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stability, reduced toxicity, and the potential to overcome biological
barriers, thereby revolutionizing the landscape of drug delivery. This
abstract explores the state-of-the-art advancements, promising
applications, and future prospects of vesicular nanocarriers, shedding
light on their transformative role in optimizing therapeutic outcomes
and paving the way for personalized medicine."

increasing drug concentrations at desired sites.

Introduction: Drug delivery systems constitute a Additionally, they improve drug bioavailability
cornerstone in modern medicine, profoundly by addressing issues related to solubility and
Impacting the effectiveness and safety of stability, ensuring optimal drug absorption and
therapeutic interventions. Their significance lies utilization.

in their ability to precisely deliver medications to

specific targets within the body, optimizing Controlled-release mechanisms embedded within
treatment outcomes while minimizing adverse these systems maintain consistent drug levels,
effects. These systems enhance therapeutic extending drug duration and enhancing patient
efficacy by ensuring targeted delivery, thereby adherence. Importantly, they mitigate side effects
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by reducing systemic exposure to drugs, thus

enhancing safety profiles. Furthermore, drug
delivery systems hold promise for personalized
medicine, enabling tailored treatments based on
individual patient needs and characteristics. By
overcoming biological barriers and facilitating the
delivery of diverse therapeutic agents, these
systems open avenues for novel therapeutic
approaches, ushering in a new era of targeted,
efficient, and personalized medical treatments.?3

The evolution of vesicular nanocarriers represents
a transformative journey in pharmaceutical
sciences, revolutionizing drug delivery strategies
over decades of research and innovation. It began
with the advent of liposomes in the 1960s,
marking a pioneering step in encapsulating drugs
within lipid bilayers. These early vesicular
carriers demonstrated the potential to protect
sensitive drugs, modify their pharmacokinetics,
and facilitate targeted delivery. Over time, the
evolution expanded to encompass various types of
vesicular nanocarriers, each offering unique
advantages and tailored functionalities.*

Niosomes emerged as a promising alternative to
liposomes in the 1970s, utilizing non-ionic
surfactants to form vesicles. Their improved
stability, ability to encapsulate hydrophilic and
hydrophobic  drugs, and cost-effectiveness
garnered significant attention. Ethosomes,
introduced later, brought an innovative approach
by incorporating high ethanol concentrations in
lipid vesicles, enhancing drug penetration through
the skin and enabling efficient transdermal
delivery.>®

Transfersomes, introduced in the 1990s,
introduced a breakthrough in overcoming
biological barriers. Their ultra-deformable nature
enabled them to traverse through pores much
smaller than their size, facilitating deeper tissue
penetration and efficient drug delivery. Further
advancements in nanotechnology paved the way
for cubosomes and archaeosomes, offering
sophisticated structures capable of encapsulating
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diverse drug types while providing enhanced

stability and bioavailability.’

Throughout this evolution, the focus extended
beyond mere encapsulation to tailor vesicular
carriers for specific drug delivery challenges.
Modifications in composition, size, surface
charge, and targeting ligands aimed to optimize
drug release kinetics, increase tissue specificity,
and overcome physiological barriers. The
evolution of these vesicular nanocarriers not only
expanded the possibilities in drug delivery but
also diversified their applications across various
medical fields, including oncology, infectious
diseases, and dermatology.®

As research continues, the evolution of vesicular
nanocarriers persists, driving towards more
sophisticated designs and functionalities. The
quest for improved stability, enhanced targeting
capabilities, and the ability to encapsulate a
broader range of therapeutic agents remains at the
forefront, promising continued innovation and
breakthroughs in drug delivery systems for
improved patient care and treatment outcomes.®

Nanocarriers represent a cornerstone in modern
pharmaceuticals, wielding profound significance
in revolutionizing drug delivery paradigms. Their
pivotal role lies in their ability to address critical
challenges associated with traditional drug
formulations, offering transformative solutions
that enhance therapeutic efficacy and patient
outcomes. These nanoscale carriers, such as
liposomes, niosomes, and other vesicular
systems, provide a tailored platform for drug
encapsulation, protection, and targeted delivery.1

One of the primary significances of nanocarriers
is their capability to improve drug bioavailability.
Many potent drugs encounter limitations related
to solubility, stability, or rapid degradation within
the body, hampering their effectiveness.
Nanocarriers adeptly address these hurdles by
encapsulating drugs, enhancing their solubility,
stability, and protecting them from degradation,
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thereby  augmenting their  bioavailability.

Moreover, nanocarriers enable precise targeting
of drugs to specific cells, tissues, or organs,
minimizing systemic side effects and maximizing
therapeutic impact.*

This targeted approach mitigates toxicity on
healthy tissues, enhances drug concentrations at
the intended site of action, and facilitates
controlled  release, optimizing treatment
outcomes.  Furthermore, nanocarriers hold
promise for delivering a diverse range of
therapeutic agents, including traditional small
molecules, biologics, and genetic material. Their
versatility and ability to encapsulate various drug
types expand the horizons of pharmaceutical
research, ushering in personalized medicine and
innovative treatment modalities. In essence,
nanocarriers stand as catalysts for transformative
advancements in drug delivery, promising more
effective, safer, and tailored therapeutic
interventions.*2

2. Types of Vesicular Nanocarriers:

Vesicular  nanocarriers include liposomes,
niosomes, and ethosomes, each utilizing distinct
compositions and  structures  for  drug
encapsulation and delivery. Liposomes are lipid-
based vesicles; niosomes employ non-ionic
surfactants, while ethosomes integrate high
ethanol concentrations, each offering unique
advantages in drug delivery applications. These
nanocarriers vary in properties, allowing tailored
approaches for targeted drug delivery and
enhanced therapeutic outcomes. Figure 1 shows
the various types of vesicular nanocarriers.

Review Article
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Figure 1: Types of Vesicular Nanocarriers
2.1 Liposomes:

Liposomes stand as a versatile and effective
vesicular drug delivery system, playing a pivotal
role  in  modern pharmaceuticals. These
microscopic spherical vesicles, comprised of
phospholipid bilayers, have revolutionized drug
delivery since their inception in the 1960s. Their
unique structural composition allows liposomes
to encapsulate a wide range of pharmaceutical
agents, varying from hydrophilic compounds
within their aqueous core to hydrophobic
substances within the lipid bilayers. This
versatility makes them an ideal carrier for various
therapeutic molecules, including drugs, nucleic
acids, and imaging agents.

A primary advantage of liposomes lies in their
ability to protect encapsulated drugs from
degradation and clearance mechanisms. The lipid
bilayer encapsulation shields drugs from
enzymatic degradation and immune recognition,
enhancing their stability and circulation time in
the body. This protection contributes to improved
drug bioavailability, ensuring a more sustained
and controlled release at the target site.

Moreover, liposomes exhibit remarkable
biocompatibility and low toxicity, making them
well-tolerated within the body. This favorable
safety profile has facilitated their extensive use in
pharmaceutical formulations, particularly in
delivering anticancer drugs, antimicrobials, and
vaccines. Additionally, the customizable nature of

Sarita Garg

Page |74



Volume — 15, Issue — 1, January — 2024

IJPPR (2024), Vol. 15, Issue 1
liposomes allows for modifications to their

surface properties, enabling targeted delivery to
specific cells or tissues. Functionalization with
ligands or antibodies enhances their ability to
recognize and bind to target cells, facilitating site-
specific drug delivery while minimizing off-target
effects.

The versatility and adaptability of liposomes have
led to the development of innovative drug
formulations. Advances in liposomal technology
have yielded long-circulating liposomes,
triggered-release systems, and actively targeted
liposomal formulations. These advancements
continue to expand their applications across
diverse therapeutic areas, promising enhanced
efficacy, reduced side effects, and improved
patient outcomes. As research progresses,
liposomes remain at the forefront of vesicular
drug delivery systems, continually evolving to
meet the demands of modern medicine and paving
the way for more efficient and targeted drug
therapies.3-1°

2.2 Niosomes:

Niosomes, a type of vesicular drug delivery
system, offer a promising alternative to
liposomes, harnessing non-ionic surfactants to
form vesicles. Their emergence in the 1970s
marked a significant stride in pharmaceutical
sciences, providing a versatile platform for drug
encapsulation and delivery. Composed of non-
ionic surfactants and cholesterol, niosomes
possess structural similarities to liposomes while
exhibiting  distinct advantages, including
enhanced stability, cost-effectiveness, and facile
manufacturing processes.

The formulation of niosomes involves the self-
assembly of non-ionic surfactants into bilayered
structures in aqueous solutions. This formation
process generates vesicles with hydrophilic heads
facing the aqueous environment and hydrophobic
tails oriented inward, encapsulating drugs either
within the aqueous compartments or between the
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bilayers. This structural versatility allows

niosomes to encapsulate a wide range of drug
types, including both  hydrophilic and
hydrophobic compounds, offering potential
applications across various therapeutic areas.

One of the key advantages of niosomes lies in
their enhanced stability compared to liposomes.
The non-ionic nature of the surfactants
contributes to increased stability in various
environmental conditions, making them less
prone to degradation and leakage of encapsulated
drugs. Additionally, niosomes exhibit robustness
against pH variations and enzymatic degradation,
facilitating improved drug retention and
prolonged circulation in the body.

Furthermore, the relatively simple and cost-
effective manufacturing processes of niosomes
make them attractive for large-scale production,
potentially ~reducing production costs in
pharmaceutical formulations. Their compatibility
with different routes of administration, such as
oral, topical, and parenteral, further expands their
versatility in drug delivery applications.

While niosomes offer significant advantages,
challenges related to achieving uniform size
distribution and scalability in production persist.
However, ongoing research and advancements in
formulation techniques continue to refine
niosomal systems, enhancing their stability,
targeting capabilities, and therapeutic efficacy.
With their distinctive attributes and potential,
niosomes stand as a promising vesicular drug
delivery  system, driving innovation in
pharmaceutical sciences and offering a platform
for diverse therapeutic interventions.16-18

2.3 Ethosomes:

Ethosomes, a novel type of vesicular drug
delivery system, have emerged as a promising
platform for enhancing transdermal drug delivery.
Introduced as an innovative formulation in the
late 20th century, ethosomes are characterized by
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their high ethanol content, which distinguishes

them from conventional liposomes and niosomes.
This unique composition confers ethosomes with
remarkable fluidity and penetration-enhancing
properties, particularly suitable for improving
drug permeation through the skin.

The formulation of ethosomes involves the
combination of phospholipids, ethanol, and water
to create vesicles with a high ethanol
concentration. This high ethanol content imparts
flexibility to the lipid bilayers, enhancing their
deformability and enabling deeper penetration
into the skin layers. Additionally, the fluidizing
effect of ethanol on skin lipids facilitates
enhanced drug diffusion through the stratum
corneum, ultimately promoting increased drug
absorption and bioavailability.

Ethosomes exhibit several advantages in
transdermal drug delivery. Their ability to
penetrate through the skin's lipid barrier more
effectively than traditional liposomes enhances
the delivery of both hydrophilic and lipophilic
drugs. This feature makes them suitable carriers
for a wide range of therapeutic agents, including
nonsteroidal anti-inflammatory drugs,
anesthetics, and even macromolecules like
peptides and proteins.

Moreover, ethosomes have shown promise in
improving the efficacy of topical drug delivery
while reducing side effects. Their ability to
enhance drug permeation allows for lower drug
doses to achieve therapeutic effects, minimizing
systemic exposure and potential adverse
reactions. Additionally, their biocompatibility
and non-toxic nature make them well-tolerated
and suitable for various dermatological
applications.

However, challenges such as stability issues and
formulation optimization persist in ethosomal
systems. Yet, ongoing research and advancements
in formulation techniques aim to address these
challenges, refining ethosomal formulations and
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expanding their applications. With their unique

composition and penetration-enhancing
capabilities, ethosomes continue to hold
significant promise as an innovative vesicular
drug delivery system for efficient transdermal
drug administration.1%2°

2.4 Transfersomes:

Transfersomes, an advanced class of vesicular
drug delivery systems, represent a significant
breakthrough in overcoming biological barriers
for efficient drug delivery. Introduced in the
1990s, transfersomes stand out for their
exceptional deformability and capability to
penetrate through pores much smaller than their
size, allowing for enhanced tissue permeation and
deeper drug delivery. Comprising phospholipids
and edge activators such as surfactants or bile
salts,  transfersomes  exhibit  remarkable
flexibility, enabling them to squeeze and deform
to a significant extent without rupturing, thus
overcoming physiological barriers that hinder
drug delivery.

The unique property of transfersomes lies in their
ultra-deformable nature, allowing them to
penetrate tight barriers such as the stratum
corneum in the skin or the endothelial lining in
blood vessels. This deformability enables
transfersomes to squeeze through narrow pores or
constrictions, facilitating deeper penetration into
the skin layers or reaching target tissues.
Consequently, transfersomes demonstrate
superior potential for transdermal drug delivery
and targeted delivery to specific cells or tissues.

The deformability of transfersomes is attributed to
the incorporation of edge activators, which
disrupt the lipid bilayers and reduce interfacial
tension, enhancing membrane flexibility. This
structural adaptation enables transfersomes to
navigate through biological barriers more
effectively than conventional vesicular systems
like liposomes or niosomes. As a result,
transfersomes offer improved bioavailability and
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therapeutic efficacy of encapsulated drugs while

minimizing systemic side effects.

Moreover, transfersomes exhibit promising
applications in delivering a wide range of
therapeutic agents, including small molecules,
peptides, and macromolecules. Their potential to
encapsulate diverse drug types and facilitate
controlled release further expands their utility in
various medical fields, including dermatology,
oncology, and vaccination.

Despite their exceptional properties, challenges
related to stability and large-scale production
persist in transfersomal formulations.
Nonetheless, ongoing research aims to address
these  challenges, refining  transfersome
formulations and optimizing their properties for
enhanced drug delivery. With their exceptional
deformability and potential to overcome
biological barriers, transfersomes stand as a
promising vesicular drug delivery system,
offering a pathway for efficient and targeted drug

administration in diverse medical applications.?*
23

2.5 Cubosomes:

Cubosomes, a distinctive type of vesicular drug
delivery system, present an intriguing structural
design that sets them apart in the realm of
pharmaceutical nanocarriers. These
nanostructured particles, developed as innovative
drug delivery platforms, exhibit a unique
bicontinuous  cubic  phase  morphology,
comprising interconnected water and lipid
compartments.  Their  intricate  structure,
characterized by a network of lipid bilayers
arranged in a highly organized cubic lattice,
distinguishes them from traditional vesicular
systems like liposomes or niosomes.

The formation of cubosomes involves the self-
assembly of lipid-based molecules, typically
monoolein, into a cubic lattice structure in
aqueous environments. This structure forms a
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complex three-dimensional network with a high

surface area, offering an ideal platform for
encapsulating hydrophilic and hydrophobic drugs
within the interfacial regions or lipid domains.
Cubosomes' capability to encapsulate a broad
range of pharmaceutical agents, including small
molecules and biologics, showcases their
versatility as drug carriers.

One of the defining features of cubosomes lies in
their high stability and ability to sustain the
encapsulated drug's integrity over extended
periods. The robust lipid bilayers provide
protection to the encapsulated drugs from
degradation, enhancing their stability and
preserving their therapeutic efficacy. Moreover,
the high surface area-to-volume ratio of
cubosomes facilitates efficient drug loading,
enabling higher drug payloads compared to some
other vesicular carriers.

Cubosomes exhibit promise in various drug
delivery applications, including oral, topical, and
parenteral delivery systems. Their adaptability
allows for modifications to optimize drug release
Kinetics, enabling controlled and sustained release
profiles. Additionally, their potential to traverse
biological barriers and target specific sites makes
them attractive for delivering drugs to specific
tissues or cells.

While cubosomes show remarkable potential,
challenges in scaling up production and fine-
tuning their properties for specific drug delivery
needs remain areas of ongoing research.
Nonetheless, their unique structural attributes and
drug delivery capabilities position cubosomes as
a promising vesicular drug delivery system,
offering opportunities for tailored and efficient
drug administration in diverse medical
applications.?4%5

2.6 Archaeosomes:

Archaeosomes, an innovative class of vesicular
drug delivery systems, harness the unique
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properties of archaeal lipids, derived from

archaea, to offer a promising platform for
advanced drug delivery. These specialized
vesicles, distinct from conventional phospholipid-
based carriers, utilize archaeal lipids with unusual
structural characteristics, imparting remarkable
stability and potential in drug delivery
applications. Archaeosomes' structural design
comprises ether-linked lipids, providing enhanced
stability and resistance to degradation compared
to conventional phospholipids.

The creation of archaeosomes involves
incorporating archaeal lipids into vesicular
structures through self-assembly in an aqueous
environment. The unique features of these lipids,
including their unique branched chains and ether
linkages, enable the formation of stable bilayered
vesicles with increased resistance to harsh
conditions such as extreme temperatures or
enzymatic degradation. This structural resilience
enhances the stability and longevity of
encapsulated  drugs within  archaeosomes,
ensuring their preservation and efficacy during
storage or transit in the body.

One of the notable attributes of archaeosomes is
their  biocompatibility and potential for
stimulating immune responses. Archaeal lipids
have demonstrated adjuvant properties, capable
of modulating the immune system and enhancing
the body's immune response. This characteristic
makes archaeosomes attractive as carriers for
vaccines and  immunotherapies,  offering
opportunities to improve vaccine efficacy and
stimulate robust immune reactions.

Archaeosomes exhibit promise in various drug
delivery applications, including delivering both
hydrophilic and hydrophobic drugs. Their
stability and adaptability allow for efficient
encapsulation of a wide range of pharmaceutical
agents, making them versatile carriers for diverse
therapeutic molecules. Moreover, their potential
to target specific cells or tissues and their ability
to traverse biological barriers  present

Review Article
opportunities for precise and effective drug

delivery strategies.

However, challenges related to large-scale
production, standardization, and the incorporation
of specific archaeal lipids persist in archaeosomal
formulations. Despite these hurdles, ongoing
research endeavors aim to harness the unique
characteristics of archaeosomes, optimizing their
properties and expanding their applications. With
their exceptional stability, versatility, and
potential immunomodulatory effects,
archaeosomes stand as a promising vesicular drug
delivery system, offering avenues for tailored and
efficient drug administration in various medical
contexts. 262

3. Properties and Structural Features:

3.1 Size, morphology and composition:
Vesicular drug delivery systems (DDS)
encompass a diverse range of structures
characterized by their size, morphology, and
composition, each influencing their functionality
in drug delivery:

3.1.1 Size:

Vesicular DDS exhibit varying sizes, typically
ranging from nanometers to micrometers. This
size range profoundly impacts their behavior
within biological systems. Nano-sized vesicles,
such as liposomes or niosomes, offer advantages
like enhanced cellular uptake and penetration due
to their smaller dimensions, facilitating targeted
drug delivery. Larger vesicles, like transfersomes
or archaeosomes, may offer unique advantages in
specific applications, such as sustained release or
encapsulating larger therapeutic agents.

3.1.2 Morphology:

Vesicular DDS display diverse morphologies,
including spherical shapes (like liposomes),
elongated or tubular structures (as seen in
transfersomes), cubic structures (cubosomes), or
irregular shapes depending on their formulation

Sarita Garg

Page |78



Volume — 15, Issue — 1, January — 2024

IJPPR (2024), Vol. 15, Issue 1
and composition. These morphological variations

impact their surface-to-volume ratio, stability,
and interactions with biological membranes,
influencing their ability to encapsulate different
types of drugs and traverse biological barriers.

3.1.3 Composition:

The composition of vesicular DDS varies widely,
primarily consisting of lipids, surfactants, or
amphiphilic molecules. Lipid-based vesicles like
liposomes, niosomes, or archaeosomes comprise
phospholipids, cholesterol, and other lipid
components. Surfactant-based vesicles, such as
transfersomes, include edge activators along with
lipid components. The composition affects the
vesicles' stability, drug-loading capacity, and
interactions  with  biological environments,
determining their suitability for specific drug
delivery applications.

Each aspect size, morphology, and composition—
contributes uniquely to the functionality and
performance of vesicular DDS. Tailoring these
parameters allows for the design of customized
drug delivery systems capable of addressing
diverse therapeutic needs, ranging from targeted
delivery and controlled release to improved
stability and compatibility with various drug
types.28-30

3.2 Encapsulation efficiency:

Encapsulation efficiency in vesicular drug
delivery systems (DDS) refers to the percentage
of drug molecules successfully entrapped or
encapsulated within the vesicles compared to the
total amount of drug used during the formulation
process. This efficiency is a crucial parameter as
it directly influences the therapeutic efficacy and
bioavailability of the drug. High encapsulation
efficiency ensures that a larger proportion of the
drug payload is retained within the vesicles,
minimizing wastage and enhancing the
effectiveness of the drug delivery system.!
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Several factors impact encapsulation efficiency

in vesicular DDS:
3.2.1 Formulation method:

The method used to prepare vesicles significantly
affects encapsulation. Various techniques like
film hydration, thin-film hydration, sonication, or
extrusion influence the vesicle size, stability, and
the ability to encapsulate drugs efficiently.

3.2.2 Physicochemical properties:

The physicochemical characteristics of the drug
molecules, such as solubility, hydrophobicity, and
molecular weight, affect their incorporation into
the wvesicles. Hydrophilic drugs might be
encapsulated within the aqueous core of vesicles
like liposomes, while hydrophobic drugs may be
embedded within the lipid bilayers.®?

3.2.3 Vesicle characteristics:

Parameters such as size, morphology, and
composition of the vesicles play a vital role in
encapsulation efficiency. Larger vesicles might
have higher encapsulation capacity but lower
stability, while smaller vesicles may offer better
penetration but limited capacity.

3.2.4 Drug-to-lipid ratio:

The ratio of drug to the lipid components during
vesicle preparation influences encapsulation
efficiency. An optimal ratio ensures maximal
drug loading without compromising vesicle
stability.

3.2.5 Drug properties:

Some drugs might have specific interactions with
vesicle components, affecting encapsulation. For
instance, certain drugs might interact with the
lipid bilayers, leading to higher or lower
encapsulation efficiencies.

Achieving high encapsulation efficiency involves
optimizing these factors during the formulation
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process. Understanding the interplay between

drug characteristics and vesicle properties is
essential for designing efficient vesicular drug
delivery systems with high encapsulation
efficiency, contributing to enhanced therapeutic
outcomes and targeted drug delivery. 3334

3.3 Surface modifications and targeting
strategies:

Surface modifications and targeting strategies in
vesicular DDS are pivotal for enhancing
specificity, improving efficacy, and reducing off-
target effects. These strategies involve altering the
surface properties of vesicles to achieve targeted
delivery to specific cells, tissues, or organs.
Several approaches are employed:

3.3.1 Surface functionalization:

Chemical modifications of the vesicle surface
involve attaching ligands, antibodies, peptides, or
aptamers onto the vesicle's exterior. These ligands
can specifically recognize and bind to receptors or
antigens overexpressed on target cells, facilitating
targeted delivery. For instance, antibodies or
aptamers can be attached to liposomes to enhance
their affinity for cancer cells, enabling precise
drug delivery to tumors.®

3.3.2 Stealth coating:

PEGylation is a common approach involving the
attachment of polyethylene glycol (PEG) chains
to the vesicle surface. This stealth coating reduces
recognition by the immune system, prolongs
circulation time by avoiding rapid clearance, and
minimizes non-specific interactions, thereby
improving the vesicle's bioavailability and
targeting to specific sites.

3.3.3 pH or temperature responsiveness:

Some vesicles are engineered to respond to
changes in pH or temperature in specific tissues
or environments. These stimuli trigger alterations
in vesicle structure, leading to controlled drug
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release or enhanced uptake at the target site. pH-

sensitive liposomes, for example, exploit the
acidic environment of tumor tissues to release
drugs selectively within tumors.%

3.3.4 Active targeting and triggered release:

Incorporating stimuli-responsive components or
trigger molecules within vesicles enables
controlled drug release at specific sites. For
instance, enzymes or conditions unique to
pathological ~ environments  (e.g.,  tumor
microenvironment) can trigger drug release from
vesicles, allowing for precise delivery and
minimizing systemic exposure.

3.3.5 Physical targeting:

Techniques like magnetic targeting or ultrasound
guidance can be utilized to direct vesicles loaded
with magnetic nanoparticles or contrast agents to
specific locations, offering external control over
their localization and drug release.

These surface modifications and targeting
strategies enable vesicular DDS to navigate
biological barriers, evade clearance mechanisms,
and precisely deliver therapeutic agents to desired
locations, maximizing drug efficacy while
minimizing side effects on healthy tissues.
Tailoring these approaches enhances the
therapeutic potential of vesicular drug delivery
systems for various biomedical applications.3"%

4. Drug Loading and Release Mechanisms:

4.1 Loading
conjugation):
Drug loading methods in vesicular drug delivery
systems (DDS) involve encapsulating or
conjugating therapeutic agents into or onto the
vesicles. These methods aim to efficiently
incorporate drugs within the vesicles while
maintaining stability and enhancing their
therapeutic potential. The primary approaches are
mentioned below:

methods  (encapsulation,
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4.1.1 Encapsulation:

4.1.1.1 Passive encapsulation:

During vesicle preparation, drugs can be
entrapped within the vesicle's aqueous core or
incorporated within the lipid bilayers based on the
drug's physicochemical properties. For instance,
hydrophilic drugs are encapsulated within the
aqueous core of vesicles like liposomes, while
hydrophobic drugs are incorporated into the lipid
bilayers. Encapsulation relies on the self-
assembly process during vesicle formation.

4.1.1.2 Remote loading:

Some drugs exhibit poor encapsulation efficiency
using passive methods. Remote loading
techniques involve creating a pH or ion gradient
across the vesicle membrane to facilitate drug
loading. This gradient-driven method enhances
the encapsulation of certain drugs within vesicles
by exploiting their differential solubility across
the lipid membrane.3°4°

4.1.2 Conjugation:
4.1.2.1 Surface conjugation:

Drug molecules can be covalently linked or
conjugated onto the surface of vesicles. This
method involves attaching drugs, targeting
ligands, antibodies, or other functional molecules
onto the outer surface of vesicles, often through
chemical conjugation or coupling reactions.
Surface conjugation allows for targeted drug
delivery by enhancing the vesicles' affinity for
specific cells or tissues.

4.1.2.2 Covalent attachment:

Some drugs or therapeutic agents can be
chemically modified to allow covalent attachment
to specific sites on the vesicle's surface or within
the vesicle structure. This method ensures stable
attachment and controlled release of drugs from
the vesicles.
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Each loading method offers distinct advantages

and considerations based on the properties of the
drug and the intended application. The choice of
loading technique influences drug encapsulation
efficiency, release Kkinetics, stability, and the
vesicle's ability to target specific sites within the
body. Optimizing these methods is crucial for
designing efficient and tailored vesicular drug
delivery systems for diverse therapeutic
applications.*42

4.2 Controlled and targeted drug release:
Controlled and targeted drug release in vesicular
drug delivery systems (DDS) are essential for
maximizing  therapeutic  efficacy  while
minimizing side effects. These strategies aim to
regulate the release kinetics and direct drug
delivery to specific sites within the body. The key
approaches are mentioned below:

4.2.1 Controlled release:
4.2.1.1 Sustained release:

Vesicular DDS can be engineered to release drugs
gradually over an extended period, maintaining
therapeutic levels for longer durations. This
sustained release is achieved by modulating
vesicle characteristics such as size, composition,
and membrane properties. Slow diffusion or
degradation of vesicle components can also
contribute to sustained drug release.

4.2.1.2 Stimuli-responsive release:

Vesicles can be designed to respond to specific
environmental cues, such as pH, temperature,
enzymes, or external stimuli like light or magnetic
fields. pH-sensitive liposomes, for example,
release drugs in response to acidic conditions in
tumors, leading to targeted delivery and reduced
systemic exposure.

4.2.1.3 Triggered release:

Incorporating trigger molecules or stimuli-
responsive components within vesicles enables
controlled drug release upon encountering
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specific conditions or stimuli. External triggers

like light, ultrasound, or magnetic fields can
induce structural changes in vesicles, leading to
on-demand drug release at targeted sites.*>4

4.2.2 Targeted release:
4.2.2.1 Active targeting:

Surface modifications with targeting ligands or
antibodies enable vesicles to recognize and bind
to specific receptors or antigens on target cells or
tissues. This active targeting enhances drug
accumulation at desired sites while reducing non-
specific interactions, enabling precise delivery.

4.2.2.2 Passive targeting:

Vesicles can passively target specific tissues or
organs based on their size, shape, or surface
properties. For instance, liposomes tend to
accumulate in inflamed or leaky tissues due to
their enhanced permeation and retention effect, a
passive  targeting mechanism  commonly
exploited for cancer therapy.

Combining controlled and targeted release
strategies allows for tailored drug delivery,
ensuring therapeutic agents reach the intended site
at the required dose and duration. Optimization of
these release mechanisms is crucial in developing
effective vesicular DDS for diverse therapeutic
applications, offering enhanced treatment
outcomes and reduced adverse effects.*

4.3 Factors influencing drug release kinetics:

Several factors influence drug release kinetics in
vesicular drug delivery systems, impacting the
rate, extent, and duration of drug release. These
factors play a crucial role in determining the
effectiveness of the drug delivery system. Some
key influences include:

4.3.1 Vesicle characteristics:

Smaller vesicles typically exhibit faster release
due to increased surface area-to-volume ratio,
facilitating quicker diffusion of drugs. Lipid
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composition and bilayer characteristics influence

membrane permeability and drug encapsulation,
impacting release kinetics. The stability of
vesicles  under  physiological  conditions
determines the integrity of the vesicle structure,
affecting the controlled release of drugs.*®

4.3.2 Drug properties:

Drug solubility in vesicle components affects its
release; hydrophilic drugs tend to release faster
from the aqueous core, while hydrophobic drugs
from lipid bilayers. Smaller molecules generally
diffuse more rapidly than larger ones, impacting
release Kinetics. Encapsulation efficiency and
method used to load drugs into vesicles affect
their subsequent release behavior.

4.3.3 Environmental factors:

pH-sensitive vesicles respond to changes in pH,
triggering drug release at specific sites within the
body, such as tumors with acidic environments.
Changes in temperature can influence the fluidity
and permeability of vesicle membranes, affecting
drug release rates.*’

4.3.4 Release mechanisms:

Controlled drug release through diffusion
involves drug molecules moving across vesicle
membranes, influenced by concentration
gradients and membrane permeability. Some
vesicular systems degrade or erode over time,
leading to gradual drug release as the vesicle
structure breaks down.

4.3.5 Stimuli-Responsive Systems:

Vesicles engineered to respond to external stimuli
like light, magnetic fields, or ultrasound trigger
drug release, offering on-demand control over
drug delivery.*®

Figure 2 describes the advantages of vesicular
DDS.
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Figure 2. Advantages of Vesicular DDS
5. Challenges and Limitations:

Vesicular DDS exhibit remarkable potential, yet
they encounter significant challenges. The
complexity in formulating these systems demands
precise control over parameters like size and
composition, posing hurdles for large-scale
production. Stability concerns arise, as vesicles
may destabilize, leading to premature drug release
or aggregation, impacting their efficacy during
storage and administration. Achieving high drug-
loading capacity without compromising stability
remains a challenge, especially for certain drug
types. Additionally, VDDS encounter barriers
penetrating biological tissues effectively, limiting
their application in targeted therapies. Issues
regarding their in vivo longevity, rapid clearance,
and degradation further impede their efficacy.
Translation to clinical use demands addressing
scale-up challenges, reproducibility, and meeting
regulatory standards. Storage complexities,
potential immunogenicity, and cost
considerations also contribute to the limitations.
Achieving specific targeting while ensuring
safety and regulatory compliance poses a
continued challenge. Addressing these hurdles
requires ongoing research to refine formulation
techniques, enhance stability, improve targeting
efficiency, and ensure safety for realizing the full
potential of VDDS in clinical applications.*%-%
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6. Current Advances and Research Trends:

Ongoing advancements and research trends in
Vesicular DDS are shaping a promising landscape
focused on improving their effectiveness and
versatility. Innovations in formulation techniques,
such as microfluidics and nano-precipitation, aim
to enhance vesicle stability and scalability for
larger-scale production. A key focus lies in
creating smart vesicles that respond to specific
triggers like pH or temperature, allowing precise
control over drug release. Hybrid systems
combining vesicles with other nanomaterials are
emerging, offering multifunctional platforms for
improved targeting and simultaneous delivery of
multiple therapeutics. Moreover, theranostic
applications  integrating  diagnostic  and
therapeutic capabilities within vesicles hold
promise for disease diagnosis and treatment
monitoring. Biomimetic vesicles designed to
mimic biological entities enhance
biocompatibility and targeting ability, while
refined targeting strategies using ligands aid in
precise drug delivery. Efforts also emphasize the
translation of VDDS from lab research to clinical
use, addressing challenges in scale-up and
regulatory compliance. Computational tools are
instrumental in optimizing vesicle design and
predicting their behavior. Collectively, these
trends underscore a concerted effort to overcome
limitations and expand the therapeutic potential of
VDDS in diverse healthcare applications.>%

7. Conclusion:

In conclusion, Vesicular Drug Delivery Systems
(VDDS) present a multifaceted approach with
immense potential in revolutionizing drug
delivery for various medical applications. While
offering advantages such as targeted delivery,
enhanced stability, and controlled release, VDDS
encounter  challenges like  formulation
complexity, stability issues, and limited targeting
efficiency. Current research is steering toward
innovative  formulations,  stimuli-responsive
systems, and hybrid approaches to overcome
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these limitations. The pursuit of smart,
biomimetic, and theranostic vesicles signifies a
paradigm shift towards more precise and
personalized medicine. Efforts to bridge the gap
between research and clinical translation
highlight the necessity of scalability, safety, and
regulatory compliance. As these advancements
progress, VDDS are poised to offer sophisticated
solutions, ushering in a new era of tailored and
effective drug delivery strategies in healthcare.
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