents into the body with appropriate
pharmacokinetics to achieve the desired clinical
effect [17][18]. Conventional routes of administration
such as oral, parenteral, pulmonary, and transdermal
have been widely employed for decades [1][5][24].
The oral route is the most common and convenient,
but it suffers from enzymatic degradation, gastric
acidity, and first-pass metabolism in the liver, which
drastically reduces drug bioavailability [2][17].
Parenteral routes, including intravenous and
intramuscular injections, bypass the gastrointestinal
tract but often result in rapid clearance, systemic
distribution, and patient discomfort [1][6]. Pulmonary
administration allows direct delivery to the lungs, but
deposition efficiency depends heavily on particle size
and inhalation technique [3][24]. Transdermal
patches provide sustained release but are limited by
the barrier properties of the skin, which restricts the
range of drugs that can be delivered effectively [5][6].

DELIVERY
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These conventional methods frequently lead to poor
bioavailability, systemic toxicity, and rapid clearance
from circulation [1][6][17]. Protein-based drugs and
vaccines are degraded in the gastrointestinal tract,
making oral administration ineffective [2][18].
Anticancer drugs such as cisplatin can react with
blood components, producing toxic by-products and
damaging healthy tissues [1][20]. Repeated dosing is
often required to maintain therapeutic levels,
increasing patient burden and the risk of adverse
effects [5][24].

IMPORTANCE OF
DELIVERY

Targeted drug delivery (TDD) systems were
developed to overcome these barriers by directing
drugs preferentially to diseased tissues or cells while
sparing healthy ones [1][2][6]. By concentrating
therapeutic agents at the site of pathology, TDD
improves bioavailability, lowers dosage requirements,
and minimizes systemic toxicity [2][5][20]. This
approach enhances the therapeutic index of drugs,
ensuring that the benefits outweigh the risks [6][21].
TDD also allows controlled and sustained release of
drugs, maintaining effective concentrations for longer
periods and reducing the frequency of administration

[3][19].

TARGETED DRUG

For example, liposomal formulations of doxorubicin
have demonstrated reduced cardiotoxicity compared
to free drug, while liposomal amphotericin B has
shown improved safety in fungal infections [20][22].
Polymeric nanoparticles and dendrimers are being
explored for crossing the blood-brain barrier to
deliver drugs for Alzheimer’s and Parkinson’s
disease [10][11][23]. Nanocarriers also enable
sustained  release  of  bronchodilators  and
corticosteroids via inhalation for respiratory disorders
[9][24]. Thus, TDD represents a paradigm shift in
pharmacotherapy, moving from generalized systemic
exposure to site-specific precision medicine [28][29].

ROLE OF

ADVANCING TDD
Nanotechnology has revolutionized the field of drug
delivery by enabling the design of nanocarriers with
unique physicochemical properties [3][4][7][8].
Nanocarriers, owing to their nanoscale dimensions
and high surface-to-volume ratio, can encapsulate or
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conjugate therapeutic molecules, protect them from
enzymatic degradation, and release them in a
controlled manner at the site of action [2][9][10].
Different  classes of  nanocarriers—including
liposomes, solid lipid nanoparticles, polymeric
nanoparticles,  dendrimers,  micelles,  carbon
nanotubes, gold nanoparticles, and quantum dots—
offer versatile platforms for both passive and active
targeting  [7][8][11][12][13][14][15][16].  These
systems can be engineered to respond to internal
stimuli such as pH, enzymes, or redox conditions, or
external triggers such as temperature, light,
ultrasound, and magnetic fields, thereby achieving
precise spatial and temporal drug release [15][16][25].

Recent clinical applications, such as liposomal
doxorubicin for cancer and liposomal amphotericin B
for fungal infections, demonstrate the potential of
nanocarrier-based TDD to transform therapeutic
practice [20][22]. Beyond therapy, nanocarriers are
also being explored for theranostics, combining drug
delivery with imaging and diagnostics to enable
real-time  monitoring of treatment efficacy
[14][16][28]. Thus, nanotechnology provides the
foundation for next-generation drug delivery systems
that combine efficacy, safety, and patient
convenience, paving the way for personalized
nanomedicine [28][29].

HISTORICAL DEVELOPMENT AND GLOBAL
TRENDS

The concept of using nanoscale carriers for drug
delivery dates back to the discovery of liposomes in
the 1960s, which were the first vesicular systems
capable of encapsulating both hydrophilic and
hydrophobic drugs [7]. Over the following decades,
advances in polymer chemistry, materials science,
and biotechnology led to the development of
polymeric nanoparticles, dendrimers, and micelles
[10][11][212]. Inorganic nanocarriers such as carbon
nanotubes and gold nanoparticles emerged in the
1990s, offering unique optical, electrical, and
magnetic properties for biomedical applications
[13][14][15]. Today, nanocarriers are at the forefront
of pharmaceutical research, with numerous
formulations undergoing clinical trials and several
already approved for clinical use [20][22].
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Global research trends indicate a strong focus on
oncology, infectious diseases, and neurological
disorders, reflecting the urgent need for more
effective therapies in these areas [21][23]. The
integration of nanotechnology with molecular
biology, genomics, and imaging is driving the
development of multifunctional systems capable of
simultaneous diagnosis and therapy [14][16][28].
This convergence of disciplines underscores the
transformative potential of nanocarriers in advancing
precision medicine and improving patient outcomes
worldwide [28][29].

I1. CONVENTIONAL DRUG DELIVERY AND ITS
LIMITATIONS

ROUTES OF ADMINISTRATION

Drug administration can occur through several
conventional routes, each with distinct advantages
and drawbacks [17][18][24]. The oral route is the
most widely used because of its convenience,
non-invasiveness, and patient compliance [2][17].
Drugs are typically delivered in the form of tablets,
capsules, or liquids, and absorption occurs primarily
in the small intestine [1][17]. However, oral delivery
is limited by enzymatic degradation, gastric acidity,
and first-pass metabolism in the liver, which
significantly reduce drug bioavailability [18].
Protein-based drugs such as insulin and monoclonal
antibodies are particularly unsuitable for oral
administration because they are denatured in the
gastrointestinal tract [17][18].

The parenteral route includes intravenous,
intramuscular, and subcutaneous injections [1][5].
Intravenous administration provides rapid onset of
action and precise control over plasma drug
concentration [51[24]. Intramuscular and
subcutaneous routes allow slower absorption and
sustained release compared to intravenous delivery
[1]][6]. Despite these advantages, parenteral
administration is invasive, often painful, and requires
trained personnel, which reduces patient compliance
[6]1[27]. Additionally, drugs delivered parenterally are
rapidly cleared from circulation and distributed
non-specifically throughout the body [1][20].

The pulmonary route delivers drugs directly to the
lungs through inhalation [3][24]. This method is
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particularly useful for treating respiratory diseases
such as asthma and chronic obstructive pulmonary
disease (COPD) [24]. Pulmonary delivery allows
rapid absorption due to the large surface area of
alveoli and thin epithelial barriers [3][24]. However,
deposition efficiency depends heavily on particle size,
inhalation technique, and device design [24].
Furthermore, systemic delivery via the pulmonary
route is limited by mucociliary clearance and
enzymatic degradation in the lungs [3][24].

The transdermal route involves delivering drugs
across the skin using patches or topical formulations
[5]1[18]. This method provides sustained release and
avoids first-pass metabolism [18]. Transdermal
patches are particularly useful for drugs requiring
long-term administration, such as nicotine or
hormone therapies [5]. However, skin permeability is
a major barrier, restricting the range of drugs that can
be delivered effectively [6][27]. Only small,
lipophilic molecules can readily cross the skin barrier,
limiting the applicability of this route [18].

LIMITATIONS OF CONVENTIONAL DRUG
DELIVERY

Despite their widespread use, conventional drug
delivery systems face several limitations [1][6][17].
One major issue is poor bioavailability, particularly
for drugs that are unstable in the gastrointestinal tract
or undergo extensive first-pass metabolism [18]. For
example, oral administration of protein drugs such as
insulin is ineffective because the drug is degraded
before reaching systemic circulation [17][18].
Another limitation is systemic toxicity resulting from
non-specific distribution of drugs throughout the
body [1][20]. Anticancer drugs such as cisplatin can
react with blood components, producing toxic
by-products and damaging healthy tissues [20]. This
lack of specificity reduces therapeutic efficacy and
increases adverse effects [6][21].

Rapid clearance from circulation is another challenge
[1][24]. Drugs delivered intravenously often have
short half-lives, requiring frequent dosing to maintain
therapeutic levels [5][24]. This increases patient
burden and reduces compliance [6][27].

Conventional systems also lack controlled release
mechanisms, leading to fluctuations in plasma drug
concentration [17][19]. Such fluctuations can result
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in  sub-therapeutic levels or toxic peaks,
compromising treatment outcomes [5][24].

Finally, conventional delivery methods are often
unsuitable for modern therapies involving biologics,
nucleic acids, and targeted agents [2][10]. These
molecules require protection from degradation and
precise delivery to specific tissues, which
conventional systems cannot provide [4][28].

NEED FOR ADVANCED SYSTEMS

The limitations of conventional drug delivery
highlight the need for advanced systems capable of
site-specific  delivery and controlled release
[1][6][17]. Nanocarrier-based targeted drug delivery
offers solutions to these challenges by improving
bioavailability, reducing systemic toxicity, and
enabling sustained release [2][9][10]. These systems
represent a paradigm shift in pharmacotherapy,
paving the way for precision medicine and improved
patient outcomes [3][5][28][29].

I11. DESIGN STRATEGIES FOR TARGETED
DRUG DELIVERY

Targeted drug delivery (TDD) systems are designed
to overcome the limitations of conventional
administration by directing therapeutic agents
specifically to diseased tissues or cells while sparing
healthy ones [1][2][6]. The rationale behind these
strategies is to improve drug bioavailability, reduce
systemic toxicity, and enhance therapeutic efficacy
[2][5][20]. Several approaches have been developed,
each exploiting unique biological or physicochemical
principles [7][8][21]. The major strategies include
passive targeting, active targeting, inverse targeting,
physical targeting, dual targeting, and double
targeting [1][2][28].

3.1 PASSIVE TARGETING

Passive targeting is one of the earliest and most
widely studied approaches [1][7]. It relies on the
enhanced permeability and retention (EPR) effect, a
phenomenon observed in solid tumors and inflamed
tissues [2][20]. Tumor vasculature is often leaky due
to rapid angiogenesis, and lymphatic drainage is poor,
allowing nanoparticles to accumulate preferentially in
these regions [7][8]. As a result, nanocarriers remain
in the tumor microenvironment for extended periods,
leading to higher local drug concentrations compared
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to healthy tissues [20]. Examples include liposomal
formulations of anticancer drugs that exploit the EPR
effect to achieve higher tumor accumulation [7][20].

3.2 ACTIVE TARGETING

Active targeting enhances specificity by decorating
nanocarriers with ligands that bind selectively to
receptors overexpressed on diseased cells [8][21].
Ligands may include antibodies, peptides, aptamers,
folic acid, or transferrin, each chosen based on the
target receptor [2][21]. Ligand—receptor interactions
facilitate receptor-mediated endocytosis, ensuring
efficient cellular uptake and improved therapeutic
outcomes [3][19]. For example, folate-conjugated
nanoparticles have been widely studied for cancer
therapy, exploiting the high expression of folate
receptors in  tumor cells [21]. Similarly,
antibody-functionalized liposomes have been used to
deliver chemotherapeutic agents directly to cancer
cells, reducing off-target toxicity [7][20].

3.3 INVERSE TARGETING

Inverse targeting aims to avoid uptake by the
reticuloendothelial system (RES), which normally
clears colloidal particles from circulation [6][9]. This
can be achieved by pre-injecting blank carriers to
saturate the RES or by modifying nanocarrier
surfaces with polymers such as polyethylene glycol
(PEG) to reduce recognition by macrophages [8][27].
By suppressing RES activity, drugs can be redirected
to non-RES organs, improving distribution and
therapeutic efficiency [2][9]. Inverse targeting is
particularly useful for delivering drugs to organs such
as the heart or kidneys, which are otherwise difficult
to reach with conventional carriers [28].

3.4 PHYSICAL TARGETING

Physical targeting utilizes external or internal stimuli
to trigger drug release at the desired site [3][15].
Examples include pH-responsive carriers that release
drugs in acidic tumor environments, thermosensitive
liposomes that respond to elevated temperatures, and
magnetic nanoparticles guided by external magnetic
fields [15][25]. Light-activated systems have also
been developed, where photosensitive carriers release
drugs upon exposure to specific wavelengths [16].
This approach allows spatial and temporal control of
drug release, making it particularly useful in cancer
therapy and localized treatments [14][15]. Physical
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targeting is also being explored for gene delivery,
where stimuli-responsive carriers can release nucleic
acids in response to intracellular conditions [10][11].

3.5 DUAL TARGETING

Dual targeting refers to systems where both the
carrier and the drug possess therapeutic activity,
producing a synergistic effect [13][14][25]. For
instance, zinc oxide nanoparticles exhibit intrinsic
antibacterial properties, and when loaded with
antibiotics, they enhance overall antimicrobial
efficacy [25]. Similarly, silver nanoparticles have
been used in combination with antifungal drugs to
improve treatment outcomes [25][26]. Such systems
not only deliver drugs but also contribute directly to
therapeutic outcomes, making them highly efficient

[61[27].

3.6 DOUBLE TARGETING

Double targeting combines spatial and temporal
control of drug release [17][19][28]. Spatial targeting
directs drugs to specific organs, tissues, or cells,
while temporal targeting regulates the rate and
duration of release to maintain optimal therapeutic
levels [19]. This dual control ensures that drugs act
precisely where and when they are needed, reducing
side effects and improving patient compliance
[28][29]. Examples include polymeric nanoparticles
engineered to release drugs slowly over time while
being directed to specific tissues using ligands
[10][21].

COMPARATIVE ANALYSIS OF STRATEGIES
Each targeting strategy has unique advantages and
limitations [1][2][6]. Passive targeting is simple and
widely applicable but lacks specificity [7][20]. Active
targeting provides high specificity but requires
detailed knowledge of disease biomarkers [21].
Inverse targeting improves distribution but may
involve complex pre-treatments [9][27]. Physical
targeting offers precise control but often requires
external equipment or stimuli [15][16]. Dual and
double targeting integrate multiple mechanisms,
offering synergistic effects but increasing complexity
in design and manufacturing [28][29]. The choice of
strategy depends on the disease, drug properties, and
desired therapeutic outcomes [20][21][27].
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IV. TYPES OF NANOCARRIERS

Nanocarriers are nanoscale structures engineered to
transport therapeutic agents safely and effectively to
targeted sites in the body [2][7]. Their small size (1-
200 nm) and large surface-to-volume ratio allow
them to encapsulate drugs, protect them from
degradation, and release them in a controlled manner
[4]1[9]. They can be broadly classified into organic
nanocarriers, inorganic nanocarriers, and hybrid
systems, each with distinct properties and
applications [1][2][28].

4.1 ORGANIC NANOCARRIERS

Organic nanocarriers are composed of biocompatible
and biodegradable materials such as lipids, polymers,
and dendritic macromolecules [2][7]. They are
versatile, less toxic, and capable of conjugating a
wide variety of drugs and ligands [1][8].

LIPOSOMES Liposomes are spherical vesicles
composed of phospholipid bilayers surrounding an
aqueous core [7][8]. They are amphiphilic in nature,
capable of carrying both hydrophilic drugs in the core
and hydrophobic drugs within the bilayer [7].
PEGylated liposomes, also known as stealth
liposomes, evade clearance by the reticuloendothelial
system, thereby prolonging circulation time [8].
Clinically, liposomal doxorubicin (DOXIL®) has
been approved for cancer therapy, demonstrating
reduced cardiotoxicity compared to free drug [20].
Limitations include instability during storage and
potential leakage of encapsulated drugs [6].

SOLID LIPID NANOPARTICLES (SLN) SLNs are
submicron colloidal carriers composed of solid lipids
stabilized by surfactants [9]. They combine the
advantages of liposomes and polymeric nanoparticles,
offering biocompatibility, controlled release, and
stability [9][10]. SLNs have been investigated for
pulmonary delivery of antitubercular drugs and for
crossing the blood-brain barrier in neurological
disorders [9][23]. However, they suffer from limited
drug loading capacity and risk of drug expulsion
during storage [6].

POLYMERIC  NANOPARTICLES  Polymeric
nanoparticles are formed from biodegradable
polymers such as poly (lactic-co-glycolic acid)
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(PLGA), polyethylene glycol (PEG), and chitosan
[10]. They can be designed as nanospheres (drug
dispersed in polymer matrix) or nano capsules (drug
confined to a core surrounded by polymer shell)
[10][17]. Smart polymeric nanoparticles respond to
stimuli such as pH, redox potential, or temperature,
enabling site-specific drug release [19]. They are
widely studied for anticancer therapy, gene delivery,
and sustained release formulations [10][21].
Challenges include complex synthesis and potential
toxicity of degradation products [25].

DENDRIMERS Dendrimers are highly branched,
monodisperse macromolecules with a central core
and multiple functional end groups [11]. They can
encapsulate drugs within internal cavities or
conjugate them to surface groups via covalent bonds
[11][12]. Poly(amidoamine) (PAMAM) dendrimers
are the most extensively studied, showing promise in
anticancer therapy, imaging, and gene delivery
[11][23]. Their advantages include precise molecular
architecture and high drug loading capacity [11].
However, dendrimers may cause cytotoxicity if not
properly functionalized [25].

MICELLES Micelles are self-assembled colloidal
aggregates of  amphiphilic  molecules,  with
hydrophobic cores and hydrophilic shells [12]. They
are particularly useful for solubilizing poorly
water-soluble drugs and protecting them from
degradation [12][19]. Polymeric micelles can be
engineered to release drugs in response to pH or
temperature changes, making them suitable for
cancer therapy [12][19]. Limitations include
instability upon dilution and potential premature
release of drugs [6].

4.2 INORGANIC NANOCARRIERS

Inorganic  nanocarriers exploit unique optical,
electrical, and magnetic properties of materials such
as carbon, gold, and iron oxide [13][14][15]. They
are particularly valuable for imaging, diagnostics,
and theranostics [14][16][28].

CARBON NANOTUBES & GRAPHENE Carbon
nanotubes (CNTs) are cylindrical structures
composed of rolled graphene sheets [13]. They
possess high aspect ratios and needle-like structures,
enabling efficient cellular penetration and drug
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delivery  [13][25]. Functionalized CNTs are
water-soluble and biocompatible, making them
suitable for biomedical applications [13]. Graphene
derivatives also show promise in drug delivery due to
their large surface area and ability to adsorb
biomolecules [13][25]. However, concerns remain
about long-term toxicity and biodegradability
[25][26].

GOLD NANOPARTICLES Gold nanoparticles
exhibit unique optical properties, including surface
plasmon resonance, making them valuable for
imaging and photothermal therapy [14]. They can be
functionalized with biomolecules such as peptides,
proteins, and nucleic acids for targeted delivery
[14][21]. Applications include biosensing,
chemotherapy, and imaging of tumor cells [14][20].
Limitations include potential cytotoxicity at high
concentrations and challenges in large-scale synthesis

[61[27].

MAGNETIC NANOPARTICLES Magnetic
nanoparticles, particularly superparamagnetic iron
oxide nanoparticles (SPIONs), can be guided by
external magnetic fields [15]. They serve as contrast
agents in magnetic resonance imaging (MRI) and can
be used for magnetically targeted drug delivery
[15][23]. Applications include hyperthermia therapy,
where magnetic nanoparticles generate heat under
alternating magnetic fields to kill cancer cells
[15][25]. Challenges include limited penetration of
magnetic fields in deep tissues and potential
aggregation of particles [15][27].

QUANTUM DOTS Quantum dots are fluorescent
semiconductor nanocrystals with size-dependent
optical properties [16]. They are used for imaging,
biomarker detection, and tracking of drug delivery in
cells [16][28]. Quantum dots can also be conjugated
with drugs or ligands for theranostic applications [16].
Concerns remain about long-term toxicity due to
heavy metal content [16][25].

4.3 HYBRID NANOCARRIERS

Hybrid nanocarriers combine features of organic and
inorganic systems, such as polymer—lipid hybrids or
multifunctional composites [28]. These systems can
simultaneously deliver multiple drugs, respond to
stimuli, and provide imaging capabilities, making
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them ideal for theranostics [28][29]. For example,
polymer—lipid hybrids combine the stability of
polymers with the biocompatibility of lipids, offering
improved drug loading and release profiles [9][10].
Multifunctional systems integrating imaging agents
and therapeutic drugs enable real-time monitoring of
treatment efficacy [14][16][28]. Challenges include

complex synthesis and high production costs [27][29].

V. MECHANISMS OF DRUG LOADING AND
RELEASE

The effectiveness of nanocarrier-based targeted drug
delivery depends not only on the carrier design but
also on the mechanism by which drugs are loaded
and subsequently released [2][9]. Drug loading
determines how much therapeutic agent can be
incorporated into the carrier, while release
mechanisms control the timing, rate, and site of drug
availability [3][17]. Together, these processes dictate
pharmacokinetics, therapeutic efficacy, and patient
safety [1][18].

5.1 DRUG LOADING MECHANISMS
ENCAPSULATION

Encapsulation involves trapping drug molecules
inside the nanocarrier, either within an aqueous core
or a polymeric matrix [7][9][10]. Liposomes
encapsulate hydrophilic drugs in their aqueous
interior and hydrophobic drugs within the lipid
bilayer [7][8]. Polymeric nanoparticles can entrap
drugs in their matrix, providing protection from
enzymatic degradation [10][17]. Encapsulation is
advantageous because it shields drugs from
premature metabolism and allows sustained release
[19][20].

ADSORPTION

Adsorption refers to the attachment of drug
molecules onto the surface of nanocarriers via
electrostatic, hydrophobic, or van der Waals
interactions  [13][14]. Carbon nanotubes and
graphene are particularly effective for adsorption due
to their large surface area [13][25]. This method
allows high drug loading but may suffer from
premature desorption in circulation [25][26].
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CONJUGATION

Conjugation involves chemically linking drugs to
nanocarriers using covalent bonds or spacers [11][12].
Dendrimers are ideal for conjugation because of their
multiple functional end groups [11]. Conjugation
ensures stable drug attachment and can be designed
to release drugs in response to specific stimuli
[19][25]. However, chemical modification may alter
drug activity or increase synthesis complexity [27].

5.2 DRUG RELEASE KINETICS

The release profile of drugs from nanocarriers is
critical for maintaining therapeutic levels [3][17].
Several kinetic models describe drug release behavior:

ZERO-ORDER KINETICS: Drug is released at a
constant  rate, maintaining  steady  plasma
concentration [17][19]. Polymeric nanoparticles with
controlled degradation often follow zero-order
release [10].

FIRST-ORDER KINETICS: Release rate is
proportional to the remaining drug concentration in
the carrier [17][18]. Conventional oral tablets and
some liposomes exhibit first-order release [7][8].

HIGUCHI MODEL.: Release is proportional to the
square root of time, typical of diffusion-controlled
systems [17][19]. Micelles and porous silica
nanoparticles often follow Higuchi kinetics [12][28].
Understanding these models helps in designing
carriers that match therapeutic requirements [19][20].

5.3 STIMULI-RESPONSIVE RELEASE
Stimuli-responsive nanocarriers release drugs in
response to internal or external triggers [3][15].

PH-RESPONSIVE SYSTEMS: Many tumors and
inflamed tissues exhibit acidic microenvironments.
Nanocarriers engineered with pH-sensitive linkages
release drugs selectively in these regions [19][25].

TEMPERATURE-RESPONSIVE SYSTEMS:
Thermosensitive liposomes release drugs when
exposed to elevated temperatures, useful in
hyperthermia therapy [15][25].

MAGNETIC FIELD-RESPONSIVE SYSTEMS:
Magnetic nanoparticles can be guided to target sites
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and triggered to release drugs under alternating
magnetic fields [15][23].

LIGHT-RESPONSIVE SYSTEMS: Photosensitive
carriers release drugs upon exposure to specific

wavelengths, enabling precise spatial control [16][28].

These smart systems integrate targeting with
controlled release, maximizing therapeutic efficacy
while minimizing side effects [25][29].

54 INTEGRATION OF LOADING AND
RELEASE

The choice of loading method influences release
behavior [1][2]. Encapsulation often results in
sustained release, adsorption may lead to rapid
release, and conjugation allows stimuli-controlled
release [11][13][19]. Hybrid systems combining
multiple mechanisms are being developed to achieve
optimal therapeutic outcomes [28][29]. For example,
polymer—lipid hybrids can encapsulate drugs for
sustained  release  while also incorporating
stimuli-responsive linkages for controlled activation
[91[10][28].

VI. CLINICAL APPLICATIONS OF
NANOCARRIERS

Nanocarrier-based targeted drug delivery has moved
beyond theoretical promise into real clinical practice
[2][7]. Several formulations have already been
approved for use, while many others are in advanced
stages of clinical trials [20][22]. These applications
span oncology, infectious diseases, neurological
disorders, pulmonary diseases, and emerging areas
such as gene therapy, vaccines, and theranostics
[21][23][24][25].

6.1 ONCOLOGY

Cancer therapy has been the most prominent area for
nanocarrier applications. Liposomal doxorubicin
(DOXIL®) was the first FDA-approved nanodrug,
demonstrating reduced cardiotoxicity compared to
free doxorubicin [20]. Albumin-bound paclitaxel
(Abraxane®) has improved solubility and reduced
hypersensitivity reactions compared to conventional
formulations [21]. Polymeric nanoparticles and
dendrimers are being investigated for targeted
delivery of chemotherapeutics across tumor
vasculature, exploiting both passive and active
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targeting mechanisms [10][11][29]. Gold
nanoparticles and quantum dots are also being
explored for theranostic applications, combining
imaging with therapy [14][16][28].

6.2 INFECTIOUS DISEASES

Nanocarriers have shown promise in treating
bacterial, viral, and fungal infections. Liposomal
amphotericin B (AmBisome®) is widely used for
systemic fungal infections and leishmaniasis,
reducing nephrotoxicity compared to conventional
amphotericin B [22]. Solid lipid nanoparticles and
polymeric carriers are being developed for
pulmonary delivery of antitubercular drugs,
improving bioavailability and reducing dosing
frequency [9][24]. Silver and zinc oxide
nanoparticles exhibit intrinsic antimicrobial activity,
which can synergize with conventional antibiotics
[25][26].

6.3 NEUROLOGICAL DISORDERS

Delivering drugs across the blood—brain barrier (BBB)
remains a major challenge in neurology. Nanocarriers
such as polymeric nanoparticles, dendrimers, and
liposomes have been engineered to cross the BBB
and deliver drugs for Alzheimer’s, Parkinson’s, and
brain tumors [10][11][23]. Magnetic nanoparticles
guided by external fields are also being explored for
localized delivery in neurological conditions [15][23].

6.4 PULMONARY DISEASES

Nanocarriers are increasingly used in respiratory
medicine. Polymeric nanoparticles and SLNs have
been investigated for sustained release of
bronchodilators and corticosteroids in asthma and
COPD [9][24]. Pulmonary delivery of nanocarriers
allows rapid absorption and targeted deposition in the
lungs, improving therapeutic outcomes while
reducing systemic side effects [24].

6.5 EMERGING APPLICATIONS

Beyond conventional therapies, nanocarriers are
being explored for gene therapy, vaccines, and
theranostics [25][26][27]. Dendrimers and polymeric
nanoparticles are used to deliver nucleic acids such as
SiRNA and mRNA [11][23]. Lipid-based
nanocarriers have been central to the success of
mRNA vaccines, demonstrating the potential of
nanotechnology in pandemic preparedness [9][26].
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Theranostic systems integrating imaging agents with
therapeutic drugs enable real-time monitoring of
treatment efficacy [14][16][28].

VIl. CHALLENGES AND LIMITATIONS

Despite the remarkable progress in nanocarrier-based
targeted drug delivery, several challenges remain that
hinder widespread clinical translation [25][26][27].

TOXICITY AND BIOCOMPATIBILITY

One of the major concerns is the potential toxicity of
nanocarriers. Inorganic systems such as carbon
nanotubes, graphene, and quantum dots may cause
oxidative stress, inflammation, or genotoxicity due to
their persistence in biological systems [13][16][25].
Heavy metal content in quantum dots raises
long-term safety issues [16][25]. Even organic
carriers such as dendrimers can exhibit cytotoxicity if
not properly functionalized [11][25]. Ensuring
biocompatibility and minimizing adverse effects
remain critical for clinical acceptance [26][27].

SCALE-UP AND MANUFACTURING

Large-scale production of nanocarriers with
consistent quality and reproducibility is another
challenge [9][10][27]. Complex synthesis methods,
batch-to-batch variability, and high production costs
limit industrial scalability [27][29]. Regulatory
agencies require strict quality control, which adds
further complexity to manufacturing processes
[26][27].

REGULATORY HURDLES
Nanomedicine faces unique regulatory challenges

due to the complexity of nanocarrier systems [26][27].

Standardized guidelines for evaluating safety,
efficacy, and quality are still evolving. Differences in
classification (drug, device, or combination product)
complicate approval pathways [27]. Regulatory
uncertainty slows down clinical translation and
commercialization [26].

PRECLINICAL VS. CLINICAL VARIABILITY

Results observed in animal models often fail to
translate directly to human patients [20][22][23].
Differences in physiology, metabolism, and immune
responses contribute to variability in outcomes [27].
This gap between preclinical promise and clinical

IJIRT 190603

reality remains a significant barrier to nanocarrier
adoption [25][27].

ETHICAL AND ECONOMIC ISSUES

The high cost of nanomedicine development and
treatment raises concerns about accessibility and
equity [27][29]. Ethical considerations also arise
regarding long-term safety, patient consent, and use
of nanotechnology in vulnerable populations [26][29].
Addressing these issues is essential to ensure that
nanocarrier-based therapies benefit patients globally.

VIII. FUTURE PERSPECTIVES

Nanocarrier-based targeted drug delivery continues to
evolve, with several promising directions that could
transform medicine in the coming decades [28][29].

PERSONALIZED NANOMEDICINE

The integration of nanocarriers with genomics,
proteomics, and patient-specific data is paving the
way for personalized nanomedicine [28][29]. By
tailoring drug formulations to individual genetic and
molecular profiles, therapies can achieve higher
efficacy and reduced toxicity [29]. This approach
aligns with the broader movement toward precision
medicine, ensuring that treatments are optimized for
each patient’s unique biology [28].

THERANOSTIC NANOCARRIERS

Theranostic  systems combine therapeutic and
diagnostic functions in a single platform [14][16][28].
Gold nanoparticles, quantum dots, and hybrid
nanocarriers are being developed to deliver drugs
while  simultaneously enabling imaging and
monitoring of treatment response [14][16]. Such
systems allow real-time feedback, enabling clinicians
to adjust therapy dynamically and improve patient
outcomes [28].

SMART MULTIFUNCTIONAL SYSTEMS

Future nanocarriers are expected to integrate multiple
functionalities, including stimuli-responsive release,
multi-drug  loading, and imaging capabilities
[15][19][28]. Hybrid systems that combine organic
and inorganic components can achieve synergistic
effects, offering stability, biocompatibility, and
advanced diagnostic features [28][29]. These smart
carriers will be crucial for complex diseases such as
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cancer, where multi-modal therapy is often required
[20][21].

INTEGRATION WITH ARTIFICIAL
INTELLIGENCE AND DIGITAL HEALTH
Artificial intelligence (Al) and digital health
technologies are increasingly being applied to
nanomedicine [28][29]. Al can optimize nanocarrier
design, predict drug release profiles, and personalize
treatment regimens based on patient data [29]. Digital
health platforms can monitor patient responses in real
time, integrating with theranostic nanocarriers to
provide adaptive treatment strategies [28]. This
convergence of nanotechnology and Al represents a
paradigm shift toward truly intelligent drug delivery
systems.

IX. CONCLUSION

Nanocarrier-based targeted drug delivery represents a
paradigm shift in modern pharmacotherapy. By
overcoming the limitations of conventional drug
delivery routes, nanocarriers enable site-specific
delivery, controlled release, and reduced systemic
toxicity [1][2][7]1[20]. Advances in design strategies
— including passive, active, inverse, physical, dual,
and double targeting — have expanded the versatility
of these systems [7][8][21][28].

Organic nanocarriers such as liposomes, polymeric
nanoparticles, dendrimers, and micelles have
demonstrated clinical success, while inorganic
systems like carbon nanotubes, gold nanoparticles,
magnetic nanoparticles, and quantum dots offer
unique diagnostic and theranostic capabilities
[13][14][15][16]. Hybrid nanocarriers further
integrate multifunctionality, combining therapeutic
and imaging features [28][29].

Mechanisms of drug loading and release, particularly
stimuli-responsive systems, provide precise spatial
and temporal control of therapy [17][19][25]. Clinical
applications span oncology, infectious diseases,
neurological disorders, pulmonary diseases, and
emerging areas such as gene therapy and vaccines
[20][21][22][23][24][26].

Despite challenges in toxicity, scale-up, regulatory
hurdles, and variability between preclinical and
clinical outcomes [25][26][27], nanocarriers remain
at the forefront of pharmaceutical innovation. Future
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perspectives emphasize personalized nanomedicine,
theranostic systems, smart multifunctional carriers,
and integration with artificial intelligence and digital
health [28][29].

Together, these advances position nanocarrier-based
targeted drug delivery as a transformative approach
in medicine, capable of improving therapeutic
efficacy, reducing toxicity, and enabling precision
healthcare worldwide [28][29].
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